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Abstract

Monokine-stimulated endothelial cells are known to produce both
burst- and colony-stimulating activities, but neither the nature
of the monokirie nor the hematopoietic growth factor(s) produced
is known. We show by mRNA analysis that an immortalized
line of human endothelial cells constitutively produce granu-
locyte-macrophage colony-stimulating factor. Furthermore, in-
terleukin 1 and tumor necrosis factor induce early passage human
umbilical endothelial cells to produce the same growth factor.

Introduction

Pluripotent stem cells and progenitors proliferate and differen-
tiate only in the microenvironment of bone marrow, liver, or
spleen, but the precise roles of the reticular, macrophage, and
endothelial cells comprising this hematopoietic microenviron-
ment are uncertain (1, 2). We recently demonstrated that a
stromal reticular fibroblastoid cell strain produces a factor (or
factors) with colony-stimulating activity (CSA)! and burst-pro-
moting activity (BPA), capable of inducing the formation of
granulocyte-macrophage colony-forming units (CFU GM),
erythroid burst-forming units (BFU E), and mixed granulocyte
erythroid macrophage CFU (3). Cultured human endothelial
cells have also been shown to produce CSA (4, 5) and BPA (6),
whereas monocytes and/or macrophages not only produce CSA
(7, 8), BPA (9, 10), and/or factors that inhibit colony formation
(11), but also secrete a monokine, “monocyte-derived recruiting
activity,” that increases CSA and BPA production by endothelial
cells (12, 13), fibroblasts (14), and T lymphocytes (15). Neither
the monokine nor the specific CSA/BPA produced have been
identified.

In this paper we show that an immortalized line of human
endothelial cells constitutively produces granulocyte-macro-
phage colony-stimulating factor (GM CSF), a multilineage he-
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1. Abbreviations used in this paper: BFU E, erythroid burst-forming
unit; BPA, burst-promoting activity; CFU E, erythroid colony-forming
unit; CFU GM, granulocyte-macrophage colony-forming unit; CM,
conditioned medium; CSA, colony-stimulating activity; GM CSF, GM
colony-stimulating factor; HEC KSV, human endothelial cells immor-
talized by the Kirstén sarcoma virus; HUVE, human umbilical vein
endothelial cells; IL-1, interleukin 1, IFN, interferon; Mo-CM, Mo T
lymphoblast cell line CM; TNF, tumor necrosis factor.
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matopoietin (16). We also demonstrate that both the monokines
interleukin 1 (IL-1) and tumor necrosis factor (TNF) induce
early passage human umbilical vein endothelial cells (HUVE)
to produce GM CSF.

Methods

Bone marrow samples. Normal human bone marrow was obtained by
aspiration from adult volunteers. Approximately 5-15 ml from one to
two aspirations was collected into sterile syringes containing preservative-
free heparin.

Cell separation procedures. The marrow suspensions were separated
over Ficoll-Paque (1.007 g/ml) (Pharmacia Fine Chemicals, Piscataway,
NJ) at 400 g for 40 min at 20°C and the interface mononuclear cells
collected, washed three times, and resuspended in Iscove’s modified
Dulbecco’s medium containing 20% fetal calf serum (FCS). The cells
were incubated in 100-mm tissue culture dishes (Lux, Miles Laboratories
Inc., Naperville, IL) overnight at 37°C and the nonadherent cells removed
with two gentle washes and centrifuged. The progenitors in the nonad-
herent cell fraction were enriched by immunoadsorption to Ig-coated
plates (panning), as previously described (17). Briefly, bone marrow cells
were incubated at 4°C for 30 min with optimal concentrations of a panel
of eight monoclonal antibodies directed against myeloid (Mol [18], My8
[19], TG1 [20], and Leu M1 [Becton-Dickinson & Co., Paramus, NJ]
[7] erythroid [glycophorin A-10F7] [21], and lymphoid [Leu 1, 5, and
12] [Becton-Dickinson & Co.]) maturation antigens. The cells were
washed twice in Iscove’s modified Dulbecco’s medium containing 2%
FCS and once in phosphate-buffered saline (PBS)/5% FCS, resuspended
at 5-6 X 10%/ml in PBS/5% FCS, and 4-5-ml aliquots incubated at 4°C
for 1 h on 100-mm plastic bacteriological petri dishes (Fisher Scientific
Co., Pittsburgh, PA) that had been previously coated with rabbit anti-
mouse Ig. Antibody-negative cells (Ab~) were removed and washed twice
by gently swirling, tilting, and decanting. A second incubation on another
antibody-coated plate was carried out to ensure removal of all antibody-
labeled cells.

Preparation of Ig-coated plates. Panning was carried out by minor
modifications of the method of Wysocki and Sato (22). 100 X 15-mm
Polystyrene bacteriological petri dishes (No. 8-751-12; Fisher Scientific
Co.) were incubated at room temperature with 10 ml of affinity-purified
rabbit anti-mouse IgG + IgA + IgM heavy and light chain Ig (Zymed
Laboratories, Inc., San Francisco, CA) diluted to 10 ug/ml in PBS. After
40 min, the plates were washed three times in PBS and then incubated
at 4°C in 5 ml PBS/1% FCS until required.

Culture procedures. The bone marrow cells were cultured in a mixture
containing 30% FCS, 1% bovine serum albumin (BSA; Sigma Chemical
Co., St. Louis, MO), 10™* M mercaptoethanol (Sigma Chemical Co.),
penicillin/streptomycin, and 0.9% methyl cellulose. Varying concentra-
tions of the conditioned media to be tested or Mo-cell lymphoblast line-
conditioned medium (Mo-CM) as a positive control (provided by Drs.
D. Golde and J. Gasson, University of California at Los Angeles, School
of Medicine, Los Angeles, CA) were added on day 0, and on day 3
human urihary erythropoietin (Terry Fox Laboratories, Vancouver, B.
C., Canada) at 2 U/ml was added to the cultures. The final cell concen-
tration was 5 X 10%/ml and 0.5-ml duplicates were plated in flat-bottomed
24-well tissue culture plates (Linbro; Flow Laboratories, Inc., McLean,
VA) and incubated at 37°C in a high humidity 5% CO,/95% air incubator.
BFU E and CFU GM were counted on day 14.



Cell lines. HUVE cells were grown in culture as previously described
(Faller, D. V., D. Ginsburg, T. Collins, J. Pober, and R. Tantravahi,
manuscript submitted for publication) on gelatin-coated plates in the
presence of heparin and endothelial cell growth factor supplement (Sigma
Chemical Co.) in M199 medium (Gibco, Grand Island, NY) with 20%
FCS. Cells at passage 4-10 were used in these studies. HUVE at confluence
in six-well tissue culture plates (9.6 cm?, Nunc, USA/Scientific Plastics,
Ocala, FL) were incubated in 4 ml of HUVE growth medium/well-con-
taining purified human IL-1 (p 17; Genzyme Corp., Boston, MA), re-
combinant human IL-1 beta (p 17; Genzyme Corp.), recombinant human
IL-2 (Biogen, Cambridge, MA), recombinant human interferon gamma
(v IFN; Genentech Inc., San Francisco, CA), or recombinant human
TNF (Genentech Inc.) at the concentrations described in the text. Medium
was harvested after 48 h, filtered, and stored at —20°C. The human
endothelial cell line immortalized by the Kirsten sarcoma virus (HEC
KSV) (Faller, D. V., et al., and reference 23), and immortalized human
synovial cells (23) were also plated in six-well tissue culture plates at the
same density as HUVE, and the medium was harvested after 48 h for
BPA/CSA and GM CSF assay. Cell line HEC KSV was grown in the
same M199 medium as the HUVE. The synovial cells were grown in
Dulbecco’s modified Eagle’s medium with 10% FCS (Gibco).

Cytoplasmic RNA analysis for GM CSF. RNA was extracted from
10% HEC KSV, primary human foreskin fibroblasts, or HUVE (with or
without a 48-h exposure to recombinant human IL-1 at a concentration
of 10 U/ml) as previously described (24). Serial dilutions of the RNA
preparations were spotted onto nitrocellulose filters and hybridized to a
2P.]abeled cDNA probe complementary to human GM CSF (25). La-
beling of the probe, hybridization conditions, and wash conditions were
as described. Autoradiography was carried out at —70°C using enhancing
screens (Dupont Co., Wilmington, DE). The intensity of the spots was
determined by a densitometric scanner (Helena Laboratories, Beau-
mont, TX).

Results

We previously reported that enriched bone marrow progenitor
cells, depleted of known accessory “helper” cell populations,
were totally dependent on exogenous BPAs and CSAs for BFU
E and CFU GM proliferation in vitro (17). In the series of ex-
periments reported below, 0.5-3.1% of the final enriched cell
fraction formed BFU E and 1.0-2.3% formed CFU GM-derived
colonies, with progenitor recovery ranging from 19 to 94%.
Immortalized human endothelial cells produce BSA and CSA.
Conditioned medium (CM) from an HEC KSV was tested on
enriched bone marrow progenitors in a sensitive BPA/CSA assay.
Fig. 1 shows that the medium contained BPA and CSA (Fig. 1,
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A and B, respectively). Data from three experiments are nor-
malized with the colony number induced by 5% Mo-CM taken
as 100%. The HEC KSV-conditioned medium was at least as
active as Mo-CM, which induced 620-1260 BFU E and 1660~
2200 CFU GM-derived colonies. In two experiments, CM from
human synovial cells immortalized by the same virus (HSC KSV)
were negative in the assay for both BPA and CSA, as was growth
factor medium alone. It was possible that synovial cell CM con-
tained an inhibitor that masked a stimulatory effect. Our ob-
servation that IL-1 induces both HSC KSV and fibroblasts from
other sources to release BPA/CSA makes this very unlikely
(manuscript in preparation) and therefore we did not carry out
further mixing studies to exclude the presence of an inhibitor.
IL-1 and TNF markedly enhance BPA/CSA production by
primary human endothelial cells. CM derived from HUVE cul-
tured in medium alone showed low but detectable levels of BPA
and CSA (Fig. 2, 4 and B, respectively). CM (5%) from HUVE
incubated in purified human IL-1 (10 U/ml) or recombinant
TNF (1,000 U/ml) markedly increased both BFU E- and CFU
GM-—derived colony number, in contrast to CM from HUVE
incubated with the lymphokines IL-2 or v IFN, which had no
effect on CSA/BPA production. When enriched bone marrow
progenitors were incubated in endothelial growth medium alone
or medium supplemented with IL-1, TNF, IL-2, or v IFN, no
CSA/BPA was observed. To investigate the IL-1/TNF effect more
fully, enriched bone marrow progenitors from three different
aspirates were cultured with different concentrations of medium
conditioned by unstimulated HUVE or HUVE incubated in
either purified human IL-1 (10 U/ml) or recombinant TNF
(1,000 U/ml). It is evident from Fig. 3 that BFU E and CFU
GM showed a detectable response to unstimulated HUVE CM.
BFU E (Fig. 3 4) showed a marked response to CM from both
IL-1- and TNF-treated HUVE, which did not plateau at 10%
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Figure 2. Response of enriched bone marrow BFU E (4) and CFU
GM (B) to 5% vol/vol Mo-CM; 5% endothelial growth medium alone
(—) or supplemented with purified human IL-1 (10 U/ml), recombi-
nant TNF (1,000 U/ml), IL-2 (50 U/ml) or v IFN (200 U/ml); 5%
CM prepared from HUVE cells cultured in growth medium alone (—),
or supplemented with IL-1, TNF, IL-2, or v IFN at the same concen-
trations as above. Uninduced HUVE-conditioned medium shows de-
tectable BPA and CSA, with marked induction by IL-1 or TNF. Bars,
1 SD of duplicate cultures.
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CM, the highest concentration possible in our culture system.
CFU GM showed a greater response to IL-1-treated HUVE than
TNF-treated HUVE (Fig. 3 B).

Endothelial cells produce GM CSF. To identify the hema-
topoietic growth factor being produced by immortalized and
early passage human endothelial cells, we assayed for the presence
of an mRNA species homologous to human T lymphoblast cell
line-derived GM CSF. Serial dilutions of RNA extracted from
HEC KSV cells, early passage human dermal fibroblasts, and
IL-1-induced or uninduced HUVE cells were dotted onto ni-
trocellulose filters and hybridized to GM CSF ¢cDNA probe. Fig.
4 shows an autoradiograph of such a dot-blot hybridization.
Fibroblasts and uninduced endothelial cells contained little, if
any, GM CSF mRNA, whereas both IL-1-induced endothelial
cells and the immortalized HEC KSV line contained increased
amounts of GM CSF mRNA (at least eightfold more than un-
induced HUVE).

Figure 4. Autoradiogram of cytoplasmic RNA dot-blot hybridized to
a probe for GM CSF. Serial twofold dilutions of RNA from human
dermal fibroblasts (4), HUVE (B), HUVE after a 48-h exposure to re-
combinant human IL-1 at a concentration of 10 U/ml (C), and cell
line HEC KSV (D) are shown. .
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Discussion

It is established that cultured endothelial cells produce a he-
matopoietic growth factor (or factors) with both BPAs (6) and
CSAs (4, 5). Furthermore, production of this factor(s) can be
increased by incubating endothelial cells in monocyte-condi-
tioned medium (12, 13). However, neither the nature of the
factor nor the inducing monokine have been established. We
demonstrate that both recombinant IL-1 and TNF can induce
human endothelial cell production of GM CSF. GM CSF acts
as a multilineage hematopoietin, inducing the proliferation of
both myeloid and erythroid progenitors, and therefore our results
are consistent with GM CSF being the only hematopoietin pro-
duced by endothelial cells. However, it will be necessary to di-
rectly probe endothelial cell RNA with cDNA probes to other
hematopoietic growth factors as they become available to estab-
lish whether other hematopoietins are being produced in addition
to GM CSF.

IL-1 and TNF are structurally dissimilar (26) and act on
responsive target cells through distinct cell surface receptors (27).
However, they both induce a similar spectrum of protein syn-
thesis changes that is characteristic of the reaction to inflam-
mation or tissue injury, the acute phase response (28). Our data
broaden the range of proteins known to be induced by these two
molecules. Whether GM CSF is an important acute phase protein
in vivo is unknown, but it is interesting to speculate that pro-
duction of GM CSF by endothelial cells at the site of inflam-
mation through IL-1 release by monocyte/macrophages could
contribute to neutrophilia (29), localization of neutrophils by
migration inhibition (30), and subsequent neutrophil activation
(31). IL-1-mediated GM CSA release may contribute to the
leukocytosis of juvenile chronic myeloid leukemia (32).

The precise role of monocyte/macrophages in hematopoiesis
is still uncertain. Monocytes (7-10) and T-lymphocytes (33, 34)
have been previously reported as major circulating cell sources
of BPA and CSA, whereas fixed ‘“‘stromal” endothelial cells (4-
6, 12, 13) and fibroblasts (3) are also capable of producing he-
matopoietic activities with a similar spectrum of activity.
Monocytes may also release inhibitory factors (11, 35). Bagby
and his colleagues reported that monocyte-derived recruiting
activity can increase BPA and/or CSA production by T lym-
phocytes (15), endothelial cells (12), and fibroblasts (14). Re-
cently, IL-1 (36, 37) and TNF (38) have been identified as
monokines that can induce BPA/CSA release by fibroblasts (36)
and endothelial (37, 38) cells. Although cellular RNA analysis
has demonstrated that mitogen-stimulated blood mononuclear
cells synthesize GM CSF messenger RNA, unequivocal identi-
fication of the GM CSF producer cells in this mixed lymphocyte—
monocyte population will depend on the use of in situ hybrid-
ization techniques. The use of molecular probes for IL-1 and
GM CSF, together with the availability of pure populations of
unactivated human monocytes (39), should now allow resolution
of the controversial role of monocyte/macrophages in the pro-
duction of GM CSF. Such studies are presently being carried
out in our laboratories and should define whether the primary
function of monocyte/macrophages is to directly produce GM
CSF, indirectly stimulate GM CSF production by endothelial
cells via monokines like IL-1 and TNF, or do both.
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