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Abstract: Respiratory diseases are amongst the leading causes of morbidity and mortality worldwide. 
There is therefore significant interest in developing more efficient treatment strategies for respiratory 
diseases particularly where there is irreversible tissue damage and loss of function. Despite recent advances 
in tissue engineering and stem cell technologies the reconstruction of large defects of upper airway and 
similar pathologies in respiratory system remains an unmet clinical need. The complex organisation of 
respiratory epithelium still has not been completely recapitulated in vitro. Therefore, novel strategies for the 
regeneration of functional ciliated respiratory epithelium are required to address the need for the treatment 
of life threatening respiratory diseases as well as developing biomimetic in vitro models that can be used 
in drug discovery and disease modelling. This review primarily focuses on current cell based approaches 
including available cell sources which have shown potential for developing biomimetic models/replacements 
of upper respiratory epithelium. Most of the tissue engineering approaches for the development of airway 
epithelium use epithelial basal cells, autologous or allogenic adult stem cells, induced pluripotent stem cells 
(iPSCs), embryonic stem cells (ESCs) or other stromal cells to induce the organised epithelial differentiation. 
However, the viability and function of injected/implanted cells could suffer from the host immune 
response and fail to perform the desired therapeutic functions. Also, given the key role of immune cells 
in the respiratory epithelium in maintaining defense against external insults, the importance of immune-
competency of engineered respiratory epithelia is also discussed. To this end, modulation of immune system 
and application of biomaterials could play an important role in improving the therapeutic value of cell based 
respiratory epithelium regeneration. Overall, efforts for reconstruction of functional airway epithelium can 
be further improved by using optimal cell sources, biomaterials and modulation of immune response. The 
ability to engineer organised, functional respiratory epithelium can not only provide a remedy for several 
debilitating diseases but also provide a strong tool for in vitro drug assessment and disease modelling.

Keywords: Respiratory epithelium; stem cells; biomaterials; tissue models; airway diseases; tissue engineering

Received: 23 June 2017; Accepted: 25 September 2017; Published: 18 October 2017.

doi: 10.21037/mps.2017.09.01

View this article at: http://dx.doi.org/10.21037/mps.2017.09.01

https://crossmark.crossref.org/dialog/?doi=10.21037/mps.2017.09.01


2 Microphysiological Systems, 2017

© Microphysiological Systems. All rights reserved. Microphysiol Syst 2017;1:2mps.amegroups.com

Respiratory epithelium: prerequisites

Respiratory diseases such as asthma, chronic obstructive 
pulmonary disease, occupational lung diseases and 
pulmonary hypertension are the third most common cause 
of mortality worldwide affecting millions of people every 
year (1,2). Moreover, the number of patients suffering from 
chronic respiratory diseases has been increasing significantly 
due to allergies, infections and pollution (3). The effective 
treatment modalities for respiratory diseases are limited 
and thus, more efficient pharmacological approaches or 
bioengineering inspired solutions are required to meet 
clinical needs. Moreover, there is an urgent need for in vitro 
disease models with high microphysiological fidelity to 
better understand these diseases. Thus, for both therapeutic 
and research requirements, engineering of a functional 
respiratory epithelium is of high interest.

The respiratory epithelium covers the respiratory tract 
and is involved in several protective functions both as a 
physical barrier and a component of the innate immune 
system. It is a dynamic tissue that ordinarily undergoes 
slow and constant renewal process in health state; however 
extensive damage, lesions or other pathologies may occur 
in the architecture of the airway walls in patients with 
respiratory disorders (4). It also acts as first line of immune 
defense to guide the immune system during lung infection 
or injury. The mucociliary clearance in upper airway, and 
reduction of surface tension at distal airway further support 
the immune system to maintain the sterility (5).

The epithelial tissue maintains its integrity by undergoing 
dedifferentiation, proliferation, and redifferentiation stages 
to recover from physical or chemical injuries however 
sustained insults (e.g., chronic inflammation) could result 
in tissue remodelling and loss of function. The epithelial 
layer has the capability to modulate the tissue repair 
processes through the secretion of extracellular matrix 
(ECM) proteins and the interaction with ECM secreting 
interstitial fibroblasts. Upon injury, the fibroblasts layer 
underneath the basement membrane plays a critical role in 
supporting the epithelial repair. The synergistic activity of 
respiratory epithelium and underlying fibroblasts results in 
the formation of a provisional layer of ECM followed by 
the secretion of several growth factors, pro-inflammatory 
cytokines and chemokines (6-8). This provisional ECM 
supports the migration of epithelial layer to reconstitute 
the surface layer (8). The crosstalk between epithelial cells 
and fibroblasts via induction and release of cytokines is a 
complex process which further regulates remodelling and 

repair of epithelial tissue (9).
Simulating the regeneration of airway epithelium in vitro 

is a major challenge due to its complex organisation (10).  
The airway epithelium is composed of several types of 
cells; ciliated epithelial cells are predominant population 
in addition to secretory goblet and basal cells. Basal 
cells have progenitor potential for all other cell types in 
the airway. They have proliferation capacity and ability 
to differentiate to goblet and ciliated cells during the 
epithelium renewal (11). Goblet cells are of secretory 
nature producing complex glycoproteins known as mucins 
(mucin5A/C and mucin5B); the key element of particle and 
pathogen neutralisation machinery in the airways. They 
also facilitate the neutralisation of the encapsulated foreign 
particles to enable their removal by the ciliary cells (10). 
Therefore, the presence of ciliary cells, goblet cells as well 
as a layer of basal cells is essential for the development of 
functional respiratory epithelium (Figure 1) (12). Clearly 
the presence of multiple and functionally distinct cell types 
with different growth and differentiation patterns make the 
bioengineering of respiratory epithelium a complex task 
that requires close collaboration between cell biologists, 
materials scientists and tissue engineers.

Cell sources for engineering respiratory 
epithelium

The selection of right cell types for bioengineering of 
respiratory epithelium is an important challenge. Isolation 
of different cell types [i.e., basal cells, respiratory epithelial 
cells (RECs) and endothelial cells] from lung epithelium 
tissue samples is one possibility. The basal as well as 
suprabasal cells both have progenitor efficacy in embryonic 
stage and are capable of reconstituting a fully functional 
airway epithelium (13). However, suprabasal cells are not 
able to differentiate into organised epithelium in adult 
human and thus basal cells are the only known source of 
epithelial progenitors (14). These endogenous progenitor 
cells play an important role in lung regeneration, 
particularly in the early repair of the alveolar surface after 
injury and this regeneration capacity declines with the age. 
Given the limited availability and differentiation capacity 
of basal cells finding an alternative source of epithelium 
progenitor cells is a crucial step for bioengineering of 
respiratory epithelium. In this context, other epithelial cell 
sources e.g., nasal epithelium, buccal epithelium and skin 
epithelium have been reported as an epithelium substitute 
(Figure 2; Table 1). However, the buccal epithelium and 
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skin epithelium could not gain much attention due to 
several limitations e.g., chances of hair growth, mucus 
stagnation and desquamation (in keratinocytes) (10), longer 
time required for local adaptation (buccal epithelium) 
(28,29) and also chances of dedifferentiation. However, 
there is still great potential for the success of epithelium 
regeneration via non-orthogonal grafts as shown by 
buccal, skin and bowel epithelium grafting for urinary 
tract rehabilitation (30). Potentially, the stem cell delivery 
can fulfil these demands due to their proliferation capacity 
and differentiation ability to adopt guided cell lineage/
phenotype. Stem cells are already reported as a vital source 
for the epithelial differentiation ability and adopting the 
epithelium lineage after in vivo administration. Although 
there is a rapid development in embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs) based research 
for in vitro differentiation towards the lung epithelium.

Epithelial basal/stem cells

Several lung specific cells such as multipotent alveolar cells, 
basal cells, basal airway stem cells, airway progenitors, 
alveolar progenitors and non-progenitor lineage have 
been discovered within the respiratory tissues (31). These 
endogenous cells bear an extensive ability to respond to 
tissue injury and regeneration of lost or damaged cells. The 

Figure 1 The cellular components of airway epithelium. The 
major cell types present in airway epithelium are ciliated, 
undifferentiated columnar, secretory goblet and basal cells. In 
small airway the frequency of secretory cells shifts to the Clara 
cell type (A). The H&E staining of normal pseudostratified 
mucociliary bronchial epithelium from a lung transplant human 
donor (B). Other cell types such as cartilage cells, immune cells 
and neuroendocrine cells are also present in the airway epithelium 
albeit in low frequencies. Figure adopted from (12).

Figure 2 Different cell sources that can be used for in vitro development of respiratory epithelium: (I) the basal cells or lung stem cells are 
extracted from the tissue itself; (II) the genetic reprograming of somatic cells leads to the regeneration of pluripotent iPSCs; (III) adult 
MSCs can be harvested from bone marrow/adipose tissue; and (IV) the embryonic stem cells are harvested from the fetal stage.

Goblet cells Basal cells Clara cells Ciliated cells
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primary role of basal stem cells is epithelial homeostasis 
and the repair of any defect in the airway wall (32). 
Basal cells are a multipotent stem cell population of the 
pseudostratified airway epithelium. They are present in 
vicinity of the underlying basal lamina layer (hence are 
known as basal cells) and are primarily responsible for 
airway epithelial repair, regeneration, and remodelling 
process (16). Basal cells act as the stem cells for the trachea 
and airway epithelium and generate the differentiated cells 
during postnatal growth and maintain the adult airway 
epithelium during steady state as well as epithelial repair (15).  
The use of autologous epithelial stem cells and chondrocytes 
have shown potential regenerative capacity to replace the 
main bronchus once transplanted using decellularised 
trachea. The successful transplantation of such engineered 
tissue raises the hope for successful treatment of patients 
with serious clinical disorders such as bronchomalacia (33).

Basal cells have also been shown to support the epithelial 
differentiation of other cells e.g., stem cells in co-culture 
systems (34,35). The primary airway epithelium in in vitro 
cultures grown at the air-liquid interface (ALI) most closely 
resembles the phenotype of in vivo airway epithelia as 
demonstrated by the transcriptional profile (36). One of the 
key studies showing the effectiveness of airway epithelial 
cells (AECs) in inducing the MSCs differentiation into 
the epithelial phenotype was performed by Wang et al. 
Herein, the BM-MSCs and AECs were grown at ALI on 

semi-permeable filter membranes and around 10% MCSs 
transformed to epithelial phenotype, as evidenced by the 
presence of cytokeratin 18 and occludin (35).

Being a subpopulation of multipotent stem cells, 
basal cells have the ability to differentiate to multiple 
epithelium cell types in vitro (37), however, the regeneration 
capacity of adult respiratory epithelium is limited due to 
slow differentiation capacity. Further, they constitute a 
small portion of the total RECs and thus their isolation 
particularly in patients suffering from defects is a tedious 
process (38).

MSCs

MSCs are the most widely used cell source in cell 
therapy and regenerative medicine and they are also a 
potential source for the respiratory epithelium repair 
and regeneration. MSCs bear a number of favourable 
properties that make them suitable candidates for cell 
based therapy, i.e., easy extraction and the possibility to 
readily expand in culture without loss of multi-lineage 
capacity. Further, they are easy to transfect, allowing for 
simple ex vivo modification. The fact that bone marrow 
derived mesenchymal stem cells (BM-MSCs) are able to 
migrate to site specific areas in a range of diseased sites after 
implantation highlights their vital role as an ideal vector for 
therapeutic delivery. These cells already have proved their 

Table 1 Potential cell types used for in vitro generation of upper respiratory epithelium

Cell types Advantages Limitations References 

Basal stem cells Present within the tissue, active after injury, have 
good regeneration potential, native cells

Slow proliferation reported (14-16)

MSCs Have enormous proliferation capacity, non/low 
immunogenicity, autologous as well as allogenic 
cells can be used, safe source

Limited in vitro differentiation to the 
respiratory epithelium

(17,18)

iPSCs Have enormous proliferation capacity, pluripo-
tency can be induced, use of autologous cells is 
possible

Endodermal push is essential, requires 
pre-treatment (induction of pluripotency)

(19-21)

ESCs Have enormous proliferation capacity, pluripotent 
in nature

Ethical issues, less safe to use, 
teratogenic potential

(21,22)

Lung fibroblasts/amniotic 
membrane

Part of tissue, provide the mesenchymal signal 
to the environment to induce the tissue repair

Only synergistic role, cannot be 
differentiated to respiratory epithelial 
cells on its own

(23-25)

Nasal epithelium Enormous proliferation capacity, exhibit the 
stem cell properties in addition to the epithelium 
phenotype

Asymmetric growth rate which decline 
after cell passaging in vitro, less mucin 
production

(26,27)

MSC, mesenchymal stem cell; iPSC, induced pluripotent stem cell; ESC, embryonic stem cell.
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curative role in injured lung without any significant adverse 
immune responses. They even can support the tissue 
growth by modulating the immune response, e.g., through 
suppression of pro-Th2 cytokine IL-25 and reduction 
in number of activated and antigen-acquiring CD11c(+)
CD11b(+) dendritic cells which protect the epithelium 
against Th2-mediated allergic airway inflammation and 
also airway hyper responsiveness (39). Finally, they ensure 
relatively non-immunogenic characteristics due to the 
absence of major histocompatibility complex II (MHCII) 
and co-stimulatory molecules (e.g., CD80, CD86 and 
CD40) as well as production of immune modulatory 
cytokines such as IL-10. These properties ensure the 
delivery of MSCs with minimum need for further 
immunomodulation or subsequent immunosuppressive 
therapy for the recipient (40).

MSCs also protect the lung from external injury and 
fibrosis by suppressing inflammatory cytokines (IFN-γ,  
IL-2, IL-1β, and IL-4) and production of reparative 
growth factors (circulating G-CSF and GM-CSF)
(40,41). Previous studies suggested that the intravenous 
administration of LacZ-labeled MSCs cells into wild-type 
recipient mice after bleomycin-induced lung injury show 
that injected cells engrafted in recipient lung parenchyma 
with the morphological and molecular phenotype of 
type I pneumocytes to help in lung repair process (42). 
The autologous, labelled MSCs support the tracheal 
regeneration after aortic allografting (43). It is reported 
that human MSCs isolated from adult bone marrow can 
be differentiated into epithelial-like cells in the presence 
of following growth factors; keratinocyte growth factor, 
epidermal growth factor, hepatocytes growth factor and 
insulin growth factor 2 (complete differentiation) (17) or 
retinoic acid (partial differentiation) (18). Thus, MSCs-
epithelial differentiation is based on signalling guidance, 
however the culture substrate also can influence the 
differentiation process (44). The co-culture of MSCs 
with AECs (34,35) or MRC-5 cells (43) is very efficient in 
adopting the epithelial lineage as they adopt the epithelial 
morphology and start expressing various epithelium markers 
e.g., cytokeratin 18, 19 and adherens junctions; E-cadherin 
and β-catenin.

BM-MSCs culture in the presence of modified small 
airway growth medium (SAGM) can result in differentiation 
into human type II alveolar epithelial cells in 15 days where 
differentiated cells express surfactant protein C (SPC), a 
specific functional epithelium marker (45). In vivo delivery 
of cultured BM-MSCs in various animal models resulted 

in the airway localization and adoption of an epithelial-
like phenotype (46) and supporting tissue regeneration 
e.g., tracheal regeneration after aortic allografting (43) or 
Bleomycin induced lung injuries (42,47).

The experimental models suggest that another adult 
stem cells population; adipose-derived stem cells (ASCs) 
are also involved in epithelium maturation as they stimulate 
epithelial proliferation to make a multi-layered thick 
epithelium which results in epithelial covering on the 
transplanted graft (25). Fat derived MSCs were cultured 
on a collagen scaffold and the developed bioengineered 
tissue was transplanted to the tracheal defects in rats, which 
resulted in well differentiated airway epithelium and also 
showed the presence of neo-vascularised tissue within two 
weeks of transplantation (48). Another study suggests trans-
tracheal delivery of short-term cultured MSCs results in 
enhanced airway localization and adoption of an epithelial-
like phenotype (46). Using an in vitro scratch wound repair 
model, it was shown that the MSCs conditioned media 
facilitates wound repair in human type II alveolar epithelial 
cell line A549 cells (AECs) and also primary human small 
airway epithelial cells (SAECs) (49).

ESCs

ESCs are derived from the inner cell mass of a blastocyst 
(an early-stage preimplantation embryo). These cells 
have vital potential in developmental biology, medicine 
and pharmacology due to the ability to generate a diverse 
number of cell types and their pluripotent nature. 
Nevertheless, the application of ESCs in regenerative 
medicine is still limited due to the ethical requirements/ 
complexities and scientific considerations. The potential 
application of ESCs is discussed in a comprehensive review 
article by Varanou et al., 2008 (50). Most of the efforts 
using ESCs in respiratory regeneration are largely focused 
on obtaining distal lung epithelial phenotypes; the alveolar 
epithelium. Several methods of ESCs differentiation to the 
alveolar epithelium include recapitulating developmental 
signalling events, mimicking the physical environment, 
or forcibly reprogramming the ESCs nucleus (51,52). 
Murine ESCs have shown the ability to generate a fully 
differentiated functional tracheobronchial epithelium after 
being cultured at the air—liquid interface on acellular type 
I collagen—coated porous membranes (25).

ESCs can also be guided for the controlled differentiation 
to the respiratory epithelium present at upper airway by 
mimicking the endoderm developmental pathways using 
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growth factor supplemented culture medium followed 
by ALI culture (53). Such a culture system resulted in 
maturation of tight junction-coupled, differentiated AECs 
with active cystic fibrosis transmembrane conductance 
regulator (CFTR) transport function. CFTR regulates the 
chloride and water transport across the epithelial layer. 
The culture environment was changed by addition of 
different growth factors [fibroblast growth factors 7 (FGF7), 
fibroblast growth factors 10 (FGF10), bone morphogenetic 
protein 4 (BMP4) and fibroblast growth factors 18 
(FGF18)] at various time points to promote airway lineage 
development (21).

iPSCs

iPSCs are another type of pluripotent stem cells used for 
the respiratory epithelial differentiation (54) and to induce 
the repair process (55). The iPSCs are abundant stem cell 
source which are also amenable to gene editing and clonal 
expansion. These cells are produced by the reprogramming 
of somatic cells towards an embryonic state and can be 
easily grown from the patient’s own cells (56). The selective 
induction of iPSCs using the lung embryonic development 
pathway, results in production of at least 6 sub-types of 
epithelial cells; basal, goblet, Clara, ciliated, type I and type 
II alveolar epithelial cells (20). The endodermal push of 
iPSCs using the activin A and anterior foregut endoderm 
push by neutralising the TGF-β and BMP signalling are 
crucial steps to induce the endodermal lung regeneration 
using the iPSCs (19-21).

One study demonstrated that the generation of fully 
mature, multiciliated respiratory epithelium is possible 
using stepwise differentiation of iPSCs. In this study, 
the authors used the endoderm inducing medium for 
early growth of iPSCs and further adjusted the medium 
to facilitate transformation to motile multiciliated cells 
(MCCs) and finally grew the cells at air liquid interface in 
the presence of epithelium differentiation medium (19).  
These cells showed several characteristic features of native 
epithelium including pseudostratified polarized layer of 
forkhead box protein A2+ and NK2 homeobox 1 positive 
endodermal-derived epithelial cells. Interestingly, these 
iPSCs differentiated epithelium also included Clara cells 
with Clara cell 10 kD-positive vesicles, mucin 5A/C-positive 
goblet cells, multiciliated cells, and isolated basal cells 
(Figure 3). This study is a significant advance towards the 
development of fully functional epithelium and could 
enable modelling of a number of human respiratory diseases  

in vitro in the future (19). It is also demonstrated that 
human iPSCs can differentiate to type II pneumocytes (ATII 
cells) that attach and proliferate on decellularized lung 
matrices while simultaneously maintaining the epithelial 
lineage (21,54,57).

Miscellaneous cell sources (amniotic fluid stem/progenitor 
cells/lung fibroblasts)

Amniotic membrane as well as the amniotic fluid are the 
potential sources of stem cells which are easily accessible, 
non-tumorigenic and also capable of differentiating into a 
variety of cell lineages for tissue engineering and diagnostic 
applications such as cell karyotyping and other genetic and 
molecular tests (58). The stem cells derived from amniotic 
fluid are multipotent in nature and can be differentiated to all 
three-germ layer originated tissues e.g., bone, heart, liver, 
neuron and endothelium (59). Recently, human amniotic 
fluid stem cells (hAFSC) have been shown to integrate 
in lung epithelium with thyroid transcription factor 1 
(TTF1) expression after microinjection into cultured mouse 
embryonic lung tissue. They also show transformation 
capacity into specific alveolar versus bronchiolar epithelial 
cell lineage due to their plasticity and ability to respond to 
different types of lung damage in different ways (60).

The tracheal epithelium was reconstructed in vitro when 
tracheal epithelial cells and fibroblasts were co-cultured 
on epithelial side and serosal side respectively to mimic 
the basement membrane like structure. This method 
resulted in pseudostratified columnar ciliated epithelium in 
addition to the goblet-like and basal cells with similar ratio 
of each type of differentiated cells identical to the native 
tissue (23). Other cell sources such as lung fibroblasts or 
lung endothelium are also able to modulate the in vitro 
regeneration capacity of airway epithelium due to provision 
of the tissue specific signalling. The use of fibroblasts 
conditioned medium in epithelial cell culture achieved 
well defined epithelium, which confirms the essential 
role of soluble factors in growth and differentiation of 
epithelial cells during epithelial–mesenchymal interaction 
(23-25,61). Müller et al., 2012 used nasal turbinate 
epithelium in in vitro culture as an alternative source for 
respiratory epithelium development with a respiratory-
type morphology and normal ciliary activity. They cultured 
nasal turbinate epithelial cells at air liquid interface in the 
form of fully differentiated human AECs. This type of 
organotypic in vitro model can be useful to study the effect 
of viral particles, pollutants, allergens, or gases (62). Nasal 
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Figure 3 In vitro development of respiratory epithelium using the controlled differentiation of iPSCs. The schematic representation of 
the iPSCs to epithelium differentiation protocol using various growth factor enriched media changes with time (A). Differentiated normal 
human bronchial epithelial (NHBE) cells stained with ZO-1 (red), iPSCs at day 28 of differentiation stained with ZO-1 (red), epithelial 
cadherin (ECAD, red), and epithelial calmodulin (EpCAM, green) (B). H&E-stained histological samples showing a cuboidal layer of 
epithelial cells on the apical surface (C). The protocol also supports the development of a supportive mesenchymal layer with a polarized 
layer of epithelial cells on the most apical side CK18, ECAD (red) and EpCAM (green) (D). The co-staining of mesenchymal markers 
vimentin and CD90 (localized to the cell layers underneath) and epithelial EpCAM marker (E) further confirm the presence of epithelium 
on apical side of mesenchymal layer. The scale bars represent 100 μm. Figure adopted from (19).
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epithelial cell and fibroblasts have also been reported to 
support the development of autologous tracheal graft to 
favour the natural regenesis of the tracheal epithelium 
with minimal fibrosis induction (26). The immune cells 
particularly the macrophages also reported to induce the  
in vitro proliferation of bovine bronchial epithelial cells 
(63,64).

There has been considerable progress in regenerative 
medicine approaches for the development of various tissues. 
However, the development of complex tissues such as 
respiratory epithelium is not straightforward and identifying 
the correct cell source is a major obstacle for the successful 
clinical application of such tissues. The presence of multiple 
cell types and their specific physiological functioning are key 
necessities for the success of the developed tissues. Patient 
specific basal stem cells have been proposed as the potential 
cell source for the development of respiratory tissue 
however these cells lose the differentiation and proliferation 
ability in time which is a major limiting factor for their 
application. Thus, there is a need for alternative sources 
of basal stem cells which are capable of differentiation to 
organised epithelium tissue. Based on the existing literature 
it is predicted that iPSCs could play a major role in the 
future of stem cell therapy for the controlled respiratory 
epithelium development due to their indefinite propagation 
ability and the fact that they can be maintained in culture 
for longer time without losing the pluripotency.

Use of biomaterials in respiratory epithelium 
engineering

Biomaterials play a significant role in tissue engineering 
applications and the selection of the suitable biomaterials 
in terms of both chemical and physical properties can 
provide the optimal niche for developing tissue engineered 
respiratory epithelium. This also holds true for in vitro 
engineering of a microphysiologically relevant tissue 
models via inclusion of pertinent ECM components. An 
ideal biomaterial based respiratory epithelium substrate 
should be nontoxic, biocompatible, biodegradable (if 
considered for in vivo applications) and strong enough to 
provide adequate cell support. Simultaneously it should 
be able to promote cell adhesion and should emulate 
the native tissue geometry to provide a biophysical 
microenvironment supporting the cell growth, migration 
and basal cell differentiation (35,65). Biomaterials can be 
selected for their ability to support the MSCs mediated 
growth factor performance, immunomodulation and also 

guiding/supporting controlled cell differentiation (66,67). 
The tissue engineering of respiratory epithelium is based on 
three basic approaches: (I) in situ homing in which scaffold 
materials provide the adhesion, proliferation and migratory 
support to the cells; (II) the cell sheet technology that uses 
the reversible thermosensitive property of N-isopropyl 
acrylamide based polymers to detach the intact cell sheets 
with their deposited ECM; and (III) air liquid interface 
technique which is widely used to promote the epithelium 
differentiation to a multi-lineage phenotype (10).

Thus, careful selection of biomaterials which can 
coordinate the differentiated cells into a functional 
assembly of respiratory tissue is essential (68). The 
successful in vitro development of respiratory epithelium 
models can facilitate our knowledge of complex cellular 
and molecular processes in healthy individuals and also in 
diseased patients. Using this information, optimal culture 
conditions/culture microenvironment can be identified 
to enhance the proliferative/cell phenotype maintenance 
capacity of the cells bearing differentiated characteristics 
of healthy pulmonary epithelium. Particularly, fabrication 
of biologically active scaffolds and matrices is an important 
consideration in developing bioengineered models of 
the respiratory tissue. For example, the matrices used for 
epithelial tissue development should maintain the controlled 
growth factor release for proliferation and differentiation in 
addition to the superior adhesion and migration of the cells. 
All in all, for respiratory epithelium development optimal 
conditions are essentially based on defining the culture 
medium, providing the native ECM microenvironment and 
also using the ALI for ciliary differentiation (69).

Natural biomaterials

Several natural biomaterials have been used for tissue 
engineering applications. Among them, collagen and 
hyaluronan are two most commonly used natural 
biomaterials for the ciliary differentiation of human RECs. 
However, in one study Ziegelaar et al., observed that a 
hyaluronic acid derivative scaffold (Hyaff®, Fidia, Italy) 
did not support the cell adhesion while collagen scaffolds 
(BiofleeceTM, Baxter, USA) encouraged cell spreading 
and adhesion. The presence of ciliated epithelium cells 
was confirmed using Ulex Europaeus agglutinin (UEA), 
lectin staining and SEM (scanning electron microscopy) 
analysis of cultured epithelium on the collagen scaffold (70).  
A recent study suggests that, bilayered collagen-hyaluronate 
scaffold facilitate the calu-3 cell differentiation, with 
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enhanced mucin expression, increased ciliation and the 
formation of intercellular tight junctions (Figure 4) (71).

Other studies have shown that esterified hyaluronic acid 
(HYAFF®) promotes the ciliary differentiation of retinoic 
acid induced human RECs, however the mechanism remains 
unknown. It is expected that the presence of a hyaluronan-
binding domain, CD44 and increase in hyaluronan-mediated 
motility receptors of RECs stimulate the epithelium 
differentiation on HYAFF® as compared to collagen based 
scaffolds (72,73). Hyaluronan further protects the clearance 
of tissue kallikrein (TK) and airway lactoperoxidase for 
integral epithelium functioning (74), thus could play a vital 
role in developing respiratory epithelium. Collagen gels 
also have been used for the differentiation of BM-MSCs to 

the epithelium lineage in a depth dependent seeding. The 
retinoic acid supplemented medium induces the MSCs 
to epithelial lineage differentiation (>80% cytokeratin-18 
positive cells) if cultured on thick collagen gel (~2 mm) due 
to non-recognition of hard tissue culture surface to MSCs 
as compared to the thin scaffolds (44).

Fibrin gels have also demonstrated adequate potential 
for the growth and differentiation of RECs similar to the 
collagen coated surfaces. One of the common rationales 
for using fibrin is that this biomaterial can be developed 
from autologous sources (75). It has also been revealed that 
fibrin can be used as surgical adhesive and tissue constructs 
remained viable after 5 days in culture, when fibrin was used 
to fuse the chondrocytes and epithelium layer to develop  
in vitro trachea (76). Fibrin gels also support the mucociliary 
epithelium differentiation of RECs when embedded 
in a 3-dimensional fibrin gel co-cultured with tracheal 
fibroblasts (77).

Chitosan-gelatin hybrid hydrogels were also tested for 
REC culture which resulted in decent cell attachment, 
epithelial morphology, and growth with the presence of 
beating cilia. No cytotoxic effect or any significant induction 
of immune response was observed on J774 macrophages. 
Even the presence of mucins 2, mucin 5 and cytokeratin 13, 
markers for secretory goblet and squamous cells, showed 
the multilineage phenotype epithelium regeneration ability, 
thus Chitosan–gelatin biomaterials could provide another 
potential alternative for coating the tracheal prostheses to 
induce the epithelium regeneration/maintenance (78).

Using optimal scaffolds that can facilitate complex 
interactions between different cell types would be an 
essential part of engineering physiologically relevant airway 
models. In this context, a co-culture system can provide 
more functionality in an in vitro developed tissue due to 
close structural alignment of several types of cells arranged 
in 3D. Such co-culture systems can use the combination 
of epithelium, fibroblasts, stem cells, and/or immune cells 
for the development of differentiated epithelium. A co-
culture system consisting of tracheal epithelium and gingival 
fibroblasts (GFBs) or ASCs confirmed the higher epithelial cell 
differentiation for reconstructing a pseudostratified epithelium 
on collagen scaffolds. The collagen scaffolds implanted into rat 
tracheal defects indicates the synergistic effects of GFBs and 
ASCs on tracheal epithelial regeneration (25).

Despite their favourable bio-instructive properties 
collagen, gelatin, fibrin or similar ECM materials are 
not widely considered for upper airway epithelium tissue 
engineering mainly due to their high-water content which 

Figure 4 Calu-3 cell differentiation in co-culture with Wi38 
fibroblasts on collagen-hyaluronate (CHyA-B) shows excellent 
barrier functions and cell differentiation at day 14. MUC5AC 
secretion by Calu-3 cells on CHyA-B scaffolds (A) and cell inserts 
(B). ZO-1 expression by Calu-3 cells on CHyA-B scaffolds (C) 
and cell inserts (D). Transmission electron micrographs further 
confirmed the presence cilia by Calu-3 cells co-cultured on 
bilayered collagen-hyaluronate (CHyA-B) scaffolds (E) and cell 
inserts (F). Figure taken from (71).
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makes the materials viscoelastic. The handling of hydrogel 
based materials is also more difficult due to their weak 
mechanical characteristics (79). However, the combined use 
of ECM based hydrogel materials with synthetic polymers 
can support the further use of such materials in upper 
respiratory tissue engineering (80,81).

Semisynthetic/synthetic biomaterials

To minimise the limitations associated with soft material 
based hydrogels particularly the mechanical properties, 
application of synthetic materials has been suggested either 
on their own or in combination with ECM derived matrices. 
For example, respiratory epithelium cells seeded on tubular 
prostheses made up of porous polyurethane or expanded 
polytetrafluorethylene have shown potential for airway 
reconstruction in animal model. This technique supported 
the epithelialization on the luminal surfaces and vigorous 
squamous epithelium cell layers in the form of single and 
(predominantly) multiple layers, however differentiated 
ciliated or mucous cells were not identified (82).

The main advantages of using synthetic scaffold materials 
is their robustness and ability to control the mechanical 
properties of the developed tissue. However, synthetic 
materials could also be difficult to process into a highly 
porous structure and sometime mechanically brittle. Thus, 
ideal scaffold materials may be composed of combination of 
natural and synthetic materials having sufficient mechanical 
stability and supporting the bio-instructive environment for 
optimal cell growth and proliferation.

In another study a polypropylene and collagen based 
scaffold pre-clotted with peripheral blood was implanted to 
the circular defect in trachea in adult beagles. This scaffold 
demonstrated sufficient mechanical strength for tissue 
regeneration. The ciliated epithelium regenerated within 
one month of surgery and the scaffolds were fully covered 
with regenerated mucosa. The presence of newly formed 
cartilaginous tissue was also detected in the specimens after 
8–12 months of implantation (83). Other examples include 
tracheal prosthesis composed of gelatin coated proline mesh 
and polypropylene rings that are seeded with autogenous 
oral mucosa which have been shown to promote the 
intrathoracic trachea reconstruction within six months of 
transplantation (29).

The use of Pluronic F-127 hydrogel facilitated the in vivo 
regeneration of lung tissue while polyglycolic acid resulted 
in foreign body response that altered the integrity of the 
developing lung tissue, however both polymers were found 

excellent for culture of somatic lung progenitor cells types 
in vitro (84). Furthermore, collagen and alginate coated 
PLLA/titanium implant material have also shown superior 
proliferation and migration of human RECs compared to 
PLLA film surface alone (85).

Titanium based scaffolds

Titanium is one of the most widely used materials in tracheal 
replacement due to its mechanical properties that ensures 
the integrity of patients’ upper airway by preventing airway 
collapse. Importantly titanium supports the growth and 
proliferation of respiratory epithelium both in vitro (86) and 
in vivo (26,87). A titanium based hybrid system composed of 
a macroporous titanium structure filled with a microporous 
biodegradable poly (L-lactic acid) (PLLA) polymer was 
shown to support human primary respiratory epithelium 
growth. In addition, it was able to guide PKH26 labelled 
fibroblasts migration due to built-in porosity gradients in 
spatial and temporal manner (86). This approach can help 
to counter the fibroblast mediated stenosis in the implants. 
Further, layer by layer coating of collagen and alginate on 
these PLLA/titanium implants helped in epithelialization of 
implant with respect to the amount of tissue integration (85).  
Recently, surgically induced partial segmental tracheal 
defects were treated using the titanium scaffold based 
hybrid bi-layered tracheal construct bearing autologous 
nasal RECs and seeded fibroblasts (87). Overall, titanium 
is a highly desirable biomaterial for respiratory tissue 
replacement with potential to support the regeneration of 
the epithelial component. The data suggest that titanium 
based materials will have significant clinical application in 
tracheal implant for the prevention of excessive fibroblast 
migration and proliferation induced restenosis which is a 
major complication in many tracheal implants.

Other approaches (cell sheet technology/decellularised tissue 
based scaffolds)

Decellularised tissue based scaffolds, which are composed of 
native ECM, are typically derived by processes that involves 
removal of cellular component from tissues or organs 
that can preserve the complex composition and three-
dimensional (3D) ultrastructure of the native tissue. The 
use of decellularised whole lungs by perfusion of detergents 
could be used to prepare 3D scaffolds composed of acellular 
vasculature, airways and alveoli and is a viable strategy 
for lung regeneration (88,89). The seeded epithelium and 
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endothelium displayed remarkable hierarchical organization 
within the decellularised matrix. This type of decellularised 
scaffolds are comprised solely of lung ECM with appropriate 
3D architecture and region-specific cues for cellular 
adhesion. The subsequent developed lungs can be ventilated 
and perfused with blood and their function, including gas 
exchange, has been shown to be partially intact (90,91).

Other potential tissue engineering approaches such as cell 
sheet technology can further maximise the re-epithelialisation 
of the tracheobronchial airway if used in combination with 
biomaterials without inducing potential inflammatory effects 
following implantation (92,93). The remedial action of 
epithelial cell sheet on a pre-vascularised Dacron® PET graft 
could accelerate the development of mature pseudostratified 
columnar epithelium in a rabbit trachea within four 
weeks which was not shown in the absence of epithelial 
cell sheet (92). This suggests that the combination of cell 
sheet technology with other biomaterial constructs based 
multifactorial approach could maximise re-epithelialisation 
of the tracheobronchial airway, and can facilitate the clinical 
application of developed tissue construct (94).

Lung transplantation is a potential solution for replacing 
the diseased lung tissue however this approach suffers 
from major limitations such as shortage of donor tissue, 
immunological rejection and intensive immunosuppression 
required. Bioengineering of functional lung tissue could 
clearly offer an alternative to lung transplantation. While 
different approaches including scaffold free cell sheet 
technique and several scaffold materials (from natural 
to synthetic) have been used for the development of 
respiratory epithelium none could achieve the optimum 
functionality compared to the use of decellulrised tissue 
scaffolds. This is due to the fact that decellularised tissue 
scaffolds maintain the complex composition and three-
dimensional ultrastructure of the ECM. Given the limited 
availability of decellularised tissue future research should 
focus on further optimisation of bioinspired materials 
that mimic the composition, structure and mechanical 
properties of the native ECM. Another area of development 
could be in titanium based implant materials for various 
laryngological applications due to titanium’s mechanical 
properties in addition to its excellent biocompatibility.

Immune cells in respiratory epithelium 
remodelling and regeneration

The consideration of immune response is an essential 
element in bioengineering of any implants made of foreign 

biomaterials or allogenic/xenogeneic cells and components. 
The acceptance of autologous cells by human body is well 
known and it does not need any immune suppression. 
For example, bioengineered trachea developed using 
autologous RECs and chondrocytes has been successfully 
tested in patients (33). However, the implantation of 
allogenic cells or biomaterials can lead to adverse immune 
responses or even rejection due to activation of different 
innate and adaptive immune cells. Thus, it remains an 
important challenge to overcome the immunological 
barriers for successful implementation of any developed 
tissue construct. Newer strategies are needed to control 
these immune responses e.g., use of smart biomaterials 
or induction of antigen-specific peripheral tolerance or 
suppression of autoreactive immune cells. This requires a 
fine coordination among the cell biologist, immunologist 
and biomaterials scientist for innovative solutions for such 
tissue regeneration approaches (95).

In addition, the immune system has been shown to 
play a vital role in the epithelial repair, regeneration, and 
remodelling after injury or in many tissues including 
respiratory epithelium (5,96,97). Furthermore, there is 
a close cross-talk between different components of the 
immune system and respiratory epithelium in organising 
innate immune responses against infection. For example, in 
addition to providing a physical barrier against pathogens 
the respiratory epithelium is also equipped with a host of 
anti-bacterial defense mechanisms such as mucociliary 
function and produces soluble factors such as defensins 
that play a key role in innate immune responses against 
pathogens. The wound healing in epithelium tissue is 
regulated by various immune cells such as neutrophils, 
monocytes/macrophages, lymphocytes, and mast cells. 
These immune cells are activated once the injured 
tissue produces chemokines to modulate the complex 
repair processes (98). Particularly, the supportive role 
of monocytes, macrophages in epithelium remodelling/
regeneration is reported widely in literature. This is 
particularly relevant to developing in vitro models of lung 
epithelium. The co-culture of HCl-induced human lung 
epithelial cells with monocytes promote the epithelial-
mesenchymal transit ion;  enhanced production of 
interleukin-8, platelets derived growth factor and increased 
collagen deposition and lower epithelial markers (99).  
Macrophages play a vital role in wound healing of 
epithelium tissue by producing several growth factors and 
bioactive substances such as epidermal growth factor to 
promote the cellular proliferation and functional tissue 
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regeneration (100). Alveolar macrophages and neutrophils 
promote alveologenesis during development and also 
protect the epithelium by clearing proteinaceous debris, 
neutralising the pathogens that escape the mucociliary 
defense mechanism, and modulating the inflammatory 
milieu (101,102). Infiltrating leukocytes support the 
epithelium repair during the proliferation stage by secreting 
several factors similar to the resident cells (103). The role of 
leucocytes in lung development was also proved in CD18-
deficient mice that show impaired leukocyte trafficking 
and impaired lung generation (104). It was shown that 
the macrophages also contribute in tissue repair following 
injury by releasing growth factors into the resident milieu. 
Back in 1990, it was demonstrated that culturing the 
pulmonary epithelium in the presence of macrophage-
conditioned medium showed a significantly better cell 
growth. Moreover, the co-culture of macrophages and 
bronchial epithelial cells led to the increased cell numbers 
with keratin positive staining (63). However, these findings 
have not been yet valorized for facilitation of in vitro 
respiratory epithelium regeneration. Further extensive 
studies are required to validate the role of immune system 
in respiratory epithelium remodelling and regeneration.

In a similar way, respiratory epithelium potentially also 
regulates the airway inflammation by regulating the function 
of the immune cells (105-107). Epithelial cells support the 
immune response by acting as a barrier against physical or 
chemical exposure and producing a range of molecules e.g., 
antimicrobial compounds and range of receptors, including 
the Toll-like receptors and nucleotide oligomerization 
domain-like receptors, to produce the pro-inflammatory 
molecules (100,108,109). These pro-inflammatory 
molecules i.e., cytokines, chemokines and damage associated 
molecular patterns (DAMPs) communicate with the 
immune cells to maintain the sterility of lungs (5,97). The 
pathogen recognition via Toll-like receptors and RIG-I-like 
receptors results in secretion of specific defense molecules 
such as mucins, antimicrobial peptides (AMPs) and reactive 
oxygen species (ROS) (110). GM-CSF and M-CSF released 
by airway fibroblasts and epithelial cells support the survival 
and accumulation of monocyte/macrophages (111). The 
epithelium mediated monocytes-macrophage differentiation 
is also reported in literature as evidenced by production of 
colony-stimulating factor (CSFs) (112,113) from epithelium 
or without even induction by CSFs (114). Thus, for the 
development of more refined epithelial tissue models in 
future one should also include the immune component in 
their design.

It is clear that a functional respiratory epithelium in 
essential for delivering efficient innate immune protection 
in the respiratory tract. Functions such as mucociliary 
clearance in conducting airways, reduction of surface 
tension in the alveoli are crucial for maintaining respiratory 
tract homeostasis and prevention of infection. In addition, 
upon injury or infection the respiratory epithelium instructs 
different components of the immune system to orchestrate 
clearance of pathogens and organised healing of the injured 
tissue. Thus, understanding the influence of immune cells 
on in vitro epithelium development and the nature of cross-
talks between immune and epithelial cells could guide the 
strategies to improve in vivo efficacy of cell-based constructs 
for future bioengineering of respiratory epithelium.

Respiratory epithelium models

A combination of conventional 2D cultures using primary 
cells or cell lines, animal models and, more recently, 
organotypic cultures are regularly used to study different 
aspects of airway epithelium pathophysiology. Each of these 
platforms offer some advantages and at the same time differ 
from a number of limitations (115). The designated tissue 
model should be simple, biologically relevant, reproducible 
and should be able to illustrate a close comparison to the 
native tissue in addition to the fidelity of tissue specific 
functionality.

Several in vitro culture models for respiratory epithelium 
have been developed over the years in monoculture or co-
culture form. These models range from 2D submerged 
epithelial culture (116) to 3D air liquid interface models 
(117,118). Most of the 2D models consist of single layer 
of tracheobronchial epithelial immortalised cell lines 
cultured on a semi-permeable culture insert at an ALI. 
This process induces cell polarisation, ciliary differentiation 
and mucus production to make a fully differentiated 
respiratory epithelium. Several primary and immortalized 
epithelial cells have been used to develop these models. 
It is reported that the primary AECs grown under ALI 
closely recapitulate the transcriptional profile of in vivo 
airway epithelia (36). Cultured human AEC line (Calu-3)  
is one of the most widely used models investigated to 
understand the mechanism behind the various respiratory 
functions, tissue remodelling and inflammatory responses. It 
is a well-differentiated and well characterized cell line which 
is derived from human bronchial submucosal glands (119).  
Such models are useful as a tool for drug transport 
studies (120,121), however it is reported that they are 
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not appropriate in toxicity studies due to the lack of 
physiological complexity of the airways (122,123) and thus, 
hindering the successful generation of new therapeutic 
agents. Considering the vital role of fibroblasts and immune 
cells including dendritic cells and macrophages, the 
construction of airway models using these cells in addition 
to the respiratory cells would provide more insight on their 
role in respiratory epithelium regeneration.

It is of particular interest to assess the influence of these 
cells in co-culture systems to understand the complex 
cellular processes. For example, it is demonstrated that 
the co-cultures are more responsive against combustion-
derived nanoparticles (NPs) (DEP) and manufactured 
NPs [single-walled carbon nanotubes (SWCNTs) and 
titanium dioxide (TiO2)] to the monoculture as shown by 
co-culturing of A549 human epithelial lung cells, human 
monocyte-derived macrophages and monocyte-derived 
dendritic cells (MDDCs). The co-cultured cells showed 
a synergistic effect against the exposure of NPs (124).  
In contrast to co-culture, monoculture models showed 
minimal reaction to inflammatory stress, exhibited 
reduced oxidative stress, and increased pro-inflammatory 
responses (124). Our group recently used epithelial cells, 
dendritic cells and fibroblasts to make a 3D airway model 
using PET electro-spun fibres scaffolds which confirmed 
the increase in transepithelial electrical resistance 
(TEER) and also tight junction formation in epithelial 
cells-fibroblast co-cultures, thus the developed tissue 

substitute demonstrated a closer functional representation 
of native tissue (Figure 5). In this immunocompetent 
model, the immune cells also showed the migration 
potential in response to the allergen exposure (125).  
In another study, an organotypic in vitro culture model was 
developed using the epithelium cells harvested from nasal 
turbinates, which resulted in fully differentiated human 
airway epithelium (62).

3D spheroid culture of lung AECs on Matrigel® could 
provide a good alternative epithelial model for high-
throughput screening of pharmaceutical agents (15). 
To understand the lentiviral transduction on airway 
epithelial reconstitution; 3D spheroid culture of airway 
epithelium from mature human fetal tracheas and airway 
xenografts were transduced using a HIV-1-derived VSV-G 
pseudotyped lentiviral vector. This study confirmed that 
3D culture repopulated the denuded basement membrane 
to produce a well-differentiated airways epithelium (126). 
These 3D spheroid models can also be achieved without 
using the tissue culture inserts and are developed as lumen 
surrounded by epithelial cell layer and the apical surface of 
goblet and ciliated cells pointing towards the lumen (15,127). 
Some interesting in vitro respiratory models are also 
available commercially e.g., MucilAir™ and EpiAirway-
FT®. MucilAir™ consists of epithelial cells cultured at 
an ALI representing a fully differentiated and functional 
respiratory epithelium (118). The EpiAirway-FT® model 
is based on culturing of epithelium on scaffold substrates 

Figure 5 Immunocompetent 3D model of human upper airway was developed using the epithelium, dendritic and fibroblasts cells. The cells 
were individually grown on electro-spun polyethylene terephthalate scaffold (shown in left), and then assembled into the 3D multicell tissue 
model (middle), which responds to the allergen exposure by showing apical migration of dendritic cells (right). Thus, the developed 3D 
model represents adequate cellular and structural representation of the airway epithelium. Figure taken from (125).
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embedded with co-cultured normal human stromal 
fibroblasts at air liquid interface. This model is also of great 
interest due to emulation native tissue structure, which 
can improve cell-cell signalling and functionality (117).  
By using 3D cell models like MucilAir™, EpiAirway-
FT® and freshly isolated immune cells, robust co-culture 
systems could be developed for studying the inflammatory 
respiratory diseases like asthma or COPD, as these methods 
use the primary cells which are closer to the native tissue 
morphology.

Another advanced technology in the development of 
in vitro tissue models is tissue on a chip models that can 
effectively emulate the native physiology, complex disease 
processes and also drug responses (128). These integrated 
models are made up of continuous perfused chambers 
occupied by the arranged cells to recapitulate the tissue- and 
organ-level physiology and typically allow real time imaging 
as well as the analysis of biochemical and metabolic readouts 
under physiologically relevant microenvironment (129).  
The microfluidic-based in vitro devices are made up of the 
micron-size channels with larger surface area to volume 
ratio similar to native tissue structure. Thus, these systems 
are becoming attractive platforms for disease modelling 
and testing new drug leads. A novel microfluidic model 
based on polydimethylsiloxane was fabricated using the 
soft lithography technique, to show the wound healing in 
cultured A549 epithelial cells and also the growth factor 
mediated wound repair after H2O2 or bleomycin induced 
injury (130). In a similar way, Blume et al. designed a 
dynamic 3D model in which fully differentiated primary 
bronchial epithelial cell loaded filter supports were inserted 
into the microfluidic culture system where nutrients were 
supplied from basolateral side. This type of model effectively 
facilitates the kinetic analysis of barrier responses against the 
changes in the local microenvironment (131) (Figure 6A,B).  
Recently, a silicone elastomer based biomimetic microfluidic 
device was prepared to mimic the pulmonary oedema. It 
recapitulates the alveolar capillary interface of lung in which 
human pulmonary epithelial and endothelial cells were 
seeded opposite to micro-channels in contact with air or 
liquid in case of endothelium. This type of micro devices 
can lead to the identification of new therapeutic moieties 
e.g., in this case, angiopoietin-1 (Ang-1) and a new transient 
receptor potential vanilloid 4 (TRPV4) ion channel inhibitor 
(GSK2193874) for oedema treatment (Figure 6C,D) (132).

The in vitro tissue models are widely used for screening 
and classification of chemicals, especially in testing drugs at 

the preclinical stages. The established cell lines (e.g., Calu 3)  
have been successfully employed in respiratory research 
particularity in drug transport studies. However, there are 
also in vitro culture models comprised of primary epithelium 
such as MucilAir™, EpiAirway™ which are 3D human 
airway epithelium model systems that can be used for long 
term toxicity testing, chemical risk assessment and drug 
delivery. In addition, such models can be developed using 
diseased cells to investigate various processes under diseased 
conditions. The authors believe with recent advances 
in cell preservation techniques, real-time monitoring of 
cellular responses and fabrication of microfluidic devices 
there is potential for development of more advanced and 
physiologically relevant in vitro respiratory models in the 
near future.

Future outlook

Different strategies aimed at development of physiologically 
relevant models of respiratory epithelium are gaining 
wide attention in regenerative medicine field, as well as 
in pharmaceutical industry which can lead to significant 
progress in the treatment of respiratory diseases. There is a 
need to identify means for faster differentiation of epithelial 
cells as well as more sophisticated but user-friendly 3D 
scaffolds and lab on chip systems that allow simulating 
in vivo like conditions and could enable real-time testing 
of barrier function and cellular responses. For this, it is 
of utmost importance to use the cell lineage of correct 
phenotype to guide the appropriate regeneration for the 
development of such complex tissue. In addition to the cell 
sources, the synchronisation of differentiated cells to make 
a functional tissue assembly is another equally important 
task. Several cell sources have been considered due to their 
potential regeneration capacity or differentiation ability 
towards the epithelial like cell lineage and their ability 
to be used for in vivo applications such as regeneration 
of extensive epithelial tissue losses. Such advances could 
pave the way for developing cell based therapies in various 
respiratory disorders where body’s natural regenerative 
capacities are not sufficient. The use of ALI culture 
technique, co-culture systems or application of biomaterials 
based culture matrices or spheres could lead to significant 
advances in the development of more physiologically 
representative tissue models for drug discovery and disease 
modelling. Additionally, the use of primary cells further 
allows more relevant studies such as incorporation of 
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Figure 6 Design and assembly of the microfluidic culture systems for human airway epithelial cell differentiation (A,B) and microengineered 
model of human pulmonary oedema (C,D). The schematic Figure of the cultured epithelial cells on a Transwel® inserted in the holder 
(A). The actin filaments (yellow) and the tight junction protein occludin (green) staining after 24 h in microfluidic system or static culture 
conditions show the development of epithelial barrier in both conditions (B). The microengineered lung-on-a-chip in vitro oedema 
model mimicked the lung microarchitecture and breathing-induced cyclic mechanical distortion of the alveolar-capillary interface 
similar to the IL-2 induced vascular leakage and excessive fluid accumulation (oedema) (C). This model effectively allows the alveolar-
capillary permeability to FITC-inulin (green) introduced into the microvascular channel containing IL-2 and results in intercellular gaps 
as demonstrated by the staining for epithelial occludin (green) and vascular endothelial cadherin (VE-cadherin; red) after 3 days of cyclic 
stretch (D). Figure taken from (131,132).
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genotype specific patient cells, and would open new doors 
for highly beneficial personalized diagnostic and treatment 
options.
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