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Chemokines and adhesion molecules play a critical
role in the recruitment of leukocytes into specific
organ sites. Little is known, however, regarding the
repertoire of chemokines and adhesion molecules ex-
pressed within different vascular beds. In this study,
we compare adhesion molecule expression, chemo-
kine induction, and T-cell subset-endothelial interac-
tions under defined flow conditions on resting and
tumor necrosis factor (TNF)-�-activated murine lung
endothelial cells (MLECs) and heart endothelial cells
(MHECs). Our study revealed that only MHECs exhib-
ited high constitutive VCAM-1 expression. Exposure
to TNF-� up-regulated adhesion molecule expression
and chemokine production in both MLECs and
MHECs. However, high levels of Regulated on Activa-
tion Normal T cell Expressed And Secreted (RANTES)
expression were detected only in TNF-�-activated
MHECs. TNF-�-stimulated MLECs and MHECs both
supported T-helper cell interactions under defined
flow conditions. Most T cells instantaneously arrested
on MHECs but exhibited a rolling phenotype on
MLECs. Blocking studies revealed that T-cell arrest on
MHECs was mediated by constitutive VCAM-1 and
TNF-�-induced RANTES. These findings are consistent
with the hypothesis that functional heterogeneity of
endothelial cells from different sites exists and some
of it is retained in vitro. Furthermore, these results
provide an insight into the molecular mechanisms
that may mediate T-helper cell recruitment to these
organs. (Am J Pathol 2003, 162:1591–1601)

Proinflammatory cytokines such as tumor necrosis factor
(TNF)-� and interleukin (IL)-1�, as well as certain gram-
negative bacterial endotoxins (lipopolysaccharide), acti-
vate the endothelium and trigger the induction of adhe-
sion molecules as well as production of numerous
chemokines. The interactions of these adhesion mole-
cules with their cognate ligands on the leukocyte surface

and the binding of chemokines to their respective leuko-
cyte receptors regulate the recruitment of leukocytes to
the inflammatory site. The recruitment of T-cell subsets is
thought to contribute significantly to a variety of cardio-
vascular diseases including cardiomyopathies, autoim-
mune myocarditis, atherosclerosis, as well as cardiac
transplant rejection.

Chemokines such as RANTES (regulated on activation,
normal T cell-expressed and secreted), MIP-1� (macro-
phage inflammatory protein-1�), and MIP-2 (the mouse
equivalent to human IL-8) have been implicated in vari-
ous pathological conditions.1–3 In murine models, as well
as in rejected human heart transplants, expression of the
RANTES gene and protein has been localized to the
graft-infiltrating cells (T cells and macrophages), within
the intimal lesions, and in the vessel walls of intramyocar-
dial arterioles and capillaries.3,4 Similarly, chemokines
such as MIP-1� and MIP-2 produced in the lungs are
believed to be major chemotactic factors responsible for
the recruitment of neutrophils into the alveolar spaces
during infection and inflammation.1,5,6 In most cases, the
cellular source of these chemokines remained undefined
and it was unclear whether endothelial cells were signif-
icant contributors. Furthermore, it is not known whether
endothelial cells from different organs produce the same
repertoire of chemokines or in response to a proinflam-
matory stimulus exhibit different chemokine production
profiles.

Mouse strains deficient in specific genes have been
widely used to understand the roles of those genes in
developmental, physiological, and disease situations.
Studies of in vivo models of inflammation using these
genetically modified animals and intravital microscopy
have provided major insights into the role of specific
adhesion molecules in leukocyte trafficking.7–9 Because
high optical resolution is necessary to visualize each
individual step of leukocyte-endothelial interactions, in-
travital microscopy can be applied only to a few tissues,
such as the cremaster muscle,8,10 bone marrow,7 lymph
nodes,11,12 and dermal microvessels in the ear.13,14 Most
other organs are considered too opaque for this tech-
nique. Because there is functional heterogeneity between
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endothelial cells from different organ sites,15 the avail-
ability of an in vitro model of cultured endothelial cells
derived from different organs of these genetically modi-
fied animals would be a useful tool for the study of organ-
specific endothelial cell-leukocyte interactions. Here we
described the isolation and culture of murine lung and
heart endothelial cells. This endothelial cell culture model
allows us the opportunity to test which chemokines are
produced by the heart and lung endothelium and what
effects these chemokines have on specific T-cell subset
adhesion and transmigration under flow conditions that
mimic postcapillary venules in vivo.

We report here the different responses of cultured
endothelial cells from the lung (MLECs) and the heart
(MHECs) to stimulation with inflammatory cytokine TNF-�.
Cultured MHECs but not MLECs exhibited high constitu-
tive expression of VCAM-1. Although MLECs and MHECs
exhibited similar temporal profiles for the up-regulation of
P-selectin, E-selectin (after 6 hours), and ICAM-1 after 24
hours of TNF-� stimulation, the expression of VCAM-1
was not significantly up-regulated on either cell type. Of
importance, MLECs and MHECs exhibited different ex-
pression patterns and temporal profiles of various che-
mokines as assessed by mRNA analysis. MLECs would
rapidly up-regulate and then down-regulate the produc-
tion of chemokines. In contrast, the high induction of
chemokines in MHECs was sustained throughout a
longer time period. TNF-�-stimulated MLECs and MHECs
both supported interactions of T-cell subsets under de-
fined flow conditions. Blocking studies revealed that
these interactions were mediated by constitutive VCAM-1
and TNF-�-induced RANTES found in MHECs. The re-
sults are consistent with the notion that endothelial cells
isolated from different organs and cultured in vitro do
retain certain of their functional differences. Furthermore,
our findings also suggest that the VCAM-1 VLA-4 adhe-
sion pathway in conjunction with production of the RAN-
TES chemokine may have a role in the recruitment of
T-cell subsets to the heart.

Materials and Methods

Materials

All culture media and supplements [Dulbecco’s modified
Eagle’s medium (DMEM), RPMI 1640, L-glutamine, non-
essential amino acids, and sodium pyruvate] were ob-
tained from Invitrogen Corporation (Grand Island, NY).
Endothelial cell growth stimulant (catalog no. BT-203)
was purchased from Biomedical Technologies (Stough-
ton, MA), and porcine heparin was from Sigma Chemical
Co. (St. Louis, MO). Fetal calf serum (FCS) was pur-
chased either from Life Technologies, Inc., Grand Island,
NY (lot no.1010713) or Sigma (catalog no. F-2442). Re-
agents used for the endothelial cell isolation procedure
were from the following sources: type I collagenase was
from Worthington Biochemical Corporation (Lakewood,
NJ); Dynabeads M-450 sheep anti-rat IgG (catalog no.
110.07) was from Dynal (Great Neck, NY); and purified
rat anti-mouse CD102 (ICAM-2) antibody (catalog no.

01800D) and anti-mouse CD31 (PECAM-1, clone
MEC13.3) antibody (catalog no. 01951D) were from
Pharmingen (San Diego, CA). Antibodies used in the
characterization and blocking studies, anti-mouse VE-
cadherin (catalog no. 555289), biotinylated anti-mouse
VCAM-1 (catalog no. 553331), anti-mouse CD49d (clone
9C10, catalog no. 553314 and clone R1-2, catalog no.
53154), and anti-mouse CCR5 (catalog no. 559921),
were purchased from Pharmingen. Purified rat anti-
mouse ICAM-1 (YN1.1) and anti-mouse VCAM-1 (MK 2)
were acquired from the American Type Culture Collection
(Rockville, MD). Purified mouse anti-mouse E-selectin
(RME-1)16 and mouse anti-mouse P-selectin (RMP-1)17

were kind gifts from Dr. Andrew Issekutz, Dalhousie Uni-
versity (Halifax, Canada). Unless otherwise stated, all
other reagents were obtained from M.A. BioWhittaker
(Walkersville, MD).

Mice

Mice from either the C57BL/6 or the 129S6 background
were purchased from Taconics Farm (Germantown, NY).
Animals were housed in a pathogen- and virus-free facil-
ity at the Longwood Medical Research Center. The ani-
mals (8 to 10 weeks of age) were sacrificed by carbon
dioxide asphyxiation as approved by the panel on eutha-
nasia at the American Veterinary Association.

Th1 and Th2 Cell Preparation

In vitro differentiated CD4� T cells were prepared as
previously described.18–20 Briefly, DO.11 T cells express
a transgenic Ag receptor specific for OVA peptide (323 to
339) plus I-Ad. Lymph nodes and spleens were removed
from DO.11 mice after euthanasia and cell suspensions
were made by passing the tissues through wire mesh.
CD4� T cells were purified by positive selection using
CD4�-coated Dynal beads and Detachabead reagent
(Dynal, Lake Success, NY) according to the manufactur-
er’s instructions. Naive T cells were suspended in RPMI
1640 medium supplemented with 10% FCS, 2 mmol/L
L-glutamine, 10 mmol/L HEPES, 100 U/ml penicillin, 100
U/ml streptomycin, 100 �mol/L nonessential amino acids,
1 mmol/L sodium pyruvate, and 55 �mol/L mercaptoetha-
nol. The cells plated out in 2-ml polystyrene culture wells
at a cell density of 2.5 � 105/well. Antigen presenting
cells (APCs) (2.5 � 106/well) and OVA peptide at a final
concentration of 1 �g/ml were added to each well. For
Th1 differentiation, recombinant murine IL-12 (10 ng/ml
final concentration) plus neutralizing anti-IL-4 monoclonal
antibody (mAb) (11B11, 500 ng/ml) were added to indi-
vidual wells. For Th2 differentiation, murine recombinant
IL-4 (300 U/ml) was added to individual wells. After 3
days, the cultures were fed fresh culture medium con-
taining recombinant murine IL-2 (10 U/ml final concentra-
tion). Cells were harvested 2 days later and centrifuged
through a Ficoll density gradient to remove dead APCs
and cell debris. Cells were tested immediately in flow
assays. Th1 cells express robust levels of ligands for E-
and P-selectin. T-cell PSGL-1 is the principal ligand for
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both selectins. During Th1 differentiation and exposure to
IL12, posttranslational modification by glycosylation
(Core-2 and fucosyltransferase IV and VII) enzymes gen-
erates functional PSGL-1. In contrast, Th2 differentiation
by IL-4 limits posttranslational glycosylation of PSGL-1
and leads to minimal binding to E- and P-selectins, which
we and others have noted previously.19–21

Isolation and Culture of Murine Lung and Heart
Endothelial Cells

Sheep anti-rat-IgG Dynal beads were coated with either
anti-PECAM-1 or anti-ICAM-2 monoclonal antibody (2.5
�g antibody for 2 � 107 beads) according to the manu-
facturer’s instructions. The beads were precoated and
stored at 4°C (4 � 108 beads/ml of Dulbecco’s phos-
phate-buffered saline (DPBS) with 0.1% FCS without so-
dium azide) for up to 2 weeks.

The method for isolation and purification of endothelial
cells was modified from published protocols.22–24 In
brief, the hearts and lungs were harvested from two mice.
The lung lobes were carefully dissected out from any
visible bronchi and mediastinal connective tissue. Or-
gans were washed in 50 ml of DMEM containing 20%
FCS (DMEM-20%) to remove erythrocytes, minced finely
with scissors, and digested in 15 ml of collagenase (180
to 200 U/ml) at 37°C for 45 minutes.22,24 The digested
tissue was then mechanically dissociated by titurating,
filtered through a 70-�m disposable cell strainer (Becton
Dickinson Labware, Bedford, MA) and centrifuged at
400 � g for 10 minutes at 4°C. The cell pellet was resus-
pended in cold DPBS (�2 ml for the lung preparation and
1 ml for the heart preparation) and incubated with PE-
CAM-1-coated beads (15 �l/ml of cells) at room temper-
ature for 10 minutes with end-over-end rotation. A mag-
netic separator was used to recover the bead-bound
cells. The recovered cells were washed with DMEM-20%,
suspended in 10 ml of complete culture medium (DMEM
containing 20% FCS, supplemented with 100 �g/ml por-
cine heparin, 100 �g/ml endothelial cell growth stimulant,
nonessential amino acids, sodium pyruvate, L-glutamine,
and antibiotics, at standard concentrations), and then
plated in a single gelatin-coated 75-cm2 tissue culture
flask.24 After overnight incubation, the nonadherent cells
were removed, the adherent cells washed with Hanks’
balanced salt solution, and 10 ml of fresh complete me-
dia was added. Cultures were fed routinely on alternate
days with fresh complete culture medium. When the cells
reached 70 to 80% confluence, they were detached with
warm trypsin-ethylenediaminetetraacetic acid to gener-
ate a single cell suspension. The cells were pelleted and
then resuspended in 2 ml of DPBS and sorted for a
second time using ICAM-2-coated beads (15 �l/ml of
cells). The bead-bound cells were washed and plated in
complete culture medium and passaged further at a 1:2
ratio. Confluent monolayers of multiple preparations (10
to 12 different) MLEC and MHEC isolates were used at
passages 1 to 3 for this study. Because both PECAM-1
and ICAM-2 are cell surface markers expressed on en-
dothelial cells from different vascular beds,25–28 these

positively selected cells are a mixture of endothelial cells
of capillary, arterial, or venous origin.

For the longitudinal studies using real-time polymerase
chain reaction, MLECs or MHECs from passage 1 were
plated at an initial density of 75,000 cells/cm2 onto 0.1%
gelatin-coated 9.62-cm2 culture dishes. Cells were al-
lowed to reach confluency (�48 hours) and subcultured
until passage 9. Cell samples were obtained from sub-
cultures 1 to 9 (derived from a single isolate) and pro-
cessed for RNA isolation as described below. This was
performed for three different isolates of MLECs and
MHECs.

Immunohistochemistry

Mouse hearts were processed, embedded in OCT, and
snap-frozen. Immunohistochemistry on cryostat sections
was performed as described.22,29

Immunostaining by Fluorescence-Activated Cell
Sorting (FACS) and Fluorescence Immunoassay
for Constitutive and Inducible Expression of
Adhesion Molecules

MLECs and MHECs were grown in either 100-mm culture
dishes or 96-multiwell plates. At confluence, the endothe-
lial cells were incubated with murine TNF-� (Genzyme,
Boston, MA) at a final concentration of 120 ng/ml for 6
and 24 hours. MLECs or MHECs cultured in complete
media alone served as controls (designated as 0 hours).
For FACS analysis, the endothelial cells were detached
from the culture dish by either a brief trypsinization (no
longer than 2 minutes at 37°C) or by nonenzymatic cell
dissociation buffer (Invitrogen Corporation). Proteolysis
was arrested by the addition of ice-cold RPMI-20% FCS.
The pelleted cells were titurated in RPMI-5% FCS to
create a single cell suspension. For the fluorescence
immunoassay, the unfixed endothelial cells were washed
twice with DPBS. Analysis of the expression of cell-sur-
face adhesion molecules was performed with two-step
immunofluorescence staining. The cells first were incu-
bated with purified monoclonal antibodies (rat anti-PE-
CAM-1, rat anti-ICAM-2, rat anti-ICAM-1, rat anti-VCAM-1,
mouse anti-E-selectin, and mouse anti-P-selectin) for 45
minutes on ice. After the cells were washed with DPBS-
0.5% bovine serum albumin, they were incubated with
fluorescein isothiocyanate-conjugated anti-rat IgG or fluo-
rescein isothiocyanate-conjugated anti-mouse IgG (Caltag,
Burlingame, CA) for 30 minutes on ice. For FACS analysis,
the stained endothelial cells were washed twice, fixed in 1%
formaldehyde in phosphate-buffered saline (PBS), and an-
alyzed with the FACS Calibur (BD Biosciences, San Jose,
CA). For fluorescence immunoassay, the washed stained
cells in each well were lysed in 150 �l of Tris-sodium dode-
cyl sulfate lysis buffer and fluorescence was quantified with
a microtiter plate fluorometer at 485 nm, as previously de-
scribed for human umbilical vein endothelial cells.30,31
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RNase Protection Assay for Induction of
Chemokine mRNA

TNF-�-stimulated or control MLECs and MHECs were
washed twice with DPBS and then lysed with 3 ml of
TRIzol reagent (Life Technologies, Inc., Grand Island,
NY) per 100-mm dish. The lysate was stored as 1-ml
aliquots at �80°C until the day of the assay. On the day
of the assay, total RNA was prepared from the TRIzol
lysate according to the manufacturer’s instructions. A
commercially available RPA kit that contains templates
that probe for eight different chemokine mRNAs and two
housekeeping genes (MCK-5) was purchased from BD
Pharmingen. 32P-labeling of the RNA-probes, RNA hy-
bridization, and the subsequent RNase protection assay
were performed according to the manufacturer’s instruc-
tions. The protected RNA fragments were separated on a
5% denaturing polyacrylamide gel, and the density of the
separate RNA bands was determined with a Phosphor-
Imager and ImageQuant software. For quantification, the
density of each band was corrected for background lev-
els and normalized to the mean levels of the housekeep-
ing genes GAPDH and L32.20

Real-Time Polymerase Chain Reaction

Confluent endothelial cell monolayers were washed twice
with ice-cold PBS and scraped into TRIzol reagent. Total
RNA was isolated by ethanol precipitation, treated with
DNase, and purified on a RNeasy mini column (Qiagen,
Valencia, CA). The RNA integrity was assessed by a
microfluidics RNA 6000 Nano-Assay chip with a 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA). RNA
was transcribed with a MultiScribe-based reverse tran-
scriptase reaction. Polymerase chain reaction conditions
were 2 minutes at 50°C, 10 minutes at 95°C, and 40
cycles of 15 seconds at 95°C and 60 seconds at 60°C.
Reactions were performed in a GeneAmp 5700 sequence
detection system (Applied Biosystem, Foster City, CA). Rel-
ative RNA equivalents for each sample were obtained by
standardizing to �2-microglobulin levels. The primer/probe
pairs used for reverse transcriptase analysis were mouse
Tie-2, forward primer 5�-AAGCCAGACAGCTCTAAATTT-
GACTT-3� and reverse primer 5�-GGTTCCCAGGCACTTT-
GATG-3� and probe, 5�(FAM)-AGAGGCGATCCCTGCAAA-
CAACAAGTG-(TAMRA)p3�; mouse VE-cadherin, forward
primer 5�-ACCGCTGATCGGCACTGT-3�, reverse primer 5�-
GATGGAGTACCCGATGCTGC-3�, probe 5�(FAM)-TGGCCA-
AAGACCCTGACAAGGCTC-(TAMRA)p3�; mouse PECAM-1,
forward primer 5�-CTGCAGGCATCGGCAAA-3�, reverse
primer5�-ATACTGGGCTTCGAGAGCATTT-3�,probe5�(FAM)-
CACCTGGATCGGTACCAGGCCG-(TAMRA)p3�; mouse
�2-microglobulin, forward primer 5�-TTCAGTCGCG-
GTCGCTTC-3�, reverse primer 5�-AGTGAGACAAGCAC-
CAGAAAGACTAG-3�, probe 5�(FAM)-TCACCGAGCGAG-
CCATGCTGA-(TAMRA)p3� (FAM, 6-carboxyfluorescein;
TAMRA, 6-carboxytetramethylrhodamine).

In Vitro Flow Assay

Th1 and Th2 cells were prepared as described above.
MLECs or MHECs were plated at confluence on fibronec-
tin-coated 25-mm glass coverslips and stimulated with
murine TNF-� (120 ng/ml) for 6 hours. The interactions of
in vitro differentiated T-cell subsets with activated MLECs
or MHECs under defined flow conditions (1.0, 0.7, and
0.5 dynes/cm2) were assessed with the use of a parallel
plate flow chamber as described previously.32,33 For
function-blocking studies, the binding of RANTES to
CCR5 on the T cells was neutralized by preincubating the
T cells with an anti-CCR5 monoclonal antibody (20 �g/ml
final concentration) for 15 minutes on ice. VCAM-1-VLA-4
interactions were blocked by either incubating the endo-
thelial monolayer with anti-VCAM-1 (MK-2, 20 �g/ml) for
30 minutes at 37°C or the T cells with the combination of
anti-CD49d antibodies (clone 9C10 and R1-2 at 10 �g/ml
for each antibody) for 15 minutes at 37°C. Total accumu-
lation was determined after 1 minute of flow for each flow
rate by counting the number of cells in four fields as
detailed previously.34 T-cell transmigration across the
endothelial monolayer was determined using a �60 mag-
nification objective lens. Cell rolling velocities were de-
termined with the Visual Lab Imaging software program
(Ed Marcus Lab, Boston, MA).

Results

Characterization of MLECs and MHECs

Both MLECs and MHECs isolated by this double-selec-
tion method exhibited classical cobblestone morphology
typical of vascular endothelium (Figure 1A). The endo-
thelial cell lineage was confirmed by staining MLECs and
MHECs (at subculture 1 or 2) and analyzing them for cell
surface expression of PECAM-1 and ICAM-2, the two
endothelial-specific markers that were used for the pos-
itive selection of these cells. The percentage of PE-
CAM-1- and ICAM-2-positive cells in these cultures gen-
erally ranged from 85 to 99% (Figure 1B). Furthermore,
three-color staining revealed that MLECs and MHECs
positive for both PECAM-1 and ICAM-2 also expressed
VE-cadherin (Figure 1B). These cells, however, were not
positive for expression of VEGF-R3 (Flt-4) thus suggest-
ing cultures were not contaminated with lymphatic endo-
thelial cells (data not shown). It was previously reported
that murine PECAM-1 is sensitive to trypsin treatment.35

However, we found that the PECAM-1 expression re-
mained robust by using a short trypsin treatment (2 min-
utes at 37°C), which was sufficient to detach �95% of
cells from the flasks.

The number of passages that MLECs and MHECs
retain endothelial cell markers in culture was determined
by performing a longitudinal study to examine the expres-
sion of the mRNAs for three endothelial markers, PE-
CAM-1, VE-cadherin, and Tie-2, over a total of nine sub-
cultures (n � 3). MHECs retained high levels of
expression of PECAM-1, VE-cadherin, and Tie-2 mRNA
up to subculture 4, after which the expression of these
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mRNAs declined gradually by passage 9 to 83%, 67%, and
76% of their original expression, respectively (Figure 2). It is
interesting that whereas the profile of expression of PE-
CAM-1 mRNA in MLECs was similar to that in MHECs, the
expression of VE-cadherin and Tie-2 in MLECs was sus-
tained only for two passages (Figure 2). By passage 3, the
expression of VE-cadherin mRNA declined rapidly to 62%,
and by passage 9, it fell to 32%. Expression of Tie-2 mRNA
showed a profile similar to that of VE-cadherin although the
rate of decline was not as rapid.

MHECs but Not MLECs Exhibit High
Constitutive Expression of VCAM-1 in Culture

The recruitment of leukocytes to an inflammatory site is
mediated in part by the interactions of leukocyte adhe-
sion molecules with their cognate ligands expressed on
the endothelium. Thus, we first examined the induction of
adhesion molecules on these murine endothelial cells in
response to stimulation by inflammatory cytokines.
MLECs and MHECs were incubated with TNF-� for 6 and
24 hours and the expression of adhesion molecules was
detected by fluorescence immunoassay.

A high level of VCAM-1 expression was detected con-
sistently on the cell surface of MHECs as early as sub-
culture 1, but expression was either low or negligible on
MLECs in early subcultures (Figure 1B). The constitutive
expression of VCAM-1 on freshly isolated MLECs and
MHECs was examined by staining collagenase-digested
heart and lung tissues for expression of VCAM-1. Endo-
thelial cells were identified by four-color FACS analysis as
PECAM-1/ICAM-2/VE-cadherin triple-positive cells. Data
from two different experiments consistently suggested

that constitutive expression of VCAM-1 on MHECs was
twofold higher than that on MLECs (Table 1). Constitutive
VCAM-1 expression but not E-selectin expression in the
mouse heart was confirmed by immunohistochemistry
(Figure 3A). These results suggest that endothelial cells
from distinct vascular beds exhibit significant differences
in their constitutive expression of VCAM-1 in vivo. Surpris-
ingly, TNF-� stimulation did not induce a significant in-
crease in VCAM-1 expression on either MLECs or MHECs
beyond the constitutive levels seen in medium control
endothelium (Figure 3B).

TNF-� treatment did not influence the expression of
PECAM-1 and ICAM-2 on either MLECs or MHECs (Fig-
ure 3B). Both MLECs and MHECs exhibited high consti-
tutive ICAM-1 expression, which was increased with 6
hours of TNF-� stimulation and further up-regulated after
24 hours. Unstimulated MLECs and MHECs did not ex-
press E-selectin or P-selectin, but both E-selectin and
P-selectin were induced after 6 hours of TNF-� stimula-
tion (Figure 3B). The elevated levels of E-selectin and
P-selectin returned to baseline levels by 24 hours.

Differential Expression of Chemokine mRNAs
throughout Time by MLECs and MHECs in
Response to TNF-�

The binding of chemokines to their receptors on the
leukocyte is thought to trigger activation of the leukocyte
�1 and �2 integrins, leading to leukocyte arrest.36 Be-
cause chemokines usually are produced locally at sites
of inflammation (ie, by the inflamed endothelium, acti-
vated tissue macrophages, smooth muscle cells, or fibro-

Figure 1. Endothelial cells isolated from MLECs and MHECs grow as
monolayers and express endothelial-specific markers. A: Cultures of
MLEC and MHEC monolayers exhibited the classical cobblestone mor-
phology. B: Single-cell suspensions of MLECs and MHECs (at sc-1) were
stained with antibodies to PECAM-1, ICAM-2, VE-cadherin, ICAM-1, and
VCAM-1 as detailed in Materials and Methods. FACS analyses revealed
that �90% of MLECs and MHECs expressed PECAM-1 and ICAM-2 as
compared with the negative control (thin line). Cells positive for PE-
CAM-1 and ICAM-2 were also positive for VE-cadherin. The mean fluo-
rescence intensity (MFI) for each test mAb is shown in parentheses.
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blasts), we next examined the ability of our cultured
MLECs and MHECs to up-regulate their expression of
chemokine mRNA in response to TNF-� stimulation.

Although we probed for the expression of eight differ-
ent chemokine mRNAs, only four of these were detected
in the murine endothelial cells in response to stimulation
with TNF-�. Both unactivated MLECs and MHECs exhib-
ited high constitutive expression of MCP-1, which did not
increase further after TNF-� stimulation (Figure 4, A and
B). The low levels of MIP-2 expression detected in unac-
tivated MLECs and MHECs was rapidly up-regulated by
TNF-� treatment (Figure 4B). Furthermore, a higher ex-
pression of MIP-2 was detected in TNF-�-stimulated
MHECs than MLECs. Negligible levels of MIP-1� were
detected in MHECs (Figure 4B). In contrast, the low but
detectable constitutive expression of MIP-1� in unacti-
vated MLECs was rapidly up-regulated at 5 hours after
TNF-� stimulation and then declined toward basal level
by 24 hours (Figure 4B). Interestingly, TNF-� treatment
induced high levels of RANTES mRNA expression in
MHECs but extremely low levels in MLECs (Figure 4, A
and B).

TNF-�-Activated MHECs Mediate T-cell
Interactions under Defined Flow Conditions via
the VCAM-1-VLA-4 and RANTES-CCR5
Pathways

Th1 and Th2 accumulation on unactivated MLEC and
MHEC monolayers under flow conditions was quantified
(Table 2) and revealed baseline adhesion of both Th1
and Th2 cells to both MLECs and MHECs. The dominant
phenotype of Th1 and Th2 adhesive interactions was
arrest without spreading on the apical surface of the
endothelium. No T cells were observed to transmigrate
either MLEC or MHEC monolayers. We next examined the
interactions between T-helper cell subsets and 6 hour
TNF-�-activated MLECs or MHECs using the same con-
ditions. Figure 5A shows the total number of Th1 and Th2
cells that interacted with the MLECs (left) and MHECs
(right) under various levels of defined laminar shear
stress. TNF-�-activated MHECs or MLECs consistently
supported interactions with more Th1 cells than Th2 cells
across the range of shear stresses studied (*, P � 0.05
for both MLECs and MHECs; n � 3 experiments). Inter-
estingly, more Th2 cells interacted with MHECs than
MLECs (**, P � 0.05). Focusing on the Th1 to MHEC
adhesive interactions, the majority (40 of 47 total, or 87%)
of Th1 cells arrested on the apical surface, spread rapidly
and many ultimately transmigrated. After 10 to 15 minutes
of flow, 35.7 	 8.0% of Th1 cells and 35.1 	 6.4% of Th2
cells had transmigrated the MHEC monolayer (n � 3
separate experiments). In contrast to MHECs, only 27%
of Th1 cells arrested on the MLECs (9 of 33 total, 27%).
The Th1 rolling velocity on MLECs was approximately
twofold higher than MHECs but did not reach statistical
significance (MHECs, 5.6 	 4.0 �m/sec versus MLECs,
10.6 	 9.0 �m/sec; P � 0.5, NS). After 10 to 15 minutes
of flow, 23.5 	 4.4% of Th1 cells had transmigrated the
MLEC monolayer. TNF-�-activated MLECs were not as
efficient in supporting Th2 cell interactions (Figure 5A,
left), however, �19.7 	 5.6% of the interacting cells were
able to transmigrate the monolayer after 15 minutes of
perfusion.

To further examine the molecular mechanisms that
play a role in these T-cell interactions, we performed a

Table 1. Expression of Constitutive VCAM-1 on Freshly
Digested Heart and Lung Tissue

Corrected mean channel
fluorescence

Lung tissue Heart tissue

Experiment 1 57.74 169.99
Experiment 2 40.79 81.98

Single-cell suspensions were prepared from freshly collagenase-
digested murine heart and lung tissues and were stained for
expression of PECAM-1, ICAM-2, VE-cadherin, and VCAM-1.
Endothelial cells were identified as PECAM-1/ICAM-2/VE-cadherin
triple-positive cells. The fluorescence from 104 cells was analyzed and
the nonspecific fluorescence was corrected by subtracting the mean
channel fluorescence of biotin-conjugated rat IgG2a from the mean
channel fluorescence of the test monoclonal antibody, biotin-
conjugated VCAM-1.

Figure 2. Expression of PECAM-1, Tie-2, and VE-cadherin mRNA in MHECs
and MLECs throughout nine passages. The expression of PECAM-1, Tie-2,
and VE-cadherin mRNA in MLECs and MHECs was determined by real-time
polymerase chain reaction from passages 1 to 9 as described in Materials and
Methods. The level of mRNA of these endothelial cell-specific markers
decreased more rapidly in MLECs than in MHECs with continuous subcul-
tures. Data shown is mean 	 SEM of three different experiments.
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series of function-blocking studies. Either the MHEC
monolayer was pretreated with an anti-VCAM-1 antibody
(MK2) or Th1 cells were incubated with an anti-CCR5
antibody or a combination of anti-CD49d antibodies be-
fore perfusion. Blocking either the VCAM-1-VLA-4 path-
way, or the binding of RANTES to the CCR5 on Th1 cells
significantly reduced MHEC to T-cell interactions (Figure
5B). However, antibody-treated T cells that retained the
ability to interact with MHECs were equally efficient in
transmigrating the MHEC monolayer (data not shown),
suggesting that other adhesive and chemokine pathways
such as E-selectin-E-selectin ligand, LFA-1-ICAM-1, or
MCP-1 to CCR2, may also be important mediators of
such interactions.

Discussion

In this study, we have successfully isolated, cultured, and
propagated endothelial cells from murine lung and heart
in vitro. Their endothelial origin was confirmed by the
expression by these cells of the endothelial-specific

markers: PECAM-1, ICAM-2, and VE-cadherin. Analyses
showed that MHECs cultured in vitro exhibit high consti-
tutive expression of VCAM-1. On exposure to the inflam-
matory cytokine, TNF-�, MHECs up-regulated their cell
surface expression of E-selectin, P-selectin, and ICAM-1
as well as produced an abundance of RANTES. T-helper
cell subsets Th1 and Th2 were able to arrest and trans-
migrate the MHEC monolayer under defined flow condi-
tions. Blocking studies revealed that these interactions
were mediated predominantly by VCAM-1-VLA-4 adhe-
sion interactions and RANTES-induced integrin activa-
tion. In contrast, TNF-�-activated MLECs did not produce
RANTES and a smaller percentage of the rolling Th1 cells
arrested and ultimately transmigrated.

Our group previously published a method for the iso-
lation and propagation of murine pulmonary microvascu-
lar endothelium.22 In that report, Gerritsen and col-
leagues22 isolated a subpopulation of the pulmonary
endothelium from lipopolysaccharide-stimulated mice by
sterile sorting for VCAM-1-expressing cells by FACS. Im-
munohistochemical analysis showed that the cells were

Figure 3. MLECs and MHECs up-regulate their cell-surface expression of
ICAM-1, E-selectin, and P-selectin after stimulation with TNF-�. A: Cryostat
heart sections were stained with various mAbs to detect VCAM-1, ICAM-1,
ICAM-2, PECAM-1, and E-selectin and as a control purified rat IgG as de-
scribed.22,29 Photomicrographs were taken with the �20 objective. B: Con-
fluent monolayers of MLECs and MHECs in 96-multiwell plates were stimu-
lated with TNF-� (120 ng/ml final concentration) for 6 and 24 hours.
Triplicate wells were stained with optimally diluted primary antibodies to
PECAM-1 (10 �g/ml final concentration), ICAM-2 (10 �g/ml), ICAM-1 (1:200
dilution), VCAM-1 (1:50), E-selectin (10 �g/ml), and P-selectin (10 �g/ml),
followed by their respective fluorescein isothiocyanate-conjugated secondary
polyclonal antibodies (1:80) as indicated in Materials and Methods. Data are
the mean 	 SEM from three different experiments.
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primarily from small venules. In this study, we made use
of magnetic beads to positively sort for PECAM-1- and
ICAM-2-expressing cells. The endothelial cell lineage of
these cells was further confirmed by their expression of

VE-cadherin mRNA or protein. These MLECs and MHECs
are essentially of mixed vascular bed origins, however,
this protocol has significant advantages over the previ-
ous method. Primarily, the endothelial cells are not sys-
temically activated in situ, the yield is dramatically in-
creased and the tedious nature of FACS sorting has been
eliminated.

The phenotype of endothelial cells is greatly influenced
by their environmental signals. Recent studies have
shown that biomechanical stimuli such as laminar shear
stress can differentially modulate the expression of vari-
ous genes in endothelial cells.37–39 A report by Aird and
colleagues40 showed that induction of the vWR gene in
cardiac microvascular endothelial cells was influenced
by signals from cardiac myocytes. Interestingly, in the
longitudinal study, it was MLECs that underwent pheno-
typic modification first. Because both MLECs and MHECs
were cultured under similar conditions, we are uncertain
at this juncture what signal(s) was lacking that resulted in
the early phenotypic changes in MLECs.

Few published studies have examined expression of
adhesion molecules on cultured endothelial cells from
different organs. Various recent studies using a variety of
strategies,41–43 however, have examined the in vivo con-
stitutive and cytokine-induced expression of various ad-
hesion molecules in different organs in mice. Using im-
munohistochemical techniques, Fries and colleagues41

reported focal (ie, patchy) VCAM-1 expression in multiple
organs. Similarly, Henniger and colleagues42 reported
significant differences in constitutive expression of
ICAM-1 and VCAM-1 within different tissues as accessed
by the dual radiolabel technique. The normalized data by
Henniger and colleagues42 indicated that the highest
level of VCAM-1 expression was in the brain, followed by
expression in the heart, and that the lowest level of ex-
pression was in the intestine. In addition, they showed
that TNF-� treatment could induce only a twofold in-
crease in VCAM-1 expression in the heart. In a separate
study, Langley and colleagues44 reported the detection
of basal VCAM-1 expression in pulmonary vessels. Our
immunohistochemical analysis of normal heart also de-
tected VCAM-1 expression (Figure 3A). Consistent with
this finding, FACS analysis on freshly dissociated MHECs
showed that constitutive VCAM-1 expression was twofold

Figure 4. On TNF-� stimulation, MLECs and MHECs up-regulate their ex-
pression of chemokine mRNA. Total mRNA was purified from MLECs and
MHECs after 5 and 24 hours of TNF-� stimulation. The presence of various
chemokine mRNAs was detected by RNase protection assay as described in
Material and Methods. A: The protected fragments were separated on a 5%
polyacrylamide gel and visualized by phosphorimaging. B: Quantification of
the bands was performed using the ImageQuant software and normalized to
the mean RNA levels of housekeeping genes L32 and GAPDH. The gel and
graph shown are a representative experiment from three separate cultures.

Table 2. Accumulation of T-Helper Cell Subsets on
Unstimulated MLEC and MHEC Monolayers under
Defined Flow in Vitro

Shear stress
(dynes/cm2)

Th1
(cells/mm2)

Th2
(cells/mm2)

MLEC (n � 3) 0.5 301 	 181 241 	 140
0.7 230 	 141 136 	 39
1.0 26 	 6 10 	 6

MHEC (n � 5) 0.5 501 	 103 263 	 40
0.7 307 	 81 129 	 35
1.0 85 	 48 41 	 13

Th1 and Th2 cells at 1.0 � 106/ml were drawn across unstimulated
MLECs or MHECs at the indicated shear stress. The total number of
interacting cells (ie, rolling and arrested) from four different fields was
determined after a minute of perfusion at each level of shear stress. No
Th1 or Th2 transmigrations of MLEC or MHEC monolayers were
observed.
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higher than that on MLECs. Although our data cannot be
directly compared with the results from these studies,
together these data strongly suggest that constitutive
VCAM-1 expression could be maximally up-regulated in
our cultured cells in vitro and thus were no longer respon-
sive to TNF-� stimulation. Alternatively, we cannot rule out
the possibility that disruption of the tissues for immu-
noisolation of endothelium have triggered the differences
observed in VCAM-1 expression during subsequent cul-
ture in vitro.

On TNF-� activation cultured MLECs and MHECs ex-
hibited a differential expression of chemokine mRNAs.
Most interesting was the finding that TNF-�-activated
MHECs express high levels of RANTES mRNA. This find-
ing is consistent with previous studies that have immu-
nolocalized expression of RANTES protein to vessel walls
of intramyocardial arterioles and capillaries in rejected

heart allografts,3,4 suggesting that our in vitro-expanded
MHECs have retained their ability to produce RANTES on
stimulation with inflammatory cytokines. By comparison,
MLECs cultured and stimulated with TNF-� under similar
conditions were unable to up-regulate RANTES mRNA.
This finding strongly suggests that endothelial cells from
different vascular beds may respond differently to a com-
mon stimulus. This hypothesis is supported further by a
recent study from Shukaliak and colleagues45 who re-
ported the secretion of RANTES by primary cultures of
human brain microvessel endothelial cells but not by
human umbilical vein endothelial cells after stimulation
with TNF-�.

Both the induction of RANTES and infiltration of CCR5-
positive lymphocytes have been implicated to play a
major role in cardiac allograft rejections.3,4,46,47 Our
present findings that TNF-�-induced RANTES in MHECs
and the VCAM-1-VLA-4 pathway are important for the
arrest and subsequent transmigration of Th1 cells across
the MHEC monolayer in vitro provides insight to the mo-
lecular mechanisms that mediate the recruitment of T
cells into the heart during the development of graft rejec-
tion. A better understanding of the roles of these mole-
cules and the signaling pathways involved will provide
the knowledge necessary for the design of novel immu-
nomodulatory interventions that may prevent chronic
graft rejections.

High levels of MIP-2 and MIP-1� detected in bron-
choalveolar lavage fluid from patients of respiratory dis-
tress syndrome5,6 or from animal models of lung inflam-
mation1 have suggested critical roles for these
chemokines in the recruitment of neutrophils into the
alveolar spaces. However, our data (low levels of MIP-1�
or MIP-2 expression by TNF-�-stimulated MLECs) does
not support a role for endothelial cells as a major source
of MIP-1� or MIP-2 in lung inflammation. Other cell types
present in the lung environment, such as the alveolar
macrophages, are likely major producers of these che-
mokines. This idea is consistent with various in vivo stud-
ies that have reported on the role of alveolar macro-
phages in the recruitment of neutrophils to the inflamed
lungs and as the initiator of early proinflammatory sig-
nals.48,49

Our data showed TNF-� triggered rapid up-regulation
and sustained production of chemokines in MHECs
throughout time. In contrast, TNF-�-induced chemokine ex-
pression in MLECs was rapidly down-regulated to basal or
near basal levels within 24 hours. This difference in tempo-
ral profile of chemokine expression may be one of several
adaptations by endothelial cells that help them meet spe-
cific requirements of their local environment. During inflam-
mation, the endothelium is the site of initial contact with
blood leukocytes. In the absence of resident macrophages,
the endothelium in the heart (and the brain45) may be func-
tionally adapted to serve as an early and sustained source
of chemokines that would recruit specific leukocytes such
as lymphocyte subsets and macrophages to the site of
antigenic challenge. In contrast, in the lung, that responsi-
bility may be shared between the endothelium and resident
alveolar macrophages, or in some instances, taken over by
macrophages and other infiltrating cells.

Figure 5. MLECs and MHECs stimulated with TNF-� for 6 hours can support
T-cell interactions under defined flow conditions. MLECs and MHECs were
plated on fibronectin-coated coverslips at confluence and stimulated with
TNF-� (120 ng/ml) for 6 hours. T-helper cell subsets (Th1 and Th2) were
differentiated in vitro from splenocytes as previously reported.18,19 A: Th1
and Th2 cells at 1.0 � 106/ml were perfused over TNF-�-stimulated MLECs
and MHECs at the indicated shear stress. The total number of interacting cells
(ie, rolling, arrested, or transmigrated) from four different fields was deter-
mined after a minute of perfusion at each level of shear stress. *, Statistical
significance (P � 0.05) between Th1 versus Th2 for both MLECs and MHECs;
#, statistical significance (P � 0.05) between MHECs versus MLECs. B: Either
Th1 cells were pretreated with anti-CCR5 mAb, a combination of two anti-
CD49d mAb (or with rat IgG) or the MHECs were preincubated with anti-
VCAM-1 mAb as detailed in Materials and Methods. The total number of
interacting cells was determined at 1.0 dynes/cm2. *, P � 0.05 for comparison
with untreated Th1 cells. Data are mean 	 SEM from two to four different
experiments.
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In conclusion, we have successfully isolated, cultured,
and expanded endothelial cells from murine heart and
lungs. Our data suggest that these endothelial cells can
retain at least some of their functional differences for
several subcultures when they are expanded in vitro. In
addition, our study has also provided evidence that T-cell
interactions with lung and heart endothelium may be
mediated by different adhesion pathways. The availability
of a reliable method to isolate endothelial cells from dif-
ferent organs and ability of the endothelial cells to retain
some of their organ-specific functions in vitro will be a
useful tool to elucidate the genetic contributions and
molecular mechanisms that mediate endothelial cell-leu-
kocyte interactions and their roles toward the pathogen-
esis and progression of various fatal conditions such as
graft rejection, atherosclerosis, or even tumor metastasis.
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