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Interaction of Interleukin-1 and Interferon-y on Fibroblast Growth Factor-induced

Angiogenesis
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The interaction of interleukin-1 (IL-1) and interferon-y (IFN-y) actions on several aspects of
angiogenesis in vitro and in vivo was studied. The proliferation and migration of human umbilical vein
endothelial cells cultured with basic fibroblast growth factor (bFGF) were synergistically inhibited by
cotreatment with IL-1 and IFN-y. Endothelial cell adhesion to collagen was suppressed by IL-1 and
the effect was slightly enhanced by the combination of IL-1 and IFN-y. Local administration of
IL-1 (10,000 U) and IFN-7 (1,000 U) inhibited bFGF-induced angiogenesis in the skin of mice, and
synergistic inhibitory activity of the combination was demonstrated. Expression of FGF receptors was
strongly downregulated by the combination, whereas expressions of epidermal growth factor (EGF)
receptors, integrin 5, and integrin 5; were not. EGF partially abrogated the growth-inhibitory effects
of IL-1 and EFN-7. These findings indicate that IL-1 and IFN-7 are each able to act an angiogenesis
inhibitor in a situation where FGF plays a major role in angiogenesis, and the activity is syner-

gistically enhanced when they are used in combination.

Key words:
— Angiogenesis

Angiogenesis is highly regulated under normal condi-
tions such as reproduction, embryonic development and
repair. However, in many pathological states, persistent
and unabated angiogenesis appears as a result of failure
of this regulation. Diseases that are supposed to be angio-
genesis-dependent include rheumatoid arthritis, diabetic
retinopathy, and tumor development.” Conversely, these
diseases might be controlled by regulation of angio-
genesis. Various endogenous molecules may be con-
cerned in the regulation. Angiostatic steroids and pro-
tamine were the first such compounds to be identified as
angiogenesis inhibitors.? Several cytokines are also can-
didates. Interferon-y (IFN-7) has been shown to inhibit
the proliferation of vascular endothelial cells (EC)» and
angiogenesis in vitro," and it also partially inhibits the
vascular response in mice by suppression of the signal
initiated by allogenic lymphocytes.” Interleukin-1 (IL-1)
and tumor necrosis factor-@ (TNF) inhibit the prolifera-
tion of EC in vitro,% 7 but they have complex actions and
do not necessarily inhibit angiogenesis in vivo.> ' The
reason for the discrepancy between the in vitro and in vivo
observations is unclear. Since more than one angiogenic
factor may be involved in angiogenesis, and simultaneous
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exposure to more than one cytokine occurs in vive,'? it is
necessary to examine the interaction of these factors in
angiogenesis to understand the role of cytokines in vivo,
and ultimately perhaps to utilize them for therapy.

A previcus study has established that IL-1, IFN-7, and
TNF, acting synergistically at low, subthreshold concen-
trations, are able to inhibit completely the proliferation
of mouse aortic EC in vitro.'¥ In the present study, we
focused on the interaction of IL-1 and IFN-y, and by
using human EC in vitro, we examined their effects on
several aspects of angiogenesis, including related receptor
expressions on EC by staining with specific antibodies.
Their effect on angiogenesis induced by basic fibroblast
growth factor (bFGF) in vive was also investigated in
the skin of mice,

MATERIALS AND METHODS

Peptide growth factors Reagents included recombinant
human IL-1e (2.3 107 U/mg, endotoxin content < 0.32
ng/mg protein; Dainippon Pharmaceutical Co., Osaka);
recombinant human IFN-y (2.0 107 U/mg, endotoxin
content <0.75 ng/mg protein; Shionogi Pharmaceutical
Co., Osaka); recombinant mouse IFN-y (4.5-9.0 < 10°
U/mg; Genzyme, USA); recombinant bFGF (Takeda
Chemical Ind., Osaka); mouse epidermal growth factor
(EGF,; Collaborative Research, USA).

Cell culture EC were collected from the umbilical cord
vein as previously described.” The cells were stained



with anti-factor VIII-related antigen (DAKQO, USA) but
not with anti-desmin antibody (DAKQO). Ultrastructur-
ally, Weibel-Palade bodies were identified in the cyto-
plasm. The cells were cultured in Medium 199 (GIBCO,
USA) containing 10% heat-inactivated fetal calf serum
(FCS; Hyclone, USA), 0.1 mM r-ascorbic acid phos-
phate magnesiom salt (Wako, Osaka), 2 ng/ml of bFGF
and antibiotics on dishes coated with rat-tail collagen.
Proliferation assay EC (passages 3—10) were plated at a
concentration of 1X10* per well in 24-well plates pre-
coated with gelatin. The next day, test reagents were
added to the cultures. At subsequent time points, cells
were harvested by trypsinization and counted with an
electronic particle counter (Erma, Tokyo).

Cell migration assay The migration assay was performed
according to the method of Defilippi et al'® with some
maodification. Confluent monolayers of EC in 24-well
plates precoated with gelatin were treated for 48 h with
IL-1 and/or IFN-y in medium containing 10% FCS and
2 ng/ml of bFGF. Cells were then treated for 20 min
with 40 gg/ml of mitomycin C (Kyowa, Tokyo) to block
DNA synthesis; at this concentration cell division was
blocked by 95% as determined by counting the cell
number after a 3-day incubation. After being washed
with phosphate-buffered saline (PBS), the monolayers
were wounded with a plastic pipette tip. The cells were
washed to eliminate cellular debris, allowed to migrate
into the free space for 16 h in the presence of the same
mediators, fixed with 39 paraformaldehyde, stained with
Giemsa and photographed. Migration was quantitated by
counting the number of cells within 1 mm from the
wound edge using a light microscope with an ocular grid.
Cell adhesion assay EC attachment to collagen-coated
substrates was measured by using the method of Asakura
et al.'® with some modifications. Twenty-four-well plates
were coated with 50 pg of rat tail collagen or purified
bovine collagen (Koken, Tokyo). The cells for the assays
were treated for 48 h with IL-1 and/or IFN-y in medium
containing 2 ng/ml of bFGF and were then detached
from the culture flasks by trypsinization. The cells were
pelleted and then resuspended in M199 containing 1%
FCS. Cell numbers were counted and aliquots (400 ul)
of suspended cells were pipetted into coated wells, after
which they were cultured for 1 h at 37°C. Non-adherent
cells were removed by washing with PBS and attached
cells were fixed with 3% paraformaldehyde followed by
staining with crystal violet. The number of attached cells
was determined visually with a microscope at 100X
magnification.

Flow-cytometric analysis Cells were sparsely seeded on
100-mm tissue culture dishes, and cultured in medium
containing 1 ng/ml of bBFGF and 59 FCS. The next day,
cytokines were added to the cultures. After 16 h, cells
were harvested nonenzymatically by treatment with 1
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mM EDTA, and incubated in Hanks’ balanced salt solu-
tion (HBSS) supplemented with 19% human aggregated
IgG, 50 pg/ml of purified goat IgG, 1% bovine serum
albumin (BSA), 4% FCS and 0.02% sodium azide for
20 min on ice to block nonspecific binding. They were
incubated with the first antibody in HBSS containing 1%
BSA and 0.05% sodium azide for 30 min on ice, washed,
incubated with the second biotin-conjugated antibody for
20 min, washed, incubated with fluorescein-conjugated
avidin (Vector Lab., USA) for 20 min, and analyzed
with a FACScan (Becton Dickinson, USA). Antibodies
vsed included rabbit anti-fibroblast growth factor (FGF)
receptor/FLG (Upstate Biotechnology, USA), mouse
monoclonal anti-human EGF receptor (DAKO), mouse
monoclonal anti-fibronectin receptor, which recognizes
epitopes in the S, integrin subunit (Takara, Kyoto),
anti-vitronectin receptor, which recognizes epitopes in
the 8; integrin subunit (Takara), biotin-conjugated goat
anti-rabbit IgG (Caltag Lab., USA), and biotin-conju-
gated goat anti-mouse IgG (Vector Lab.). For the nega-
tive control, normal rabbit serum and mouse monoclonal
anti-desmin were used.

Angiogenesis assay The assay of FGF-induced angiogen-
esis was carried out according to the method described
by Weckbecker et al'” with some modifications. Matrix
Gel Blue A (Amicon, Tokyo} was washed, diluted with
PBS (1:1}, and incubated with bFGF for 1 h at room
temperature. This suspension (0.1 ml corresponded to 0.5
g of bEGF) was inoculated into female C57BL/6 mice
(14 to 16 g, 4-6 weeks old) intradermally with a 22-
gauge needle. Injection sites were on the right and left
side at the same level of the body axis. The next day,
cytokines were injected at the inoculation sites. Four
days after injection of cytokines, the mice were killed,
and the number of vessels oriented toward the micro-
spheres was counted under the unified magnification of a
dissecting binocular microscope. The vessel counts were
done according to the method described by Sidky and
Auerbach.'®

Statistical analysis The statistical significance of differ-
ences between groups was calculated by applying one-way
analysis of variance and the modified ¢ statistics (the
Bonferroni method).'® Data are shown as meantSD.
Synergistic interactions were calculated using an alge-
braic expression of the isobologram method, as described
by Berenbaum.”®” In brief, if the combined agents A and
B at the concentrations [Agmy] and [Beoms] produce
exactly the same quantitative effect as the separate agents
at the concentrations [A,] and [B,], respectively, and

[Acumb] [Bcomh] —
A) (Bl

the agents act additively. If the sum of the fraction is less
than or greater than 1, the agents act synergistically or

1
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antagonistically, respectively. In the case of no equi-
effective concentrations being found, interactions were
calculated as in the following example. In Table I, the
combination of 10 U/ml of IL-1 and 10 U/ml of IFN-y
caused 75.5% inhibition of cell proliferation of EC.
Eqi-effective concentrations of IL-1 and IFN-y were
> 100 U/ml, respectively. Substitution of these values
into the equation shows that the sum of the fractions
(10/>>100)+ (10/>100) is less than 0.2, so the agents
act synergistically.

RESULTS

Effects of IL-1 and/or IFN-y on EC proliferation EC
proliferation was determined by direct cell counting
(Table I). Exposure of proliferating EC to IL-1 and
IFN-7 led to a dose-dependent decrease in the cell
number. At several points, the simultaneous addition of
IL-1 and IFN-7 to EC resulted in a similar or a greater
inhibition of cell proliferation than that obtained using
ten times the amount of each cytokine administered
singly, indicating synergism.”® As shown in Fig. I, sup-
pression was cbserved in cells in the logarithmic growth
phase and became prominent at 4 days under these
culture conditions. In this experiment, IFN-y alone did
not inhibit the proliferation at 6 days, but cotreatment
with IL-1 (1 U/ml) and IFN-y (10 U/ml) suppressed EC
proliferation more than IL-1 alone ( P<0.05). This result
also suggests that IL-1 and IFN-y act in a synergistic
manner to decrease EC proliferation. The possible role of
endotoxin was ruled out by experiments using polymyxin
B to treat cultured EC (not shown). Cytotoxicity was not
observed by trypan blue dye exclusion and by measuring
the floating cell number of confluent, cultured EC (not
shown). These findings were basically consistent with our

Table I.  Inhibition of EC Growth by IL-1 and IFN-y
% of control cell growth (mean 5D}
IL-1 dose
(U/ml) IFN-y dose {(U/ml)
0 10 100 1,000
0 100+4.5 89.0*+83 527+1.8 17.0t1.4
i 69.8+t62 40,012,879 24.5%0.7

10 52.0£43 24531059 17.011.49

100 50.5%+4.9

Representative experiments illustrating the effect of IL-1 and
IFN-7 on the proliferation of EC. Cells were incubated with
cytokines in the presence of 2 ng/ml of bFGF for 4 days.
Resuits are expressed as 9% of control growth ([cell number
— cell number on day 0/control cell number — cell number
on day 0] X 100) £SD.

a) Synergistic interaction.
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previcus report using mouse aortic EC, in which, how-
ever, IL-1 alone did not inhibit EC proliferation.'®
Effects of IL-1 and/or IFN-y on EC migration EC migra-
tion is another process of angiogenesis. To evaluate cell
motility, confluent monolayers were wounded with a
plastic pipette tip, and cells were allowed to migrate into
the free space for 16 h. As shown in Fig. 2, EC cultured
with bFGF (control) actively migrated and filled the
wounds. In contirast, EC treated with the combination
of IL-1 and IFN-y were clearly arrested, accompanied
with slight clongation of the cell shape. Significant inhibi-
tion was observed even by 1 U/ml of IL-1 and 10 U/ml
of IFN-y, whereas each cytokine alone had only a modest
effect at such concentrations (Fig. 3). For each individual
cytokine to exhibit inhibition of migration, it was neces-
sary to use concentrations tenfold those of the amounts
used in combinations. These results indicate that I1.-1
and IFN-y act in a synergistic manner to decrease EC
migration.

Effects of IL-1 and/or IFN-y on EC adhesion Induction
of EC adhesion on a matrix is believed to be one of the
steps in the process of angiogenesis.?” We next examined
whether these cytokines influence EC adhesion on a
matrix. As shown in Fig. 4, EC treated with 1 U/m] or
IL-1 and 10 U/ml of IFN-y showed a significant decrease
in adhesion to collagen (69% of control), whereas each
cytokine alone at the same dose had no effect. IFN-y
failed to inhibit EC adhesion to culture wells even at 100
U/ml. On the other hand, IL-1 at the concentration of 10

12

Cell Number x 104

Days

Fig. 1. XKinetics of EC proliferation with cytokines. Cells
were treated with cytokines every two days. Cell numbers were
counted on the indicated days. Results are expressed as means
of triplicate cultures; SDs were less than 10%, Control (®);
IL-1 1 U/ml (O); IFN-y 10 U/ml (2); IL-1 1 U/ml and
IFN-y 10 U/ml ( Q).
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Fig. 2. Effects of IL-1 and/or IFN-y on EC motility. Monolayers of EC, treated for 48 h in the presence of bFGF (2 ng/ml)
with IL-1 (10 U/ml) and/or IFN-y (100 U/ml), were wounded with a plastic pipette tip and further cultured for 16 h in the
presence of the same mediators. The specimens were then fixed, stained, and photographed, The boundary of the wound is

indicated by dashed lines.

Cytokine (U/ml)

Control

IL-1 (1)

IL-1 (10)

IFNy (10)

IFNY {100)

IL-1 (1)+IFNy {10)

IL-1 (10)+1FNy (100)

Cell Number

Fig. 3. Quantitative eveluation of EC motility. After treat-
ment of EC with cytokines as described in “Materials and
Methods,” migration was quantitated by counting the number
of cells from the wounded edge using a light microscope. The
values represent the mean*8D of nine different fields from
triplicate wells. % P<{.05 vs, control.

Cytokine (U/ml)

Control

IL-1 (1)

IL-1(10)

IFNy (10)

IFNYy (100)

1L-1 (13+IFNy (10)

IL-1 (10)+IFNy (100}

120

Cell Number (% of control)

Fig. 4. Effects of IL-1 and/or IFN-y on EC attachment to
collagen. EC, treated for 48 h in the presence of bFGF (2
ng/ml) with cytokines, were trypsinized and then pipetted
into collagen-coated wells. After incubation for 1 h at 37°C,
cells were fixed and counted. The values are presented as
percent of controlZSD of four experiments. * P<0.05 vs,
control.
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U/ml inhibited EC adhesion (67% of control). However,
these differences between groups remained slight.

IL-1 and/or IFN-y suppressed FGF receptor expression
on EC To determine the mechanism of the angiogenesis-
inhibitory activity of these cytokines, the surface receptor
expression on EC was investigated. It has been reported
that IFN-y and II.-1 downregulate FGF binding to endo-
thelial cells.>® We examined the expression of FGF re-
ceptors as well as EGF receptors on EC by staining with
specific antibodies. Integrins of the 8, and 85 groups,
which are cell surface receptors for extracellular matrix
proteins expressed on EC,' were also examined. First,
analysis of FGF receptors by flow cytometry revealed
that the expression of FGF receptors is strongly down-
regulated by increasing cell density (not shown). Then
we cultured EC at low cell density in medium containing
1 ng/ml of bFGF for maximum receptor expression.
As shown in Fig. 5, 10 U/ml of IL-1 or 100 U/mi of
IFN-y alone decreased FGF receptor expression on EC.

Cotreatments with both cytokines suppressed the FGF
receptor expression more markedly. At these concentra-
tions, cytokines suppressed neither the expression of EGF
receptors nor 53, and 55 integrin subunits.

Effects of IL-1 and/or IFN-y on bFGF-induced angio-
genesis Thus far, these cytokines have been shown to
inhibit different processes of angiogenesis in vitro. It is
important to extend these findings with cultured cells to
an in vivo angiogenesis model. Angiogenesis was ex-
amined by using an bFGF-induced intradermal angio-
genesis model, and was evaluated quantitatively. As
shown in Fig. 6, bFGF-induced angiogenesis was highly
susceptible to the combined treatment with 1,000 U of
IL-1 and 100 U of mouse IFN-y. At this amount, TL-1
stimulated rather than inhibited angiogenesis, and the
inhibitory activity of IFN-r was smaller than that of the
combination (P<0.05). However, 10,000 U of IL-1 or
1,000 U of mouse TFN-y totally suppressed bFGF-
induced angiogenesis.

FGF receptor ; H\' j I
J‘ﬁ : H\f , :_;‘j‘ :ll )
’—'l,-pf j ML fl{ l‘—‘.HlM‘IJWr
f-f':ﬁ'! f):iji!* f‘l
EGF receptor 3 “,li‘ ; j{' \ J['J"k
L N !
Jf A 4 ‘k / L
. . | . !
(1 integrin f \ b fﬂy}m '-"“Jﬂ*%
”'“i B i "
Mﬁ'# \\\ _ﬁ‘.‘.fﬁy" M o '\'., ,aa‘-‘t‘/ !
. . | ";‘5. ﬁ\
B3 integrin i M‘* H a
If“l ‘I\ L ﬁﬂj ?E j \ jf \“
A A AN |
Control IL-1 (10U/ml) IFN-y (100U/ml)  IL-1+IFN-y

Fig. 5.

Effects of IL-1 and/or IFN-y on receptor expressions on EC. Cells were treated for 16 h with IL-1 (10 U/ml) and/or

IEN-y (100 U/ml). Surface levels of FGF receptors, EGF receptors, 8, integrin and §; integrin were quantitated by indirect
timmunofluorescence and flow-cytometric analysis. Histograms (with relative fluorescence as a logarithmic scale of 3 log cycles
on the x axis, and cell number as a linear scale on the y axis) from one of three experiments are presented. Staining with
specific antibodies is shown by solid lines, and staining with nonbinding irrelevant antibodies, by dotted lines.
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Cytokine {U/ml)

Control
1L-1 (1000)
IL-1 (16000)
IFNy (100}
TFNy (1000)

TL-1 (1000)+IENy (100)

Number of vessels

Fig. 6. Effects of treatment with IL-1 and/or mouse IFN-y
injected into the skin of C57BL/6 mice on angiogenesis initi-
ated by bFGF-adsorbed microspheres. Angiogenesis was quan-
titated by counting the number of vessels oriented toward the
mass. Around 17-25 vessels were observed with vehicle (PBS)-
adsorbed microspheres. The values represent the mean+SD
of four mice per group. * P<0.05 vs. control.

Effects of EGF on proliferation of cytokine-treated EC
The dose of IL-1 required for inhibition of angiogenesis
was larger than we had expected, One possible explana-
tion for this is that other growth factors modulate the
effects of cytokines in vivo. EGF is a mitogen for EC and
is present in most tissues.”” We examined whether EGF
could stimulate the proliferation of cytokine-treated EC.
As shown in Fig. 7, EGF stimulated EC proliferation,
and the inhibitory effects of IL-1 and IFN-y were par-
tially abrogated. For the cotreated EC, the stimulatory
effect of EGF was modest.

DISCUSSION

IL-1 and IFN-7, individually and synergistically, could
inhibit angiogenesis elicited by bFGF in the skin of mice.
This synergistic inhibition might be based on inhibition
of multiple steps of neovascularization, such as endo-
thelial cell proliferation, migration and adhesion. The
expression of FGF receptors was downregulated by these
cytokines, whereas those of EGF receptors, integrins 5,
and §8; were not. EGF could partially restore EC pro-
liferation that was suppressed by each cytokine. These
findings suggest that in a situation where FGF plays a
major role in angiogenesis, IL-1 and IFN-y each act as an
angiogenesis inhibitor, and the activity can be enhanced
by the concomitant presence of both.

Selective downregulation of FGF receptor expression
by IL-1 and IFN-y may be related to the observed
inhibitory activities of these cytokines, since FGF stimu-

Interaction of IL-1 and IFN-y on Angiogenesis

Cytokine (Ufml)

Control

IL-1 {10)

IFNy (100)

without EGF
1% M with EGF

E 1 A

0 20 40 60 80 100 120 140

IL-1 (10)+IFNy (100)

Cell Number (% of control growth)

Fig. 7. Effects of EGF on growth of cytokine-treated EC.
Cells were incubated with cytokines and 2 ng/ml of bFGF in
the absence or presence of 10 ng/ml of EGF for 3 days. Re-
sults are expressed as % of control growth ([cell number —
cell number on day O/control cell number — c¢ell number on
day 0] X 100) 8D of triplicate cultures. * P<0.05 vs. con-
trol without EGF.

lates the growth of EC,*® promotes cell movement,” and
supports endothelial cell adhesion.? However, several
other mechanisms could underlie this synergistic inhibi-
tion. Montesano et al® have reported that cotreatment
of EC with IL-1 and IFN-y rearranged the stress fibers to
a form corresponding to the phenotype of stationary,
immaobile cells. It is possible that the rearranged cyto-
skeleton of cytokine-treated EC might have affected the
preliferation or the migration of EC in our experiments.
Another possible mechanism of the inhibition of migra-
tion may be decreased protein synthesis of EC following
cotreatment with IL-1 and IFN-y,*® since protein syn-
thesis is required for the chemotactic migration of fibro-
blasts.” Cell adhesion and migration are also mediated
by integrins, which are cell surface receptors for extra-
cellular matrix proteins.'™ However, integrins do not
seem to be involved in our study, since the expressions of
A1 and $; integrins were not altered by these cytokines
(Fig. 5). Roles of growth-inhibiting prostaglandins in-
duced by IL-1, and depletion of L-tryptophan by IFN-y2®
were ruled out by experiments using cultured EC treated
with indomethacin or L-tryptophan (not shown).
Although IL-1 inhibits the proliferation of human
umbilical vein EC in vitro,” IL-1 has recently been
demonstrated to stimulate the proliferation of human
dermal microvascular EC, and not to inhibit the pro-
liferation of human umbilical vein EC.** These findings
imply diversity for EC of different origins, but the differ-
ence might be due to the different growth factors used in
cell culture. In the experiment, both types of EC were
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cultured with EGF instead of FGF. Since IL-1 inhibited
the expression of FGF receptors but not that of EGF
receptors on EC (Fig. 5), the activation of EC by FGF
may be a key event for IL-1 to exert its inhibitory action.
And this might be applicable to in vivo situations.
Angiogenesis-inhibitory activity of IL-1 has previously
been reported in rabbit cornea stimulated with bFGF.»
We observed similar inhibitory activity of IL-1 in mouse
skin (Fig. 6). In contrast, without FGF, IL-1 has been
demonstrated to initiate angiogenesis in rabbit cornea,”
and mouse skin.'” Thus, IL-1 may act as a bifunctional
angiogenesis regulator which depends on EC activation
by FGF.

Utilization of angiogenesis-inhibitory activity by cyto-
kines i1s expected to be useful therapy for angiogenesis-
dependent diseases. However, their therapeutic value has
not been established yet. For solid tumors, IFN-y has
been demonstrated to have limited antitumor activity,
and it may have an adverse effect in high-risk cutaneous
melanoma.’® Cytokines may only elicit antiangiogenesis
activity in limited situations by antagonizing specific
angiogenic stimulators, and may not be effective for
tumor-induced angiogenesis in which a variety of angio-
genesis factors basides FGF are involved.?* Antiangio-
genesis activity elicited by a single agent may thus be of
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