purged of that element fails to grow
normally and to complete its life cycle or
(i) if the element is a constituent of a
molecule that is known to be an essential
metabolite. The soybean plants in the
Ni, treatments completed their life cycle
and produced an undiminished yield of
viable seed, but they accumulated toxic
concentrations of urea, which is not nor-
mal. Nickel is a necessary constituent of
the enzyme urease (5), but thus far the

essentiality of this enzyme has not been

demonstrated. Welch (4) has summa-
rized several known biochemical path-
ways that could result in urea produc-
tion; urea, however, is difficult to detect
in plant tissue (/6). Our results show that
urea is produced during normal nitrogen
metabolism in higher plants, and that
nickel as a component of urease, is re-
quired to prevent the accumulation of
toxic concentrations of urea.
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Human Endothelial Cells: Use of Heparin in Cloning and
Long-Term Serial Cultivation

studying the human endothelium in vitro.

Abstract. Endothelial cells from human blood vessels were cultured in vitro, with
doubling times of 17 to 21 hours for 42 to 79 population doublings. Cloned human
endothelial cell strains were established for the first time and had similar prolifera-
tive capacities. This vigorous cell growth was achieved by addition of heparin to
culture medium containing reduced concentrations of endothelial cell growth factor.
The routine cloning and long-term culture of human endothelial cells will facilitate

The endothelium forms the luminal

surface of the vascular system and is an
integral component in such physiologic
functions as wound healing, hemostasis,
selective transfer of substances to and

Fig. 1. Effect of heparin on
human
growth. HUVE cells (cumula-
tive PD level, 23) were seeded
in Medium 199 with ECGF (20
wg/ml) and heparin (90 wg/ml)
at 5 x 10° cells per square
centimeter in 25-cm?® flasks
coated with gelatin. Cells were
allowed to attach for 1 hour,
washed three times, and again
fed with Medium 199 supple-
mented with various concen-
trations of ECGF in the pres-
ence (O) and absence (@) of
heparin (90 pg/ml). After 4
days, cells were trypsinized
and counted. Data are report-
ed as mean cell density + stan-
dard deviation (S.D.) for three
replicate cultures. Inset: Data s
replotted on an expanded
scale for ECGF concentra-
tions between 0 and 25 pg/ml.
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betes, thrombosis, hemorrhagic disor-
ders, tumor metastasis, hypersensitivity,
and inflammation (/). The need for a
greater understanding of endothelial
function has prompted methodological
improvements for culturing this cell in
vitro. Bovine endothelial cells have been
studied widely because of the ease with
which they can be serially subcultivated
(1, 2). Human endothelial cells, howev-
er, have more fastidious growth require-
ments and, despite a suggestion (3) that
fibroblast growth factor and thrombin
stimulate their growth, little progress has
been made in the long-term serial subcul-
tivation of these cells (4-6).

A significant advance in this field was
the use of an endothelial cell growth
factor (ECGF) and fibronectin to im-
prove the replicative capacity of human
umbilical vein endothelial (HUVE) cells
(4). These factors allowed HUVE cells
to be subcultivated; however, multiplica-
tion was slow (doubling time, 2 to 3 days)
and life-span short [27 to 34 population
doublings (PD’s)]. Human endothelial
cells from adult iliac artery grown under
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Fig. 2. Proliferative characteristics of cultured
human endothelial cells. (A) Growth curves
for three HUVE cell lines (cumulative PD
level, 10). Cultures were seeded at 5 x 10°
cells per square centimeter in 25-cm® flasks
and incubated under standard conditions. At
various intervals, cells were trypsinized and
counted. Data are reported as mean cell den-
sities + S.D. for three replicate cultures. (B)
Cell density at subculture versus cumulative
PD level for three HUVE cell lines seeded as
in (A) and subcultured weekly. The cumula-
tive PD level was calculated as described in
the text.

the same conditions had an even shorter
life-span (15 to 18 PD’s) (5). In no case
have cloned strains of human endothelial
cells been reported. We now report that
heparin greatly potentiates the stimula-
tory effect of ECGF on the proliferation
of HUVE cells and of endothelial cells
from adult human blood vessels. By
growing cells on a gelatin matrix in medi-
um supplemented with both ECGF and
heparin, we have cloned and serially
subcultivated human endothelial cells
from various blood vessels for 42 to 79
PD’s, with doubling times of 17 to 21
hours.

Endothelial cells were isolated from
blood vessels by use of collagenase (2)
and seeded into gelatin (1 percent)-coat-
ed flasks (7) containing Medium 199, 20
percent fetal bovine serum, ECGF (20
pg/ml), and heparin (90 pg/ml). At con-
fluence, cultures were trypsinized (0.25
percent trypsin and 0.09 percent EDTA)
and reseeded at desired cell densities. In
addition to the umbilical vein, other do-
nor vessels included the superior mesen-
teric, iliac, carotid, pulmonary, femoral,
and splenic arteries, the thoracic and
abdominal aortas, and the iliac and por-
tal veins (8). Clones were derived from
secondary cultures by seeding at ten
cells per square centimeter and isolating
single cells with cloning rings; approxi-
mately half of the isolated cells grew and
were serially propagated. Eleven cloned
HUVE cell strains and four abdominal
aorta endothelial cell strains were estab-
lished. All cultures were characterized
as endothelial according to morphologi-
cal and functional [expression of factor
VIll-related antigen (2) and production
of angiotensin-I-converting enzyme (/,
9)] criteria.

Enhanced proliferation and increased
life-span of human endothelial cell cul-
tures resulted from addition of heparin to
the culture medium (Fig. 1). In the pres-
ence of heparin, significant growth was
observed with as little ECGF as 1 pg/ml,
with maximal growth at 25 wg/ml; in the
absence of heparin, 100 to 200 pg of
ECGF per milliliter was required for
significant growth. Cultures supplement-
ed with heparin grew to consistently
higher densities than those without hepa-
rin. Heparin at concentrations as high as
900 wg/ml did not support replication in
the absence of ECGF (8), showing that
both factors were required for optimum
growth.

Three lines of HUVE cells cultured
with heparin (90 pg/ml) and ECGF (20
wg/ml) achieved cell densities at conflu-
ence of 10° cells per square centimeter
with doubling times of 17 to 21 hours
(Fig. 2a). In contrast, cells cultured with
ECGF (100 wg/ml) without heparin were

reported (4) to grow to a maximum of
4 x 10* cells per square centimeter, with
a doubling time of 64 hours. Proliferative
life-span was determined by measuring
harvest cell density at each subculture
until proliferation ceased (Fig. 2B). The
PD’s undergone at each subculture were
calculated with the formula PD =
logo[(number  of  cells  harvested)/
(number of cells seeded X attachment
efficiency)], and summed to give the
cumulative PD level (2). In all cases the
harvest cell densities decreased with in-
creasing cumulative PD level as greater
numbers of large nondividing cells ap-
peared. Cultures were considered senes-
cent when less than one PD occurred
within 3 weeks after subculture. By this
definition, the life-span of 12 uncloned
lines and 11 cloned strains of HUVE
cells ranged from 42 to 79, with a median
cumulative PD level of 58. Endothelial
cells from adult human vascular tissue
had doubling times similar to those of
HUVE cells and maintained higher har-
vest cell densities for a greater percent-
age of their life-span than the HUVE
cells (8).

To confirm that heparin is responsible
for promoting proliferation, we exam-
ined the effect of the heparin antagonist
protamine. Cell growth in the presence
of ECGF was enhanced markedly by
heparin (Table 1). This effect of heparin
was completely blocked by a neutraliz-
ing dose of protamine. Growth-promot-
ing activity was reestablished by addi-
tion of a tenfold excess of heparin. At
high ECGF concentrations (200 pg/ml)
significant growth was observed in the

Table 1. Effect of protamine on human endo-
thelial cell growth. Additions to the culture
medium included ECGF prepared as de-
scribed previously (4), heparin (sodium salt,
grade 1, from porcine intestinal mucosa; 168
U/mg; Sigma), and protamine sulfate (sodium
salt, grade X, from salmon sperm; Sigma); 150
ng of protamine neutralizes 100 wg of heparin.
Cell counts [= S.D. (N = 3)] were made 7
days after seeding at 5 x 10° cells per square
centimeter. Bovine lung heparin (sodium salt,
U.S.P.; Upjohn) was as stimulatory as por-
cine intestinal mucosal heparin.

) Harvest
Additions to culture cell
medium (pg/ml) density
(10* cells
per
Hepa- Prot- square
ECGF rin amine centi-
meter)
20 1.4 +0.1
20 90 5.8 0.3
20 90 230 1.1 0.1
20 900 230 6.2 0.2
200 5.4 +04
200 1200 0.7 = 0.01
200 990 1200 9.7 £ 0.01




absence of added heparin. One explana-
tion for this observation might be that
crude ECGF preparations contain a hep-
arin-like substance present in sufficient
quantity to promote growth when high
ECGF concentrations are used. Consist-
ent with this possibility, the stimulatory
activity of ECGF at 200 pg/ml was com-
pletely blocked by addition of a high
dose of protamine (1200 wg/ml); cell pro-
liferation was restored by addition of
excess heparin (990 pg/ml). In addition
to heparin, the glycosaminoglycans
chondroitin sulfate, hyaluronic acid, and
keratin sulfate were tested for growth-
promoting capabilities and had no effect
on endothelial cell growth (8). The sulfat-
ed polysaccharide, dextran sulfate, sig-
nificantly enhanced proliferation, al-
though dextran itself was inactive (8).

The mechanism by which heparin pro-
motes human endothelial cell prolifera-
tion is unknown. Azizkhan et al. (10)
showed that heparin (and dextran sul-
fate) increased bovine capillary endothe-
lial cell migration but had no effect on
proliferation, a finding that is consistent
with reported differences between large
vessel and capillary endothelium (/7).
Other reports on the effects of heparin on
various cell types have yielded conflict-
ing results (/2-14). Several investigators
have shown that heparin binds to the cell
surface (/4, 15) and thus may influence
intercellular communication (/6) and
membrane receptor accessibility (/7).
Morphologic changes (/8) and modifica-
tions of cellular behavior (10, 19) consist-
ent with cell membrane-heparin interac-
tions have been reported. In vivo, the
extracellular matrix of vascular tissue
contains high concentrations of glycos-
aminoglycans (20). In vitro, heparin-like
molecules are secreted by endothelial
cells (217) and inhibit smooth muscle cell
growth (/3). Our demonstration that hep-
arin enhances endothelial cell prolifera-
tion suggests that heparin-like sub-
stances may play an important role in
cell growth regulation in normal and in-
jured vessels.

In the past, existing culture techniques
permitted only restricted proliferation of
human endothelial cells, and therefore
many basic and applied studies had to be
performed on endothelial cells from oth-
er animal species. Theoretically, the pro-
cedures described above for serial sub-
cultivation can increase the vyield of
HUVE cells by 10%fold and of adult
vessel endothelial cells by 10'?-fold over
previously published methods (¢4, 5).
This will permit minimal amounts of hu-
man vascular tissue to be used for the
generation of large numbers of cultured
endothelial cells, and thus problems of
human pathology involving the endothe-

lium now can be approached directly by
means of a human endothelial cell mod-
el. In addition, this cell system should
prove valuable for various clinical appli-
cations, such as in vitro testing of vaso-
active agents and the coating of artificial
graft materials.
SusaN C. THORNTON
STEPHEN N. MUELLER
ELLiOT M. LEVINE*
Wistar Institute,
Philadelphia, Pennsylvania 19104
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Long-Lived Oxidants Generated by Human Neutrophils:

Characterization and Bioactivity

Abstract. Human neutrophils were found to generate an unusual class of oxidants
with a half-life of approximately 18 hours and with characteristics similar to, if not
identical with, those of N-chloroamines. These neutrophil-derived N-chloroamines
have sufficient oxidizing potential to attack sulfhydryl- or thioether-containing
compounds and can react with both a methionine-containing chemotactic peptide
and a plasma protease inhibitor. As judged by their stability and selective reactivity,
the N-chloroamines generated by stimulated neutrophils may play an important role
in the local and systemic regulation of inflammatory events in vivo.

Human neutrophils can generate reac-
tive oxygen metabolites and use them to
destroy microorganisms and normal or
neoplastic mammalian cells and to mod-
ulate the inflammatory response (/). Af-
ter specific membrane perturbation, the
neutrophil produces superoxide anion
(O;" 7)), hydrogen peroxide (H,0,), hy-
pohalous acids (HOX), and possibly the
hydroxyl radical (OH ). In vitro, the
generation of these oxygen metabolites
by neutrophils is self-limited and is near-
ly complete within 60 minutes after the
addition of a stimulus (/). Under physio-
logical conditions, O, ~ rapidly dismu-
tates to H,O, spontaneously or enzymi-
cally via superoxide dismutase, and
H,0; is reduced by endogenous cata-
lase, glutathione peroxidase, or my-

eloperoxidase (/). In addition, highly re-
active oxidants like HOX or OH ~ disap-
pear rapidly as they react with multiple
oxidizable substrates in the complex cell
systems (/). Thus, the concentration of
oxygen metabolites is expected to fall to
undetectable levels shortly after the neu-
trophil terminates its production of these
species. We have now shown (i) that
human neutrophils can generate large
quantities of a long-lived oxidant, with
characteristics similar to, if not identical
with, those of N-chloroamines and (ii)
that this oxidant is powerful enough to
attack thioether-containing peptides and
proteins thought to be important in the
inflammatory response.

Human neutrophils were isolated from
venous blood by a Ficoll-Hypaque sepa-





