-

View metadata, citation and similar papers at core.ac.uk brought to you by ;{ CORE

provided by Archivio istituzionale della ricerca - Universita di Brescia

Industry Leading Portfolio:

TLRs, Inmunology, Cancer & Apoptos;ss s : < IMGENEX
Antibodies, Ligands & Reagents = I—

OURNAL IL-12 Inhibition of Endothelial Cell Functions

IMMUNOLOGY and Angiogenesis Depends on
Lymphocyte-Endothelial Cell Cross-Talk

Thisinformationiscurrent as Marina Strasly, Federica Cavallo, Massimo Geuna, Stefania
of October 6, 2013. Mitola, Mario P. Colombo, Guido Forni and Federico
Bussolino

J Immunol 2001; 166:3890-3899; ;
http://www.jimmunol.org/content/166/6/3890

References Thisarticle cites 71 articles, 44 of which you can access for free at:
http://www.jimmunol .org/content/166/6/3890.ful | #ref-list-1

Subscriptions  Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscriptions

Permissions  Submit copyright permission requests at:
http://www.aai.org/ji/copyright.html

Email Alerts Receive free email-alerts when new articles cite thisarticle. Sign up at:
http://jimmunol.org/cgi/alerts/etoc

€102 ‘9 $00100 uo 18nb Ag /B.0" jounwuwi :mmmy/:dny wioly papeojumoq

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

9650 Rockville Pike, Bethesda, MD 20814-3994.

Copyright © 2001 by The American Association of
Immunologists All rights reserved.

Print ISSN: 0022-1767 Online |SSN: 1550-6606.



https://core.ac.uk/display/53592044?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.jimmunol.org/cgi/adclick/?ad=40486&adclick=true&url=http%3A%2F%2Fwww.imgenex.com
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/
http://www.jimmunol.org/

IL-12 Inhibition of Endothelial Cell Functions and
Angiogenesis Depends on Lymphocyte-Endothelial Cell
Cross-Talk*

Marina Strasly,* Federica Cavallo," Massimo Geuna’ Stefania Mitola,* Mario P. Colombo,3
Guido Forni," and Federico Bussoliné*

In vivo IL-12-dependent tumor inhibition rests on the ability of IL-12 to activate a CD8-mediated cytotoxicity, inhibit angiogenesis,
and cause vascular injury. Although in vivo studies have shown that such inhibition stems from complex interactions of immune
cells and the production of IFN-y and other downstream angiostatic chemokines, the mechanisms involved are still poorly defined.
Here we show that IL-12 activates an anti-angiogenic program in Con A-activated mouse spleen cells (activated spc) or human
PBMC (activated PBMC). The soluble factors they release in its presence arrest the cycle of endothelial cells (EC), inhibit in vitro
angiogenesis, negatively modulate the production of matrix metalloproteinase-9, and the ability of EC to adhere to vitronectin and
up-regulate ICAM-1 and VCAM-1 expression. These effects do not require direct cell-cell contact, yet result from continuous
interaction between activated lymphoid cells and EC. We used neutralizing Abs to show that the IFN-inducible protein-10 and
monokine-induced by IFN-y chemokines are pivotal in inducing these effects. Experiments withu/nu mice, nonobese diabetic-
SCID mice, or activated spc enriched in specific cell subpopulations demonstrated that CD4CD8*, and NK cells are all needed
to mediate the full anti-angiogenetic effect of IL-12. The Journal of Immunology,2001, 166: 3890-3899.

he progression of tumors is largely dependent on theirwell as angiogenic inhibitors, such as angiostatin, inhibitory che-
vascularization (1, 2). The term angiogenic switch de-mokines, and thrombospondin (9-12).
scribes the expression of specific genes that alter the bal- IL-12 has been recently demonstrated to be a component of the
ance between pro- and anti-angiogenic molecules produced by teomplex signal network between lymphoid cells and neoplastic
mor cells themselves and by cells of host microenvironment (3-5)cells. Its systemic or local administration in tumor-bearing mice
This event is critical, as it results in vascularization of a primaryresults in up-regulation of VCAM-1 on the endothelial cell (EC)
tumor and its growth and metastatic spreading. surface, recruits leukocytes to the tumor site, alters tumor capil-
Besides stromal cells (5), lymphocytes and monocytes/macrolaries activated by polymorphonuclear cells, and leads to ischemic-
phages infiltrating tumor play a major role in regulating angiogen-hemorrhagic necrosis of the tumor. (13-21). Furthermore, an early
esis. T cells may favor angiogenesis by producing endotheliaéffect of IL-12 on tumor behavior is inhibition of tumor angiogen-
growth factors (6, 7) and by releasing metalloproteinases (MfPs)esis resulting in ischemic necrosis (13, 17, 18, 22-25).
that participate in capillary formation (8). Monocytes/macrophages As EC do not respond directly to IL-12 (25), its anti-angiogenic
produce direct and indirect inducers of angiogenesis, includingffect appears to depend on a series of downstream mediators. In
TNF-a, NO, IL-8, platelet-activating factor, vascular endothelial vivo experiments suggest that IL-12 promotes Thl responses re-
growth factors (VEGFs), and hepatocyte growth factor (9, 10), asulting in IFN-y production. This, in turn, orchestrates the produc-
tion of secondary chemokines. IFN-inducible protein-10 (IP-10)
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IFN-inducible protein-10; MIG, monokine induced by IFN-spc, mouse spleen cell; These cells do not produce IFjeven after coculture with activated lym-
VEGF, vascular endothelial growth factor; NOD, nonobese diabetic. phocytes, as assessed by 30 cycles of RT-PCR (data not shown). H.end

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00



The Journal of Immunology 3891

cells were cultured in DMEM (Sigma, St. Louis, MO) supplemented with spc and human PBMC were cultured in RPMI 1640 complete medium.
2 mM glutamine (Sigma), 10% FBS (Life Technologies, Paisley, U.K.), Activated spc-IL-12 and activated PBMC-IL-12 were cultured in complete
100 U/ml of penicillin, and 10Qug/ml of streptomycin (Sigma)Myco- medium supplemented with 10 ng/ml IL-12. In a few cases cocultures were
plasmacontamination was periodically checked with a PCR kit (Strat- performed in the presence of the rabbit serum anti-MIG (1/100 final dilu-
agene, La Jolla, CA) with negative results. Human EC were isolated frontion) and anti-IP-10 (1/200 final dilution), mAb anti-murine TNF-
umbilical cord veins, characterized, and grown in medium 199 (Sigma)(cloneV1g; 10ug/ml final dilution; American Type Cell Culture Collec-
containing 20% FBS as previously described (31). They were used at earlion, Manassas, VA), anti-murine GM-CSF (clones H10650 and HB10651;

passages (I-IV). 10 pg/ml final dilution; American Type Cell Culture Collection, used with
o permission from J. A. Abrams, DNAX, Palo Alto, CA), rat mAb (IgG1)
Activation of spc anti-murine IFNy (clone XMG 1.2; final dilution 1Qwg/ml; PharMingen),

or rabbit serum (1/50 final dilution; Sigma), and rat IgG1 and IgG2a (1/50
final dilution; PharMingen). At the end of incubation, EC were detached in
PBS containing 2 mM EGTA (Sigma) for adhesion assay or with trypsin
pe_ife Technologies) for in vitro angiogenesis assay and FACS analysis.

Spc were obtained from normal and IFN?~ BALB/c, C57BL/6, CD1
nu/numice (Charles River, Calco, Italy), and nonobese diabetic (NOD)/
Ltsz scid/scidmice (The Jackson Laboratory, Bar Harbor, ME). In selected
experiments spc were obtained from mice bearing an s.c. transplantab
mammary adenocarcinoma (TSA) (17) that were treated, or not treated?roliferation assay

with 0.1 ng of recombinant murine IL-12 (kindly provided by Michael

Brunda, Hoffmann-La Roche, Nutley, NJ) i.p. daily for 5 or 10 days. Spc Proliferation of H.end and human EC in the cocultured system was mea-
(2 X 10°/ml) were activated by overnight culture in RPMI 1640 supple- sured by evaluating cell number by crystal violet staining (31). Briefly cells
mented with 10% FBS, 100 U/ml of penicillin, 0g/ml of streptomycin, ~ were washed twice with PBS, fixed with 2.5% glutaraldehyde for 20 min
and 2.5X 10~° M 2-ME (Sigma; RPMI 1640 complete medium) contain- at room temperature, and stained with 0.5 ml crystal violet (0.1% in 20%
ing 2 ug/ml Con A (Sigma) in the absence (activated spc) or the presencénethyl alcohol solution). After washes, color was developed in 10% acetic
(activated spc-IL-12) of 10 ng/ml murine IL-12 (kindly provided by Mi- acid and read at 540 nm on a microplate reader (model HTS7000; Perkin-
chael Brunda, Hoffmann-La Roche, Nutley, NJ). In a few experiments spd=lmer, Boston, MA). A calibration curve was set up with known numbers
were enriched in T and NK cells through passage on a nylon wool columrdf cells, and a linear correlation between absorbance and cell counts was
as previously described in detail (32). Column-emerging cells were acti€stablished up to X 10° cells. To assay mitogenic activity of IL-12, H.end
vated with Con A with or without IL-12 (10 ng/ml) in the presence or the cells and human EC were seeded in 48-well plates<(10* H.end and
absence of adherent BALB/c peritoneal macrophages obtained by perit@2.5 X 10% human EC/well) and allowed to attach for 24 h. The cells were
neal washes of BALB/c mice as previously described (33). In other experthen starved in medium 199 containing 1% FBS for 24 h, and IL-12 or
iments depletion of CD4, CD8", and NK cells was performed using the VEGF-A,¢5(R&D Systems) were added to the wells in medium containing
MiniMACS magnetic separation system (Miltenyi Biotec, Bergsch Glad- 2.5% FBS every 2 days. Cells were counted on day 5 as previously
bach, Germany). BALB/c activated spc were first labeled with anti-CD4 detailed.

(L3T4 mADb) or anti-CD8 (Lyt-2 mAb) and then with indirect goat anti-rat
1gG microbeads (Miltenyi Biotec). C57BL/6 activated spc were first la-
beled with anti-NK (PK 136; PharMingen, San Diego, CA) and then with £c adhesion was assayed as previously described (34). Suspended cells in
these microbeads (Miltenyi Biotec). Activated spc and activated spc-IL-12medium 199 containing 1% FBS were platedX310%) in 96-well plates

were washed and resuspended ak 210°/ml of RPMI 1640 complete  coated with vitronectin (Sigma; overnight at 4°C, 26/ml), washed, and
medium or RPMI 1640 complete medium supplemented with 10 ng/mlthen incubated at room temperature with 1% human serum albumin (Sig-
IL-12, respectively. ma) for 2 h. After 1-h incubation at 37°C cells were washed, fixed, stained
Activation of human PBMC with crystal violet, and processed as above.

Adhesion assay

Human PBMC were from buffy coats of healthy blood donors obtainedChemm?JlXIS assay

through the courtesy of Centro Trasfusionale AVIS (Torino, Italy). Blood Cell migration assay was performed using a 48-well microchemotaxis
was washed once with cold PBS at 48@ to remove plasma and platelets chamber (Neuroprobe, Pleasanton, CA). Polyvinylpyrrolidone-free poly-
and then was centrifuged on Histopaque 1077 (Sigma) ab6@dor 30 carbonate filters (Nucleopore, Corning Costar, Cambridge, MA) with a
min at room temperature. Cells were collected at the interface, washegore size of 5um were coated with 1% gelatin for 10 min at room tem-
twice with PBS, and resuspended in RPMI 1640 complete medium. Cellperature and equilibrated in medium 199 supplemented with 1% FBS (31).
(1.5 X 10°/ml) were activated for 24 h with Con A (1pg/ml) in the Indicated concentrations of IL-12 or VEGF4 were placed in the lower
absence (activated PBMC) or the presence (activated PBMC-IL-12) of 1@ompartment of a Boyden chamber, and 1:29.0° H.end or human EC
ng/ml human IL-12 (R&D Systems, Wiesbaden-Nordenstadt, Germany)were seeded in the upper compartment. Cells were allowed to migrate for
Activated PBMC and activated PBMC-IL-12 were then, respectively, re-7 h at 37°C in a humidified atmosphere with 5% COhe filter was then
suspended in RPMI 1640 complete medium alone or supplemented with 1@moved, and cells on the upper side were scraped off with a rubber po-

ng/ml IL-12. liceman. Migrated cells were fixed in methanol, stained with Giemsa so-
lution (Diff-Quick; Baxter Diagnostics, Rome, ltaly), and counted from
Coculture of EC and spc or human PBMC five random high power fields (magnificatior,100) in each well.

Coculture experiments were performed in six-well plate Transwell SYStemSMatrigel morphogenetic assay

(0.4 wm; Falcon, Plymouth, U.K.) with mouse H.end cellsX3L0% or EC

(6 X 10% plated at the bottom of the wells. Murine spcX210°/ml) and Matrigel (Collaborative Biomedical Products, Becton Dickinson, Milan,
human PBMC (1.5-3< 10%ml) were seeded onto the inserts. Activated Italy; not purified from contaminant growth factors; 0.2 ml) was added to

Table I. Effect of IL-12 on EC functions

VCAM-1€ (% E-Selectifi (%
Proliferatior? (1 X 1C° cells) Migratior? (cell number) positive) ICAM-1° (% positive) positive)
Treatment H.end EC H.end EC H.end EC H.end EC H.end EC
None 22+ 1.4 36+x14 24+ 6 285 18+ 3 14+ 2 45+ 12 32+ 5 4+3 0
VEGF-A® 113+ 41 154+ 2.4 89+ 15 124+ 19 NT NT NT NT NT NT
TNF-a® NT NT NT NT 45+ 7 384 71+ 12 65+ 6 34+5 41+ 6
IL-12¢ 20+1.8 3.5+ 2.6 30+ 9 16+ 10 8+ 3 18+ 4 41+ 5 27+ 9 11+0 0

2 Quiescent cells were stimulated every 2 days with VEGEsAr with murine or human IL-12, and cells were counted at day 5.

b Cell migration was evaluated after 7-h stimulation by Boyden’s chamber technique.

¢ Adhesion molecule expression was evaluated after 24-h (VCAM-1 and ICAM-1) or 6-h cell stimulation.

dMean + SD of three experiments done in triplicate.

¢VEGF-A, 45 and TNFa were used at 10 ng/ml. Murine or human IL-12 were used at 20 ng/ml, but similar results were obtained from 0.1 to 100 ng/ml.
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human PBMC. The growth of H.end cell&)(and of 3 7 ] *E
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with differently treated spc or PBMC or with con- E ‘O- i ’
ditioned medium (C.M.) from cultures of activated B 10 § 5 7 ’ §*
spc-IL-12 and activated PBMC-IL-12. The mean £ 2 5 - ; ’
SD of five experiments performed in triplicate are 3 1V E /
shown.* and §,p < 0.05 vs cocultures of EC with 2 ﬂ ’ 4 7 ’
nonactivated spc and PBMC and with activated spc 0 ’
and activated PBMC, respectively, evaluated by Stu-
dent-Neuman-Keuls test performed after ANOVA C.M. + C.M. +
(A, F = 10.75;B, F = 17.08). EC + + + + + o+ * EC 4+ + O+ o+ o+ o+
spc + + + + + PBMC + £ + + o+
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each well of a 48-well plate and incubated at 37°C for 30 min to allow gelnium acetate (7.5 M; pH 7.5). Ethanol-precipitated DNA pellets were
formation. Human EC (X 10%well) were plated onto Matrigel and coeul  treated with pancreatic RNase (200 ng for 15 min at 37°C) in Tris-borate
tured with human PBMC. After 48-h incubation in 5% ¢@umidified EDTA buffer. Samples were electrophoresed on an agarose gel (Bio-Rad,
atmosphere at 37°C, the cell three-dimensional organization was examinddercules, CA) containing ethidium bromide (1.8%) to visualize DNA
under an inverted phase contrast photomicroscope (DM-IBM model; Leicdragmentation.

Microsystems, Wetzlar, Germany) and then photographed. This Matrigel

allows spontaneous in vitro angiogenesis (35). Cell cycle analysis

Gel zymography Murine H.end and human EC were suspended inb6f PBS, fixed in 1
ml of 70% ice-cold ethanol for 30 min on ice, stained with 0.5 ml of

MMPs activity was assayed by zymography of EC proteins (36). EC werepropidium iodide (100ng/ml; Sigma) containing 5ug/ml pancreatic

lysed in 50 mM Tris, 300 mM NaCl, and 1% Triton X-100, pH 7.5, and 10 RNase (Stratagene) for 20 min at 37°C. After gating out cellular aggregates

g of proteins were separated by 10% SDS-PAGE impregnated with geland debris, propidium iodide fluorescence was measured using a FACScan

atin (1 mg/ml; Sigma) in nonreducing conditions. Gels were washed twicelow cytometer, and cell cycle analysis was performed with the Mod Sit LT

for 20 min each time with 50 mM Tris, and 2.5% Triton X-100, pH 7.5, and program (Verity Software House, Topsham, ME).

incubated overnight at 37°C in 40 mM Tris, 200 mM NaCl, 10 mM CacCl DNA synthesis was measured by 5-bromodeoxyuridine (BrdU) uptake

and 0.02% Nal pH 7.5, with or without 5 mM EDTA. Clear bands, and compared with DNA content as determined by propidium iodide up-

identifying the positions of 72- and 92-kDa gelatinases, were visualized oriake (38). Briefly, adherent cells were incubated withud0 BrdU (Sigma;

the blue background after staining with 0.25% Coomassie blue R250 and h at 37°C). Detached cells were fixed as described above, washed, and

destaining with 50% methanol and 10% acetic acid. suspended in PBS. Cells were denatured in 1 1@ N HCI for 20 min at
) . room temperature and then neutralized with 1 ml of 0.1 MBy®, for 5
Expression of adhesion molecules min at room temperature. The cells were centrifuged and incubated (10 min

at 45°C) in 2 ml of PBS containing 5% Tween 20 and 0.1% BSA (Sigma),

Single-cell suspensions of H.end or human ECX110°/ml) recovered : : . A -
from cocultures or adherent cell cultures stimulated with IL-12 or humanthen centrifuged and incubated with 14 of fluoresceinated mAb anti

or murine TNFe (both from R&D Systems; 10 ng/ml) for appropriate
times were respectively incubated in PBS containing 1% FBS (30 min in
ice) with rat anti-mouse mAb against VCAM-1 (Clone M/K-2; Quby/ p<0.05
sample), ICAM-1 (Clone KAT-1; 0.ug/sample; R&D Systems), E-selec- 251 i
tin (Clone 10E9; 0.5ug/sample; provided by E. Dejana, Istituto Mario é
Negri, Milan, ltaly), or mouse anti-human mAbs against VCAM-1 (Clone
51-10C9; 0.1ug/sample), ICAM-1 (Clone HA58; 0.Lkg/sample; PharM-
ingen), and E-selectin (Clone 10C10; @.8/sample; R&D Systems). Cells
were then washed twice with ice-cold PBS and labeled with appropriate
FITC-conjugated secondary Abs (R&D Systems). The secondary Ab alone
was used as a control. FACS analysis was performed with a FACScan flow
cytometer (FACSCalibur, Becton Dickinson).

20 1

15

10

Number of Cells {1x10%)

Apoptosis assays 0

0
¥

/4‘/9

H.end and human EC apoptosis was studied by exposure in the outer mem- ;?éb é&
brane of phosphatidylserine assayed using an annexin V-FITC kit (Bender C P |
Medsystem, Wien, Austria) and propidium iodide staining by FACS anal-
ysis. The two annexin V-positive quadrants of the analysis were taken as Treatment § days 10 days

the apoptotic fraction. Apoptosis was also studied by detection of cytosoli : .
histone-associated DNA fragments with a Cell Death Detection ELISA kitq:IGAURE 2 Gro(\;vth of munne I;.enq ceLl’IZLcBo/%JItu_red with ch.fr:om
(Roche, Mannheim, Germany). The absorbance was measured at 405 nhT"’ mammary adenocarcinoma-bearing mice tr(_aate W'_t Sys-
with a microplate reader (Perkin-Elmer). DNA laddering was studied ont€Mic IL-12. Mice bearing TSA tumor were treated with vehicle or with 0.1
1 X 10P cells lysed in 20 mM Tris-HCI, pH 7.4, containing 5 mM EDTA g of murine IL-12 i.p. daily for 5 or 10 days. The results from 72-h
and 0.4% Triton X-100 (37). Cytosolic DNA was extracted with phenol/ cultures are expressed as the meaBD of three animals. Studentisest

chloroform/isoamylic alcohol (25/24/1) and was precipitated with ammo-was used for evaluation of statistical significance.

by,
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Table II. Effect of human PBMC cells stimulated by IL-12 on EC apoptosis

EC Cocultured with

Annexin V staining Nucleosome ELISA Propidium iodide staining (%

(% positive cells) (OD at 405 nm) hypodiploid cells)
None 0.61*+ 0.2¢° 0.401= 0.04 3.19+ 1.20
PBMC 0.96=+ 0.50 0.352+ 0.05 5.70+ 1.89
Activated PBMC 1.23+ 0.54 0.36% 0.02 7.81+ 2.54
Activated PBMC IL-12 0.74x0.77 0.34+ 0.07 8.06x 1.77
Etoposide 5uM 17.4+ 1.56 2.68+ 0.12 53.12+ 9.50

aHuman EC were cocultured with 2 10° human PBMCs for 72 h in transwells.
b Mean = SD of three measures in one experiment representative of three independent experiments.
¢IL-12 was used at 10 ng/ml.

BrdU (PharMingen) in 0.2 ml of PBS for 30 min at room temperature inthe ~ Although conditioned medium from activated spc-IL-12 was not
dark. After washes the cells were kept overnight at 4°C in the dark to favolsfficient to mimic the inhibition observed in the cocultures (Fig.

partial DNA renaturation. Staining with propidium iodide and FACS anal- 1). arrest of either mouse H.end or human EC proliferation did not
ysis were performed as described above. At least 10,000 events Were)‘ . . ) A P
require direct cell contacts because it occurred when the two cell

analyzed.

types were separated by a semipermeable membrane.
Results IL-12 impairs the in vivo growth of several murine tumors as
Effect of IL-12 on EC well as that of TSA adenocarcinoma by inhibiting angiogenesis

In the first series of experiments we observed that the presence ?rfd _cau_smg_tvai_cule_lr ne_crosi t()16‘ 17, ‘T’tg)' To ?valu?r':e W;Ftther
0.1-100 ng/ml of IL-12 in the culture medium did not alter the IS I VIVO Situation IS mirrored by our cutture system, the ability

expression of adhesion molecules or the proliferative and migragf spc from mice bearing TSA tumor and treated systemically with

tory ability of both murine H.end and human EC. By contrast, the”",12 to reduce _H-e”F’ proliferation was tested. A Sig”iﬁcam im-
addition of VEGF-A induced proliferation and migration of Pairment of proliferation was found in cocultures with spc from
both cells, while the addition of TNE-up-regulated their mem- Mice bearing TSA adenocarcinoma that received 10 daily injec-
brane expression of ICAM-1, VCAM-1, and E-selectin (Table 1). tions of 100 pg of IL-12 (Fig. 2).

As these results apparently challenge many data on the effects of
IL-12 on vascular system (13, 17, 18, 22—-25), we next investigated, . .
in a coculture system whether the effects of IL-12 were, in fact,% ;;'l\;a;?dEépc'lL_lz and activated PBMC-IL-12 arrest the cell

mediated by lymphoid cells.
The observed inhibition of EC by mouse activated spc-IL-12 and

Activated spc-IL-12 inhibit EC proliferation human activated PBMC-IL-12 could depend either on cell death or

First, the proliferation of H.end cells cocultured with spc, activatedcell cycle arrest. As no toxic effect in the cocultures (i.e., lactate
spc, and activated spc-IL-12 was evaluated. No inhibition of H.endi€hydrogenase release and trypan blue exclusion) were observed,
proliferation was observed except when they were cultured witht was first evaluated whether the reduced number of EC was due
activated spc-IL-12. The decrease in H.end cell proliferation wagdo an increase in their apoptosis. In contrast with etoposide (40),
directly proportional to the amount of IL-12. The stronger inhibi- which markedly increased human EC apoptosis (positive control),
tion was found in the presence of 10 ng/ml IL-12. In this case,no enhanced EC apoptosis was found after 72-h culture with hu-
inhibition was already evident after 24 h of coculture (data notman activated PBMC-IL-12 (Table II). This result was assessed
shown) and peaked at 72 h (Figd)1 Similar results were obtained with four independent methods, namely by evaluating the binding
by coculturing human PBMC with human EC (FigB)L Human  of fluoresceinated annexin V to phosphatidylserine expressed in
EC were even more sensitive than mouse H.end cells to the inhihe outer membrane, the presence of nucleosome by measuring
bition by activated PBMC-IL-12. histone-associated DNA fragments, the presence of a hypodiploid

Table Ill. Analysis of cell cycle in murine microvascular H.end cells and humaf EC

Cell cocultured with

Gy-G, S (% of cells) G-M
H.end EC H.end EC H.end EC
None 30.3+ 1.4 65.0+ 1.4 542+ 2.5 23.6+ 3.3 16.6+ 0.5 13.3=1.4
spc or PBMC 20.4- 2.0 67.2= 1.3 544+ 1.5 2251 4.2 135+ 1.3 14.0= 1.0
Activated spc or activated PBMC 323x=3.1 70.6x 2.3 53.2+ 1.2 20.3x 2.1 13.8+ 2.4 13.5+= 2.3
Activated spc-IL12 or activated 454+ 23 70.0= 2.6 38.7- 1.4 112+ 25 14.6+ 0.5 9.3+ 0.5

PBMC-IL-12¢¢

2 Cell cycle analysis was performed on H.end cells or human EC cells respectively cocultured with murine or human lymphomononuclear cells for 2ihd Af th
cocultures cells were labeled with BrdU, stained with fluorosceinated Ab anti-BrdU and propidium iodide, and then analyzed by FACS.

b Mean + SD of three samples from one typical experiments of three.

¢spc and PBMC were respectively used with H.end and human EC.

9 Human or murine IL-12 were used at 10 ng/ml.
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158 15 B results were obtained with H.end cells cocultured with activated
' ' z spc-IL-12 (Table 1II).
27 1'2j E E Activated spc-IL-12 and activated human PBMC-IL-12 inhibit
5091 I EC adhesion
o S ] As adhesion to extracellular matrix is crucial for survival of EC
061 067 . and nascent vessels (41), and impairment of integrin-mediated en-
03 - y 034 dothelial adhesion may even result in tumor regression (42, 43),
' a ' the effect of activated spc-IL-12 and PBMC-IL-12 on adhesive
° 0 properties of EC was next evaluated. A dramatically reduced ca-

pacity of murine and human EC to adhere to vitronectin, the ligand

C.M. + CM. *

EC + + + + + + EC + + + 4+ + + of «, B3 integrin (44) was found; by contrast, no modulation of EC
e A e zgri v adhesion ability was found following their culture with condi-
L12 + o+ iL12 + o+ tioned medium from activated spc-IL-12 or PBMC-IL-12 cultured

FIGURE 3. Adhesion to vitronectin of murine H.end and human EC alone (Fig. 3).

cocultured with spc and PBMC. Adhesion of H.end cel$ &nd human  Activated spc-IL-12 and activated human PBMC-IL-12 regulate
EC (B) was evaluated after 72 h of cocultures with differently treated spcaghesion molecule expression

and PBMC or with conditioned medium (C.M.) from cultures of activated . ) . )
spc-IL-12 and activated PBMC-IL-12. At the end of cocultures, EC were !N Mice treated with systemic IL-12, the expression of VCAM-1

detached, and X 10* cells were seeded on 96-well plates coated with and, to a lesser extent, of ICAM-L1 is consistently increased on EC
vitronectin. After 1-h incubation at 37°C, cells were washed, fixed, andlining tumor capillaries (13, 17). Our cocultures confirm these re-
stained by crystal violet, and the absorbance was read at 540 nm. Theults. Factors released by both human and murine activated spc-
adhesion of EC to BSA, used as a negative control, was 808003  |L-12 and activated PBMC-IL-12 increase the expression of
(mean= SD of four experiments performed in triplicate).p < 0.05 vs VCAM-1 and ICAM-1 (Fig. 4), but not that of E-selectin (data not

cocultures of EC with activated spc and activated PBMC, evaluated byshown) on human EC and mouse H.end cells, respectively.
Student-Neuman-Keuls test performed after ANOAY F = 295.11;B, '

= 171.98). Activated PBMC-IL-12 impair in vitro angiogenesis
of human EC

To gain an insight into the effect of IL-12 on angiogenesis, human
cell population by propidium iodide staining (Table Il), and cyto- EC were cultured on a three-dimensional matrix protein gel (Ma-
solic DNA laddering (data not shown). No apoptosis increase wasrigel) (45-47), where they gave rise spontaneously to an orga-
also observed after 24- and 48-h cocultures of activated spc-IL-12ized meshwork of anastomosing cord-like structures (FA). 5
and H.end cells (data not shown). DNA synthesis in human EC andlthough coculture with PBMC or activated PBMC did not mod-
H.end cells was measured by evaluating BrdU uptake during $y the EC angiogenetic ability (Fig. B and C), their coculture
phase compared with DNA content by FACS analysis. Table lllwith activated PBMC-IL-12 dramatically inhibited it. By failing to
shows that a reduced number of human EC entered S phase aftestablish contacts to neighboring cells, EC were unable to form
coculture for 72 h with human activated PBMC-IL-12. Similar continuous tubes (Fig.[¥).

8
A
8
| | f P
FIGURE 4. Expression of adhesion molecules on T
human end murine EC cocultured with spc and 8] J\{ X
PBMC. FACS analysis of ICAM-1A and C) and ,j Y
VCAM-1 (B andD) in H.end @A andB) and human _4 ‘
EC (C and D) cocultured for 72 h with activated ] qﬁm
spc-IL-12 (dotted lines) or with activated spc-IL-12 O # ICA"’]';‘-I 4o
and activated PBMC-IL-12 (continuous lines). The
fluorescence intensity of both molecules analyzed in 7
unstimulated H.end cells or human EC or cocultured £ C iij‘]_
with spc and PBMC alone was similar to that ob- g fj T,
tained after coculture with activated spc and PBMC. | N
Results are representative of four independent 8 f" ﬁh
experiments. 22 i ify
$ / B
) ) i
83 ,ﬁ! 1%
2 .3 \
=L

T
1
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FIGURE 5. Formation of tube-like structures by hu-
man EC cocultured with PBMC. Human EC §2 10%)
were plated onto Matrigel and cocultured with human |
PBMC. After 48-h incubation the cell three-dimensional
organization was examined under an inverted phase
contrast photomicroscopd, EC alone;B, EC cocul-
tured with PBMC; C, EC cocultured with activated
PBMC; D, EC cocultured with activated PBMC-IL-12;

E, EC cocultured with activated PBMC-IL-12 in pres-
ence of anti-MIG Ab;F, EC cocultured with activated
PBMC-IL-12 in the presence of anti-IP-10 Ak, EC
cocultured with activated PBMC-IL-12 in the presence
of anti-MIG and anti-IP-10 Absi, EC cocultured with
activated PBMC-IL-12 in the presence of irrelevant Ig.
Magnification, X 10. Results are representative of three
independent experiments.

Production of MMPs by EC is a crucial event during the pro-
gression phase of angiogenesis. Itis characterized by cell sprouting
and matrix remodeling and regulates in vitro angiogenesis (10, 48).
To assess the production of MMPs by cocultured human EC, the
presence of the bioactive proteases was assessed by zymography in
EC lysate. We found that EC did not show constitutive production
of MMP-9 (97 kDa). The gelatinolytic activity appeared after co-
culture with PBMC, but was not modified by activated PBMC. In MMP9 —
contrast, the proteolytic activity was consistently reduced in co-
culture with activated PBMC-IL-12. MMP-2 (72 kDa) was present
in untreated EC, but its production was not affected by the cocul-

tures (Fig. 6). MMP-2 —

Cell populations responsible for the inhibition of EC EC + + + +
roliferation PBMC - + _ _

proliferatio Activated PBMC - - + -

To define the cell population mostly responsible for the inhibition Activated PBMC-IL12 - - - +

of EC proliferation, activated spc-IL-12 from variously immuno- o e 6 \yvp-2 and MMP-9 production by human EC cocultured
d?f'C'em mlce were flrs_t tested. A_Ctlvat_ed spc-IL-12 frtmmVnu_ . with human PBMC. Cell lysates (3@g) from EC alone or cocultured for
mice lacking T cell functions and displaying enhanced NK activity 75 1, with activated PBMC or activated PBMC-IL-12 were analyzed by
(49) displayed a reduced ability to inhibit mouse H.end growthgejatin zymography as detailed Materials and MethodsThe MMP-9
(36% inhibition) compared with normal mice (70% inhibition). (upper bandland MMP-2 {ower band were located at-97 and 72 kDa,
Activated spc-IL-12 from NOD-SCID mice exhibiting low NK respectively. Results are representative of two independent experiments.
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Table IV. Effect of spc from immunodeficient mice on H.end grdwth ~ mAb added to the cocultures alone (Fig. 7) or in combination with
anti-TNF- or anti-GM-CSF mAbs (data not shown) at the begin-

Mice from Which spc ' ' ning or every 12 h only partially abolished the inhibition. More-

Were Obtained: Activated spe Activated spe-IL-12 over, a partial inhibition of H.end proliferative ability was still
BALB/C 200+ 2.2 6.3+ 1.2 evident in the presence of activated spc-IL-12 from HpN-
BALB/c IFNy~/~ 222+ 21 13.7+ 1.1* mice (Table V).
nu/nu mice 21215 14.7+ 0.7*
NOD-SCID 183+ 1.6 149+ 15
NOD/Lt™+ 19.1+ 2.0 8.3+ 1.8* . .

Discussion

= Activated tivated spc-IL-12 (2 10F/m ltured for 72 h with .
g 5 qofivated shc or activated spe-IL-12 (2 107m were cocultured for 72hwith e experiments presented here show that both spc and human

P EC number K 10% expressed as the meanSD of three independent exper- PBMC activated by Con A in the presence of IL-12 markedly
i;";;“s- ANOVA,F = 32.16.*,p < 0.05 vs activated spc (Student-Neuman-Keuls jnhibit the proliferation, matrix adhesion, ability to differentiate
' into tube-like structure, and expression of VCAM-1 and ICAM-1
of human and murine EC. The strength of this inhibition makes it
activity and defective for macrophage function (50) did not impairthe in vitro equivalent of the marked anti-angiogenic and angio-
the H.end proliferation rate, while activated spc-IL-12 from static activity of IL-12 observed in vivo (13, 17, 18, 22-25). Use
NOD/Lt */* mice, displaying normal immune functions, inhibited of a Transwell to impede physical contact between lymphoid cells
H.end proliferation as did those from normal mice (Table Iv). and EC allowed investigation of the inhibiting factors released in
In other experiments, activated spc-IL-12 were selectively dethe medium. IL-12 alone had no effect on EC functions, whose
pleted of CD4, CD8", or NK cells using specific mAbs and the inhibition, in effect, stems from factors released by activated spc-
MiniMACS magnetic separation system (Miltenyi Biotec; Table IL-12 and activated PBMC-IL-12. Normal, nonactivated spc or
V). The absence of CD4 CD8", NK cells, and macrophages PBMC are devoid of this inhibitory activity or even enhance EC
during cocultures partially decreased the inhibition of H.end pro-proliferation. In a few cases a minor inhibition was observed in the
liferation. In contrast, spc passed through a nylon wool column hagresence of activated spc and activated PBMC. In all cases this
a reduced inhibitory effect on H.end proliferation, which was re-inhibition was markedly and significantly amplified by the pres-
versed by addition of peritoneal macrophages (Table V). Togetheence of IL-12, suggesting that this cytokine specifically induces an
these results strongly suggest that distinct activated spc-IL-12 sulanti-angiogenic program in human and murine lymphoid cells.

populations play a role in the inhibition of EC proliferation. Murine H.end cells are a suitable model for investigation of the
) o ) ) activities of microvascular EC (28—-30, 52). Their growth inhibi-
Factors leading to the inhibition of EC proliferation tion as well as that of human EC in the presence of factors released

In many experimental systems in vivo the anti-tumor activity of by activated spc-IL-12 and activated PBMC-IL-12 does not cor-
IL-12 appears to rest on its ability to induce downstream produc+elate with a major increase in their apoptosis, but with their de-
tion of IP-10 and MIG as a consequence of its induction of H*N- layed entry into S phase. This finding fits in well with recent data
production (13, 17, 21, 23, 51). To evaluate the downstream meshowing that tumor vessels have a diminished proliferation index
diators involved in the inhibition of EC in the cocultures with after treatment with IL-12 (25). Reduced proliferation of EC was
activated spc-IL-12, different cytokine-neutralizing mAbs were associated with a decrease in their ability to adhere to vitronectin,
used. Although the presence of nonspecific rabbit IgG (Fig. 7)the ligand ofa, 35 integrin (44). In vivo adhesion of EC to this
anti-TNF (or anti-GM-CSF mADb), either alone or in combination, substrate provides anti-apoptotic signals to nascent vessels (42, 53)
did not affect the inhibitory activity of murine activated spc-IL-12 through suppression of p53 and p53-inducible cell cycle inhibitor
on H.end proliferation (data not shown), it was abolished whenp21WAF1/CIP1 and elevation of the Bcl-2:Bax ratio (54). Fur-
MIG and-IP-10 were neutralized by specific Abs (Fig. 7). Simi- thermore integrins containing,, subunit mediate the progression
larly, anti-MIG and anti-IP-10 Abs reduced the inhibitory effect of through G phase by protracted activation of Jun Ntérminal
activated PBMC-IL-12 on human EC adhesion (Fig. 7) and in vitrokinase (55). Coculture of EC with activated spc-IL-12 and acti-
angiogenesis (Fig. £—G). Surprisingly, a neutralizing anti-IFN-  vated PBMC-IL-12 may first result in changesdpB affinity for

Table V. Effect of spc sub-population on murine EC growth in cocufture

Cell Treatment

None Con A+ IL-12
Cell Type EC number (1x 10%

spc 18.0= 2.2 53+ 1.2*
Nylon wool spé 17.0+1.2 12.4+ 0.3*§
Nylon wool spc supplemented with macrophdges 20.4+0.2 7.2+ 3.0*
spc depleted of CD# cells 18.3-1.8 16.4+ 1.88
spc depleted of CD8 cells 17.2- 0.8 11.4+ 2.1*8
spc depleted of NK cells 21111 13.0+= 0.8*§

agpc (2% 10°/ml) were activated as detailed Materials and Methodand cocultured for 72 h with H.end cells §310%).

bMean+ SD of three experiments. ANOVA; = 67.51. * and §, respectively, indicage< 0.05 vs unstimulated cells and
vs activated Ly-IL-12 (Student-Neuman-Keuls test).

cspc (2% 10°) were layered on mouse peritoneal macrophages (20%cm?) and incubated overnight in RPMI 1640
complete medium containing 2g/ml Con A in the absence or in the presence of IL-12 as detailédiiterials and Methods.

9 Macrophages depleted spc by passage on nylon wool colunmn 12°) were layered on mouse peritoneal macrophages
(2 X 10%cn?) and incubated overnight in RPMI 1640 complete medium containipg/2nl Con A in the absence or in the
presence of IL-12 as detailed Materials and Methods.
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30+ A 128 teraction between activated spc-IL-12 and activated PBMC-IL-12
‘g 1 5" . and EC, as shown by the lack of inhibitory activity of conditioned
X .5%'5 " 909 E %5% § medium from both activated spc-IL-12 and activated PBMC-IL-12
@ 20 - *§ 0,8 - ) (Figs. 1 and 3) and of recombinant MIG and IP-10 in the absence
g * d of activated lymphoid cells (M. Strasly, unpublished observations).
s 098 In our murine cocultures established in the presence of IL-12
g 10 - 5 § 04 1 §Ts both lymphoid cells and EC expressed MIG and IP-10 (F. Cavallo,
g 02 unpublished observations). This expression is mostly due to the
z ’ high titers of IFN+y elicited by IL-12 on lymphoid cells (66). The
0 0 influence of lymphoid cells on EC functions thus rests on a ping-
EC + + + + + + * EC + + + + + &+ + pong of soluble signals of lymphoid and endothelial origin. A pos-
PENC sible scenario emerging from our data is that MIG and IP-10 do not
spc + O+ o+ o+ o+ o+ + + F o+ O+ ) I
Con-AtL12 + o+ o+ o * Con-AsL12 + o+ o+ o+t directly cause the inhibition of EC growth. Instead, MIG and IP-10
g * g + of both endothelial and lymphoid origins appear to act primarily on
Z:::"ﬂo * . ::f,'ﬂo ¥ + T and NK cells. Following this additional signal, lymphoid cells
PNy RNy + activate a sustained release of factors that cause EC growth arrest.

Depletion of T and NK cells abolishes the inhibitory activity of
H.end proliferation &) and human EC adhesion to vitronect).(Cells ;Ctrlr\]/i[ed stpf:-IL;12. TT:Z sr(lzei:ant?] Isir&:so;urﬁ)port}a?\&y IE(;“_\I_IO dflata
were cocultured for 72 h with spc and PBMC or activated spc-IL-12 and. 0 osa_l 0s g oup_u erly _g € Importance o a cells
activated PBMC-IL-12 in the presence of specific Abs or irrelevant Ig and'n the anti-angiogenic loop triggered by IL-12 (63, 66). Removal

processed for the cell count and the adhesion assays as detailed in FigsPithe .inhibitory activity of activated spc-IL-12 by gither anti-MIG
and 4. Shown are the mean SD of four experiments performed in trip-  OF anti-IP-10 mAb suggests that these chemokines also have an

licate.* and §,p < 0.05 vs cocultures of EC with activated spc-IL-12 and independent effect, as reported in other systems (67). Besides their
activated PBMC-IL-12 in the presence of nonimmune Ig or Ab anti-fEN-  overlapping redundant functions, MIG and IP-10 may trigger
respectively, evaluated by Student-Neuman-Keuls test performed aftainique intracellular signals that differentiate their activity. In vivo,
ANOVA (A, F = 15.58,B, F = 182.79). the different patterns of MIG and IP-10 expression suggest that
they may trigger nonredundant functions (67). Another possibility
connected to the redundancy of the chemokine/cytokine system is
the matrix ligand, followed by impairment of EC adhesion ma- that other molecules produced in our coculture system might in-
chinery and cell cycle arrest. Of interest, tumor-associated blooderact with CXC receptor 3 and modify its sensitivity to MIG or
vessels of colon carcinoma cells transduced with IL-12 have reiP-10.
duced expression af, 8, integrin even when injected in IFN-'~ Moroever, MIG and IP-10 do not seem to be the sole molecules
mice (15). The inhibitory effect of activated PBMC-IL-12 on EC that play a role in inducing the inhibition of EC functions in our
adhesion may explain their inability to differentiate into tube-like cocultures. Actually, recombinant MIG and IP-10 are necessary,
structures when grown on a three-dimensional gel of extracellulabut not sufficient, for the elicitation of the anti-angiogenic activity,
matrix. The failure of EC to engage extracellular matrix proteinsand other molecules appear to be needed.
througha, B35 integrin inhibits in vitro angiogenesis (56, 57). The antitumor activity of IL-12, including inhibition of angio-
Besides these effects on EC proliferation and matrix adhesiongenesis, is largely dependent on its ability to induce H-idleased
activated spc-IL-12 and activated PBMC-IL-12 up-regulated theby NK cells (22, 23, 25, 27) and to activate a perforin-mediated
expression of VCAM-1 and ICAM-1 on EC surface. These adhe-cytolytic pathway (68, 69). Surprisingly, our data obtained with
sion molecules are involved in lymphocyte recruitment (58) andneutralizing anti-IFNy mAb and with spc from IFNy~/~ mice
are also up-regulated in tumor vessels of mice receiving systemishowed that in the absence of IFNthe inhibition of EC prolif-
IL-12 (13, 17). Additional impairment of tumor vasculature may eration is not completely abrogated. This suggests that other mol-
occur when lymphoid cells are allowed to touch endothelium, ascules may replace IFN-in our system. Germane to our obser-
occurs in vivo (59). vation is the finding that in IFNy '~ mice, IL-12 is still able to
Investigation of the nature of the inhibitory factors responsibleinduce an effective rejection of tumor cells engineered to release
for these effects exerted by activated spc-IL-12 and activatedL-12 (15). The presence of IL-12 during the activation of spc and
PBMC-IL-12 showed that anti-IP-10 and anti-MIG Abs greatly PBMC is critical for the induction of their anti-angiogenic pro-
reduced the inhibition of EC proliferation, adhesion, and in vitro gram. The way in which activated spc-IL-12 and activated PBMC-
angiogenesis. IP-10 and MIG are IFNinduced chemokines that 1L-12 inhibit EC is distinct from that of endotoxin-primed PBMC.
play a crucial role in the anti-tumor effect of IL-12. Their expres- Here, EC undergo cycle arrest and apoptosis through a pathway
sion is up-regulated in tumors growing in IL-12-treated mice (13,that requires PBMC-EC contact, expression of TiBn the lym-
17, 23, 25), while their neutralization by specific Abs prevents thephoid cell surface and TG&-secretion (70). Similarly to endotoxin-
curative effect of IL-12 (21). They also inhibit the chemotaxis of primed PBMC, PBMC activated by Con A adhere to EC and induce
EC and the angiogenesis induced by fibroblast growth factor 2 otheir detachment from the matrix, but not their apoptosis (71).
by IL-8 in vivo (26). These effects appear to be mediated by their The fact that IL-12 reduces angiogenesis in SCID mice, NK
interaction with heparan sulfates (60) rather than by their ability tocell-deficient beige mice, andu/nu mice (22) indicates that its
interact with CXC chemokine receptor 3. Several reports havenhibition of neoangiogenesis is not necessarily mediated by a sin-
demonstrated that this receptor is absent or very poorly expressage immune cell population, although NK recruitment and cyto-
on human EC (61-64), while one study found evidence of itstoxicity are needed (63). In our cocultures, total inhibition of EC
expression in murine EC (65). Human microvascular EC from der-growth required cooperation between two cell populations, each
mis also express CXC chemokine receptor 3. However, the activaecessary but not in itself sufficient. Because both spc and human
concentration of IP-10 (5 10* M) is too high to be reached in PBMC require prior activation by Con A before IL-12 priming, it
vivo (64). Impairment of EC functions requires a continuous in-would seem that the anti-angiogenic effect of IL-12 is not directly

FIGURE 7. Effects of neutralizing Abs anti-MIG, IP-10, and IFNen
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activated by IL-12 on the cells that constitutively express the IL-12
receptor. Con A activation presumably up-regulates expression 01f7
the inducible IL-12 B2 receptor on T cells. Indeed, the T helper
function is required, as spc fromu/nu mice or spc depleted of
CD4" cells were less able to inhibit EC growth. Similar findings 18
were observed on depletion of CD®r NK cells. Moreover, ac
tivated spc-IL-12 from NOD-SCID mice, which are deficientin T
cell, B cell, and macrophage function and display low NK activity ;9
(50), were virtually unable to inhibit EC growth. Furthermore, ny-
lon wool column-emerging BALB/c cells were less active than

total spc. Their activation in the presence of peritoneal macrooqg

phages fully restores their inhibitory potential on EC. By costimu-
lating T cell activation, macrophages induce IL-12 receptor ex-
pression (72).

These findings suggest that an early circuit triggered by 1L-12
requires a ping-pong of soluble signals (such as MIG and 1P-10),,
between spc and EC, whose outcome is functional impairment of
EC activities. EC can no longer sustain neoangiogenesis and as-

sume a phenotype more prone to tissue invasion by leukocytes that

amplify vascular damage in vivo (73). These alterations of EC
functions appear to form the basis of IL-12-mediated ischemic-,
hemorrhagic rejection of tumors in vivo.
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