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ABSTRACT

Treatment of preterm human infants with high oxygen can result in disrupted lung alveolar and
vascular development. Local or systemic administration of endothelial progenitor cells (EPCs) is
reported to remedy such disruption in animal models. In this study, the effects of both fresh
(enriched for KDR) and cultured bone marrow (BM)-derived cell populations with EPC characteris-
tics were examined following hyperoxia in neonatal mouse lungs. Intraperitoneal injection of fresh
EPCs into five-day-old mice treated with 90% oxygen resulted in full recovery of hyperoxia-induced
alveolar disruption by 56 days of age. Partial recovery in septal number following hyperoxia was
observed following injection of short-term cultured EPCs, yet aberrant tissue growths appeared fol-
lowing injection of long-term cultured cells. Fresh and long-term cultured cells had no impact on
blood vessel development. Short-term cultured cells increased blood vessel number in normoxic
and hyperoxic mice by 28 days but had no impact on day 56. Injection of fresh EPCs into normoxic
mice significantly reduced alveolarization compared with phosphate buffered saline-injected nor-
moxic controls. These results indicate that fresh BM EPCs have a higher and safer corrective profile
in a hyperoxia-induced lung injury model compared with cultured BM EPCs but may be detrimental
to the normoxic lung. The appearance of aberrant tissue growths and other side effects following
injection of cultured EPCs warrants further investigation. STEM CELLS TRANSLATIONAL MEDICINE

2017;00:000–000

SIGNIFICANCE STATEMENT

This study describes cell-based therapies for the potential treatment of very preterm babies fol-
lowing lung injury from high-oxygen treatments. We show that fresh, enriched bone marrow
(BM) cell fractions effectively differentiate into endothelial cells in vitro, and promote lung
recovery following high oxygen-induced lung injury. We also discovered, that prolonged cell cul-
ture caused a gradual decrease in therapeutic outcome, and occasionally promoted unwanted
growths. We therefore suggest that long-term cell culture of BM cells should be avoided, and
that fresh enriched progenitor cells may provide a preferential source of cells for treatment of
the postnatal deficits of high-oxygen-induced lung injury in preterm infants.

INTRODUCTION

Human premature birth, defined as delivery at
less than 37 weeks gestation, has been estimated
to occur in 11.1% of all births worldwide, and
leads to immaturity of the lung causing inefficient
oxygen delivery to the circulatory system [1].
Treatments include exogenous surfactant, gluco-
corticoids, ventilation, and/or oxygen therapy to
accelerate lung maturation and assist normal lung
function. In the case of very premature birth
(<32 weeks of gestation), a greater level of inter-
vention unavoidably injures the lung, resulting in
chronic lung disease characterized by

bronchopulmonary dysplasia (BPD) [2]. In preterm
infants who require oxygen therapy, the severity
of BPD often correlates with the level of oxygen
administered. Evidence from rodent studies sug-
gests that relative to lower levels, higher per-
centage oxygen treatment (>90% O2) results in
detrimental effects to essential developmental
processes of late-stage lung maturation includ-
ing alveolarization and angiogenesis [3–5]. The
shorter and early timing of treatment in this
study was adapted from previous studies aimed
to mimic oxygen exposure in premature infants,
also limiting this to the saccular stage of lung
development to avoid an increase of animal
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morbidity, which occurs after 6 days of high oxygen treatment
[6, 7].

Previous studies in mouse models of preterm birth have dem-
onstrated that hyperoxia-mediated changes to vascularization can
be temporary, whereas alterations to alveolarization are more per-
sistent [5]. Interventions that potentially improve alveolarization
defects following hyperoxia include cell, targeted chemokine, and/
or conditioned media therapies [8–14]. However, such interven-
tions still require significant optimization and experimental evalu-
ation before possible clinical use.

Several populations of endogenous stem cells that may have
clinical utility for lung repair following injury have been described
[4, 15, 16]. Bronchoalveolar stem cells are reported to possess
regenerative potential but are not readily accessible from donors
[17, 18]. On the other hand, exogenous bone marrow (BM)-
derived stem cells, a more readily accessible stem cell population,
have been reported to possess reparative properties relevant to
various lung disease models [10, 19–23]. BM stem cell populations
comprise hematopoietic, endothelial, and mesenchymal cell
stem/progenitor populations, each of which is reported as sup-
portive of lung regeneration following injury [17, 24].

Reduced lung endothelial progenitor cell (EPC) numbers and
an associated deficit in neo-vascularization are observed in BPD
following neonatal respiratory hyperoxia [4, 25]. Furthermore,
transplantation of EPCs to various injury models, including hind
limb or myocardial ischemia, as well as hyperoxic lung injury, is
reported to result in their engraftment into blood vessels support-
ing neoangiogenesis [26–29]. It is, therefore, hypothesized that
application of exogenous EPCs before, during, or following hyper-
oxia may improve associated alveolar lung injury.

In this study, the regenerative capacity of marker-specific BM-
derived EPC subpopulations was investigated in a model of
hyperoxia-mediated lung injury in neonatal mice. Freshly isolated,
as well as short-term and long-term cultured EPCs were tested for
their potential to: (a) stimulate blood vessel growth in vitro and
(b) repair injured postnatal lung architecture, following 90%
hyperoxia treatment. Our results suggest that fresh, rather than
cultured EPCs are preferred for mitigating aberrations to lung
blood vessel and alveolar architecture following hyperoxia-
mediated lung injury.

MATERIALS AND METHODS

Animal Procedures

All animal experimentation was approved by the School of Bio-
medical Sciences Animal Ethics Committee at Monash University,
Melbourne, Australia. Adult C57BL/6J male mice were used for
BM cell isolation, either wildtype mice (for EPC analysis only), or
transgenic mice expressing enhanced green fluorescent protein
via the chicken beta-actin promoter (Jackson Labs, CA, https://
www.jax.org/). Pregnant C57Bl/6J females were treated with 90%
oxygen from E17.5 as previously described [5]. Pups born
remained in high oxygen for four consecutive days, until postnatal
day four (D4). On D5, samples from seven normoxic and seven
hyperoxic pups were collected for analysis as uninjected controls.
A pilot injection of long-term cultured cells was performed on nor-
moxic and hyperoxic groups using cultured BM cells from 56 days
in culture (C56) to be analyzed on D28 (morphometric test only).
Cells were diluted at 5 3 102 cells per ml of phosphate buffered
saline (PBS; without calcium and magnesium). Pups were weighed

before injection. A low number of cells (1–1.5 3 104 for pups
weighing 2–3 g) was tested in the pilot study due to generally low
number of KDR1 cells present in fresh BM. After this number was
demonstrated to be efficient, it was further used in the main
study. Ten groups (five normoxic for testing cell side effects on nor-
mal lung, and five hyperoxic, up to 24 pups per group) were
injected intraperitoneally with a 10 ml/g body weight of cell sus-
pension of either freshly-isolated KDR-enriched EPCs (Fr) or EPCs
expanded in culture from male green fluorescent protein positive
(GFP1) mice. Precultured cells were obtained from either early
passages (7 days) or late passages, that is, 77 (and frozen and
thawed) or 91–98 days, referred to as C7, C77, and C91-98. The
fifth group was injected with PBS (vehicle) alone. Injected mice
were sacrificed on D28 and D56 for analysis of the lung as previ-
ously described [5]. On D14 and D21, injected mice were sacrificed
for analysis of GFP expression in blood, liver, and lung by
fluorescent-activated cell sorting (FACS).

Cell Culture Media

Endothelial differentiation culture medium (EDCM) was optimized
using unsorted BM. EDCM contained Iscove’s Modified Dulbecco’s
Medium (Gibco, Carlsbad, CA, https://www.thermofisher.com/us/
en/home/brands/gibco.html), and supplementary factors: 20%
fetal calf serum (FCS) (Thermo Scientific, Waltham, MA, https://
www.thermofisher.com/se/en/home.html), 2 mM L-glutamine,
1% insulin-transferrin-selenite, 1% nonessential aminoacids, 0.5%
penicillin-streptomycin, 0.1% b-mercaptoethanol (Gibco), 15 IU/
ml heparin (Fisons Pharmaceuticals, Ipswich, U.K.), 50 ng/ml vas-
cular endothelial growth factor (Sigma Aldrich, MO, http://www.
sigmaaldrich.com), 75 mM ascorbic acid (Sigma Aldrich), 1 mM
hydrocortisone (Sigma Aldrich), and 5 ng/ml basic fibroblast
growth factor (Sigma Aldrich). For plate-adherent cell isolation,
dulbecco modified eagle medium (DMEM) with supplementary
factors: 20% FCS, 2 mM L-glutamine, 1% insulin-transferrin-
selenite, 1% non-essential amino acids and 0.5% penicillin-
streptomycin was used (all reagents from Gibco). Long-term cul-
ture growth medium contained DMEM, 10% FCS, 1,000 U/ml leu-
kemia inhibitory factor, 10 ng/ml epidermal growth factor, and 10
ng/ml platelet-derived growth factor (Sigma Aldrich).

EPC Isolation, Differentiation, and Branching Analysis

BM was flushed from the femur with sterile PBS containing 10%
fetal calf serum (PBS FCS). Red blood cell lysis buffer (Sigma
Aldrich) was mixed for 1 minute, and cells washed with PBS FCS.
Remaining cells were tested for the following EPC markers: promi-
nin (PROM1), melanoma cell adhesion molecule (MCAM), tyrosine
kinase receptor (KDR), and a receptor tyrosine kinase (TEK)
[30–33] by FACS. Filtered cell preparations were blocked for 30
minutes at 48C in 10% FCS. Fluorophore-conjugated antibodies
(fluorescein isothiocyanate, FITC; or phycoerythrin, PE) PE-KDR,
FITC-PROM1, FITC-PECAM1, and PE-TEK (eBioscience, San Diego,
CA, https://www.thermofisher.com/se/en/home/life-science/anti-
bodies/ebioscience.html), and FITC-MCAM (Miltenyi Biotec, Ber-
gisch Gladbach, Germany, http://www.miltenyibiotec.com) were
applied according to the manufacturers’ recommendation. Cells
were washed, sorted with a FACSCalibur, and analyzed using Cell-
Quest software (BD, San Jose, CA, https://www.bdbiosciences.
com). Magnetic-activated cell sorting (MACS) was performed on
pre-stained cells. Anti-FITC and anti-PE Microbeads (Miltenyi Bio-
tec) were applied for 10 minutes at 48C and washed in PBS. Cells
were magnetically sorted using an AutoMACS Separator (Miltenyi
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Biotec) in positive selection sensitive mode. Both positive and
negative fractions were counted and plated in 0.1% Attachment
Factor- (Life Technologies, Carlsbad, CA, https://www.thermo-
fisher.com/us/en/home/brands/life-technologies.html) coated plastic
48-well plates at 2.0–3.0 3 105 cells per well containing EDCM.
FCS was reduced to 2% on day six. After 2 weeks of culture, cells
were fixed for 10 minutes at room temperature in situ with 1%
paraformaldehyde (PFA). For extended culture, cells were main-
tained in supplemented DMEM media prior to culture in EDCM
[34]. Fixed differentiated EPCs were analyzed for endothelial
markers PECAM1 and von Willebrand factor (VWF). The number
of PECAM1-immunoreactive branches was counted regardless
of their size or thickness (Fig. 1A) [35].

FACS Analysis

The following antibodies were applied on cell suspensions as
described above: PE-KDR (eBiosciences, San Diego, CA),
allophycocyanin-KDR (APC-KDR, BD Pharmingen, San Jose, CA),
FITC-PROM1 (eBioscience), PE-PROM1 (eBioscience), PE-TEK
(eBioscience), FITC-MCAM (Miltenyi Biotec, Bergisch Gladbach,
Germany), APC-PROM1 (eBioscience), FITC-Pecam1 (eBioscience),
and AlexaFluor647-ChIIIA4 (AF647-EPHA3) antibody (Monash Uni-
versity, VIC, Australia). EPHA3 antibody was used as an additional
marker of cells that can promote vascularization, also reported to
be a tumor endothelial-associated marker playing an active role in
vascular growth [36]. Two unconjugated rabbit polyclonal antibod-
ies were also used: anti-PECAM1 (Abcam, Cambridge, U.K., www.
abcam.com/) and anti-PROM1 (Abcam). Cell suspensions were

washed three times in PBS. For the unconjugated antibodies,
AF568-conjugated goat anti-rabbit IgG (Invitrogen/Life technolo-
gies, Carlsbad, CA) was applied for 30 minutes and washed three
times in PBS. For this study, LSRII flow cytometer (BD) and FlowJo
software were used.

Immunohistochemistry and Fluorescent In Situ
Hybridization

Fixed in vitro BM cells were washed with PBS, incubated in 0.01%
Triton (for PECAM1 antibody only) for 5 minutes. Cells were
blocked with 5% goat serum for 1 hour at room temperature (RT).
All antibodies were diluted in 5% goat serum and applied for 1
hour at RT: PECAM1 (Abcam; 1:50), VWF (Santa Cruz Biotechnol-
ogy, Dallas, Texas, https://www.scbt.com/; 1:50), green fluorescent
protein, or GFP (Abcam; 1:1,000) and labeled with AF568-
conjugated goat anti-rabbit IgG (Invitrogen; 1:1,000).

In order to detect injected cells, lung sections were stained
for GFP immunofluorescence using the tyramide signal-
enhancement method. For GFP signal enhancement, biotinylated
secondary antibody (goat anti-rabbit IgG, Invitrogen, at 1:1,000)
was applied for 1 hour. Streptavidin-HRP (Perkin Elmer, Waltham,
MA, www.perkinelmer.com/) was applied at 1:1,000 for 30
minutes, followed by Biotin-Tyramide (Perkin Elmer) at 1:50 for 7
minutes, and fluorophore-conjugated Streptavidin (Invitrogen) at
1 mg/ml for 30 minutes (washes applied in between). Hoechst-
33342 was applied for 2 minutes and mounted using fluorescent
mounting medium (DAKO/Agilent Technologies, Santa Clara,
CA, www.agilent.com/). Immunoreactivity was analyzed using

Figure 1. Analysis of endothelial differentiation in vitro. (A): An example of vessel-like structure quantification, being based on the number of
branches displaying immunoreactivity to a PECAM1 antibody (red), nuclei—blue. Each branch scored is marked with the digit 1. This example is
taken from a KDR-enriched culture following 7 days in endothelial differentiation culture medium. (B): A histogram depicting vessel-like branch
number per well in selected fractions of EPCs (data were normalized according to the number of plated cells). A statistical difference in branch
numbers formed between specific enriched (1) and depleted (–) fractions is observed only between the KDR-enriched and KDR-depleted frac-
tions (asterisk; p< .05; error bars represent SEM; n 5 3). (C–E): Presence of green fluorescent protein (GFP) in PECAM1-immunoreactive struc-
tures is marked with arrows; immunoreactivity to the PECAM1 antibody (red), nuclear reactivity to Hoechst (blue), and GFP fluorescence at
488 nm (green) 320 magnification. (C): Fresh KDR-enriched cells at passage 0 (P0), (D) Unsorted cells at P0 (short-term culture, C7), (E) Unsorted
cells at P12 after 77 days of culture (long-term culture, C77). Scale bar5 100 mm. Abbreviations: KDR, tyrosine kinase receptor; MCAM, mela-
noma cell adhesion molecule; PROM1, prominin; TEK, receptor tyrosine kinase; PECAM1, platelet and endothelial cell adhesion molecule 1.
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fluorescent microscopy (Olympus, Tokyo, Japan, https://www.
olympus-lifescience.com/).

For Y chromosome detection, lungs from female mice injected
with male EPCs were processed as described [37] and detected with
the mouse IDetect Y chromosome paint probe (IDLabs, ON, Canada,
https://www.empiregenomics.com/shop/idlabs.html), counterstained
with 40,6-diamidino-2-phenylindole (DAPI) and visualized using an
Olympus confocal microscope (FluoView FV500, Tokyo, Japan).

Preparation of Cells for IP Injection

BM was isolated as described above from GFP-positive male mice.
Cells were enriched for EPCs by MACS using the KDR antibody and
injected fresh into hyperoxic or normoxic mice. Other BM cells
were plated according to a standard marrow stromal cell (MSC)
isolation procedure [34, 38], then trypsinized and injected after 7–
10 days in cell culture. For long-term culture, cells were plated on
plastic dishes in growth medium. Cells were cultured in 10% CO2

and repassaged once a week. Cells were expanded and frozen for
further analysis. All injected cell fractions were analyzed for GFP
and KDR and for vessel-like structure forming capacity.

Morphometric Analysis of the Lung

Lungs were pressure-fixed in situ as described earlier [5]. Lung
was then dissected, weighed, and measured by water displace-
ment, then postfixed for 24 hours with 4% PFA at 48C, embedded
in paraffin and cut [5]. Sections were randomly selected for analy-
sis and stained using hematoxylin and eosin and Weigert’s elastin
stain [5]. Five photographs were taken per section at 320 magnifi-
cation (area of each image being 0.564 mm2) to assess lung mor-
phology. Mean linear intercept (MLI), tissue area, the number of
alveoli, the number of blood vessels surrounded by elastin per tis-
sue area, and the number of secondary septa per tissue area were
analyzed on each lung image [5].

Collection of Tissues for GFP FACS Analysis

Lung and liver tissues were placed into a prewarmed (378C) colla-
genase solution (4 mg of collagenase I, 9 mg of collagenase IV in
45 ml of PBS without calcium and magnesium; Gibco), chopped
and incubated on a shaker at 378C for 20 minutes, filtered and
washed with PBS-EDTA. Blood samples were collected from the
heart into KCl hypotonic solution using a 19G needle inserted in
the heart post mortem, incubated at 378C for 20 minutes, and
then washed with PBS-EDTA.

Western Blot Analysis

Proteins were extracted from snap-frozen left lobes of the lung
and analyzed according to previously described Western blot pro-
cedures [5]. The antibodies were used at the following concentra-
tions for 1 hour at RT: vascular endothelial growth factor A
(VEGFA, 1:200, Santa Cruz), b-tubulin (1:1,000, TUBB3, Thermo
Scientific), and Pro-surfactant protein C (SFTPC, 1:2,000, Millipore,
Billerica, MA). Secondary HRP-conjugated goat anti-rabbit IgG
antibody (1:15,000, GE Healthcare, Buckinghamshire, U.K., www.
gehealthcare.com/) was used for 1 hour at RT.

Statistical Analyses

ANOVA was used to determine any significant differences between
measurements, p< .05, a 5 0.05. A univariate general linear model
was applied for morphometric analysis, where “group” (for exam-
ple, normoxia-PBS) was the main factor, and “litter” (values from
one litter) and “animal” (values from a single mouse) allocated to

be random factors (800 measurements per mouse for MLI, five
measurements per mouse for other morphometric tests, with two
to four mice per litter analyzed at each time point). ANOVA was fol-
lowed by a Dunnett’s post hoc test against hyperoxia- and
normoxia-PBS controls. Error bars were standard error of the mean
(SEM). For Western blot analysis samples were compared within
one gel, control samples present in each gel. Three to four animals
were analyzed per group. Data analysis was performed using PASW
statistical software (IBM, Armonk, NY, www.ibm.com).

RESULTS

Characterization of EPC Fractions by FACS Analysis

BM cells positive for endothelial progenitor markers (KDR1, PROM11,
TEK1, and MCAM1) accounted on average for 2.4%, 10.4% 3.0%,
and 34.9%, respectively, of all freshly isolated mononuclear cells ana-
lyzed by FACS (data not shown). PROM11, TEK1, MCAM1, and
KDR1 fractions were gated and then these populations were individu-
ally characterized for their relative immunoreactivity to KDR, TEK,
PROM1, MCAM, PECAM1, and EPHA3 antibodies before cell culture.
Tested EPC marker incidences overlapped to various degrees (4.1%–
100.0%) depending on the sample in freshly-isolated cells; only
EPHA3 being less than 1.0% (data not shown). After 7 days in culture,
unsorted plate-adherent cells (C7) still displayed immunoreactivity to
all of the above markers (data not shown), consistent with the pheno-
type of the freshly isolated EPC subgroups. Long-term cultured cells
at C77 displayed immunoreactivity to cell markers consistent with
freshly-isolated uncultured EPC subgroups, as well as low PECAM1
(1.9%) and high EPHA3 (58.9%) profiles. The incidence of EPHA3
immunoreactivity in the C56 and in C91-98 cell populations was
86.3% and 30.0%, respectively, (data not shown).

Identification of a Fresh BM Subpopulation with Vessel-
Like Branch Forming Capability

Prior to injection into hyperoxia-treated mice, the capacity of iso-
lated EPCs to form blood vessel-like branches in vitro was verified.
To select a marker that could prospectively identify an EPC subpo-
pulation with branch forming capacity, whole BM was first mag-
netically sorted on the basis of KDR, MCAM, PROM1, or TEK
immunoreactivity. Marker-enriched and -depleted cell fractions
were then cultured separately, and PECAM1-positive vessel-like
bifurcations were counted to determine branch-forming capacity
(Fig. 1A). Unlike other marker-enriched or unsorted fractions, only
vessels generated from the KDR-enriched fraction produced a sig-
nificantly increased number of branches compared with the frac-
tion depleted for the same marker (49.16 13.7 vs. 1.86 1.4
branches; n 5 3; p< .05; Fig. 1B). Therefore, freshly isolated KDR-
enriched EPCs were used for subsequent analyses and referred to
as fresh cultured EPCs or Fr cells.

Analysis of Cells Prior to Injection

In order to compare fresh EPCs to those expanded in culture,
plate-adherent cell fractions, that is, whole unsorted short-term
(C7) and long-term (C77, C91, C98) cultured GFP BM cells, were
used in this study and tested in a similar fashion. According to
FACS analysis, the total number of GFP1 cells in Fr cells enriched
magnetically for KDR was on average 29.9%, in cultured C7 cells it
was 85.9%, in C77 it was 82.3%, and in C91–98 it was <50.0%. All
cell fractions were analyzed for the presence of KDR by FACS
before differentiation in order to determine its percentage
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contribution. KDR1 cells were represented in a range from 15.1%
to 31.4% of all cells in respective fractions (data not shown).

All tested cell fractions organized to form branches when trans-
ferred from growth medium to EDCM. The time to vessel-like
branch appearance in EDCM decreased as the culture time in
DMEM growth medium increased: 6 to 7 days for Fr cells and 7-day
precultured cells (C7); compared with 2 to 3 days for 77-day precul-
tured cells (C77). Distinct Pecam1-immunoreactive cells were pres-
ent in these three fractions (Fig. 1C–1E). Cells in branches displayed
various intensity of GFP fluorescence in association with immunore-
activity to PECAM1 (arrows, Fig. 1C, 1E). Limited GFP was observed
in PECAM1-immunoreactive branches formed from Fr cells (Fig. 1C)
and C7 cells (Fig. 1D), whereas in C77 branches GFP was clearly
present (Fig. 1E). Relative to Fr and C77 cells, C7 cell branches
appeared less structured (Fig. 1D). Relative to Fr, C7, and C77 cells,
C91-98 cells (passage 13–15) showed an increasing tendency to
detach, float and form aggregates (data not shown).

Pilot Injection of Cultured Cells After Neonatal
Hyperoxia

Cultured cells (C56) were intraperitoneally injected into normoxic
and hyperoxic mice in a pilot study to observe whether morpho-
metric parameters of the lung would be altered by the cells in this

time period and whether such experimentation could be accept-
ably tolerated by the subject animals. During the 4 weeks of treat-
ment, injected mice did not display any signs of discomfort and no
significant differences in weight or growth compared with PBS-
injected controls. Morphometric analysis of the lungs on D28
demonstrated that MLI was increased in both injected groups,
compared with normoxia-PBS group, but decreased, compared
with hyperoxia-PBS group. All other parameters, such as lung tis-
sue area, number of alveoli per area, number of secondary septa
per tissue area, and number of blood vessels, were not signifi-
cantly different from normoxia-PBS group, whereas hyperoxia-PBS
group displayed less alveoli and more secondary septa. Consider-
ing these results, cultured BM cells were determined to be suita-
ble for further analysis and, therefore, were expanded and frozen
for further injections. These cells were also kept in culture without
freezing at various stages until passage 15 for subsequent intra-
peritoneal injection.

Injection and Tracking of Cultured EPCs Following
Neonatal Hyperoxia

Fresh or cultured EPCs were intraperitoneally injected into nor-
moxic or hyperoxic neonatal mice at postnatal day 5 (D5). Injected
groups included (i) normoxia-PBS (control), (ii) hyperoxia-PBS

Figure 2. Histological analysis of tissues following C91–98 cell injections. (A): Presence of GFP-immunoreactivity (red, arrows) in the lumps
at the site of injection, nuclei—blue. (B): A representative lung section demonstrating areas of ct on D28 (Mayer’s hematoxylin and eosin). Ct
areas are indicated with arrows. (C): A representative lung section demonstrating the presence of GFP immunoreactivity within the ct (white
arrows) and in the alveolar region (alv, yellow arrows) on D28: GFP (red), Hoechst (blue). (D): Nucleated cells in lung blood vessel lumena
(Mayer’s hematoxylin and eosin). The presence of nucleated cells is marked with an arrow within the enlarged inset. Scale5 100 mm. Abbre-
viations: alv, alveolus; ct, condensed tissue; GFP, green fluorescent protein.
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Figure 3. Tracking of donor cells following injection. (A): Fluorescent-activated cell sorting analysis for the presence of GFP1 cells in the
lung, liver, and blood, nine (D14) and 16 (D21) days after cell injection on D5. The negative control (PBS-injected normoxic mouse lung) is indi-
cated with a black line. Representative samples injected with GFP1 cells are indicated with green lines. The percentage of GFP1 cells is
labeled above the charts: 0%–0.04% on D14 and 0%–0.39% on D21 in the lung, 0.30%–1.21% on D14 and 0.52%–1.66% on D21 in the liver,
and 0% on D14 and 0.03%–0.25% on D21 in blood. (B): Injected Fr, C7, and C77 cell populations retain GFP signal (green) in culture for 14
days. Scale bar—100 mm. (C): Fluorescent in situ hybridization (FISH) for Y chromosome signals (red), nuclei are counterstained blue with
DAPI. No FISH positive Y signal was observed in female lungs injected with Fr, C7 or C77 male donor cells on D28 (n 5 1–2; one random sec-
tion per animal analyzed). Scale bar—10 mm. (D): Control samples for FISH and GFP. Y chromosome red signals were observed in positive con-
trol lung sections from a male mouse. No FISH positive Y chromosome signal was observed in negative control section from a female mouse.
No GFP signal was observable in GFP- control cells isolated from wild type mouse. Abbreviation: GFP, green fluorescent protein; DAPI, 40,6-
diamidino-2-phenylindole.
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(hyperoxia only); and (iii) hyperoxia or normoxia: (a) Fr KDR-
enriched (uncultured), (b) C7 (one passage), (c) C77 (11 passages
and freezing) (d) C91 (13 passages) or (e) C98 cells (15 passages).
All mice injected with C91 and C98 cells displayed apparent dis-
comfort while moving, and developed small red spots at the site
of injection that developed into small lumps by D21–28 (�15 mm
in diameter) containing GFP1 cells (Fig. 2A and data not shown).
Histological analysis of lungs frommice injected with C91-C98 cells
demonstrated alterations in lung architecture, characterized by
condensed cellular structures (Fig. 2B). Donor GFP signals were
observed throughout lung sections in condensed and alveolar
areas (Fig. 2C). A high number of nucleated cells was observed in
the pulmonary blood vessel lumen following C91–98 cell injection
(Fig. 2D). Aberrant growth formation was only observed on one
occasion in a single cell batch with limited cell numbers, and
therefore could not properly be studied further.

PBS, Fr, or C7/77 injected mice displayed no signs of discomfort,
and the injection site did not show any small red spots or lumps
(data not shown). No aberrant structures or high numbers of

nucleated cells in blood vessels were observed in the lung (data not
shown; lung architecture is described in detail below in
“Morphometric analyses”). The number of GFP1 cells detected in the
lung and blood of Fr, C7, or C77 injected mice compared with non-
GFP1 PBS-injected normoxia controls on D14 and D21 (D9 and D16
after injection) was below 0.5%, and in the liver below 1.7% (Fig. 3A).
Plated aliquots of representative cell populations for injection retained
GFP fluorescence during 14 days of culture (Fig. 3B) and beyond
(data not shown), but on D28 no GFP cell fluorescence was detected
in lung sections from EPC-injected mice (data not shown). This was
verified by fluorescent in situ hybridization (FISH) where no Y-
chromosome signals were observed in sections from D28 female lung
that had been injected with male GFP1 EPCs (Fig. 3C, 3D).

Animal Weight and Length

Female mice from hyperoxic groups injected with PBS had signifi-

cantly lower weight and length than normoxic groups at various

timepoints, however male mice maintained healthy weight and

Figure 4. Mouse weight and length indices. (A): Average male animal weight per group. (B): Average male animal length per group. (C): Average
female animal weight per group. (D): Average female animal length per group. Hyperoxia-C91–98 and normoxia-C91–98 groups were only observed
for the first 4 to 5 weeks, and then sacrificed due to animal distress. Error bars indicate SEM, n 5 3–7. Significant differences to control (normoxia-
PBS) at each time point are marked with an asterisk (*) and abbreviated group name in black (e.g., at 3 weeks male animal weight in the
hyperoxia-PBS group was significantly lower than in the normoxia-PBS control group; p< .05). Significant differences to hyperoxia-PBS (in hyperoxic
groups only) are marked with a circumflex accent (^) in case of increase or letter V (V) in case of decrease and abbreviated group name in red.
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length (Fig 4). Compared with PBS injected normoxia controls,
C91–98 hyperoxia male and female mice displayed significant
reductions in weight and length at various stages up to their day
of sacrifice (varying from 3–5 weeks of age; Fig 4). Death was
determined according to a humane endpoint. Compared with PBS
injected normoxia controls, C77 injected male and female hyper-
oxia groups displayed a significant reduction in weight and length
at most time-points examined (Fig. 4A–4D). Out of all hyperoxic
groups, hyperoxia-Fr group had significantly higher weight and
length than hyperoxia-PBS group at a number of time points,
except for male length at weeks seven and eight (Fig. 4B). All
other groups, except for the normoxia-Fr group, displayed spo-
radic reductions compared with normoxia-PBS in either weight or
length, but these reductions were not generally maintained, apart
from the reductions in weight and length of female hyperoxia-C7
and hyperoxia-PBS treated groups (Fig. 4D).

Morphometric Analyses of Hyperoxic Lungs Following
Cell Injection

Lungs from hyperoxic and normoxic mice before (D5) and follow-
ing injection with PBS, Fr, C7, and C77 cell fractions were analyzed
for alveolar size, secondary septal crest number, tissue area, and
blood vessel quantity on D28 and D56 (Table 1). All treatment
groups showed comparable lung weight and volume at all exam-
ined time points, relative to PBS-normoxia controls (no significant
difference).

First, a ratio of lung tissue to airspace showed reduced tissue
content in hyperoxic groups on D5 (p< .05) but not on D28 or
D56 (Table 1, Fig. 5A–5E). Second, alveolar enlargement was evi-
dent in all hyperoxic groups compared with normoxic-PBS group
on D28, however hyperoxic mice injected with Fr cells displayed
significantly lower alveolar size compared with hyperoxic PBS-
injected mice (Table 1, MLI). On D56, all hyperoxic groups retained
a relatively increased alveolar size, except for hyperoxic mice
injected with Fr cells, which displayed sizes comparable to nor-
moxic controls and significantly differed from hyperoxic controls
(Table 1; Fig. 5F MLI). The number of alveoli was significantly
decreased in hyperoxic groups relative to normoxia-PBS group on
D5 and D28 (Table 1, Alveoli count, Fig. 5G). All hyperoxic groups
returned to control levels on D56, including hyperoxia PBS-
injected group. Alveoli were also significantly enlarged in the
normoxia-C77 group on D28 and in the normoxia-Fr group on
D56, suggesting a deleterious effect from injected cells in the
absence of hyperoxic injury. The number of secondary septa was
significantly reduced on D5 (Table 1, Sec Septa per Tissue, Fig.
5H). By D28, the number of crests was reduced in normoxia-PBS
controls, but remained elevated in hyperoxia-PBS and -C77
groups, as well as the normoxia-C77 group. Hyperoxic groups
injected with Fr and C7 cells had significantly lower septal number
compared with hyperoxic PBS-injected group and did not differ
from normoxic control (Table 1, Sec Septa per Tissue, Fig. 5H). On
D56, with the exception of the hyperoxia-C77 group which exhib-
ited a marked increase in crest number, no group showed any stat-
istically significant difference to controls (Table 1, Fig. 5A–5E, 5H).

Finally, pulmonary vascularization was significantly reduced
on D5, yet in PBS, fresh- and C77-injected groups it returned to
control levels by D28 (Table 1, Fig. 5I). There was no significant dif-
ference in vessels/tissue ratio on D5 or D56 between all groups
and control. On D28 and compared with controls, however, both
normoxic and hyperoxic C7-injected groups displayed a Ta
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significantly higher vessel number, and normoxia-C7 group dis-
played a significantly higher vessels/tissue ratio (Table 1). By D56
these values had returned to control levels. The hyperoxia-PBS
group, however, maintained a significantly lower vessel number
compared with normoxia controls (Table 1, Fig. 5A–5E, 5I).

Analysis of Protein Levels by Western Blot

Western blot analysis was performed to determine whether
VEGFA levels are affected in the lung following injections of EPCs
positive for KDR (VEGFA receptor); and to determine whether cell
injection has adverse effect on surfactant production (SFTPC)
essential for normal lung function. When dimer and monomer
forms of VEGFA were compared separately, dimer (42 kDa) levels
in normoxia-C77 was reduced, however in hyperoxia-Fr and
hyperoxia-C7 they were increased, and monomer (21 kDa) levels
in normoxia-Fr and normoxia-C7 groups were significantly
reduced on D28 compared with control levels (p< .05; Fig. 6A,
6B). When the sums of monomer and dimer bands were

compared, there was only a reduction in normoxia-C77 group, but
all other groups retained control levels. No repetitive differences
in VEGFA monomer or dimer levels between groups on D5 and
D56 were detected (data not shown). There was no significant dif-
ference at any time point in the level of SFTPC precursor or
cleaved forms (21 and 25 kDa) compared with controls (see Fig.
6A, 6C for D28; data not shown for D5 and D56). No significant dif-
ferences to hyperoxia-PBS group were detected at any time point
in either VEGFA or SFTPC levels.

DISCUSSION

In this study, the regenerative potential of BM-isolated marker-
specific EPCs for repairing aspects of neonatal mouse lung hyper-
oxia injury were analyzed. First, these data indicate that in this sys-
tem KDR-enriched cells represent preferred EPC subpopulation for
subsequent in vivo evaluation of repair studies given their advan-
tageous ability to form vessel-like structures in vitro. Only the

Figure 5. Morphometric parameters of lung sections. (A–E): Histology of representative mouse lungs from control (A, normoxia-PBS) and
hyperoxic groups (B–E) on D56 (Weigert’s elastin staining, elastin—black). Example blood vessels are labeled with arrows, example secondary
septa are labeled with arrowheads. Scale bar5 100 lm. (F–I): Statistical analysis of morphometric parameters of the lung in hyperoxic groups
injected with cells (fresh or cultured for 7 or 77 days) in comparison to normoxia-PBS and hyperoxia-PBS. (F): Alveolar size based on MLI (in
mm), (G) Number of alveoli was counted per 3.63 mm line, in airspaces per 1 mm, (H) Number of secondary septa per 1 mm2 of lung tissue
area, (I) Number of elastin-positive blood vessels per 0.564 mm2 of lung image. Significant differences to respective normoxic controls (dark
upward diagonal lines) are marked with two asterisks (**, p< .01, n 5 4–5) or one asterisk (*, p< .05, n 5 4–5). Significant differences to
respective hyperoxic controls (light upward diagonal lines) are marked with circumflex accent (^, p< .05, n 5 4–5). Abbreviations: MLI, mean
linear intercept; PBS, phosphate buffered saline.
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fresh KDR-enriched cell-injected group (hyperoxia-Fr) demon-
strated a restored alveolarization. Other parameters were also
restored to normoxic control levels in this treatment group. How-
ever, increased alveolar size in normoxic group on Day 56 indicates
that the injection of fresh BM derivatives into the uninjured lung
can affect respiratory morphogenesis. The physiological signifi-
cance of this effect remains unclear, but does suggest caution in
the use of BM-derived cells in clinical studies, and demonstrates
the importance of determining the best time and dose of oxygen
exposure for which such treatments would be effective. Determi-
nation of the best treatment regime requires further investigation.

Previously, the injection of early passage plate-adherent cells
into hyperoxia newborn mice (intravenously) and rats (intratra-
cheally) was reported to confer a therapeutic benefit [13, 14]. Fur-
ther, cultured EPCs (not immunoreactive to KDR, but expressing
Tie2) and injected into the right ventricle of the heart were dem-
onstrated to improve lung architecture after neonatal hyperoxia
[10]. Although administration of cultured cells to hyperoxia-
injured lung here effectively restored blood vessel number to con-
trol levels (or above these levels), no benefit on alveolar size or
number was observed. The combined results of these studies may
highlight the potential importance of administration route and
population purity with respect to alveolar therapeutic outcome
when using cultured BM cells. Further, the length of time in cul-
ture and/or cell freezing appeared to correlate with the outcome,
with longer term cultured cells (C77, frozen) inducing significant
increases in secondary septal formation on D28 and D56, an effect

not observed with cells cultured for a shorter time (C7, C56). The
transient significant increase in blood vessel number following
injection of early culture cells (C7) could be compared with the
improvement of vasculature observed recently by another group
after injection of passage four BM-derived MSCs into hyperoxic
animals [39]. However, in contrast to current study, the similar
effect was not observed in normoxic animals. Whether overfilling
the marrow MSC/EPC pool or influence of injected cell signaling
has affected this, remains to be explored.

In previous studies, it was demonstrated that hyperoxia
increases pulmonary vessel/tissue ratio on D28 but has no effect
of blood vessel number on D56 [5]. Yet, after PBS injection here,
these parameters in normoxic lung were different, that is, high
blood vessel values and low tissue area values (compared with
the animals that were not injected), masking the previously
observed D28 difference and creating a significant difference by
D56. Other previous studies observed normal vasculature at 8
weeks of age after 4 days of neonatal oxygen treatment [6]. The
effects of intraperitoneal injection of fluid (such as PBS) on lung
vascularization remain under question, but can be addressed in
future studies, while the number of animals per group could be
increased and the number of experimental groups decreased.

Reduction in VEGFA levels observed in this study appeared
sporadically after cell injections, occasionally coinciding with MLI
increases, when the functional dimer (42 kDa) was affected (nor-
moxic-C77 and hyperoxic-Fr and -C7 groups). Similar to previous
studies, it was restored by day 56 [4]. VEGFA is produced by a

Figure 6. Western blot protein analysis of lungs processed on D28. (A): A representative protein Western blot in different groups. TUBB3
was used as loading control. Loading amount: 8–10 mg of protein. Film exposure time: 3–15 seconds. Significant reductions in protein levels
compared with normoxia-PBS controls are indicated by a white dashed line (p< .05; n 5 3). (B): Chart representing VEGFA levels. VEGFA lev-
els were reduced in Fr- and C7-injected groups: 21 kDa VEGFA in normoxic and 42 kDa VEGFA in hyperoxic mice, as well as in normoxia-C77
group (42 kDa). Significant differences to normoxic controls are marked with asterisks (p< .05; n 5 3). No significant differences to hyperoxic
controls were observed. (C): Chart representing SFTPC levels, no significant differences to normoxic and hyperoxic controls were observed.
Abbreviations: PBS, phosphate buffered saline; SFTPC, surfactant protein C; TUBB3, Tubulin beta 3; VEGFA, vascular endothelial growth factor A.
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fraction of alveolar epithelial type II cells (AECII) and was reported
to be linked to septa formation [40]. Since there was no system-
atic reduction of this protein in any injected group, the changes
could indicate various stages of protein assembly and dimerization
in the injected groups at 28 days. This combined with the demon-
stration that levels of SFTPC (produced by AECII) remained
unchanged in all groups, suggests that no significant decrease in
general AECII function was exerted by four days of hyperoxia or
from cell injection.

Injecting longer term cultured cells (C91-C98) led to aberrant
tissue formations. Donor cell-derived GFP signals were detected in
condensed tissue areas in the lungs indicating that intraperitone-
ally injected cells had reached the lung and participated in forming
local structures. The observed high amount of nucleated cells in
the blood vessels could indicate inflammation. Previous studies
demonstrated, that the longer cells are expanded in culture, the
higher is their chance to potentially undergo chromosomal muta-
tions [41]. It has been demonstrated that after similar culture con-
ditions a significant number of human MSCs undergo malignant
transformations spontaneously, which could explain the effect
observed here [42]. The use of long-term cultured cells for thera-
peutic purposes should therefore be avoided. EPHA31 cells were
observed at very low levels in freshly-isolated BM cells (<1%). The
injection of EPHA31 cells (C56, C77) into mice did not consistently
reduce hyperoxic damage to the lung, and therefore, the role of
such cells in ameliorating deficits to alveolarization and vasculari-
zation during this type of injury does not appear significant. A pos-
sible connection between the presence of high EPHA3
immunoreactivity in the C91–98 cell populations and aberrant
growth and condensed tissue in the lung also remains to be
determined.

In this study, the effects of cultured and fresh noncultured
cells on lung parameters varied significantly and indicate that dif-
ferent cell populations of the same origin can affect the develop-
ment of alveolarization differently. The therapeutic efficacy of
fresh KDR-enriched cells could be originating from a fraction that
was further lost in culture, for example nonadherent cells. How-
ever, this hypothesis remains to be investigated. The conclusion
about avoiding long-term culture of BM cells due to loss of their
potential has previously been observed [43]. Usually, cell culture
is a necessary step required for the expansion of cell numbers for
further transplantation. However, in this study we demonstrate
that small cell numbers can be sufficient for the regenerative
processes after hyperoxia. The therapeutic effects of human cells
in animal hyperoxia models, including large animal models, are
now widely studied. Further steps toward improving or replacing
cell treatment to reduce potential side effects warrant further
experiments.

CONCLUSION

Fresh KDR-enriched BM cell fractions effectively differentiated
into endothelial cells in vitro, and promoted alveolarization recov-
ery following hyperoxia-induced lung injury. Prolonged cell culture
however caused a gradual decrease in therapeutic outcome, and
occasionally promoted the growth of aberrant cell masses. It is
concluded therefore that long-term cell culture of enriched EPCs
is of less potential therapeutic value and is perhaps clinically dan-
gerous, and that freshly enriched EPCs may provide a preferred
source of cells for the treatment of the postnatal deficits of
hyperoxia-induced lung injury.
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