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Abstract Stem cells possess the unique properties of unlimited self-renewal
capability and a broad differentiation spectrum to produce multiple different cell
types. This provides many platforms to explore novel multidisciplinary approaches
to create and/or restore functional three-dimensional tissues or organs for the
treatment of a range of diseases. In this chapter, in the context of respiratory
diseases, we review the unique properties of stem cells, and how they have been
studied for their therapeutic potential in cell therapy and tissue engineering. In
addition, we give a brief overview of the current clinical studies on the use of stem
cells for both acute and chronic respiratory diseases.
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1 Introduction

Respiratory diseases are a major cause of mortality and morbidity. It has been
estimated that more than 1 billion people suffer from chronic respiratory diseases
worldwide, with approximately 4 million deaths occurring every year. It is
expected that by 2030, chronic respiratory disease will become the third leading
cause of death in the world [1].

There is a need for novel therapeutic strategies for the treatment of chronic and
acute lung diseases such as lung cancer, pulmonary hypertension, chronic
obstructive pulmonary disease (COPD), and asthma because their current treat-
ment options are limited and are mainly aimed at controlling or delaying the
progression of the disease. The only plausible option with curative intent would be
organ transplantation. However, organ transplantation has its limitations: shortage
of donor organs, as well as the life-long need for immunosuppressant therapy after
transplantation.

This chapter reviews the promising field of regenerative medicine for respira-
tory diseases. There are two different ways that regenerative medicine can be
applied: (1) it can be a multidisciplinary approach to create and/or restore func-
tional three-dimensional tissues or organs that utilizes a complex combination of
stem cells (SCs), scaffolds, and signaling molecules (tissue engineering), or
(2) direct application of SCs to the site of injury (cell therapy). In recent years,
novel approaches to the treatment of previously incurable diseases by repairing,
replacing, or regenerating damaged tissues or organs using SCs have been
extensively studied. Hence, the focus of stem cell research is to elucidate their
potential for specific diseases and explore methods of controlling differentiation
into specific progenitor cells such as endothelial progenitor cells, neural crest cells,
or differentiated cell types including type II pneumocytes, cardiomyocytes, and
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neuronal cells. Stem cells can be applied by direct administration, namely cell
therapy or by combining SCs with different components via tissue engineering. If
successful, stem cell applications can potentially provide a successful alternative
therapeutic option for acute and chronic respiratory diseases.

2 Cell Therapy

Cell therapy (using local or systemic administration) is a well-recognized treatment
modality, for example, hematopoietic stem cell transplants for leukemia and epithelial
stem cell-based treatments for burns and corneal disorders. The advantages are:

1. Cells can be isolated, expanded, frozen (banked), and retrieved when needed.
This enables cells to be harvested before degeneration occurs.

2. Cells can be quality controlled by screening for the presence of pathogens. This
ensures safe application for future use.

3. Cells are receptive to gene modification by DNA recombinant technology, for
example, gene therapy. This provides the added benefit of genetic manipulation
of cells when required.

4. Site-specific cell transplantation can also increase the efficacy and safety of
therapy by localized delivery of therapeutic substances at the target site. This
would reduce toxicity as a lower dose of cells can be administered directly and
be contained at the site of a lesion. In addition, implanted cells can release

Table 1 Comparative analysis of different types of stem cells

Cell sources

ESCs iPSCs Progenitor cells

Cell characteristics
Cell of origin Embryonic Adult Adult
Potency Pluripotent Pluripotent Multipotent
Differentiation potential Unlimited Unlimited Limited
Self-renewal Unlimited Unlimited Limited
Karyotype Stable Stable Stable
Homogeneity Low Low High
Immunogenicity High Undefined Low
Limitations
Technical difficulty High Low Low
Risk of teratoma formation High High Low
Risk of infectious disease No Yes No
Ethical issues High Low Low
Logistical issues High Low Low
Therapeutic benefits
Cell therapy Allogenic Autologous Autologous
Gene modification No Yes No
Immunomodulation Undefined Undefined Yes
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therapeutic substances at an adaptive dynamic rate determined by the cellular
feedback mechanism, which prevents inappropriate dosages.

Nevertheless, cell therapy has its challenges. The ability to achieve cell
homogeneity, ensure cell survival and engraftment efficiency, and maintain low
immunogenicity during local or systemic administration of cells varies with the
type of SCs used. Hence, it is important to discuss the benefits and clinical risks of
utilizing different sources of SCs, that is, embryonic stem cells (ESCs), adult stem
cells (ASCs), progenitor cells, or genetically modified cells, that is, induced plu-
ripotent stem cells (iPSCs; Table 1).

2.1 Human Embryonic Stem Cells

Human embryonic stem cells (hESCs) can be derived from the inner cell mass of
possibly discarded, day 5 healthy, nontransferred embryos (Fig. 1). hESCs have the
advantage of being the most therapeutically versatile source of cells. They can prolif-
erate indefinitely to generate daughter cells of identical characteristics without senes-
cence (self-renewing) and are able to maintain their ability to differentiate into almost all
tissue-specific cell lineages upon receiving appropriate signals (pluripotency) [2].

Recent experimental studies have examined the reparative and engraftment
ability of differentiated cells, that is, type II pneumocytes from hESCs in mouse
models. Mouse lung injury models using either bleomycin [3] or silica [4] have
demonstrated a reduced inflammation and improved lung function following hESC
treatment. The successful engraftment of the differentiated cells from hESC at the
site of injury suggests that cell therapy can be useful for the treatment of fibrotic
lung diseases. Toya and colleagues (2011) have also shown that mesoderm-
induced cell aggregates (embryoid bodies) significantly reduced lung inflammation
and edema in a mouse sepsis-induced lung injury model [5].

Fig. 1 Human embryonic
stem cells (HESCs) on
gamma-irradiated human
fibroblasts
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Despite the numerous studies that have examined the hESC pluripotency, there
are inherent challenges with the use of hESCs: (1) hESCs are derived from an
allogenic source and the inability to remove the immunogenic barriers suggests
that patients would require long-term immunosuppression; (2) the clinical use of
hESCs may be limited by the inability to control differentiation to derive a
homogeneous differentiated population of cells; (3) the residing SCs may also pose
a risk of teratoma formation in patients; and lastly (4) the use of hESCs in medical
research is riddled with ethical and logistical issues because oocytes are needed for
ESC isolation. To circumvent these challenges, alternative sources of SCs are
required for therapeutic use.

2.2 Adult (Progenitor) Stem Cells

Adult organs set aside reservoirs of stem cells for replenishing cells that are lost in
either tissue injury or homeostasis [6]. These stem cells are known as ASCs. ASCs
are considered multipotent as they can produce a whole spectrum of cell types
within a single cell lineage. They can either be found residing in organs with high
cell turnover, such as skin and intestinal tract where the cells’ lifespans are
measured in days or weeks [7], or in stem cell ‘‘factory’’ organs, that is, adipose
tissue and the bone marrow.

In the body, the bone marrow has the largest reservoir of SCS with two distinct
residing populations of SCS: hematopoietic and nonhematopoietic. These cells can
also be isolated from peripheral and umbilical cord blood. Hematopoietic stem
cells (HSCs) can form all blood cells in the body [8] whereas nonhematopoietic
stem cells, now known as mesenchymal stromal cells (MSCs) can form cell types
mainly associated with skeletal tissue, that is, bone, cartilage, and fat [9].

In recent years, there has been a growing interest in understanding MSCs in
terms of their immunomodulatory capability and regenerative potential. MSCs

Fig. 2 Mesenchymal
stromal cells
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show many advantages. They are readily available, proliferative, display multi-
lineage potential [10], and are more immune-privileged (Fig. 2). MSCs can release
several growth factors and anti-inflammatory cytokines, which regulate endothelial
and epithelial permeability and reduce the severity of inflammation.

Numerous experimental studies have explored the effects of MSC therapy in the
context of acute lung injury and chronic lung disorders, that is, asthma and COPD.
Pati and colleagues (2011) showed in a rat hemorrhagic shock-induced acute lung
injury model that human bone marrow-derived MSCs suppress lung edema and
inflammatory cells [11]. Sun and colleagues (2011) demonstrated that the intrave-
nous administration of autologous adipose-derived MSCs could attenuate the
inflammatory response and oxidative stress in an acute rat ischemia–reperfusion lung
injury model [12]. In experiments using asthma as a model for chronic lung disease, it
was shown that the decline in lung function was inhibited by rat bone marrow MSCs
[13, 14]. This was achieved by reducing airway hyperactivity, inflammation, and
remodeling. These murine experimental studies clearly highlight the immunomod-
ulatory role of MSCs. Ingenito and colleagues (2011) on the other hand have dem-
onstrated the regenerative properties of MSCs in an experimental emphysema sheep
model [10]. They showed that transplantation of autologous lung-derived MSCs
attached to scaffolds induced the regeneration of functional lung tissue in emphy-
sematous regions of the lungs. From these studies, there is compelling evidence that
MSCs have beneficial effects on lung development, repair, and remodeling.

Although the use of human MSCs has been successfully used in several cases,
there are still hurdles that scientists and clinicians must overcome before incor-
porating MSC transplantation into routine clinical practice. The invasive proce-
dures on the patient, the low MSC levels present in the marrow (approximately 1
in 100,000 to 500,000 cells), diminished expansion and differentiation ability, the
resistance to trypsinization during passaging in vitro, morphological changes in
culture, and the requirement of serum-containing media are some of the problems
faced with the clinical use of MSCs [8, 15].

2.3 Induced Pluripotent Stem Cells

One potential source of alternative cell types for transplantation is SCs derived from
cell reprogramming. Cell reprogramming is described as resetting the developmental
clock [16]. It is a process that reverts the genetic status in a somatic cell nucleus to a
state of developmental pluripotency to produce an autologous multipotent popula-
tion of cells [17]. This would potentially be the best solution for cell therapy.

In 2006, Takahashi and Yamanaka developed a novel strategy to derive plu-
ripotent cells from somatic cells called direct reprogramming [18]. iPSCs were
successfully derived from both mouse and human somatic cells by ectopic
retroviral or lentiviral expression [19] with four transcription factors. The overall
estimated efficiency of establishing iPSCs from somatic cells was reported to be
less than 0.1 % [18, 20]. However, iPSCs exhibited the essential characteristics of
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ESCs: normal karyotype, ESC-like morphology, express cell surface markers and
genes that characterize ESC, teratoma formation that showed contribution to all
three germ layers (i.e., endoderm, mesoderm, ectoderm), and the contribution to
viable chimeras. Numerous studies have suggested that iPSC are almost ESC-like
and have a significantly lower level of immunological and ethical concern as
compared to ESCs. There are still many ongoing refinements for the method of
generating iPSCs. Although Takahashi and Yamanaka (2006) have demonstrated
that iPSCs generation is simple, the use of the retroviral reprogramming system
may not be safe because the somatic cells could be at risk of permanent genetic
alteration and the retroviral vectors could become reactivated. There are other
approaches that were explored and the aim of the different methodologies allows
one to understand the homing mechanism: this includes cell survival, proliferation,
differentiation, and reprogramming.

It is clear from the current literature that the different methodologies of
generating iPSCs have demonstrated a successful upregulation of the expression of
specific pluripotency genes without transferring potentially harmful genes into the
somatic genome. However, despite all the similarities reported between iPSCs and
ESCs, microarray gene expression data have been reported to show differences
between the two stem cell groups. When these data were reanalyzed in seven
different laboratories, it was revealed that nearly one-third of the genes with lab-
specific expression signatures were differently expressed between ESCs and iPSCs.
This suggests that the ESCs and iPSCs gene expressions differ and the in vitro
microenvironment may partially contribute to these differences [21]. Another
common problem with the different reprogramming strategies is the extremely low
reprogramming efficiencies, ranging from less than 0.0001 % to 0.001 % [22, 23].
The low frequency of reprogramming may be attributed to one or more of these
possibilities: (1) the heterogeneous fibroblast population could prevent a subpopu-
lation of cells from reprogramming (2) a small minority population of primitive
multipotent cells rather than fully differentiated cells may actually be the source of
reprogrammed cells, and (3) the retro- or lentivirus integration used to deliver the
reprogramming factors may have modified a small fraction of cells [24].

It is certainly very attractive to know that iPSCs can offer a promising platform for
generating patient-specific SCs of any lineage without the need for embryonic mate-
rials. Studies performed on endotoxin-induced acute lung injury (ALI) in rodents have
also shown that the intravenous delivery of iPSCs can provide a beneficial effect to
attenuate the severity of ALI and improve the physiological impairment, which is
partly attributed to NF-kB and neutrophil accumulation [25, 26].

3 Tissue Engineering

The goals of tissue engineering are to repair, regenerate, and replace diseased or
dysfunctional tissue to restore organ function. Tissue engineering can be con-
ducted either in vivo or ex vivo. In vivo tissue engineering involves the body’s
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own regenerative capability to generate cells on an appropriate biomaterial. The ex
vivo technique involves culturing cells on a scaffold and reimplanting it into the
host [27].

In scaffold-based tissue engineering, there are a number of important factors to
consider: route of delivery, pre-conditioning using different growth factors or
cytokines, immunological function, and accessibility and availability of cell
sources. Cells may be allogeneic (same species, different individual) or autologous
(same individual) [28]. Although autologous cells are preferred because an
immunologic response is not evoked, there might be problems with achieving an
adequate cell yield for expansion and transplantation, especially in patients with
end-stage organ disease. Furthermore, some primary autologous human cells
cannot be expanded from particular organs (i.e., brain, pancreas, and lung).

4 Clinical Applications of Cell Therapy

Animal models have been used to examine its engraftment during transplantation and
airway reconstitution in animal models with experimentally induced tracheal and
lung defects. Current trends in tracheal and lung transplantation include the use of
autologous cells, development of bioactive cell-free scaffolds that are capable of
supporting activation, and differentiation of host SCs at the site of injury.

4.1 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a preventable and treatable
disease that is characterized by a progressive airflow limitation that is not fully
reversible. Cigarette smoking is one of the most common risk factors in COPD
although inhalational exposures to certain occupational dusts and chemicals have
also been implicated. A genetic risk factor for COPD is alpha1-antitrypsin
deficiency.

Small airway disease and lung parenchymal destruction are two components
that contribute to airflow limitation, and these are caused by an abnormally
amplified inflammatory response of the lungs to noxious particles and gases. An
increased level of pro-inflammatory mediators and oxidative stress in the respi-
ratory tract characterizes this inflammatory response. This results in airflow lim-
itation and air trapping (small airway disease). It also impairs gaseous exchange,
causes mucus hypersecretion, and parenchymal destruction [26, 29–31].

Several animal models have demonstrated that MSCs have its ‘‘protective’’
mechanism towards an inflammatory response [31–33]. To evaluate the immu-
nomodulatory role of MSCs in humans, a clinical trial was carried out on allo-
genic-derived bone marrow MSCs transfusion to patients with moderate to severe
COPD (NCT00683722). The study showed that at 6 months the intravenous
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infusion of MSCs significantly reduced the inflammation as measured by
C-reactive protein (CRP). No adverse events or increased incidence of infections
were seen. This reinforces the immunomodulatory capability of MSCs. However,
after 6 months of treatment with MSC, pulmonary function tests were not sig-
nificantly improved over placebo control, although it did reveal positive trends in
functional endpoints such as the six-minute walk test, especially in patients with
less severe COPD. Nevertheless, a longer follow-up is necessary to evaluate the
MSC efficacy on improving the pulmonary function and quality of life.

Another study with a longer follow-up period of 12 months showed that
patients with stage-4 COPD, who underwent stem cell infusion using bone marrow
mononuclear cells (BMNCs), reported significant improvement in quality of life.
Their clinical condition also stabilized, which can be inferred that the natural
progression of the disease was altered. More important, no adverse events were
reported (NCT01110252). Nevertheless this study had a small sample size of four
patients, but has been expanded and to date is still ongoing. Studies with a larger
sample size and longer follow-up period would be helpful to assess the efficacy of
stem cell therapy in COPD patients. To date, there have been no other clinical
trials that have utilized stem cell therapy in COPD patients.

4.2 Pulmonary Hypertension

Pulmonary hypertension (PH) is defined as elevated pulmonary arterial pressure
(mean pulmonary artery pressure [ 25 mmHg at rest) and right ventricular failure.
Based on the different mechanisms of PH, the World Health Organization (WHO)
has classified it into five groups; pulmonary arterial hypertension, pulmonary
hypertension owing to left heart disease, pulmonary hypertension owing to lung
diseases or hypoxemia, chronic thromboembolic pulmonary hypertension, and
pulmonary hypertension with unclear multifactorial mechanisms [34, 35].

The pathogenesis of PH was studied largely in the context of idiopathic
pulmonary arterial hypertension (IPAH), in which vascular endothelial dysfunc-
tion appears to be a key element. This dysfunction manifests as a proliferative
vasculopathy, characterized by deregulated cell proliferation leading to intimal
hyperplasia and smooth muscle hypertrophy, fibrosis, vasoconstriction, and
thrombosis. This form of remodeling is a ‘‘disordered angiogenesis’’ process and it
increases pulmonary vascular resistance, causing pulmonary hypertension, and
with increasing severity leads to right ventricular failure. Hence, IPAH is a slowly
progressive disease with poor prognosis, which ultimately leads to death.

Based on the concept of vascular endothelial dysfunction, it has been postulated
that endothelial progenitor cells (EPCs) could support angiogenesis via a paracrine
mechanism as it was shown to secrete crucial pro-angiogenic factors such as
VEGF-A, CXCL12, and insulinlike growth factor-1. Hence, in supporting angio-
genesis, EPC promotes repair and reduces the pathological morphology seen in
PH. This hypothesis was supported by a number of murine studies [34]. In
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addition, because adenoviral overexpression of endothelial nitric oxide synthase
(eNOS) in the lung is known to reduce PH, Kanki-Horimoto et al. (2006) showed
in a rat study that implanting MSCs that overexpressed eNOS could reduce the
effects on PH-related right ventricular impairment and increase survival time [36].
Jungebluth et al. (2011) have also demonstrated the restoration of lung function at
a proteomic level in a PH rat model when allogenic MSCs were administered [37].

Based on encouraging pre-clinical data, two clinical trials conducted in
Zhejiang University, Hangzhou, China (NCT00257413, NCT00641836) investi-
gated the feasibility, safety, and clinical outcome of intravenous infusion of
autologous EPCs in patients with IPAH. This was compared with conventional
therapy. At 12 weeks of follow-up, the cell infusion group reported a significant
improvement in the six-minute walk distance compared with the conventional
therapy group. There was also significant improvement in mean pulmonary artery
pressure, pulmonary vascular resistance, and cardiac output. No severe adverse
events with cell infusion were reported. In lieu of this, a 12-week clinical trial of
autologous EPCs transplantation in an open-label pilot study was conducted,
involving 13 pediatric patients with IPAH [38]. The pilot study showed that EPCs
intravenous infusion was associated with significant improvements in the six-
minute walk distance, New York Heart Association (NYHA) functional class, and
pulmonary hemodynamics. No adverse events with cell infusion were reported.
The results from the clinical trials suggest EPC infusion has its potential benefits in
both adult and pediatric age groups.

In 2005, autologous progenitor cell-based gene therapy of heNOS was intra-
venously infused in patients with severe IPAH that was refractory to conventional
treatment (NCT00469027). This was a landmark trial involving the use of EPCs
combined with a therapeutic gene therapy (heNOS) to treat IPAH. To date, the six
patients show significant reduction in total pulmonary vascular resistance, and
there is no safety concerns reported thus far. Therefore, stem cell applications for
IPAH show promising results and may offer an alternative therapeutic solution.

4.3 Radiation-Induced Lung Injury

Radiation-induced lung injury comprises radiation pneumonitis and fibrosis, in
which pneumonitis tends to present in the subacute stage whereas fibrosis tends to
present late. It is largely observed in patients who have undergone chest wall
irradiation for the treatment of lung, breast, and hematological malignancies.

The pathogenesis of radiation-induced lung injury is a combination of radia-
tion-induced cytotoxicity and inflammatory responses. Radiation causes DNA
damage resulting in cellular death. It also induces cellular apoptosis. Moreover,
radiation is known to upregulate a milieu of inflammatory cytokines (e.g., TGF-
beta, TNF-a, IL-1a, IL-6, PDGF, bFGF) [39]. Currently, there are no standard
guidelines in the treatment of radiation-induced lung injury. However, the general
consensus is the use of glucocorticoids or other immunosuppressants such as
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azathioprine and cyclosporine, which appear to benefit in the pneumonitis stage
but not at the fibrosis stage. Experimental agents including pentoxifylline and
inhibitors of collagen synthesis (e.g., colchicine, penicillamine) were suggested for
use in the fibrosis stage, but to date there is still no concrete evidence to support
this. Therapeutic effects from stem cell therapy were explored in a rat model and in
a pilot clinical trial [40]. It was reported that a single transplantation of autologous
MSCs was associated with a decrease in mortality rate in mice that underwent
radiation-induced lung injury. The pilot clinical trial also demonstrated that when
standard pharmacotherapy was combined with intravenous autologous MSCs
administration in 11 patients with radiation-induced lung injury, there was no
progression of the lung injury at 1 year post-treatment. This suggests that stem cell
therapy can play a role in the treatment of radiation-induced lung injury. However,
the results of this clinical trial could be confounded by the use of pharmacother-
apy. In addition, prospective placebo controlled trials would be more appropriate
to assess the therapeutic effect of SCs accurately.

Table 2 Current clinical trials of stem cell therapy in respiratory diseases

Diseases NCT Stem cell type Origin Mode of
administration

Findings

COPD 00683722 BM-MSC Allogenic Intravenous No significant
improvement in
pulmonary
function but
possible
improvement in
functional end
points (e.g.,
6-minute walk test

01110252 BM-MNCs Autologous Intravenous Significant
improvement in
quality of life

IPAH 00257413
00641836

EPCs Autologous Intravenous Significant
improvement in
mean pulmonary
artery pressure,
pulmonary
vascular
resistance, cardiac
output, and
6-minute walk
distance

00469027 EPCs ? gene
therapy
(heNOS)

Autologous Intravenous Significant
improvement in
pulmonary
vascular resistance

Radiation-
induced
lung
injury

Nil MNCs Autologous Intravenous No progression of
lung injury at
1 year post-
treatment
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5 Clinical Applications of SCs in Tissue Engineering

With the ongoing search for SCs that can be applied to human treatment, precise
delivery and homing to the disease site must be ensured for successful therapy.
SCs were shown in clinical studies to be safely inoculated into the trachea
(Table 2). Most tracheal tissue-engineering approaches use biodegradable three-
dimensional scaffolds, which are important for neotracheal formation by
promoting cell attachment, cell redifferentiation, and production of the extracel-
lular matrix (Table 3). An important milestone in applying regenerative medicine
techniques to the respiratory system is using artificial tissue scaffolds to recon-
struct organs that could later be used for implantation.

Omori and colleagues (2005) applied this concept by using a tissue scaffold
(Marlex mesh tube) and covering it with collagen sponge to form part of a
trachea [41]. A two-year follow-up reported that the reconstructed trachea showed
good epithelialization to cover the implant with no complications. In view of this
success, Omori and colleagues (2008) used the same technique to repair the larynx
and trachea in another four patients (one with subglottic stenosis, three with
thyroid cancer) [42]. Within 8–34 months follow-up, post-operative endoscopy
showed that the lumen of the implants was well epithelialized and no obstruction
was observed.

Recently, significant advances were made in the field of tissue bioengineering.
Zhang and colleagues (2010) performed a study on patients with hypopharyngeal
carcinoma [43]. They used tissue patches made from artificial biological material
(i.e., acellular dermal matrix; Alloderm, ADM), combined with pectoralis major
myocutaneous flaps (PMMFs), to reconstruct the surgical defect created from total
laryngectomy and total hypopharyngectomy. ADM tissue patches were also used
to reconstruct the defect in the posterior pharyngeal wall from patients who only
underwent tumor resection. This study reported satisfactory wound healing with

Table 3 Current clinical trials of tissue engineering in respiratory diseases

Tissue
engineered

Tissue scaffold Findings

Omori et al. Trachea Marlex mesh
tube

Good epithelialization to cover the implant

Larynx Marlex mesh
tube

Good epithelialization and no airway obstruction

Zhang et al. Pharynx
and
larynx

Alloderm, ADM Satisfactory wound healing but some degree of
stenosis reported

Macchiarini
et al.

Trachea Decellularized
donor trachea

Airway remained vascularized and quality of life
improved. At long-term, limited collapse
occurred in 30 % of the patients

Jungebluth
et al.

Trachea
and
bronchi

Synthetic micro-
and
nanofibers

In progress
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good coverage of the defect by the growing epithelium 18–37 days post surgery.
There was also no pharyngeal fistula. However, they reported some degree of
stenosis in the pharyngeal cavity occurred, but following dilatation of the stenosis,
patients could have a regular diet. This study demonstrated that stem cell tech-
nology could be incorporated into tissue engineering, to create ‘‘biological plas-
ters’’ that could be used to mend surgical defects.

A major milestone was achieved with the transplantation of the first bioengi-
neered trachea: a combination of SCs and tissue-engineering techniques. In 2008, a
bioengineered human trachea was constructed from a human donor trachea and
was transplanted to a patient [44]. Its MHC antigens and cells were removed, and
the trachea was recolonized with the recipient’s epithelial cells and MSC-derived
chondrocytes that had been cultured ex vivo. This was surgically transplanted to
replace a stenosed left main bronchus in a patient with end-stage bronchomalacia.
Post-surgery, the patient did not require immunosuppressants and the blood had no
traces of anti-donor antibodies. At 4 months post-surgery, the patient’s airway
remained functional and quality of life was improved dramatically. This landmark
case highlights the tremendous potential of regenerative medicine that combines
tissue regeneration techniques using SCs to create functional organs that can be
transplanted in humans. It also offers a paradigm shift with the concept that human
organ transplantation does not require long-term immunosuppressant therapy to
ensure organ viability.

6 Conclusions

In the foreseeable future, stem cell and tissue-engineering technology can offer a
therapeutic solution in the treatment of previously incurable and possibly certain
genetic, diseases. It has been shown in many animal studies and a few clinical
trials to have an immense potential in treating diseases by repairing, replacing, or
regenerating tissues and restoring the function of an organ. Nonetheless, the field
of regenerative medicine is still in its infancy and continuing research into
genomics and bioinformatics technologies will continue to offer new insights into
the understanding of SCs growth, differentiation, and their application to engi-
neering tissues in the future.

References

1. World Health Organization (2011) Living with chronic lung diseases. http://www.whoint/
features/2007/copd/en/. Accessed 13 Dec 2011

2. Doss MX, Koehler CI, Gissel C, Hescheler J, Sachinidis A (2004) Embryonic stem cells: a
promising tool for cell replacement therapy. J Cell Mol Med 8(4):465–473. doi:008.004.06 [pii]

3. Wang D, Morales JE, Calame DG, Alcorn JL, Wetsel RA (2012) Transplantation of human
embryonic stem cell-derived alveolar epithelial type II cells abrogates acute lung injury in
mice. Mol Ther 18(3):625–634. doi:mt2009317 [pii]. 10.1038/mt.2009.317

The Implications of Stem Cell Applications for Diseases of the Respiratory System 51

http://www.whoint/features/2007/copd/en/
http://www.whoint/features/2007/copd/en/
http://dx.doi.org/10.1038/mt.2009.317


4. Spitalieri P, Quitadamo MC, Orlandi A, Guerra L, Giardina E, Casavola V, Novelli G, Saltini C,
Sangiuolo F (2012) Rescue of murine silica-induced lung injury and fibrosis by human
embryonic stem cells. Eur Respir J doi:09031936.00005511 [pii]. 10.1183/09031936.00005511

5. Toya SP, Li F, Bonini MG, Gomez I, Mao M, Bachmaier KW, Malik AB (2011) Interaction
of a specific population of human embryonic stem cell-derived progenitor cells with
CD11b+ cells ameliorates sepsis-induced lung inflammatory injury. Am J Pathol 178(1):
313–324. doi:S0002-9440(10)00046-5 [pii]. 10.1016/j.ajpath.2010.09.041

6. Guasch G, Fuchs E (2005) Mice in the world of stem cell biology. Nat Genet 37(11):
1201–1206. doi:ng1667 [pii]. 10.1038/ng1667

7. Gudjonsson T, Magnusson MK (2005) Stem cell biology and the cellular pathways of
carcinogenesis. APMIS 113(11–12):922–929. doi:APMapm_371 [pii]. 10.1111/j.1600-0463.
2005.apm_371.x

8. Ulloa-Montoya F, Verfaillie CM, Hu WS (2005) Culture systems for pluripotent stem cells.
J Biosci Bioeng 100(1):12–27. doi:S1389-1723(05)70423-0 [pii]. 10.1263/jbb.100.12

9. Caplan AI (2005) Review: mesenchymal stem cells: cell-based reconstructive therapy in
orthopedics. Tissue Eng 11(7–8):1198–1211. doi:10.1089/ten.2005.11.1198

10. Ingenito EP, Tsai L, Murthy S, Tyagi S, Mazan M, Hoffman A (2011) Autologous lung-
derived mesenchymal stem cell transplantation in experimental emphysema. Cell Transplant.
doi:ct0078ingenito [pii]. 10.3727/096368910X550233

11. Pati S, Gerber MH, Menge TD, Wataha KA, Zhao Y, Baumgartner JA, Zhao J, Letourneau PA,
Huby MP, Baer LA, Salsbury JR, Kozar RA, Wade CE, Walker PA, Dash PK, Cox CS, Jr.,
Doursout MF, Holcomb JB (2011) Bone marrow derived mesenchymal stem cells inhibit
inflammation and preserve vascular endothelial integrity in the lungs after hemorrhagic shock.
PLoS One 6(9):e25171. doi:10.1371/journal.pone.0025171. PONE-D-11-11403 [pii]

12. Sun CK, Yen CH, Lin YC, Tsai TH, Chang LT, Kao YH, Chua S, Fu M, Ko SF, Leu S, Yip HK
(2011) Autologous transplantation of adipose-derived mesenchymal stem cells markedly
reduced acute ischemia-reperfusion lung injury in a rodent model. J Transl Med 9:118.
doi:1479-5876-9-118 [pii]. 10.1186/1479-5876-9-118

13. Firinci F, Karaman M, Baran Y, Bagriyanik A, Ayyildiz ZA, Kiray M, Kozanoglu I, Yilmaz O,
Uzuner N, Karaman O (2011) Mesenchymal stem cells ameliorate the histopathological
changes in a murine model of chronic asthma. Int Immunopharmacol 11(8):1120–1126.
doi:S1567-5769(11)00148-2 [pii]. 10.1016/j.intimp.2011.03.009

14. Lee SH, Jang AS, Kwon JH, Park SK, Won JH, Park CS (2011) Mesenchymal stem cell
transfer suppresses airway remodeling in a toluene diisocyanate-induced murine asthma
model. Allergy Asthma Immunol Res 3(3):205–211. doi:10.4168/aair.2011.3.3.205

15. Brown SE, Tong W, Krebsbach PH (2009) The derivation of mesenchymal stem cells from
human embryonic stem cells. Cells Tissues Organs 189(1–4):256–260. doi:000151746 [pii].
10.1159/000151746

16. Collas P, Hakelien AM (2003) Teaching cells new tricks. Trends Biotechnol 21 (8):354–361.
doi:S0167779903001471 [pii]

17. Ambrosi DJ, Rasmussen TP (2005) Reprogramming mediated by stem cell fusion. J Cell Mol
Med 9(2):320–330. doi:009.002.08 [pii]

18. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell 126(4):663–676. doi:S0092-8674(06)00976-7
[pii]. 10.1016/j.cell.2006.07.024

19. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J,
Jonsdottir GA, Ruotti V, Stewart R, Slukvin, II, Thomson JA (2007) Induced pluripotent stem
cell lines derived from human somatic cells. Science 318(5858):1917–1920. doi:1151526
[pii]. 10.1126/science.1151526

20. Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, Hochedlinger K, Bernstein BE,
Jaenisch R (2007) In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like state.
Nature 448(7151):318–324. doi:nature05944 [pii]. 10.1038/nature05944

21. Newman AM, Cooper JB Lab-specific gene expression signatures in pluripotent stem cells.
Cell Stem Cell 7(2):258–262. doi:S1934-5909(10)00331-0 [pii]. 10.1016/j.stem.2010.06.016

52 M. L. Lim et al.

http://dx.doi.org/10.1183/09031936.00005511
http://dx.doi.org/10.1016/j.ajpath.2010.09.041
http://dx.doi.org/10.1038/ng1667
http://dx.doi.org/10.1111/j.1600-0463.2005.apm_371.x
http://dx.doi.org/10.1111/j.1600-0463.2005.apm_371.x
http://dx.doi.org/10.1263/jbb.100.12
http://10.1089/ten.2005.11.1198
http://dx.doi.org/10.3727/096368910X550233
http://dx.doi.org/10.1371/journal.pone.0025171
http://dx.doi.org/10.1186/1479-5876-9-118
http://dx.doi.org/10.1016/j.intimp.2011.03.009
http://dx.doi.org/10.4168/aair.2011.3.3.205
http://dx.doi.org/10.1159/000151746
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://dx.doi.org/10.1126/science.1151526
http://dx.doi.org/10.1038/nature05944
http://dx.doi.org/10.1016/j.stem.2010.06.016


22. Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka S (2008) Generation of mouse
induced pluripotent stem cells without viral vectors. Science 322(5903):949–953.
doi:1164270 [pii]. 10.1126/science.1164270

23. Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K (2008) Induced pluripotent stem
cells generated without viral integration. Science 322(5903):945–949. doi:1162494 [pii].
10.1126/science.1162494

24. Sridharan R, Plath K (2008) Illuminating the black box of reprogramming. Cell Stem Cell
2(4):295–297. doi:S1934-5909(08)00129-X [pii]. 10.1016/j.stem.2008.03.015

25. Yang KY, Shih HC, How CK, Chen CY, Hsu HS, Yang CW, Lee YC, Perng RP, Peng CH, Li HY,
Chang CM, Mou CY, Chiou SH (2011) IV delivery of induced pluripotent stem cells attenuates
endotoxin-induced acute lung injury in mice. Chest 140(5):1243–1253. doi:chest.11-0539 [pii].
10.1378/chest.11-0539

26. Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA (2007) Intrapulmonary delivery
of bone marrow-derived mesenchymal stem cells improves survival and attenuates
endotoxin-induced acute lung injury in mice. J Immunol 179(3):1855-1863. doi:179/3/
1855 [pii]

27. Jungebluth P, Alici E, Baiguera S, Blanc KL, Blomberg P, Bozoky B, Crowley C, Einarsson O,
Grinnemo KH, Gudbjartsson T, Guyader SL, Henriksson G, Hermanson O, Juto JE, Leidner B,
Lilja T, Liska J, Luedde T, Lundin V, Moll G, Nilsson B, Roderburg C, Stromblad S, Sutlu T,
Teixeira AI, Watz E, Seifalian A, Macchiarini P (2011) Tracheobronchial transplantation with a
stem-cell-seeded bioartificial nanocomposite: a proof-of-concept study. Lancet. doi:S0140-
6736(11)61715-7 [pii]. 10.1016/S0140-6736(11)61715-7

28. Hipp J, Atala A (2004) Tissue engineering, stem cells, cloning, and parthenogenesis: new paradigms
for therapy. J Exp Clin Assist Reprod 1(1):3. doi:1743-1050-1-3 [pii]. 10.1186/1743-1050-1-3

29. Adcock IM, Caramori G, Barnes PJ Chronic obstructive pulmonary disease and lung cancer:
new molecular insights. Respiration 81(4):265–284. doi:000324601 [pii]. 10.1159/000324601

30. D’Agostino B, Sullo N, Siniscalco D, De Angelis A, Rossi F Mesenchymal stem cell therapy for
the treatment of chronic obstructive pulmonary disease. Expert Opin Biol Ther 10(5):681–687.
doi:10.1517/14712591003610614

31. Bonfield TL, Caplan AI Adult mesenchymal stem cells: an innovative therapeutic for lung
diseases. Discov Med 9(47):337–345

32. Liang ZX, Sun JP, Wang P, Tian Q, Yang Z, Chen LA Bone marrow-derived mesenchymal
stem cells protect rats from endotoxin-induced acute lung injury. Chin Med J (Engl)
124(17):2715–2722

33. Zhao F, Zhang YF, Liu YG, Zhou JJ, Li ZK, Wu CG, Qi HW (2008) Therapeutic effects of bone
marrow-derived mesenchymal stem cells engraftment on bleomycin-induced lung injury in rats.
Transplant Proc 40(5):1700–1705. doi:S0041-1345(08)00471-5 [pii]. 10.1016/j.transproceed.
2008.01.080

34. Majka S, Burnham E, Stenmark KR (2011) Cell-based therapies in pulmonary hypertension: who,
what, and when? Am J Physiol Lung Cell Mol Physiol 301(1):L9–L11. doi:ajplung.00118.2011
[pii]. 10.1152/ajplung.00118.2011

35. Simonneau G, Robbins IM, Beghetti M, Channick RN, Delcroix M, Denton CP, Elliott CG,
Gaine SP, Gladwin MT, Jing ZC, Krowka MJ, Langleben D, Nakanishi N, Souza R (2009)
Updated clinical classification of pulmonary hypertension. J Am Coll Cardiol 54(1 Suppl):
S43–54. doi:S0735-1097(09)01216-9 [pii]. 10.1016/j.jacc.2009.04.012

36. Kanki-Horimoto S, Horimoto H, Mieno S, Kishida K, Watanabe F, Furuya E, Katsumata T (2006)
Implantation of mesenchymal stem cells overexpressing endothelial nitric oxide synthase improves
right ventricular impairments caused by pulmonary hypertension. Circulation 114(1 Suppl):
I181–185. doi:114/1_suppl/I-181 [pii]. 10.1161/CIRCULATIONAHA.105.001487

37. Jungebluth P, Luedde M, Ferrer E, Luedde T, Vucur M, Peinado VI, Go T, Schreiber C,
Richthofen MV, Bader A, Haag J, Darsow KH, Bartel SJ, Lange HA, Furlani D, Steinhoff G,
Macchiarini P (2011) Mesenchymal stem cells restore lung function by recruiting resident and
non-resident proteins. Cell Transplant. doi:ct0201jungebluthetalpdf [pii]. 10.3727/09636
8910X557254

The Implications of Stem Cell Applications for Diseases of the Respiratory System 53

http://dx.doi.org/10.1126/science.1164270
http://dx.doi.org/10.1126/science.1162494
http://dx.doi.org/10.1016/j.stem.2008.03.015
http://dx.doi.org/10.1378/chest.11-0539
http://dx.doi.org/10.1016/S0140-6736(11)61715-7
http://dx.doi.org/10.1186/1743-1050-1-3
http://dx.doi.org/10.1159/000324601
http://dx.doi.org/10.1517/14712591003610614
http://dx.doi.org/10.1016/j.transproceed.2008.01.080
http://dx.doi.org/10.1016/j.transproceed.2008.01.080
http://dx.doi.org/10.1152/ajplung.00118.2011
http://dx.doi.org/10.1016/j.jacc.2009.04.012
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.001487
http://dx.doi.org/10.3727/096368910X557254
http://dx.doi.org/10.3727/096368910X557254


38. Zhu JH, Wang XX, Zhang FR, Shang YP, Tao QM, Chen JZ (2008) Safety and efficacy of
autologous endothelial progenitor cells transplantation in children with idiopathic pulmonary
arterial hypertension: open-label pilot study. Pediatr Transplant 12(6):650–655. doi:PTR863 [pii].
10.1111/j.1399-3046.2007.00863.x

39. Graves PR, Siddiqui F, Anscher MS, Movsas B (2010) Radiation pulmonary toxicity: from
mechanisms to management. Semin Radiat Oncol 20(3):201–207. doi:S1053-4296(10)00018-4 [pii].
10.1016/j.semradonc.2010.01.010

40. Kursova LV, Konoplyannikov AG, Pasov VV, Ivanova IN, Poluektova MV,
Konoplyannikova OA (2009) Possibilities for the use of autologous mesenchymal stem
cells in the therapy of radiation-induced lung injuries. Bull Exp Biol Med 147(4):542–546

41. Omori K, Nakamura T, Kanemaru S, Asato R, Yamashita M, Tanaka S, Magrufov A, Ito J,
Shimizu Y (2005) Regenerative medicine of the trachea: the first human case. Ann Otol
Rhinol Laryngol 114(6):429–433

42. Omori K, Tada Y, Suzuki T, Nomoto Y, Matsuzuka T, Kobayashi K, Nakamura T, Kanemaru S,
Yamashita M, Asato R (2008) Clinical application of in situ tissue engineering using a
scaffolding technique for reconstruction of the larynx and trachea. Ann Otol Rhinol Laryngol
117(9):673–678

43. Zhang L, Cheng JP, Zhang WC, Li W, Anniko M Reconstruction of defects following
surgery for hypopharyngeal carcinoma using artificial biological material. Acta Otolaryngol
130(11):1293–1299. doi:10.3109/00016489.2010.486798

44. Macchiarini P, Jungebluth P, Go T, Asnaghi MA, Rees LE, Cogan TA, Dodson A, Martorell J,
Bellini S, Parnigotto PP, Dickinson SC, Hollander AP, Mantero S, Conconi MT, Birchall MA
(2008) Clinical transplantation of a tissue-engineered airway. Lancet 372(9655):2023–2030.
doi:S0140-6736(08)61598-6 [pii]. 10.1016/S0140-6736(08)61598-6

54 M. L. Lim et al.

http://dx.doi.org/10.1111/j.1399-3046.2007.00863.x
http://dx.doi.org/10.1016/j.semradonc.2010.01.010
http://dx.doi.org/10.3109/00016489.2010.486798
http://dx.doi.org/10.1016/S0140-6736(08)61598-6

	153 The Implications of Stem Cell Applications for Diseases of the Respiratory System
	Abstract
	1…Introduction
	2…Cell Therapy
	2.1 Human Embryonic Stem Cells
	2.2 Adult (Progenitor) Stem Cells
	2.3 Induced Pluripotent Stem Cells

	3…Tissue Engineering
	4…Clinical Applications of Cell Therapy
	4.1 Chronic Obstructive Pulmonary Disease
	4.2 Pulmonary Hypertension
	4.3 Radiation-Induced Lung Injury

	5…Clinical Applications of SCs in Tissue Engineering
	6…Conclusions
	References


