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Background: As endothelial progenitor cells (EPCs) attenuated acute lung injury (ALI) in rabbit model, we 

hypothesized that autologous EPCs preserved lung graft function during the acute reperfusion period of lung 

transplantation and tested the therapeutic potential of EPCs in a porcine model of lung transplantation with 

prolonged graft ischemia.

Methods: Day-7 EPCs isolated from the recipient subjects or plain culture media were administered into the left 

pulmonary artery immediately before restoration of pulmonary blood flow in a porcine lung allotransplantation 

model, with the transplantation surgeons blinded to the content of injection. Hemodynamics and arterial blood 

gas were recorded, and the right pulmonary artery was occluded 30 min after reperfusion to evaluate the lung graft 

function. The lung grafts were sectioned for histological examination at the end of experiments. The total ischemic 

time for lung graft was approximately 14 h.

Results: All animals receiving plain medium died within 40 min after reperfusion, but 3 out of 5 (60%) piglets 

receiving EPCs survived up to 4 h after diversion of the entire cardiac output into the lung graft (P<0.01). The 

donor body weight, recipient body weight, cold ischemic time, and time for anastomosis were comparable between 

the EPC and control group (P=0.989, 0.822, 0.843, and 0.452, respectively). The mean aortic pressure decreased, 

and the cardiac output and mean pulmonary artery pressure elevated after right pulmonary artery occlusion. All 

these parameters were gradually compensated in the EPC group but decompensated in the control group. Better 

preservation of gas exchange function, reduced thrombi formation in the terminal pulmonary arterioles, and 

attenuated interstitial hemorrhage of the lung graft were observed in the EPC group. 

Conclusions: We concluded autologous EPCs significantly enhanced the function of lung allograft and 

improved survival in a porcine model of lung transplantation with prolonged ischemia.
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Introduction

Lung transplantation is a viable therapeutic option for 
severe end-stage and non-malignant lung disease. Despite 
advances in its surgical and medical management, the 
survival of lung transplant remains the worst amongst 
solid organ transplantations. Ischemia reperfusion injury 
(IRI) following lung transplant is the most common 
cause of respiratory failure, which contributes to 30% 
of perioperative mortality, and is also responsible for 
postoperative primary graft failure (1,2). The optimal 
ischemic time of donor lung is about 6 to 8 h and is 
significantly associated with worse graft survival when the 
ischemic time exceeds 330 min (3). IRI is associated with 
overproduction of reactive oxygen species during non-
hypoxic lung ischemia by activation of NADPH oxidases 
and inducible nitric oxide synthase in the pulmonary 
vasculature and lung inflammatory cells (1,4,5). The 
release of proinflammatory cytokines from the activated 
macrophage injures the integrity of pulmonary endothelial 
cells and alveolar epithelial cells (6-9). Activation of cell 
adhesion molecules also mediates important roles in the 
process of IRI (10,11). These interacting processes lead 
to damage of the vascular endothelium, increased cellular 
gap junctions, cell apoptosis, and resulting in increased 
alveolar-capillary permeability, infiltration of interstitial 
inflammatory cells, and lung hemorrhage (1,4,12-15). 
Although a number of pulmonary endothelium- and 
alveolar epithelium-targeting therapeutic strategies 
have been extensively investigated, acute primary 
graft failure secondary to IRI remains a major cause 
of the postoperative morbidity and mortality for lung 
transplantation.

During the past two decades, the discovery of endothelial 
progenitor cells (EPCs) has promoted our understanding 
in postnatal vasculogenesis and endothelial protection, 
particular during vascular activation or injury (16-20). 
Administration of EPCs in experimental animal models or 
patients provides therapeutic function as an endogenous 
repair mechanism in maintaining integrity of the endothelial 
monolayer by replacing denuded parts of the injured artery 
and/or forming new vessels by direct incorporation and 
paracrine-mediated effects (21-24). In our laboratory, 
we have demonstrated that autologous EPCs preserves 
pulmonary endothelial function and maintains the integrity 
of pulmonary alveolar-capillary barrier in rabbit models of 
acute lung injury (ALI) (16,25). Transplantation of EPCs 
not only improved gas exchange and degree of pulmonary 

edema in the rabbits with ALI, but also attenuated 
inflammatory responses in the lung. Furthermore, our 
unpublished data also suggested that administration of 
EPCs ameliorated the development of IRI in experimental 
model of bowel ischemia. Logistically extended from our 
previous investigation in ALI, we hypothesized that the 
high re-endothelization and anti-inflammatory capability of 
EPCs might preserve the function of lung graft during the 
acute reperfusion period of lung implantation, and tested 
the therapeutic potential of EPCs in a porcine model of 
lung transplantation with prolonged graft ischemia.

Methods

Piglets and anesthesia

Yorkshire piglets aged 2–3 months were obtained from 
the National Taitung Animal Propagation Station, 
Taiwan. All animals were housed under pathogen-free and 
controlled temperature conditions at the Animal Center 
of the National Cheng Kung University Medical College. 
All procedures were performed in accordance with the 
guidelines, and the protocol for the research project was 
reviewed and approved by the Institutional Animal Care 
and Use Committee (IACUC) of National Cheng Kung 
University, Taiwan (IACUC Approval No. 99024). The 
induction of anesthesia was performed by intramuscular 
injection of a cocktail anesthetic consisted of Zoletil 
(Virbac Taiwan Co., Ltd., 12.5 mg/kg), Rompun (Bayer, 
German, 0.2 mL/kg), and atropine (Taiwan Biotec, Taiwan, 
0.05 mg/kg). A 6-mm endotracheal tube was intubated 
by direct laryngoscopy and the piglets were mechanically 
ventilated in the volume-control ventilation mode (Siemens 
Servo 900B; Siemens; Elema, Sweden) throughout the 
study period. Tidal volume was set at 8–10 mL/kg and 
minute ventilation was adjusted to achieve normocapnia. 
Anesthesia was maintained with isoflurane (0.5% to 1% in 
oxygen). Rocuronium (NV Organon, Netherlands, 5 mg/h)  
was administered intravenously to facilitate mechanical 
ventilation. Hydration was maintained by infusing isotonic 
saline solution via an ear vein at a rate of 5 mL/kg/h. 
Standard electrocardiography and ear pulse oxymetry were 
monitored continuously.

Porcine model of lung transplantation

Donor lung procurement
Following median sternotomy, the pleural cavities of donor 
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piglet were dissected open and the inferior pulmonary 
ligaments were released. The superior and inferior vena 
cava were dissected free. The left hemiazygos vein was 
divided in order to maintain a bloodless operation field. 
Following full heparinization (300 U/kg, i.v.), the vena 
cava was ligated and the lung was perfused via a direct 
pulmonary artery cannulation. The pulmonary circulation 
was then perfused with 4 ℃ lactate ringer solution  
(60 mL/kg) and followed by 4 ℃ Perfadex solution (Vitrolife 
Sweden, 1,000 mL). The perfusates were drained from the 
left atrial appendage. When the perfusion was completed, 
both lungs were procured en bloc from the thoracic cavity 
and stored in 4 ℃ Perfadex solution before implantation. 
The total ischemic time of lung block was recorded from 
the initiation of pulmonary perfusion to the resume of 
blood flow after implantation.

Lung implantation
Left thoracotomy was performed at the 5th intercostal 
space of the recipient animals to expose the hilar structure. 
The inferior pulmonary ligament was released and the 
left hemi-azygos vein was divided. The hilar structures 
were cross-clamped in the order of pulmonary artery, 
pulmonary vein and left main bronchus, and followed by 
left pneumonectomy. After removal of the left lung of 
recipient, the donor lung was implanted. The bronchus, 
pulmonary vein, and then pulmonary artery were orderly 
anastomosed with 4-0, 5-0, and 6-0 Prolene (Ethicon 
Inc., Somerville, NJ). Immediately before restoration 
of pulmonary blood flow, autologous EPCs or plain 
culture medium were delivered into the left pulmonary 
artery. Methylprednisolone (Pfizer, Belgium, 500 mg) 
was also administered intravenously before reperfusion. 
The pulmonary arteries were de-clamped, followed by 
declamping of pulmonary veins. The donor lung was then 
ventilated adequately to re-expand the collapsed lung units. 
Thirty minutes after reperfusion, the grafted left lung 
function was evaluated by blocking of right pulmonary 
circulation through ligation of the right pulmonary artery. 
The overall survival time of recipients was recorded from 
the time point of right pulmonary artery occlusion and 
animals that survived from the operation were sacrificed 
by intravenous infusion of pentobarbital (Ta Fong, Taiwan,  
250 mg/kg) 4 h later.

Hemodynamic measurement and blood gas analysis

Catheters were inserted into the pulmonary trunk and 

descending aorta to directly measure the pulmonary 
artery and systemic arterial pressures, respectively. The 
cardiac output was also monitored simultaneously by 
connecting the aortic blood pressure to a cardiac output 
system (VigileoTM FlowTrac Monitor). Blood samples for 
gas analysis were drawn from the aortic arterial line and 
analyzed by a blood gas analyzer (ABL 520, Radiometer) 
within 10 min of sampling.

Isolation, characterization and delivery of EPCs

Peripheral blood (3 mL/kg) was obtained from the 
recipient piglets via the femoral artery under intramuscular 
anesthesia. Mononuclear cells (MNCs) were isolated using 
density gradient centrifugation with Ficoll-Plaque Plus 
(Amersham Biosciences). MNCs were then washed and 
plated on 6-well plates coated with human fibronectin 
(Sigma-Aldrich), supplemented with endothelial growth 
medium-2 (Cambrex). On day 7 of culture, the adherent 
cells (known as early EPCs) were harvested for analysis 
or transplantation. The early EPCs were incubated 
subsequently with acetyl-LDL (acLDL 10 µg/mL, 
Molecular Probes, Carlsbad, CA, USA) and isolectin  
(5 µg/mL, Molecular Probes, Carsbad, CA, USA). The 
staining of acLDL and isolectin in cultured EPCs was 
detected under fluorescence confocal microscopy at the 
absorption wavelengths of 555 and 495 nm, respectively. 
EPCs (~3×105 cells) were harvested by trypsinization 
7 days after plating for transplantation. Immediately 
before transplantation, a fluorescent cell tracker CM-DiI 
(Molecular Probes) was used to label the cells and to track 
their homing in the pulmonary vasculature. The surgeons 
were blinded to treatment solution (1 mL of culture 
medium consisted of autologous EPCs or plain medium).

Histological examination

Frozen lung tissues were sectioned and examined under 
fluorescence microscopy for the detection of DM-DiI-
labeled cells. Biopsies of formalin-fixed lung tissues were 
embedded in paraffin wax and sectioned (5 µm). Sectioned 
tissues were stained with Hemotoxylin and Eosin. Lung 
histology was observed under a light microscope.

Statistical analysis

Results are presented as the mean ± SD. Data were 
compared by an unpaired t-test or ANOVA, as appropriate. 
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Survival curves were constructed using Kaplan-Meier 
analysis. Statistical significance was accepted at a level of 
P<0.05.

Results

EPC characterization

Cultured day-7 EPCs exhibited phenotyping of endothelial 
cells, including incorporation of AcLDL and isolectin 
(Figure 1). About 2 weeks after culturing in EGM-2, 
outgrowth colonies were formed in the typical monolayer, 

cobblestone appearance of endothelial cells, as shown at ×40 
magnification (Figure 1).

Subject characterization and ischemic time

The total body weights of the donor and recipient subjects 
were matched (Table 1). The total ischemic time for lung 
graft was approximately 14 h, and time durations were similar 
between the two treatment groups (Table 1). There were also 
no differences in operation time and intraoperative blood loss 
during lung implantation was minimal.

General outcomes of lung transplantation

There was no perioperative mortality in the recipient 
subjects for both treatment groups until the ligation of 
right pulmonary artery. However, all animals receiving 
plain medium died within 40 min after occlusion of right 
pulmonary artery (Figure 2), but 3 out of 5 (60%) piglets 
receiving autologous transplantation of EPCs survived up 
to 4 h after diversion of the entire cardiac output of right 
ventricle into the graft lung (Figure 2). 

A
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F

Figure 1 Characteristics of porcine circulating endothelial progenitor cells (EPCs). These endothelial progenitors exhibited phenotyping of 
endothelial cells with incorporation of acetyl LDL (red fluorescence) and isolectin (green fluorescence). Colonies of outgrowth EPCs in the typical 
monolayer “cobblestone” appearance were obtained about 1 week after plating.

Table 1 Comparison of donor and recipient body weight, total 
ischemic time, and time for anastomosis in each group

Parameter Control (n=6) EPC (n=5) P value

Donor body weight (kg) 24.7±2.9 23.3±2.3 0.989

Recipient body weight (kg) 23.2±3.7 22.2±2.9 0.822

Total ischemic time (min) 837±52 840±84 0.843

Time for anastomosis (min) 54.3±1.5 52.8±3.3 0.452
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Hemodynamic measurements

Restoration of pulmonary arterial flow into the graft 
lung induced drop of systemic blood pressure in the two 
treatment groups, indicating the development of IRI during 
lung implantation (Figure 3). In the control group, all 
hemodynamic parameters started to deteriorate following 
occlusion of right pulmonary artery and eventually shut 

down within 40 min (Figures 3-5). The mean aortic pressure 

decreased, and the cardiac out and mean pulmonary artery 

pressure elevated after right pulmonary artery occlusion 

in the EPC-treated piglets that survived after lung 

transplantation. However, these parameters were gradually 

compensated and returned to the baseline levels at the end 

of experiment (Figures 3-5).

Figure 3 Restoration of pulmonary arterial flow into the graft lung 
induced drop of systemic blood pressure, indicating the development 
of IRI during lung implantation. The mean arterial pressure (MAP) 
started to deteriorate following occlusion of right pulmonary artery and 
eventually shut down within 40 min, while the systemic blood pressure 
gradually restored in the EPC-treated group. n= 5–6 different animals. 
EPC, endothelial progenitor cell.
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Figure 2 Kaplan-Meier survival curves following declamping of 
left pulmonary artery and reperfusion of blood flow in the left lung 
graft. The cumulative survival rate was significantly improved in 
piglets receiving autologous transplantation of EPCs before resume 
of pulmonary blood flow (P<0.05 control vs. EPC, n= 5–6). EPC, 
endothelial progenitor cell.
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Figure 4 The cardiac output in the EPC-treated group significantly 
increased after restoration of pulmonary arterial flow into the graft 
lung, followed by occlusion of right pulmonary artery. The cardiac 
output in the control group decreased and then shut down after 
occlusion of right pulmonary artery. n= 5–6 different animals. EPC, 
endothelial progenitor cell.

Figure 5 Release of vascular clamp in the pulmonary artery 
significantly elevated the mean pulmonary artery pressure in the EPC-
treated animals, and the mean pulmonary arterial pressure (MPAP) 
was gradually reduced during the compensatory period. However, 
the MPAP was decompensated in the control group. n= 5–6 different 
animals. EPC, endothelial progenitor cell.
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Pulmonary gas exchange

The partial pressure of oxygen in the systemic arterial blood 
(PaO2) decreased dramatically and PaCO2 accumulated 
following cessation of right pulmonary arterial blood flow 
in the animals receiving plain culture medium, suggesting 
the failure of lung graft function for maintaining efficient 
gas exchange (Figure 6). There was a marginally reduction 
of PaO2 in the EPC-treated group after cross-clamping 
of right pulmonary artery, but levels of PaO2 and PaCO2 
were maintained within normal ranges throughout the 
observation period (Figure 6).

Histological examination

Freshly frozen lung sections were examined under a 
fluorescent microscope to identify EPCs labeled with 
DM-DiI dye. However, no typical pulmonary endothelial 
enhancement of fluorescent staining was detected in the 
examined lung sections. 

Under light microscopy, sloughing of endothelium with 
thrombi formation in the terminal pulmonary arterioles, 
diffuse interstitial hemorrhage and collapsed alveoli with 
formation of hyaline membrane were observed in the 
lung biopsies of control piglets (Figure 7). Most strikingly, 
disseminated intravascular thrombosis was formed in the 
pulmonary arterioles of these animals (Figure 7). On the 
other hand, most of the terminal pulmonary arterioles in 

the biopsies of EPC-treated lungs were patent with minor 
degree of endothelial injury and less thrombi formation, 
hence the degree of lung injury was less severe, although 
patchy lung collapse and pulmonary hemorrhage were also 
found (Figure 7).

Discussion

We presented the f irst  study demonstrat ing that 
transplantation of autologous EPCs significantly enhanced 
the function of allogeneic lung graft of piglets with 
prolonged ischemic time up to 14 h. Transplantation of 
circulating EPCs attenuates the damage of alveolar-capillary 
membrane secondary to IRI during lung transplantation, 
and thereby potentiating the cardiopulmonary performance 
and improving the overall survival of the recipient subjects. 
The improvements in hemodynamics and gas exchange of 
EPC-transplanted animals are most likely derived from the 
paracrine effects of the endothelial progenitors rather than 
a direct cell fusion response.

Isolation and characterization of porcine circulating 
EPCs are uncommonly reported in the literature, most 
likely due to the unavailability of antibodies for specific 
EPC markers. Nevertheless, the isolated cells, derived 
from peripheral MNCs, exhibited typical phenotypes of 
endothelial cells and formed outgrowth cobblestone-like 
colonies following culturing in the endothelial culture 
medium. In this study, we utilized a clinically feasible 
approach for therapeutic cell transplantation. EPCs isolated 
from the recipient piglets were administered immediately 
before reperfusion of pulmonary blood flow into the 
allogeneic lung graft. The therapeutic effects of autologous 
EPC transplantation were then assessed by diversion of 
the entire pulmonary blood flow into the allogeneic lung 
graft following ligation of the right pulmonary artery of the 
recipients.

The functions of lung graft with prolonged ischemic 
time up to 14 h were determined by measuring changes in 
the systemic/pulmonary hemodynamics and pulmonary gas 
exchange. Resume of blood flow in the implanted lung graft 
resulted in abrupt drop of systemic blood pressure, which 
was compatible with the development of reperfusion injury. 
Prolonged ischemia of the lung graft accumulated metabolic 
waste and lactate, and reperfusion following declamping of 
pulmonary artery caused a significant fall in systemic blood 
pressure due to acidosis-induced vasodilation. In addition, 
prolonged cold ischemia of lung graft may also engender 
a “no-reflow phenomenon” demonstrated by significant 

Figure 6 The partial pressure of oxygen in the systemic arterial blood 
(PaO2) decreased dramatically and PaCO2 accumulated following 
cessation of right pulmonary arterial blood flow in the animals 
receiving plain culture medium, suggesting the failure of lung graft 
function for maintaining efficient gas exchange n= 5–6 different 
animals. EPC, endothelial progenitor cell.
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microvascular damages, pulmonary blood flow obstruction 
and increased pulmonary vascular resistance (1). In our 
experiment, diversion of the entire pulmonary blood 
flow into the lung graft resulted in elevated pulmonary 
artery pressure. The high pulmonary artery resistance 
further depressed pulmonary venous flow and reduced 
left ventricular preload, as evidenced by significant drop 
of cardiac output measured in the descending aorta. 
Therefore, the synergism of reduced systemic vascular 
resistance and low cardiac output resulted in profound 
hypotension following reperfusion of allogeneic lung graft.

IRI of the lung graft also led to respiratory distress 
and hypoxemia secondary to disruption of the alveolar-
capillary membrane, activation of adhesion molecules, 
and massive infiltration of PMNs (1,4,6,7,11,12). The net 
effect of increased protein permeability across the alveolar-
capillary barrier and enhanced pulmonary inflammatory 
response provoke non-cardiogenic pulmonary edema, 
hyaline membrane formation, and lung hemorrhage after 
lung implantation (26). The post-mortem autopsies of the 
lung graft tissue obtained from the control piglets showed 
pulmonary endothelial necrosis and sloughing with thrombi 
formation in the terminal arterioles, which were consistent 

with the characteristic changes of lung IRI. In addition, 
increased neutrophil aggregation was also distinctive along 
the detached necrotic endothelium. Diffuse lung interstitial 
hemorrhage and collapsed alveoli with formation of hyaline 
membrane were also significant featured in these animals. 
On the other hand, most of the terminal pulmonary 
arterioles in the EPC-treated lungs were patent with 
less severe degrees of endothelial injury and less thrombi 
formation, although patchy lung collapse and pulmonary 
hemorrhage were also observed.

In order to identify the fate of transplanted EPCs, cells 
were tracked by fluorescence-conjugated tracers before 
delivery into the pulmonary artery. In contrast to our 
previous report, the DM-DiI-labeled EPCs, however, 
were not found in the pulmonary vasculature after careful 
examination of frozen sections of the lung. We believed 
that identification of EPCs in the pulmonary vessel wall 
was technically challenging due to the dispersed large 
surface area of pulmonary circulation and the washout 
effect following intravascular administration. In addition, 
potential immune responses between allogeneic graft and 
autologous cells may further attenuate the retention of 
transplanted cells in the lung tissue. Nevertheless, our 

Figure 7 Microscopic appearance of lung graft biopsies in control (A,B) and EPC-treated (C) groups. Interstitial hemorrhage (arrow head) with 
formation of hyaline membrane (arrow) was observed in the lung biopsies of control piglets at ×10 (A) and ×40 (B) magnification, respectively. On the 
other hand, the degree of lung injury was less severe in the EPC-treated lungs, although patchy lung collapse and pulmonary hemorrhage were also 
found at ×40 magnification (C). EPC, endothelial progenitor cell.
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results support the well-recognized concept that apart from 
direct cell fusion, EPCs may mediate vascular protective 
response via their paracrine effects and the high expression 
of intrinsic antioxidant capacity.

The endothelial regenerative potential of EPCs 
has been demonstrated in cardiovascular pathological 
conditions. Results of larger clinical trials in patients with 
myocardial infarction or congestive heart failure showed 
that transplantation of bone marrow-derived endothelial 
progenitors (CD133 cells) significantly improved the 
global and regional left-ventricular ejection fraction 
(27-29). We have demonstrated that transplantation 
of EPCs significantly suppressed the protein levels 
of iNOS in pulmonary artery (16), where induction 
of iNOS is commonly suggested to be responsible for 
diminished vasoconstriction of pulmonary artery due to 
overproduction of nitric oxide (30,31). On the other hand, 
previous reports indicated that activating the PI3k/Akt in 
endothelial cells can prevent cell death (32), resulting in 
increasing cell survival and activating eNOS, leading to 
NO production (33). As a result, EPCs play a pivotal role 
in homeostasis of endothelial integrity, and thus maintain 
a normal physiological function of the barrier between 
pulmonary microcirculation and gas exchange units. The 
salvaged pulmonary microcirculation maintained gas 
exchange at the alveolar-capillary membrane, lowered 
the pulmonary vascular resistance, and provided adequate 
tissue oxygenation. Transplantation of circulating EPCs 
attenuates the damage of alveolar-capillary membrane 
secondary to IRI during lung transplantation, potentiating 
the cardiopulmonary performance and improving the 
overall survival of the recipient subjects.

There are several major limitations in our present study. 
This was a pilot study in large animals aimed to determine 
the efficacy of transplantation of EPCs in allogeneic lung 
implantation with prolonged graft ischemia. Therefore, 
head-to-head comparisons of the hemodynamics and other 
biochemical measurements were infeasible, as the survival 
time of the two experimental groups were distinct. This 
major limitation in the study design hinders mechanistic 
investigation into the beneficial effects of EPCs in the lung 
transplantation, such as measurement of systemic pro-
inflammatory titers and vascular function of allogeneic 
pulmonary artery. Furthermore, the fate of EPCs was 
unable to be traced by DM-DiI labeling following 
intrapulmonary artery delivery. More sensitive scanning 
tools, such as magnetic resonance tracking system, should 
be employed to track the implanted cells. It is therefore 

essential to perform a follow-up comparative experiment 
with less severe degree of IRI (i.e., shorter ischemic time) 
to confirm the therapeutic application of EPCs in a more 
controlled and quantitative fashion.

Collectively, this is the first pilot study demonstrating 
that transplantation of autologous EPCs enhances the 
function of allogeneic lung graft of piglets with prolonged 
ischemic time, and most significantly administration of these 
endothelial progenitors reduces overall mortality of animals 
throughout the study period. Transplantation of circulating 
EPCs attenuates the damage of endothelium secondary to 
IRI during lung transplantation, thereby potentiates the 
cardiopulmonary performance and improves the overall 
survival of the recipient subjects. The improvements in 
hemodynamics and gas exchange of EPC-transplanted 
animals are most likely derived from the paracrine effects of 
the EPCs.
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