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Abstract 
Mesenchymal stromal/stem cells are multipotent adult cells that can be extracted from numerous tissues, including the lungs. Lung-resident MSCs 
(LR-MSCs) are localized to perivascular spaces where they act as important regulators of pulmonary homeostasis, mediating the balance between lung 
injury/damage and repair processes. LR-MSCs support the integrity of the lung tissue via modulation of the immune response and release of trophic 
factors. However, in the context of chronic lung diseases, the ability of LR-MSCs to maintain pulmonary homeostasis and facilitate repair is diminished. 
In this setting, LR-MSC can contribute to the pathogenesis of disease, through their altered secretory and immunomodulatory properties. In addition, 
they are capable of differentiating into myofibroblasts, thereby contributing to the fibrotic aspects of numerous lung diseases. For example, in idiopathic 
pulmonary fibrosis, a variety of factors can stimulate their differentiation into myofibroblasts including tumor necrosis factor-α (TNF-(α), transforming 
growth factor-β1 (TGF-β1), endoplasmic reticulum (ER) stress, Hedgehog (HH), and Wingless/integrated (Wnt) signaling. Here, we review the current 
literature on the characterization of LR-MSCs and describe their roles in pulmonary homeostasis/repair and in the pathogenesis of chronic lung disease.
Key words: mesenchymal stromal cells; chronic lung disease; idiopathic pulmonary fibrosis; chronic obstructive pulmonary disease; bronchopulmonary 
dysplasia; bronchiolitis obliterans.
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Significance Statement
Mesenchymal stromal/stem cells have shown great promise as a therapy for lung diseases. Current literature has predominantly focused 
on the therapeutic effects of exogenously administered MSCs derived from tissue sources such as the bone marrow, adipose tissue, or 
umbilical cord; whereas much less is known about the function and utility of endogenous lung-resident MSCs. A better understanding of 
the homeostatic and pathogenic roles played by LR-MSCs is important for improving our knowledge of disease pathogenesis and should 
prove beneficial as we move closer to the development of a clinically efficacious cellular/cell product therapy. This review summarizes 
the role of lung-resident MSCs in the regulation of pulmonary homeostasis/repair and their involvement in the pathogenesis of various 
chronic lung diseases.

Introduction
Mesenchymal stromal/stem cells (MSCs) are spindle-shaped 
multipotent cells that are found in the mesenchymal stroma 
or connective tissues of the body.1 They serve as important 
regulators of tissue homeostasis and regeneration by (A) 
differentiating into essential cell types, (B) extracellular ma-
trix deposition, (C) direct cell-to-cell contact, and (D) the se-
cretion of paracrine mediators.2,3 First isolated from the bone 
marrow in 1970 by Friedenstein et al,4 human MSCs can now 
be derived from a variety of additional sources, including the 
lungs.5 MSCs function to support tissue integrity, promote 
tissue repair,6 and modulate the immune response.7 They were 
first tested as a cellular therapy in humans in 1995.8 Since 
then, they have been the focus of intense global efforts to treat 
disorders with unmet clinical needs, including COVID-19.9 
Although the vast majority of studies reported in the litera-
ture focus on the therapeutic application of exogenous bone 
marrow-derived (BM-)MSCs for respiratory pathologies, 
there is a growing interest in the potential of lung-resident 
MSCs (LR-MSCs) to help identify more targeted treatments.10 
This is unsurprising given the importance of diffusible sig-
nals from the lung mesenchyme for pulmonary development 
(eg, early patterning and morphogenesis, and alveolarization) 
and maintenance.11 This concise review focuses on the roles 
of LR-MSCs in the pathogenesis and repair of various chronic 
lung diseases. The role of LR-MSCs in lung cancer is outside 
the scope of this article and so we instead refer the reader to 
a recent review on this topic.12

Lung Resident MSCs
Classification and Location
At present, MSCs are characterized according to the criteria 
proposed by The International Society for Cellular Therapy 
(ISCT): the cells must have a positive expression of CD73, 
CD90, and CD105; while lacking immune/hematopoietic 
markers such as CD14, CD34, CD45, and HLA-DR surface 
molecules.1,13 More recently, another ISCT position statement 
paper described its support for the acronym “MSCs” but 
recommended it be supplemented with the tissue source of 
the cells, evidence of in vitro and in vivo stemness, and func-
tional characterization to demonstrate MSC properties.1,14 
Furthermore, MSCs must be plastic-adherent while cultured 
under standard conditions and they should have the capacity 
to differentiate into mesodermal cell types such as adipocytes, 
chondroblasts, and osteoblasts in vitro.13 Interestingly, results 
from in vitro and in vivo studies have hinted at the trans-
differentiation potential of MSCs into cell types of ectodermal 
and endodermal lineages, via mesenchymal-to-epithelial tran-
sition.15,16 However, the lack of consensus regarding what ex-
actly constitutes a LR-MSC, combined with non-standardized 

isolation techniques and cultivation methods has led to am-
biguous findings. For instance, the similarity between MSCs 
and fibroblasts has caused confusion around whether they are 
distinct cell lineages or are instead different phases along a 
continuous scale of differentiation, particularly as both cell 
types may contribute to fibrotic diseases via their differenti-
ation to myofibroblasts.17 Fibroblasts are also characterized 
as plastic-adherent with a similar mesodermal differentiation 
capacity (to MSCs) and possess their own immunoregulatory 
properties.18,19 Instead of looking for the presence or ab-
sence of cell surface markers that are largely non-specific, 
comparing the expression levels of certain surface proteins 
may help better distinguish between the 2 cell types. Indeed, 
MSCs have been documented to exhibit higher expression of 
CD106 with lower expression of CD9 relative to fibroblasts; 
however, expression of these markers was found to converge 
with passaging toward the levels observed in fibroblasts 
suggesting that fibroblasts are aged MSCs.20 Given the afore-
mentioned similarities, it is possible that the MSC and fi-
broblast populations studied in vitro may be heterogeneous 
and a mixture of both, since they are not easily separated.21 
Details documenting a working definition of terms used to de-
scribe the main mesenchymal cells discussed in the text can be 
found in Table 1. In addition, details of the isolation method 
and characterization of LR-MSCs used for the references 
discussed in this review have been included in Table 2.

The use of omics approaches to study tissue-specific 
MSCs has provided more insight into the characterization 
of LR-MSC populations. Indeed, scRNA-seq of murine fetal 
LR-MSCs—that were processed immediately after isolation 
to preserve their in vivo activation status—identified Col14a1, 
Ly6a, Lum, Serpinf1, and Dcn as markers of murine LR-MSC 
expressed both in situ and also following subsequent culture 
in vitro.25 Better characterization is particularly important as 
MSC-based medicinal products have diversified over the last 
decade.26 Indeed, MSCs isolated from different sources ex-
hibit variable levels of incompatibility with human blood27 
and so should LR-MSCs be developed as a clinical product 
that warrants intravascular delivery, the cells will need to be 
characterized for tissue factor (TF/CD142) surface expression 
and hemocompatibility after expansion.

We have outlined the ISCT’s “minimal” criteria for human 
MSCs along with our own expanded recommendations for 
identifying high-quality human LR-MSCs in Fig. 1. LR-MSCs 
appear to predominantly reside in the vascular stem cell niche 
within the adventitia (ie, the interface between the vessel 
wall and surrounding tissue) of large and mid-sized arteries 
and veins; whereas within the smallest blood vessels or 
capillaries, they can be found in the alveolar interstitium near 
endothelial cells that are closely apposed to sheet-like (type 
I) alveolar epithelial cells28,29 (Fig. 2A). The perivascular loca-
tion of tissue-resident MSCs in fetal and adult human organs 
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along with their in situ co-expression of both pericyte and 
MSC markers22,25,30,31 resulted in the somewhat controversial 
notion that MSCs correspond to pericytes or that pericyte 
serve as progenitors for tissue-resident MSCs.32,33 However, 
given the identification of MSC subpopulations at extravas-
cular sites like the endosteum, it was counter-proposed that 
perivascular MSCs act as precursors of pericytes and other 
stromal cells under steady-state conditions.34 Interestingly, 
Feng et al discovered a dual origin of MSCs, ie, pericyte-
derived and non-pericyte-derived within the murine incisor, 
leading them to posit that pericytes may not be the only cel-
lular source of MSCs in different tissues; ergo, the tissue-
specific extent of vascularity and growth/repair kinetics could 
account for the conflicting data regarding the contribution of 
pericyte-derived MSCs in different tissues.35 Nevertheless, it 
stands to reason that the perivascular location of LR-MSCs 
ideally situates the cells for the maintenance of pulmonary 
homeostasis.36

Pulmonary Homeostasis
Pulmonary homeostasis is a delicate balance between re-
pair/regeneration and the apoptotic, destructive, and in-
flammatory processes within the lungs. Maintenance of 
this balance is essential for the preservation of normal lung 
tissue and function. Particularly as the lungs are constantly 
exposed to harmful particulates circulating within the pul-
monary vasculature as well as those that are inhaled from 
the surrounding atmosphere. Elaborate pulmonary defense 
mechanisms (ie, first-line filtration and removal systems) 
exist and, arguably, of equal or greater purpose is the im-
munosuppressive tone of the stromal environment, which 
regulates leukocyte recruitment and activation to prevent 
collateral (lung) damage.18

Due to the lack of literature outlining the precise 
mechanisms of action of human LR-MSCs, we have inferred 
their potential homeostatic functions from studies using 
MSCs derived from alternative sources, eg, murine LR-MSCs, 
BM-MSCs, induced pluripotent stem cell (iPSC)-derived 
MSCs. MSCs produce a wide array of immunosuppres-
sive mediators—either directly themselves, or indirectly by 
inducing production in target cells. The soluble mediators (eg, 
indoleamine-2,3-dioxygenase, nitric oxide, and prostaglandin 
E2) can alter or inhibit the activity of innate and adaptive 

immune cells2,47,48 and can be secreted “spontaneously” or fol-
lowing induction of MSCs by pro-inflammatory cytokines—
eg, IFN-γ and TNF-α.49 LR-MSCs also play a significant role 
in maintaining the integrity of the lungs by participating 
in epithelium-mesenchyme crosstalk via the production of 
various peptide growth factors, including the alveolar ep-
ithelial mitogen, fibroblast growth factor-10 (FGF-10).50 
(BM-)MSCs have been found to prevent oxidative stress-
induced lung damage by inhibiting reactive oxygen species 
(ROS),51 and they also secrete antimicrobial peptides—such 
as lipocalin-252 and LL-3753—that protect against infections 
by direct antimicrobial action. Furthermore, (BM- and iPSC) 
MSCs are capable of transferring mitochondria to alveolar 
macrophages54,55 and epithelial cells56 alike, thereby enhancing 
the recipient cells’ bioenergetics. This shifts macrophage po-
larization toward an anti-inflammatory M2-like phenotype 
(demonstrated by enhanced phagocytosis and suppression of 
pro-inflammatory cytokine release) and helps mitigate lung 
injury. Indeed, mitochondrial transfer from LR-MSCs (de-
rived from the digestion of normal human lung tissue) to 
BEAS2B cells (a human bronchial epithelial cell line) has been 
shown to be mediated through both contact-dependent and 
contact-independent mechanisms via microtubules/tunneling 
nanotubes and extracellular vesicles, respectively.57

The overarching role of LR-MSCs is to support nearby pa-
renchymal cells, making them key regulators of pulmonary 
homeostasis. This is achieved via a combination of organelle 
transfer, the production of paracrine factors, and local cell- 
to-cell communications.

Lung Resident MSCs in Pathogenesis of 
Chronic Lung Diseases
Idiopathic Pulmonary Fibrosis (IPF)
IPF is a chronic, progressive, fibrotic, interstitial pneumonia 
that has a high mortality rate. Although there is an incomplete 
understanding of the pathogenesis of IPF, the modern hypoth-
esis highlights repetitive local micro-injuries to alveolar epi-
thelial cells (AECs) as central to development of the disease. 
In the aged lung, damage to AECs accompanied by ineffective 
repair causes the release of factors involved in the prolifera-
tion, activation, and differentiation of fibroblasts to matrix-
producing myofibroblasts (Fig. 2B). These cells represent key 

Table 1. Definitions of the mesenchymal cell nomenclature used in the review.

Term Definition Reference(s)

Mesenchymal stromal 
cell (MSC)

Non-hematopoietic, multipotent, self-renewing mesenchymal stromal cells are found in various 
tissues of the body. MSCs are plastic adherent and have a positive surface expression of CD73, 
CD90, and CD105, whilst negative for immune and endothelial cell surface markers (including 
CD45, CD34, CD14, or CD11b, CD79alpha or CD19, and HLA-DR), and the ability to differenti-
ate into osteoblasts, adipocytes, and chondroblasts in vitro

13

Mesenchymal stem cell Cells meeting the criteria for mesenchymal stromal cells, in addition to demonstrable progenitor cell 
functionality using both in vitro and in vivo techniques

1

Lung resident-MSC 
(LR-MSC)

Cells meeting the criteria for mesenchymal stromal cells which have been isolated specifically from 
lung tissue or fluid collected from lung tissue

1

Lung pericyte Multipotent perivascular cells that are embedded in the basement membrane of pulmonary and sys-
temic capillaries and express markers including PDGFR-β and NG2+

22

Mesenchymal progeni-
tor cell (MPC)

Progenitor cells give rise to all mesenchymal lineages in the lung. These multipotent mesenchymal 
progenitors are characterized as Gli1+ Wnt2+ Isl1+ expressing in embryonic tissue but express vari-
ous markers in the adult lung depending on location

23,24
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effectors in lung fibrosis, which secrete extracellular matrix 
(ECM) proteins, increase tissue rigidity, cause progressive 
scarring, and destruction of lung architecture leading to im-
paired gaseous exchange, respiratory failure, and ultimately 
death.

Investigating the role of mesenchymal progenitor cells 
(MPC) from human IPF patients using single-cell RNA 
sequencing (scRNA-seq) revealed that these cells exist in a con-
tinuum between the undifferentiated state and differentiated 
fibroblasts.23,24,58 Using an embryonic determinant, stage-
specific embryonic antigen 4 (SSEA4), to select the MPCs, 
allowed the identification of a hierarchical mesenchymal pro-
genitor, which in IPF, was found to acquire a pathological phe-
notype at an early stage of its differentiation.58 These findings 
suggest that IPF fibroblasts acquire a pathologic role even at 
the earliest stages of their differentiation. Furthermore, a re-
cent study using scRNA-seq of mouse and human pulmonary 
mesenchymal cells, suggested that fibrotic injury increases ex-
tracellular matrix (ECM) related genes in all mesenchymal cells 
not just myofibroblasts.59 Interestingly, in this study using gene 
expression signatures of mesenchymal cells, they did not detect 
evidence of differentiation to myofibroblasts from other mes-
enchymal populations.59 These findings suggest that although 
myofibroblasts are key effector cells in fibrosis, the whole mes-
enchymal cell population may respond to fibrotic injury and 
contribute to disease. Nonetheless, data from both animal 
models and human IPF patients reveal LR-MSCs as a source 

of the pathogenic myofibroblast population. In bleomycin-
treated mice and patients with IPF, initial studies revealed the 
numbers of LR-MSCs were diminished due to their differentia-
tion into myofibroblasts, which contribute to ECM deposition 
and disease progression.37,38 Indeed, bleomycin studies in mice 
have shown that platelet-derived growth factor receptor beta 
(PDGFRb)+/ neural/glial antigen 2 (NG2)+ pericytes give rise to 
~45% of alpha smooth muscle actin (αSMA+) expressing inter-
stitial myofibroblasts, akin to LR-MSCs.60 Comparable results 
were observed from a subsequent study that demonstrated 
glioma-associated oncogene homolog 1 (Gli1+) positive per-
ivascular MSC-like cells contributed to ~37% of αSMA+ in-
terstitial cells following bleomycin insult.61 More recently, in 
bleomycin-treated mice, Gli1+ MSC-like cells accounted for 
the entire myofibroblast subset of cells that generated scarring 
in the alveoli, as assessed using single-cell transcriptomic data.62 
In addition to their pathogenic mechanism of myofibroblast 
differentiation, Gli1+ MSC-like cells also have a role in the pro-
motion of metaplastic differentiation of epithelial progenitors 
in the airway, producing keratin 5 (KRT5+) basal cells.62 In 
fibrosis, Gli1+ MSC-like cells use Hedgehog signaling to block 
bone morphogenetic protein (BMP) signaling in epithelial 
progenitors to promote metaplasia, whereas restoring BMP 
signaling could reduce epithelial metaplasia and promote dif-
ferentiation to ATII cells.62 In IPF, the metaplastic epithelia at 
sites of injury can contribute to scar formation associated with 
disease progression.

Figure 1. Different genomic, phenotypic, and functional properties for identifying high-quality human LR-MSCs. The original “minimal” criteria proposed 
to define primary human MSCs by the International Society for Cellular Therapy are marked with asterisks. Due to the macroscopic similarities between 
MSCs and fibroblasts, expanded criteria at the molecular and functional levels (eg, epigenetic modifications, specific transcriptomic profiles, telomere 
length, and side population characteristics) are crucial for identifying differences and enabling improved enrichment of “true (LR-) mesenchymal stem 
cells”. While karyotypic analysis is not required for routine identification of MSCs, it may be useful to verify a normal karyotype for extensively passaged 
or induced pluripotent stem cell-derived MSCs to minimize the occurrence of transforming events. Additional functional readouts, such as in vivo 
differentiation potentials and mixed lymphocyte reactions, along with the release of particular paracrine factors could be used to select MSCs for a 
tailored therapeutic response, ie, to elicit a reparative/regenerative response and/or to modulate an immune reaction. References.1,4,13,29,37-46.
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The differentiation of LR-MSCs to myofibroblasts results 
from a plethora of stimulatory signals within the microen-
vironment to which they are exposed and seems to involve 
multiple signaling pathways including Wnt/β-catenin and 
Hedgehog/GLI. In addition, ER stress has been identified 
within the IPF lung and has recently been linked to the dif-
ferentiation of LR-MSCs to myofibroblasts, with the C/EBP 
homologous protein (CHOP) noted as being integral to this 
process.63

During the initial stages of IPF, there is activation of 
chronic inflammation and the release of pro-inflammatory 
factors such as IL-6 and TNF-α, as well as pro-fibrotic factors 
like TGF-β. TNF-α is one of the best-characterized inducers 
of the transcription factor nuclear factor kappa B (NF-κB), 
and both TNF-α and NF-κB signaling are upregulated in 

bleomycin-injured lung tissue.64 It was also noted that sup-
pression of NF-κB signaling reduces the differentiation of 
LR-MSCs to myofibroblasts and diminishes lung fibrosis.64 
These data suggest there is a link between inflammatory 
signaling in the promotion of LR-MSC differentiation to 
myofibroblasts. In addition, the pro-fibrotic cytokine TGF-
β1 has been identified as having a role in LR-MSC differ-
entiation to myofibroblasts. The major cellular sources of 
TGF-β1 in pulmonary fibrosis are alveolar macrophages and 
injured alveolar epithelial type II cells (ATII). TGF-β1 treat-
ment of LR-MSCs causes enhanced expression of collagen I, 
fibronectin, and αSMA, all markers indicating differentiation 
to myofibroblasts, a process involving the upregulation of 
miR-877-3p expression.65 Smad7 (a target of miR-877-3p) is 
an inhibitory protein that halts TGF-β induced αSMA and 

Figure 2. The differences in location and functionality of lung-resident MSCs during health and disease. (A) In healthy lungs, LR-MSCs can be found 
within the tunica adventitia or outermost layer of large and mid-sized blood vessels, as well as within the alveolar interstitium where they are closely 
apposed to type I alveolar epithelial cells. This ideally situates the cells for maintenance of pulmonary homeostasis, via a combination of local cell- 
to-cell communications, mitochondrial transfer, and paracrine production of immunomodulatory mediators. (B) Repetitive local micro-injuries to alveolar 
epithelial cells along with ineffective repair in the aging lung is believed to promote the differentiation of mesenchymal cells, including LR-MSCs, to 
pathogenic myofibroblasts which contribute to ECM deposition and IPF progression. This differentiation can be driven by multiple signaling pathways 
including but not limited to TNFα signaling via NF-κB, TGF-β1 signaling, the LPA-LPAR1 pathway, Wnt/β-catenin, and Hedgehog/GLI signaling. (C) 
LR-MSC functionality is altered in COPD. The cells exhibit defective immunomodulatory properties and diminished repair responses, characterized 
by impaired reduction of CD8+ T-cell proliferation and reduced production of HGF and FGF-10. This may play a role in the chronic airway inflammation, 
progressive airflow limitation, and emphysematous destruction of the lung parenchyma in COPD patients. (D) Hyperoxia and mechanical ventilation, 
used for the treatment of BPD, perturb LR-MSC functionality. The cells are abundant within fetal lungs and when isolated from tracheal aspirates 
of preterm infants, they may serve as a biomarker for BPD development. These LR-MSCs have diminished expression of growth factors involved in 
alveologenesis and repair, eg, VEGF and FGF-10. Abbreviations: A, airway; AEC, alveolar epithelial cell; BV, blood vessel; ECM, extracellular matrix; 
FGF-10, fibroblast growth factor-10; HGF, hepatocyte growth factor; IDO, indoleamine-2,3-dioxygenase; NO, nitric oxide; KGF, keratinocyte growth factor; 
LPA, lysophosphatidic acid; MDSC, myeloid-derived suppressor cell; PGE2, prostaglandin E2; TGF-β1, transforming growth factor-beta 1; TNF-α, tumor 
necrosis factor alpha; VEGF, vascular endothelial growth factor. *Blood vessels with and without (dys)functional pericytes/LR-MSCs. Created with 
BioRender.com.
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collagen I expression. Thus, TGF-β1 promotes LR-MSC dif-
ferentiation and reduces Smad-7 inhibitory pathways to pro-
mote fibrosis.

LR-MSCs express the lysophosphatidic acid (LPA) receptor 
1 (LPAR1).66 During lung injury, the bioactive lipid LPA is 
released from numerous cells, which activates the LPAR1 re-
ceptor on LR-MSCs, causing the LR-MSCs to migrate and 
differentiate into fibroblasts. This process is dependent on 
the β-catenin pathway, where LPA enhances GSK3β phos-
phorylation, β-catenin nuclear translocation, and cellular 
migration.66 The LPA-LPAR1 pathway is crucial for fibro-
blast recruitment in IPF, and so LR-MSCs contribute to this 
pathomechanism of disease.

LR-MSCs from the terminal airways-alveoli can be 
obtained using bronchoalveolar lavage (BAL) fluid collected 
from human adult lungs. Characterization of LR-MSCs from 
the BAL fluid of patients with stable and progressive IPF have 
identified differential expression patterns in genes that regu-
late lung development, including FGF-10 and BMP-4.67 These 
findings highlight the suppression of the epithelial mitogen 
FGF-10 in progressive IPF and identified TGF-β and sonic 
hedgehog protein (SHH) signaling as critical mediators of this 
effect in LR-MSCs.

Expression levels of Wnt proteins are low in the normal 
adult lung but markedly elevated in IPF patients. Canonical 
Wnt signaling is activated after bleomycin instillation in 
mouse lungs and regulates the differentiation of LR-MSCs. 
Indeed, Wnt10a and Wnt8b are upregulated when LR-MSCs 
differentiate to myofibroblasts.39,68 Additionally, recom-
binant Shh stimulation promoted similar changes in 
LR-MSCs, highlighting a role for the Shh/Gli pathway in the 
myofibroblastic transition of LR-MSCs.39 Overexpression of 
the deSUMOylation enzyme SENP1 was observed in LR-MSCs 
differentiating into myofibroblasts.63 Downregulation of 
SENP1 could reverse this differentiation by promoting 
SUMOylation of Wnt and HH proteins, and enhancing the 
degradation of β-catenin and GLI1. The findings from these 
studies link HH and Wnt signaling with the differentiation 
and fibrotic effects of LR-MSCs.

Chronic Obstructive Pulmonary Disease (COPD)
COPD is a multifaceted inflammatory disease that is a major 
cause of morbidity, mortality, and healthcare burden world-
wide. COPD is caused by inhalation of noxious substances, 
with tobacco smoke being a major risk factor. The disease 
is characterized by chronic inflammation of the airways, 
accompanied by progressive and irreversible airflow limita-
tion. Remodeling of the small airway compartment and loss 
of elastic recoil due to emphysematous destruction of the lung 
parenchyma results in the decline of lung function in COPD 
(Fig. 2C).

In animal models of emphysema, LR-MSCs have been shown 
to be effective when used as an exogenously administered 
therapeutic. While both LR- and BM-MSCs were found to 
reduce lung damage to a similar extent in a mouse model of 
elastase-induced emphysema, LR-MSCs were retained in the 
lungs for longer, presumably due to their higher expression 
of ICAM-1.69 These findings were supported by another in-
dependent study which assessed LR-MSCs (in addition to 
BM-MSCs and adipose-derived MSCs) in a similar murine 
model of elastase-induced emphysema. Intratracheal admin-
istration of LR-MSCs reduced the mean linear intercept, 
increased elastic fiber content within the lung parenchyma, 

and decreased collagen deposition around the small airways, 
while also limiting neutrophil infiltration and attenuating 
damage to type II airway epithelial and endothelial cells.70 
A large animal study using LR-MSCs also revealed benefi-
cial effects when transplanted endoscopically into sheep with 
experimental emphysema. During a follow-up 4 weeks later, 
transplants of LR-MSCs (5-10 × 106 cells/site) on a scaf-
fold matrix were found to be well tolerated with increased 
tissue mass and lung perfusion demonstrated over con-
trol animals.71 These findings were confirmed histologically, 
showing increased cellularity and ECM content in the lungs 
of LR-MSC-treated sheep.

LR-MSCs have been isolated from never-smokers and 
smokers in similar numbers, indicating that the reser-
voir of pulmonary MSCs in patients with COPD is not ex-
hausted.72 LR-MSCs from current smokers with COPD 
elicited an impaired reduction of CD8+ T-cell proliferation. 
This was further confirmed in vitro, as cigarette smoke ex-
tract (CSE)-treated LR-MSCs demonstrated reduced T-cell 
immunomodulatory capacities.72 These findings suggest that 
the oxidative stress caused by smoking tobacco can impair the 
immunomodulatory capacity and homeostatic functions of 
LR-MSCs. Furthermore, COPD LR-MSCs exhibit a reduced 
ability to produce hepatocyte growth factor (HGF) and FGF-
10, rendering them unable to orchestrate appropriate alveolar 
repair mechanisms73 (Fig. 2C). Given the therapeutic benefits 
of administering “healthy” LR-MSCs in pre-clinical models 
of emphysema/COPD, the data suggest that COPD LR-MSCs 
have reduced immunomodulatory functions and diminished 
repair responses.

Bronchopulmonary Dysplasia (BPD)
BPD is the most common respiratory disorder among infants 
born extremely premature. It occurs in ~40% of infants born 
at less than 28 weeks of gestation and is caused by develop-
mental immaturity which results in inflammation and injury 
of the lungs accompanied by ineffective repair mechanisms. 
The fetal lung develops in hypoxic and fluid filled conditions 
in the uterus, with the low oxygen tension being important 
for MSCs to retain their normal function during develop-
ment. Consequently, the hyperoxic treatments used for BPD 
preterm infants can alter the function of these cells.74

The human fetal lung is abundant in LR-MSCs.75 LR-MSCs 
isolated from tracheal aspirates from infants in critical care 
have been proposed as a biomarker for BPD development.76 
LR-MSCs were found in 56 out of 84 infants, of which 12 
died and 25 developed BPD. Of the remaining 28 infants in 
which no MSCs were detected, 6 died and 1 developed BPD. 
Isolation of LR-MSCs from tracheal aspirates was identified 
as an independent predictor for the development of BPD and 
may represent a promising biomarker for CLD development.

In rat pups exposed to normoxia or hyperoxia (21% and 
95% oxygen, respectively) from birth, isolated LR-MSCs 
showed divergent differentiation potentials. Normoxic 
LR-MSCs differentiate along the 3 classical lineages 
of adipocytes, osteocytes, and chondrocytes. However, 
hyperoxia-exposed cells produced little to no adipocytes 
and less osteogenic and chondrogenic matrix.77 In addi-
tion, hyperoxic LR-MSCs had reduced expression of fgf-
10, a major determinant in alveologenesis. Similar findings 
were described in a study using New Zealand white preterm 
rabbits, whereby short-term hyperoxia (4 h with 50% ox-
ygen) with mechanical ventilation altered the differentiation 
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capacity of LR-MSCs.78 After mechanical ventilation, 
the LR-MSCs exhibited lower adipogenic and osteogenic 
potentials. In addition, structural analysis using electron mi-
croscopy revealed LR-MSCs in the hyperoxia/mechanical 
ventilation group had evidence of cellular stress in the nu-
cleus, smaller mitochondria, and distended endoplasmic re-
ticula.78 More recently, a study of murine LR-MSCs using 
scRNA-seq revealed that hyperoxia alters their gene signa-
ture, with elevated expression in inflammatory, fibrotic, and 
angiogenic factors.25 Interestingly, their analysis revealed that 
the communication between LR-MSCs driving this gene ex-
pression profile in hyperoxia came from immune and endo-
thelial cells.

The in vivo data is consistent with the data from human 
fetal LR-MSCs and highlights that hyperoxia perturbs the 
normal function of these cells. In hyperoxic conditions (60% 
oxygen), LR-MSCs continue to proliferate post-confluence 
and begin to produce ECM associated with BPD develop-
ment.75 In addition, hyperoxic MSCs secrete minimal amounts 
of vascular endothelial growth factor (VEGF) compared to 
those cultured in a lower oxygen environment. Taken to-
gether, these findings reveal that hyperoxia and mechanical 
ventilation, used for the treatment of BPD, alter the function 
of LR-MSCs via the reduction of their differentiation poten-
tial and diminished expression of growth factors involved in 
homeostasis and repair (Fig. 2D).

Bronchiolitis Obliterans (BOS)
BOS is characterized by the small airways becoming pro-
gressively obstructed leading to persistent airflow limitation. 
The development of BOS is akin to chronic graft-versus host 
disease (GVHD), as the immune system attacks the small 
airways and can occur after lung or hematopoietic stem cell 
transplantation.

LR-MSCs from patients with BOS are pro-fibrotic and 
possess markers of myofibroblasts, demonstrating increased 
α-SMA expression and collagen secretion.40 In addition, 
LR-MSCs in BOS patients are abundant and produce higher 
levels of endothelin-1, which is known to promote MSC pro-
liferation, migration, and differentiation.79 Furthermore, in 
BOS patients, LR-MSCs secrete less prostaglandin E2 (PGE2) 
and show resistance to cyclooxygenase-2 (Cox-2) stimula-
tion.80 This may be important in the pathogenesis of BOS as 
PGE2 is anti-inflammatory, and inhibits the proliferation and 
differentiation of LR-MSCs into myofibroblasts.

More recently, LR-MSCs isolated from the BAL fluid 
of BOS patients (and compared to stable lung transplant 
patients) demonstrated deregulated expression of epige-
netic enzymes including histone deacetylases (HDAC) -1, 
-2, -3, and -8, and methyltransferases DNMT1, 3B, and 
EZH2, as well as several miRNAs.81 Both HDACs and 
methyltransferases have been shown to have a role in fi-
brotic processes. The pro-fibrotic phenotype of LR-MSCs 
was confirmed by the upregulation of pro-fibrotic miRNAs 
(miR-199 family, miR-142-3p) and downregulation of anti-
fibrotic miRNAs (miR-145, miR-206, miR-125b, let-7c).81 
Overall, LR-MSCs appear to have a role in the pathology 
of BOS via their diminished immunomodulation and pro-
motion of fibrotic processes.

Asthma
Little is currently known about the role of LR-MSCs in the 
pathogenesis of asthma. However, one study did identify both 

higher cell numbers and an increased colony forming unit-
fibroblast (CFU-F) capacity in a murine model of allergic 
airway disease with ovalbumin sensitization and challenge.82 
Moreover, cells with similar characteristics to LR-MSCs were 
identified in the BAL fluid from one out of the 3 asthma 
patients, although further work is required to assess whether 
there is indeed a pathogenic role for LR-MSCs in asthma.

In summary, the pathomechanisms of LR-MSCs in chronic 
lung disease appear to be linked to their increased prolifer-
ation, altered immunomodulation, impaired regenerative 
capabilities, and differentiation into myofibroblasts (conse-
quently accounting for the fibrotic aspects).

Lung Resident MSCs in Pulmonary Repair and 
Regeneration
It is important to note that during aging the function of 
MSCs declines.83 Over time, ROS and the consequent oxi-
dative stress lead to DNA damage that accumulates, causing 
cellular aging phenotypes and diminished cellular function.83 
Although an understanding of the mechanisms of LR-MSC 
senescence in IPF is lacking, it is known that BM-MSCs from 
IPF patients are (A) senescent and can induce senescence in 
neighboring cells via paracrine signaling, (B) have reduced mi-
gratory potential, and (C) possess smaller mitochondria than 
age-matched controls.84 Based on this, one could assume that 
the presence of senescent LR-MSCs in the aged lung would 
therefore result in a diminished repair capacity and exacer-
bate chronic lung diseases, such as IPF and COPD. However, 
a study comparing the phenotypic and functional properties 
of BM-MSC biobank samples extracted from adult (average 
age: 38 years) and elderly (average age: 72 years) donors 
found that in vivo aging had little influence on the cells’ char-
acteristics. Instead, in vitro aging with prolonged culture ex-
pansion was shown to impair the regenerative capacities of 
these cells.85 Consequently, the impacts of aging and various 
disease pathologies on LR-MSCs remain to be determined.

Throughout our lifetime, the lungs are continually exposed 
to a plethora of damaging stimuli and so require a system that 
is continually balancing damage with regenerative processes. 
LR-MSCs are important regulators of repair in pulmonary 
tissues due to their ability to proliferate and differentiate 
into fibroblasts to directly participate in the structural repair 
of a wound.74 They also function through direct cell-to-cell 
and paracrine actions that modify the activation of the sur-
rounding epithelial, endothelial, and immune cells resulting 
in cytoprotection and repair. Indeed, resident lung stromal 
cell progenitors have been shown to accumulate in the 
subepithelial compartment after naphthalene injury, which 
suggests that they are recruited to participate in the wound 
healing response.86

Fibroblast Growth Factor 10
FGF-10 can inhibit lung injury and promote lung repair 
after various stresses including bleomycin, influenza infec-
tion, ventilation-induced lung injury, and naphthalene.87 
In IPF patients, isolated LR-MSCs demonstrated a reduced 
FGF-10 expression in progressive disease when compared 
to stable patients.67 TGF-β1, a major pro-fibrotic factor rel-
evant to IPF, has been shown to reduce FGF-10 expression 
in LR-MSCs.67,88 HH signaling can also reduce FGF-10 and 
is involved in epithelial and mesenchymal quiescence to ac-
tively maintain postnatal tissue homeostasis, the loss of which 
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leads to aberrant repair mechanisms.87 In COPD, like in IPF, 
LR-MSCs express lower levels of FGF-10.73 Loss of this alve-
olar epithelial mitogen causes a reduced ability to maintain 
epithelial progenitors and thus repair the damaged epithelium 
which is a major stimulus for the development of fibrosis.

Other Paracrine Factors
In a study comparing LR-MSCs from healthy and COPD 
patients,73 LR-MSC-conditioned mediums from both healthy 
and COPD patients were able to comparably improve wound 
closure in an epithelial scratch wound assay (using A549 cells), 
reduce oxidative-stress induced cell damage, and improve the 
migratory and proliferative responses of A549 cells upon 
electric field-induced cell death. However, when comparing 
healthy and COPD LR-MSCs in the alveolosphere organoid 
model—used for assessment of regenerative capacity, the ad-
dition of COPD LR-MSCs to the human lung cell line, NCI-
H441, resulted in the formation of larger organoids with lower 
expression levels of the type II marker, Surfactant protein C 
(SPC), at earlier stages. Interestingly, organoids derived from 
unfractionated COPD lung cell suspensions displayed sim-
ilar abnormalities, forming larger organoids, while organoids 
generated from EpCAM+ sorted epithelial cells did not dis-
play such differences. These findings suggest that differences 
in organoid formation depend on the dysregulated commu-
nication between cells present in unfractionated suspensions 
(including CD90+ stromal cells). The authors postulated that 
the lower levels of growth factors released from LR-MSCs, in-
cluding HGF and FGF-10, may contribute to the impairment of 
alveolar epithelial regeneration and reduced migration of sup-
portive cells to the damaged site. These findings, using human 
cells, support previous work using a murine elastase model of 
emphysema, which revealed that intratracheal administration 
of LR-MSCs resulted in enhanced HGF expression and the 
promotion of ATII cell numbers as an MSC-dependent par-
acrine mechanism for the repair of injured alveoli.89 HGF is 
a mesenchymal-derived paracrine factor that has pleiotropic 
effects and can promote epithelial proliferation, morphogen-
esis, migration, and anti-apoptotic responses, thus making it 
an important mechanism of repair for LR-MSCs.

Other factors which are known to be released by LR-MSCs 
and have been shown to have functional effects on lung re-
pair include keratinocyte growth factor (KGF) and VEGF. Rat 
LR-MSCs (isolated from BAL fluid, expanded in vitro, and 
used as a therapeutic) migrated to inflammatory sites, released 
KGF, and caused increased SPC expression, indicating stimu-
lation of ATII cell proliferation.90 KGF has roles in the dif-
ferentiation and proliferation of epithelial cells, angiogenesis, 
and barrier function; therefore, it has been suggested to play 
a role in pulmonary repair. For repair to occur in the lung, it 
is important for the tissue to generate a new blood supply via 
angiogenesis. LR-MSCs express VEGF to promote angiogen-
esis and facilitate tissue repair; however, under certain patho-
logical settings such as BPD where mechanical ventilation and 
hyperoxia are used, VEGF release is diminished.78

Repair Through Regulatory T Cells
Another mechanism of repair that LR-MSCs may function 
through, involves the stimulation of regulatory T (Treg) 
cells, which secrete factors including KGF and amphiregulin. 
LR-MSCs have been shown to reduce T-cell proliferation and 
induce Treg differentiation.90 Treg cells promote regeneration 
in the lungs by secretion of paracrine factors, remodeling of 

the ECM, and maintaining barrier integrity via coordination 
with parenchymal cells.91

Mitochondrial Transfer
MSCs have been shown to connect to other cells via tunneling 
nano-tubules and gap junctions. LR-MSCs can form gap junc-
tion communications and transfer cytoplasmic components 
with alveolar and bronchial epithelia.92 Similarly, LR-MSCs 
can form microtubules and tunneling nanotubes to transfer 
cytoplasmic components and mitochondria.57 As a mito-
chondrial transfer from BM-MSCs is known to play a role in 
recovering cellular function and aiding repair, it is hypothesized 
that LR-MSCs likely function in a comparable manner.

Concluding Remarks
Lung-resident MSCs are different from MSCs derived from 
other tissues. They play significant roles in driving the path-
ogenesis of and promoting regeneration in chronic lung 
diseases, and so should be considered a target for therapeutic 
strategies. The behavior of LR-MSCs is altered in multiple 
lung diseases, often contributing to disease pathogenesis; 
therefore, these abnormalities should be taken into ac-
count when considering autologous LR-MSCs for cell-based 
therapeutics. Further work on characterizing LR-MSC func-
tionality and means of their communication with other cell 
types in the lung is required to improve our understanding 
of the mechanisms of disease and to develop specialized 
and targeted approaches to treat chronic lung diseases. The 
use of modern (multi-)omics technologies will greatly facil-
itate this. Finally, it is conceivable that if considered as a 
cell therapy for chronic lung disease, LR-MSCs from healthy 
tissue may provide greater therapeutic efficacy over MSCs 
derived from other tissue sources, given that they are already 
trained in the homeostatic mechanisms of the lungs. Finding 
the MSCs with the most potent effects for specific chronic 
lung diseases is an exciting area of research with major clin-
ical importance.

Funding
AK was supported by UKRI Medical Research Council 
Research (MR/S009426/1).

Conflict of Interest
A.K. research funding from UKRI MRC research grant and 
honoraria for invited talks at scientific conferences. The other 
authors declared no potential conflicts of interest.

Author Contributions
D.F.D., L.R.: collection and/or assembly of data, data  
analysis and interpretation, manuscript writing. A.D.K.:  
conception and design, manuscript writing, final approval of 
manuscript.

Data Availability
No new data were generated or analyzed in support of this 
research.



Stem Cells, 2023, Vol. 41, No. 5 441

References
1. Viswanathan S, Shi Y, Galipeau J, et al. Mesenchymal stem versus 

stromal cells: International Society for Cell & Gene Therapy 
(ISCT®) Mesenchymal Stromal Cell committee position statement 
on nomenclature. Cytotherapy. 2019; (10):1019-1024.

2. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health 
and disease. Nat Rev Immunol. 2008;8:726-736. https://doi.
org/10.1038/nri2395

3. Klimczak A, Kozlowska U. Mesenchymal stromal cells and tissue-
specific progenitor cells: their role in tissue homeostasis. Stem Cells 
Int. 2016;2016:4285215

4. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development 
of fibroblast colonies in monolayer cultures of guinea-pig bone 
marrow and spleen cells. Cell Prolif. 1970;3:393-403. https://doi.
org/10.1111/j.1365-2184.1970.tb00347.x

5. Sabatini F, Petecchia L, Tavian M, et al. Human bronchial fibroblasts 
exhibit a mesenchymal stem cell phenotype and multilineage 
differentiating potentialities. Lab Investig. 2005;85:962-971. 
https://doi.org/10.1038/labinvest.3700300

6. Rohban R, Pieber TR. Mesenchymal stem and progenitor cells in re-
generation: tissue specificity and regenerative potential. Stem Cells 
Int. 2017;2017:5173732. https://doi.org/10.1155/2017/5173732

7. Gao F, Chiu SM, Motan DAL, et al. Mesenchymal stem cells 
and immunomodulation: current status and future prospects. 
Cell Death Dis. 2016;7:e2062-e2062. https://doi.org/10.1038/
cddis.2015.327

8. Lazarus HM, Haynesworth SE, Gerson SL, Rosenthal NS, Caplan 
AI. Ex vivo expansion and subsequent infusion of human bone 
marrow-derived stromal progenitor cells (mesenchymal progenitor 
cells): implications for therapeutic use. Bone Marrow Transplant. 
1995;16(4):557-564.

9. Shi L, Wang L, Xu R, et al. Mesenchymal stem cell therapy for se-
vere COVID-19. Signal Transduct Target Ther. 2021;6 (1):339

10. Klein D. Lung multipotent stem cells of mesenchymal nature: cel-
lular basis, clinical relevance, and implications for stem cell therapy. 
Antioxid Redox Signal. 2021;35(3):204-216.

11. Morrisey EE, Hogan BLM. Preparing for the first breath: genetic 
and cellular mechanisms in lung development. Dev Cell. 2010;18:8-
23. https://doi.org/10.1016/j.devcel.2009.12.010

12. Sentek H, Klein D. Lung-resident mesenchymal stem cell fates 
within lung cancer. Cancers. 2021;13(18):4637.

13. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for de-
fining multipotent mesenchymal stromal cells. The International 
Society for Cellular Therapy position statement. Cytotherapy. 
2006;8:315-317. https://doi.org/10.1080/14653240600855905

14. Bianco P, Cao X, Frenette PS, et al. The meaning, the sense and 
the significance: translating the science of mesenchymal stem cells 
into medicine. Nat Med. 2013;19:35-42. https://doi.org/10.1038/
nm.3028

15. Jeon BG, Jang SJ, Park JS, et al. Differentiation potential of mes-
enchymal stem cells isolated from human dental tissues into non-
mesodermal lineage. Anim Cells Syst. 2015;19:321-331. https://
doi.org/10.1080/19768354.2015.1087430

16. Kuroda Y, Kitada M, Wakao S, et al. Unique multipotent cells 
in adult human mesenchymal cell populations. Proc Natl 
Acad Sci USA. 2010;107:8639-8643. https://doi.org/10.1073/
pnas.0911647107

17. El Agha E, Kramann R, Schneider RK, et al. Mesenchymal stem 
cells in fibrotic disease. Cell Stem Cell. 2017;21:166-177. https://
doi.org/10.1016/j.stem.2017.07.011

18. Haniffa MA, Wang X-N, Holtick U, et al. Adult human fibroblasts 
are potent immunoregulatory cells and functionally equivalent to 
mesenchymal stem cells. J Immunol. 2007;179:1595-1604. https://
doi.org/10.4049/jimmunol.179.3.1595

19. Ichim TE, O’Heeron P, Kesari S. Fibroblasts as a practical alterna-
tive to mesenchymal stem cells. J Transl Med. 2018;16(1):1-9.

20. Halfon S, Abramov N, Grinblat B, et al. Markers distinguishing 
mesenchymal stem cells from fibroblasts are downregulated with 
passaging. Stem Cells Dev. 2010;20(1):53-66.

21. Sudo K, Kanno M, Miharada K, et al. Mesenchymal progenitors 
able to differentiate into osteogenic, chondrogenic, and/or 
adipogenic cells in vitro are present in most primary fibroblast-
like cell populations. Stem Cells. 2007;25:1610-1617. https://doi.
org/10.1634/stemcells.2006-0504

22. Yuan K, Agarwal S, Chakraborty A, et al. Lung pericytes in pul-
monary vascular physiology and pathophysiology. Compr Physiol. 
2021;11:2227-2247. https://doi.org/10.1002/cphy.c200027

23. Ligresti G, Raslan AA, Hong J, et al. Mesenchymal cells in the lung: 
evolving concepts and their role in fibrosis. Gene. 2023;859:147142.

24. Aros CJ, Pantoja CJ, Gomperts BN. Wnt signaling in lung devel-
opment, regeneration, and disease progression. Commun Biol. 
2021;4(1):601.

25. Mižíková I, Lesage F, Cyr-Depauw C, et al. Single-cell RNA 
sequencing-based characterization of resident lung mesen-
chymal stromal cells in bronchopulmonary dysplasia. Stem Cells. 
2022;40:479-492. https://doi.org/10.1093/stmcls/sxab023

26. Moll G, Ankrum JA, Kamhieh-Milz J, et al. Intravascular mesen-
chymal stromal/stem cell therapy product diversification: time for 
new clinical guidelines. Trends Mol Med. 2019;25:149-163. https://
doi.org/10.1016/j.molmed.2018.12.006

27. Moll G, Ankrum JA, Olson SD, Nolta JA. Improved MSC minimal 
criteria to maximize patient safety: a call to embrace tissue factor 
and hemocompatibility assessment of MSC products. Stem Cells 
Transl Med. 2022;11:2-13. https://doi.org/10.1093/stcltm/szab005

28. Steens J, Klar L, Hansel C, et al. The vascular nature of lung-resident 
mesenchymal stem cells. Stem Cells Transl Med. 2021;10:128-143. 
https://doi.org/10.1002/sctm.20-0191

29. Rolandsson S, Andersson Sjöland A, Brune JC, et al. Primary mes-
enchymal stem cells in human transplanted lungs are CD90/CD105 
perivascularly located tissue-resident cells. BMJ Open Respir Res. 
2014;1.(1):e000027

30. Crisan M, Yap S, Casteilla L, et al. A perivascular origin for mes-
enchymal stem cells in multiple human organs. Cell Stem Cell. 
2008;3:301-313. https://doi.org/10.1016/j.stem.2008.07.003

31. Lv FJ, Tuan RS, Cheung KMC, Leung VYL. Concise review: the sur-
face markers and identity of human mesenchymal stem cells. Stem 
Cells. 2014;32:1408-1419. https://doi.org/10.1002/stem.1681.

32. Da L, Meirelles S, Caplan AI, et al. In search of the in vivo identity 
of mesenchymal stem cells. Stem Cells. 2008;26(9):2287-99.

33. Caplan AI. All MSCs are pericytes? Cell Stem Cell. 2008;3:229-
230. https://doi.org/10.1016/j.stem.2008.08.008

34. De Souza LEB, Malta TM, Kashima Haddad S, Covas DT. Mesen-
chymal stem cells and pericytes: to what extent are they related? 
Stem Cells Dev. 2016;25:1843-1852. https://doi.org/10.1089/
scd.2016.0109

35. Feng J, Mantesso A, De Bari C, Nishiyama A, Sharpe PT. Dual or-
igin of mesenchymal stem cells contributing to organ growth and 
repair. Proc Natl Acad Sci USA. 2011;108:6503-6508. https://doi.
org/10.1073/pnas.1015449108

36. Caplan AI. New MSC: MSCs as pericytes are Sentinels and 
gatekeepers. J Orthop Res. 2017;35:1151-1159. https://doi.
org/10.1002/jor.23560

37. Jun D, Garat C, West J, et al. The pathology of bleomycin-induced 
fibrosis is associated with loss of resident lung mesenchymal 
stem cells that regulate effector T-cell proliferation. Stem Cells. 
2011;29:725-735. https://doi.org/10.1002/stem.604

38. Marriott S, Baskir RS, Gaskill C, et al. ABCG2pos lung mes-
enchymal stem cells are a novel pericyte subpopulation that 
contributes to fibrotic remodeling. Am J Physiol - Cell Physiol. 
2014;307(8):C684-98.

39. Cao H, Chen X, Hou J, et al. The Shh/Gli signaling cascade 
regulates myofibroblastic activation of lung-resident mesenchymal 
stem cells via the modulation of Wnt10a expression during pul-
monary fibrogenesis. Lab Investig. 2020;100:363-377. https://doi.
org/10.1038/s41374-019-0316-8.

40. Walker N, Badri L, Wettlaufer S, et al. Resident tissue-specific mes-
enchymal progenitor cells contribute to fibrogenesis in human 
lung allografts. Am J Pathol. 2011;178:2461-2469. https://doi.
org/10.1016/j.ajpath.2011.01.058

https://doi.org/10.1038/nri2395
https://doi.org/10.1038/nri2395
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1111/j.1365-2184.1970.tb00347.x
https://doi.org/10.1038/labinvest.3700300
https://doi.org/10.1155/2017/5173732
https://doi.org/10.1038/cddis.2015.327
https://doi.org/10.1038/cddis.2015.327
https://doi.org/10.1016/j.devcel.2009.12.010
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1038/nm.3028
https://doi.org/10.1038/nm.3028
https://doi.org/10.1080/19768354.2015.1087430
https://doi.org/10.1080/19768354.2015.1087430
https://doi.org/10.1073/pnas.0911647107
https://doi.org/10.1073/pnas.0911647107
https://doi.org/10.1016/j.stem.2017.07.011
https://doi.org/10.1016/j.stem.2017.07.011
https://doi.org/10.4049/jimmunol.179.3.1595
https://doi.org/10.4049/jimmunol.179.3.1595
https://doi.org/10.1634/stemcells.2006-0504
https://doi.org/10.1634/stemcells.2006-0504
https://doi.org/10.1002/cphy.c200027
https://doi.org/10.1093/stmcls/sxab023
https://doi.org/10.1016/j.molmed.2018.12.006
https://doi.org/10.1016/j.molmed.2018.12.006
https://doi.org/10.1093/stcltm/szab005
https://doi.org/10.1002/sctm.20-0191
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1002/stem.1681
https://doi.org/10.1016/j.stem.2008.08.008
https://doi.org/10.1089/scd.2016.0109
https://doi.org/10.1089/scd.2016.0109
https://doi.org/10.1073/pnas.1015449108
https://doi.org/10.1073/pnas.1015449108
https://doi.org/10.1002/jor.23560
https://doi.org/10.1002/jor.23560
https://doi.org/10.1002/stem.604
https://doi.org/10.1038/s41374-019-0316-8
https://doi.org/10.1038/s41374-019-0316-8
https://doi.org/10.1016/j.ajpath.2011.01.058
https://doi.org/10.1016/j.ajpath.2011.01.058


442 Stem Cells, 2023, Vol. 41, No. 5

41. Martin J, Helm K, Ruegg P, et al. Adult lung side population cells 
have mesenchymal stem cell potential. Cytotherapy. 2008;10:140-
151. https://doi.org/10.1080/14653240801895296

42. Gong X, Sun Z, Cui D, et al. Isolation and characterization of lung 
resident mesenchymal stem cells capable of differentiating into 
alveolar epithelial type II cells. Cell Biol Int. 2014;38:405-411. 
https://doi.org/10.1002/cbin.10240

43. Bourin P, Bunnell BA, Casteilla L, et al. Stromal cells from the 
adipose tissue-derived stromal vascular fraction and culture ex-
panded adipose tissue-derived stromal/stem cells: a joint statement 
of the International Federation for Adipose Therapeutics and Sci-
ence (IFATS) and the International Society for Cellular Therapy 
(ISCT). Cytotherapy. 2013;15:641-648. https://doi.org/10.1016/j.
jcyt.2013.02.006

44. Samsonraj RM, Raghunath M, Nurcombe V, et al. Concise review: 
multifaceted characterization of human mesenchymal stem cells for 
use in regenerative medicine. Stem Cells Transl Med. 2017;6:2173-
2185. https://doi.org/10.1002/sctm.17-0129

45. Tong L, Zhou J, Rong L, et al. Fibroblast growth factor-10 (FGF-
10) mobilizes lung-resident mesenchymal stem cells and protects 
against acute lung injury. Sci Rep. 2016;6:21642.

46. O’Connor K. A cautionary tale about the use of colony-forming ef-
ficiency as a proxy for the survival of mesenchymal stem cells. Stem 
Cell Res Ther. 2020;11(1):292

47. Aggarwal S, Pittenger MF. Human mesenchymal stem cells mod-
ulate allogeneic immune cell responses. Blood. 2005;105:1815-
1822. https://doi.org/10.1182/blood-2004-04-1559

48. Selmani Z, Naji A, Zidi I, et al. Human leukocyte antigen-G5 
secretion by human mesenchymal stem cells is required to 
suppress T lymphocyte and natural killer function and to in-
duce CD4+CD25highFOXP3+ regulatory T cells. Stem Cells. 
2008;26:212-222. https://doi.org/10.1634/stemcells.2007-0554

49. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: sensors 
and switchers of inflammation. Cell Stem Cell. 2013;13:392-402. 
https://doi.org/10.1016/j.stem.2013.09.006

50. Nasri A, Foisset F, Ahmed E, et al. Roles of mesenchymal cells in 
the lung: from lung development to chronic obstructive pulmonary 
disease. Cells. 2021;10(12):3467.

51. Maria ATJ, Toupet K, Bony C, et al. Antifibrotic, antioxidant, and 
immunomodulatory effects of mesenchymal stem cells in HOCl-
induced systemic sclerosis. Arthritis Rheumatol. 2016;68:1013-
1025. https://doi.org/10.1002/art.39477

52. Gupta N, Krasnodembskaya A, Kapetanaki M, et al. Mesenchymal 
stem cells enhance survival and bacterial clearance in murine 
Escherichia coli pneumonia. Thorax. 2012;67:533-539. https://doi.
org/10.1136/thoraxjnl-2011-201176

53. Krasnodembskaya A, Song Y, Fang X, et al. Antibacterial effect of 
human mesenchymal stem cells is mediated in part from secretion 
of the antimicrobial peptide LL-37. Stem Cells. 2010;28:2229-
2238. https://doi.org/10.1002/stem.544

54. Jackson MV, Morrison TJ, Doherty DF, et al. Mitochondrial transfer 
via tunneling nanotubes is an important mechanism by which mes-
enchymal stem cells enhance macrophage phagocytosis in the in 
vitro and in vivo models of ARDS. Stem Cells. 2016;34:2210-2223. 
https://doi.org/10.1002/stem.2372

55. Morrison TJ, Jackson MV, Cunningham EK, et al. Mesenchymal 
stromal cells modulate macrophages in clinically relevant lung in-
jury models by extracellular vesicle mitochondrial transfer. Am J 
Respir Crit Care Med. 2017;196(10):1275-1286.

56. Islam MN, Das SR, Emin MT, et al. Mitochondrial transfer from 
bone-marrow-derived stromal cells to pulmonary alveoli protects 
against acute lung injury. Nat Med. 2012;18:759-765. https://doi.
org/10.1038/nm.2736

57. Sinclair KA, Yerkovich ST, Hopkins PMA, et al. Characterization 
of intercellular communication and mitochondrial donation by 
mesenchymal stromal cells derived from the human lung. Stem Cell 
Res Ther. 2016;7(1):91.

58. Beisang DJ, Smith K, Yang L, et al. Single-cell RNA sequencing 
reveals that lung mesenchymal progenitor cells in IPF exhibit  

pathological features early in their differentiation trajectory. Sci 
Rep. 2020;10(1):11162.

59. Liu X, Rowan SC, Liang J, et al. Categorization of lung mesen-
chymal cells in development and fibrosis. IScience. 2021;24:102551. 
https://doi.org/10.1016/j.isci.2021.102551

60. Hung C, Linn G, Chow YH, et al. Role of lung pericytes and res-
ident fibroblasts in the pathogenesis of pulmonary fibrosis. Am J 
Respir Crit Care Med. 2013;188:820-830. https://doi.org/10.1164/
rccm.201212-2297OC

61. Kramann R, Schneider RK, Dirocco DP, et al. Perivascular Gli1+ 
progenitors are key contributors to injury-induced organ fi-
brosis. Cell Stem Cell. 2015;16:51-66. https://doi.org/10.1016/j.
stem.2014.11.004

62. Cassandras M, Wang C, Kathiriya J, et al. Gli1 + mesenchymal 
stromal cells form a pathological niche to promote airway progen-
itor metaplasia in the fibrotic lung. Nat Cell Biol. 2020;22:1295-
1306. https://doi.org/10.1038/s41556-020-00591-9

63. Sun W, Liu X, Yang X, et al. SENP1 regulates the transformation 
of lung resident mesenchymal stem cells and is associated with 
idiopathic pulmonary fibrosis progression. Cell Commun Signal. 
2022;20(1):104.

64. Hou J, Ma T, Cao H, et al. TNF-α-induced NF-κB activa-
tion promotes myofibroblast differentiation of LR-MSCs and 
exacerbates bleomycin-induced pulmonary fibrosis. J Cell Physiol. 
2018;233:2409-2419. https://doi.org/10.1002/jcp.26112

65. Wang C, Gu S, Cao H, et al. miR-877-3p targets Smad7 and is as-
sociated with myofibroblast differentiation and bleomycin-induced 
lung fibrosis. Sci Rep. 2016;6:30122.

66. Badri L, Lama VN. Lysophosphatidic acid induces migration of 
human lung-resident mesenchymal stem cells through the β-catenin 
pathway. Stem Cells. 2012;30:2010-2019. https://doi.org/10.1002/
stem.1171

67. Chanda D, Kurundkar A, Rangarajan S, et al. Developmental 
reprogramming in mesenchymal stromal cells of human subjects 
with idiopathic pulmonary fibrosis. Sci Rep. 2016;6:37445.

68. Shi C, Chen X, Yin W, et al. Wnt8b regulates myofibroblast dif-
ferentiation of lung-resident mesenchymal stem cells via the ac-
tivation of Wnt/β-catenin signaling in pulmonary fibrogenesis. 
Differentiation. 2022;125:35-44. https://doi.org/10.1016/j.
diff.2022.03.004.

69. Hoffman AM, Paxson JA, Mazan MR, et al. Lung-derived mesen-
chymal stromal cell post-transplantation survival, persistence, par-
acrine expression, and repair of elastase-injured lung. Stem Cells 
Dev. 2011;20:1779-1792. https://doi.org/10.1089/scd.2011.0105.

70. Antunes MA, Abreu SC, Cruz FF, et al. Effects of different mesen-
chymal stromal cell sources and delivery routes in experimental 
emphysema. Respir Res. 2014;15(1):118.

71. Ingenito EP, Tsai L, Murthy S, et al. Autologous lung-derived 
mesenchymal stem cell transplantation in experimental em-
physema. Cell Transplant. 2012;21:175-189. https://doi.
org/10.3727/096368910X550233

72. Cruz T, López-Giraldo A, Noell G, et al. Smoking impairs the 
immunomodulatory capacity of lung-resident mesenchymal stem 
cells in chronic obstructive pulmonary disease. Am J Respir Cell 
Mol Biol. 2019;61:575-583. https://doi.org/10.1165/rcmb.2018-
0351OC

73. Kruk DMLW, Wisman M, Noordhoek JA, et al. Paracrine regula-
tion of alveolar epithelial damage and repair responses by human 
lung-resident mesenchymal stromal cells. Cells. 2021;10:2860. 
https://doi.org/10.3390/cells10112860

74. Collins JJP, Thébaud B. Lung mesenchymal stromal cells in devel-
opment and disease: to serve and protect? Antioxid Redox Signal. 
2014;21:1849-1862. https://doi.org/10.1089/ars.2013.5781

75. Möbius MA, Freund D, Vadivel A, et al. Oxygen disrupts human 
fetal lung mesenchymal cells implications for bronchopulmonary 
dysplasia. Am J Respir Cell Mol Biol. 2019;60:592-600. https://
doi.org/10.1165/rcmb.2018-0358OC

76. Popova AP, Bozyk PD, Bentley JK, et al. Isolation of tracheal as-
pirate mesenchymal stromal cells predicts bronchopulmonary  

https://doi.org/10.1080/14653240801895296
https://doi.org/10.1002/cbin.10240
https://doi.org/10.1016/j.jcyt.2013.02.006
https://doi.org/10.1016/j.jcyt.2013.02.006
https://doi.org/10.1002/sctm.17-0129
https://doi.org/10.1182/blood-2004-04-1559
https://doi.org/10.1634/stemcells.2007-0554
https://doi.org/10.1016/j.stem.2013.09.006
https://doi.org/10.1002/art.39477
https://doi.org/10.1136/thoraxjnl-2011-201176
https://doi.org/10.1136/thoraxjnl-2011-201176
https://doi.org/10.1002/stem.544
https://doi.org/10.1002/stem.2372
https://doi.org/10.1038/nm.2736
https://doi.org/10.1038/nm.2736
https://doi.org/10.1016/j.isci.2021.102551
https://doi.org/10.1164/rccm.201212-2297OC
https://doi.org/10.1164/rccm.201212-2297OC
https://doi.org/10.1016/j.stem.2014.11.004
https://doi.org/10.1016/j.stem.2014.11.004
https://doi.org/10.1038/s41556-020-00591-9
https://doi.org/10.1002/jcp.26112
https://doi.org/10.1002/stem.1171
https://doi.org/10.1002/stem.1171
https://doi.org/10.1016/j.diff.2022.03.004
https://doi.org/10.1016/j.diff.2022.03.004
https://doi.org/10.1089/scd.2011.0105
https://doi.org/10.3727/096368910X550233
https://doi.org/10.3727/096368910X550233
https://doi.org/10.1165/rcmb.2018-0351OC
https://doi.org/10.1165/rcmb.2018-0351OC
https://doi.org/10.3390/cells10112860
https://doi.org/10.1089/ars.2013.5781
https://doi.org/10.1165/rcmb.2018-0358OC
https://doi.org/10.1165/rcmb.2018-0358OC


Stem Cells, 2023, Vol. 41, No. 5 443

dysplasia. Pediatrics. 2010;126:e1127-e1133. https://doi.
org/10.1542/peds.2009-3445

77. Collins JJP, Lithopoulos MA, Dos Santos CC, et al. Impaired an-
giogenic supportive capacity and altered gene expression pro-
file of resident CD146+ mesenchymal stromal cells isolated 
from hyperoxia-injured neonatal rat lungs. Stem Cells Dev. 
2018;27:1109-1124. https://doi.org/10.1089/scd.2017.0145

78. Moreira AG, Siddiqui SK, Macias R, et al. Oxygen and mechanical 
ventilation impede the functional properties of resident lung mes-
enchymal stromal cells. PLoS One. 2020;15:e0229521. https://doi.
org/10.1371/journal.pone.0229521

79. Salama M, Andrukhova O, Jaksch P, et al. Endothelin-1 governs 
proliferation and migration of bronchoalveolar lavage-derived 
lung mesenchymal stem cells in bronchiolitis obliterans syndrome. 
Transplantation. 2011;92:155-162. https://doi.org/10.1097/
TP.0b013e318222c9ea

80. Walker NM, Badri LN, Wadhwa A, et al. Prostaglandin E 2 as an 
inhibitory modulator of fibrogenesis in human lung allografts. Am 
J Respir Crit Care Med. 2012;185:77-84. https://doi.org/10.1164/
rccm.201105-0834OC

81. Vella S, Conaldi PG, Cova E, et al. Lung resident mesenchymal cells 
isolated from patients with the bronchiolitis obliterans syndrome 
display a deregulated epigenetic profile. Sci Rep. 2018;8(1):11167.

82. Bentley JK, Popova AP, Bozyk PD, et al. Ovalbumin sensitization 
and challenge increases the number of lung cells possessing a mes-
enchymal stromal cell phenotype. Respir Res. 2010;11(1):127.

83. Li Y, Wu Q, Yujia W, et al. Senescence of mesenchymal stem cells 
(review). Int J Mol Med. 2017;39(4):775-782.

84. Cárdenes N, Álvarez D, Sellarés J, et al. Senescence of bone marrow-
derived mesenchymal stem cells from patients with idiopathic pul-
monary fibrosis. Stem Cell Res Ther. 2018;9(1):257.

85. Andrzejewska A, Catar R, Schoon J, et al. Multi-parameter anal-
ysis of biobanked human bone marrow stromal cells shows little 
influence for donor age and mild comorbidities on phenotypic and 
functional properties. Front Immunol. 2019;10:2474.

86. Volckaert T, Dill E, Campbell A, et al. Parabronchial smooth mus-
cle constitutes an airway epithelial stem cell niche in the mouse 
lung after injury. J Clin Invest. 2011;121:4409-4419. https://doi.
org/10.1172/JCI58097

87. Yuan T, Volckaert T, Chanda D, et al. Fgf10 signaling in lung devel-
opment, homeostasis, disease, and repair after injury. Front Genet. 
2018;9:418.

88. McQualter JL, McCarty RC, Van der Velden J, et al. TGF-β signaling 
in stromal cells acts upstream of FGF-10 to regulate epithelial stem 
cell growth in the adult lung. Stem Cell Res. 2013;11:1222-1233. 
https://doi.org/10.1016/j.scr.2013.08.007

89. Cappetta D, De Angelis A, Spaziano G, et al. Lung mesenchymal 
stem cells ameliorate elastase-induced damage in an animal model 
of emphysema. Stem Cells Int. 2018;2018:9492038. https://doi.
org/10.1155/2018/9492038

90. Wang L, Shi M, Tong L, et al. Lung-resident mesenchymal 
stem cells promote repair of LPS-induced acute lung injury via 
regulating the balance of regulatory T cells and Th17 cells. In-
flammation. 2019;42:199-210. https://doi.org/10.1007/s10753-
018-0884-6

91. Zhang C, Li L, Feng K, et al. “Repair” treg cells in tissue in-
jury. Cell Physiol Biochem. 2017;4321552169. https://doi.
org/10.1159/000484295

92. Badri L, Walker NM, Ohtsuka T, et al. Epithelial interactions and 
local engraftment of lung-resident mesenchymal stem cells. Am J 
Respir Cell Mol Biol. 2011;45:809-816. https://doi.org/10.1165/
rcmb.2010-0446OC

https://doi.org/10.1542/peds.2009-3445
https://doi.org/10.1542/peds.2009-3445
https://doi.org/10.1089/scd.2017.0145
https://doi.org/10.1371/journal.pone.0229521
https://doi.org/10.1371/journal.pone.0229521
https://doi.org/10.1097/TP.0b013e318222c9ea
https://doi.org/10.1097/TP.0b013e318222c9ea
https://doi.org/10.1164/rccm.201105-0834OC
https://doi.org/10.1164/rccm.201105-0834OC
https://doi.org/10.1172/JCI58097
https://doi.org/10.1172/JCI58097
https://doi.org/10.1016/j.scr.2013.08.007
https://doi.org/10.1155/2018/9492038
https://doi.org/10.1155/2018/9492038
https://doi.org/10.1007/s10753-018-0884-6
https://doi.org/10.1007/s10753-018-0884-6
https://doi.org/10.1159/000484295
https://doi.org/10.1159/000484295
https://doi.org/10.1165/rcmb.2010-0446OC
https://doi.org/10.1165/rcmb.2010-0446OC

