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Purpose: Pulmonary arterial hypertension (PAH) is a progressive and fatal pulmonary vascular disease initiated by endothelial
dysfunction. Mesenchymal stromal cells (MSCs) have been shown to ameliorate PAH in various rodent models; however, these
models do not recapitulate all the histopathological alterations observed in human PAH. Broiler chickens (Gallus gallus) can develop
PAH spontaneously with neointimal and plexogenic arteriopathy strikingly similar to that in human patients. Herein, we examined the
protective effects of MSC transplantation on the development of PAH in this avian model.
Methods: Mixed-sex broilers at 15 d of age were received 2×106 MSCs or PBS intravenously. One day later, birds were exposed to
cool temperature with excessive salt in their drinking water to induce PAH. Cumulative morbidity from PAH and right-to-left ventricle
ratio were recorded. Lung histologic features were evaluated for the presence of endothelial damage, endothelial proliferation and
plexiform lesions. Expression of proinflammatory mediators and angiogenic factors in the lung was detected. Matrigel tube formation
assay was performed to determine the angiogenic potential of endogenous MSCs.
Results: MSC administration reduced cumulative PAH morbidity and attenuated endothelial damage, plexiform lesions and produc-
tion of inflammatory mediators in the lungs. No significant difference in the expression of paracrine angiogenic factors including
VEGF-A and TGF-β was determined between groups, suggesting that they are not essential for the beneficial effect of MSC
transplantation. Interestingly, the endogenous MSCs from birds receiving MSC transplantation demonstrated endothelial differentiatial
capacity in vitro whereas those from the mock birds did not.
Conclusion: Our results support the therapeutic use of MSC transplantation for PAH treatment and suggest that exogenous MSCs
produce beneficial effects through modulating inflammation and endogenous MSC-mediated vascular repair.
Keywords: plexiform lesion, right ventricular hypertrophy, VEGF-A, TGF-β, angiogenesis, bone marrow

Introduction
Pulmonary arterial hypertension (PAH) is a devastating disease in humans characterized by sustained elevations in
pulmonary vascular pressure, resulting in right heart failure and death. The histological hallmark of PAH is the structural
and functional remodeling of small pulmonary arteries.1,2 Disordered angiogenesis causes the formation of glomeruloid
structures called plexiform lesions, resulting in complete obliteration of pulmonary arteries.3–5 Although the detailed
mechanisms underlying vascular pathology in PAH remain to be elucidated, accumulating evidence suggests that
endothelial dysfunction acts as first trigger in driving this process.6
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Despite major advances in pharmacological treatments, PAH remains a fatal disease.7 Over the last decades, stem
cell-based therapies have attracted great interest in the field of PAH. One of the cell types currently undergoing
preclinical trials is the mesenchymal stem cells (MSCs, also known as mesenchymal stromal cells). MSCs are one of
the most well-characterized stem cells that can be obtained from various tissues involving bone marrow, peripheral blood
and adipose tissue, are easily cultivated, expand extensively in vitro, have intrinsic differentiation potentials, and produce
an abundance of bioactive factors mediating beneficial angiogenic effects as well as immunosuppression.8–11 Numerous
preclinical studies demonstrated promising therapeutic potential of MSC therapy for PAH; however, the majority of the
studies was conducted by using the monocrotaline (MCT) model.12 Notably, this model does not recapitulate all the
histopathological alterations observed in human PAH, such as neointimal and plexogenic arteriopathy.13,14 Furthermore,
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many drugs that have demonstrated efficacy in the MCT models have failed to show clinical benefit in human trial.13,15

Thus, further preclinical data from more clinically-relevant models are needed.
Fast-growing meat-type broiler chickens (Gallus gallus) can spontaneously develop PAH (also known as ascites or

pulmonary hypertension syndrome), with an estimated incidence of 3% in all broiler chickens reared under conditions that
promote maximal growth. Increased oxygen demand (cold stress), hypobaric hypoxia (high altitude)16 or sodium chloride
toxicity17 predisposes the birds to develop PAH. Broilers with PAH exhibit histological features closely resembling that of human
idiopathic PAH, including medial hypertrophy, intimal hyperplasia and plexiform lesions in lung vasculature.18–23 We have
recently proposed a concept that the formation of plexiform lesions is associated with local immune/inflammatory response
resulting from hemodynamic stress.21,24 It is now well established that, like that in humans, pulmonary artery endothelial cell
damage plays a major role in the pathogenesis of PAH in broilers.25–27 Thus, broilers offer a particularly useful model for the
study of PAH pathogenesis and development of new therapies for PAH.

The aim of the present study was to provide additional information regarding the application of MSCs for PAH
treatment by administrating MSCs to broiler chickens with PAH induced by cold stress combined with sodium chloride
toxicity. Here, we used the chicken model to investigate the effects of MSC transplantation on PAH. We confirmed that
intravenous-infused MSCs reduced PAH incidence and attenuated endothelial damage, plexogenic arteriopathy and
inflammation. We demonstrated, for the first time, that MSC transplantation activated endogenous MSCs to differentia-
tion to endothelial cells, which may thus contribute to the beneficial effects produced by MSC transplantation.

Materials and Methods
The animal experiments followed the guidelines for the ethical review of laboratory animal welfare in Zhejiang
University and were approved by the Ethics Committee of the Zhejiang University (Approved No. ZJU2015-445-12).

Isolation and Culture of MSCs
MSCs were isolated from the bone marrow of healthy broilers (Ross 308) at 1-week old. In brief, the birds were killed by
cervical dislocation and femurs and tibia bones were removed, cleaned of all soft tissues. The bones were soaked in 70%
(v/v) ethanol for 10 minutes. Bone marrow cells were extracted as previously described.28 Mononuclear cell (MNC)
fraction was enriched by density gradient centrifugation using Ficoll-Paque, density of 1.078 g/mL (Haoyang Biological
Manufacture Co., Ltd, Tianjin, China) and cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin and
100 μg/mL streptomycin at 39 °C with 5% CO2. After 48 hours, hematopoietic cells and other non-adherent cells were
removed. Medium was replaced every 2–3 days. The remaining cells were further expanded in culture until ∽80%
confluence. Afterward, the cells were detached with 0.25% trypsin-EDTA (Sigma-Aldrich, Shanghai, China) and replated
in other flasks at 1:6 ratios. Cultures up to passage 2 were used for the experiments.

Phenotypical Characterization of MSCs
At the end of passage 2, cells were harvested for evaluating mRNA expression of cell surface markers CD44, CD90,
CD105, CD31, CD34 and CD45 by using reverse transcription (RT)-PCR. Briefly, total RNA was extracted from
harvested cells with TRIzol reagent (TaKaRa, Dalian, China), and cDNA was synthesized from 1 μg of total RNA
using PrimeScript RT Reagent Kit (TaKara, Dalian, China). The cDNAwas subjected to PCR amplification as previously
described.29 The oligonucleotide primers are presented in Table S1. PCR products were separated by electrophoresis with
1.2% agarose gel and visualized with GoldView (Yeasen Biotechnology, Shanghai, China).

The phenotypic expression of α-SMA and CD133 in MSCs was examined by immunofluorescence. Cells were fixed
in ice-cold methanol and stained as previously described.30 Briefly, cells were incubated with either monoclonal mouse
anti-human α-SMA (Bostar Bio, Wuhan, China) or polyclonal mouse anti-chicken CD133 (self-prepared) overnight at
4°C, followed by incubation with a FITC-labeled secondary antibody for 60 min at 37°C in dark. The nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI).

Oil Red O stain was performed to determine adipocyte differentiation using our previously described protocol.31 In
brief, cells in 6-well plates were fixed in 10% formalin and washed in 60% isopropanol. Lipid droplets were then
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visualized by fresh oil red O solution. To characterize osteogenic differentiation, cells were stained by alizarin red S as
previously described.31 Orange/red calcific deposits were observed under a microscope.

Cell Proliferation Assay
Cell proliferation was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, cells
at passage 2 were seeded in 96-well plates at an initial density of 100 or 1000 cell per well. At the indicated time points, 20 μL
of MTT (5 mg/mL; Sigma-Aldrich, USA) solution was added into each well, followed by incubation of the plates at 39°C in
5% CO2 for 4 h. The supernatant was then discarded and 150 µL of dimethyl sulfoxide (DMSO) was added to each well to
dissolve formazan precipitation. The optical density of each well was measured at 570 nm using a microplate reader.

Animal Model and Study Design
Mixed-sex 1-day-old broilers (Ross 308) were purchased from a local commercial hatchery. Birds were fed a commercial
corn-soybean meal diet formulated to meet or exceed the NRC (1994) standards for all ingredients. Thermoneutral
temperatures were applied to the birds until 15 d of age when the birds were randomly divided into 2 groups (body
weight 300–400 g) and received either 2×106 MSCs suspended in 200 μL PBS (MSC group) or PBS alone (mock group)
through the wing vein. On d 16, birds were exposed to cool environmental temperatures in combination with excess salt
in their drinking water to induce PAH as we have previously described.25 Briefly, when starting on d 16, the brooding
temperature was gradually decreased by 1°C per day until a final temperature of 17 °C was reached. Along with the
exposure to cold stress, sodium chloride (0.3%, w/v) was given in the drinking water to further accelerate the
development of PAH.23 Birds had free access to full feed and water. Bird mortality was recorded daily and necropsies
were performed to identify PAH-related death from d 16 onward. Birds that died with a right-to-total ventricle ratio (RV/
TV) above 0.25 were included in the PAH mortality.32 Six birds were randomly selected from each group at weekly
intervals for 4 weeks after MSC implantation and subjected to the following experiments (Figure 1).

Lung Histological Analyses
The birds were humanly killed and the lungs were perfused immediately with PBS through right ventricle. Thereafter, the right
lungs were removed and cut in the transverse plane at the major rib indentations (costal sulci). One inter-rib division was
collected and fixed in 4% (w/v) formaldehyde solution for 24 h. The paraffin-embedded tissues were subsequently serially cut in
the transverse plane at 5 to 7 μm thickness and stained with hematoxylin–eosin. Morphological changes of the pulmonary
arterioles were observed under an optical microscope. To evaluate endothelial damage, at least 20 arterioles with an external
diameter of <50 μm in each slide were photographed, and the histological alterations of vascular endothelium were assessed by
an expert. The percentage of the arterioles with normal endothelium was calculated. Plexiform lesions in each slide were also
counted and lesion density (number of lesions per section/cm2 per section) was calculated as described previously.24,33

Right-to-Total Ventricle Ratio (RV/TV)
Hearts were removed and carefully dissected. Weights of the free-wall of the right ventricle (RV) and the total ventricle
(TV) were measured, and the ratio of RV/TV was calculated as the RV hypertrophy index.34

Figure 1 Experimental design.
Abbreviation: MSCs, mesenchymal stem cells.
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Real-Time Quantitative PCR (qPCR)
Total RNA was extracted from frozen lung tissue by using RNA-Quick Purification Kit according to the manufacturer’s
instructions (Yishan, Shanghai, China). First-strand cDNA was synthesized from 1000 ng total RNA using HiScript II
Q RT SuperMix for qPCR with genomic DNA wiper (Vazyme, Nanjing, China). Gene expression was quantified by
qPCR using Roche LightCycler 480 II system (Roche Diagnostics GmbH, Mannheim, Germany) with SYBR Green
Realtime PCR Master Mix Plus (Vazyme, Nanjing, China). The primer sets used and the amplification program have
been described previously.24 The relative expression of the target genes was corrected to reference genes B2M and
RPL19 using efficiency corrected method (Pfaffl).

Western Blot
Lung tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer (Fudebio, Hangzhou, China) containing
protease inhibitors (PMSF, Beyotime Technology, Nanjing, China). Protein concentration was quantified by using
a bicinchoninic acid (BCA) method (Beyotime Technology, Nanjing, China). For Western blot, the samples were
separated by sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis (PAGE) and electroblotted onto
polyvinylidene difluoride (PVDF) membrane (Millipore, USA). The membranes were subsequently blocked in 5% non-
fat milk in TBST and probed with primary antibodies against IL-1β (Abclonal, Wuhan, China), IL-6 (Huabio, Hangzhou,
China) and TNF-ɑ (Santa Cruz, Texas, USA) at a final dilution of 1:1000 overnight at 4°C, then immunoblotted with
appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Fudebio, Hangzhou, China). The immunor-
eactive bands were visualized by electrochemiluminescent (ECL).

In vitro Tubular Formation Assay
Tubular formation assay was conducted as previously described.21 In brief, Matrigel matrix (BD Biosciences, San Jose,
CA, USA) diluted in DMEM (1:1, v/v) was added into 96-well plates and allowed to solidify at 39 °C for 30 min. MSCs
suspended in DMEM were plated onto the surface of the matrix at 5×104 cells/well with triplicate. After 4 h cells were
visualized by a phase-contrast microscope (Nikon, Japan) and representative fields (×20 magnification) were
photographed.

Statistical Analysis
Data are presented as mean ± SEM. PAH morbidity was analyzed using independent chi-squared test. Normality was
assessed for other data sets by Shapiro–Wilk test. RV/TV ratio, plexiform lesion density and the mRNA level of
angiogenic factors were analyzed by using non-parametric Mann–Whitney U-test due to non-normal distribution or
small sample size (n < 5). Other data were analyzed using an unpaired Student’s t-test. Significance was set at P < 0.05,
and all P values are listed. Analysis was performed using the SPSS 22.0 (IBM Corp., Armonk, NY, USA).

Results
Cell Characterization
In the present study, MNCs were isolated from chicken bone marrow and cultured in DMEM to obtain MSCs. The MSCs
displayed spindle-shaped morphology, gradually grew into small colonies during the initial days of incubation
(Figure 2A), and reached ~80% confluence by d 10 after plating. After passage, three subpopulations, ie, triangular or
star-like cells, spindle-shaped cells, and large, flattened cells, could be observed (Figure 2B), in line with previous studies
on human MSCs.35,36 Cells at Passage 2 were subjected to PCR for the determination of cell surface markers, which
demonstrated that the cells were positive for MSC markers (CD44, CD90, and CD105) and negative for hematopoietic
surface markers (CD34 and CD45) and hematopoietic/endothelial marker CD3137 (Figure 2C). Almost all of the cells
expressed α-SMA and CD133, a typical stem cell marker of mesenchymal origin (Figure 2D). The Alizarin Red and Oil
Red O staining results confirmed the potential of the cells to differentiate into the osteogenic lineage and adipocytes
(Figure 2E). Growth curves showed active proliferation of these cells (Figure 2F). All these results are inductive of the
MSC phenotype of the cultured cells.
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Figure 2 Characterization and differentiation of chicken bone marrow-derived MSCs. (A and B) Morphology of MSCs. The cells exhibit spindle-like morphology during the early
growth in DMEM ((A), passage 0, day 3). In later passages, the cells display various morphologies including star-like (arrow), spindle-shaped (arrowhead), and flattened morphology (*)
((B), passage 1, d 2). (C) Reverse transcription (RT)- PCR products of surface markers of cells at passage 2. β actin was used as reference gene. Fragments were fractioned on a 1.3%
agarose gel and stained with Goldview reagent. Note the lack of CD34, CD45 and CD31 expression. Images are representative of three independent experiments. (D) Representative
immunofluorescence staining showing the expression of α-SMA (upper) and CD133 (down) of cells at passage 2. The cell nuclei were labeled with DAPI. Images are representative of
three independent experiments. (E) Representative photomicrographs of Oil Red O stain (left) showing intracytoplasmic lipid droplets (red) and of Alizarin Red S stain (right) showing
calcium deposits (orange) of cells at passage 2. (F) The “s-shape” cell growth curves show that the chicken bone marrow-derived MSCs exhibit the feature of rapid proliferation. Cell
growth reaches logarithmic growth phase even earlier at lower initial density of 1×102 per well compared to 1×103 per well.
Abbreviations: MSCs, mesenchymal stem cells; α-SMA, α-smooth muscle actin.
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Identification of Transplanted MSCs in the Lung
To identify MSCs in the lung after transplantation, MSCs were pre-labeled with 4’,6-diamidino-2-phenylindole (DAPI).
Approximately 90% of MSCs showed blue fluorescence after labeling (Figure 3A). One week after intravenous injection,
DAPI-positive MSCs were sparsely present in the lung, which were mainly clustered in the parenchyma near to blood
vessels (Figure 3B).

Transplantation of MSCs Confers Protection Against PAH
In order to determine whether MSC transplantation has a preventive effect on PAH, we delivered MSCs through wing
vein injection to birds 1 d before PAH induction and measured PAH-related morbidity and RV/TV ratio as an indicator of
increased pulmonary arterial pressure. Cases of PAH found at processing and cumulative PAH incidence are shown in
Table 1. MSC transplantation markedly reduced the cumulative PAH morbidity as compared to mock treatment,
coincident with reduced RV/TV ratio at weeks 2 and 3 post transplantation (Figure 4) when a peak incidence in the
mock group was observed (Table 1). These results indicate that MSC transplantation prevents the development of PAH.
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Figure 3 Detection of transplanted MSCs in the lung. (A) Representative image showing 4’,6-diamidino-2-phenylindole (DAPI)-labelled MSCs. (B) DAPI-labelled MSCs
(2×106) (upper panel) were injected via the wing vein of broiler chickens. The unlabeled MSCs (lower panel) were served as a control. At d 6 post implantation, lung was
collected and embedded in optimal cutting temperature (OCT) compound to obtain 15-μm-thick sections for determination of DAPI-positive cells (arrow). Images were
acquired with fluorescence microscopy. Bright field and DAPI-fluorescence are shown.
Abbreviation: MSCs, mesenchymal stem cells.
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Transplantation of MSCs Attenuates Inflammatory Response in the Lung
MSC treatment has been shown to attenuate inflammatory response in a MCT-induced PAH rat model.12 To determine if
the protective effect of MSCs on the development of PAH is associated with attenuated inflammation in our avian model,
production of major inflammatory mediators in the lung tissue was measured by Western blot. As shown in Figure 5,
there were no significant differences in TNF-α and IL-6 production between groups during the first 2 weeks post
transplantation. However, MSC group had lower TNF-α and IL-6 production than mock group at week 3. MSC
transplantation led to a consistent reduction in IL-1β production as compared to mock treatment and a significant
difference was observed at week 2. Taken together, the data suggest that MSC transplantation attenuates PAH-induced
inflammatory response in the lung.

Transplantation of MSCs Protects the Lung Endothelium from Damage
Endothelial cell damage is thought to be the first trigger of PAH.6 Since a peak incidence of PAH in mock group was
observed between weeks 2 and 3, lung samples collected at weeks 3 were subjected to histological analyses of
endothelial damage. While detachment of endothelial cells from the underlying basement membrane (Figure 6A), intimal
thickening (Figure 6B), endothelial cell proliferation (Figure 6C), and plexiform lesions with perivascular inflammatory
infiltrates (Figure 6D and E) were frequently observed in the lung of birds in mock group, the majority of the pulmonary
vessels in MSC group displayed intact endothelium (Figure 6F and G). Particularly, the density of plexiform lesions in
MSC group was significantly lower than that in mock group (Figure 6H).

The Effect of MSC Transplantation on the mRNA Levels of Angiogenic Factors
Dysregulation of angiogenic factors has been implicated in the development and progression of PAH in both humans38

and broilers.20 To determine if MSCs exert protective effects by modulating angiogenesis in our avian model of PAH, we

Table 1 Cases of PAH Found at Processing and Cumulative PAH Incidence

Group n Number of Cases Total Incidence RV/TV

wk 1 wk 2 wk 3 wk 4 Mean Range

Mock 30 0 5 7 3 15 50% (15/30)*** 0.293 0.251–0.390

MSCs 32 0 0 0 2 2 6.25% (2/32) 0.370 0.289–0.450

Note: ***P =0.00007.
Abbreviations: PAH, pulmonary arterial hypertension; wk, week; MSCs, mesenchymal stromal cells; RV, right ventricle; TV, total ventricle.
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Figure 4 Right-to-total ventricle ratio (RV/TV) of birds treated with MSCs (MSC group) or PBS (mock group) at weeks 1–4 after MSC implantation. Data are expressed as
mean ± SEM of 6 birds.
Abbreviation: MSCs, mesenchymal stem cells.
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Figure 5 Regulatory effect of MSC transplantation on the production of inflammatory mediators in the lung. Lung samples of birds treated with MSCs (MSC group) or PBS
(mock group) were collected at weeks 1, 2 and 3 post transplantation, homogenized and subjected to Western blot analysis with anti-tumor necrosis factor (TNF)-α (A),
anti-interleukin (IL)-6 (B) and anti- IL-1β (C). Tubulin was used as the equal loading control. Results are expressed as mean ± SEM of at least 5 birds. The data are
representative of 2 separate experiments.
Abbreviation: MSCs, mesenchymal stem cells.
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Figure 6 Transplantation of MSCs alleviated the histologic features of PAH. (A–E) Representative photographs of small pulmonary arteries from birds treated with PBS
(mock group) showing (A) loss of endothelial cells, (B) eccentric intimal thickening (arrow), (C) endothelial proliferation, (D) an immature lesion, and (E) a mature
glomeruloid-like plexiform lesion (arrowhead) with perivascular inflammatory infiltrates (arrow). (F) A small pulmonary artery from a bird treated with MSCs (MSC group)
showing intact vascular endothelium. (G) Percentage of arterioles with normal endothelium. At least 20 arterioles with an outer diameter < 50 μm were randomly selected
in each slide for analysis. Data are expressed as mean ± SEM of six birds. (H) Plexiform lesion density in the lung. Data are expressed as mean ± SEM of at least three birds.
Abbreviations: MSCs, mesenchymal stem cells; PAH, pulmonary arterial hypertension.
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next assessed by qPCR the mRNA levels of vascular endothelial growth factor (VEGF), transforming growth factor β
(TGF-β), hepatocyte growth factor (HGF), angiopoietin (Ang)-1 and angiopoietin receptor Tie-2 in the lung tissues. As
shown in Figure 7, there were no significant differences in the mRNA levels of these factors between groups at weeks 3
post transplantation. However, the birds treated with MSCs exhibited a 2.95-fold increase in TGF-β level in respect to
their counterparts. In contrast, and in line with a previous study,39 MSC transplantation led to a downregulation in VEGF
mRNA expression (0.44-fold relative to mock control). It is worthy to note that the expression levels of the genes
investigated varied extremely between individuals.

Transplantation of MSCs Enhances the Angiogenic Potency of Endogenous MSCs
MSCs are capable of differentiating into endothelial lineage cells upon the stimulation of proangiogenic factors, forming
capillary-like network structures on Matrigel matrix.40 We thus performed a Matrigel tube formation assay to evaluate the
endothelial differentiation of peripheral blood-derived MSCs from normal, mock- and MSC-treated birds at weeks 3 post
PAH induction. While the peripheral MSCs from normal birds exhibited individual round cells on the Matrigel surface
with the formation of few cords (Figure 8A), these from mock-treated animals gave rise to clusters (Figure 8B). By
contrast, MSCs from birds that received exogenous MSCs developed well-organized tube-like network structures
(Figure 8C). It is noteworthy that the cells were not treated with proangiogenic factors. The data suggest that MSC
transplantation improves the endothelial differentiation of endogenous MSCs.

Discussion
In the present study, intravenous administration of MSCs efficiently prevented the development of cold temperature/salt-
induced PAH in birds, as evidenced by markedly reduced morbidity and right ventricular hypertrophy. This effect was
associated with attenuated endothelial damage, plexogenic arteriopathy and local inflammation. In vitro angiogenic assay
provided clear evidence that MSC transplantation potentiates the differentiation of endogenous MSCs into endothelial
lineage cells, suggesting that endogenous MSCs are actively involved in endothelial repair or regeneration after MSC
transplantation. To the best of our knowledge, functional modulation of transplanted MSCs on endogenous MSCs
has never been investigated before.

MSCs are first discovered in mammalian bone marrow,41 which is currently the most studied source of MSCs for both
experimental and clinical studies. MSCs from chicken bone marrow have also been previously characterized.42 In the
present study, the chicken bone marrow-derived MSCs exhibited features consistent with those of mammalian MSCs in
terms of morphology, rapid proliferation, adherence to plastic, multilineage differentiation, and immunophenotype.43,44

In this regard, we believed that the bioactive of avian MSCs would be comparable to that of mammals.
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Figure 7 Expression of angiogenic factors in the lung. Lung samples of birds treated with MSCs (MSC group) or PBS (mock group) at weeks 3 post transplantation were
subjected to qPCR analysis for measuring the mRNA levels of transforming growth factor (TGF)-β, vascular endothelial growth factor (VEGF)-A, hepatocyte growth factor
(HGF) and angiopoietin (Ang)-1 and its receptor Tie-2. Results are expressed as mean ± SEM of 3 birds. The data are representative of 2 separate experiments.
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PAH in broilers can be induced by either cold temperature22 or excessive salt in drinking water.23 In this work, we
challenged the birds with a combination of cold temperature and excessive salt in drinking water. Under this condition,
50% (15/30) of birds in the mock group developed PAH as assessed by RV/TV ratio. In contrast, and as expected, MSC
transplantation reduced PAH morbidity by ~44% and delayed the occurrence of PAH by 2 weeks as compared to mock
treatment. This finding is in line with a previous study where MSCs have been shown to confer a protective role in both
chronic hypoxia- and Sugen5416/hypoxia/normoxia-exposed PAH in rat.45 Since birds with PAH were usually found
dead or quickly died in response to capture stress during the experiment, our attempt to conduct MSC transplantation in
PAH birds was hampered. Thus, the beneficial effect of MSCs on established PAH was not evaluated.

Accumulating evidence suggests that the efficacy of MSC therapies is mainly attributed to paracrine action.11 MSCs
are found to produce a plenty of paracrine factors including angiogenic cytokines such as VEGF-A, HGF, Ang-1, and
TGF-β.46 However, it still remains uncertain whether the angiogenic factors play a role in the therapeutic mechanisms of
MSCs for PAH, as conflicting results have been reported regarding the production of angiogenic cytokines in the lungs of
MCT models after MSC therapies.39,47 After determining the protective effect of MSC transplantation on the progression
of PAH in our avian model, we analyzed if the angiogenic factors are involved. Unexpectedly, we did not determine
a remarkable difference in the expression of the tested angiogenic factors in the lung tissues between MSC and mock
groups. Indeed, the expression of VEGF-A, which is known to play a predominant role in angiogenesis,48 tended to be
downregulated in MSC group, which is in line with a previous study demonstrating decreased VEGF-A production in
MCT model after MSC therapy.39 Thus, it is likely that the paracrine angiogenic factors are not essential for the
protective and therapeutic effects of MSC transplantation. Indeed, it is suggested that the paracrine activity of MSCs for
tissue repair is mainly ascribed to their immunomodulatory properties.49 In this work, MSC transplantation reduced the
production of proinflammatory factors TNF-α, IL-6 and IL-1β as compared to the mock treatment at different time points,
coincident with a moderate increase in the expression of anti-inflammatory cytokine TGF-β. Taken together, our
observations suggest that the immunosuppressive cytokines released by the transplanted MSCs might play a more
important role than paracrine angiogenic factors in pulmonary repair.

It is generally accepted that endothelial injury resulting in endothelial dysfunction and proliferation plays a central role in
the initiation and progression of vascular pathology in PAH including vascular remodeling, inflammation and the formation
of plexiform lesions.6,50–52 MSCs have been shown to improve MCT-induced pulmonary endothelial injury.53 Similarly, the
present study revealed that MSC transplantation significantly attenuated PAH-induced endothelial abnormalities seen in the
mock group, ie, endothelial cell detachment and proliferation. Thus, our findings together with the observations in MCT
models suggest that the implanted MSCs induce functional repair or regeneration of endothelial cells.

A growing body of literature suggests that differentiation into vascular cells in the arterial wall is not involved in the
endothelial repair mechanisms of the transplanted MSCs, although they were found to be trapped in the lung after

A B C

Figure 8 Transplantation of MSCs enhanced endothelial differentiation of endogenous MSCs. Blood samples were collected from normal (A), PBS- (B) and MSC-treated (C)
broiler chickens at 3 weeks post transplantation. Cells at Passage 1 were suspended in DEME and seeded in 96-well plates pre-coated with Matrigel matrix at 5 × 104/well
with triplicate. Tubular-like structures were observed udder phase-contrast microscopy within 4 h of incubation.
Abbreviation: MSCs, mesenchymal stem cells.
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intravenous injection or intratracheal administration.45,47,53,54 Indeed, despite extensive research, the origin of the newly
developed endothelial cells involved in vascular repair is still controversial and has been a subject of continued interest.55

Considering the fact that MSC population is selectively mobilized from bone marrow in response to hypoxia and endothelial
injury,56,57 and that those cells are capable of differentiating into endothelial cells,58 we next determined whether MSC
transplantation affect the angiogenic potential of endogenous MSCs. As a result, MSC transplantation significantly
potentiated the endothelial differentiation of endogenous MSCs, as indicated by a robust enhancement of in vitro tubular
formation of peripheral blood-derived MSCs in birds from MSC group. Thus, our results allow us to argue that the observed
effects of MSC transplantation in our animal model are associated with endogenous MSC-mediated endothelial repair or
regeneration. No previous studies have been conducted to address the proangiogenic effects of transplanted MSCs on
endogenous MSCs. The mechanisms by which the transplanted MSCs regulate endothelial differentiation of endogenous
MSCs remain unclear, but might be associated with their paracrine effects. It is also possible that the transplanted MSCs may
directly contact and transfer cellular components to endogenous MSCs, thereby enhancing their angiogenic potential. Indeed,
a “contact-dependent” mechanism of action by which MSCs ameliorate acute lung injury has been previously proposed.59

Further studies are warranted to determine the exact mechanisms underlying this process.
Some limitations of this work should be considered. Although PAH birds share all the reported histological

features observed in human PAH, the plexiform lesions, which are considered as a hallmark of severe PAH in
humans,14 can be found in birds without signs of PAH.20,21,33 Nevertheless, we recently provided clear evidence that
the development of plexiform lesions in birds is associated with increased pulmonary arterial pressure.24 In addition,
we evaluated the angiogenic potential of blood-derived MSCs after MSC transplantation. However, this population of
MSCs might differ from the tissue-resident lung MSCs, as that observed between lung-derived and bone marrow-
derived MSCs.60 Therefore, further studies should be carried out to determine the beneficial effects of exogenous
MSCs on lung-resident MSCs. Finally, in this work, only a single dose of MSCs was performed. Whether two or
more doses of MSCs yield enhanced endothelial repair during the development of PAH warrants further research.

Conclusion
In summary, this work demonstrates that MSC transplantation attenuates inflammation and prevents the progression of
PAH. We show clear evidence that MSC transplantation potentiates the angiogenic potency of endogenous MSCs,
providing a novel insight into the mechanisms accounting for the beneficial effects of MSC transplantation on PAH. Our
findings encourage the development of MSC therapy for treating PAH.
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