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Introduction
Chronic obstructive pulmonary diseases (COPD) is a 
heterogeneous lung disease that has high morbidity and 
mortality worldwide, and is an increasing economic and 
social burden [1, 2]. The recent burden of obstructive 
lung disease study and other large-scale epidemiologi-
cal studies estimated that the global prevalence of COPD 
is 10.3% [3]. Another recent study estimated that the 
increasing prevalence of smoking in low- and middle-
income countries and aging populations in high-income 
countries will lead to more than 5.4 million annual deaths 
from COPD and related conditions by 2060 [4]. Long-
term exposure to cigarette smoke, harmful chemicals, 
smoke from burning fuels, and α1-antitrypsin deficiency 
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Abstract
Chronic obstructive pulmonary disease(COPD) is an inflammatory disease characterized by the progressive 
and irreversible structural and functional damage of lung tissue. Although COPD is a significant global disease 
burden, the available treatments only ameliorate the symptoms, but cannot reverse lung damage. Researchers 
in regenerative medicine have examined the use of stem cell transplantation for treatment of COPD and other 
diseases because these cells have the potential for unlimited self-renewal and the ability to undergo directed 
differentiation. Stem cells are typically classified as embryonic stem cells, induced pluripotent stem cells, and adult 
stem cells (which includes mesenchymal stem cells [MSCs]), each with its own advantages and disadvantages 
regarding applications in regenerative medicine. Although the heterogeneity and susceptibility to senescence 
of MSCs make them require careful consideration for clinical applications. However, the low tumourigenicity and 
minimal ethical concerns of MSCs make them appear to be excellent candidates. This review summarizes the 
characteristics of various stem cell types and describes their therapeutic potential in the treatment of COPD, with 
a particular emphasis on MSCs. We aim to facilitate subsequent in-depth research and preclinical applications of 
MSCs by providing a comprehensive overview.
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are the main causes of COPD [5] (Fig. 1). As COPD pro-
gresses, patients experience irreversible obstruction of 
airflow, hypersecretion of mucus, destruction of alveolar 
wall, and proliferation of airway smooth muscle cells due 
to the chronic bronchitis and/or emphysema [6].

Chronic bronchitis is characterized by non-specific 
inflammation of the mucosa and surrounding tissues of 
the trachea and bronchi, and is triggered by an infec-
tion or non-infectious factors (allergy, oxidative stress) 
in which the major pathological change is damage of epi-
thelia in the central airway [7]. Prolonged inflammatory 
stimulation causes proliferation of bronchial mucosal 
cells and mucosal hypertrophy, resulting in obstruction 
of the airways and decreased ventilation. The exces-
sive secretion of mucus and infiltration of inflammatory 

cells leads to the accumulation of mucus in the bronchial 
lumen, further aggravating the narrowing and obstruc-
tion of airways [8]. Emphysema is characterised by dilata-
tion and destruction of lung tissue beyond the terminal 
fine bronchioles. Its manifestations are thinning of the 
alveolar walls; enlargement, rupture, or formation of 
large blisters in the alveolar cavities; reduced blood sup-
ply; and destruction of the elastic fibrous network [9].

COPD is, therefore, a multifactorial disease with a 
complex pathogenesis, and many studies have focused 
on the accumulation of inflammatory cells, the imbalance 
of protease/antiprotease activity, and oxidative stress [5, 
10, 11] (Fig.  1). There is evidence that cigarette smoke 
and other inhaled particulates stimulate epithelial cells 
to produce reactive oxygen species, and that this induces 

Fig. 1 Risk factors and pathogenesis of COPD. By figdraw (www.figdraw.com)
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inflammatory cells to infiltrate the periphery of the air-
ways, leading to an imbalance of protease/antiprotease 
activity [12–14]. Elastin is a major protein in the con-
nective tissue of the lung parenchyma, and an imbalance 
between proteases and antiproteases can decrease the 
level of elastin, leading to lung hyperinflation, lung dilata-
tion, and loss of lung elasticity, culminating emphysema 
[15–17]. During disease progression, COPD patients 
experience a gradual decline in lung capacity which 
initially limits their ability to exercise, and eventually 
becomes disabling [18]. Although chronic bronchitis and 
emphysema are the predominant clinical phenotypes of 
COPD, these patients may also present with several other 
complications, such as airway hyperresponsiveness, 
hyperimmune response, asthma, and other lung diseases 
[19]. The many symptoms of COPD are responsible for 
its huge personal, social, and economic burden. COPD 
is incurable, but the clinical management of symptoms 
includes smoking cessation, vaccinations for respiratory 
pathogens, various medications (especially broncho-
dilators and steroids), oxygen therapy, and pulmonary 
rehabilitation [8]. These treatments aim to control the 
symptoms, decrease inflammation, and improve func-
tional capacity. The use of anti-inflammatory drugs and 
bronchodilators reduces the severity of symptoms and 
improves patient quality-of-life, but these treatments 
only relieve symptoms and do not block or reverse lung 
damage [20]. Although smoking cessation and long-
term oxygen therapy are relatively effective, they do not 
halt the underlying pathology of increased inflamma-
tion, apoptosis, and oxidative stress [21–23]. There are 
currently no treatments for the irreversible loss of lung 
function and incompletely reversible limitation of expira-
tory airflow, so there is an urgent need to develop new 
treatments that can repair the damaged lung tissues of 
patients with COPD.

Stem cells are undifferentiated cells with the capac-
ity for self-renewal and multispectral differentiation, 
and cell-based tissue reconstruction using stem cells is 
an important part of regenerative medicine [24]. Cellu-
lar therapeutic approaches may provide new treatment 
options for COPD in the future. The unique proper-
ties of stem cells are that they can promote tissue repair 
and regeneration by replacing damaged cells, modu-
late immune responses, reduce inflammation, and pro-
mote tissue homeostasis [25]. Thus, a promising general 
approach for using stem cells to treat COPD is to harness 
their capacity for differentiation by stimulating them to 
regenerate lung parenchymal cells and airways, and/or to 
promote stem/progenitor cell differentiation of epithe-
lial cells to restore the balance between proliferation and 
apoptosis.

Types of stem cells
The most important function of stem cells is their main-
tenance of cellular regeneration, in that they can differ-
entiate into at least one type of highly mature cell. This 
means that stem cells have great potential for use in tis-
sue repair if they can be promoted to replace diseased 
and damaged tissues [26]. There are three general types 
of stem cells: embryonic stem cells (ESCs), induced plu-
ripotent stem cells (iPSCs) and adult stem cells (MSCs 
and several others) [27]. ESCs and iPSCs have the poten-
tial for unlimited proliferation and differentiation into all 
germ layers, and therefore have great potential for treat-
ment of refractory diseases and injuries [28]. Adult stem 
cells are immature cells in adult tissues that are in a rest-
ing state, which function as a reservoir for self-renewal 
because of their ability to differentiate into highly special-
ised cells and repair tissue following injury [29]. There are 
two types of adult stem cells that affect airway function 
in COPD: mesenchymal stem cells (MSCs) and lung pro-
genitor/stem cells.

Embryonic stem cells
ESCs are pluripotent stem cells isolated from blasto-
meres that can differentiate into all types of cells, mak-
ing them highly valuable in regenerative medicine [30, 
31]. Since 1998, when hESCs were first cultured and dif-
ferentiated, many studies of drug-based therapies using 
ESCs have examined their use for treatment of spinal 
cord injury, macular degeneration, type 1 diabetes, heart 
failure, and other conditions [32]. ESCs also have poten-
tial for treatment of lung diseases, and studies have dem-
onstrated that hESCs and mouse ESCs can differentiate 
into type II alveolar epithelial cells (ATIICs) using con-
trolled culture conditions [33, 34]. Previous studies have 
used established transfection and culture procedures in 
a laboratory setting to develop genetically screened and 
highly purified hESC-ATIICs that have characteristics 
typical of ATIICs, including formation of lamellipodia, 
expression of surfactant protein, and the ability to pro-
liferate and differentiate into type I alveolar epithelial 
cells (ATICs) [35]. Previous research demonstrated that 
ATIICs derived from hESCs can be engrafted into the 
lungs of mice with acute lung injury, and that this treat-
ment inhibited or reversed fibrotic changes induced by 
bleomycin [36]. Although hESC-ATIICs have potential 
as a cellular source for treatments of distal lung diseases, 
there are many concerns regarding the safety of cell 
transplantation from differentiated ESCs. Methods such 
as the formation of embryoid bodies or coculture of these 
cells with lung mesenchyme have only produced small 
numbers of ATIICs [33, 34, 37, 38]. Another important 
concern is that the presence of pluripotent cells within a 
mixed population of ESC-derived cells may lead to for-
mation of a teratoma, making this approach unsuitable 
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for transplantation into the lungs. There are also serious 
ethical concerns, because the acquisition of hESCs neces-
sitates the destruction of embryos.

A disadvantage of allogeneic transplantation of hESCs 
is that they can elicit a strong immune reaction; this 
necessitates intensive immunosuppressive treatment to 
prevent rejection, which increases the risk of an oppor-
tunistic infection and tumor development [39, 40].Many 
studies have therefore attempted to produce personal-
ized hESCs to prevent immune rejection. For example, 
the implementation of alternative targeted methods, such 
as b2-microglobulin-deficient hESCs, greatly decreases 
the susceptibility of stem cells to recognition by CD8 + T 
cells. This approach can potentially provide a sustain-
able reservoir of cells for tissue regeneration without the 
need for matching of human leukocyte antigens (HLAs) 
[41]. A clinical case report showed that treatment with 
hESCs decreased symptoms in a patient with emphysema 
[42]. Although preclinical studies showed that ESCs can 
regenerate lung structures, the potential for teratoma 
formation, immune rejection, and ethical issues have pre-
vented the development of clinical trials that use hESCs 
for treatment of COPD [43]. To address these ethical 
concerns and technical limitations, researchers have 
instead taken alternative approaches that use adult stem 
cells or iPSCs.

Induced pluripotent stem cells
iPSCs, which are generated by reprogramming adult 
somatic cells (e.g., skin cells) into a pluripotent state, 
have great potential for use in regenerative medicine. In 
2006, the Yamanaka team reported the successful repro-
gramming of differentiated somatic cells into a cell type 
resembling embryonic stem cells by introduction of spe-
cific transcription factors. Since then, many researchers 
have utilized these cells as a source for regeneration in 
studies of disease-specific cells in different animal mod-
els, drug screening, and development of cell-based thera-
pies [44]. hiPSCs are a promising source of therapeutic 
cells because they have totipotency similar to hESCs, 
they can differentiate into a variety of cell types, they 
do not induce strong immune responses, and there are 
no serious ethical concerns regarding their use [45, 46]. 
Extracting somatic cells from a patient and reprogram-
ming them into iPSCs greatly reduces the risk of immune 
rejection after transplantation and improves the feasibil-
ity and safety of cell transplantation. Controlled differ-
entiation programs allow iPSCs to develop into specific 
cell lineages, so they can replace the damaged cells that 
are in the tissues or organs affected by specific diseases 
[47]. There is also evidence that hiPSCs undergo tar-
geted differentiation to produce alveolar epithelial cell 
type 2 (iAT2) cells, and that hiPSCs derived from distal 
lung cells can be implanted into the lungs, where they 

contribute to the formation of functional distal lung units 
and slow the progression of emphysema [48, 49].

Although iPSCs appear to have great potential, several 
limitations need to be addressed. One concern is “repro-
gramming efficiency”, because the process is slow and 
inefficient, even though it is reproducible [50]. Although 
recent advances showed that iPSCs can be amplified in 
scalable suspension cultures, and that large quantities of 
human iPSCs can be produced in a fully controlled bio-
reactor [51], further technological improvements are 
needed for producing “clinical-grade” iPSCs. Another 
important consideration is the risk of genetic and epi-
genetic abnormalities during reprogramming, because 
reprogrammed iPSCs may have different genomic insta-
bilities that lead to development of a malignancy. In 
particular, the random integration of multiple copies of 
a transgene into the host genome during the overexpres-
sion of reprogramming factors can lead to significant 
phenotypic variability, and to potential disruptions in the 
function of critical genes in the generated iPSCs [44]. An 
even greater concern is that genomic alterations caused 
by the integration of transcription factor genes into the 
genome could lead to tumorigenicity [31]. There are also 
immunological concerns associated with cell therapies 
that utilize iPSCs [52]. Given the continuing improve-
ments in the protocols used for differentiation and the 
availability of better techniques for enrichment, purifi-
cation, and analysis, it may soon be possible to eliminate 
undifferentiated cells from the differentiated cell prod-
ucts. The risk of teratoma formation appears to be very 
low when using highly enriched cell products [53].

iPSCs have several potential uses in regenerative medi-
cine studies: directly for cell transplantation, as a source 
of differentiated cells, and in model systems to explore 
the role of epigenetic reprogramming in abnormally 
functioning cells. Most research has focused on the last 
two methods [54]. Although clinical trials are increas-
ingly using hESC or hiPSC derivatives to repair organs 
and treat diseases, our search of ClinicalTrials.gov iden-
tified 96 clinical trials using iPSCs, but only 5 that were 
related to lung and respiratory diseases, and none that 
examined iPSCs as a treatment for lung diseases in 
[53]. The challenges associated with vector integration, 
suboptimal efficiency in generation of hiPSCs, and the 
demand for different types of transplantable cells led to 
the development of a novel vector incorporating a Tet-
On inducible gene expression system, an ATII C-spe-
cific NEOR transgene, and loxP target sequences. This 
innovative approach enabled the successful generation 
of hiPSC-ATIICs whose ultrastructural characteristics 
and functional properties were similar to those of ATI-
ICs [55]. Similar hESCs-ATIICs and hiPSCs-ATIICs have 
significant promise for in vivo transplantation, differen-
tiation into ATICs for alveolar regeneration following 
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bleomycin-induced injury, and improving the function 
of damaged lungs [44]. However, the process of obtaining 
tissue-specific cells from iPSCs requires labor-intensive 
reprogramming and directed differentiation. It is imper-
ative to develop expedited approaches, such as direct 
reprogramming of one somatic cell type into another cell 
type, as a more effective strategy for generation of iPSCs 
[56].

Lung progenitor/stem cells
The adult lung is a complex organ consisting of many 
types of cells that are distributed throughout the respi-
ratory tract, and each region is characterized by its own 
distinct population of epithelial cells. Stem/progeni-
tor cells from various epithelial lineages within the lung 
function in lung development, tissue maintenance, and 
repair following injury [57]. The maintenance of a pre-
cise equilibrium between each region-specific type of 
stem cell and its specific microenvironments is essential 
for the preservation of normal lung function and airway 
integrity during normal conditions and during the repair 
of lung damage. The region-specific epithelial stem/pro-
genitor cells in the lungs of human adults and mice con-
sist of basal cells, secretory cells, and mucous cells in the 
proximal airway submucosal glands; variant secretory 
cells in the small bronchi; bronchoalveolar duct junc-
tion stem cells; and a subset of ATIICs in the alveolar sac 
[58, 59]. Lung progenitor/stem cells have the capacity to 
undergo proliferation and differentiation following lung 
injury in order to restore damaged cell populations and 
uphold the typical physiological functioning of the lung 
[25]. Among these, basal cells are a key type of epithe-
lial stem cell, because they play a crucial role in main-
taining environmental homeostasis and promoting the 
repair of epithelial in the proximal airways. Bronchioal-
veolar stem cells are essential for repairing damage to the 
small bronchi and alveolar cells, and they play a crucial 
role in maintaining stability of the lung environment. 
Bronchoalveolar stem cells exhibit a diverse differentia-
tion response to various forms of injury, giving rise to cell 
types including club cells and ciliated cells. Within the 
gas exchange region of the adult lung, a subset of ATI-
ICs are stem/progenitor cells for ATICs, and ATIICs 
function as stem cells by maintaining epithelial homeo-
stasis during normal conditions and in response to injury 
[57]. Through lineage tracing experiments, it has been 
demonstrated that AT2 cells, serving as stem/progeni-
tor cells, possess the ability to self-renew and undergo 
transdifferentiation into AT1 cells [25]. The ability of the 
lung to self-repair following injury requires activation of 
stem cells and progenitor cells within each respiratory 
alveolus.

Individuals with COPD experience oxidative stress and 
disruption of the equilibrium between self-renewal and 

differentiation of stem/progenitor cells, and this pre-
vents the regeneration of lung tissue [9]. Thus, there is 
an urgent need for more basic studies and clinical stud-
ies that examine the use of lung stem/progenitor cells 
for the management of COPD and other pulmonary ail-
ments. We searched for clinical trials using bronchial 
basal cells for the treatment of COPD, of which only 
one had relevant results published. In this study, autolo-
gous P63 + lung progenitor cells were transplanted into 
COPD subjects, and the results suggest that transplan-
tation of cultured P63 lung progenitor cells is safe and 
may represent a potential therapeutic strategy for COPD 
(NCT03188627) [60]. There has been great interest in 
the potential use of exogenous stem/progenitor cells to 
regenerate or enhance lung repair in patients with COPD, 
but significant hurdles must be overcome. Firstly, it is dif-
ficult to obtain sufficient quantities of autologous stem 
cells. Secondly, there is insufficient information regard-
ing the identification and characterization of defined lung 
stem/progenitor cell subpopulations. Lastly, most cur-
rent cell implantation techniques are inefficient and lack 
long-term efficacy [61]. Although several clinical studies 
have examined the use of endothelial progenitor cells 
and basal epithelial cells from the bronchus for investiga-
tional interventions, direct implantation of cells required 
for airway function is a potential approach for regenerat-
ing damaged lung tissue, and further studies using animal 
models are needed.

Mesenchymal stem cells
MSCs are a subset of stem cells that exhibit morpho-
logical similarities to fibroblasts and are found within 
the connective tissues of nearly all organs. In 2006, the 
International Society for Cellular Therapy (ISCT) delin-
eated specific criteria for the identification of MSCs [62]: 
(1) adherence to plastic surfaces under standard culture 
conditions, (2) expression of a defined set of surface anti-
gens, and (3) the capacity to differentiate into osteoblasts, 
chondrocytes, and adipocytes. MSCs exhibit low immu-
nogenicity due to their lack of MHC-II antigen expres-
sion. Additionally, MSCs possess immunosuppressive 
capabilities, forming the foundation for their application 
in cell therapy. Extensive research utilizing animal mod-
els has been undertaken to evaluate the efficacy of MSCs 
and to progressively elucidate the mechanisms underly-
ing MSC-based tissue repair therapies. Consequently, 
MSCs are emerging as a potent therapeutic tool for a 
wide range of diseases. Further investigation into their 
biological properties is essential to establish the theoreti-
cal groundwork necessary for clinical applications. MSCs 
will be elaborated in more detail below.
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Strengths and weaknesses of different types of stem cells
Stem cells, with their unique characteristics of self-
renewal and differentiation, are the focus of regenerative 
medicine. These different types of stem cells have dis-
tinct biological characteristics and differentiation poten-
tials, and the best is still controversial. Advantages and 
disadvantages of different types of stem cells are briefly 
summarized in Fig.  2. Embryonic stem cells are highly 
undifferentiated cells that can be induced to differenti-
ate into almost all cell types of the organism, but cannot 
develop into complete individuals. ESCs have long been 
expected to be the most promising cell source in the 
regenerative medicine. Ethical controversies, tumour for-
mation and immune rejection make the use of embryonic 
stem cells a huge obstacle. As a replacement for ESCs, 
iPSCs are not beset with any serious ethical issues, but 
oncogenicity and cellular deterioration due to incom-
plete reprogramming remain challenges. Lung progeni-
tor/stem cells are adult stem cells with the advantages of 
having low tumourigenicity, being suitable for autologous 
transplantation, and being less ethically problematic. 
However, lung progenitor/stem cells are rare and difficult 

to isolate and characterize. All of these cells seem to have 
insurmountable difficulties to be used in therapy, but the 
discovery of mesenchymal stem cells offers new hope 
for the development of regenerative medicine. MSCs are 
not only readily available from a wide range of sources, 
with low immunogenicity to avoid rejection, but also 
perfectly avoid the major drawbacks of other stem cells 
through immune modulation and suppression of inflam-
matory responses, making them an ideal cell choice for 
use in regenerative medicine and therapeutic areas. Con-
versely, most small-scale clinical trials in regenerative 
medicine that used MSCs, which are considered non-
pluripotent, have not reported significant safety con-
cerns [63]. Despite these advantages, the heterogeneity 
of MSCs poses problems such as unstable differentiation 
efficiency and susceptibility to senescence. Extensive and 
ongoing research is underway to ensure that MSCs are 
safe and effective in the long term. The future strategies 
may include: pre-treating stem cells prior to transplanta-
tion, or combining stem cell therapies with other thera-
peutic modalities (e.g., pharmacological interventions or 
gene therapy) to enhance their therapeutic effects; and 

Fig. 2 Advantages and disadvantages of different types of stem cells. By figdraw (www.figdraw.com)
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developing biomaterials and scaffolds that are structur-
ally similar to tissues and provide structural support that 
promotes stem cell survival, differentiation, and integra-
tion into damaged lung tissues [47]. A number of other 
cellular approaches may lead to better treatments for 
chronic respiratory diseases, such as the use of stem/pro-
genitor cells for lung repair, implantation of cells in small 
animal models, derivation of clinically relevant cell types 
from human iPSCs, and ex vivo lung generation using 
decellularized lung scaffolds [64].

Mesenchymal stem cells
MSCs are multipotent stem cells that are widely used in 
regenerative medicine because they are easy to isolate 
and culture, and because they have immunomodulatory 
effects and immune privilege. Many preclinical and clini-
cal trials have reported that MSCs have a favorable safety 
profile, making them suitable for therapeutic interven-
tions that target chronic lung diseases because they can 
rapidly localize to the lungs after infusion. Compared to 
other types of stem cells, MSCs are easier to isolate and 
widely available, and their use is not prevented by ethical 
concerns.

MSCs are believed to reside within the connective tis-
sue of numerous organs, such as adipose tissue, the pla-
centa, umbilical cord blood, the umbilical cord, and 
dental pulp, and the most widely used types are bone 
marrow MSCs (BM-MSCs), adipose MSCs (AD-MSCs), 
and umbilical cord MSCs (UC-MSCs) [65–69]. A patient 
who receives MSCs that are obtained by isolating and 
culturing the patient’s own bone marrow or adipose tis-
sue (autologous transplantation) have a greatly reduced 
the risk of immune rejection [47]. MSCs can also be 
manipulated in vitro and in vivo to differentiate into vari-
ous cell types, including endodermal cells (pneumocytes, 
myoblasts, and intestinal epithelial cells) and ectodermal 
cells (epithelial cells and neurons), making them espe-
cially promising for treatment of lung diseases [70–72]. 
Moreover, MSCs have immunomodulatory properties, 
in that they can dampen inflammatory and autoimmune 
reactions, and they release growth factors and extracel-
lular vesicles that can facilitate tissue regeneration and 
repair.

Studies of animal models of emphysema demon-
strated that intravenous or intratracheal administra-
tion of lung-MSCs or BM-MSCs led to repair of lung 
injury; improved lung function; increased the levels of 
EGF, HGF, and VEGF; decreased airway inflammation; 
inhibited the release of proteases from inflammatory 
cells due to down-regulation of cyclooxygenase-2; and 
increased the proliferation of AT1 and AT2 cells [73–75]. 
Moreover, preclinical studies demonstrated that MSCs 
have significant therapeutic potential due to their anti-
inflammatory, microbicidal, angiogenic, and antifibrotic 

properties, properties that lead to improved lung func-
tion and increased survival rates in individuals with 
chronic inflammatory lung diseases [76].

Despite the significant therapeutic potential of MSCs, 
their limitations must also be considered before they are 
used in patients. Firstly, because MSCs are adult stem 
cells they have a limited potential for differentiation, and 
therefore a limited ability to generate the specific types of 
lung cells required for complete tissue regeneration [47]. 
Secondly, MSCs are a heterogeneous group of cells whose 
therapeutic efficacy is highly variable, and there are dif-
ferences in disease phenotypes and patient phenotypes. 
Different cell sources, therapeutic dosages, and routes 
of administration may all affect the function of MSCs; 
culture conditions, number of passages, and other fac-
tors can also affect their function. More notably, a grow-
ing number of studies showed that MSCs undergo rapid 
apoptosis, autophagy, or have cytotoxic effects after sys-
temic and potentially after intratracheal administration 
[64]. Although a wealth of data from preclinical studies 
suggest that MSCs can decrease chronic inflammation, 
whether this also occurs in clinical settings and pro-
duces clinical benefits remains to be determined. Finally, 
aging and a decreased proliferative capacity can adversely 
affect the function and regenerative potential of MSCs. 
More specifically, multiple passaging of MSC cultures 
induces cellular senescence and decreases their poten-
tial therapeutic efficacy. Sorting and exclusion of CD26-
positive MSCs from heterologous cell populations leads 
to enhanced cell attachment in vitro and reduces the 
secretion of senescence-associated cytokines, and CD26-
negative MSCs had excellent efficacy in a mouse model 
of emphysema [77]. Therefore, strategies that rejuvenate 
or selectively remove senescent MSCs may increase the 
clinical efficacy of this approach.

To date, a relatively large number of clinical trials have 
demonstrated that MSCs are safe. However, despite 
the initial hope that implantation of MSCs would be an 
efficacious treatment for lung diseases, the therapeu-
tic efficacy of MSCs in clinical settings has not yet been 
demonstrated. In 2011, a clinical trial of infusion of 
autologous bone marrow mononuclear cell for the treat-
ment of patients with advanced emphysema was car-
ried out in Brazil, and the follow-up results confirmed 
that bone marrow mononuclear cell infusion is safe 
(NCT01110252) [78]. Treatment of COPD with MSCs 
(Prochymal™) showed a decrease in c-reactive protein 
levels, suggesting a possible improvement in the inflam-
matory process. However, no improvement in lung func-
tion or patient quality of life was found (NTC00683722) 
[79]. No adverse events were found in patients with 
severe emphysema who underwent lung volume reduc-
tion surgery followed by infusion of autologous MSC 
(NCT01306513) [80]. We found that individuals enrolled 
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in clinical trials investigating MSC therapy for COPD 
primarily consisted of patients with moderate-to-severe 
COPD, potentially reflecting the progressive nature of the 
disease. While early-stage COPD symptoms can be man-
aged with medication, individuals with end-stage respi-
ratory failure from severe emphysema often require lung 
transplantation as the final treatment option. Numerous 
uncertainties and unresolved concerns persist regarding 
the effectiveness and safety of MSC therapies, underscor-
ing the necessity for further clinical trials to address these 
gaps in knowledge.

Sources of mesenchymal stem cells
Bone marrow-derived mesenchymal stem cells
MSCs of various origins, including bone marrow, adi-
pose tissue, and the umbilical cord, are frequently used 
in clinical trials. Bone marrow is the primary and para-
mount reservoir of MSCs, and BM-MSCs have been 
extensively studied in preclinical studies and clinical stem 
cell therapy trials. Friedenstein and colleagues initially 
discovered MSCs in bone marrow stromal cells in the 
1970’s by using natural adhesion techniques. Since then, 
many preclinical studies have investigated the potential 
use of BM-MSCs for treating a range of diseases. Despite 
the perceived safety of bone marrow aspiration, the pro-
cedure is invasive, uncomfortable, and can lead to severe 
pain and infection [65]. Moreover, the restricted avail-
ability and high density of bone marrow lead to low yields 
of isolatable cells [81]. BM-MSCs from elderly patients 
have elevated expression of genes associated with aging, 
shorter telomeres, diminished proliferative capability, 
and decreased potential for differentiation [82].

Adipose tissue-derived mesenchymal stem cells
There has been significant interest in AD-MSCs in recent 
years due to their high versatility and capability for dif-
ferentiation. These cells are a distinct population of pro-
genitor cells within adipose tissue stromal compartments 
that can differentiate into various types of cells, includ-
ing neurons, skeletal muscle cells, and osteoblasts [65]. 
The pioneering work of Zuk et al. in 2001 described the 
isolation of AD-MSCs that had the potential for multi-
lineage differentiation from liposuction-derived adipose 
tissue, demonstrating that AD-MSCs were a promising 
alternative to BM-MSCs [65]. Notably, adipose tissue has 
more MSCs than bone marrow, and the surge in clinical 
trials examining AD-MSCs may be because adipose tis-
sue is more plentiful and easily obtained than bone mar-
row. AD-MSCs will likely play a prominent role in future 
research until superior alternatives are developed.

AD-MSCs are morphologically similar to BM-MSCs, 
they can differentiate into diverse mesodermal tissues, 
and they express analogous cell surface proteins. Adipose 
tissue contains significant number of primitive stromal 

stem cells, with up to 5000 AD-MSCs per gram of fat, in 
contrast, bone marrow contains 100 to 1000 stem cells 
per milliliter [65]. Collection of AD-MSCs is also more 
convenient than collection of BM-MSCs, because it can 
achieved by the minimally invasive procedure of liposuc-
tion under local anesthesia. Liposuction is a common 
cosmetic procedure in which the fat tissue is frequently 
discarded, but these tissues could be used as a valuable 
source of stem cells [83]. There is evidence that the pro-
liferation of AD-MSCs is approximately two-fold greater 
than that of other types of stem cells. Thus, extracting a 
small quantity of fat allows the rapid collection of a large 
number of AD-MSCs, thereby mitigating the risks asso-
ciated with cell differentiation and mutation during in 
vitro culture [84]. Although AD-MSCs and BM-MSCs 
have many biological similarities, they also have some 
differences in terms of immunophenotype, differentia-
tion potential, transcriptome, proteome, and immuno-
modulatory activity. Despite these differences, AD-MSCs 
appear to be as effective as BM-MSCs in certain clinical 
applications and may be more suitable in some cases [85].

Umbilical cord-derived mesenchymal stem cells
Perinatal mesenchymal stem cells can be obtained from 
various sources, such as the umbilical cord, umbilical 
cord blood, and Wharton’s jelly (muco-polysaccharides 
in the umbilical cord), and their collection is typically 
considered noninvasive and free from ethical concerns. 
Although UC-MSCs account for only 7–10% of all cells 
in the umbilical cord, their rapid proliferation allows for 
efficient expansion using in vitro culture [86].

Although MSCs from bone marrow, adipose tissue, 
and the umbilical cord have many characteristics in com-
mon, they differ in terms of immunophenotype, differ-
entiation potential, and immunomodulatory properties. 
Clinical trials examining the efficacy of these different 
MSCs in treating neurodegenerative diseases, endocrine 
and reproductive disorders, skin regeneration, abnor-
malities in pulmonary development, and cardiovascular 
diseases have confirmed they have diverse functions and 
presumably different therapeutic potential. The process 
of selecting specific types of MSCs for treatment of dif-
ferent specific diseases is currently problematic. These 
cells may have similar effects on inhibiting disease pro-
gression in vitro, but the mechanisms differ, necessitating 
further preclinical research and clinical trials to indentify 
the mechanisms of MSCs that are from different sources 
[25].

Mechanisms by which mesenchymal stem cells repair lung 
injury
MSCs, which are considered to be multipotent stem cells, 
can be obtained from diverse tissues. Previous studies 
have administered MSCs from different sources utilizing 



Page 9 of 13Lai and Guo Stem Cell Research & Therapy          (2024) 15:312 

a range of techniques, dosages, and timing of administra-
tion. The therapeutic effects of MSC treatment on lung 
function were demonstrated by reductions in the mean 
linear intercept, decreased pulmonary epithelial cell 
apoptosis, and improvements in the structural integrity 
of injured lung tissue [87–90]. The cell-based approach 
to regenerative medicine posits that MSC transplantation 
promotes the repair of lung injury because it introduces 
healthy cells that function in the structural and func-
tional regeneration of damaged or diseased lung tissue 
(i.e., cell replacement or implantation), or because the 
paracrine effects of MSCs promote endogenous regen-
eration and repair [64]. Studies of different types of lung 
injuries showed that systemic or direct injection of air-
ways with MSCs successfully introduced these cells into 
rodent lungs, but most of these studies found that the 
population of cells implanted in the lungs was too low 
to be physiologically or functionally significant. Instead, 
the therapeutic effects of these cells were attributed to 
paracrine signaling. In fact, many studies found that 
MSCs can decrease systemic inflammation and stimulate 

the production of diverse anti-inflammatory molecules 
[75]. Additionally, MSCs can stimulate the proliferation 
of different cell types within the lungs, thereby facili-
tating endogenous repair of lung tissue [91, 92]. Some 
research showed that MSCs can attract native stem 
cells to the injury site and promote their differentiation, 
thereby initiating the regeneration of epithelial tissue 
[93]. Despite the many research findings supporting the 
potential efficacy of MSCs in the treatment of respiratory 
and degenerative disorders, there is still an incomplete 
understanding of the precise mechanisms by which they 
decrease lung inflammation and facilitate organ recovery. 
It seems likely that the type of stem cell and the nature of 
the injury or disease determines the mechanism, which 
may include direct differentiation into different cell types, 
immunomodulation, activation of paracrine pathways, 
and increasing antiapoptotic activity [74, 94–97] (Fig. 3).

Cell replacement of damaged lung tissues
MSCs have unique properties that make them suit-
able candidates for treatment of COPD. MSCs can 

Fig. 3 Mechanisms of MSCs-based therapies for COPD. VEGF: vascular endothelial growth factor; HGF: hepatocyte-derived growth factor; Bcl-2: B cell 
lymphoma-2; Bax: Bcl-2-associated X protein; ROS: reactive oxygen species; TGF-β: transforming growth factor-β; MMPs: matrix metalloproteinases; ECM: 
extracellular matrix; IL: interleukin. By figdraw (www.figdraw.com)
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differentiate into lung-specific cells and replace dam-
aged or dead cells, increase the activity and regenera-
tive potential of endogenous tissue-resident stem cells, 
promote regeneration of lung structures, improve the 
structural integrity of airways, and decrease airflow 
limitation and restore lung function [47]. Some in vitro 
studies shown that ESCs and adult stem cells can induce 
the expression of phenotype markers for airway and/or 
alveolar epithelial cells [98]. When administered intrave-
nously, MSCs primarily target the lungs [99, 100]. Some 
research suggests that transplanted MSCs have an ini-
tial preference for the lungs before migrating to other 
organs, such as the liver [101]. Multiple studies have 
demonstrated that MSCs can engraft into mature differ-
entiated airway and alveolar epithelial cells. AD-MSCs 
can differentiate into alveolar epithelial cells, thereby 
ameliorating lung injury in a murine model of elastase-
induced emphysema [102]. Additionally, the implanta-
tion of BM-MSCs into the lungs of an animal model led 
to their differentiation into ATIICs and the inhibition of 
alveolar cell apoptosis, thereby preventing lung emphy-
sema induced by radiation and papain protease [103]. 
The mechanisms underlying the recruitment of circulat-
ing or systemically administered stem cells or progenitor 
cells into the lungs have not yet been fully elucidated, but 
are likely to be influenced the age of both the donor and 
recipient, cell type, and route of administration. How-
ever, the current understanding suggests that exogenous 
stem cells have limited potential for structural repair or 
replacement of damaged lung epithelial cells, indicating 
the need for additional research to verify the potential 
of functional epithelial transplantation [104]. Recently, 
the concept of cell replacement or implantation has been 
revived. Implantation of basal-like airway epithelial pro-
genitor cells, iPSC-derived lung epithelial cells, or embry-
onic stem cell-derived AT2 cells using alternative cell 
sources appears to provide potential therapeutic effect in 
regenerating damaged lung tissues [64].

Paracrine effects
In recent years, there has been growing interest in the 
paracrine effects of MSCs, and the secretome of MSCs 
has emerged as a potential alternative to cell therapy for 
various lung diseases. Schweitzer et al. demonstrated 
that AD-MSCs had therapeutic effects on lung and sys-
temic injuries induced by cigarette smoke, such as lung 
airway dilation, weight loss, and bone marrow suppres-
sion, and proposed that paracrine factors released by 
AD-MSCs were responsible for these effects [105]. Shige-
mura et al. validated that the reparative potential of AD-
MSCs in treating emphysema was mediated by secretion 
of hepatocyte growth factor, and this intervention led to 
improved gas exchange and enhanced exercise tolerance 
[91]. Hence, there is great interest in the MSC-mediated 

mechanism of lung tissue repair and the role of para-
crine activity in this process. The secretome of MSCs, 
which includes conditioned medium (CM) and extracel-
lular vesicles (EVs), has immunomodulatory effects and 
decreases inflammation in pulmonary airways [106].

MSC-CM is readily accessible and regarded as mini-
mally manipulated cell-free material derived from MSCs. 
There is evidence that administration of MSC-CM leads 
to a significant reduction in the severity of lung injury, 
and had efficacy comparable to MSCs in various in vitro 
and in vivo animal models. For example, Shologu et al. 
studied CM from BM-MSCs and AD-MSCs, and exam-
ined its effect on low-oxygen-induced lung epithelial 
injury in alveolar epithelial cells. Their findings indicated 
that MSC-CM improved alveolar epithelial cell viability, 
decreased the secretion of proinflammatory mediators, 
and increased the production of the anti-inflammatory 
cytokine IL-10 [107]. Other studies evaluated the thera-
peutic efficacy of MSC-CM in a rodent model of COPD 
induced by cigarette smoke exposure, and the results sug-
gested that MSC and MSC-CM lead to a notable decrease 
in emphysema and an increase in the quantity of pulmo-
nary capillaries [108]. In addition to emphysema, ciga-
rette smoke can also trigger apoptosis in lung fibroblasts. 
Thus, Kim et al. reported that MSC-CM mitigated the 
apoptosis of lung fibroblasts and promoted their prolif-
eration in vivo and in vitro [109]. The findings of these 
many studies of lung injury models indicate a significant 
potential for utilization of MSC-CM for decreasing cell 
death and inflammatory reactions and for increasing tis-
sue repair and endogenous regeneration.

EVs, which include proteins, mRNAs, miRNAs, long 
noncoding RNAs, and lipids, can regulate gene expres-
sion and modulate diverse pathways [110]. EVs are cat-
egorized as exosomes, microvesicles, or apoptotic bodies 
based on their origin, mechanism of secretion, size, and 
surface markers. A study in mice demonstrated that 
MSC-EVs decreased pulmonary fibrosis, restored lung 
structure, improved alveolar formation, and enhanced 
lung function [111]. MSCs-EVs presumably had these 
effects by transferring bioactive mediators to injured 
cells, thereby regulating pathological and physiological 
responses and promoting cell survival, while decreasing 
immune and inflammatory responses [112]. Thus, these 
recent preclinical studies of lung injury indicate that the 
secretome of MSCs, including CM and EVs, has promis-
ing therapeutic effects.

Conclusion
COPD is a common chronic respiratory disease, but 
current treatments cannot halt disease progression or 
significantly decrease mortality. Researchers in regen-
erative medicine have examined the potential for treat-
ing lung diseases using a variety of stem cell types, such 
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as ESCs, iPSCs, and multiple types of MSCs. Consider-
ing the unavoidable limitations, ESCs and iPSCs are dif-
ficult to achieve clinical applications. The differentiation 
potential, aging status, and immunophenotype of MSCs 
are closely related to the extraction, storage, and clini-
cal efficacy. In recent years, with the increasing maturity 
of stem cell isolation, culture and differentiation tech-
nologies, the limitations of MSCs have been properly 
resolved, making it possible to use MSCs for various tis-
sue and organ repair and regeneration in the clinic. More 
and more preclinical and clinical studies have confirmed 
that MSCs do not only rely on direct cell-to-cell contact, 
but also secrete extracellular vesicles to exert therapeutic 
functions, such as immunomodulation, anti-inflamma-
tion, angiogenesis, antioxidant and anti-apoptosis.

In conclusion, there appears to be a promising future 
for the use of MSCs therapies for treatment of COPD. 
Future basic research, clinical trials, and interdisciplinary 
collaborations are needed to develop safe and effective 
stem cell-based therapies for COPD that improve patient 
prognosis and enhance quality-of-life.
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