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In vitro lung models are used to faithfully model basic human pathology and the complexity and diversity of human

respiratory tissues and to study emerging viral respiratory pathogens and diseases. These models include conventional

cell lines, primary human airway epithelial cell (hAEC) cultures, lung organoids, lung-on-a-chip technology, ex vivo lung

perfusion (EVLP) models and human lung tissue explants.
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1. Introduction
1.1. Anatomy and Cellular Characteristics of the Human Respiratory System

The respiratory system is a complex network that is formed by the upper (nasal cavity, pharynx and larynx), and the lower

respiratory tract, which is further divided into the proximal (trachea, bronchi and bronchioles) and distal airway (respiratory

bronchioles and alveoli) (Figure 1). The entire human respiratory tract, which is lined with polarized airway epithelium

(apical side facing air/lumen, basolateral side facing the internal milieu), is structurally diverse and fulfills multiple

functions, depending on anatomical location. While the proximal conducting airways function as a gas transport system,

alveoli of the distal airway facilitate air exchange and respiration .

Figure 1. Organization and cellular characteristics of the human respiratory airway. Adapted from “Respiratory

Epithelium”, by BioRender.com (accessed on 22 April 2021) (2021). Retrieved from https://app.biorender.com/biorender-

templates (accessed on 21 April 2021).

Structurally, the pseudostratified tracheobronchial epithelium consists of specialized cells including columnar club, ciliated,

goblet and basal cells, incorporated into a basement membrane, which facilitate mucus production, mucociliary clearance,

mucus secretion, and serve as progenitors for columnar cells . Moving further down the respiratory tree, thinner cuboidal

epithelium appears with an increased number of club cells. In contrast, goblet cells become increasingly less frequent until

they can no longer be found in the alveoli. The distal alveolar region is lined with two types of epithelial cells (alveolar

epithelial type 1 (AT1) and alveolar epithelial type 2 (AT2)). Squamous AT1 cells provide a specialized surface for gas

exchange, whereas cuboidal AT2 cells secrete pulmonary surfactant to prevent alveolar collapse during expiration .
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In addition to gas exchange, the human airway epithelium has been recognized to function as the main entry point for

several pathogens. Notably, human airway epithelial cells represent a primary target of coronaviruses, including the highly

transmissible and pathogenic Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) . To defend itself

from pathogens such as SARS-CoV-2, epithelial cells have adapted numerous strategies that include tightly packed

epithelial cells forming tight junctions, mucosal epithelium trapping invading pathogens in the secreted mucus barrier and

the expression of pattern-recognition receptors. Furthermore, within the so-called mucociliary escalator, invaded

pathogens are cleared by coordinated cilia beating . Additionally, cells of the immune system (e.g., macrophages) are

present to eliminate the intruding pathogen .

Given the complexity and diversity of the human respiratory system, it is of utmost importance to develop authentic in vitro

and ex vivo culture models, which faithfully model basic human pathology and the complexity and diversity of human

respiratory tissues to study emerging viral respiratory pathogens, such as SARS-CoV-2.

1.2. SARS-CoV-2

Respiratory coronaviruses (CoVs) were first discovered in the 1960s  and are commonly found in many vertebrates and

humans, where they are known to cause various types of disease. CoVs are a large group of viruses belonging to the

family Coronaviridae, which are further divided by phylogenetic clustering into 4 genera: Alphacoronavirus (αCoV),

Betacoronavirus (βCoV), Gammacoronavirus (γCoV) and Deltacoronavirus (δCoV) .

So far, four endemic coronaviruses have been identified circulating in the human population, including HCoV-229E

(αCoV), HCoV-OC43 (βCoV), HCoV-NL63 (αCoV) and HCoV-HKU1 (βCoV) that are usually causing mild, self-limiting

respiratory infections also known as the “common cold” in immunocompetent patients and occasionally respiratory tract

infections in immunosuppressed individuals . In contrast, several βCoVs with increasing pathogenicity have emerged

during the past two decades. The Severe Acute Respiratory Syndrome CoV (SARS-CoV) outbreak in the Guangdong

Province of China in 2002–2003 lead to over 8400 confirmed cases with a mortality rate of about 11% . In addition,

Middle East Respiratory Syndrome CoV (MERS-CoV) emerged on the Arabian Peninsula 10 years later, in 2012, causing

a serious series of highly pathogenic respiratory tract infections, leading to over 2800 verified cases with a mortality rate of

35% .

Most recently, SARS-CoV-2, a betacoronavirus with 96.2% sequence similarity to the bat CoV RaTG13 and 79%

sequence similarity to SARS-CoV, emerged, leading to a fast-spreading global pandemic . As of 12 March 2021,

over 119 million confirmed cases and nearly 2.6 million deaths were reported globally by the World Health Organization

, demonstrating its remarkably high transmission potential and mortality.

The clinical course of SARS-CoV-2 infection varies significantly from patient to patient in its severity and disease outcome.

While some patients experience mild symptoms (such as fever, cough, shortness of breath, sore throat and muscle ache)

or are asymptomatic, in others it causes acute respiratory distress syndrome (ARDS), severe sepsis and even death 

. Notably, in some individuals, severe disease progression has been linked to the so-called “cytokine storms”, initiated

through rapid virus propagation and uncontrolled inflammation .

SARS-CoV-2 is an enveloped, single-stranded positive-sense RNA virus which encodes a 29.9 kb genome. Structurally,

virion particles are assembled from four proteins: The spike (S), small envelope (E), membrane (M) and nucleocapsid (N)

glycoproteins are involved in host cell receptor recognition, virion assembly and egress, shaping the virion and viral RNA

encapsulation, respectively. In addition, 16 non-structural proteins and a variety of accessory proteins have been identified

to be involved in RNA processing, RNA replication, and survival in the host cell .

The main route of transmission is believed to be through respiratory droplets that are released into the air through

breathing, coughing, sneezing or talking, a high risk especially upon close contact . SARS-CoV-2 then enters the

human respiratory system and enters susceptible cells by binding of the surface spike (S) glycoprotein to its receptor,

human angiotensin-converting enzyme 2 (ACE2), expressed on membranes of epithelial cells in the upper and lower

airways with very high affinity . Subsequent proteolytic priming of the viral spike protein through cellular proteases (e.g.,

TMPRSS2) facilitates fusion of the viral envelope with the cell membrane and release of the viral genome into the cells

. Afterwards, the virus replicates and spreads within the airways and alveoli.

Within the past year, several vaccines targeting SARS-CoV-2 were developed with about 82 candidates in clinical trials

and 182 candidates currently in preclinical development, as of 17 March 2021 . Notably, the first vaccine authorization

(mRNA vaccine BNT162B (Pfizer-BioNTech) that encodes for the full-length SARS-CoV-2 spike protein) was issued in

December 2020 after successful completion of the third clinical phase , and was followed by approval of numerous
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other vaccines (e.g., AZD1222 , mRNA-1273 ). There are no specific antiviral molecules approved for the treatment

of SARS-CoV-2, up until now, with the exception of the drug remdesivir, which has an emergency use authorization,

however, it is no longer recommended by the WHO . This highlights the urgency of identifying and developing novel

drug candidates, for which authentic cell culture models are of utmost importance.

Furthermore, the fact that CoVs are classified as zoonotic pathogens that can easily be transmitted from animals to

humans implicates the possibility of future outbreaks, which necessitates future extensive studies of coronaviruses.

Recent studies have successfully utilized animal models, including non-human primates, human ACE2 transgenic mice

and golden Syrian hamsters, to study SARS-CoV-2 infection  (an in-depth literature review on animal models

used for SARS-CoV-2 infection and COVID-19 can be found here ).

Ever since the beginning of the COVID-19 pandemic, numerous human-derived in vitro and ex vivo models have been

proposed for the study of SARS-CoV-2 pathogenesis and drug development.

2. In Vitro Cell Culture Models for SARS-CoV-2 Infections
2.1. Conventional Cell Lines—Invaluable Tools for Life Sciences

Conventional cell lines are often the first choice when studying viral infections, including respiratory virus infections.

Because of their infinite accessibility and high reproducibility, they are especially suitable for high-throughput approaches,

and the mechanistic and functional analysis of one-to-one interactions between cell and pathogen .

In general, the most frequent cell lines utilized for SARS-CoV-2 studies include Vero E6, an immortalized African green

monkey kidney cell line , human adenocarcinoma epithelial cell lines Calu-3  and A549 , colon carcinoma

cell line Caco-2 , human embryonic kidney HEK-293T  and hepatocellular carcinoma Huh-7 cells  (Table 1).

Among these cell lines, SARS-CoV-2 replicates most robustly in Calu-3, Caco-2 and Vero E6 cells, followed by moderate

replication in Huh-7 cells. In contrast, HEK-293T and A549 cells are incompatible with SARS-CoV-2 infection due to low

ACE2 expression , which is frequently bypassed by transduction with lentivirus- or adenovirus (AdV)-based

vectors expressing ACE2 .

Table 1. Overview of cell lines most commonly used to study SARS-CoV-2.

Cell

Lines
Origin Characteristics

ACE2

Expression
Reference

Vero

E6

Kidney epithelial cells

extracted from African green

monkey (Chlorocebus sp.)

Interferon-deficient (do not secrete IFNα or

IFNβ when infected by viruses), non-

tumorigenic, pseudodiploid karyotypes

+++

Calu-3
Human lung

adenocarcinoma
Epithelial cells +

A549
Human lung

adenocarcinoma

Epithelium-like, hypotriproid, synthesizes

comparably large amounts of lecithin
−

Caco-

2

Human colorectal

adenocarcinoma

Epithelium-like, upon reaching confluence, the

cells express characteristics of enterocytic

differentiation; express heat stable enterotoxin

and epidermal growth factor

++
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Cell

Lines
Origin Characteristics

ACE2

Expression
Reference

HEK-

293T

Human embryonic

kidney

Epithelial cells, highly transfectable, contains

the SV40 T-antigen, widely used for retroviral

production, gene expression and protein

production

−

Huh-7
Human hepatocellular

carcinoma
Epithelial cells, tumorigenic +

The symbols indicate high (+++), moderate (++), mild (+) and low (−) applicability.

Conventional cell lines can serve as invaluable large-scale screening platforms for antiviral compounds. Riva et al.

screened large compound libraries comprising 12,000 small molecules of the Food and Drug Administration (FDA) for

SARS-CoV-2 antivirals in Vero E6 cells and reported the identification of 100 molecules that inhibited viral replication of

SARS-CoV-2, including 21 drugs that exhibit dose–response relationships . Similarly, Touret et al. utilized Vero E6 and

Caco-2 cells to screen potential SARS-CoV-2 replication inhibitors among 1520 FDA-approved compounds. From this

study, 90 compounds were identified exhibiting antiviral activity . Additionally, SARS-CoV-2 inhibition was shown for

numerous antiviral compounds, including remdesivir, chloroquine and hydroxychloroquine in Vero E6  and Calu-3

cells .

Finally, conventional cell lines are utilized for the production of SARS-CoV-2 viral particles and diagnostic applications.

Vero E6 cells are commonly used as factories to generate high-titer viral particles and to facilitate high-throughput virus

production. Detecting neutralizing antibodies in patient sera can be rapidly performed and quantified in conventional cell

culture. For instance, our team and others have developed a simple, yet highly relevant, diagnostic system to analyze

neutralizing antibodies in a biosafety level 1 environment using a VSV- or HIV-1-based pseudotype system in Vero E6

cells .

Even though conventional cell lines are easy to handle and enable to simply study the basics of viral infections, these

models do not reflect the cellular composition, and lack matrix complexity, tissue diversity and three-dimensional

architecture compared to the native lung tissues. Additionally, important aspects of viral tropism, virus–host interactions,

disease pathogenesis, transmission and antiviral drug efficacy observed in these cell culture models allow no direct

conclusions to be drawn regarding applications in humans. Therefore, results obtained from conventional cell-based

studies should be interpreted with caution to avoid drawing premature conclusions for humans. Preferably, in vitro cell

culture studies are preferentially complemented with suitable human-derived models. Hence, we will discuss in vitro and

ex vivo culture techniques reproducing tissue diversity on a cellular level in the following sections.

2.2. Primary Human Airway Epithelial Cell (hAEC) Air–Liquid Interface (ALI) Cultures—The Gold Standard

Human airway epithelial cell (hAEC) cultures are organotypic cell cultures that have been used to study wound repair and

cell regeneration , and have been applied for disease modeling of chronic obstructive pulmonary disease (COPD)

, cystic fibrosis (CF)  and respiratory infectious diseases . While effectively maintaining

the specific functionality, architecture and cellular complexity of the human airway, hAEC cultures are capable of

authentically reproducing different parts of the human respiratory system . This includes mucus secretion and cilia

movement, the protective machinery of the native human lung.

As they serve as the main entry point for several pathogens and as a pathogen defense barrier, human airway epithelial

cultures have proven to be invaluable when it comes to studying respiratory viral infections. In general, human airway

epithelial cells—including nasal, tracheal, bronchial or alveolar epithelial cells—can be cultured as primary cells isolated

from nasal brushes and biopsies or obtained from commercially available cryopreserved cells. Airway epithelial cells are

cultured on an air–liquid interface (ALI), where the basolateral and apical site of cells will be exposed to cell culture

medium or air, respectively (Figure 2) . First, cells are expanded on a porous membrane insert (transwell). Once cells

reach confluency (after 2–4 days), differentiation is induced by airlifting (removing liquid medium). After complete

differentiation, many cell types, including ciliated cells, club cells, goblet cells and basal cells, have emerged and form a

pseudostratified mucociliary epithelial layer, authentically mimicking the native tissue-like cell polarization found in the

human airway.
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Figure 2. Generation of human airway epithelial cell culture in air–liquid interface (ALI) from human airway epithelial cells

(hAECs). Figure created with BioRender.com (accessed on 28 April 2021).

Previously, hAEC-ALI culture systems have been used to study different coronaviruses  and are suitable to study

SARS-CoV-2 cell tropism and morphogenesis. For instance, recent studies have reported highest expression of the

SARS-CoV-2 receptor ACE2 in nasal cells . Furthermore, infection of hAECs with SARS-CoV-2 revealed that the virus

primarily targets ciliated cells and a small percentage of goblet cells, whereas basal cells and club cells were not infected

, which is in agreement with a study that reported highest expression levels of ACE2 in ciliated and goblet cells

. In contrast, one study found evidence for SARS-CoV-2 infection in basal cells to at least a small extent . Other

studies using hAEC-ALI cell culture systems found that viral particles are mainly released to the apical site of HAEs.

However, once the epithelial layer is damaged by cytopathic effects (CPE), viral particles can also be released

basolaterally . Additionally, reduction of the epithelial layer integrity, measured by a decrease of transepithelial

electrical resistance (TEER), as well as disrupted tight junctions, cilium disorder and shrinking, were reported in SARS-

CoV-2-infected cells .

hAEC-ALI cultures have also been used to evaluate the relationship between SARS-CoV-2 and immune responses. Fiege

et al. detected induction of ISGs and found a strong positive correlation between levels of SARS-CoV-2 replication and

induction of IFN. The same group also observed preferential induction of the ISG MT1F within ciliated cells and

significantly lower expression levels of the ISGs DDIT, IFITM3, LY6E, TNFSF10 in cells with the highest levels of SARS-

CoV-2 RNA, suggestive of an impaired cellular antiviral immune response .

Furthermore, hAEC-ALI cultures have been recognized as a suitable model system to investigate putative drug

candidates against coronavirus infection. Recent studies on SARS-CoV , MERS-CoV  and SARS-CoV-2  have

elucidated the inhibitory and antiviral effects of numerous compounds, including β-d-N -hydroxycytidine , remdesivir 

and many more , in hAEC-ALI cultures.

As primary cells are required for the establishment of AECs, limited accessibility and high donor-to-donor variability need

to be considered. Nonetheless, hAEC-ALI cultures provide greater physiological relevance than conventional cell culture

models. They can efficiently be infected with numerous coronaviruses, including SARS-CoV-2, and allow easy access to

the apical surface area. Other than conventional cell lines, hAEC-ALI cell cultures enable the examination of crucial

epithelial functions, including cilia beating, ion channel activity, airway surface liquid volume maintenance and mucus

secretion. By obtaining hAECs from different individuals, cultivation in ALI can also be used to mimic the inhomogeneous

and vast-ranging SARS-CoV-2 virus responses in the human population. Finally, hAEC-ALI cultures serve as a sensitive

platform for drug screening and validation, greatly facilitating drug development for SARS-CoV-2-infected patients.

To conclude, establishing human airway ALI cultures may be labor-intensive, but can serve as an indispensable preclinical

tool for analyzing human respiratory pathogens, most notably SARS-CoV-2.

2.3. Lung Organoids—Innovative Technology

Organoids are three-dimensional tissue cultures, recapitulating native organs to a large extent. These tissues develop by

self-organization of different types of stem cells, mimicking organ development. Organoids are potentially able to

overcome limitations of conventional cell culture or animal models because of the high comparability to the human organ,

thus providing a reliable in vitro platform to study viral disease mechanisms and pathogenesis for the development of drug

candidates and for applications in personalized medicine. Until now, a variety of organoid protocols for various organs

have been developed, including human lung organoids. Lung organoids are derived from human induced pluripotent stem

cells (hiPSCs), human embryonic stem cells (hESCs) or primary cells, recapitulating multicellular features 

or alveolar type I and II (AT1 and AT2) cells  (Figure 3). Of note, due to the fact that lung organoids do

not recapitulate apical air polarization, the infection and spreading of a virus does differ from its in vivo behavior.
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Figure 3. Development of different types of lung organoids from hiPSCs, hESCs or primary cells, with the average

duration of development. Figure created with BioRender.com (accessed on 26 March 2021).

So far, only very limited protocols represent the multicellular composition of a complete functional adult lung . Leibel

et al. described 2D differentiation of stem cells to definitive endoderm, followed by anterior foregut endoderm and lung

progenitor differentiation. Subsequent culturing of cells embedded in a human extracellular matrix (Matrigel) on transwell

inserts and supply of defined growth factors and small molecules led to the characteristic development of lung branching

and maturation (3D differentiation). In this three-dimensional culture, the organoids developed epithelial and

mesenchymal cells from the proximal and distal lung in 35 days. However, this protocol has not yet been used to study

SARS-CoV-2, even though the authors mention the suitability of the model for studying respiratory viruses . Similarly,

protocols of Spence and his colleagues describe the development of a multicellular, but rather fetal, lung tissue in a

developmental period of up to 80 days, which can mature after in vivo fat pad transplantation on a poly(lactide-co-

glycolide) scaffold .

2.4. Lung-on-a-Chip—The Future?

Microengineered organ-on-a-chip technology provides a cell culture system in a microfluidic setup, enabling the

recapitulation of cellular interactions in a vascularized environment, closely mimicking organ function. Organ-on-a-chip

models are potentially able to create a platform more suitable for drug screenings and to translate results to humans. The

biomimetic lung-on-a-chip system enables co-culturing of epithelial and endothelial cells in a biointerface, allowing

crosstalk between both layers (Figure 4A). Within the chip, the microvascular endothelial cell layer is located in a vascular

channel, whereas the alveolar epithelial layer is cultured in a second channel on an air–liquid interface. Both channels are

separated by a porous polydimethylsiloxane membrane, coated with an extracellular matrix .

Figure 4. Lung-on-a-chip (A) and ex vivo (B) culture techniques. Figure was created with BioRender.com (accessed on

26 March 2021).

This model is suitable to study immune responses and disease pathology in a physiologically relevant environment.

Recently, organs-on-chips have been gaining importance, as their impact for virology has been extensively discussed .

In the past, the lung-on-a-chip technique was used to study influenza virus infections and was useful to study not only

virus–host interactions, but the recruitment of host immune cells and host-immune responses upon infection . These

results pave the way for further in vitro studies, including SARS-CoV-2 research .

3. Ex Vivo Lung Perfusion (EVLP) Models and Human Lung Tissue
Explants

In recent years, human ex vivo lung perfusion (EVLP) models and human lung tissue explants have become valuable

preclinical platforms to carry out studies on human respiratory diseases. EVLP models were initially developed in the

1950s and used to evaluate, preserve and recondition donor lungs before transplantation . EVLP lungs are usually

obtained from cardiac death donors or brain-dead transplant donors after the organ has been rejected for transplantation
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and are maintained at normothermic physiological conditions by ex vivo perfusion and ventilation according to the Lund

protocol . In brief, human donor lungs are preserved at 37 °C and perfused by connecting a peristaltic pump to the

pulmonary artery (Figure 4B). Since perfusate solution drains passively from the pulmonary veins, a reservoir is placed at

the bottom of the perfusion chamber and perfusate is recovered and recycled for perfusion flow. In addition, the primary

bronchus gets cannulated with an endotracheal tube to inflate the lung with room air or a mix of 95% O  and 5% CO  via

continuous positive airway pressure (CPAP) or positive-pressure ventilation .

Despite the fact that clinical applications of EVLP systems were only established in the early 2010s, ex vivo lung perfusion

models have since advanced into a suitable model to study mechanisms of acute lung injury, bacterial pneumonia and

bacteremia of Gram-positive and Gram-negative organisms , tolerability and delivery of new pulmonary

therapeutics, as well as cell therapeutic interventions . Still, integrating and installing EVLP platforms into BSL-

2 and BSL-3 facilities required to safely study viral infections has not been easy and only a few attempts have been made

so far. For example, a preliminary study by Chen et al. examined the therapeutic efficacy of Nanotrap-antibodies in

inhibiting SARS-CoV-2 infection using an EVLP system. By injecting either with SARS-CoV-2 spike pseudotyped lentivirus

carrying a luciferase reporter gene or lentivirus incubated with Nanotrap-antibodies into different lobes of a healthy, non-

transplantable human donor lung and subsequent 8 h perfusion, they were able to demonstrate SARS-CoV-2 pseudovirus

inhibition by Nanotrap-antibodies. Of note, the same study was able to further verify their results in traditional cell culture

and animal models .

Table 2. Summary of advantages and disadvantages of the elucidated lung models in this entry.

 
Continuous

Cell Lines

hAEC-ALI

Cultures
Lung Organoids Lung-on-Chip

EVLP/Lung

Tissue

Explants

Availability +++ ++ ++ + +

Affordability +++ ++ + + −

Authenticity/Physiological

relevance
+ +++ ++ +++ +++

Handling +++ ++ ++ + +

Reproducibility +++ ++ + + −

Genetic manipulation +++ + ++ + −

Application

Virus

propagation,

diagnostics,

high-

throughput

drug

screenings,

host–

pathogen

interactions

Cell tropism,

disease

pathology

immune

response,

transcriptomics,

cell signaling,

virus–host

interactions,

drug testing

Cell tropism,

disease

pathology,

transcriptomics,

cell signaling,

virus–host

interactions,

drug testing

Immune and

inflammatory

responses,

disease

pathology,

virus–host

interactions,

cross-talk,

drug testing

Drug testing,

host–pathogen

interactions,

cellular tropism

The symbols indicate high (+++), moderate (++), mild (+) and low (−) applicability.
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