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Stem cell biology and regenerative medicine for neonatal lung
diseases
Martin Kang1 and Bernard Thébaud2

Lung diseases remain one of the main causes of morbidity
and mortality in neonates. Cell therapy and regenerative
medicine have the potential to revolutionize the manage-
ment of life-threatening and debilitating lung diseases that
currently lack effective treatments. Over the past decade, the
repair capabilities of stem/progenitor cells have been
harnessed to prevent/rescue lung damage in experimental
neonatal lung diseases. Mesenchymal stromal cells and
amnion epithelial cells exert pleiotropic effects and represent
ideal therapeutic cells for bronchopulmonary dysplasia, a
multifactorial disease. Endothelial progenitor cells are opti-
mally suited to promote lung vascular growth and attenuate
pulmonary hypertension in infants with congenital diaphrag-
matic hernia or a vascular bronchopulmonary dysplasia
phenotype. Induced pluripotent stem cells (iPSCs) are one of
the most exciting breakthroughs of the past decade. Patient-
specific iPSCs can be derived from somatic cells and
differentiated into any cell type. iPSCs can be capitalized
upon to develop personalized regenerative cell products for
surfactant protein deficiencies—lethal lung disorders without
treatment—that affect a single gene in a single cell type and
thus lend themselves to phenotype-specific cell replacement.
While the clinical translation has begun, more needs to be
learned about the biology of these repair cells to make this
translation successful.

LIFE-THREATENING AND DEBILITATING LUNG DISEASES OF
THE NEWBORN THAT LACK EFFECTIVE THERAPIES

Advances in perinatal care have markedly improved
neonatal survival over the past 50 years (1). Because

the lung is one of the last organs to mature, and because of the
marked changes that occur in cardiorespiratory transition at
birth, neonatal respiratory complications are still common.
Regionalization, antenatal steroids and antibiotics, improved
resuscitation strategies, exogenous surfactant, and new
ventilation approaches have contributed to improved respira-
tory outcomes. However, a subset of life-threatening and
debilitating lung diseases still lacks effective therapies.

Bronchopulmonary dysplasia (BPD), the chronic lung
disease of prematurity, remains the main complication of
extreme preterm birth and is associated with adverse
neurodevelopmental outcome, retinopathy of prematurity,
sepsis, and long-term respiratory complications into
adulthood (2). BPD is a multifactorial disease impeding
normal lung growth as early as in the late canalicular
stage of development. The aberrant repair process
leads to dysplastic lung growth with dysfunctional small
conducting airways, large and simplified alveoli, fewer and/or
maldistributed blood vessels, and altered extracellular
matrix.
A subset of infants with BPD may display a more vascular

phenotype (3), making them more prone to develop
pulmonary hypertension (PH), which doubles their risk of
death (4). PH also complicates congenital diaphragmatic
hernia (CDH), a common congenital malformation (1/2,000
live births) with a high mortality rate (~50%). Although
inhaled nitric oxide has simplified the management of
neonatal PH, 50% fail to respond. Among survivors, there is
an emerging pattern of late and chronic PH extending beyond
the immediate neonatal period that significantly worsens the
prognosis (5,6). The reduction of the lung vascular bed may
render any treatment strategy aiming at vasodilatation only
futile.
Surfactant protein deficiencies cause severe respiratory

distress at birth and are lethal or lead to an underestimated
10% of all childhood interstitial lung diseases (7). Lung
transplantation is the only life-saving option, but is rarely
available and carries high risks of mortality and morbidity.
Novel insights into stem cell biology over the past decade

have unraveled the regenerative potential of stem cells and
sparked the development of a panoply of disease-specific
cell-based therapies that offer the promise of personalized
regenerative cell products to substantially improve the outcome
of these life-threatening and debilitating lung diseases.

A VERY BRIEF HISTORY OF STEM CELLS
‘‘At the time, you don’t think you are going to do something
historic’’. Dr James Till, co-discoverer of stem cells
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Stem cells were originally described by Till and McCulloch
in 1960 (8). Their definition including the capability to form
colonies (self-renew) and to differentiate into at least one
other cell type still prevails. Embryonic stem cells (ESCs)
represent the stem cell par excellence as they have extensive
self-renewal capability and differentiate into all three germ
layers. The best-described adult stem cells are hematopoietic
stem cells. Their potential to reconstitute the entire hemato-
poiesis in the bone marrow is the basis for bone marrow
transplantation in certain cancers for over 50 years. More
recently, this approach has been used for the treatment of
metabolic and immune diseases (9).
However, it is the discovery of the repair potential of

mesenchymal stromal cells (MSCs)—until then considered as
niche cells crucial for the regulation of hematopoietic stem
cells—that ignited the use of cell therapies in regenerative
medicine. Since the progress in stem cell biology has allowed
the identification of numerous stem/progenitor cells, includ-
ing endothelial progenitor cells (EPCs) for vascular repair and
induced pluripotent stem cells (iPSCs) for genetic diseases,
there is a strong rationale for harnessing the regenerative
potential of these cells for neonatal lung diseases (Table 1).

PLEIOTROPIC REPAIR CELLS TO STEM LUNG INJURY IN BPD
Rationale
BPD is a multifactorial disease interrupting normal lung
growth. MSCs exert pleiotropic effects and release lung
growth-promoting factors. As such, MSCs represent ideal
therapeutic cells capable of stemming the multiple pathogenic
mechanisms of BPD while also promoting lung growth, which
is in stark contrast to currently used postnatal steroid therapy
(10).

Mesenchymal stromal cells
Originally isolated from the bone marrow by Friedenstein as a
rare population of plastic-adherent stromal cells (1 in 10,000
nucleated cells), MSCs have now been found to reside in all
tissues (11). These plastic adherent cells were capable of
forming single-cell colonies resembling fibroblastoid cells
(colony-forming unit fibroblasts) and to differentiate into
mesoderm-derived tissue. Because of different methods in the
isolation and expansion, and different approaches to char-
acterizing these cells between labs, the International Society
for Cellular Therapy proposed minimal criteria to define
human MSCs, including (i) adhesion to plastic, (ii) expression

of the cell surface markers CD105, CD73, and CD90, and (iii)
lack of CD45, CD34, CD14 or CD11b, CD79α or CD19, and
HLA-DR surface molecules expression, and (iv) differentia-
tion to osteoblasts, adipocytes, and chondroblasts in vitro
(12). While the definition of MSCs is still evolving, their ease
of isolation and expansion, genetic stability, and pleiotropic
effects make MSCs ideal repair cells, and thus the therapeutic
potential of exogenous MSCs has been harnessed for the
repair of various organ injuries, including the lung (13). In
addition, MSC express HLA class I but not HLA class II and
do not elicit alloreactive lymphocyte proliferation. Thus,
MSCs are not inherently immunogenic, making allogeneic
transplantation feasible, even to HLA-incompatible recipients.

Proof-of-concept and preclinical studies in rodent models
Bone marrow-derived MSCs exhibit lung-protective effects in
oxygen-induced arrested alveolar and lung vascular develop-
ment in neonatal rodents via single intratracheal or
intravenous injection (14,15). Rapidly, human umbilical cord
tissue and cord blood were proposed as a clinically relevant
source for MSC therapy. Interestingly, cord-derived MSCs
may yield superior repair potential than the more widely used
bone marrow MSCs (16–18). Furthermore, parabiosis experi-
ments stressed the importance of the youth of the recipient
environment and the cells, implicating great repair potential
of perinatal cells in neonates (19). Accordingly, experiments
in the neonatal rats exposed to hyperoxia demonstrated the
therapeutic benefit in lung injury prevention and rescue, with
safety up to 6 months post-treatment (20,21).

Mechanism of action
The self-renewal and differentiation potential of stem cells
formed the premise for studying their repair capabilities.
Contrary to the original hypotheses, MSC engraftment and
differentiation in the lung were consistently low (21). Thus,
cell replacement does not seem important in the repair
process. Instead, MSCs exert their beneficial effects through
paracrine activity and cell-to-cell contact explaining their
pleiotropic effects (reviewed in ref. (22)). Besides their potent
immune-modulatory activities, MSCs also exert antiapoptotic,
antioxidant, and antifibrotic effects. In addition, MSCs release
numerous growth factors—including keratinocyte growth
factor, epidermal growth factor, and angiogenic growth
factors (23)—that independently have been shown to promote
lung growth. Accordingly, in vitro and in vivo experiments

Table 1. Rationale approach to potential cell therapies based on disease mechanism

Neonatal lung disease Main disease mechanism Cell therapy Mechanism of action Status

BPD Inflammation MSC hAEC Paracrine effect •Preclinical
•Phase I

Pulmonary hypertension Lung vascular hypoplasia/endothelial dysfunction EPC Paracrine effect •Preclinical
•Phase I

Surfactant protein deficiency Monogenetic mutation affecting a single-cell type iPSC-derived AT2 Cell replacement •In vitro differentiation

Abbreviations: AT2, alveolar type 2 cell; BPD, bronchopulmonary dysplasia; EPC, endothelial progenitor cell; hAEC, human amnion epithelial cell; iPSC, induced pluripotent stem
cell; MSC, mesenchymal stromal cell.
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with cell-free conditioned media derived from MSCs demon-
strated lung-protective effects similar to whole-cell therapies
(14,15,21,23). Preconditioning in hyperoxia further enhanced
the repair potential of MSC-derived conditioned media in the
hyperoxic neonatal rat model (24). The recent realization that
MSCs communicate and release bioactive compounds via
extracellular vesicles (reviewed in ref. (25)) opens exciting
new therapeutic avenues for cell therapies without the cell.

Human amnion epithelial cells
Human amnion epithelial cells (hAECs) represent another
interesting perinatal tissue-derived cell product for the
treatment of BPD. Intriguingly, hAECs isolated from the
amniotic membrane after birth, share similar, mostly anti-
inflammatory properties with MSCs (26). Similar to MSCs,
hAECs do not engraft and exert their therapeutic benefit
through a paracrine activity. Preclinical studies have demon-
strated the lung-protective effects of hAECs in neonatal
rodents and fetal sheep (27–29).
Overall, these promising findings have prompted early

phase clinical trials with MSCs and hAECs to test the
feasibility and safety of these cells therapies in preterm
infants.

Early phase clinical trials
A first phase I dose-escalation study enrolled nine extreme
preterm neonates to receive a single intratracheal injection of
allogeneic cord blood-derived MSCs within 5–14 days of life if
still on mechanical ventilation (30). The procedure was
feasible and no serious adverse events were reported. The
recent follow-up study showed no transplantation-related
adverse outcomes, including tumorigenicity. Infants treated
with MSCs showed no adverse effects on growth, respiratory
function (no asthma or requirement for continuous steroid/
bronchodilator treatment), and neurodevelopmental out-
comes (including cerebral palsy, blindness, or developmental
delay) at 2 years of age (31).
A phase I trial with hAECs just finished enrollment. In this

trial, the safety and feasibility of a single dose of 1 × 106 cells/
kg of allogeneic hAECs intravenously was tested in six
extreme preterm infants ≤ 28 weeks gestation with established
BPD (36 weeks corrected age, ongoing respiratory support—
either intubated or noninvasive respiratory support via nasal
intermittent positive ventilation or continuous positive airway
pressure therapy with mean/end expiratory pressure 47 cm
H2O and FiO2= 0.3–0.5) (https://www.anzctr.org.au/Trial/
Registration/TrialReview.aspx?id= 365566).
While safety of these cells will likely be revealed, well-

designed phase II and III trials will need to demonstrate the
therapeutic benefit. It will be critical to establish high-quality
manufacturing processes to produce the most potent
therapeutic product and identify reliable potency assays to
predict as best as possible the efficacy of this product (32,33).
Indeed, variations in MSC products can make the interpreta-
tion of clinical trial results and ensuing systematic reviews and
meta-analysis difficult.

EPCS TO PROMOTE LUNG VASCULAR GROWTH AND
ATTENUATE NEONATAL PH
Rationale
Impaired lung growth and PH limits survival in a subset of
infants with BPD and CDH. The anatomical reduction of the
pulmonary vascular bed in these patients may render any new
treatment strategy aiming at vasodilatation only—even so
vasoconstriction might be present—obsolete. Blood vessel
formation contributes to lung growth. EPCs contribute to
vessel formation and may be altered in BPD/CDH. Conse-
quently, supplementation of healthy EPCs may promote lung
vascular growth and attenuate PH.

Endothelial progenitor cells
Extensive work over the past two decades has highlighted the
critical interactions between airways and blood vessels for
normal lung development (34). The fact that combined
abnormalities in the vasculature and airways occur in lung
diseases suggested that (i) blood vessel formation is important
for normal airway development; (ii) impaired signaling of
angiogenic growth factors such as vascular endothelial growth
factor leads to decreased lung growth and PH; and (iii)
enhancing angiogenesis via angiogenic growth factors pro-
motes lung growth and attenuates PH. These observations
provided proof of concept for the crucial role of the lung
vasculature in what was traditionally thought of as an airway
disease and open new therapeutic avenues. These experiments
also emphasized the importance of closely recapitulating the
tightly orchestrated process of angiogenesis to warrant
efficient and safe angiogenesis. This possibility was enabled
by the discovery of circulating EPCs in adult human
peripheral blood capable of postnatal neoangiogenesis
in vivo (35).
Yet, controversy around the definition of EPCs, similar to

what the field experienced with ES cells and MSCs, is a major
limitation to decide which cell population to consider for cell
therapy. Various methods exist for the isolation of EPCs and
yield different type of cells. A recent consensus statement on
nomenclature of EPCs suggests the use of precise terminology
based on defining cellular phenotype and function (36).
Endothelial colony-forming cells (ECFCs) and myeloid
angiogenic cells (MACs) are examples of two distinct and
well-defined cell types that have been considered EPCs: both
promote vascular repair and may thus be considered for
therapeutic purposes, although their mechanism of action
appear to be different. ECFCs were originally identified by Dr
Yoder’s group in circulating adult and cord blood (37).
Importantly, in contrast to MACs—which participate in
angiogenesis but do not directly form the endothelial
monolayer of new vessels and display various monocyte/
macrophage phenotypes and function—ECFCs are character-
ized by (i) robust proliferative potential, (ii) secondary and
tertiary colony formation upon replating, and (iii) de novo
blood vessel formation in vivo when transplanted into
immunodeficient mice.
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Proof of concept for the therapeutic potential of EPCs in
experimental neonatal PH
Following the discovery of resident ECFCs in the adult rat
lung (38), ECFCs were also identified in the developing
human and rodent lung (39), as well as in human placenta
(40). Interestingly, human fetal lung ECFCs exposed to
hyperoxia in vitro and neonatal rat ECFCs isolated from
hyperoxic injured lungs—mimicking BPD—proliferate less,
have decreased clonogenic capacity, and form fewer capillary-
like networks (41). Additional evidence supporting ECFC
impairment associated with neonatal lung injury come from
clinical studies. The number of cord blood ECFCs is
significantly lower in preterm infants, which subsequently
develop moderate or severe BPD (42,43). Preterm ECFCs are
also more susceptible to oxygen than term ECFCs (44). Data
in CDH infants are more controversial: in one study, CDH
infants had more high proliferative ECFCs in their cord blood
compared with controls (45). Conversely, another study
reported impaired cord blood ECFC self-renewal, in vivo
vasculogenesis, and response to vascular endothelial growth
factor from CDH infants compared with healthy term infants
(46). Together with other studies using EPCs as biomarkers
for neonatal complications, these observations highlight the
need for larger sample sizes on clearly defined EPCs to
provide more robust data (47). Overall, these findings
provided sufficient rationale to test the therapeutic potential
of ECFCs and MACs in animal models.
Intravenous infusion of human cord blood-derived ECFCs

into immune-deficient rats and mice exposed to hyperoxia
promote lung vascular growth, prevent and restore alveolar
injury, and attenuate PH with safety at 10 months post-
treatment (41). Intriguingly and similar to observations with
MSCs, low ECFC engraftment and the protective effect of cell-
free ECFC-derived conditioned media (41) suggest that
ECFCs exert their therapeutic benefit via a paracrine effect.
In a bleomycin-induced neonatal lung injury model, ECFC-
derived conditioned media had no effect on lung growth but
attenuated PH (48). Unlike MSCs, ECFC may be immuno-
genic, hampering the possibility of non-major histocompat-
ibility complex-matched allogeneic transplantation. Thus, the
paracrine mode of action of ECFCs may open exciting
therapeutic avenues for cell-free, allogeneic, off-the-shelf
proangiogenic therapies.
Circulating, lung and bone marrow-derived MACs are

reduced in neonatal mice exposed to hyperoxia (49).
Conversely, hyperoxic adult mice did not display alveolar
damage and had increased circulating and lung MACs,
implying that decreased proangiogenic cells may contribute to
the arrested lung growth seen in the neonatal animals.
Infusion of bone marrow-derived MACs restored alveolar and
lung vascular growth in hyperoxic neonatal mice (50).
Well-designed preclinical studies using small and large

animal models are required to provide a solid basis for the
development of safe proangiogenic cell products that can be
translated into the clinic.

IPSCS FOR MONOGENETIC LUNG DISEASES
Rationale
Surfactant protein deficiencies are devastating lung diseases
that can be lethal or lead to interstitial lung diseases (7). These
genetic lung disorders affect a single gene in a single cell type.
Patient-specific iPSCs can be derived from skin fibroblasts or
blood cells and cord, and then differentiated into any cell type,
including surfactant producing alveolar epithelial type 2
(AT2) cells. Thus, iPSCs are ideally positioned for disease
modeling, genome editing strategies, and cell replacement
therapies.

Induced pluripotent stem cells
iPSCs are one of the most exciting breakthroughs of the past
decade. Somatic cell nuclear transfer experiments by Dr
Gurdon in the 1960s demonstrated that fully differentiated
somatic cells retained pluripotent abilities (51). It took Shinya
Yamanaka’s identification of four transcription factors (Oct3-
/4, Sox2, Klf4, and c-Myc) to reprogram fully differentiated
somatic cells into pluripotent stem cells to realize that a new
potential therapeutic strategy for diseases was now available
(52,53). These human (h)iPSCs possess desirable character-
istics for use in cell therapies. Similar to ESCs, hiPSCs have
the potential to become any cell type in the body. However, as
hiPSCs can be generated from each patient, they represent an
autologous source of cells that overcomes the likelihood of
immune-mediated rejection. An unlimited number of cells
can be generated from hiPSCs as they can be maintained and
expanded in vitro. hiPSC clones can also be manipulated by
gene editing technologies to correct DNA mutations. And
unlike ESCs, hiPSCs are not associated with the controversies
and ethical considerations commonly linked with using ESCs.

Proof of concept that iPSCs can be differentiated into alveolar
epithelial cells
Early studies differentiated ESCs into AT2 cells within 11 days
of using a two-step protocol into definitive endoderm by
activin or A549-conditioned medium as a precursor to lung
epithelial cells (54). Wnt3 was identified as endoderm
differentiation-promoting factor, and fibroblast growth factor
2 seemed to enhance maturation into alveolar epithelial cells.
Endotracheal injection of ESCs into preterm mouse lung
suggested that recapitulation of development enhance deriva-
tion of an enriched population of lung-like cells. Novel tools
(55,56) and the development of more complex step-wise
protocols to recapitulate endoderm differentiation and lung
development in a dish can now facilitate the successful
generation of conducting airway epithelial cells (57) useful for
cystic fibrosis and also distal alveolar epithelial cells (58,59).
Current refinements of differentiation protocols include the
generation of three-dimensional organoid structures to more
reliably recapitulate the lung environment (60). It is now
possible to generate hiPSC-derived lung bud organoids
containing mesoderm and pulmonary endoderm and develop
into branching airway and early alveolar structures after
xenotransplantation and in Matrigel three-dimensional
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culture mimicking the second trimester of human gestation
(61). This organoid approach can be used for synthesizing
patient-specific lung tissue to model any human lung disease
with the potential for high-throughput drug screening to
identify novel therapies (62).

Unprecedented therapeutic possibilities for monogenetic lung
diseases
The potential for disease modeling and testing of therapeutic
strategies has been elegantly demonstrated for cystic fibrosis.
Using zinc-finger nucleases (63) or CRISPR/Cas9 (ref. (64)) in
hiPSCs reprogrammed from cystic fibrosis patients, mutations
in the CFTR gene were corrected by gene editing. The hiPSCs
containing the newly corrected CFTR gene were subsequently
differentiated into airway epithelial cells in which CFTR ion
transport function was fully restored (63,64). More recently,
functional proximal airway organoids were generated by
directed differentiation of patient-specific iPSCs that dis-
played defects in forskolin-induced swelling and could be
rescued by gene editing to correct the disease mutation (65).
These studies provide proof of concept that patient hiPSC

generation combined with gene editing is a feasible ther-
apeutic strategy for genetic lung diseases such as cystic
fibrosis, and that this strategy can likely be applied to lung
diseases such as genetic surfactant disorders. For example, in a
patient carrying the most common mutation in SP-B
deficiency (121 ins2), gene editing is required to delete the
two inserted nucleotides in codon 121 of the SFTPB gene by
homologous recombination and restore the correct reading
frame. The hiPSCs containing the corrected SFTPB gene can
then be differentiated into AT2 cells. Once expanded, these
cells would be available for cell therapy.
An important question for therapies is the dosage required

to demonstrate a therapeutic benefit for the patient. AT2 cells
comprise 7% of the total alveolar surface and 16% of all
parenchymal cells (66,67). It is unlikely that cell therapy could
restore the full percentage of AT2 cells in the parenchyma
because of poor engraftment and immune-mediated rejection.
However, for individuals with SFTPB mutations, it is possible
that cell therapy only requires a partial restoration of SPB to
20–25% of wild-type levels. In SP-B mouse models, symptoms
of surfactant deficiency only appear when SP-B falls below
20–25% of wild-type levels (68). Previous studies have already
demonstrated the effectiveness of AT2-derived iPSC therapy in
an animal model of lung fibrosis (69). However, the translation
of these findings into a therapy for humans remains difficult.
Other strategies, such as in vivo genome editing (70), are being
considered and may yield superior results as a separate
approach or in combination with cell therapy.

Important hurdles to overcome
A first clinical trial involving hiPSC-derived retinal epithelial
cells for age-related macular degeneration showed no tissue
rejection and no adverse events, but visual acuity had not
changed 1 year following the surgery. Although hiPSCs
represent a promising new strategy for ameliorating genetic

diseases with limited treatment options, hiPSC therapy is still
in its infancy and a number of caveats must be addressed
before hiPSCs can be considered a viable form of therapy for
patients with genetic conditions of surfactant deficiency. The
transcription factor-mediated process to reprogram somatic
cells into hiPSCs can alter the methylation status of the
hiPSCs compared with ESCs (71). It is unknown how this
difference in methylation affects the downstream applications
of hiPSCs. The original methylation status of the somatic cell
is observed in the reprogrammed hiPSCs. Normal genetic
variation between individuals also results in heterogeneity of
hiPSC populations following reprogramming (72). This
means that even though reprogramming conditions are kept
consistent between different cell lines, hiPSCs will be
heterogeneous because of their differences in methylation
patterns and their inherent genetic variation. This hetero-
geneity can result in unknown responses when differentiating
hiPSCs into AT2 cells. Furthermore, human pluripotent stem
cells (including ES and iPSC) accumulate dominant-negative
mutations in tumor suppressor genes over time, presenting a
cancer risk to patients if human pluripotent cells are used as a
therapeutic (73). Another factor to consider is that the current
differentiation protocols to generate AT2 cells from hiPSCs
can be inefficient, still use xenogenic agents, and there are
concerns about how well the hiPSC-derived AT2 cells
resemble naturally occurring mature and functional AT2
cells (74). Finally, even though hiPSC-derived cells represent
an autologous cell population, and should not generate an
immune response, animal studies have demonstrated that
autologous iPSC-derived cells can be immunogenic (75). The
immunogenicity as well as tumorigenicity of differentiated
cells or undifferentiated hiPSCs should always be assessed
before using these cells as a therapy.
hiPSCs represent a novel and exciting therapeutic strategy

for monogenetic disorders of the lung. While in vitro disease
modeling using hiPSCs may allow the development of novel
therapies in the near future, much more needs to be learned
about hiPSCs and potential risks must be addressed before
these cells are used in patients.

CONCLUSION
Cell therapies may represent a paradigm shift in the treatment
of neonatal lung diseases. Promising preclinical studies with
MSC and hAECS have already led to early phase clinical trials
in infants at risk of developing BPD. ECFCs and MACs,
interesting proangiogenic cells for intractable PH in infants
with CDH and vascular BPD phenotype, have passed the
proof-of-concept stage and lessons learned from MSCs and
hAECS may hasten the development of theses cells into a safe
clinical-grade product. hiPSCs hold tremendous promise for
curing monogenetic lung diseases either through disease
modeling and drug screening, as exemplified by in vitro
studies, or through direct cell replacement. While each of
these cells are at different stages of clinical translation, much
more needs to be learned about their biology to develop
disease-specific and safe cell products. The manufacturing
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process will be critical to obtain consistent, high-quality cell
product with predictable activity in vivo. Ultimately, the
successful clinical translation can only be based on the above
and methodologically robust preclinical studies that provide a
strong rationale to test relevant cell product in patients (76).
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