Transforming Growth Factor-a: A More Potent
Angiogenic Mediator Than Epidermal Growth Factor
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Transforming growth factor-a (TGF-a) and epidermal growth factor (EGF) are
structurally related peptides. Purified human TGF-a produced in Escherichia coli and
pure natural mouse EGF were compared for their ability to bind to target cells in vitro
and to promote angiogenesis in the hamster cheek pouch bioassay. Both polypeptides
were found to bind in vitro to several target cells, including endothelial cells, and to
stimulate their DNA synthesis in an equipotent fashion. In vivo, however, TGF-o was
more potent than EGF in promoting angiogenesis and, because TGF-a is known to be
secreted by a variety of human tumors, it is suggested that this growth factor may

contribute to tumor-induced angiogenesis.

RANSFORMING GROWTH FACTORS

(TGF’s) are polypeptides that can

confer phenotypic transformation to
several normal cells (1). TGF-a binds to the
receptor for epidermal growth factor (EGF)
and has been isolated from a variety of
tumor cells (2). TGF-B, which is not struc-
turally related to TGF-a, binds to a distinct
receptor and is synthesized by many normal
and tumor cells (3, 4). The polypeptide
sequences of TGF-a and TGF-B and their
precursors have been determined by com-
plementary DNA (cDNA) cloning (4-7).
When fully processed, TGF-a and EGF

display a 35 percent homology with conser-
vation of all six cysteine residues. This sug-
gests that the three disulfide bridges are in
the same positions in the two growth factors

(8). The ability of EGF and TGF-a to bind’
to the same receptor (9, 10) is presumably -

due to this similarity in conformation, espe-
cially to the structural homology in the third
disulfide loop which may represent the re-
ceptor binding domain (11). Although both
peptides trigger many biological effects in a
similar manner, they also differ in some of
their activities, for example, in the induction
of cell ruffling (12) and in the promotion of

calcium release from fetal rat long bones in
vitro, with TGF-a being more potent than
EGF (13, 14). TGF-a is synthesized in
embryos during early fetal development
(15), in several virally transformed cells (2),
and in a large variety of human tumors (16).
TGF-a may play a role in neoplastic patho-
genesis through an autocrine growth regula-
tion mechanism (17).

The lack of TGF-a expression in hemato-
poietic cells and the presence of it in a
variety of solid tumors, which depend on
neovascularization for their development
(16), prompted us to compare TGF-a and
EGF for their ability to promote angiogene-
sis, that is, induce the formation of new
blood vessels. We found that both polypep-
tides bound in vitro to target cells, including
endothelial cells, and stimulated their DNA
synthesis in an equipotent fashion. In vivo,
however, TGF-a was a more potent angio-
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Fig. 1. Angiogenic stimulation by TGF-a and
EGF in the hamster cheek pouch assay. Photomi-
crogr:‘ghs of the hamster cheek pouch in vivo 5
days after subcutaneous injection of 1 pg of TGF-
a (A, score = 2), 1 ug of EGF (B, score = 0), 3
ng of TGF-a (C, score = 4), or 3 pg of EGF (D,
score = 1) adsorbed on agarose beads (35-mm
camera, Kodak Tungsten 50 films; magnification
x5). Note the absence of angiogenesis in (B)
around the agarose beads (arrow) and the tortu-
osity of vessels in (A) and (C). In (C) there is also
an extensive diffuse hemorrhage which gives it a
score of 4. For the angiogenesis assay, male Syrian
golden hamsters (120 to 150 g) of the same age
(from Engle, Indiana) were anesthetized by intra-
peritoneal injection of a rodent anesthetic mixture
(50 mg/kg Vetalar, 5 mg/kg Rompun, and 1 mg/
kg acepromazine, Central City). The left cheek
pouch was everted and observed through a Zeiss
stereomicroscope. Mitogens were dissolved in 10
pl of sterile saline, mixed with 10 pl of Ciba- .
chrome blue agarose (Amicon), incubated at
37°C for 30 minutes, and injected subcutaneous-
ly. Five days later the animals were anesthetized as
above and the pouch was again observed. The
scoring was subjective: 0 =no new vessels;
1 = minimal ramification of vessels in the vicinity
of injection site; 2 = new vessels reach injection
site, area involved is <50% of periphery of injec-
tion site; 3 = many new tortuous vessels that
reach and cross injection site in >50% of the
periphery of injection site; 4 = many new tortu-
ous vessels, hemorrhages, invasion vessels in areas
removed from injection site. This scoring system
was established on the basis of angiogenic responses
observed with increasing concentrations of several
different angiogenic factors (37). All results were
scored in a blindly coded way by two different
investigators whose results were in agreement.
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genesis mediator than EGF in the hamster
cheek pouch bioassay.

Human TGF-a was isolated from Esche-
richia coli containing a properly engineered
expression plasmid (5). This purified, bio-
logically active peptide was compared with
pure natural mouse EGF for its ability to
bind to the EGF receptors of four different
cell types in culture. Binding was assessed by
the competitive displacement at 4°C of ra-
diolabeled EGF. The cell types tested in-
cluded bovine pulmonary artery endothelial
cells (BPEC) established from primary cul-
tures, murine lung microvasculdr ehdotheli-
al cells (LEII), the human A 431 epider-
moid carcinoma cell line, and primary hu-
mari foreskin fibroblasts (HFF). The A 431
and LEII cells contain an unusually high
number of EGF receptors, while the two
other cell types have a relatively low receptor
number. EGF and TGF-a were equally po-
tent (within experimental error) in displac-
ing 'PI-labeled EGF from all fout cell types
(Table 1). Both peptides also stimulated
DNA synthesis in quiescent HFF, BPEC,
and LEII cells but not in A 431. There was
no significant difference between the two
growth factors either in the relative potency
or in the maximal stimulation (Table 1).

The growth factors were then compared
for their angiogenic effects in vivo. For this
experiment we used a hamster cheek pouch
bioassay because this allows the peptides to
be prepared in physiological solvents for
administration, in contrast to the rabbit
corneal assay (18), and because we preferred
to use a mammalian system rather than the
chick chorioallantoic membrane assay (19).
The growth factors were mixed at different
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doses (0:3, 1, 3, and 10 pg) with Ciba-
chrome blue agarose beads under sterile
conditions arid injected subcutaneously in
the pouch. These agarose beads serve as a
nondenaturing form of a slow peptide re-
lease system and mark the site of injection.
In separate experiments we mixed unlabeled
TGF-a and EGF with '*I-labeled growth
factors and after injection we dissected the
areas of the pouch that were affected and
measured the radioactivity at different time
points. The results indicated that the rates of
release of the two growth factors were very
similar (20).

The extent of arigiogenesis in the hamster
cheek pouch was assessed by subjective scor-
ing on a scale from 0 (no new blood vessels)
to 4 (many new tortuous vessels and hemor-
rhages in areas removed frotn the injection
site) (Fig. 1). The scores indicated that the
extent of angiogenesis was correlated with

Table 1. Relative binding and mitogenic properties of EGF and TGF-a in vitro. The preparation of the
growth factors and cell lines used are described in (34-36). For the binding assay, the cells were grown
to confluency in 24-well dishes (Costar), washed twice with DMEM containing 0.1% bovine serum
albumiin (BSA?, and incubated at 4°C for 60 minutes in DMEM, 0.1% BSA, 50 mM Hepes, pH 7.4,
supplied with ‘*’I-EGF in the absence or presence of increasing concentrations of EGF or TGF-a.. The
cells were then washed three times with cold DMEM and 0.1% BSA and lysed with 0.1N NaOH, and
the cell-associated radioactivity was determined. The nonspecific binding assessed in the presence of a
thousand-fold excess of cold EGF did not exceed 10% of the total binding. In other experiments, cells
grown to confluence in 48-well dishes (Costar) were brought to quiescence by incubation at 37°C for
48 hours with DMEM and 0.5% FBS. The cells were then incubated for 18 hours with the growth
factor before being exposed for 4 hours to [methyl-*H]thymidine (NEN) (1 uCi per well). The
stimulation of DNA synthesis in these cells was determined by measuring the trichloroacetic acid
precipitable radioactivity. Three different binding experiments and four mitogenesis experiments were
performed to establish each mean value with standard deviation.

. . aximal mitogeni
ECso mitogenesis M ogenic

Cell Kso binding (nAf)* EGF response (percent
line receptor enhancement)
numbert -
EGF TGF-a EGF TGF-a EGF TGF-a

A431 10zx02 08=+01 18x10° NA* NA NA NA
HFF 1103 12%02 12x10° 02=x01 02%01 420%50 38040
LEII 0902 11=03 50x10° 05%02 07=01 650+70 680 =30
BPEC 11*05 14=03 44x10* 0802 06=02 210=40 240=50

*The inhibitory concentration required to displace 50% of the binding of 1 nd{ '**I-labeled EGF (ICs) was derived
from concentration plots in the range of 107° to 5 X 107®M. _ +The number of EGF binding sites per cell was
calculated from Scatchard plots of saturation binding curves of '*I-labeled EGF at 4°C.  $Not applicable, A 431
cells are not mitogenically stimulated by either EGF or TGF-a.
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Fig. 2. Comparison of angiogenesis scores ob-
tainéd Wit EGF and TGF-« in the hamister cheek
ptuch assay. The angiogenesis assay was per-
fotmed and scored as described in Fig. 1. Increas-
ing doses of either EGF (open circles) or TGF-a
(closed circles) were used as stimulus. Each point
tepresents the score of an individual animal. The
curves were drawn through the median score
values of each dose. Six control animals received
only agarose beads. Five of these were scored as 0
and one hamster scored 1. In another control
experiment six animals received agarose beads to
which bovine serum albumin was adsorbed. In
this group, four hamsters scored 0 and two scored

the dose of the growth factor (Fig. 2). At
doses of 0.3 and 1 pg, EGF promoted little
angiogenesis whereas TGF-« triggered ex-
tensive formation of new capillaries. At the
10-ug dose, EGF also induced extensive
angiogenesis.

The stimulation of capillary cell prolifera-
tion in vivo was also assessed by autoradiog-
raphy of tissue sections of the cheek pouch
after intraperitoneal injection of [methyl-
*H]thymidine. As shown in Fig. 3, there
was no inflammatory response after the ad-
ministration of either growth factor. Only a
few polymorphonuclear leukocytes, mast
cells, and macrophages were visible between
the agarose beads, but these were present in
similar numbers in untreated hainster tissue.
In the animals studied by autoradiography,
the nuclei of the endothelial cells that under-
went active DNA synthesis were labeled
with tritium. The ratio of the labeled capil-
lary cells to the total number of endothelial
cells correlated well with the subjective mac-
roscopic angiogenesis score (Table 2). At
the 1- and 3-pg doses, TGF-a was more
efficacious than EGF in inducing angiogene-
sis.

Angiogenesis is a prominent feature of
several physiologic and pathologic process-
es, including wound healing, luteinization,
and solid tumor growth (2I). The sub-
stances that promote angiogenesis can be
roughly divided into two categories (22): (i)
agents such as copper, heparin, and prosta-
glandins, mainly of the E type, that influ-
ence the migration of endothelial and other
cells, particularly inflammatory cells; and (ii)
polypeptide growth factors such as EGF,
fibroblast growth factor, and endothelial cell
growth factor, that presumably act on the
capillary cells via their intrinsic mitogenic
activity. Our histological results indicate
that the angiogenic stimulation caused by
TGF-a and EGF does not coincide with an
inflammatory response.

The effects of EGF and TGF-« in trigger-
ing several biological effects in vitro are
indistinguishable, probably because both
factors bind to the same receptor (9, 10).
Human TGF-a and human and murine
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Fig. 3. Histological evaluation of the hamster cheek pouch angiogenesis assay. (A) Toluidine blue
staining of formalin-fixed, paraffin-embedded, 6-um perpendicular section of cheek pouch in the area
injected with 3 pg of TGF-a and agarose beads. Magnification X125. Note the absence of
inflammatory infiltrate around the agarose beads; the result was similar with 3 pg of EGF. (B)
Toluidine blue staining of glutaraldehyde-fixed, glycol methacrylate—embedded 3-um perpendicular
section of cheek pouch injected with 3 pg of TGF-a and exposed for autoradiography for 3 weeks.
Magnification X500. Note the numerous grains in the capillary endothelial cell nucleus (arrow). For
histology, the animals were killed and 6-um sections of the formalin-fixed pouch embedded in paraffin
were stained with 1% toluidine blue in sodium benzoate. For autoradiography, the animals were
injected intraperitoneally with 1 mCi of [methyl-*H]thymidine 8 hours before they were killed. Sections
(3 pm) of the glutaraldehyde-fixed pouch embedded in glycol methacrylate were dipped in NTB-2
autoradiographic emulsion (Kodak), kept in slide boxes for 3 weeks, and stained with 1% toluidine blue

in sodium benzoate.

EGF are quantitatively equally effective in
vivo in inducing precocious eyelid opening
in newborn mice (23). We show here that
TGF-a and EGF bind equally effectively to
the EGF receptors on several cell types,
including endothelial cells, and appear to be
equally potent mitogens in vitro for endo-
thelial cells. It was reported previously that
EGF has angiogenic activity (24) and can
induce a mitogenic response in microvascu-
lar endothelial cells (25). Our data indicate
that, in vivo, TGF-a is more effective than
EGF in promoting angiogenesis. A similar
difference in potency between these growth
factors was recently observed in their ability
to induce bone resorption (13, 14).

These quantitative differences in activity
could conceivably be due to a lower sensitiv-
ity of TGF-a to protease digestion in vivo,
to differences in clearance ratios, or to other
factors that would result in a higher bio-
availability of TGF-a. However, the two
peptides had similar kinetics of release, and
they were previously found to be equipotent
in an eyelid opening assay in newborn mice,
suggesting that they have similar pharmaco-
logical properties (23). It is also possible
that, in addition to binding to the EGF
receptor, TGF-a binds to another receptor
that plays a role in the promotion of angio-
genesis. It has been reported that TGF-a
interacts with a separate receptor on rat
kidney cells (26), but an antibody to the
EGEF receptor prevents the mitogenic activi-
ty of both TGF-a and EGF (27). There
could be high- and low-affinity EGF recep-
tors, as suggested, for example, by Gregor-
iou and Rees (28), and these might display
different binding parameters for EGF and
TGF-a. Even if one assumes that there is
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only one type of EGF receptor, one might
postulate that TGF-a and EGF interact dif-
ferently with the receptor at the cell surface
or during internalization of the ligand-re-
ceptor complex. Another possibility is that,
in vivo, both growth factors induce the
production of angiogenic mediators from
another cell type, for example, fibroblasts, in
addition to the endothelial cells. If this were
the case, these cells would have to display a
differential response to TGF-a and EGF.
The recent development of in vitro models
of capillary tube formation (29, 30) and
isolated organ angiogenesis may facilitate

Table 2. Comparison of the mitotic activity of the
capillary endothelial cells in vivo with the extent
of angiogenesis caused by EGF or TGF-a. The
hamster cheek pouch assay and [methyl->H ]thymi-
dine labeling were performed and scored as for
Figs. 1 and 3. After toluidine blue staining the
ratio of nuclear grain-stained capillary endothelial
cells over the total number of endothelial cells was
determined. About 150 endothelial cells were
examined per animal. The endothelial cells were
distinguished from the other cells on the basis of
anatomical localization and histological morphol-
ogy. This ratio for the mitotic activity of the
endothelial cells correlates well with the macro-
scopic angiogenesis score. Each value corresponds
to one animal.

. Index
Stim-  Dose Anglq- labeled cell
alus (ng) genesis ed cells 100

score total cells
None 0 1
EGF 1 0 3
EGF 3 2 8
EGF 10 3 17
TGF-a 1 2 9
TGF-a 3 3 19

studies of the mechanistic basis for the an-
giogenic response to both growth factors.

The relative potency of TGF-a as an
angiogenic mediator suggests that, in addi-
tion to its potential importance as an auto-
crine growth regulator, it may play a role in
malignancy-associated  neovascularization,
contributing to the generation of a local
microenvironment that is favorable for solid
tumor growth. This possibility is supported
by the observation that TGF-a messenger
RNA cannot be detected in hematopoietic
tumor cell lines but is expressed in many
solid tumors that undergo neovasculariza-
tion (I6). Immunohistochemical analysis
with an antibody to TGF-a revealed promi-
nent staining in the cells bordering the
capillaries of an experimentally induced solid
tumor (31). Such a role for TGF-a in angio-
genesis does not exclude the likelihood of
other angiogenic mediators secreted by the
tumor cells, for example, the chondrosar-
coma-derived growth factor (32) or angio-
genin (33), also participating in the tumor-
induced neovascularization.
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Cultivation of the Drosophila Sex-Ratio Spiroplasma

KeviN J. HAckeTT, DWIGHT E. LYNN, DAVID L. WILLIAMSON,
ANNETTE S. GINSBERG, ROBERT F. WHITCOMB

Uncultivable for more than 25 years, the sex-ratio spiroplasma of Drosophila willistoni
grew in a tissue culture medium (H-2) containing an embryo-derived lepidopteran cell
line (IPLB-TN-R?). After adaptation, it grew in a cell-free H-2 medium. This success
demonstrates the usefulness of cell culture systems for cultivation of fastidious
microorganisms and facilitates study of the sex-ratio trait in Drosophila.

EX-RATIO DISTORTION CAUSED BY

microorganisms and chromosomal

and extrachromosomal factors has
been documented for a variety of plants and
animals (1). In 1961 Poulson and Sakaguchi
correlated the appearance of “small spiro-
chetes, presumably treponemata” in the he-
molymph of adult female Drosophila flies to
the expression of a sex-ratio trait in the
progeny of the flies (2). Eventually it was
realized (3) that the organisms were not
spirochetes but belonged instead to a newly
recognized microbial group of wall-less pro-
karyotes (Mollicutes, Spiroplasmataceae,
Spiroplasma). These spiroplasmas, known as
sex-ratio organisms (SRO?’s), selectively kill
the male progeny of infected females of four
Neotropical Drosophila species—D. equinox-
ialis, D. nebulosa, D. paulistorum, and D.
willistoni (3, 4).

Although many attempts have been made
to cultivate SRO’s, including trials that in-
volved tissue culture media and insect cell or
organ culture systems, none were successful
(5). The media used in these tests contained
different types and amounts of serum and
serum substitutes, vitamins and cofactors,
amino acids and peptones, nucleic acids,
hormones, membrane-interacting  sub-
stances, and fly homogenates. Also, many
different temperature and oxygen conditions
were used. None of the tested media or
culture systems sustained cell division; the
best formulations permitted maintenance of
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motile, helical organisms for no more than
60 days. These failures impeded research on
the SRO’ and prevented identification of
the male-lethal factor and fulfillment of
Koch’s postulates.

In 1985 a previously uncultivable spiro-
plasma (LD-1) from the Colorado potato
beetle was cultivated in the presence of
actively growing insect cells (6). We report
here that insect cell cultures have also been
successfully used for primary isolation of the
D. willistoni SRO (WSRO) and that cul-
tured WSRO’s have been adapted to a cell-
free medium.,

All Drosophila stocks were maintained as
described by Williamson et a/. (3). To ob-
tain spiroplasmas, 2.5 wl of hemolymph was
collected at Stony Brook by glass needle (7)
from a total of 100 D. pseudoobscura (Pifion
Normal strain) fernales transmitting the B3
strain of WSRO. The hemolymph was
transferred to 0.5 ml of M1D medium (8)
and shipped at ambient temperature to our
laboratory. Five days after the hemolymph
was collected, 0.2 ml of the suspension was
placed in 4 ml of a medium containing equal
parts of DCCM (9) and M1D media and
filtered through a membrane having a pore
diameter of 0.45 um. The filtrate was then
distributed in 0.1-ml aliquots to each well of
a 24-well microtiter plate (2.5-ml capacity
per well) containing either an embryo-de-
rived Trichoplusia ni insect cell line (IPLB-
TN-R?) (10) cultured in 0.4 ml of modified

Grace’s (TNM-FH) medium (11) or one of
six previously described (6) lepidopteran or
coleopteran cell culture systems (three wells
per system). Primary isolation was also at-
tempted (i) in several cell-free tissue culture
media [DCCM medium, modified Good-
win’s medium (12), and TNM-FH medi-
um]; (ii) in commonly used spiroplasma
media [SP-4 (13) and M1D media]; or (iii)
in several “insect cell-conditioned” media
[DCCM, modified Goodwin’s, or TNM-
FH media that had been conditioned for 1
or 3 days by the growth of the respective
insect cell lines (three tubes per medium)].
The cell lines were subcultured weekly and
maintained at 23°C until used; all WSRO-
containing cell cultures were kept at 26°C.
Artempts were made to adapt the first, third,
fifth, and ninth passages of the cell-cultured
WSRO isolate to cell-free media. We re-
moved insect cells by passing the culture
through a membrane filter (pore diameter,
0.45 um), and the WSRO-containing fil-
trate was transferred at passage ratios of 1:1
to 1:4 into DCCM, modified Goodwin’s,
TNM-FH, or H-2 (14) media. We estimat-
ed SRO titers in the wells and tubes by
counting the number of organisms in 3-pl
samples by dark-field microscopy (6, 15).
We found that the best results in primary
isolation of WSRO were obtained by using
the T. ni—derived cell lines. Primary isola-
tion was accomplished only in the IPLB-
TN-R? cell line cultured in TNM-FH medi-
um. The other T. #ni cell line, IAL-TND1
(16), cultured in modified Goodwin’s medi-
um, supported WSRO growth and multipli-
cation for about 1 month; continuously
cultivable strains were not obtained in this
cell line. In the previously described formu-
lations, the organisms became elongate and
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