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Pulmonary endothelial functions are critical to maintain the
low pressure of the pulmonary circulation and effective diffusion
capacity of the lung. To investigate pulmonary endothelial cell
biology in healthy or diseased lungs, we developed methods to
harvest and culture pure populations of primary pulmonary arterial
endothelial cells and microvascular endothelial cells from human
lung explanted at time of transplantation or from donor lungs not
used in transplantation. The purity and characteristics of cultured
endothelial cells is ascertained by morphologic criteria using phase
contrast and electron microscopy; phenotypic expression profile
for endothelial specific proteins such as endothelial nitric oxide
synthase, platelet/endothelial cell adhesion molecule, and von
Willbrand factor; and endothelial function assays such as Dil-
acetylated low-density lipoprotein uptake and tube formation. This
detailedmethodprovidesresearcherswiththeability toestablishcells
for molecular, genetic, and biochemical investigation of human
pulmonary vascular diseases.
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Pulmonary endothelium plays an important role in vascular
homeostasis and in the ventilation perfusion matching that
enables efficient gas exchange in the lungs (1–4). Given the
important role of endothelial cells in healthy or diseased lungs,
cultured pulmonary arterial endothelial cells (PAECs) and
microvascular endothelial cells (MVECs) are useful for el-
ucidation of cellular and molecular mechanisms of vascular
biology. However, the lung is structurally complex, and the
diversity of cell types from which it is composed greatly com-
plicates the isolation and culture of pure PAECs and MVECs.
Cell culture models thus far have used animal-derived endothelial
cells from bovine, murine, or rodent sources (5, 6). A few previous
studies have demonstrated that human PAECs and MVECs can
be isolated for in vitro studies (7–11). However, the limited num-
bers of reports may reflect the difficulties associated with isola-
tion, purity, and maintenance of these cells in culture (9). The
most common human endothelial cell culture system is derived
from the human umbilical vein due to the ease of retrieval of
endothelial veins and simplicity of harvest. However, venous

endothelium may differ substantially from arterial or capillary
endothelial function.

Pulmonary arteries are of three types based on histology and
diameter: elastic, muscular, and nonmuscular (12, 13). The main
pulmonary artery and its branches to a diameter of approxi-
mately 500 mm have an elastic structure with interrupted elastic
fibers around medial smooth muscle. Muscular arteries (70–
500 mm) have circumferential smooth muscle bound by internal
and external elastic lamina. From diameters 30 to 150 mm, the
continuous muscle gives rise to a spiral, so arteries are partially
muscular with a layer of connective tissue with embedded peri-
cytic cells (12). Arteries less than 70 mm in diameter generally
are nonmuscular arterioles and extend into the alveolar capil-
laries (12).

Primary PAECs derived from elastic and muscular arteries
and MVECs derived from nonmuscular arterioles and extending
into the alveolar capillaries may be harvested from explanted
diseased lungs and from donor lungs not used for transplanta-
tion. Here, we provide information on methodologies that we
have established to harvest and culture pure populations of pri-
mary PAECs and primary pulmonary MVECs for the study
of human pulmonary vascular diseases. The purity and character-
istics of cultured endothelial cells is ascertained by morphologic
criteria using phase contrast and electron microscopy; pheno-
typic expression profile for endothelial specific proteins such
as endothelial nitric oxide synthase (eNOS), platelet/endothelial
cell adhesion molecule (PECAM-1, or CD31), and vonWillbrand
factor (vWF); and endothelial function assays such as Dil-
acetylated low-density lipoprotein uptake and tube formation.

MATERIALS AND METHODS

All explanted lungs were collected at the Cleveland Clinic, and Institu-
tional Review Board approval was obtained. To maintain sterility and
to avoid contamination of the cell cultures, all workwas performed using
aseptic techniques in the sterile environment of a tissue culture hood.
Additionally, all glassware and plastics used for cell culture were opened
in a sterile work environment. This protocol is detailed to give investi-
gators the ability to study more reliably the role of pulmonary endothe-
lial cells in lung vascular diseases (14–24).

Dissection of Pulmonary Artery Branches and Tissue

Pulmonary arteries to the third and fourth branches were dissected from
explanted pulmonary arterial hypertension (PAH) lungs and donor lungs
not used for transplant. The main artery, the first and second branches, the
third branch, and the fourth branchwere dissected from the explanted lungs
and placed in a conical tube containingDulbecco’smodifiedEaglemedium
(DMEM) with a 1% penicillin/streptomycin/ fungizone solution (Invitro-
gen, Grand Island, NY). The tissue used for culturing Microvascular
endothelial cells was obtained from peripheral lobes. The lung pleura
and the outer most layer of tissue (0.5 cm) were removed with a scalpel
to reduce the possible cell contamination. The remaining tissue was
minced in small pieces and placed in a conical tube containing DMEM
with a 1% penicillin/streptomycin/ fungizone solution (Invitrogen).
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Isolation and Culturing of Pulmonary Vascular Cells: PAECs,

Smooth Muscle Cells, and MVECs

Within 5 to 20 hours of surgery, human PAECs were isolated from elas-
tic and muscular arteries, and microvascular endothelial cells were iso-
lated from lung tissue. The culturing procedure for PAECs was derived
from modifications of general endothelial culture methods originally de-
scribed by Hoshi andMcKeehan (25) and Thornton and colleagues (26),
whereas the method for microvascular endothelial cell culture was
based on Kessler and colleagues (27). The pulmonary arterial smooth
muscle cells were cultured using a modified collagenase/DNase digestion
protocol (28).
PAECs. After careful removal of the excess fat and connective tissue,

the main artery was cut into 2-cm pieces, and the smaller arteries are cut
into 3- to 4-cm pieces. The arteries were rinsed three times with Hanks’
balanced salt solution (Invitrogen) to remove unwanted blood cells.
The arteries were placed in 10 to 15 ml phosphate-buffered saline
(PBS) containing 2 mg/ml type II collagenase (Worthington Biochem,
Lakewood, NJ) and kept at 378C and 5% CO2 with 90% humidity for
20 minutes. The arteries were massaged with a spatula followed by
gentle shaking to detach the endothelial cells into MCDB-107 medium
containing 14.8 g/l MCDB-105 (Sigma), 90 mg/l heparin (Sigma),
115 mg endothelial cell growth supplement (Sigma), 15.1 mg/l glycine,
149 mg/l potassium chloride (KCl), 10% heat-inactivated FBS (Lonza,
Walkersville, MA), and 1% penicillin/streptomycin/fungizone solution
(Invitrogen) with pH 7.3. After removal of the arterial segments, the
endothelial cells were collected by centrifugation at 330 3 g for 7
minutes at room temperature. The cell pellet was resuspended in
MCDB-107 medium and seeded on fibronectin (1 mg/cm2) (CalBio-
chem, La Jolla, CA)-coated cell culture plates. The cells were incu-
bated at 378C, 5% CO2 with 90% humidity followed by media changes
at 24 hours and every 3 days until confluence.
MVECs. After removal of lung pleura and the outermost layer of tis-

sue (0.5 cm), the tissue was cut into 2- to 4-cm sections and digested in
15 ml of PBS containing 2 mg/ml type II collagenase (Worthington Bio-
chem, Lakewood, NJ) at 378C and 5% CO2 with 90% humidity for 20
minutes. After the enzymatic digestion, the fragments were transferred

into a sterile Petri dish containing endothelial MCDB 107 growth me-
dium. Mechanical compression with the blunt edge of a no. 21 scalpel
blade was applied to the center of each tissue fragment, squeezing in an
outward direction to express clusters of MVECs. The culture medium
containing expressed cells was filtered through a sterile 70-mm pore
nylon cell strainer to remove tissue fragments. The filtered cells were
suspended in 10 ml of MCDB-107 medium. This cell suspension, con-
taining clusters of endothelial cells, was passed through a second nylon
filter with a 20-mm pore diameter. Trapped cells, enriched for endo-
thelial clusters, were flushed off the filter with MCDB-107 medium,
collected, and centrifuged at 330 3 g for 7 minutes at room tempera-
ture. The cell pellet was resuspended in MCDB-107 medium and
seeded on fibronectin (1 mg/cm2)-coated cell culture plates. The cells
were incubated at 378C, 5% CO2 with 90% humidity followed by media
changes at 48 hours and every 4 days until confluence.
Pulmonary arterial smooth muscle cells. After removing the PAECs,

the arteries were minced and digested overnight in 100 ml of Hanks’
balanced salt solution containing collagenase and DNase (0.1 mg/ml
each), 2.5 ml Hepes buffer (Sigma), penicillin (250 units/ml), strepto-
mycin (250 mg/ml), and fungizone (0.625 mg/ml) (Invitrogen). The
liberated cells were filtered from the undigested debris with a 100-mm-
pore nylon cell strainer (BD Falcon, Bedford, MA), cultured in DMEM/
F-12 medium supplemented with 10% FBS (Bio-Whittaker, Walkers-
ville, MD) and 2.5% penicillin/streptomycin/ fungizone solution antibi-
otics, and incubated at 378C, 5% CO2 with 90% humidity follow by
media changes at 24 hours and every 4 days until confluence. Cultured
smooth muscle cells obtained by this method routinely stain positively
for a-smooth muscle cell actin (Sigma/Aldrich, St. Louis, MO).

Subculture of Human PAECs and MVECs

Primary endothelial cultures that form uniform monolayers were se-
lected for subculturing. To detach, the cells were washed with PBS fol-
lowed by incubation with 1 ml of 0.05% trypsin-EDTA (Invitrogen) at
378C. The cells were closely monitored on an inverted microscope to
determine the optimal length of time of exposure to the trypsin-EDTA

Figure 1. Morphology of endothelial cells and smooth

muscle cells. Phase-contrast microscopic analysis of pri-
mary pulmonary arterial endothelial cells shows a rosette

cobblestone morphology (arrow) (A). Confluent pulmo-

nary arterial endothelial cells (B) and microvascular

endothelial cells (C) at passage 5 demonstrating the char-
acteristic cobblestone appearance of endothelial cells.

Phase-contrast microscopic of primary pulmonary arterial

smooth muscle cells (D). Endothelial cells and smooth muscle cells shown in this figure were initiated from pulmonary arterial hypertension (PAH)

lungs. There were no morphological differences between endothelial cells or smooth muscle cells derived from PAH or control lungs.

Figure 2. Ultrastructure of control and PAH pulmonary ar-

terial endothelial cells and PAH lung tissue. Electromicro-

scopy of culture control (A, D) and PAH pulmonary arterial

endothelial cells (B, E) and PAH lung tissue (C, F). Ultra-
structure detail of endothelial cells in vitro (A, B, D, E) and

in vivo (C, F) (scale bar: 1 mm). Weibel-Palade bodies in

cultured endothelial cell (E) and endothelial cell of lung
tissue (F) (arrows) (scale bar: 250 nm). M ¼ mitochondria;

N ¼ nucleus; RBC ¼ red blood cells.
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solution. Detached cells were transferred to a conical tube containing
5 ml of MCDB-107 and centrifuged at 330 3 g for 7 minutes. A con-
fluent 100-mm tissue culture plate was split into five plates with
MCDB-107 medium.

Immunohistochemistry

PAECs and MVECs. CD31 was identified in cells by immunohisto-
chemistry. Cultures were grown on Lab Tek II chamber slide systems,
fixed with 4% paraformaldehyde in PBS (pH 7.4), and rinsed with
PBS. Mouse monoclonal anti-CD31 Ab (1:80; Dako, Carpinteria,
CA) was applied to the surface of the slide. Diaminobenzidine
(Dako) and hydrogen peroxide were applied to develop color. Immu-
nostaining was performed by an automated biotin-avidin peroxidase
system (Ventana-320-ES; Ventana Medical Systems, Tucson, AZ).
Negative control of secondary antibody alone was performed on
each section of tissue studied. All slides were counterstained with
hematoxylin.
Lung tissue. Immunohistochemical detection of eNOS and CD31

was performed as previously described (23). Briefly, histologic sec-
tions of formalin-fixed, paraffin-embedded lung tissues were dehy-
drated followed by antigen retrieval with Antigen Retrieval Citra
Plus (Bio Genex, San Ramon, CA). The rabbit polyclonal antibody
directed against eNOS (PA1–037; Affinity Bioreagents, Golden, CO)
(1:30) and the mouse monoclonal anti-CD31 Ab (1:80; Dako) were
used. Diaminobenzidine and hydrogen peroxide were applied to
develop color. Immunostaining was performed by an automated
biotin-avidin peroxidase system (Ventana-320-ES; Ventana Medical
Systems). Negative control of secondary antibody alone was per-
formed on each section of tissue studied. All slides were counter-
stained with hematoxylin.

Fluorescence Histochemistry for Confocal Microscopy

PAEC and MVEC. Cultures were grown on Lab Tek II chamber slide
systems fixed with 4% paraformaldehyde in PBS (pH 7.4) and rinsed
with PBS. After a 15-minute incubation in PBS with 2% FBS, rabbit
anti-human von Willebrand Factor VIII-related antigen (vWF) (1:200),
FITC-labeled G. simplicifolia (1:1,000), and FITC-labeled H. pomatia
(1:1,000) (Sigma) were applied and incubated at room temperature for
1 hour in the dark. The slides were washed with PBS, and coverslips were
affixed to the slides in Vectashield mounting medium containing 4,6-
diamindino-2-phenylindole (Vector Laboratories, Youngstown, OH) as
a nuclear stain.
Lung tissue. Histologic sections of formalin-fixed, paraffin-embedded

lung tissues were rehydrated followed by antigen retrieval with a pre-
heated citrate buffer (Dako). After a 15-minute incubation in PBS with
2% FBS, the FITC-labeled Griffonia simplicifolia and the FITC-labeled
Helix pomatia (Sigma) in a 1:1,000 dilution, rabbit anti-human vWF in
a dilution of 1:200 were applied and incubated at room temperature for 1
hour in the dark. The slides were washed three times with PBS and
incubated with Alexa-633 conjugated anti-rabbit antibody (1:1,000) in

PBS containing 2% FBS for 1 hour at room temp. The slides were
washed with PBS, and coverslips were affixed to the slides in Vectashield
mounting medium containing 4,6-diamindino-2-phenylindole (Vector
Laboratories) as a nuclear stain. Confocal images were obtained using
a Leica TCS-SP laser-scanning confocal microscope (Leica, Heidelberg,
Germany), which was equipped with three lasers and photo detectors
that permit detection of three distinct fluorochromes.

Ultrastructural Analyses by Electron Microscopy

An ultrastructural analysis of pulmonary arterial cells and lung tissue
was performed as previous described (24). Briefly, cells and tissue were
fixed at 48C for 1 hour in 0.1 M sodium cacodylate buffer (pH 7.4)
containing 2.5% glutaraldehyde and 4% formaldehyde. After washing
three times, cells were postfixed with 1% aqueous osmium tetroxide for
1 hour at 48C, washed in sodium cacodylate buffer followed by maleate
buffer (pH 5.1), and dehydrated with ascending grades of ethanol and
propylene oxide. Samples were embedded using a Eponate12 kit (Ted
Pella, Inc., Redding, CA), polymerized at 708C for 48 hours, trimmed,
sectioned at 70 to 90 nm, poststained in saturated uranyl acetate and
lead citrate, and examined with a transmission electron microscope
(Philips CM12; Philips, Eindhoven, The Netherlands).

Western Blot Analysis

Cytosolic extracts of PAECs were prepared according to the manufac-
turer’s protocol (Panomics Inc., Fremont, CA). Whole cell lysates were

Figure 4. Endothelial cell types in vessels and plexiform lesions in PAH.

Sequential sections for hematoxylin and eosin (H&E), Helix pomatia

(red), Griffonia simplicifolia (green), and vWF (purple). H. pomatia binds
to endothelium of muscular artery, whereas G. simplicifolia binds to

endothelium of microvessels. Red blood cells also bind G. simplicifolia.

White arrows and black arrows indicate capillaries. M ¼ smooth muscle;

V ¼ vascular lumen of large muscular artery. Scale bar: 100 mm.

Figure 3. Phenotype of primary pulmonary arterial endothelial cells.

Characterization of pulmonary arterial cells ascertained by morphologic

and immunohistochemistry analyses of endothelial markers (CD31, von
Willebrand factor). (A) Immunofluorescence for von Willebrand factor

(green) and (B) CD31 (brown) by immunohistochemistry. Representa-

tive image is from PAH cells. Hence, control pulmonary arterial endo-
thelial cells have the same phenotype.
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prepared as previously described (23). Protein was separated by elec-
trophoresis on a 4 to 15% Tris-HCl precast gel (Bio-Rad Lab, Hercu-
les, CA) and transferred onto polyvinylidene difluoride membranes
(Millipore Corp., Bedford, MA). Alternatively, XT Precast Gels
(Bio-Rad) and 3-(N-morpholino) propanesulfonic acid buffer were
used for SDS-PAGE. Antibodies used for Western analyses included
an anti-eNOS Ab (Affinity Bioreagents). Monoclonal anti-mouse Cav-
eolin Ab (1:250; BD Transduction Laboratories) was used as a protein-
loading marker.

Endothelial Cell Low-Density Lipoprotein Uptake

The ability to identify endothelial cells based on their specific uptake of
acetylated low-density lipoprotein (Ac-LDL) was examined using
Ac-LDL labeled with the fluorescent probe 1,19-dioctadecyl-3,3,39,39-
tetramethylindocarbocyanine. Cultures grown on Lab Tek II chamber
slide systems were incubated with 15 mg/ml Dil-Ac LDL (Invitrogen)
in growth medium for 20 minutes, washed with PBS (pH 7.4), and
immediately observed by inverted fluorescence microscopy using a rho-
damine filter.

In Vitro Tube Formation Assay

The angiogenic potential of the cultured endothelial cells was evaluated
by using a matrigel endothelial cell tube formation assay (Chemicon In-
ternational, Temecula, CA) (22). Tube formation was complete be-
tween 0 and 8 hours and evaluated by measuring capillary tube
length, width, total length of the network, and numbers of branches
in three random fields using Image-Pro Plus software (MediaCyber-
netics, Silver Spring, MD).

Flow Cytometric Analysis

The purity of endothelial cells was evaluated by staining with CD31-
FITC and vascular endothelial growth factor receptor 2–FITC mono-
clonal antibodies. The purity of smooth muscle cells was evaluated by
staining with a-smooth muscle actin PE. Isotype-matched irrelevant
antibodies were used as negative controls for nonspecific binding. Sam-
ples were analyzed on a FACScan (Becton Dickinson) flow cytometer.

Events (0.5 3 106) were acquired, and data analysis was performed
using Cell-Quest 3.3 software (Becton Dickinson).

Gene Expression

Human PAECs (n ¼ 14) and MVECs (n ¼ 5) were harvested for RNA
at passage 5 or 6 by direct disruption in Qiazol (Qiagen, Valencia, CA)
and stored at 2808C. RNA was extracted using the miRNeasy kit
(Qiagen) according to the recommended protocol. Samples were la-
beled and hybridized to Illumina HT-12 or Human-Ref8 expression
arrays (Illumina, San Diego, CA). A common probe-set for the two
arrays was derived, enabling the data to be combined. Analysis was
performed using Genespring software (Agilent, Santa Clara, CA).

RESULTS

Morphological Assessment

Cells were initially identifiable as endothelial cells according to
morphological criteria. Twenty-four hours after the initial
seeding, examination by inverted phase contrast microscopy dis-
played a typical “rosette cobblestone” morphology (Figure 1A).
Although some nonendothelial cells were seen in early passage
cultures (Figure 1A), the specific heparin-rich growth medium
enriches for endothelial cell growth and inhibits contaminant cells
quickly. A uniform characteristic cobblestone appearance of pul-
monary arterial endothelial cells (Figure 1B) and microvascular
endothelial cells (Figure 1C) was seen after passage 5. Culture of
pulmonary arterial smooth muscle cells derived from the pulmo-
nary arteries exhibited a characteristic “hill and valley” appear-
ance (Figure 1D).

Figure 5. Lectin binding of microvascular endothelial cells (MVECs)

and pulmonary artery endothelial cells (PAECs) in vitro. (A–D) Immu-

nofluorescent H. pomatia (red) binds PAECs in vitro (A) but not MVECs
(C). G. simplicifolia (green) binds MVECs in culture (D) but not to PAECs

(B). Representative image is from PAH cells. Hence, control PAECs have

the same phenotype.

Figure 6. Endothelial nitric oxide synthase (eNOS) expression in PAECs

and MVECs. (A, B) Immunohistochemistry shows strong eNOS staining

in the muscular vessels where the staining in alveolar capillaries (arrows)

is absent. The plexiform lesion (A) is lined with endothelial cells that are
mostly positive for eNOS, but some cells are negative. (C, D) Sequential

section confirms endothelial cells by CD31 and in plexiform lesions. (E)

Western blot analysis shows that control and PAH PAECs express eNOS,

whereas MVECs have undetectable or weak expression of eNOS. C ¼
capillaries; M ¼ smooth muscle; V ¼ vessel.
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Transmission electron microscopy of PAH cells revealed char-
acteristic features of endothelium, including the oval-shaped
bodies described by Weibel and Palade as well as in endothelium
in vivo (Figure 2). PAECs from pulmonary hypertension lungs
had lower mitochondria numbers as compared with donor lungs
(Figure 2) (24).

Phenotypic Assessment

Protein expression by immunohistochemistry. vWF is a classic
marker of endothelial cells and is only expressed at significant levels
in endothelial cells and platelets (8). PECAM-1 is a universal and
highly specific marker of endothelium in tissue sections (29, 30)
and isolated cells because it is expressed only on leukocytes (8, 29).
In cultured endothelial cells, CD31 was located at intercellular

junctions. Analogous to immunohistochemical staining of lungs
(22), primary cells were positive for CD31 and showed the char-
acteristic pattern of vWF expression (Figure 3). Lectin binding
pattern discriminates between pulmonary arterial cells and micro-
vascular endothelial cells (5). Microvascular endothelium in vivo
binds G. simplicifolia lectin, and pulmonary arterial endothelium
binds H. pomatia lectin (Figure 4). The majority of endothelial
cells in the plexiform lesion of PAH bind H. pomatia, indicating
the majority of endothelial cells in the lesion, were more similar to
large vessel endothelium. There was a small number of channels in
the plexiform lesion lined by endothelial cells that bind G. simpli-
cifolia, indicating a microvascular phenotype (Figure 4). In pri-
mary cells isolated from PAH lungs and donor lungs, PAECs
bound H. pomatia and MVECs bound G. simplicifolia (Figure 5).

Figure 7. Flow cytometric analysis of en-

dothelial cell surface antigen expression
on PAECs. Confluent cell cultures were

harvested by trypsinization and stained

for cell surface expression of endothelial

cell specific markers CD31 and vascular
endothelial growth factor receptor 2.

(A) Representative profiles for each stain-

ing is shown. Gray histograms indicate

staining with isotype-matched control
antibodies. (B) Purity of primary PAECs,

as measured by %CD31-positive cells,

increases during passaging of the cells.

Cells were more than 95% CD31 positive
by passage 4. Passage 1, n ¼ 7; passage

2, n ¼ 14; passage 3, n ¼ 15; passage 4,

n ¼ 13; passage 5, n ¼ 31. (C) The
smooth muscle cells cultured from

pulmonary arteries stained positive for

smooth muscle cell a-actin and negative

for CD31. Representative profiles for
each staining is shown. Gray histograms

indicate staining with isotype-matched

control antibodies. Representative image

is from PAH cells. Control pulmonary
arterial endothelial cells have the same

phenotype.

Figure 8. Gene expression analysis. Hierarchical clustering

of gene expression array data from PAECs (n ¼ 14), MVECs

(n ¼ 5), and pulmonary artery smooth muscle cells
(PASMCs) (n ¼ 4) demonstrates that PAECs and MVECs

have closely related gene expression signatures but are

distinctly different from PASMCs. Color coding denotes

relative gene expression on a continuous scale from blue
(lowest expression), through yellow (similar expression lev-

els) to red (highest).
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These findings indicate success in retrieval of pure populations
of PAECs and MVECs that accurately reflect the lectin-binding
and protein expression pattern of cells in vivo.

eNOS is capable of synthesizing NO in vascular endothelial cells
and plays an important role in the control of vasomotor tone (31–
33). Lung biopsy tissue from control and PAH lungs generally
shows that vascular endothelial cells of muscular arteries are eNOS
positive (Figure 6A). However, eNOS staining in alveolar capillar-
ies is absent, although adjacent muscular vessels express eNOS
(Figure 6A). Plexiform lesions are lined with endothelial cells
that are mostly positive for eNOS, again suggesting a mixed
population of endothelial cells with large and small vessel
characteristics (Figure 6B); endothelial cells are confirmed by
positivity for CD31(Figures 6C and 6D). Cultured primary
endothelial cells express eNOS, whereas the microvascular
endothelial cells have low or undetectable eNOS expression
(Figure 6E).
Purity of cells as assessed by flow cytometry. Fluorescence-

activated cell sorting (FACS) was used to analyze the purity of cul-
tured endothelial cells. Cultured endothelial cells at passage 5 were
positive for cell surface expression of endothelial cell–specific
markers CD31 and vascular endothelial growth factor receptor 2
(Figure 7A). After the first passage of harvested cells (passage 1),
more than 70% of cells were CD31 positive, and by passage 3
more than 90% of cells were CD31 positive (Figure 7B). The
cultured pulmonary arterial smooth muscle cells were positive for
a-smooth muscle actin and negative for CD31 (Figure 7C). Fur-
thermore, FACS analysis shows that the cultured endothelial cells
were simultaneously negative for a-actin, excluding contamination
with smooth muscle cells or fibroblast (data not shown).
Gene-expression profile. Array analysis confirmed high levels

of expression of endothelial markers in PAECs and MVECs, in-
cluding PECAM1, vWF, tyrosine kinase with immunoglobulin
and epidermal growth factor homology domains 1 (TIE1), vas-
cular endothelial cadherin (CDH5), endothelial lipase (LIPG),
and apelin. Conversely, smooth muscle markers, such as actin,

decorin, multiple collagens, and platelet-derived growth factor
receptors A, and B were not expressed in PAECs or MVEC.
Subtle differences in gene expression between PAECs and
MVEC were detected, but no strongly distinguishing gene signa-
ture was detected (Figure 8). Genes differentially expressed
between these two cell types include insulin-like growth factor
binding protein 5, glycophorin C, and peroxisome proliferator-
activated receptor g. The lack of unique gene expression among
PAECs and MVECs suggests that differential lectin binding
maybe the best discriminator between these two cell types.

Functional Assessment

The uptake and metabolism of LDL is a primary function of
endothelial cells. Endothelial cells derived from control and
PAH lungs are active in Dil-Ac-LDL uptake (Figure 9A), and
their pattern of lectin binding reflected lectin binding of vascu-
lar sites in vivo. The pattern of lectin binding did not change in
cultures over time in passages 5 through 7. The primary
endothelial cells are also able to form tube like structures on
an extracellular matrix (Figure 9B) (see Movie E1 in the online
supplement). Prior work has shown that tube formation is dys-
regulated in PAH PAECs (22).

DISCUSSION

The majority of studies involving cultured pulmonary endo-
thelial cells have used animal-derived cells because of the difficul-
ties in isolating and maintaining human pulmonary endothelial
cells in culture. Here, we describemethods for successful isolation
and culturing of primary PAECs and primary human MVECs
from unused donor lungs as well as explanted lungs of pulmonary
hypertension origin. The success of this method is based on three
major components: (1) early access to lung tissue, (2) initial
careful and rapid dissection, and (3) selection of cell population
by culture conditions containing growth medium enriched with
heparin (25, 26). To identify endothelial cells, many different
morphological, ultrastructural, molecular, and biochemical crite-
ria are needed. Characterization of endothelial cells based upon
morphology is not selective. The cobblestone appearance of con-
fluent endothelial cells is not unique to endothelial cells but is
also a characteristic of cultured mesothelial cells (8). Chung-
Welch and colleagues reported that endothelial cells could be
distinguished from mesothelial cells, which do not have the abil-
ity to form capillary-like tube structures when plated onto
a Matrigel (34). The uptake of acetylated LDL has been used
to distinguish endothelial cells from fibroblasts, smooth muscle
cells, and pericytes (35). Transmission electron microscopy reveals
that cultured endothelial cells contained structures resembling
discoid bodies, described by Weibel and Palade, as seen as in
endothelial cells of the vascular lumen (36, 37).

CD31, vWF, and eNOS are among themarkers that are highly
specific for endothelium in lung tissue (29, 30). The endothelial cells

Figure 9. Functional assays. (A) Accumulation of acetylated low-density
lipoprotein (Dil-Ac-LDL) by primary PAECs (passage 5). (B) Capillary-

like tubule formation produced by primary PAECs 8 hours after plating

onto Matrigel. Representative image is from control cells. Hence, PAH

PAECs have the same phenotype.

TABLE 1. CHARACTERISTICS OF PULMONARY ARTERIAL ENDOTHELIAL CELLS ACCURATELY REFLECT ENDOTHELIAL CELLS IN VASCULAR
LESIONS OF HUMAN PULMONARY ARTERIAL HYPERTENSION LUNGS IN VIVO

Characteristics Pulmonary Arterial Endothelial Cells In Vitro (Ref. No.) Endothelium of Human Lungs In Vivo (Ref. No.)

Proliferation increased Ki67 (22), BrdU (22) Ki67 (41–44)

Apoptosis-resistance Caspase 3 (22), Bcl2 (22), MCl1 (22), TUNEL (22) BAX (45)

Metabolic shift Shift to glycolysis by metabolic measures (24) Shift to glycolysis by FDG-PET scan (24)

Signal transduction activation HIF (19, 24), pSTAT3 (22) pSTAT3 (22), HIF (46)

Nitric oxide synthesis Arginase2 (23), and decreased NO synthesis (23) Increased Arginase2 (23) and decreased NO production (23)

Definition of abbreviations: BAX ¼ BcL-2 gene family; BrdU ¼ 5-bromo-2’-deoxyuridine; FDG-PET ¼ [18F]fluoro-deoxy-D-glucose positron emission tomography; HIF ¼
hypoxia-inducible factor; MCL1 ¼ induced myeloid leukemia cell differentiation protein; STAT3 ¼ signal transducer and activator of transcription 3; TUNEL, terminal

dUTP nick-end labeling.
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isolated by this procedure manifest these phenotypic characteris-
tics of endothelial cells found in vivo. The absence of certain
markers, such as smooth muscle a-actin, are equally important
to rule out contaminating cells in cultures (38, 39). The gene ex-
pression array analysis confirms high expression of multiple
endothelial markers and the lack of smooth muscle markers; there
are 922 genes with a greater than 10-fold difference in expression
between the cultured endothelial cells and pulmonary artery
smooth muscle cells. Although there were only five paired samples
of artery and microvessel cells available for study, there were some
differences found in gene expression among endothelial cells from
pulmonary artery in comparison to microvessels harvested from
the same lung. Overall, 177 genes out of 15,251 total genes evalu-
ated were significantly different between the two cell types,
indicating that endothelial cells derived from large and small
vessels have variance in expression profiles as previously described
(40). The lesser variance seen in this study as compared with the
study by Chi and colleagues (40) may be due to the fact that
PAECs and MVECs in this study were derived from the same
individual, whereas the endothelial cells in the previous study
were obtained from commercial sources and different bio-
logic donors.

Lectin binding has previously been used as an effective
method of discriminating between macro- and microvascular
endothelial cells (5). Our data show that G. simplicifolia
selectively interacts with MVECs in vivo and in vitro,
whereas PAECs interact with H. pomatia. The majority of
endothelial cells in the lesional endothelium of PAH bind
H. pomatia and immunostain for eNOS, indicating that the ma-
jority of endothelial cells in the plexiform lesion are of pulmo-
nary arterial endothelial origin or have become “arterialized”
during the disease process. In either case, the primary human
endothelial cells cultured by this method are a valid model
system to investigate endothelial pathology in pulmonary
hypertension (Table 1). Because this method enriches for
endothelial cells based upon selectivity of the culture media,
comparison of late passages to very early cultures (passages
1–3) would be confounded by the 10 to 25% contaminating
cells. However, in this report and in previous studies, we have
confirmed that the cultures from passages that have greater than
95% purity for endothelial cells were representative of cells in
the lung. For example, the primary pulmonary arterial cells
from pulmonary hypertension lungs have greater proliferation
(by BrdU incorporation and Ki-67 nuclear antigen expression),
decreased apoptosis upon growth factor withdrawal (by caspase
3 activation and terminal dUTP nick-end labeling), and activa-
tion of prosurvival pathways (hypoxia inducible factor and sig-
nal transducer and activator of transcription 3) (19, 22, 24). The
greater glycolytic metabolism of primary pulmonary arterial cells
derived from pulmonary hypertension lungs in vitro mirrors the
greater [18F]fluoro-deoxy-D-glucose positron emission tomogra-
phy uptake values in lungs of patients with pulmonary hyperten-
sion as compared with healthy control lungs (24). The low level of
NO synthesis by pulmonary arterial cells in culture is in line with
the observed low NO in exhaled breath and the low NO products
in the bronchoalveolar lavage fluid of patients with PAH (23).
Overall, the PAECs provide an accurate representative in vitro
model system for study of pulmonary vascular diseases (41–45).

In summary, we present a method for harvesting and culture
of human PAECs and MVECs and provide evidence that
these cells accurately represent endothelial cells in the lung.
Endothelial cells derived from control or PAH lungs express
the same characterization markers (i.e., CD31, vWF, and lectin
staining). Cells of multiple passages derived by this method accu-
rately represent the characteristics of cells in lungs of patients with
pulmonary hypertension (i.e., proliferation potential, apoptotic

susceptibility, metabolism, signal transduction, and NO synthesis)
(Table 1). Furthermore, chromosome abnormalities that were
discovered in PAECs derived from PAH lungs by this method
were stably found in cultured cells (passage 5–6) and were pres-
ent in the plexiform lesions of primary lung tissue (14). Alto-
gether, the results provide solid molecular evidence of a shared
genetic lineage and validity for the concept that cells derived by
this method are informative for understanding pulmonary vascu-
lar disease in vivo. Thus, the availability and purity of these cells
provides a rich resource for molecular, genetic, and biochemical
studies on human pulmonary vascular diseases and provides an
economical and disease-specific model system for translational
human studies.
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