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ABSTRACT
Background Bronchopulmonary dysplasia (BPD)
remains a main complication of extreme prematurity and
currently lacks efficient treatment. Rat bone marrow-
derived mesenchymal stem cells (MSC) prevent lung
injury in an oxygen-induced model of BPD. Human cord
is an advantageous source of stem cells that is especially
appealing for the treatment of neonatal diseases. The
therapeutic benefit after established lung injury and
long-term safety of cord-derived stem cells is unknown.
Methods Human cord-derived perivascular cells (PCs)
or cord blood-derived MSCs were delivered
prophylactically or after established alveolar injury into
the airways of newborn rats exposed to hyperoxia, a
well-established BPD model.
Results Rat pups exposed to hyperoxia showed the
characteristic arrest in alveolar growth with air space
enlargement and loss of lung capillaries. PCs and MSCs
partially prevented and rescued lung function and
structure. Despite therapeutic benefit, cell engraftment
was low, suggesting that PCs and MSCs act via a
paracrine effect. Accordingly, cell free-derived
conditioned media from PCs and MSCs also exerted
therapeutic benefit when used either prophylactically or
therapeutically. Finally, long-term (6 months) assessment
of stem cell or conditioned media therapy showed no
adverse lung effects of either strategy, with persistent
improvement in exercise capacity and lung structure.
Conclusions Human umbilical cord-derived PCs and
MSCs exert short- and long-term therapeutic benefit
without adverse lung effects in this experimental model
and offer new therapeutic options for lung diseases
characterised by alveolar damage.

INTRODUCTION
Lung diseases characterised by alveolar damage
such as chronic lung disease of prematurity (or
bronchopulmonary dysplasia, BPD) and emphy-
sema in adults currently lack efficient treatments.
A common denominator of these diseases is the
absence of injury resolution leading to distorted
tissue repair resulting in arrested alveolar growth in
BPD or alveolar destruction in emphysema. Despite
intense investigations, current clinical management

remains devoid of treatments specifically promoting
lung repair.1

Recent insight into stem cell biology has gener-
ated excitement over the potential of stem cells to
regenerate damaged organs.2 Mesenchymal stem
cells (MSCs) have attracted much attention because
of their ease of isolation, multilineage developmen-
tal potential and immunomodulatory properties.3

Adult rat bone marrow-derived MSCs prevent lung
injury in various experimental lung disease models2

including experimental BPD.4 5 MSCs can be iso-
lated from different sources including umbilical
cord and cord blood, two neonatal cell sources
which show unique advantages over the adult MSC
counterpart.6

Perivascular cells (PCs) from diverse human
tissues give rise to adherent multilineage progenitor
cells that exhibit all the features of MSCs and may
represent precursors of MSCs, the native identity of
which has long been elusive.7 We previously showed
that PCs derived in culture from human umbilical

▸ http://dx.doi.org/10.1136/
thoraxjnl-2012-202661

Key messages

What is the key question?
▸ Is cord-derived cell-based therapy efficient and

safe for the prevention and/or treatment of
chronic lung disease of prematurity?

What is the bottom line?
▸ Currently there is no effective treatment for the

most common complication of extreme
prematurity.

Why read on?
▸ Human cord-derived perivascular cells and cord

blood-derived mesenchymal stem cells partially
prevent and restore lung structure and function
in newborn rats with experimental
oxygen-induced arrested alveolar growth
through a paracrine effect. Neither whole cell
therapy nor cell-free conditioned media therapy
adversely affect lung structure and function at
6 months post-treatment.
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cord vessels are candidates for lung repair due to their ability to
migrate towards an alveolar type II cell line damaged with bleo-
mycin,8 but their therapeutic potential remains unknown. In this
context, we tested two human stem cell populations derived
from the perivascular compartment of the umbilical cord (PCs)
and from cord blood (MSCs) in newborn rats exposed to hyper-
oxia, a well-established model mimicking BPD.9 In addition, to
select the best possible approach for future clinical applications,
we compared two different administration strategies—one
prophylactic and one therapeutic—after established lung injury.
In order to investigate the mechanisms underlying the beneficial
effects and with the perspective of a ‘pharmaceutical’ cell-based
therapy, we also tested the therapeutic potential of conditioned
media (CdM) from cord-derived PCs and cord blood-derived
MSCs. Finally, we evaluated the so far unknown long-term
effects of cord-derived cell-based therapies on exercise capacity
and lung structure at 6 months of age.

MATERIALS AND METHODS
More details of the methods are available in the online supple-
ment. Procedures were approved by the Institutional Animal
Care and Use Committee at the University of Alberta.

PC and MSC isolation, culture and CdM generation
PCs were isolated from the umbilical cords after parental consent
as previously described (see online supplementary figure S1).8

CdM was obtained as previously described.5

Animal model of oxygen-arrested lung growth
Rat pups were exposed to normoxia (21% oxygen, control
group) or hyperoxia (95% oxygen, BPD group) from birth to
P14 in sealed Plexiglas chambers (BioSpherix, Redfield,
New York, USA) as described elsewhere.5 10

In vivo cell administration
For prevention experiments, newborn rat pups were randomised
into seven groups: (1) room air (RA); (2) RA+MSCs; (3) RA+PCs;
(4) hyperoxia (oxygen injury model); (5) hyperoxia+human neo-
natal dermal fibroblast (HNDF); (6) hyperoxia+MSCs; and (7)
hyperoxia+PCs. For subsequent rescue experiments only the RA,
hyperoxia, hyperoxia+MSC and hyperoxia+PC groups were ana-
lysed. Cells were administered at P4 (prevention studies) or P14
(regeneration studies) via an intratracheal injection (300 000/20 μl
and 600 000/40 μl, respectively). Lungs were harvested on P22
(prevention studies) or P35 (regeneration studies). Long-term study
animals were treated at P4 and lungs were harvested at 6 months.

In vivo CdM administration
CdM was administered daily intraperitoneally at a dose of 7 μl/g
from P4 to P21 (prevention studies) or from P14 to P28 (regen-
eration studies). Lungs were harvested on P22 (prevention
studies) or P35 (regeneration studies). Long-term study animals
were treated from P4 to P21 and lungs were harvested at
6 months.

Lung function tests
Tests were performed on anaesthetised and paralysed animals
using Flexivent (Scireq, Montreal, Quebec, Canada).

Lung morphometry
Alveolar structures were quantified on systematically sampled
formaldehyde-fixed lung sections using the mean linear inter-
cept and septal counts.10 11

Barium-gelatin angiograms and vessel density counts
Barium was infused in the main pulmonary artery as previously
described.5 10

Right ventricular hypertrophy and pulmonary artery
remodelling
The right ventricle to left ventricle+septum ratio was used as
an index of right ventricular hypertrophy.5 Pulmonary artery
remodelling was quantified by medial wall thickness.5 10

Exercise capacity
Rats were run on a treadmill according to a pre-established
protocol.

Total body CT scan
Anaesthetised rats were imaged with a rodent SPECT-CT using
Amira software package (Gamma Medica, Northridge,
California, USA).

Real-time PCR
Real-time PCR was performed on frozen lungs from three
animals per group harvested at various time points after injec-
tion as described elsewhere.10

Immunofluorescence
Staining was performed on non-adjacent 5 mm paraffin-embedded
lung sections using rabbit anti-human β2-microglobulin (Abcam,
Cambridge, Massachusetts, USA) and appropriate secondary anti-
bodies (Invitrogen, Carlsbad, California, USA).

Statistical analysis
Values are expressed as means±SEM. Intergroup differences
were assessed using analysis of variance with post hoc test
(Fisher probable least significant difference test) (SPSS V.18).
A p value of < 0.05 was considered statistically significant. All
investigators performing evaluations were blinded to the experi-
mental groups.

RESULTS
Airway delivery of cord-derived PCs or cord blood-derived
MSCs prevents and rescues arrested alveolar growth
A total of 42 animals were used in the prevention experiments.
Exposure of newborn rats to oxygen from P4 to P14, a well-
established model mimicking BPD, led to distal air space
enlargement, alveolar simplification (figure 1A–C) and
decreased lung compliance (figure 1D) compared with
RA-housed animals. Prophylactic intratracheal delivery of PCs
and MSCs partially preserved alveolar growth (figure 1A–C)
and prevented the decrease in lung compliance (figure 1D).
Conversely, HNDF used as control cells had no effect on lung
function and structure (figure 1). PCs and MSCs had no adverse
effect on lung function and structure in RA control animals
(figure 1).

A total of 24 animals were used in the rescue experiments.
Administration of both PCs and MSCs at P14 as rescue therapy
after established arrested alveolar growth restored normal alveo-
lar architecture (figure 2A–C).

Lung engraftment of PCs and MSCs is low
Immunofluorescent staining for human β2-microglobulin in P22
lungs 18 days after administration of PCs and MSCs localised
very few cells within the lung (figure 3A). Quantification of
human cells using qRT-PCR confirmed the low rate of
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engraftment in recipient lungs with a dramatic decrease in
detected human Alu sequences from the first day after injection
to almost undetectable levels within 4 days (figure 3B). A total
of 42 animals were used (3/time point/cell type).

Therapeutic benefit of PCs and MSCs is mediated
via a paracrine effect
Low cell engraftment suggests the therapeutic benefit is unlikely
to be due to cell replacement. Evidence suggests that stem cells
act in a paracrine fashion. To verify this hypothesis, we assessed
in vivo the therapeutic potential of CdM harvested from PC
and MSC serum-free cultures. A total of 36 animals were used
in the prevention experiments to assess lung morphometry, lung
function and features of pulmonary hypertension. Prophylactic
daily intraperitoneal CdM injections (7 μl/g) from P4 to P21
improved alveolar architecture (figure 4A–C) and lung function
(figure 4D). CdM from PCs or MSCs had no adverse effects on
lung function and structure in RA control animals.

Another hallmark of BPD is rarefaction of pulmonary
vessels.12 Lung CT scans of barium-injected pulmonary arteries
showed severe rarefaction of pulmonary vessels in
oxygen-exposed animals (figure 5A). PC and MSC CdM par-
tially prevented the arrest in lung angiogenesis (figure 5A).
Quantification of barium gelatin-injected pulmonary vessels
(a total of 24 animals were assessed for lung vessel density)

confirmed the severe decrease in pulmonary vascular density in
the hyperoxic group (figure 5B). Both PC and MSC CdM sig-
nificantly attenuated the decrease in pulmonary vascular density
(figure 5B), but to a lesser extent than the improvements seen in
lung morphometry and function.

Pulmonary hypertension is a common complication of BPD
and significantly worsens the prognosis.13 PC and MSC CdM
were effective in preventing pulmonary arterial wall remodelling
(figure 6A,B) and right ventricular hypertrophy (figure 6C), two
structural features of pulmonary hypertension.

Similar to whole cell therapy, therapeutic administration of
PC and MSC CdM (from P14 to P28 assessed in 24 animals)
after established lung injury improved alveolar architecture
(figure 7A–C) and lung function (figure 7D).

PCs and MSCs display long-term safety
Seventy-two animals were kept alive for 6 months for long-term
evaluation of whole cell therapy (36 animals) and CdM therapy
(36 animals).

Intrapulmonary delivery of PCs and MSCs at P4 was safe up to
6 months of life. Total body CT scans did not reveal any suspi-
cious images suggesting tumour formation (figure 8A). A single
suspicious CT scan picture was ruled out as a congested vessel at
histology (figure 8B). Exercise capacity, using a graduated tread-
mill exercise protocol by a blinded observer, was significantly

Figure 1 Perivascular cells (PCs) and mesenchymal stem cells (MSCs) prevent hyperoxia-induced lung injury. (A) Representative H&E-stained lung
sections showing larger and fewer alveoli in hyperoxia-exposed lungs compared with lungs from rats housed in room air (RA) and RA animals
treated with MSCs (RA MSCs) and PCs (RA PCs). Intratracheal administration of MSCs (O2+MSCs) and PCs (O2+PCs) in O2-exposed animals partially
preserved alveolar growth. Human neonatal dermal fibroblast (HNDF) administration (O2 HNDF) did not show any improvement in oxygen-exposed
animals. (B,C) Quantitative confirmation is provided by the mean linear intercept (n=6/group; *p<0.001 vs O2 Ctrl and O2 HNDF. No differences
between O2+MSCs and O2+PCs and RA+MSC and RA+PCs) and the septal counts (n=6/group, *p<0.001 vs O2 Ctrl and O2 HNDF, †p<0.01 vs
O2+MSCs and O2+PCs vs all RA groups). (D) Lung function testing shows decreased lung compliance in untreated oxygen-exposed animals
compared with RA Ctrl and RA MSC and RA PC groups. Compliance was significantly improved in oxygen-exposed animals treated with MSCs and
PCs. HNDF administration (O2 HNDF) had no effect on lung compliance (n=6/group; #p<0.05 vs O2 Ctrl; *p<0.001 vs O2 Ctrl and O2 HNDF;
†p<0.01 O2+MSCs and O2+PCs vs all RA groups). This figure is only reproduced in colour in the online version.
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decreased in untreated oxygen-exposed rats (figure 8C). This was
associated with persistent enlarged and simplified distal airspaces
(figure 8D–F). Rats treated with whole cell therapy exhibited sig-
nificantly improved exercise capacity (figure 8C) and showed

almost normal alveolar architecture (figure 9D–F) at 6 months of
age. Control RA housed animals treated with whole cell therapy
showed no adverse effect on exercise capacity (figure 8C) or lung
structure (figure 8D–F).

Figure 3 Low engraftment rate after intratracheal injection of perivascular cells (PCs) and mesenchymal stem cells. (A) Immunofluorescent staining
for human β2-microglobulin (HB2-MG) at P22, performed in order to detect cells of human origin in the recipient lungs, showed a low rate of
engraftment of both cell types. (B) Quantitative RT-PCR for Alu sequences revealed a dramatic decrease during the first day after injection. Human
DNA became almost undetectable 4 days after injection. Values indicate 2ΔΔCT for human/rat 18s and Alu sequences. The control samples were
non-injected lungs (n=3 animals/time point). This figure is only reproduced in colour in the online version.

Figure 2 Perivascular cells (PCs) and mesenchymal stem cells (MSCs) rescue hyperoxia-induced lung injury. (A) Representative H&E-stained lung
sections of animals treated intratracheally with MSCs and PCs at P14 after established lung injury and harvested at P28. MSCs (O2+MSCs) and PCs
(O2+PCs) in oxygen-exposed animals partially restored alveolar growth. (B,C) This is confirmed by the mean linear intercept (n=6/group; *p<0.001
vs O2 Ctrl; no differences between O2+MSCs and O2+PCs and room air (RA)+MSCs and RA+PCs) and the septal counts (n=6/group; #p<0.01 vs O2
Ctrl; *p<0.001 vs O2 Ctrl; †p<0.01 vs RA control). This figure is only reproduced in colour in the online version.
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Likewise, animals evaluated 6 months after PC- and
MSC-derived CdM treatment showed no suspicious CT scans
(figure 9A). These animals also had significantly improved exer-
cise capacity (figure 9B) and alveolar architecture (figure 9C,D).

DISCUSSION
The major findings in this study include: (1) the efficacy of
human cord-derived PCs and cord blood-derived MSCs in pre-
venting and rescuing oxygen-induced arrested alveolar growth;

Figure 4 Conditioned media (CdM) from perivascular cells (PCs) and mesenchymal stem cells (MSCs) prevent hyperoxia-induced lung injury.
(A) Representative H&E-stained lung sections showing larger and fewer alveoli in hyperoxia-exposed lungs compared with lungs from rats housed in
room air (RA) and RA animals treated with MSC CdM and PC CdM. Daily intraperitoneal administration of MSC CdM and PC CdM in
oxygen-exposed animals improved alveolar growth. (B,C) Quantitative confirmation is provided by the mean linear intercept (n=6/group; *p<0.001
vs O2 Ctrl; no differences between O2+CdM MSCs and O2+PC CdM and RA+MSC CdM and RA+PC CdM) and the septal counts (n=6/group;
*p<0.001 vs O2 Ctrl; †p<0.01 vs all RA groups). (D) Invasive lung function testing shows decreased lung compliance in untreated oxyten-exposed
animals compared with RA Ctrl and RA MSC CdM and RA PC CdM groups. Lung compliance was significantly improved in oxygen-exposed animals
treated with MSC CdM and PC CdM (n=6/group; *p<0.001 vs O2 Ctrl; #p<0.05 O2+MSC CdM vs RA+CdM MSC and O2+PC CdM vs RA+PC CdM).
This figure is only reproduced in colour in the online version.

Figure 5 Conditioned media (CdM)
from perivascular cells (PCs) and
mesenchymal stem cells (MSCs)
improve lung angiogenesis.
(A) Representative micro-CT scans of
the pulmonary vasculature after
barium injection into the pulmonary
artery. (B) Mean vessel density
assessed on barium-injected lungs was
significantly decreased in the lungs of
oxygen-exposed animals. Daily
intraperitoneal administration of MSC
CdM and PC CdM improved lung
vessel density (n=6 animals/group;
*p<0.001 vs O2 Ctrl; #p<0.05 vs O2
Ctrl; †p<0.001 vs all room air Ctrl).
This figure is only reproduced in colour
in the online version.
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(2) PCs, similar to MSCs, exert their therapeutic benefit primar-
ily through a paracrine effect; and (3) the long-term efficacy and
absence of adverse lung effects of whole cell or CdM therapy at
6 months.

Therapeutic potential of cord-derived cells
We harnessed the potential of umbilical cord and cord blood as
stem cell sources because of their numerous advantages, in par-
ticular for neonates. Indeed, among the various sources of stem
cells, umbilical cord and cord blood represent an ethically non-
controversial, clinically relevant and easily accessible source of
potent stem cells.6 14

Among stem cells, MSCs have attracted most attention and
numerous clinical trials are underway (http://clinicaltrials.gov/ct2/
results?term=mesenchymal+stem+cells) to test their therapeutic
potential for regenerative purposes.3 Recently, PCs in numerous
human organs have been characterised based on expression of
CD146, NG2 and PDGFRβ and the absence of haematopoietic,
endothelial and myogenic cell markers.7 In addition to their vascu-
lar functions, human PCs are multilineage progenitor cells that

natively exhibit features of MSC and give rise in culture to adher-
ent cells indistinguishable from conventional MSCs, confirming
previously documented similarities between pericytes and MSCs.7

The capacity of human pericytes to generate skeletal muscle, bone,
cartilage7 15 16 and to form vascular grafts15 has already been
documented, but the therapeutic potential of these cells in lung
diseases has not yet been investigated.

Here we show that, similar to MSCs, cord-derived PCs dem-
onstrate repair potential by preserving lung function and pre-
venting oxygen-induced arrested alveolar growth in newborn
rats. Our observation, combined with previous findings showing
that bone marrow- and cord-derived MSCs attenuate lung
inflammation in this model,4 17 make cord-derived cell-based
therapies appealing for the prevention of lung injury. The pre-
vention approach is legitimate in BPD as one can predict which
premature infants are at high risk for developing the disease.
Furthermore, we have shown that PCs and MSCs restore lung
function and structure after established lung injury. This is rele-
vant for lung diseases characterised by currently irreversible
alveolar destruction, including emphysema.

Figure 6 Conditioned media (CdM) from perivascular cells (PCs) and mesenchymal stem cells (MSCs) prevent features of pulmonary hypertension.
(A) Representative H&E sections of pulmonary arteries from the six experimental groups. (B) Hyperoxic-exposed rats had a significant increase in
media wall thickness (MWT) compared with room air (RA) housed rat pups. MSC CdM and PC CdM significantly reduced MWT (n=5 animals/group;
*p<0.001 vs O2 Ctrl; #p<0.01 vs all RA groups). (C) Fulton index, reflecting right ventricular hypertrophy, was significantly increased in untreated
oxygen-exposed rats compared with RA Ctrl, RA MSC CdM and RA PC CdM groups. MSC CdM and PC CdM significantly reduced MWT
(n=5 animals/group; *p<0.001 vs O2 Ctrl; †p<0.05 vs all RA groups). This figure is only reproduced in colour in the online version.
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Paracrine effect of cord-derived stem cells
Very few engrafted cells were detected by immunofluorescence
and analysis of human-specific Alu sequences, consistent with
previous reports suggesting that engraftment does not account
for the therapeutic benefit.18 19 The current concept supports
the view that MSCs act via a paracrine effect.20 Indeed, MSCs
produce and secrete a variety of cytokines, chemokines and
growth factors that may contribute to tissue repair.21 There is
evidence that pericytes exert their benefit through a similar
mechanism. In the vicinity of peripheral nerves, pericytes
secrete neurotrophic soluble factors facilitating axonal regener-
ation in peripheral neuropathy.22 We have previously documen-
ted the secretion by cultured human pericytes of diverse cytokines23

and observed that cord-derived PCs produce higher levels of kerati-
nocyte growth factor (KGF)—a factor recently demonstrated to
mediate the therapeutic benefit of human bone marrow-derived
MSC CdM in endotoxin-induced acute lung injury in the ex vivo
perfused human lung24 and in ventilation-induced lung injury25—
when co-cultured with damaged lung cells.8

In the present study we provide in vivo evidence for the
therapeutic benefit of cord-derived PC CdM. Prophylactic CdM
administration improved lung function and structure. Moreover,
CdM preserved lung angiogenesis—known to contribute to
normal lung growth and to be impaired in BPD10—and

prevented pulmonary hypertension, a life-threatening complica-
tion of BPD.13 We opted for daily intraperitoneal administration
of CdM, reasoning that repetitive dispensation would be
required to insure a constant release of protective factors to
achieve a therapeutic benefit. Accumulating evidence, however,
suggests that a single dose of CdM is enough to prevent
oxygen-induced lung injury in neonatal mice.4 26 This is consist-
ent with recent data suggesting that MSCs act through the release
of microparticles27 or via mitochondrial transfer.28 These observa-
tions may explain why a single injection of CdM may be sufficient
to obtain a therapeutic benefit. This also opens new therapeutic
avenues for cell-based therapies. Indeed, the recognition of MSC
release of microparticles acting as micropackages containing a
combination of healing factors may circumvent the complex task
of identifying each of the various healing compounds and deter-
mining the most potent healing combination of these factors. This
may also be relevant for the design of clinical trials to determine
the most efficacious and safest stem cell-based approach: whole
cell therapy versus cell-derived CdM versus single or multiple
identified CdM-derived compounds. Ex vivo preconditioning may
further enhance the efficacy and also facilitate the discovery of
MSC-derived repair molecules.29

The discrepancy between the striking improvement in lung
morphometry and lung function with CdM and a more

Figure 7 Conditioned media (CdM) from perivascular cells (PCs) and mesenchymal stem cells (MSCs) rescue hyperoxia-induced lung injury.
(A) Representative H&E-stained lung sections showing larger and fewer alveoli in hyperoxia-exposed lungs compared with lungs from rats housed in
room air (RA) and RA animals treated with MSC CdM and PC CdM. Daily intraperitoneal administration of MSC CdM and PC CdM after established
arrested alveolar growth restored almost normal lung architecture in oxygen-exposed animals. (B,C) Quantitative assessment by the mean linear
intercept (n=6 animals/group; #p<0.05 vs O2 Ctrl; *p<0.001 vs O2 Ctrl; †p<0.05 vs RA Ctrl) and the septal counts (n=6 animals/group; *p<0.001
vs O2 Ctrl; †p<0.05 vs RA Ctrl) confirms larger and fewer alveoli in hyperoxia-exposed lungs compared with lungs from rats housed in RA and RA
animals treated with CdM MSC and CdM PC. CdM MSC and CdM PC restored alveolar growth. (D) Invasive lung function testing shows decreased
lung compliance in untreated oxygen-exposed animals compared with RA Ctrl and RA MSC and RA PC groups. Compliance was significantly
improved in oxygen-exposed animals treated with CdM MSC and CdM PC (n=6 animals/group; # p<0.05 vs O2 Ctrl). This figure is only reproduced
in colour in the online version.
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moderate effect on pulmonary vessel density is unexpected. One
may speculate that secretion of epithelial growth factors by
MSCs—KGF in particular—promotes preferential alveolar epi-
thelial cell protection leading to improved lung histology.24 25

However, MSCs also produce many pro-angiogenic factors to
stimulate vascular growth and Hansmann et al recently showed
efficient restoration of the pulmonary vascular bed with intra-
venous MSC CdM in neonatal mice exposed to hyperoxia.26 30

Further studies in various animal models of chronic neonatal
lung injury are required to clarify these observations.

Long-term effects of whole cell therapy and CdM
BPD can have life-long consequences including impaired lung
function, asthma, early onset emphysema and pulmonary
hypertension.31 Similarly, our model showed long-lasting altera-
tions in lung function and structure following neonatal hyper-
oxia. Animals exposed to oxygen from P4 to P14 still
displayed altered exercise capacity and arrested alveolar growth
at 6 months of age (life span 2–3 years). More importantly, the
therapeutic benefit of both whole cell therapy and CdM
administration was sustained, showing improved exercise
capacity and lung histology 6 months after treatment.
Furthermore, 6 months after injection of PCs and MSCs or

their CdM, no tumours were detectable on total body CT
scans.

A limitation of the well-established neonatal rodent model to
mimic BPD via hyperoxic exposure is that oxygen represents
only one among many deleterious factors contributing to BPD
such as mechanical ventilation and pre- and postnatal inflamma-
tion. Recent observations suggest that MSCs prevent
ventilation-induced lung injury in adult rats.25 In the developing
lung, human amnion epithelial cells prevent ventilation- and
inflammation-induced lung injury in fetal sheep.32 33 These
studies add another interesting reparative cell source for cell-
based therapies.

In conclusion, human umbilical cord-derived PCs, as whole
cell therapy or growth factor producers, show promise as a new
cell-based therapy for lung diseases characterised by arrested
alveolar growth/loss of alveoli.
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in the online version.
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Methods 

 

Human umbilical cord isolation and culture of pericytes. Pericytes (PCs) were isolated 

from the umbilical cords after parental consent as previously described (Supplemental 

Figure).
1
 Briefly, human umbilical cords were dissected longitudinally to expose the vein and 

the two arteries and digested with 1mg/mL collagenase A (Roche Diagnostics GmbH, 

Mannheim, Germany) at 37°C, for a maximum of 18 hours. The cell suspension was washed 

and the cell pellet was resuspended and cultured in EGM2 medium (Lonza, Walkersville, 

MD, USA) on a pre-coated gelatin layer (Sigma-Aldrich; St. Louis, MO, USA). After 1 week, 

the medium was replaced with DMEM high-glucose (Invitrogen, Carlsdad, CA, USA), 

supplemented with 20% fetal bovine serum (FBS; Biochrom, AG, Berlin, Germany) and 1% 

penicillin/streptomycin (P/S, Sigma-Aldrich) and the cultures were maintained at 37°C in a 

humidified atmosphere containing 5% CO2. Adherent PCs, 80% confluent, were passaged by 

treatment with trypsin-EDTA (Gibco, Grand Island, NY, USA), and split 1:3 in uncoated 

plates in the same culture conditions. Medium was changed every 3 days. 

Human umbilical cord blood isolation and culture of mesenchymal stem cells 

(MSCs). Human cord blood (CB) was collected from newborns after parental consent and 

MSC isolation was performed within 12 hours as previously described  (Supplemental 

Figure).
2
 First, CB was centrifuged and plasma discarded. An enrichment protocol was 

performed by a negative immunodepletion of CD3+, CD14+, CD38+, CD19+, glycophorin A 

and CD66b+ using a commercial kit (RosetteSep Mesenchymal Stem Cell, StemCell 

Technologies, Vancouver, BC, Canada), and followed by a density gradient centrifugation 

(Ficoll-Paque Premium, GE Healthcare, Amersham Place, UK). After washing, cells were 

cultured in Modified Eagle alpha-medium (Invitrogen) supplemented with 20% FBS 

(Biochrom) and 2mM L-glutammine (Gibco). Cultures were maintained at 37°C in humidified 

atmosphere containing 5% CO2. After overnight incubation, non-adherent cells were removed 



and fresh medium was added; culture medium was changed every 3 days.  

Generation of PCs and MSC-derived CdM. Cells were grown in 75t flask up to 90% 

confluence (MSC 1.500.000 cells/ fask, PCs 1.000.000 cells/flask). Then cells were rinsed 3 

times with PBS and serum free media was added. After 24 hours the supernatant was 

harvested and centrifuged at 4000 RPM for 40 minutes in ultrafiltration tubes (Millipore, US) 

to obtain a 25 times concentrated CdM.
3
 CdM was also obtained from human neonatal dermal 

fibroblasts (HNDF, ATCC, Manassas, VA, USA) and cultured in Fibroblast Basal Medium 

supplemented with FGM bulletkit (Lonza, Basel, Switzerland). 

Animal model of O2-arrested lung growth. Rat pups were exposed to normoxia (21% 

O2, control group) or hyperoxia (95% O2, BPD-group) from birth to P14 in sealed Plexiglas 

chambers (BioSpherix, Redfield, NY) with continuous O2 monitoring.
4,5

 Dams were switched 

every 48 hours between the hyperoxic and normoxic chambers to prevent damage to their 

lungs and provide equal nutrition to each litter. Litter size was adjusted to 12 pups to control 

for effects of litter size on nutrition and growth. Rat pups were euthanized at various time 

points with intraperitoneal pentobarbital and lungs and heart were processed, according to the 

performed experiments.  

In Vivo Cells Administration. We performed short-term experiments using a prevention 

and a rescue approach. For the prevention studies, newborn rat pups were randomized into 

seven groups: (1) room air control (RA Ctrl), (2) room air+MSCs (RA MSCs), (3) room 

air+PCs (RA PCs), (4) hyperoxia (O2 Ctrl, injury model), (5) hyperoxia+HNDF, (6) 

hyperoxia+MSCs (O2 MSCs), and (7) hyperoxia+PCs (O2 PCs). For these prevention studies, 

rat pups received 300.000 cells in 20µl at P4 via an i.t. injection and harvested at P22.  

For subsequent rescue experiments, the control cell group (HNDF) was deleted because 

HNDFs had no effect. For the same reason, we also deleted the room air+MSC and room 

air+PC groups. Thus, for rescue studies, newborn rat pups were randomized into 4 groups: (1) 

room air control (RA Ctrl), (2) hyperoxia (O2 Ctrl, injury model), (3) hyperoxia+MSCs (O2 



MSCs), and (4) hyperoxia+PCs (O2 PCs). For these rescue studies, rat pups received 600.000 

in 40µl at P14 and harvested at P35.  

The cell dose was adjusted to animal weight and based on the literature.
6
  

 

We also performed long-term studies to assess the effect of stem cell administration at 6 

months. In these experiments animals were treated at P4 and harvested at 6 months. Animals 

were randomized into 6 groups: (1) room air control (RA Ctrl), (2) room air+MSCs (RA 

MSCs), (3) room air+PCs (RA PCs), (4) hyperoxia (O2 Ctrl, injury model), (5) 

hyperoxia+MSCs (O2 MSCs), and (6) hyperoxia+PCs (O2 PCs). 

 

In Vivo CdM Administration. We performed short-term experiments using a prevention 

and a rescue approach. In the prevention studies, newborn rat pups were randomized into six 

groups: (1) room air control (RA Ctrl), (2) RA+MSC CdM, (3) RA+PC CdM, (4) hyperoxia 

control (O2 Ctrl), (5) O2+MSC CdM, and (6) O2+PC CdM. In these prevention studies, CdM 

was administered daily IP at the dose of 7 µl/g from P4 to P21 and animals were harvested at 

P22 (prevention studies). 

In the rescue studies, newborn rat pups were randomized into 4 groups: (1) room air 

control (RA Ctrl), (2) hyperoxia control (O2 Ctrl), (3) O2+MSC CdM, and (4) O2+PC CdM. In 

these rescue studies, CdM was administered daily IP at the dose of 7 µl/g from P14 to P28 and 

animals were harvested at P35. The dose of the CdM was based on Aslam et al. 
7
 

Long-term study animals were treated from P4 to P21 and harvested at 6 months. 

Lung function tests. Animals were anesthetized using ketamine (10 mg/kg i.p) and 

xylazin (5 mg/kg i.p) mixture and paralyzed using a pancuronium bromide injection (1 mg/kg 

i.p). Tracheostomy was performed and lung function was assessed using Flexivent (Scireq, 

Montreal, QC, Canada).  

Lung Morphometry. Lungs were inflated and fixed via the trachea with zinc formalin 



solution at a constant pressure of 20 cm H2O.
4,5

 Lungs were paraffin embedded and cut into 4-

µm-thick serial sections, and lungsections were stained with hematoxylin and eosin. Alveolar 

structures were quantified using the mean linear intercept as described.
4,5

 Six lungs/group, 

three sections/lung and 100 high-power fields/section were counted. 

Barium-gelatin angiograms and vessel density counts. A barium-gelatin mixture (60ºC) 

was infused in the main pulmonary artery until surface filling of vessels with barium was seen 

uniformly over the surface of the lung as previously described.
4,5

 Four to five lungs/group, 

five sections/lung and ten high-power fields/section were counted. Barium-injected lung 

vasculature was imaged with a rodent SPECT-CT (FLEX Pre-clinical platform) using Amira 

software package (Gamma Medica, Northridge, CA).  

Right ventricular hypertrophy (RVH) and pulmonary artery remodeling. The right 

ventricle free wall was separated from the left ventricle and the septal wall. The tissue was 

dried overnight and weighed the next day to determine the right ventricle to left 

ventricle+septum ratio (RV/LV+S) as an index of RVH.
5
 Pulmonary artery remodeling was 

quantified by the medial wall thickness (MWT).
4,5

 Five pups/group, three sections/lung and 

ten high-power fields/section were counted. 

Exercise capacity. Rats were run on a treadmill adjusting the speed according to the 

following protocol: 1 min at 10 meters/min, 1 min at 11 meters/min, 1 min at 12 meters/min, 2 

min at 13 meters/min, 5 min at 15 meters/min, 17 meters/min until exhaustion. Exhaustion 

was defined by sitting on the shock panel longer than 5 seconds. 

Total Body CT-Scan. Rats were anesthetized using inhaled isoflurane and 3 to 4 sections 

with 1028 slides/section were taken with a rodent SPECT-CT (FLEX Pre-clinical platform) 

using Amira software package (Gamma Medica, Northridge, CA).  

Real-time PCR. Total RNA was extracted from pulverized frozen lungs using Qiagen 

RNeasy kit (Qiagen, Mississauga, ON). RNA was quantified using a Nanodrop system (ND-

1000 ThermoFisher Scientific, Wilmington, DE) and cDNA was prepared from 1ung RNA 



using random hexamers. PCR was performed on an ABI 7900 and using Taqman Universal 

PCR master mix (Applied Biosystems), Human Alu sequence primers  and values determined 

from a standard curve prepared from pure pericytes and MSCs.
8
 All results are expressed as a 

ratio of Alu sequences normalized to human 18S. Three animals/group were harvested 10 min 

after injection (P4), 1 day after injection (P5), 2 days after injection (P6) and at 22 days of life. 

Immunofluorescence for β2-microglobulin. Immunofluorescent staining was performed 

on nonadjacent 5µm paraffin-embedded lung sections using rabbit anti-human β2-

microglobulin (Abcam, Cambridge, MA, USA) and appropriate secondary antibodies 

(Invitrogen, Carlsbad, CA, USA). Nuclei were identified by DAPI staining. Five random 

fields of four sections per animal were analyzed by confocal microscopy.  

 

Statistics. Values are expressed as means ± SEM. Intergroup differences were assessed 

using analysis of variance with post hoc test (Fisher’s probable least significant difference 

test) (SPSS v 18). A value of P<0.05 was considered statistically significant. All investigators 

performing evaluations were blinded to the experimental groups. 
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Supplemental Figure Legends 
 

Supplemental Figure. A. Characterization of cord derived perivascular cells 

(UCPCs). Immunofluorescence and fluorescence intensity histograms with specific antibodies 

for membrane antigens (orange line) and irrelevant isotypic-matched Ab as negative control 

(green line). B. Characterization of cord blood derived mesenchymal stem cells 

(CBMSCs). Immunofluorescence and fluorescence intensity histograms with specific 

antibodies for membrane antigens (purple line) and irrelevant isotypic-matched Ab as 

negative control (green line). 

 

 


