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Abstract

Bronchopulmonary dysplasia (BPD) is a life-threatening condition in preterm infants with few effective therapies. Mesenchymal stem or stromal cells
(MSCs) are a promising therapeutic strategy for BPD. The ideal MSC source for BPD prevention is however unknown. The objective of this study
was to compare the regenerative effects of MSC obtained from bone marrow (BM) and umbilical cord tissue (UCT) in an experimental BPD model.
In vitro, UCT-MSC demonstrated greater proliferation and expression of anti-inflammatory cytokines as compared to BM-MSC. Lung epithelial cells
incubated with UCT-MSC conditioned media (CM) had betterwound healing following scratch injury. UCT-MSC CM and BM-MSC CM had similar pro-
angiogenic effects on hyperoxia-exposed pulmonary microvascular endothelial cells. In vivo, newborn rats exposed to normoxia or hyperoxia (85%
0O,) from postnatal day (P) 1 to 21 were given intra-tracheal (IT) BM or UCTMSC (1 x 10° cells/50 uL), or placebo (PL) on P3. Hyperoxia Pl-treated rats
had marked alveolar simplification, reduced lung vascular density, pulmonary vascular remodeling, and lung inflammation. In contrast, administration
of both BM-MSC and UCT-MSC significantly improved alveolar structure, lung angiogenesis, pulmonary vascular remodeling, and lung inflammation.
UCTMSC hyperoxia-exposed rats however had greater improvement in some morphometric measures of alveolarization and less lung macrophage
infiltration as compared to the BM-MSC-treated group. Together, these findings suggest that BM-MSC and UCT-MSC have significant lung regenera-
tive effects in experimental BPD but UCT-MSC suppresses lung macrophage infiltration and promotes lung epithelial cell healing to a greater degree.
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Comparative Effects of Bone Marrow (BM) Derived versus Umbilical Cord Tissue (UCT) Mesenchymal Stem Cells (MSC)
in an Experimental Model of Bronchopulmonary Dysplasia

BM-MSC and UCT-MSC have significant lung regenerative effects in experimental BPD but UCT-MSC suppress lung
macrophage infiltration and promote lung epithelial cell healing to a greater degree.
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Significance Statement

BPD moves from the bench to the bedside.

Bronchopulmonary dysplasia (BPD) is a significant health care problem. Mesenchymal stem/stromal cells (MSCs) may represent the next
breakthrough therapy for BPD. However, there is a significant knowledge gap in the ideal source of MSC for BPD. Here, we demonstrate
that bone marrow (BM) and umbilical cord tissue (UCT)-MSC improve the alveolar structure, vascular density, pulmonary hypertension,
vascular remodeling, and lung inflammation in an experimental BPD model. However, there were trends for better alveolar protection and
reduction in inflammation in UCT-MSC-treated animals. These findings have significant implications for cell therapy as MSC treatment for

Introduction

Bronchopulmonary dysplasia (BPD), first described in
1967 by Northway et al remains one of the most common,
complex, and intriguing complications of premature birth.'
Advances in neonatal care have modified the phenotype of
BPD, but the disease continues to be a significant health care
burden, with few effective treatments. In the age of antenatal
steroids, surfactant therapy, and noninvasive ventilation, BPD
has evolved from a disease rooted in barotrauma to a multi-
factorial disease characterized by an arrest of alveolar and
vascular development.! This unique paradigm shift in BPD
has resulted in a drive to investigate innovative strategies to
improve postnatal lung development.

Mesenchymal stem or stromal cells (MSCs) are a promising
therapeutic strategy for BPD.> MSCs are easily expanded and
readily isolated from accessible sources, such as bone marrow,
adipose tissue, dental pulp, placenta, amniotic fluid, umbilical
cord blood, and Wharton’s Jelly.? Studies in our laboratory and
others demonstrate that early administration of intra-tracheal
(IT) bone marrow (BM)-derived MSC improves alveolarization,
promote angiogenesis, reduce pulmonary hypertension (PH),
and vascular remodeling in rodent models of BPD.>*¢ These
benefits were primarily paracrine-mediated and secondary to
MSC’s potent anti-inflammatory and pro-angiogenic proper-
ties.*”# Investigations using umbilical cord blood (UCB)-derived
MSC have also revealed that IT UCB-derived MSC improves
lung function and survival in experimental BPD models.”"
UCB and umbilical cord tissue (UCT)-derived MSC are particu-
larly attractive for therapy as they are easily harvested, more
proliferative,'> and potentially more immunomodulatory'
as compared to BM-derived MSC. The yield of MSC in term
UCB is however very low and isolation of these cells from term
UCB has not always been successful.'>'* UCT-derived MSC are
isolated with significantly more efficiency than BM or UCB-
derived MSC." There is also emerging evidence that UCT-MSC
has greater anti-inflammatory effects that are potentially due to
differences in its expression of surface immunomodulatory mol-
ecules and cytokines.!>!* UCT-MSC does not express CD80,
CD40, or CD86, surface molecules involved in T lymphocyte
activation.'” They also have a higher expression of several
anti-inflammatory cytokines than BM-derived MSC,'>'%!* but
whether they have superior lung regenerative effects in BPD has
been less explored.

Here, we tested the hypothesis that UCT-derived MSC has
superior lung-protective effects as compared to BM-MSC in
neonatal rats with hyperoxia-induced lung injury, an experi-
mental model of BPD.

Methods

MSC Culture and Characterization

MSCs were obtained from the BM of 18-45-year-old healthy
male and female adults (N = 3) and UCT of healthy male

and female term infants (N = 3). BM-MSC were isolated and
expanded at the GMP Facility at the Interdisciplinary Stem
Cell Institute of the University of Miami. We used freshly
thawed MSC for the in vivo experiments. Briefly, bone
marrow was processed by layering on top of Lymphocyte
Separation Medium (Corning, Corning, NY) and centri-
fugation at 3000xg for 30 minutes to isolate the density-
enriched, mononuclear cells. The mononuclear cells were
then plated onto 175 cm? (Greiner bio-one Cellstar, Monroe,
NC) for BM-MSC isolation through cell adhesion and ex-
pansion at a seeding density of 3.0 x 107 cells/flask. UCT-
MSC were expanded from whole umbilical cords digested
with 0.2% collagenase II solution (Worthington Biochemical
Corporation, Lakewood, NJ) for 12-18 hours at 37°C under
5% CO,. The homogenate was centrifuged (500xg x 10
minutes) to pellet the cell suspension, washed 3 times with
phosphate buffer solution (Corning, Corning, NY), and re-
suspended in culture media (alpha MEM GIBCO, Thermo
Fisher Scientific, Waltham, MA) supplemented with 20%
fetal bovine serum (Hyclone, Marlborough, MA), 1% peni-
cillin/streptomycin, and 1% L-glutamine. Cells were cultured
(37°C, 5% CO2) until reaching 80%-90% confluence. MSCs
were characterized as previously reported.?’ All experiments
were performed with MSC cryopreserved between passages
3 and 4. For the in vivo experiments, we tested 2 donor sam-
ples, male and female, each of BM and UCT, and for the in
vitro experiments, 3 donor samples (2 females and 1 male),
each of BM and UCT were used.

Assessment of MSC Proliferation

To compare the proliferation of BM-MSC and UCT-MSC,
cell growth curves were performed. In this assay, 1.0 x 10°
cells were plated onto 100 mm x 25 mm cell culture dishes
in standard expansion media (alpha MEM + 20% FBS). Cell
culture dishes were harvested with TrypLE Select (Thermo
Fisher Scientific, Waltham, MA) and counted at 24, 72, and
96 hours after cell plating. Manual cell counts with a hemo-
cytometer were completed at each collection time point. 10x
magnification photos (Olympus microscope, Pittsburgh, PA)
were taken at each time point before cell harvest. In addition,
cell proliferation was assessed at 48 hours by immunofluor-
escent staining with a rabbit monoclonal anti-Ki67 anti-
body (1:100; Abcam, Cambridge, MA), and DAPI (Vector
Laboratories, Burlingame, CA). The proliferation index was
determined by quantifying the Ki67-positive cells/total nu-
cleated cells x 100. Cell viability was compared in UCT-
MSC and BM-MSC by MTT assay (Sigma-Aldrich, Saint
Louis, MO). MSC (1 x 10* cells/well) cultured in 96-well
plates were exposed to normoxia (21% 02, 5% CO2) for
48 hours, followed by the addition of MTT labeling solu-
tion, according to the manufacturer’s protocol. Absorbance
was measured at a wavelength of 550 nm in a plate reader
(Spectramax plus384 microplate reader; San Jose, CA). The
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experiment was repeated with 3 batches of MSCs derived
from different donors within each group. Graphpad Prism 9
was used to create the growth curves and graphs.

Assessment of BM and UCT-MSC Gene Expression

Inflammation and angiogenesis play a crucial role in BPD.
MSCs have well-documented anti-inflammatory and pro-
angiogenic properties. We, therefore, assessed the mRNA ex-
pression of the following anti-inflammatory genes known to
be involved in BPD: IL-10 and TSG-6, along with the mRNA
expression of the following pro-angiogenic genes: chemokine
receptor 12 (CXCL12), vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), angiopoietin-1
(Ang-1), and keratinocyte growth factor (KGF) using an
ABI Fast 7500 System (Applied Bio-Rad, Foster City, CA)
as previously described.?! Briefly, total RNA isolated from
UCT-MSC and BM-MSC were treated with DNase to re-
move possible DNA contamination. One microgram of total
RNA was reverse-transcribed in a 20 pL reaction using a first-
strand ¢cDNA synthesis kit according to the manufacturer’s
protocol (Invitrogen, Grand Island, NY). Each reaction in-
cluded diluted first-strand cDNA, specific primers, and master
mix containing enzymes and TagMan probes according to the
manufacturer’s instruction (Applied Biosystems). Real-time
RT-PCR conditions were 95°C for 10 minutes, followed by
40 cycles of 95°C for 15 seconds and 60°C for 30 seconds.
RNase-free water was used as a negative control. Primers for
human IL-10, TSG-6, CXCL12, VEGF, HGF, Ang-1, KGF, and
GAPDH were predeveloped by Applied Biosystems. For each
target gene, a standard curve was established by performing
a series of dilutions of the first-strand cDNA. The mRNA ex-
pression of target genes was normalized to GAPDH. Analyses
were performed with 3 BM donor samples (2 females and 1
male) and 3 UCT donor samples (2 females and 1 male).

Wound Healing Assay

UCT-MSC and BM-MSC were cultured in Dulbecco’s
Modified Eagle Medium low glucose (Thermo Fisher Scientific,
Waltham, MA) with 10% FBS as previously described.?? The
medium was exchanged with serum-free medium (SFM) with
20% knockout serum replacement (KOSR; Thermo Fisher
Scientific, Waltham, MA). After a 72-hour incubation, the
conditioned medium (CM) was collected. Confluent mono-
layers of human lung epithelial cells (A549; ATCC, Manassas,
VA) cultured in F12K Medium, supplemented with 10% FBS
were scored with a 200 pL yellow tip to leave a scratch. The
culture medium was replaced with either (1) growth medium
with KOSR SFM as control; or (2) growth medium with CM
(x 2.0 concentration), based on pilot studies.

Wound closure was monitored by taking images at peri-
odic time intervals after the scratch was performed. Images
were captured with a light microscope (Leica DMI 6000,
Buffalogrove, IL). The digitized images were then analyzed
using TScratch program?’ to measure the open wound area
at previously defined points. The wound closure rate was as-
sessed by calculating the ratio of the open wound area after
24 and 48 hours to the open wound area at 0 hour, that is, the
wound closure rate = (open area 0 hour — open area 24 hours
or 48 hours)/open area 0 hour x 100%.

Matrigel Assay

The effect of UCT-MSC and BM-MSC CM on capillary
tube formation of pulmonary microvascular endothelial cells
(HULECs: ATCC, Manassas, VA) was determined by matrigel
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assay as previously described.?* Briefly, HULECs, passage 3
to 4, were seeded at 2 x 10* cells/well into 96-well plates.
Capillary tube formation was assessed on growth factor re-
duced matrigel-coated wells (BD Biosciences, San Diego,
CA). Bright-field images were collected at 12 hours. All ex-
periments were done in triplicate and tube formation was as-
sessed using Image ] Angiogenesis Analyzer.

Animals

The SYRCLE protocol for systemic review of animal inter-
vention studies was adhered (Systemic Review Protocol
for Animal Intervention Studies format by SYRCLE (www.
SYRCLE.NL). Pregnant Sprague Dawley rats were purchased
from Charles River Laboratories (Wilmington, MA). Animals
were treated per National Institutes of Health guidelines.
The protocol was approved by the Animal Care and Use
Committee (ACUC) of the University of Miami Miller School
of Medicine. The rats were randomly housed with food and
water available ad libitum at constant temperature (25°C)
under the 12:12 light/dark cycle.

Experimental Design

Sprague-Dawley newborn rats from 6 litters (N = 60) within
24 hours after birth were randomly selected and assigned
to room air (RA) or hyperoxia (HYP) environments (85 %-
90% FiO,) from postnatal day (P)1-P21, were given a single
intra-tracheal (IT) injection of placebo (PL), BM-MSC or
UCT-MSC on P3. Rats were housed in a plexiglass chamber
with oxygen monitoring as previously described.?** Oxygen
exposure was continuous but briefly interrupted for animal
care (<10 minutes/day). Nursing dams were rotated between
normoxia and hyperoxia groups once every 48 hours to pre-
vent oxygen toxicity to the dams. For IT injection, third pas-
sage MSC were thawed, assessed for viability, and washed
with phosphate-buffered saline (PBS). MSCs were suspended
in PBS at 1 x 10¢ viable cells per 50 pL for IT administration.
This dose was chosen based on prior studies in our labora-
tory.® A single IT dose of 50 pL was administered to each
pup. On P3, following sedation with isoflurane, the trachea
was exposed through a small midline incision in the neck.
MSC (1 x 1050 pL) or PBS (PL) was delivered by direct tra-
cheal puncture with a 30-gauge needle. Rats were placed in a
warmed plastic chamber under normoxic or hyperoxic condi-
tions for recovery. Once the rats were fully awake, they were
returned to their dams. On P21, the rats were anesthetized
with 1% isoflurane, tracheotomized and cannulated, and then
sacrificed for analyses.

Lung Morphometric Analysis

Lung morphometry was performed as previously described.?”
Lungs were inflated and perfused with 4% paraformaldehyde
(PFA) at a pressure of 15 cmH,O for 5 minutes. The sam-
ples were left in PFA for 24 hours and serial dehydration
in ethanol was performed the following day. The lungs
were then embedded in paraffin. Serial 5-pm-thick paraffin-
embedded sections obtained from the lung were stained with
hematoxylin and eosin. Images from 10 randomly selected,
nonoverlapping parenchymal fields were acquired from the
lung sections of each animal at 10x magnification. Care was
taken to exclude major bronchioles, vessels, and artifacts
from the field. Images were captured by a blinded observer,
and the mean linear intercept (MLI) and the radial-alveolar
count (RAC), a measure of alveolarization were analyzed as
previously described.?
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Lung Angiogenesis

Vascular density was evaluated as previously described.?
Briefly, lung sections were stained with polyclonal rabbit
antihuman Von Willebrand Factor (vWF; 1:50; Dako,
Carpinteria, CA), a marker of endothelial cells, and 4'6-di-
amidino-2-phenylindole (DAPI; Vector Laboratories). Five
randomly selected nonoverlapping parenchymal fields were
evaluated from the lung sections of each animal. The number
of blood vessels (20-50 pm in diameter) in each high-power
field (HPF) was counted by a blinded observer.

Pulmonary Vascular Remodeling

Pulmonary vascular remodeling was evaluated as previously
described.”” Briefly, lung sections were stained with poly-
clonal rabbit antihuman vWF (1:50; Dako) and mouse anti-
a-smooth muscle actin (a-SMA: 1:500, Sigma, St Louis, MO).
Five randomly selected non-overlapping parenchymal fields
were evaluated from the lung sections of each animal. Blood
vessels (20-50 pm in diameter) in each HPF were counted by
a blinded observer and the degree of muscularization was as-
sessed.?® Medial wall thickness was measured in 20 randomly
selected arterioles (20-50 pm in diameter) at 40x magnifi-
cation as previously described.?® Briefly, the thickness of the
medial layer of the arteriole was calculated using the formula
2x measured thickness of the medial layer/ average diameter
of the vessel x 100%.

Assessment of Pulmonary Hypertension

Right ventricular systolic pressure (RVSP) was evaluated as a
surrogate of pulmonary artery pressure. A thoracotomy was
performed, and a 22-gauge needle connected to a pressure
transducer was inserted into the right ventricle of P14 pups.
RVSP was measured and recorded on a Gould polygraph
(model TA-400; Gould Instruments, Cleveland, OH) as pre-
viously described.?

Assessment of Lung Inflammation

Lung macrophage infiltration was assessed by immunostaining
lung sections with a rat monoclonal antibody to MAC-3
(1:20, BD Biosciences, San Jose, CA). The number of MAC-3
positive cells in the alveolar air spaces was determined by
evaluating 10 random images taken with the 40x objective
on each slide and quantifying the number of MAC-3-positive
cells per HPE?

Western Blot

Protein expression of the pro-inflammatory cytokine,
monocyte chemoattractant protein (MCP-1) in homogen-
ized lung samples was determined by Western Blot as pre-
viously described.?”” MCP-1 polyclonal antibody (1:500)
was obtained from Abcam (Cambridge, MA). Briefly, lung
homogenates were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes, and blocked overnight at 4°C in
5% bovine serum albumin. Immunodetection was performed
by incubating the membranes with the primary antibodies
diluted in blocking buffer for 1 hour at room temperature.
After washing, a semilumiscent horseradish peroxidase sub-
strate was diluted in blocking buffer and applied for 60 min-
utes. Band intensity was quantified with the Quantity One
software (Bio-Rad, Hercules, CA). B-Actin was used as the
normalizing protein (1:10,000, Sigma-Aldrich).
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Statistical Analysis

Data expressed as mean = standard error of the mean (SEM)
were analyzed by 2-way ANOVA with posthoc Holm-Sidak
test using Sigma Stat software. P values less than .05 were
considered statistically significant.

Results

Proliferative Capacity and Cell Morphology of
BM-MSC and UCT-MSC

With clinical studies showing the promising therapeutic poten-
tial of MSC, it is crucial to obtain high yield and high-quality
MSC. Hence, we compared UCT-MSC and BM-MSC via-
bility by MTT assay and growth kinetics by cell proliferation
assay and Ki67 immunostaining. MTT assay revealed that
BM-MSC and UCT-MSC have similar cell viability (Fig. 1A).
BM-MSC and UCT-MSC also showed a similar fibroblast-
like (elongated spindle) morphology following 72 and 96
hours of cell culture (Fig. 1B), however, UCT-MSC showed
a consistently higher growth rate. The difference was signifi-
cant after 48 hours of cell culture (P < .05; Fig. 1C). Ki67
immunostaining also confirmed that UCT-MSC has a higher
proliferation index than BM-MSC following 48 hours of cell
culture (P < .05; Fig. 1D,E). Collectively, these data suggest
that UCT-MSC proliferate at a greater rate as compared to
BM-MSC.

Gene Expression Profile of BM-MSC and UCT-MSC

Given that BPD is a complex disease with aberrant lung
inflammation and angiogenesis,® we next evaluated the
expression of key anti-inflammatory and pro-angiogenic
genes in BM-MSC and UCT-MSC. UCT-MSC had sig-
nificantly higher gene expression of IL-10 (11-fold; P <
.05) and TSG-6 (83-fold; P < .05) compared to BM-MSC
(Fig. 2A,B), suggesting that UCT-MSC may possess
greater anti-inflammatory effects compared to BM-MSC.
Interestingly, BM-MSC had higher expression of CXCL12
(18-fold; P < .05) and VEGF (7-fold; P < .05) as compared
to UCT-MSC (Fig. 2C,D). However, the expression of HGF
and Ang-1, known angiogenic factors’!’? that modulate
lung angiogenesis, were higher in UCT-MSC as compared
to the BM-MSCs (Fig. 2E,F). There was no difference in the
expression of KGF, a known alveolar protective factor,? be-
tween the MSC sources.

Alveolar Protective and Wound Healing Effects of
BM-MSC and UCT-MSC

BPD is characterized by an arrest of alveolar development.
We, therefore, compared the effects of IT UCT-MSC and
BM-MSC on lung alveolarization in an experimental BPD
model. Newborn PL-treated hyperoxia-exposed rats exhib-
ited severe destruction of the alveolar architecture, as evi-
denced by enlarged and simplified alveoli (Fig. 3A). Lung
morphometric analysis demonstrated significantly decreased
RAC and increased MLI in hyperoxia-exposed PL-treated
rats (Fig. 3B,C). Administration of BM-MSC or UCT-MSC
significantly increased RAC and while there was a trend for
greater improvement with UCT-MSC, there was no signifi-
cant difference between the HYP BM-MSC and HYP UCT-
MSC groups (Fig. 3B). In addition, while both BM and
UCT-MSC decreased the MLI, this was more marked in the
UCT-MSC treated group (103 = 4 vs 81 + 3 vs 71 = 3 pm;
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HYP-PL vs HYP BM-MSC vs HYP UCT-MSC; P < .05, N =
8-10/group) (Fig. 3C). Inmunostaining of lung sections with
Ki67 and cleaved caspase-3 antibodies revealed that there
was no difference in lung cell proliferation or apoptosis be-
tween the MSC treatment groups (data not shown).

Given the known paracrine-mediated effects of MSCs, we
also sought to ascertain whether UCT and BM-MSC CM
would have differential effects on lung epithelial cell wound
healing. Scratch-injured human lung epithelial cells were in-
cubated in CM from UCT-MSC and BM-MSC and wound
closure was assessed at 0, 24, and 48 hours, respectively.

Scratch width was not significantly different between the
groups at 0 and 24 hours (Fig. 3D,E). In contrast, at 48 hours,
lung epithelial cells exposed to UCT-MSC CM had signifi-
cantly greater wound closure as compared to BM-MSC CM
(Fig. 3D,E).

Effects of BM-MSC and UCT-MSC on Lung
Angiogenesis

Disordered angiogenesis is a key feature of BPD. Thus, we
next compared the effect of UCT-MSC and BM-MSC in
preserving lung angiogenesis in our experimental BPD model.
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100x. Scale bars = 50 um. (B) Similar improvement in lung vascular density in both UCT-MSC and BM-MSC hyperoxia-exposed groups. Data are
presented as mean = SEM; *P < .05, RA-PL versus hyperoxia-PL; T P < .05, hyperoxia-PL vs hyperoxia BM-MSC or hyperoxia UCT-MSC, N = 8-10/group.
(C) BM-MSC CM and UCT-MSC CM similarly promote capillary tube formation in hyperoxia-exposed pulmonary microvascular endothelial cells (HULEC).
All experiments were run in triplicates. Data are presented as mean + SEM; *P < .05, BM-MSC versus UCT-MSC, N = 3 donors/group.

Angiogenesis was determined by staining lung sections with
vWF antibody (Fig. 4A). There was no difference in vascular
density between the RA groups. As compared to RA-PL,
hyperoxia-exposed rats had significantly decreased vascular

density. In contrast, administration of BM-MSC or UCT-MSC
to hyperoxia-exposed rats improved angiogenesis (5 = 0.4 vs
7 0.6 vs 7 = 0.6 vessels per HPF; HYP-PL vs HYP BM-MSC
vs HYP UCT-MSC; P < .05, N = 8-10/group) (Fig. 4A,B).
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There was however no difference between the hyperoxia
MSC-treated groups.

Moreover, HULECs exposed to normoxic or hyperoxic
conditions were also incubated with BM-MSC CM, UCT-
MSC CM, or control for 24 hours. Matrigel assay revealed
that whereas hyperoxia control HULECs had decreased ca-
pillary tube formation, both BM-MSC CM and UCT-MSC
CM significantly promoted capillary tube formation and
there was no difference between the treatment groups (Fig.
4C,D).

Effect of BM-MSC and UCT-MSC on Pulmonary
Hypertension and Vascular Remodeling

Pulmonary vascular remodeling was determined by
quantifying the medial wall thickness and percentage of
muscularized vessels. As compared to RA-PL, exposure to
hyperoxia significantly increased medial wall thickness and
percentage of muscularized vessels (Fig. SA-C). Treatment
with UCT-MSC or BM-MSC significantly reduced medial
wall thickness and percentage of muscularized vessels and
there was no difference between the group (Fig. SA-C).
Additionally, whereas hyperoxia-exposed PL treated rats had
increased RVSP (20 = 0.8 vs 40 = 3%, RA-PL vs HYP-PL;
P < 0.05, N = 8-10/group), administration of BM-MSC and
UCT-MSC decreased RVSP (40 = 3 vs 35 + 2 vs 32 + 2 mm
Hg; HYP-PL vs HYP BM-MSC vs HYP UCT-MSC; P < .05,
N = 8-10/group). There was no difference between the MSC-
treatment groups. Taken together, these findings demonstrate
that UCT-MSC and BM-MSC reduce pulmonary hyperten-
sion and vascular remodeling in experimental BPD, and this
is not influenced by the MSC source.
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Effect of BM-MSC and UCT-MSC on Lung
Inflammation

There was no difference in lung macrophage infiltration in
RA-exposed rats. In contrast, hyperoxia-exposed PL-treated
rats had a 4-fold increase in the number of the MAC-3
positive cells per HPF. Administration of UCT-MSC and
BM-MSC significantly reduced lung macrophage infiltra-
tion in hyperoxia-exposed rats but this was most significant
in the UCT-MSC group (Fig. 6A,B). In addition, Western
Blot analysis demonstrated that hyperoxia exposure signifi-
cantly increased MCP-1 expression in lung lysates and this
was significantly reduced by UCT-MSC and BM-MSC. The
reduction was most pronounced in the hyperoxia-exposed
UCT-MSC group (Fig. 6C). UCT-MSC and BM-MSC also
significantly reduced lung IL-1p, or TNF-a gene expression
in hyperoxia-exposed rats but there was no difference in
their expression between the hyperoxia MSC-groups (Fig.
6D,E).

Discussion

Early clinical trials investigating MSC therapy in newborns
with BPD show that they are safe and have potential benefi-
cial effects.’* However, a lack of consensus on the ideal source
of MSC to treat BPD still exists. Understanding the role of
many variables involved in successful MSC therapy, including
the ideal source of MSC for BPD therapy, will contribute to
the optimization of MSC in future clinical trials. Herein, we
performed a comparative analysis of the lung-protective ef-
fects of UCT-MSC and BM-MSC in an experimental model
of BPD. UCT and BM-MSC were administered during the
newborn period to rodents with hyperoxia-induced lung
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Figure 5. BM-MSC and UCT-MSC similarly improve pulmonary vascular remodeling. (A) Lung sections stained with Von Willebrand Factor (green),
a-smooth muscle actin (red), and DAPI (blue), demonstrating improved vascular remodeling in hyperoxia-exposed rats treated with BM-MSC or UCT-
MSC. Original magnification 100x. Scale bars=50 um. Compared with the hyperoxia-PL group, (B) medial wall thickness (MWT) and (C) percentage
of muscularized vessels were reduced in hyperoxia-exposed MSC-treated group. Data are presented as mean + SEM; *P < .05, RA-PL versus
hyperoxia-PL; T P < .05, hyperoxia-PL versus hyperoxia BM-MSC or hyperoxia UCT-MSC, N = 8-10/group.
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Figure 6. Effect of BM-MSC and UCT-MSC on lung inflammation. (A) Representative lung sections immunostained with Mac-3 (macrophage

marker, brown signal) showing reduced macrophage infiltration in hyperoxia-exposed rats treated with BM-MSC or UCT-MSC. (B) Bar graph showing
significantly decreased number of macrophages per high power field in hyperoxia-exposed BM-MSC or UCT-MSC groups. The reduction was most
pronounced in the UCT-MSC treated group. (C) Significantly decreased lung MCP-1 expression in hyperoxic rats treated with UCT-MSC and BM-MSC,
but this was most marked in the UCT-MSC group. (D) Representative Western blot of MCP-1 is shown. B-actin is utilized as the normalized protein.
Reduced (E) I-1f and (F) TNF-a expression in both UCT-MSC and BM-MSC hyperoxia-exposed groups. Data are presented as mean + SEM; P < .05,
RA-PL versus hyperoxia-PL; T P < .05, hyperoxia-PL versus hyperoxia BM-MSC or hyperoxia UCT-MSC; § P < .05, hyperoxia BM-MSC versus hyperoxia

UCT-MSC, N = 6-8/group.

injury and structural and functional markers of lung repair
were analyzed at 3 weeks. We demonstrate that UCT-MSC
and BM-MSC have similar effects on lung angiogenesis and
vascular remodeling however UCT-MSC suppresses lung
macrophage infiltration and promotes lung epithelial cell
wound healing to a greater degree than BM-MSC. There were
also trends for better alveolar protection in the animals that
received UCT-MSC. These findings have significant implica-
tions as cell therapy for BPD moves from the bench to the
bedside.

Inflammation is a key contributor to aberrant lung de-
velopment and remodeling in preterm infants with BPD.%
Prior studies have demonstrated that MSC from UCB, UCT,
and BM attenuate lung injury in experimental BPD models
by decreasing inflammation,>!! but the evidence was here-
tofore lacking on their comparative efficacy. MSC attenuate
the respiratory burst in activated neutrophils,’ suppress
natural killer cell proliferation, cytokine production, and
cytotoxicity,’ inhibit dendritic cell maturation, and acti-
vation,’” induce changes in macrophage polarization to an
M2, anti-inflammatory phenotype,**° suppress T-cell cyto-
kine secretion and cytotoxicity*'* and inhibit B-cell sur-
vival, proliferation, and differentiation.* UCT-MSC may
have superior immunomodulatory properties as compared
to BM-MSC but published findings are inconsistent.'>'® Our
present in vivo studies show that UCT-MSC and BM-MSC
treated hyperoxia-exposed rats have a similar reduction in
lung IL-1f and TNF-a gene expression but interestingly
hyperoxia-exposed rats who received UCT-MSC had sig-
nificantly lower lung macrophage infiltration than rats that
received BM-MSC. MCP-1, a key chemokine involved in
macrophage infiltration and BPD pathogenesis were also
significantly lower in hyperoxia-exposed rats that received

UCT-MSC.# In keeping with these in vivo findings, our
in vitro studies also revealed that UCT-MSC has a higher
expression of the anti-inflammatory cytokines, IL-10 and
TSG-6 as compared to BM-MSC. Interestingly, BM-MSC
has variable TSG-6 expression, and cells with higher TSG-6
levels have better regenerative effects.*® TSG-6 knockdown
attenuates the anti-inflammatory and regenerative ef-
fects of MSC in neonatal hyperoxia-induced lung injury.*’
Additionally, we previously demonstrated that IT adminis-
tration of an adenovirus over-expressing TSG-6 attenuates
neonatal hyperoxia-induced lung injury and lung macro-
phage infiltration.?’ Taken together, our findings suggest
that UCT and BM-MSC have significant lung anti-inflam-
matory effects but UCT-MSC suppress lung macrophage
infiltration to a greater degree in our experimental BPD
model.

Another important finding in our current study was our
in vitro scratch assay showing superior effects of UCT-MSC
CM on lung epithelial cell wound healing. Our laboratory
previously demonstrated that the regenerative effects of MSC
are mainly paracrine mediated* and other investigators have
demonstrated that BM-MSC and UCT-MSC enhance cell
proliferation and migration, leading to improved wound re-
pair.** No comparative analyses have however been per-
formed. Interestingly, in our in vivo experimental BPD model,
UCT-MSC and BM-MSC had similar effects on lung cell
proliferation and apoptosis, but hyperoxia-exposed rats that
received UCT-MSC had trends for better alveolar protection
as compared to those that received BM-MSC. We postulate
that these potential superior benefits on alveolarization by
UCT-MSC:s are in part secondary to its greater effects on cell
migration, as seen in our wound healing assay. Moreover, in
keeping with this finding, our in vitro study also showed that
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UCT-MSC exhibit greater HGF expression, a critical factor in
cell migration and wound repair.*

Poor lung vascular growth is also a major finding in BPD.
In rodent models of BPD, MSC regenerative effects are in part
mediated by vascular endothelial growth factor (VEGF)!
and CXCL12.° There is also evidence that other growth
factors such as Ang-1, KGF, and HGF restore endothelial
cell integrity.>7 Intriguingly, our in vitro studies revealed
that BM-MSC has greater VEGF and CXCL12 expression.
Despite this, in our experimental BPD model, BM-MSC and
UCT-MSC treated hyperoxia-exposed rats had similar im-
provements on lung vascular density, pulmonary vascular
remodeling, and pulmonary hypertension. Additionally, in
our in vitro angiogenesis assay, UCT-MSC CM and BM-MSC
CM had similar effects on capillary tube formation. We pos-
tulate that our current finding of similar beneficial effects on
lung angiogenesis in our experimental BPD model with both
MSC sources, despite higher VEGF and CXCL12 expression
in BM-MSC may be in part secondary to greater HGF and
Ang-1 expression in UCT-MSC.

Our study has specific strengths and limitations. First,
consistent with previous studies, our in-vitro study shows
that the growth kinetics of the UCT-MSC was significantly
higher than BM-MSC. Greater proliferation allows for
shorter cell culture time to generate a sufficient population
of MSC for clinical use. It should however be recognized
that although we investigated MSC from 6 different donors
(N = 3/MSC source), small variations in the source and
processing methods may change the functional properties
of the final MSC product. Even the most rigorously sorted
stem cell population might be heterogeneous. Previous large
sample analyses from UCT-MSC have however revealed
consistent properties among the donors.*® For our in vivo
studies, we also used freshly thawed cells, but studies com-
paring the efficacy of thawed and culture-rescued MSC
products have yielded mixed results.”” We however previ-
ously showed significant therapeutic efficacy using freshly
thawed cells.® Another factor to consider is that it is pos-
sible that the superior effects of UCT-MSC on lung macro-
phage infiltration and wound healing may be secondary to
the age of the donor and not per se the source of the cells.
This age-dependent beneficial effect of MSC is crucial as
there is strong evidence that MSC from young donors pro-
motes more rapid and robust wound repair compared to old
MSC.386%61 Qur preclinical hyperoxia BPD model is also im-
perfect as BPD is multifactorial. Moving forward, further
studies in large animal models will be important.

Conclusion

To the best of our knowledge, this is the first published re-
port comparing the efficacy of BM-MSC and UCT-MSC in an
experimental BPD model. We show that BM-MSC and UCT-
MSC have potent lung regenerative effects, but UCT-MSC
has potentially better alveolar protective effects, suppresses
lung macrophage infiltration, and promotes epithelial cell
wound healing to a greater degree as compared to BM-MSC.
Given that UCT-MSC is readily accessible,® less likely to have
karyotype abnormalities®> and more easy to isolate and cul-
ture,® with minimal ethical concerns, these findings have fun-
damentally important implications for MSC therapy in BPD
prevention.
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