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Abstract

In order to clarify the role of human lung microvascular endothelial cells (HLMECs) at inflammatory sites

such as those of acute lung injury, the effects of interleukin (IL)-18 or tumor necrosis factor (TNF)-« on

urokinase-type plasminogen activator (uPA) secretion and uPA mRNA expression in HLMECs were examined
by means of ELISA and competitive RT-PCR. The amount of uPA secreted by HLMECs was significantly

increased by treatment with both IL-14 and TNF-«.

The amount of uPA mRNA expression in HLMECs

was significantly and dose-dependently (0.1, 1, 10 ng/ml) increased by treatment with IL-13 or TNF-g«, and
both IL-13 and TNF-« increased uPA mRNA expression at 4, 8, and 12 hrs after the cytokines addition.
These results suggest that the increase of the uPA secretion by the cytokines stimulation is caused by the protein
synthesis in HLMECs, and that HLMECs may produce uPA mRNA in the early stage of inflammatory diseases
such as acute lung injury to secrete uPA for tissue repair and remodeling.

Introduction

Vascular endothelial cells play four major roles: 1)
control of the transport of the nutritional materials of
blood" ; 2) modulation of vascular tone via production
of endothelin, nitric oxide, or prostacyclin?®® ; 3) leu-
kocyte transmigration®” ; and 4) maintenance of blood
fluidity via production of plasminogen activators and
other fibrinolytic enzymes . Takahashi et al. reported
that human lung microvascular endothelial cells
(HLMEC:) produced and secreted more urokinase-type
plasminogen activator (uPA) than human hepatic en-
dothelial cells, human umbilical endothelial cells, or
angioma endothelial cells”. These findings indicate
that there is a greater requirement for uPA in the lungs
than in other organs, and that uPA is therefore likely to
play a unique role in the lung.

uPA is secreted as a single chain proenzyme of 55 kDa
molecular weight that consists of 411 amino acids and
still retains a low level of enzymatic activity®?1?, A
cleavage at the peptide bond Lys 158-Ile 159 of pro-
urokinase by plasmin or kallikrein leads to double-
chain uPA as a high-molecular-weight urokinase con-
sisting of an N-terminal part of 22 kDa molecular
weight and a C-terminal part of 33 kDa molecular
weight. An additional cleavage at the peptide bond
Lys 135-Lys 136 and Arg 156-Phe 157 of uPA by
plasmin leads to low-molecular-weight urokinase of
31.5 kDa. Activated uPA can bind to the uPA receptor
(uPAR) found in the cell membrane of some types of
cells to restrict uPA activity to the cell surface, and
convert the zymogen plasminogen to plasmin, which
degrades extracellular matrix components, including
fibronectin and collagenase, allowing cell proliferation
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and migration!V?19),

Though endothelial cells secrete urokinase-type plas-
minogen activator (uPA) and tissue-type plasminogen
activator (tPA) in inflammation, uPA expression is
markedly increased while tPA expression is decreased in
comparison to the levels in normal endothelial cells!®.
It has also been reported that lavage fluid from the
normal lung contains a large amount of uPA antigen,
but this enzyme activity was not detected in the bron-
choalveolar lavage fluid of patients with acute respira-
tory distress syndrome'®. These observations suggest
that uPA plays an important role in extravascular
processes such as tissue remodeling and cell migration'®,
and may also serve a protective role in surfactant func-
tion!®.

Interleukin (IL)-14 and tumor
(TNF)-a are known to appear during earliest-phase
inflammatory lesion development'”, and can alter PA
expression in endothelial cells to favor uPA production
and extracellular activities'®?. In this study, the effects
of IL-13 or TNF-a on uPA secretion and uPA mRNA
expression in HLMECs were examined by means of
ELISA and competitive RT-PCR in order to clarify the
role of HLMECs at inflammatory sites such as those of
acute lung injury.

necrosis factor

Methods

Materials

Collagenase, EDTA, sulfuric acid, chloroform, iso-
propanol, ethanol, Tris, acetic acid, agarose and ethidum
bromide were from Wako Pure Chemicals (Tokyo,
Japan) ; newborn calf serum was from Mitsubishi Kasei
(Tokyo, Japan); medium 199, endothelial-SFM,
trypsin, TRIzol, DNA ladder, penicillin-streptomycin
mixture and Fungizone were from GIBCO BRL (Grand
Island, NY); human basic fibroblast
growth factor was from Intergen (Purchase, NY);
human cellular fibronectin was from Fibrogenex
(Chicago, IL) ; the competitive DNA construction Kit,
competitive RNA transcription kit and one step RNA
PCR kit were from TaKaRa Biochemical (Tokyo,
Japan) ; 24-well plates, 60-mm-diameter plastic culture
dishes and 96-well microtest tissue culture plates were
from Falcon (Lincoln Park, NJ); 6-well plates were
from Costar (Cambridge, MA) ; the uPA ELISA kit
was from Monozyme (Hoercholm, Denmark); and
recombinant human IL-18 and TNF-« were from
Genzyme (Cambridge, MA).

Cell culture
Small sections of human lung within 1-2 mm of the
periphery were obtained from normal regions of lungs of
patients undergoing resection for solitary lung tumors
under the permission of the ethics committee in Tokyo
Medical University. The surgery was performed by the
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Surgical Service of Kasumigaura Hospital, Tokyo
Medical University (Ibaraki, Japan) and Mito Saiseikai
General Hospital (Ibaraki, Japan). HLMECs were
isolated according to the previously described method”.
In brief, the sections were digested with 0.1% collagenase,
and obtained cells were seeded onto plastic dishes in
growth medium (medium 199 supplemented with 20%
newborn calf serum, 10 ng/ml of basic fibroblast growth
factor, 100 U/ml of penicillin, and 100 g g/ml of strepto-
mycin) and incubated at 37°C to separate the endothelial
cell-rich suspension from contaminating macrophages.
After 1 hr, the cells floating in the dish were collected
and seeded onto the fibronectin-coated dish (50 ng/
cm?).  The lung tissue debris of the collagenase diges-
tion was further digested with 0.05% trypsin—-0.02%
EDTA, and the cells obtained from this digestion were
seeded directly onto a new fibronectin—coated dish.
After cell attachment, the culture was rinsed with PBS,
0.02% EDTA was added to release nonendothelial cells
from the surface of the plates and, finally those nonen-
dothelial cells that were still on the plate were detached
from the surface with a small piece of silicon rubber
connected to a syringe. After the endothelial cell col-
onies grew large enough, they were subcultured with a
rubber policeman and seeded onto new fibronectin-
coated dishes.

Measurement of uPA antigens

The uPA antigens were determined by conventional
ELISA methods according to the manuals of the kit.
In brief, monoclonal mouse anti-human uPA antibody
was coated on 96-well microtiter plates at 4°C overnight,
and then samples were added to the plates to allow
binding with the immobilized antibody at 4°C overnight
again. Biotinylated monoclonal mouse anti-human
uPA antibody was added to each well to react with the
bound uPA antigen for | hr at room temperature, and
peroxidase-conjugated streptavidin was again added to
the wells at room temperature.

After | hr of incubation, the contents of the plate were
allowed to react for exactly 30 min
phenylenediamine, the substrate for peroxidase. The
plate was measured at 490 nm by a microplate reader
(model 3550-UV ; Bio-Rad, Tokyo, Japan) after the
reaction was terminated by the addition of 1 N sulfuric
acid. Data were expressed as the means+SD. Mean
values per 104 cells were determined in triplicate wells
for each experiment.

Competitive RT-PCR

To obtain total RNA, cells cultivated in 6-well plates
were lysed by the addition of TRIzol. The RNA was
extracted with chloroform, isopropanol and ethanol by
centrifugation after each addition according to the
manufacturer’s instructions. The extracted RNA was
dissolved in distilled water, and the absorbance was

with o-
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measured with a spectrophotometer (UV-1600; Shim-
azu, Kyoto, Japan) at 260 nm to estimate the amount of
total RNA.

The set of primers specific for human pro-uPA from
a transformed human endothelial cell line, from which
an amplified fragment of 459 bp was obtained, consisted
of a forward primer beginning at 769 bp with a nu-
cleotide sequence of 5-GCCTTGCTGAAGATCC-
GTTCCAAGGAGGGC-3 and a reverse primer begin-
ning at 1198 bp with a nucleotide sequence of 5-
CAGGCCATTCTCTTCCTTGGTGTGACTGCG-
3.

The 383 bp competitor DNA for uPA that has the
sense and antisense uPA primer sequences at both its
ends was made with a competitive DNA construction
kit using ADNA as a template. The competitor RNA
was also made with a competitive RNA transcription kit
using the competitor DNA according to the manufac-
ture’s manual.

Competitor RNA (1X10° to 1X 107 copies) was
added to each total RNA (100 ng) sample from the
cultured endothelial cells, and RT-PCR was carried out
using one step RT-PCR kit according to the manufac-
turer’s manual under the following conditions: | cycle
at 50°C for 30 min; I cycle at 94°C for 2 min ; and 25
cycles at 94°C for 30 sec, 65°C for 30 sec, and 72°C for 1
min (TaKaRa Thermal Cycler MP). The PCR reac-
tion products were separated by electrophoresis on a
2.0% agarose-Tris-acetate-EDTA gel. The gel was
stained with ethidium bromide and analyzed using a
Flourlmager Sl (Amersham Pharmacia Biotech, Buck-
inghamshire, England).

Cytokine treatment

The monolayers of HLMECs were treated with en-
dothelial-SFM for 4 hrs in order to subtract the effect of
the serum. After the treatment, 1 ng/ml of IL-13 or
TNF-« was added to HLMECs. Before the cytokines
addition or after an additional 12 and 24 hrs of incuba-
tion, the culture medium was collected, and cell numbers
were counted. The amount of uPA antigen in the
conditioned medium was measured by the ELISA
method. In separate examinations, 0.1, 1, or 10 ng/ml of
IL-18 or TNF-&« were added to the cultures of
HLMECs. After 12 hrs of incubation, total RNA was
extracted from HLMECs, and uPA mRNA was mea-
sured by the method described in competitive RT-PCR.
Similarly, I ng/ml of IL-18 or TNF-& was added to
the cultures of HLMECs.  After either 4, 8, or 12 hrs of
incubation, total RNA was extracted from HLMECs,
and competitive RT-PCR was carried out.

Results

The confluent HLMECs expressed the typical endo-
thelial cell structure consisting of cobblestone
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Phase-contrast microphotograph of a confluent mono-
layer of HLMECs. Magnification, X260. These cells
expressed typical endothelial cell structures with cobble-
stone monolayers.

monolayers (Fig. 1). These cells were also positive for
factor VIII antigen, which is known to be the most
remarkable marker of endothelial cells (data not shown).

Effect of IL-15 or TNF-« on uPA secretion

The confluent monolayers of HLMECs were treated
with 1 ng/ml of IL-13 or TNF-« for 12 or 24 hrs. IL-
18 stimulation resulted in significant (13- to 20-fold)
increases in the secretion of uPA antigen by HLMECs
(Fig. 2A). The increase of uPA antigen by IL-173
reached a peak after 12 hrs, and tended to decrease after
24 hrs. TNF-q also stimulated a significant (3.5- to 4-
fold) increase in secretion of uPA antigen by HLMECs
(Fig. 2B). The amount of uPA antigen stimulated with
TNF-a increased continuously to 24 hrs.

Induction of uPA mRNA by IL-15 and TNF-«

To further define the regulation of uPA by IL-143 or
TNF-«, total RNA fractions were obtained from
HLMECs and analyzed by the competitive RT-PCR
method as described in the Methods section. The
amount of uPA mRNA in HLMECs induced by all
concentrations (0.1, 1, 10ng/ml) of IL-18 was
significantly (1.3- to 1.6-fold) increased in a dose-
dependent manner (Fig. 3). On the other hand, there
was no significant increase in the amount of uPA
mRNA induced by 0.1 ng/ml TNF-¢, while there was
a significant increase (1.3~ to 1.4-fold) in the amount of
uPA mRNA induced by | and 10 ng/ml of TNF-«
(Fig. 4). The time-course experiments demonstrated a
marked upregulation of uPA mRNA by | ng/ml of IL-
18 or TNF-& which was evident at 4 hrs and peaked at
8 hrs (Figs. 5 and 6).

Discussion

uPA production and activity in endothelial cells are
regulated by cytokines???V) growth factors?®, and hor-
mones*V?®. IL-14 and TNF-« are known as impor-
tant inflammatory cytokines and coexist in the early

(3)
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Fig.2 Effect of IL-13 (A) or TNF-« (B) on secretion of uPA
by HLMECs. Cells were treated with endothelial-SFM.
Four hours after the treatment, 1 ng/ml of IL-143 or
TNF-o was added to the cells. The medium was
collected before and 12 and 24 hrs after the addition of
cytokines, and cell numbers were counted. The
amount of uPA antigen in the medium was measured by
the ELISA method. Values are the means®tSD. P
values were compared to the amount of antigens secreted
by cytokine-untreated HLMECs.

stage of inflammation'”. Accordingly, we here
examined the effects of IL-18 or TNF-a on uPA
secretion and uPA mRNA expression in HLMECs.
HLMECs were obtained from human lung samples
within [-2 mm of the periphery.

Stimulation with either IL-138 or TNF-« increased
the amount of uPA antigen and uPA mRNA from
HLMECs (Fig. 2, 3 and 4), and time-course experiments
demonstrated a marked upregulation of uPA mRNA by
these cytokines that was evident at 4 hrs (Figs. 5 and 6).
These results show that the increase in uPA secretion by
the cytokines stimulation is occurred via protein synthe-
sis in HLMECs. The induction of uPA by low concen-
trations of cytokines (0.1, 1, or 10 ng/ml of IL-183 or
TNF-«) indicates that HLMECs secrete uPA even in
surrounding tissue of inflammatory sites and in the early
stage of inflammatory lung diseases such as acute lung
injury. In this study, the exposure to cytokines was
brief, and the concentration of cytokines used was much
lower than that known to induce morphological change
or detachment of the cells, because low-concentration
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Effect of IL-14 on induction of uPA mRNA in
HLMECs. Cells were treated with endothelial-SFM
with or without each concentration (0.1, 1, 10 ng/ml) of
IL-1 for 12 hrs.  After the stimulation, the amount of
uPA mRNA was examined by competitive RT-PCR.
A : Competitive RT-PCR was performed on coexis-
tence of competitor RNA for uPA (383 bp) with 1X10°
(lanes 1,4,7,10), 1X10°¢ (lanes 2, 5,8, 11), and 1X107
(lanes 3, 6,9, 12) copies of added competitor. Lanes 1-
3: without IL-18; Lanes 4-6: 0.1 ng/ml IL-13;
Lanes 7-9: 1ng/ml IL-18; Lanes 10-12: 10 ng/ml
IL-143. B: The amount of uPA mRNA was calculated
with a Flourlmager Sl, and compared to the uPA
mRNA value without the cytokine. Values are the
means=SD. P values were compared to the amount of
uPA mRNA expressed by cytokine-untreated
HLMECs.

10

Fig. 3

cytokine stimulation reflects the early inflammation stage
and the circumference of the inflammation itself.

Although there have been many investigations on
uPA expression using various vascular endothelial cells,
the results have differed according to the type of vascular
endothelial cells”?. 1In a study by Takahashi et al.,
HLMECs produced and secreted a much larger amount
of uPA than liver vascular endothelial cells or human
umbilical vein vascular endothelial cells”. These
findings indicate that there is tissue specificity in the roles
of each type of vascular endothelial cell. They also
show that vascular endothelial cells of the lung should
be used for examinations of lung disease. Furthermore,
endothelial cells from the peripheral lung should be used
when studying the physiological response between vas-
cular endothelial cells and alveoli pulmonis or inter-
stitial tissue.

The vascular endothelial cell regulates fibrinolytic
activity not only of the intravascular spaces by secreting
uPA, but also on the cell surface by expression of uPAR
which exists on endothelial cells themselves*” and
macrophages®”. The combination of uPA and uPAR

(4)
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Fig. 4 Effect of TNF-o on induction of uPA mRNA in
HLMECs. Cells were treated with endothelial-SFM
with or without each concentration (0.1, 1, 10 ng/ml) of
TNF-a. The amount of uPA mRNA was examined
by the same method described in the legend of Fig. 3.
Competitive RT-PCR was performed on coexistence of
competitor RNA for uPA (383 bp) with 1 X 10° (lanes 1,
4,7,10), 1 X10° (lanes 2, 5, 8, 11), and 1 X 107 (lanes 3, 6,
9, 12) copies of added competitor. Lanes 1-3: without
TNF-« ; Lanes 4-6: 0.1 ng/ml TNF-4 ; Lanes 7-9:
I ng/ml TNF-« ; Lanes 10-12: 10 ng/ml TNF-4. B
The amount of uPA mRNA was calculated with a
Flourlmager SI, and compared to the uPA mRNA value
without the cytokine. Values are the means=SD. P
values were compared to the amount of uPA mRNA
expressed by cytokine-untreated HLMECs.

activates various enzymes or growth factors, and regu-
lates the proteolytic digestion of the cell circumference
for angiogenesis, cell proliferation and migration
through the intracellular signal transduction sys-
tems®¥?7%9 in order to assist tissue repair at the inflamed
sites.

Hepatocyte growth factor (HGF), also known as
scatter factor, is a plasminogen-like protein with
mitogenic and chemotactic effects on a wide variety of
cells*.  HGF is secreted as a single chain precursor
devoid of biological activity (pro-HGF) by mesen-
chymal cells, and the pro-HGF is activated by uPA®”.
This activation would contribute to the repair of
wounded cells and tissues at inflammatory sites. It has
also been reported that uPA activates pro-HGF®Y, and
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Fig.5 Time-course of uPA mRNA induction by IL-143 in

HLMECs. Cells were treated with endothelial-SFM
medium with | ng/ml of IL-18. The amount of uPA
mRNA was examined by competitive RT-PCR at 4, 8,
and 12 hrs after the cytokine addition. A : Competitive
RT-PCR was performed on coexistence of competitor
RNA for uPA (383 bp) with 1X10° (lanes 1, 4,7, 10),
1X10% (lanes 2, 5,8, 1), and 1X107 (lanes 3,6,9, 12)
copies of added competitor. Lanes 1-3: before IL-123
addition ; Lanes 4-6: at 4 hrs after IL-14 addition ;
Lanes 7-9: at 8 hrs after IL-14 addition ; Lanes 10-
12 at 12 hrs after IL-14 addition. B: The amount of
uPA mRNA was calculated with a Flourlmager Sl, and
compared to the uPA mRNA value without the cyto-
kine. Values are the means=SD. P values were
compared to the amount of uPA mRNA expressed by
cytokine-untreated HLMECs.

that HGF from fibroblasts promotes DNA synthesis and
proliferation of rat alveolar type Il cells*». We reported
that HLMECs secreted uPA not only to the vascular
side but also to the basement membrane”. Together,
these reports indicate that uPA from HLMECs binds to
uPAR except on the cell surface of HLMECs or
intravascular macrophages, and that such bound uPA
activates pro-HGF from not only HLMECs themselves
but also epithelial cells and fibroblasts to assist tissue
repair at the interstitium and alveolar spaces in lung
injury. However, further detailed examinations are
needed before we can discuss a possible relationship
between the present results and the pathogenesis of lung
inflammation.
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Fig. 6 Time-course of uPA mRNA induction by TNF-« in

We

HLMECs. Cells were treated with endothelial-SFM
medium with 1 ng/ml of TNF-«. the amount of uPA
mRNA was examined by the same method as described
in the legend of Fig. 5. A: Competitive RT-PCR was
performed on coexistence of competitor RNA for uPA
(383 bp) with 1X10° (lanes 1,4, 7, 10), 1X10° (lanes 2,
5,8, 11), and 1 X107 (lanes 3, 6,9, 12) copies of added
competitor. Lanes 1-3: before TNF-« addition;
Lanes 4-6 : at 4 hrs after TNF-« addition ; Lanes 7-9:
at 8 hrs after TNF-« addition ; Lanes 10-12: at 12 hrs
after TNF-« addition. B: The amount of uPA mRNA
was calculated with a FlourImager Sl, and compared to
the uPA mRNA value without the cytokine. Values are
the means==SD. P values were compared to the amount
of uPA mRNA expressed by cytokine-untreated
HLMECs.
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