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Chronic lung diseases, such as cystic fibrosis (CF), asthma, and chronic obstructive pulmonary disease (COPD) are incurable and
represent a very high social burden. Stem cell-based treatment may represent a hope for the cure of these diseases. In this paper, we
revise the overall knowledge about the plasticity and engraftment of exogenous marrow-derived stem cells into the lung, as well as
their usefulness in lung repair and therapy of chronic lung diseases. The lung is easily accessible and the pathophysiology of these
diseases is characterized by injury, inflammation, and eventually by remodeling of the airways. Bone marrow-derived stem cells,
including hematopoietic stem/progenitor cells (HSPCs) and mesenchymal stromal (stem) cells (MSCs), encompass a wide array of
cell subsets with different capacities of engraftment and injured tissue regenerating potential. Proof-of-principle that marrow cells
administered locally may engraft and give rise to specialized epithelial cells has been given, but the efficiency of this conversion
is too limited to give a therapeutic effect. Besides the identification of plasticity mechanisms, the characterization/isolation of the
stem cell subpopulations represents a major challenge to improving the efficacy of transplantation protocols used in regenerative
medicine for lung diseases.

1. Introduction

Chronic lung diseases, such as asthma and chronic obstruc-
tive pulmonary disease (COPD), represent a very high social
burden. For example, COPD is the fourth leading cause of
death in the world and by the year 2020 it is expected to
be the third leading cause of death and the fifth leading
cause of disability [1]. The current therapeutic approaches
to COPD mainly involve the control of symptoms, without
a significant change in the natural history of the disease.
Corticosteroids are a mainstay of treatment for asthma and
COPD however, some of the asthmatic patients and most
of the COPD subjects are steroid resistant [2]. Thus, novel
pharmacological and/or innovative therapeutic approaches
are being sought for asthma and COPD. Another orphan
disease which heavily involves the lung is cystic fibrosis (CF),

the most common lethal autosomal-recessive disorder in the
Caucasian population. The average life span of CF patients is
around 40 years and obviously CF is also the target of novel
medications that may alleviate the pulmonary symptoms [3].

In recent years, numerous reports have shown that bone
marrow (BM)-derived stem and progenitor cells can give rise
to differentiated cells of multiple nonhematopoietic organs
including the lung, a phenomenon often referred to as
“plasticity” [4]. Based on these initial results, BM-derived
stem/progenitor cells are being exploited in the clinic for their
therapeutic potential in chronic lung diseases, such as COPD,
pulmonary fibrosis, and pulmonary hypertension (reviewed
in references [5–9]). However, so far, it is unresolved which
subpopulation of BM cells is capable of giving rise to
cells of nonhematopoietic lineages. In this paper, we revise
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the overall knowledge about the engraftment of exogenous
marrow-derived stem/progenitor cells into the lung, as well
as their usefulness in lung repair and therapy of chronic lung
diseases, such as CF, asthma, and COPD. All these diseases
are characterized by a chronic inflammatory process which
eventually leads to a remodelling process of the airways,
making them an attractive target for BM-stem/progenitor
cell-based therapy.

2. Inflammation and Remodelling of the
Airways in Chronic Lung Diseases

Chronic obstructive pulmonary disease (COPD) manifests
in two clinical phenotypes: bronchitis and emphysema. Lung
tissue in a patient with chronic bronchitis shows thickened
bronchialwallswith luminal narrowing andmucous plugging
or mucopurulent debris within the airways. Microscopically,
these gross findings correspond to goblet cell hyperpla-
sia, thickening of the subepithelial basement membrane,
bronchial wall fibrosis, and hyperplasia of the subepithe-
lial seromucinous glands. Patients with chronic bronchitis
have increased neutrophils and macrophages in the bron-
choalveolar lavage fluid (BALF) compared to healthy control
subjects [10, 11]. Pulmonary emphysema is characterized by
enlargement of airspaces distal to the terminal bronchiole, the
destruction of alveolar walls, and loss of the alveolar unit.The
main etiological factor in COPD is cigarette smoking which,
upon interaction with genetic host factors, determines the
pathologic triad of COPD: persistent inflammation, protease-
antiprotease imbalance, and oxidative stress. This triad
results in mucous/goblet cell metaplasia and hyperplasia,
mucous hypersecretion, fibrosis, smooth-muscle alterations,
and lung-tissue destruction [12].

Asthma is an allergen-driven chronic inflammatory dis-
order of respiratory airways induced by cellular mechanisms
that produce increased levels of reactive oxygen species
(ROS) [13]. In predisposed individuals, elevated ROS produc-
tion can ensue in allergic inflammation, characterized by IgE-
dependent activation of mucosal mast cells and infiltration
of eosinophils that is orchestrated by increased numbers of
activated CD4+ Th2 lymphocytes [14]. Airway wall remod-
elling in asthma is characterized by structural alterations
including epithelial damage, subepithelial reticular basement
membrane thickness, subepithelial fibrosis, airway smooth
muscle hypertrophy and hyperplasia, and mucous gland
hypertrophy [15].

CF is due tomutations in a single gene, the CF transmem-
brane conductance regulator (CFTR), which is a chloride
channel expressed on the apical membrane of epithelial cells
[16]. As a consequence, an impaired secretion/absorption
of ions and water ensues in a number of different organs.
AlthoughCF is amultiorgan disease, the lung pathology is the
one mainly responsible for patient morbidity and mortality.
In the airways, the imbalanced secretion of chloride com-
bined with hyperabsorption of sodium (due to hyperactivity
of the epithelial sodium channel [ENaC]) determines the
formation of dehydrated thick mucus which is the trigger for
bacterial infection and a subsequent neutrophil-dominated

inflammatory response [17, 18]. Neutrophils attracted in the
airways are thought to determine more damage than help.
Bacteria target neutrophils by their own proteases, causing
apoptosis, secondary necrosis, and release of proinflamma-
tory and toxic products [19]. Besides airway epithelial cells
and neutrophils, macrophages are also being intensively
studied for their contribution to the pathophysiology of CF
lung disease [20]. Murine alveolar macrophages have been
shown to express CFTR and their defect in the acidification
of lysosomes is thought to have a role in the lack of an appro-
priate host response to opportunistic bacterial pathogens
[21, 22]. The chronic inflammatory process eventually leads
to a remodelling process of the airways [23, 24], mediated by
metalloproteinases secreted by inflammatory cells [25].

Due to the intense production of inflammatory signalling
molecules able to recruit circulating cells derived from bone
marrow to the site of injury, it is tempting to speculate
that BM progenitor/stem cells might be attracted through
chemotaxis to the damaged lung. Presently, the role of BM-
derived stem and progenitor cells in the repair of an injured
lung in the postnatal life has not been completely elucidated
and is at least a controversial field, as we shall point out
below. Moreover, it remains to be established whether BM-
derived cells can contribute to the pool of endogenous
lung progenitor cells during regeneration. In mouse models,
Krause and coworkers established the presence of marrow-
derived lung cells up to 11 months after transplantation [26],
and more recent work which applied stringent molecular
biology and morphometric assays showed also prolonged
engraftment (at least for 4 months) (see, e.g., [27]).

A study on hyperoxia-induced bronchopulmonary dys-
plasia in a mouse model suggests that BM-derived mes-
enchymal stromal (stem) cell (MSC) treatment can increase
both the overall number of bronchioalveolar stem cells
(BASCs) and the number of junctions scoring positive for
these progenitors [28]. On the other hand, one recent study
using a model of postpneumonectomy with compensatory
lung growth in mice found that no donor BM-derived
cells engrafted as airway or alveolar epithelial cells at the
bronchoalveolar duct junction, a site where putative progen-
itor cells have been found [29]. The use of different lung
injury models may be the reason for these divergent results,
suggesting that the contribution of BM-derived cells to the
endogenous pool of lung progenitor populations may vary
with the lung disease, the type of injury and the repair
process.

3. Engraftment of Marrow-Derived Stem Cells
and Relevance for Lung Repair

In 2001, Krause and colleagues [26] published compelling
evidence on the fact that a rare population of single BM-
derived cells was able to repopulate the hematopoietic sys-
tem and generate nonhematopoietic cell types in multiple
tissues including epithelial cells of the liver, lung, skin, and
gastrointestinal tract. Subsequently, several studies in murine
models have demonstrated the ability of marrow-derived
hematopoietic stem/progenitor cells (HSPCs) to home to the
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lung and engraft as airway and respiratory epithelial cells
[30–33]. Others have shown that blood-borne stem cells
may contribute to lung tissue in human recipients of bone
marrow or lung transplantation [34–36]. Besides HSPCs and
MSCs, bone marrow contains endothelial progenitor cells
(EPCs), and also a marrow-derived circulating cell with
fibroblast-like features, termed fibrocyte, has been described.
Numerous studies performed in various animal models have
demonstrated the ability of MSCs, EPCs, and fibrocytes
to home to the lung and differentiate into a variety of
cells types, including epithelial, endothelial, fibroblasts, and
myofibroblast cells (reviewed in [8, 9, 37]).

From these studies, a caveat emerged and that is that
the conversion of marrow-derived stem/progenitor cells into
nonhematopoietic cells is very limited in the absence of lung
injury, as also shown by further studies in mice [38, 39],
indicating that they are not involved in themaintenance of the
steady-state homeostasis of lung architecture and function.

Homing to the lung and engraftment of bone marrow-
derived stem/progenitor cells into the airways is a very
inefficient process. Most of the studies showed that only a
very small proportion, that is,<0.01–0.025% of lung epithelial
cells, is derived from bonemarrow-derived cells (reviewed in
[40]). However, using mouse models, besides some authors
reporting very low numbers of lung epithelial cells that are
marrow-derived [26, 31, 38, 41], there are others who find a
higher percentage of BM-derived lung epithelial cells [42, 43],
whereas in contrast, some authors were not able to iden-
tify any marrow-derived respiratory epithelial cells [44–47].
Explanations to these contrasting results include problems
associated with detection of marrow-derived lung epithelial
cells, animalmodels closer to the in vivo situation and route of
administration, and heterogeneity of administered cells [48].
Detection of rare marrow-derived epithelial cells presents a
great challenge and requires extremely sensitive and specific
detection techniques [49, 50]. The major common problems
to be addressed are (1) overlay of BM-derived cells with
epithelial cells, ruled out by CD45 staining and confocal
or deconvolution microscopy; (2) lack of identification of
marrow-derived epithelial cells by use of lung epithelial
specific markers; and (3) lack of adequate positive and
negative controls.

From different studies in mice [27, 51, 52], it emerged
that transtracheal delivery was more efficacious in enhancing
bone marrow cell retention in the lung than the intravenous
route. The systemic delivery resulted in null or fewer cells in
the lung, with large amounts of these cells in the spleen, liver,
and bone marrow [27, 52]. In an effort to draw closer to the
pathophysiology of CF lung disease, we have demonstrated
that in a murine model mimicking the early phases of
bacterial infection and airway remodelling occurring in CF
patients, the local administration of lineage negative (lin−)
Sca-1+ HSPCs resulted in a limited (∼1%) transformation
of HSPCs into respiratory epithelial cells [52]. Thus, the
conversion of HSPCs into pulmonary epithelial cells looks
like it is independent from the animal model used and it
is more likely linked to selected populations which have
inherent hurdles in engrafting to the lung and transforming
into epithelial cells.

The mechanism by which marrow cells acquire not only
the phenotype but also the protein expression of epithelial
cells has been investigated and is presently still under dis-
cussion [49, 50]. There are multiple potential mechanisms by
which BM-derived cells could engraft as respiratory epithelial
cells. One possibility is that the bone marrow hosts a previ-
ously unsuspected population of epithelial stem/progenitor
cells that differentiate into hematopoietic stem cells and
into epithelial cell lineages, the so-called multipotent adult
progenitor cells (MAPCs), as shown in the mouse [53].

Similar to the previous possibility, a second one is that
there are epithelial progenitor cells in the bone marrow that
are capable of engraftment as epithelial cells, but not as
hematopoietic cells, as particularly shown in mice [54–56].

A third mechanism may be transdifferentiation of com-
mitted HSPCs after they are reprogrammed by the microen-
vironment in the injured lung. So far, no data have been
published that directly support this hypothesis.

A fourth option for plasticity could be fusion of a BM-
derived cell with a mature pneumocyte or an airway cell
lining the bronchiole such that it then undergoes nuclear
reprogramming. Although murine marrow-derived lung
epithelial cells can appear without any evidence of cell fusion
[57, 58], others have demonstrated that they can be derived
in part from cell fusion events in mice [59].

A fifth mechanism suggested is the consumption by mar-
row cells of lung-derived microvesicles. It has been proposed
that the injured lung is capable of inducing epigenetic modi-
fications of marrow cells, influencing them to assume pheno-
typic characteristics of lung cells. Although fusion events have
been considered rare in this context, Aliotta and colleagues
demonstrated in mice that lung-derived microvesicles are
consumed by marrow cells inducing the expression of lung-
specific genes in marrow cells, augmenting their capacity
of becoming epithelial cells upon transplantation [60]. Both
direct transfer of pulmonary epithelial cell-specific mRNA to
marrow and induced transcription of pulmonary epithelial
cell-specific mRNA in marrow cells were hypothesized by
using murine BM cells cocultured with rat lung [61].

Although no definitive data are available for these dif-
ferent possibilities, it is likely that engraftment of marrow-
derived epithelial cells occurs via multiple different mecha-
nisms, depending on the entity of damage and which subset
of marrow cells is involved. The still unresolved issues about
homing and engraftment of marrow cells in the lung are
summarized in Figure 1.

4. Relevance of Marrow-Derived
Stem/Progenitor Cells for Lung Diseases

On the basis of the data currently available, engraftment
of airway or alveolar epithelium by stem/progenitor cells
originating from the bonemarrow is now viewed to be a rarer
occurrence than previously described and of unclear physio-
logic and therapeutic significance [37, 62]. It is now thought
that the positive outcome obtained in animal models is due
to paracrine factors which may enhance the regeneration of
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Homing and engraftment
of marrow cells in the lung

Delivery:
(1) route of administration

(intravenous versus  transtracheal)
(2) animal model of injury

Mechanisms of plasticity:
(1) presence of a pluripotent stem cell

population in the bone marrow;
(2) transdifferentiation into epithelial cells;
(3) fusion with epithelial cells;
(4) acquirement of mRNA by epithelial cells

through taking up of bone marrow-derived 
microvesicles

Technical issues:
(1) proving that a cell is donor-derived by
      the use of markers (Y chromosome or
      donor-derived gene);
(2) proving that a cell is truly epithelial by
      expression of cell specific markers;
(3) ruling out overlay of cells

Figure 1: Still debated issues about homing and engraftment of marrow cells in the lung.

epithelial or endothelial cells, or modulate inflammatory and
immune responses [63].

Circulating EPCs can contribute to regeneration of pul-
monary vasculature in a mouse model for emphysema in
response to lipolysaccharide-induced lung injury [64] and
have been investigated in patients with pulmonary arterial
hypertension (PAH) in two small clinical trials [65, 66]. The
results demonstrated EPC administration to be safe and led
to a clinical study (Pulmonary Hypertension: Assessment of
Cell Therapy, PHACeT, as registered on ClinicalTrials.gov
(NCT00469027)) being initiated to assess the safety of a
randomized controlled trial of autologous EPCs and eNOS
gene transfer for idiopatic PAH [67].

Increasing evidence obtained, particularly in mouse
models, suggests that circulating fibrocytes can contribute
to the pathophysiology of fibrotic lung diseases [68–74],
pulmonary hypertension [74, 75], and severe asthma [74–
76], and thus may be a potential therapeutic target. Further
research is needed in order to more fully understand their
role in pulmonary fibroses and chronic lung diseases. So far,
their use as therapeutic agents in humans with chronic lung
diseases has not been conceived yet.

There is an increasing number of studies demonstrating
a functional role of MSCs in rodent models of acute lung
inflammation and fibrosis in the absence of significant lung
engraftment both by transtracheal [77, 78] and systemic
administration [79, 80]. MSCs have been found to exert
profound suppressive effects on immune cells and pathways
[81–84] and have demonstrated both safety and efficacy
features in phase 1 and 2 trials in immune-mediated diseases
such as graft-versus-host disease (GVHD) [85] and Crohn’s
disease [86]. In addition,MSCs are being explored for clinical
application in renal, cardiovascular diseases, and osteoge-
nesis imperfecta [87]. In the field of chronic lung disease,
the administration of MSCs has had therapeutic effects in

preclinical animal models of asthma and COPD [63, 88, 89].
On the other hand, initial studies on CF mouse models using
poorly characterized BM-derived donor cells demonstrated
very low levels of engraftment, likely insufficient to give any
positive outcome in the lung disease [90–92]. It is worth
noting that studies on asthma and COPD looked at the
immunoregulatory role of MSCs, while those on CF were
carried out for another purpose, that is, the resumption of the
basic ion transport defect at the level of the airway epithelium.
Thus, further studies on the role of MSCs in modifying the
immunological and inflammatory asset in CF animal models
are warranted.

There are scarce data in humans confirming the clinical
potential of BM-derived stem cells in chronic lung diseases
[93]. The most compelling example come from the use
of MSCs in COPD patients [89]. In one unicentric study,
the systemic administration of autologous bone marrow
mononuclear cells in patients with advanced COPD proved
to be well tolerated [94]. Prochymal, human MSCs derived
from adult healthy donors, was administered systemically
in four doses to patients with moderate-to-severe COPD in
a placebo-controlled randomized multicentre trial, demon-
strating to be safe [95].

5. Heterogeneity of Marrow-Derived
Stem/Progenitor Cells

Despite many efforts to isolate a pure hematopoietic progen-
itor cell population based on patterns of gene expression in
combination with differences in cell size, density, and the
uptake of fluorescence probes such as rhodamine-123, the
resulting cell population remains heterogeneous, as shown
in different species (mouse, man, rhesus, and miniature
swine) [96–103]. More recent transplantation studies in mice

http://clinicaltrials.gov/show/NCT00469027
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[104–107] recognized the existence of HSPCs with differ-
ent behaviour in terms of long-, intermediate-, and short-
term engraftment patterns. Even in functionally identified
stem cell populations, cellular and molecular properties and
behaviours vary, as evidenced in mouse models [104, 108]. In
particular, Dykstra and colleagues [104] demonstrated that
repopulation kinetics, long-term self-renewal potential, and
myeloid versus lymphoid bias are intrinsic HSPC properties,
stably inherited to their HSPC offspring. More recently,
Challen and colleagues [109] have confirmed these findings,
demonstrating that the side population (SP) phenotype
can separate myeloid from lymphoid phenotype in mice.
Whether this heterogeneity is an inherent HSPC property
and possibly even necessary for their function or whether it
simply reflects our inability to purify them to homogeneity
is currently unknown [110]. Answering this question will
require improved purification approaches, but many studies
do point to intrinsic stem cell heterogeneity both in human
and mouse cells [104, 111–113]. Recent methods to study stem
cells include long-term single-cell imaging [114] and clonal
analysis [115]. Regardless of the underlying mechanism(s),
these findings indicate that the HSPC lineage bias is gov-
erned more by a stable intrinsic epigenetic program than by
extrinsic signals in vivo. However, appropriate environmental
signals are nevertheless essential for the maintenance of both
HSPC self-renewal and the lineage bias program (see below).

Of the other stem cell populations present in the bone
marrow, MSCs are also endowed with heterogeneity in
humans and mice [116]. The MSC potency (defined as the
trilineage potential to exhibit adipo-, chondro-, and osteoge-
nesis) is unevenly distributed in an apparent homogeneous
population in human BM-derived cells [117, 118]. Further-
more, there is a growing body of evidence that suggests that
the heterogeneity of MSCs may contribute to their broad
therapeutic efficacy, withmultiple cell populations participat-
ing in tissue repair through diverse mechanisms that include
the regulation of inflammation and apoptosis. Frequently
these repair mechanisms are examined with the entire MSC
preparation rather than its constituent populations [80].

It is not really known whether these subpopulations
are endowed with different engraftment capacity in the
lung. The heterogeneity of marrow cells and their plasticity
in relation to the lung has been recently appreciated in
the mouse using adherent subpopulations expressing both
hematopoietic markers (CD34, CD45) and mesenchymal
markers (CD73, CD90, CD105) and by differentiating them
on the basis of the expression of Clara cell secretory protein
(CcsP) mRNA and protein [119]. More Ccsp+ cells were
found in naphthalene-injured lungs compared with Ccsp−
cells when delivered transtracheally to the airways. Ccsp+
cells were able to contribute to the reconstitution of injured
airways by 56% and 25% at 32 and 62 days after bone marrow
transplantation, respectively.Which stage in the development
of marrow cells do these cells represent is difficult to say, also
because they have only some features in common with other
subpopulations identified in the murine bone marrow [120,
121]. It is noteworthy to mention that several studies in mice
have shown that nonadherent HSPCs that can reconstitute
the blood are also capable to give rise to osteoblasts [122,

123]. The Krause group has demonstrated in mice that
nonhematopoietic (lin−) BM cells are the primary source
of donor-derived lung epithelial cells by showing that they
consistently give rise to surfactant protein C (SPC) positive
lung epithelial cells in SPC-knockout recipient mice, while
hematopoietic BM cells do not [124]. Further studies in mice,
using imaging flow cytometry, which allows for single cell
analysis without interference of cell overlay or background
fluorescence, have determined that the subpopulation of
nonhematopoietic cells in adult BM that is able to give rise to
lung epithelial cells is composed of small embryonic-like cells
(VSELs) [125]. These cells are small (2–6𝜇m), lin−, CD45−,
positive for Oct4 and Nanog, and give rise to cells of three
germ layer lineages in vitro [126].Othermarrow-derived stem
cell subpopulations have been described in mice and their
main features are given in Table 1.

Our recently published data confirm the HSPC hetero-
geneity in both lin− Sca-1+ and positively selected Sca-1+
murine HSPCs and suggest the role that mitochondria can
play in HSPC biology [128]. In an attempt to differentiate
hematopoietic progenitor cells on the basis of their phenotype
and mitochondrial content profile (as studied by staining
with MitoTracker Green [MTG], a dye which enters into
functional mitochondria), we identified two populations: a
population of smaller cells with a higher percentage of Sca-
1+ and lower MTG+ signal (R1) and a population of bigger
cells containing a lower percentage of Sca-1+ and higher
MTG+ (R2). These two populations also showed a different
CFTR expression which was higher in the subset with the
bigger size, although the CFTR expression was quite low in
both subsets (11% and 15% in smaller and bigger cells, resp.).
SincemurineHSPCs lose Sca-1 upon commitment tomyeloid
and lymphoid progenitors [129, 130], our data indicate that
mitochondrial biogenesis is linked to and likely required in
the first steps of stem/progenitor cell differentiation, as it
was suggested for human CD34+ cells [131]. Furthermore, the
low CFTR expression detected by us in both subpopulations
might explain why wild type marrow cells transplanted in CF
mice did not have a strong therapeutic effect. However, we
could establish that R1 is the murine subpopulation which
is endowed with the highest chemotactic activity in the
presence of an SDF-1 gradient [132].The relationship between
R1 (smaller) and R2 (bigger) subpopulations with Ccsp+ and
Ccsp− cells [119] is not known at the moment. Ccsp+ cells
are small (∼5–10𝜇m) and round cells and express Sca-1. In
contrast, Ccsp− cells (>10 𝜇m) range from very large cells
with a lot of cytoplasm to medium-sized cells. It is tempting
to speculate that R1 cells are similar either to Ccsp+ cells
or to VSELs, which show the highest regenerative potential
in the lung, and for this reason, expression of Ccsp and
hematopoietic/mesenchymal markers will be studied in the
near future, as well as the differentiative properties of R1
cells towards hematopoietic, mesenchymal, and epithelial
lineages. Overall, these studies highlight the presence of rare
populations of epithelial stem/progenitor cells in the bone
marrow. Their potential is still to be exploited in animal
models, above all for the effects on lung structure and
mechanics [29].
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Table 1: Characteristics of marrow-derived stem cell subpopulations in murine models.

Subpopulation Size Phenotype Marrow-derived epithelial
cells in the lung Reference

ELH1
<5 𝜇m Lin− Yes [26]

LSK2 ND Lin−, Sca-1+, Kit+ No [45]
MAPCs3 8–10 𝜇m Flk-1+, Sca-1+, Thy-1+, CD13+, SSEA-1+ Yes [53]

SSEA-14 Lin−, CD45−, CD31+, Sca-1+, CD105+, CD73+,
CD44+, vimentin+ ND [127]

VSELs5 2–4 𝜇m Lin−, Sca-1+, CD45−, SSEA-1+, Oct-4+, Nanog+ Yes [125]
Ccsp6 5–10 𝜇m CD45+, CD34+, CD73+, CD90+, CD105+ Yes [119]
R1/R2 CFTR7 ND Lin−, Sca-1+, CFTR+ ND [128]
1Elutriation (E), lineage depletion (L), ability to home (H) to the BM; 2Lineage-negative (L), Sca+ (S), Kit+ (K); 3Multipotent adult progenitor cells; 4Stage-
specific embryonic antigen 1; 5Very small, embryonic-like cells; 6Clara cell secretory protein; 7Cystic fibrosis transmembrane conductance regulator. ND: not
determined.

Instead of a hierarchical model, some studies suggest
that regulation of HPSCs is on a continuum [133]. In other
words, the phenotype of murine HSPCs reversibly varies
with the stage of cell cycle, and this conversion is likely due
to chromatin access for transcription factors which varies
in response to differentiating inducing stimuli [134]. This
has led to investigate whether the murine HSPCs labile
state in regarding to cell cycle has an implication for their
capacity of homing to the lung and give rise to differentiated
epithelial cells [135]. Lin− Sca+ HSPCs cultured with IL-3, IL-
6 and IL-11 for 24 hours (and entered in the G1/S interface),
showed three-fold increase in pulmonary epithelial cells as
compared with freshly isolated cells upon transplantation in
injured mice. This increased capacity to make lung cells had
returned to baseline at 48 hours of culture. Regarding the
efficiency of transformation of marrow cells into respiratory
epithelial cells, these results could convey the notion that
stimulating the proliferation of marrow cells would lead to
an enhancement of the epithelial cell regenerative capacity.
On the other hand, concerning the mechanism(s) behind
the phenomenon, it could be that cytokines are mimicking
signals coming from the damaged lung. It has been proposed
that chemokines, such as SDF-1 (or CXCL12), are the main
stimuli which attract circulating CXCR4-expressing epithe-
lial progenitor cells to the lung in rodents and humans [56,
136, 137].

6. Conclusion and Perspectives

The application of marrow-derived stem and progenitor cells
to chronic lung diseases, and as described in this review, is
still in its infancy. Many parameters should be considered,
which have not been fully analyzed in the many studies on
this subject, including different subsets of cells and the sig-
nal(s) involved in their homing to the injured and repairing
lung. It might well be that the functional heterogeneity of
subpopulations is reflected also by the different capacities
of progenitor/stem cells to home to epithelia-lined organs
and transform into epithelial cells, as it has been previously
demonstrated [119].

A caveat to these studies is safety. It could be that
the inflammatory response in the lung tissue is aggravated
by differentiation of BM-derived stem/progenitor cells into
maturemyeloid cells.This is suggested by recent work inmice
[138], which demonstrated that bonemarrow transplantation
contributes to lung inflammation in CF mice by giving
rise to lung macrophages. Inflammatory cells (neutrophils,
macrophages) also contribute to the remodelling of lung by
secreting proteases, including elastase and metalloproteases.
Finally, a control on the transplanted cells could be important
for safety reasons. As it has been done with allogeneic bone
marrow transplantation in leukemic patients with the suicide
gene therapy, the transplanted cells may be engineered with
the Herpes simplex-virus thymidine kinase (TK) gene and
controlled by the administration of a nontoxic prodrug-like
ganciclovir [139]. It should be emphasized that two major
limitations have emerged in clinical trials with TK cells,
namely, expression of nonfunctional TK molecules and the
immunogenicity of viral-derived TK protein, which have
limited the usefulness of this approach with BM transplan-
tation studies in humans [140]. Alternatively, marrow cells
might be administered via local injection [51, 52], thereby
bypassing the intravascular milieu which could facilitate or
induce their differentiation into neutrophils or macrophages.
As a third option, HSPCs could be coadministered alongwith
an MSC population. As discussed above, intrapulmonary
administration of MSCs attenuated inflammation and lung
injury despite minimal, if any, engraftment of MSCs in the
lung ofmouse and rat models [78, 79, 141], an effect explained
by paracrine effects due to the release of anti-inflammatory
mediators.

In short, continuous effort has to be dedicated to over-
come technical limitations in identifying marrow-derived
lung epithelial cells, to elucidate possible mechanism(s)
underlying the positive role of marrow cells in repairing lung
injury and to identify subpopulations which could engraft in
the lung. This knowledge could ameliorate marrow-derived
stem cell homing to the lung and their acquisition of lung cell
phenotype, as well as the modulation of inflammatory and
immune responses, obtaining a therapeutic outcome in such
deadly respiratory diseases.
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