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Abstract

BACKGROUND: Chronic respiratory diseases (CRD) are a major public health problem worldwide. In the current
epidemiological context, CRD have received much interest when considering their correlation with greater susceptibility to
SARS-Cov-2 and severe disease (COVID-19). Increasingly more studies have investigated pathophysiological interactions
between CRD and COVID-19.

AREA COVERED: Animal experimentation has decisively contributed to advancing our knowledge of CRD. Considering
the increase in ethical restrictions in animal experimentation, researchers must focus on new experimental alternatives.
Two-dimensional (2D) cell cultures have complemented animal models and significantly contributed to advancing research
in the life sciences. However, 2D cell cultures have several limitations in studies of cellular interactions. Three-dimen-
sional (3D) cell cultures represent a new and robust platform for studying complex biological processes and are a
promising alternative in regenerative and translational medicine.

EXPERT OPINION: Three-dimensional cell cultures are obtained by combining several types of cells in integrated and
self-organized systems in a 3D structure. These 3D cell culture systems represent an efficient methodological approach in
studies of pathophysiology and lung therapy. More recently, complex 3D culture systems, such as lung-on-a-chip, seek to
mimic the physiology of a lung in vivo through a microsystem that simulates alveolar-capillary interactions and exposure to
air. The present review introduces and discusses 3D lung cultures as robust platforms for studies of the pathophysiology of
CRD and COVID-19 and the mechanisms that underlie interactions between CRD and COVID-19.
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Respiratory diseases are a major public health problem
worldwide. It is worth mentioning that five (“The Big
Five”) of respiratory diseases (chronic obstructive pul-
monary disease—COPD, asthma, acute respiratory infec-
tions, tuberculosis, and lung cancer) are among the most
common causes of morbidity and mortality worldwide
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[1, 2]. In addition to the high incidence and prevalence of
“The Big Five,” specifically asthma and COPD have
acquired greater relevance during the current epidemio-
logical coronavirus disease (COVID-19) epidemic and
received intense research interest and high media attention.
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Such interest is attributable to the correlation that has been
established between patients who have underlying chronic
respiratory diseases (CRD) and greater susceptibility to
SARS-CoV-2 infection.These patients, once infected, often
progress to severe acute respiratory distress syndrome
(ARDS) and lung failure [3, 4].

This correlation between the higher risk of CRD patients
evolving to ARDS secondary to COVID-19 has been well
established since initial reports in December 2019 of new
cases of pneumonia in Wuhan, China, the epicenter of the
outbreak. The causal agent was identified in January 2020
as a new coronavirus [5, 6]. Among pathophysiological
aspects of COVID-19, the roles of angiotensin-converting
enzyme 2 (ACE2) and several other molecules have been
well studied and associated with inflammation, edema, and
lung hypertension, which can lead to worsening of respi-
ratory function in COPD and asthma patients who are more
susceptible to SARS-CoV-2 infection and subsequently
have a higher risk of severe disease [7, 8]. However, there
still exist large gaps in our knowledge of the mechanisms
that underlie molecular and pathophysiological interactions
between CRD and COVID-19.

In the epidemiological context of COVID-19, the pre-
sent review introduces new methodologies, particularly
three-dimensional (3D) lung cell cultures, as potentially
promising platforms that can provide new insights into the
pathogenesis of COVID-19 and advance our understanding
of the mechanisms that underlie pathophysiological inter-
actions between COVID-19 and chronic lung dis-
eases.These new 3D cell culture platforms are also
expected to serve as a valuable research tool to test new
therapeutic approaches for chronic lung diseases and
COVID-19.

2 Pathogenesis and pathophysiology of COVID-19

Novel coronavirus was first isolated and identified in the
city of Wuhan, China, under the provisory name
2019-nCoV, currently designated SARS-CoV-2. SARS-
CoV-2 may have originated in bats. The infectious virus in
these animals shares 96% similarity to the human form of
the virus, but other animals have also been considered
intermediate hosts [9-12].

SARS-CoV-2 infection is mediated by the binding of
viral spike proteins (S-proteins) to human cells through a
two-step process that involves ACE2 and transmembrane
serine protease 2 (TMPRSS2). ACE2 is a member of the
renin-angiotensin system (RAS), which plays a vital role in
cardiovascular and renal homeostasis. ACE2 and
TMPRSS?2 facilitate entry of the virus into host cells during
SARS-CoV-2 infection [13].
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Alterations of virus structural S-proteins might be
determining factors in viral infection and pathogenesis in
human cells. The structural conformation of S-proteins
appear to substantially aid binding to ACE2. These pro-
teins, in turn, are highly expressed in human pulmonary
cells [14-16]. The infection process occurs when S-pro-
teins from SARS-CoV-2 bind ACE2 membrane receptors
in pulmonary cells. After usually 5-14 days (i.e., the
incubation period for this virus), the first COVID-19
symptoms may appear. In epithelial alveolar cells type 2
(AT2) cells, the virus recognizes ACE2 through S-proteins
in their capsid (Fig. 1A). The viral envelope merges with
the cellular membrane, and the virus releases its genetic
material into the cell interior to finally initiate viral repli-
cation (Fig. 1B) [17-19].

SARS-CoV-2 infection effectively downregulates ACE2
receptors by attaching to infection-related transcription
factors at ACE2 regulatory regions. Interestingly, ACE2
inhibitors and angiotensin II type 1 receptor blockers can
influence ACE2 expression, and there are many common
compounds and mediators that can increase the expression
of ACE2 receptors, including metformin, resveratrol,
vitamin B3, vitamin C, vitamin D, potassium, and nicotine.
Importantly, ACE2 expression can be increased by com-
pounds that activate or increase the expression of SIRT1
(Sirtuin 1) located next to the promotor region of the ACE2
gene. Increases in the expression or functional activation of
sirtuin-1 is associated with an increase in the expression of
ACE2. The prevention of COVID-19 by targeting cellular
ACE2 receptors has been shown to not be a practically
useful treatment strategy and can potentially increase
infection, severity, or mortality [19-22].

The transmission of SARS-CoV-2 can occur by direct
contact with infected people through respiratory droplets or
indirectly through contact with contaminated objects and
surfaces. Once the virus reaches the respiratory tract, it
replicates rapidly and infects mostly type II pneumocytes
and alveolar cells [23, 24]. This usually leads to cell death,
which reduces ACE2 membrane receptors and triggers an
inflammatory response, referred to as a cytokine storm. The
cytokine storm then leads to a reduction of cell adhesion,
and cytokines reach the blood circulation and evokes pul-
monary arteriole dilatation through an increase in hydro-
static pressure in capillary walls and consequently an
increase in capillary permeability. Liquid and exudate
leakage then occurs from capillaries to the interstitium and
alveoli, triggering lung edema and pneumonia. Addition-
ally, the negative regulation of ACE2 impairs the antiin-
flammatory  renin-angiotensin  system and  further
exacerbates the inflammatory process [25-27]. The
destruction of type II pneumocytes and increase in exudate
in alveoli contribute to a surfactant reduction, and the
alveolar surface undergoes an increase in superficial
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Fig. 1 Human pulmonary cell infection by SARS-CoV-2 and
morphological and functional outcomes. A SARS-CoV-2 is transmit-
ted through respiratory droplets, replicates in the respiratory tract, and
infects pulmonary cells by attaching S-proteins to ACE2 membrane
receptors on host cells. B Once inside host cells, new viruses are
formed, resulting in a cytokine storm. Hydrostatic pressure increases

Host cell

tension, leading to alveolar collapse and subsequent
reductions of the gas exchange area and hypoxemia
(Fig. 1C). In some cases, edema can result in fibrocyte
accumulation in the interstitium and consequently lung
fibrosis (Fig. 1C) [28, 29].

The clinical presentation of COVID-19 in humans is
quite variable, with fever in 88-99%, fatigue in 38-70%,
dry cough in 59-68%, anorexia in 40%, myalgias in
15-35%, dyspnea in 19-31%, and sputum production in
27-34% of cases. Muscle aches, confusion, headache, sore
throat, rhinorrhea, chest pain, anosmia, conjunctivitis, and
gastrointestinal disorders are also commonly described.
Nearly 90% of cases present more than one symptom (e.g.,
fever, cough, and dyspnea). In more severe cases, low
oxygenation secondary to respiratory failure and shock
occur [30-32].

Notably, patients who are infected with SARS-CoV-2
and have comorbidities, such as hypertension, diabetes,
cardiovascular disease, and chronic lung disease (mainly
asthma and COPD), require special attention because of
their higher risk of developing severe forms of COVID-19
[32]. Considering higher ACE2 expression in bronchial
epithelial cells and the characteristic inflammatory process
(e.g., obstructive bronchiolitis) and alveolar wall destruc-

tion (e.g., emphysema) in COPD, these patients are more
susceptible to SARS-CoV-2 infection; once infected, they

in capillary walls, causing an increase in capillary permeability. C As
a result, fluid leaks from the capillary into the interstitial and alveolar
space, resulting in edema. In some cases, fibrosis develops. The left
lung represents COVID-19. The right lung represents COPD. ACE2,
angiotensin-I-converting enzyme 2; RAS, renin-angiotensin system;
COPD, chronic obstructive pulmonary disease

have a higher risk of progressing to more severe disease,
including ARDS and respiratory failure [1, 3, 4, 6, 33, 34].
The main treatments for COVID-19 consist of palliative
and supportive care. Several clinical trials have been con-
ducted to repurpose or reposition existing drugs for
COVID-19 [35, 36]. From a pharmacological perspective,
this is a remarkably interesting approach because it reduces
the usual time for drug development, which is crucial for
addressing morbidity and mortality that are caused by
COVID-19 [37]. Most studies have investigated the actions
of remdesivir, lopinavir, ritonavir, interferon-f, ribavirin,
tocilizumab, ivermectin, azithromycin, chloroquine/hy-
droxychloroquine, and corticosteroids [35]. A recent and
controversial randomized, placebo-controlled clinical trial
was performed in Brazil that evaluated whether early
nitazoxanide therapy effectively accelerates symptom res-
olution in patients with mild COVID-19. The results of this
trial showed that symptom resolution did not differ
between the nitazoxanide and placebo groups after 5 days
of treatment. However, early nitazoxanide therapy was safe
and reduced viral load significantly after treatment with
nitazoxanide (55%) in relation to placebo (45%) [38].

In November 2020, the United States Food and Drug
Administration approved the emergency use of baricitinib
combined with remdesivir for the treatment of COVID-19
in hospitalized adults and pediatric patients who require
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supplemental oxygen, invasive mechanical ventilation, or
extracorporeal membrane oxygenation. The results that
were obtained with the baricitinib + remdesivir combina-
tion were superior to remdesivir alone with regard to both
shortening recovery time and improving clinical status in
patients with COVID-19 [39].

With regard to prophylaxis and disease control, several
vaccines are currently available on the market that have
been shown to achieve high efficacy levels (70 to 90%) of
protection against COVID-19 or against the development
of more severe forms of the disease [40—44].

One current problem and cause for concern among
clinicians and epidemiologists about the prophylaxis and
control of COVID-19 involves new mutations of SARS-
CoV-2 that have resulted in greater infectivity and conse-
quently faster spread of the virus. These new variants of
SARS-CoV-2, initially detected in South Africa and Eng-
land, are worrisome in terms of the efficacy of vaccines
that are currently being administered and whether they
might overcome the natural immunity of individuals who
are previously vaccinated or infected and lead to new
waves of infection [45-47].

Vaccines can take from 3 to 4 years to reach the
worldwide population. The repositioning of drugs is thus
crucial for treating severe forms, symptoms, and sequelae
of COVID-19. Continued follow-up of recovered COVID-
19 patients is necessary. The discovery of new drugs or
repositioning of existing drugs has been increasingly rec-
ognized as crucially important. Three-dimensional cell
culture models are an ally in the fight against this virus and
can help understand the disease and drugs that may be
effective [48].

Despite undeniable advances that have been made in
clinically managing patients with COVID-19 and the
promising prophylactic use of vaccines, numerous doubts
and concerns remain about the epidemiological context of
COVID-19. There is still a lack of effective pharmaco-
logical treatments that are capable of having a significant
impact on the natural course of the disease. There are also
worrying epidemiological implications of SARS-CoV-2
mutations that may decrease the efficacy of current vac-
cines. New variants of the virus may lead to more serious
clinical manifestations of COVID-19 [43, 49].

In the epidemiological context of new mutations and
variants of SARS-CoV-2, it is fundamentally important to
design and implement new robust and reproducible
experimental models that will advance our knowledge of
the pathophysiology of COVID-9 and the molecular
interactions between SARS-CoV-2 and different tissues
and comorbidities, such as chronic respiratory diseases that
are associated with greater susceptibility to and a higher
risk of progression to more serious diseases and mortality.

@ Springer

3 Research methods for lung disease and COVID-
19

Much of what is currently known about human physiology
and pathology has been learned through intense research
using animal models. The use of such models dates back to
around 500 B.C. and has allowed innumerable discoveries
and advances in different areas of life sciences [50-52].
Some human diseases, however, still cannot be fully
replicated in animals. Many therapies that showed
promising results in rodents, for example, have failed to
achieve similar results in humans. Additionally, ethical
issues and guidelines have been implemented in different
countries that have progressively and greatly limited the
use of animals as experimental models [6, 53]. Therefore,
researchers continually search for new alternatives to
reduce animal use and replace experimental animal
models.

Tissue and cell culture techniques have, in parallel with
and in addition to animal models, allowed great scientific
advances in the biological and biomedical sciences
(Fig. 2A). Classic two-dimensional (2D) cell cultures
basically consist of a single cell type, with uniformity and
standardization among morphological, genetic, and physi-
ological investigations. However, this cellular uniformity
of monolayer cultures is also a limiting factor in studying
physiological and cellular interactions of an organ as a
whole [51, 54].

A significant advance in cell cultures in the context of
regenerative and translational medicine was made in the
1970s when James Rheinwald and Howard Green recon-
structed 3D tissues that derived from human progenitor
cells. These researchers cultured trypsinized human skin
cells that were plated together with lethally irradiated 3T3
cells. After 4 days of cultivation, human epidermal ker-
atinocytes began to stratify in a 3D structure [55]. After-
ward, cultured epithelial autografts were successfully used
for wound healing in severe burns [56, 57].

Research interest in 3D cell cultures has recently gained
more attention, but its history dates back to the early 20th
century with the work of the French physician Alexis
Carrel in 1912, who cultivated cardiomyocytes on the
surface of silk threads [58]. In recent decades, especially in
the last 15 years, 3D cell cultures have represented a major
methodological breakthrough, enabling investigations of
in vivo-like interactions from in vitro cultures. As proposed
by Clevers [61], organoids can also be used to study organ
development and various human pathologies “in a dish.”
These 3D cell cultures today are referred to as spheroids or
organoids, representing a promising alternative in regen-
erative and translational medicine [59-65].
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Fig. 2 Current research methods in life sciences. A Traditional
methods, including animal models and 2D cell cultures. B Three-
dimensional cultures, including spheroids, organoids, and organs-on-

The spheroid or organoid can be obtained from adult
primary cells, stem cells, progenitor cells, and embryonic
or induced pluripotent stem cells [59, 66]. In organoid
cultures, suitable matrices are required for in vitro expan-
sion, and hydrogels that are based on the extracellular
matrix, such as Matrigel, are considered essential [67].
Considering that organoids present multiple cell lineages of
a target organ, these models can be employed for numerous
research purposes, including disease modeling, drug dis-
covery, genotoxicity, and cytotoxicity [54, 60, 68-76].

With regard to lung spheroids or organoids, Tseng and
colleagues from the University of Texas described in 2013
the generation of a lung spheroid model that mimics pul-
monary bronchioles using a magnetic levitation technique
to assemble different cell types into a single 3D culture
[66]. Several research groups have already successfully
generated 3D models with structures that present cell
organization that is very similar to the in vivo lung
[50, 66, 77-81].

More recently, further advances based on microscale
fabrication technology and fluid physics have enabled the
development of “microfluidic technology”. The associa-
tion between these new technologies and 3D cell cultures
has empowered the generation of integrated systems and
the maintenance of 3D cultures in the microfluidic

Organoids

a-chip. C A more recent approach, body-on-a-chip or human-on-a-
chip, with diverse organs integrated into one single circuitry

environment, allowing replication of the structural, func-
tional, and environmental complexity of living organs. In
this platform (Fig. 2B), different groups of 3D cells are
cultivated on a microstructure (i.e., chip) and intercon-
nected by a running fluid, resulting in an “organ-on-a-
chip” structure [82, 83].

4 Organ-on-a-chip and lung-on-a-chip

Organs-on-a-chip have bridged microfluidic technology
and living cells to investigate human and animal physiol-
ogy. These chips allow contact between multicellular cul-
tures and microfluids. The microscale technology of
organs-on-a-chip is a more complex system than organoids
because a microfluidic component is added. The
microfluidic structure of organs-on-a-chip enables the
exposure of multicellular cultures in a system that more
closely mimics the physiological environment of an organ
in vivo, and systemic interactions between an organ and the
surrounding environment, including blood and immune
cells [84—86]. These valuable research tools can then be
employed to examine pharmacological effects, perform
functional and toxic analyses, and assess responses to
pathogens, such as bacteria and viruses [59, 66, 80, 87, 88].
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The aforementioned platforms can also be applied to
investigate the behavior of new mutant viruses, such as
SARS-Cov-2, and their pathological (e.g., COVID-19)
interactions with chronic respiratory diseases and inte-
grated organ systems.

Interactions among diverse human tissues can also be
replicated in various connected organs-on-a-chip, resulting
in a body-on-a-chip or human-on-a-chip (Fig. 2C). For
example, Skardal and colleagues reported integrated multi-
organs-on-a-chip [89]. Their idea was to obtain a single
recirculating perfusion system, comprising the liver, heart,
lung, testis, colon, and brain. To date, several other authors
have sought to construct integrated systems-on-a-chip, in
order to replicate complete systems in a more complex and
realistic model to analyze organ-organ interactions. These
advances have continued to evolve to such an extent that it
is expected that a model can be designed that presents
nearly a full human body-on-a-chip [90].

In the specific case of the lung-on-a-chip, the 3D
structure represents a microsystem that is very functionally
similar to a living lung because of the possibility of
replicating alveolar-capillary interactions and air exposure.
The first lung-on-a-chip was proposed in 2010 by Huh and
colleagues at Harvard University. These authors created a
platform that simulated the vascular-alveolar structure
using pulmonary epithelial cells that were exposed to air on
one side and pulmonary endothelial vascular cells that were
exposed to a running culture medium on the other side.
Both sides were interconnected by a permeable synthetic
membrane. This model presented microfluidic systems and
mechanical stress, thereby simulating gas exchange [63].
The design that was developed by Stucki et al. [85]
incorporated a breathing mechanism that was attached to
the cultivation chambers that simulated diaphragm move-
ments and recreated an accurate representation of the
human lung.

Similar models have been used to test immune responses
to pulmonary infection and the response to nanoparticles.
Interestingly, periodic mechanical motions influenced the
experimental data [91]. Physiologically relevant in vitro
platforms that mimic human diseases and can test the
effects of drugs thereon have been highlighted by several
models, such as a specific alveolar model [92], an alveolar
barrier in respiratory dynamics [85], intravascular throm-
bosis in lung alveolus [93], small airway-on-a-chip [94],
and human lung airway epithelial cells and pulmonary
microvascular endothelial cells [36].

Zamprogno et al. [95] proposed a new model or “the
second generation” of lung-on-a-chip. In this method-
ological variant, the porous and stretchable polydimethyl-
siloxane membrane was replaced by an array of in vivo-like
sized alveoli and a stretchable biological membrane.
According to the authors, the proposed model allows one to
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mimic the functionality of the lung parenchyma at an
“unprecedented level,” enabling the reproduction of dif-
ferent functional aspects of the alveolar environment of the
lung. This model may be applied to disease modeling and
drug screening.

5 Lung 3D cell cultures and COVID-19

Three-dimensional cell culture systems provide a consis-
tent research tool and open new avenues for experimental
tissue engineering and regenerative medicine in diverse
areas of biological and biomedical sciences, including
studies of tissue morphogenesis, the efficacy and toxicity of
therapeutic compounds in vitro, and drug responses in
personalized medicine, with prospects of replacing at least
some experimental animal models
[59, 61, 66, 80, 81, 96-99]. These 3D cell culture systems
also enable the development of new therapeutic approaches
to confronting frequent infections in patients with “The
Big Five” CRD, including COVID-19 (Fig. 1).

According to a recent commentary by Hans Clevers
[100], “COVID-19: organoids go viral” [100], organoids
are emerging as a new platform for studying COVID-19.
Although the lung stands out as the main organ that is
affected by SARS-CoV-2, organoids have been applied to
additionally describe the behavior of SARS-CoV-2 in the
intestine, kidneys, liver, and brain [101-106].

In the context of the lungs, the 3D model of the airway
epithelium that was proposed by Agostini et al. [107]
represented an important advance and alternative for test-
ing the safety and efficacy of new antiviral drugs against
the Coronaviridae family. The authors structured a 3D
model of the airway epithelium, provided by an air-liquid
interface, thus establishing a physiological in vitro
approach that resembled the in vivo pseudostratified
mucociliary epithelium. This platform was used to test the
inhibitory effect of remdesivir on SARS-CoV- and MERS-
CoV-infected human airway epithelial cell cultures. The
results demonstrated the therapeutic efficacy of remdesivir
against SARS-CoV and MERS-CoV in HAE cultures at a
concentration that was non-toxic for cells.

Several studies have provided robust evidence of the
application of 3D cell cultures to investigate the patho-
physiology and antiviral therapy of COVID-19 (Table 1).
Pulmonary organoids, especially those that are related to
AT?2 cells, express ACE2 and are highly susceptible to
infection by SARS-CoV-2 [108]. Using alveolar and basal
stem cells from the human lung, Salahudeen et al. [109]
developed a culture of organoids which proved to be useful
for pulmonary infection diagnosis. The development and
use of 3D models of the lung could be a promising strategy
to elucidate the pathophysiological mechanisms that
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Table 1 Recent evidences of 3D lung cultures as robust platforms for studying the pathogenesis of SARS-CoV-2 and testing new therapeutic

approaches for COVID-19

Approach Main findings Reference
Organoid lung model from human pluripotent stem cells Robust induction of chemokines and cytokines. Pre- or post- Han et al.
infected with SARS-CoV-2 treatment with imatinib and mycophenolic acid decreased SARS- [108]

CoV-2 infection

Organoid as a model of distal lung disease for COVID-19 The basal and human alveolar epithelial type II apical-out Salahudeen
organoids were infected by SARS-CoV-2, pointing to club cells et al. [109]
as a new target population

SARS-CoV-2 infected airway organoid Investigation of the effects of viral particles in different cell types, Elbadawi

Organoid as a model of distal lung disease for COVID-19

Organoid lung model from human pluripotent stem cells
infected with SARS-CoV-2

Bronchial organoid composed of cryopreserved human
bronchial epithelial cells

3D cell culture technique for human alveolar type 2 3D
cell cultures infected with SARS-CoV-2

3D cell culture technique for human alveolar type 3 3D
cell cultures infected with SARS-CoV-2

Normal human distal alveolar organoids infected with
SARS-CoV-2

Lung-on-a-chip composed of human lung airway
epithelium cells

viral replication kinetics and genetic changes, differential
expression of genes, and cell profile before and after viral
infection

Recognition of cell functional heterogeneity and progenitor
identification with a progressive proliferating human tissue

Evident induction of cytokines and chemokine. The treatment of
the organoid with imatinib and mycophenolic acid decreased the
infection by SARs-CoV-2

After the organoid infection by SARS-CoV-2, an intracellular viral
genome, progeny virus, cytotoxicity, pyknotic cells, and moderate
increase of the interferon type I was observed. The treatment of
organoid with camostat promoted a reduction in the viral copies

A rapid viral replication and modulation of the innate endogenous
immune response was observed. Also, it was possible to identify
an effective complete cell infection from a single viral entry

Cellular and transcriptional changes occurred, pointing to cellular
tropism in viral replication and transcription as well as a
consequent host cell response

Pretreatment with hydroxychloroquine and remdesivir significantly
reduced viral replication, however, this effect was more
pronounced with remdesivir

Amodiaquine and toremifene significantly inhibited entry of the
pseudotyped SARS-CoV-2 virus

et al. [111]

Suzuki et al.
[112]

Han et al.

[108]

Suzuki et al.
[112]

Youk et al.
[113]

Youk et al.
[113]

Mulay et al.
[114]

Si et al. [36]

underlie COVID-19 and to screen potentially effective
drugs for treatment and management of the disease [110].
Establishment of the SARS-CoV-2-infected airway orga-
noid allowed investigations of the cytopathic effects of
viral particles in different cell types by immunofluores-
cence, viral replication kinetics, genetic changes through
complete genome sequencing and quantitative real-time
polymerase chain reaction, differential transcriptomic gene
expression, and cell profiles before and after viral infection
using flow cytometry [111].

Han et al. [108] described an organoid lung model that
was designed from human pluripotent stem cells (hPSCs)
that were infected with SARS-CoV-2. Similar to manifes-
tation of the disease in humans, these authors applied
transcriptomics and detected the induction of cytokines and
chemokines and low interferon type I (IFN-I) and IFN-II
signaling. They also found that treatment of the organoid
with imatinib and mycophenolic acid decreased SARS-
CoV-2 infection. These results indicate that this

coronavirus-infected organoid can model the disease and
may be a promising resource for screening new drugs to
treat COVID-19.

Suzuki et al. [112] designed a bronchial organoid that
was composed of cryopreserved human bronchial epithelial
cells to study the effects of SARS-CoV-2 infection. The
proposed organoid contained basal, club, ciliated, and
goblet cells and high ACE2 and TMPRSS2 expression.
After infection of the organoid with SARS-CoV-2, an
intracellular viral genome, progeny virus, cytotoxicity,
pyknotic cells, and a moderate increase in IFN-I were
observed. Treatment of this organoid with the TMPRSS2
inhibitor camostat reduced the number of viral copies,
indicating that this model can be used to study patho-
physiological mechanisms and discover new and effective
drugs.

Youk et al. [113] proposed a long-term 3D cell culture
technique for human alveolar type 2 (hAT2) and alveolar
type 2 3D cell cultures (h3ACs) and described the profile of

@ Springer



742

Tissue Eng Regen Med (2021) 18(5):735-745

SARS-CoV-2 infection. In h2AT cells, 3 days after infec-
tion, rapid viral replication, modulation of the innate
endogenous immune response, and increases in the
expression of proinflammatory and interferon-related genes
were observed. By tracking acquired viral mutations, it was
possible to identify effectively complete cell infection from
a single virus entry. In h3ACs cells that were infected with
SARS-CoV-2, cellular and transcriptional changes occur-
red, indicating cellular tropism in viral replication and
transcription and consequently the host cell response.

The infection and replication of SARS-CoV-2 in normal
human distal alveolar organoids was described by Mulay
et al. [114]. The pretreatment of alveolar organoid cultures
with hydroxychloroquine and remdesivir significantly
reduced viral replication, but this effect was more pro-
nounced with antiviral remdesivir treatment, indicating that
pulmonary organoids may be a useful platform for drug
validation.

Completing the spectrum of 3D cell cultures for study-
ing the pathophysiology of COVID-19 and promising
therapeutics, lung-on-a-chip systems have been shown to
be excellent platforms for disease modeling and screening
new antiviral drugs. Si et al. [36] described a microfluidic
organ-on-a-chip system that was composed of the human
lung airway epithelium that was cultured under an air-liq-
uid interface with a continuous medium flow. The model
contained epithelial cells that expressed high levels of
ACE2 and TMPRSS2 and was used to test different drugs,
including chloroquine, arbidol, toremifine clomiphene,
amodiaquine, verapamil, and amiodarone, for the treatment
of COVID-19. Among the tested drugs, only two, amodi-
aquine and toremifene, significantly inhibited entry of the
pseudotyped SARS-CoV-2 virus. These results showed that
human chip models are important platforms for studying
the pathogenesis of SARS-CoV-2 infection and testing new
therapeutic agents for COVID-19.These models will also
be useful for investigating other new epidemic and pan-
demic viral infections that impact the human population.

6 Concluding remarks

Three-dimensional cell cultures, either as organoids or
organs-on-a-chip, have significantly expanded different
aspects of biomedical research. These new methodological
approaches can mimic various important functions of dif-
ferent organs and tissues in vitro and constitute a more
realistic approach relative to traditional 2D cell cultures.
These 3D cell cultures may also be able to replace a large
number of existing experimental animal models. Organoid
models can complement other techniques, such as co-cul-
tures with cells of the immune system. These new study
platforms are highly likely to provide new insights into

@ Springer

cellular interactions, pharmacological drug screening, and
the pathophysiology of various diseases. In the current
epidemiological scenario of COVID-19, 3D cell culture
platforms have emerged as very promising for the devel-
opment of novel therapeutics, especially when considering
the strong likelihood of new mutations and future patho-
genic variants of coronavirus and other viruses. The present
review emphasized 3D cell cultures, particularly 3D
organoids and lungs-on-a-chip, as robust platforms that can
provide new insights into pathophysiology interactions
between CRD and COVID-19. These new 3D cell culture
platforms serve as valuable research tools to test new
therapeutic compounds for the treatment of chronic lung
diseases and COVID-19.
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