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[CANCER RESEARCH 60, 5117-5124, September 15, 2000]

Selective Inhibition of Vascular Endothelial Growth Factor (VEGF) Receptor 2
(KDR/Flk-1) Activity by a Monoclonal Anti-VEGF Antibody Blocks Tumor
Growth in Mice*

Rolf A. Brekken,? Jay P. Overholser, Victor A. Stastny, Johannes Waltenberger, John D. Minna, and
Philip E. Thorpe?
Cell Regulation Program [R.A.B., P.E.T.], Hamon Center for Therapeutic Oncology Research [R.A.B., J.P.O.,, V.A.S., J.D.M,, P.E.T.], and the Department of

Pharmacology [R.A.B., J.D.M., P.E.T], University of Texas Southwestern Medical Center, Dallas, Texas 75235-8593, and the Department of Internal Medicine II
(Cardiology), Ulm University Medical Center, UIm D-89081 Germany [J. W.]

ABSTRACT lethality (11, 12). There are at least five splice variants of VEGF,
encoding proteins of 121, 145, 165, 189, and 206 amino acids. The
smaller versions having 121, 145, or 165 amino acids are secreted
from cells (13, 14). Secreted VEGF is an obligate dimer of between
ization of solid tumors. At the present time there are two well-character- Mf 38,'000 anaM, 46,000 in Wh'Ch th? monomers are linked by two
ized receptors for VEGF that are selectively expressed on endothelium. disulfide bonds. The VEGF dimer binds to one of two well-charac-
VEGF receptor 2 [VEGFR2 (KDR/FIk-1)] mediates endothelial cell mito- ~ terized receptors, VEGFR1 (FLT-1) and VEGFR2 (KDR/FIk-1), that
genesis and permeability increases, whereas the role of VEGF receptor 1 are selectively expressed on endothelial cells. A recently identified
[VEGFR1 (Flt-1)] has not been clearly defined. In the present study, a third cell surface protein, neuropilin-1, binds VEGF165 with high
monoclonal antibody, 2C3, is shown to block the interaction of VEGF with  affinity (15-17).

VEGFR2 but not with VEGFR1 through ELISA, receptor binding assays, VEGFR1 and VEGFR2 are members of the type Ill receptor
and receptor activation assays. 2C3 blocks the VEGF-induced vascular tyrosine kinase family that is characterized by seven extracellular
5er?:]$ﬁ)t;t':';y Itr;geerlzsvtlr? (g)]fu Lne?/val pl.g.SkItn.dZC?(,jha? ;:E)?tehnt da;ntumo: activ-10G-like repeats, a single spanning transmembrane domain, and an
V. gtheg y injected and established uman Wmor: ;.4 cellular split tyrosine kinase domain (18). VEGF binds to

xenografts in mice. These findings demonstrate the usefulness of 2C3 in . . — . . L
dissecting the pathways that are activated by VEGF in cells that express VEGFR1 and VEGFR2 with high affinities havingtg, (dissociation

both VEGFR1 and VEGFR2, as well as highlighting the dominant role of cOnstant) of 15-100yand 400-800m, respectively (19). VEGFR2

VEGFR2 in mediating VEGF-induced vascular permeability increases appears to be the dominant signaling receptor in VEGF-induced
and tumor angiogenesis. mitogenesis and permeability (20—22). Binding of the VEGF dimer to
VEGFR2 induces receptor dimerization, causing autotransphosphor-
ylation of specific tyrosine residues on the intracellular side of the
receptor that leads to a signal transduction cascade, which includes
Angiogenesis is the development of new vasculature from praetivation of phospholipase+C an increase in intracellular calcium
existing blood vessels and/or circulating endothelial stem cells (1, ®)ns, and an increase in nitric oxide production (23—-25). Activation of
Angiogenesis plays a critical role in many physiological processeé=GFR2 by VEGF has also been shown to activate src and the
such as embryogenesis, wound healing, and menstruation andas-MAP kinase cascade (20, 26, 27). The role of VEGFR1 in
certain pathological events, such as solid tumor growth and metastadothelial cell function is much less clear. Whereas Flt-1 tyrosine
sis, arthritis, psoriasis, and diabetic retinopathy (3, 4). kinase-deficient mice are viable and develop normal vessels (28),
Angiogenesis is regulated in normal and malignant tissues by thi-1-null mice diein utero because of increased hemangioblast
balance of angiogenic stimuli and angiogenic inhibitors that are preemmitment that results in an overgrowth of endothelial cells and a
duced in the target tissue and at distant sites (5, 6). VE@Ro disorganized vasculature (29, 30). This latter observation, together
known as vascular permeability factor) is a primary stimulant ofith recent findings by Rahingt al. (31), suggest that VEGFR1 may
angiogenesis. VEGF is a multifunctional cytokine that is induced byegatively regulate the activity of VEGFR2.
hypoxia and oncogenic mutations and can be produced by a widélhe recognition of VEGF as a primary stimulus of angiogenesis in
variety of tissues (7, 8). VEGF functions as a potent permeabilitpathological conditions has led to the generation of many strategies to
inducing agent, an endothelial cell chemotactic agent, an endothebdck VEGF activity. Inhibitory anti-VEGF receptor antibodies, sol-
survival factor, and endothelial cell proliferation factor (9, 10). Itsible receptor constructs, antisense strategies, RNA aptamers against
activity is required for normal embryonic development because tarEGF, and low molecular weight VEGF receptor tyrosine kinase
geted disruption of one or both alleles of VEGF results in embryonighibitors have all been developed to interfere with VEGF signaling
(32). Most work has been done with neutralizing monoclonal anti-
Received 2/7/00; accepted 7/18/00. VEGF antibodies that block VEGF from binding its receptors. Mono-
The costs of publication of this article were defrayed in part by the payment of pagéonal antibodies, A4.6.1 (33) and MV833 (34), have both been
gharges, This aia ';gﬁsstotlgle;etgoirﬁd?ce;ee;ﬁ%yfchwrt'semenm accordance with - o, \vn to inhibit human tumor xenograft growth and ascites formation
1 Supported by NIH Grants 1RO1 CA74951 and 5RO CA54168, Predoctoral Trainiig mice (33, 35—-39). These efforts underscore the importance of

Grant T32 GM07062, and University of Texas Specialized Programs of Research EXG\?EGF in solid tumor growth and its potential as a target for tumor
lence in Lung Cancer P50 CA70907.
2 Present address: Department of Vascular Biology, The Hope Heart Institute, 528 1ﬁ%$faDY-

Avenue, Seattle, WA 98122-5798. We previously described the properties of several monoclonal

3 To whom requests for reprints should be addressed, at Department of Pharmacol ; ; : : .
University of Texas Southwestern Medical Center, 5323 Harry Hines Boulevard, Dalla%g,é(tlb()dles directed agamSt human VEGF and the VEGF:VEGFR2

TX 75390-9111. Phone: (214) 648-1268; Fax: (214) 648-1613. complex (40). One of the antibodies, 2C3, blocked the binding of
“The abbreviations used are: VEGF, vascular endothelial growth factor; VEGFRYEGF to Flk-1, inhibited VEGF-mediated growth of endothelial cells
VEGF receptor 1 (FIt-1); VEGFR2, VEGF receptor 2 (FIk-1/KDR); PAE, porcine aortic _ . . . .
endothelial; NSCLC, non-small cell lung carcinoma; GP$jlutamine, penicillin, and in vitro, and localized strongly to connective tissue and blood vessels
streptomycin; PVDF, polyvinylidene difluoride; i.d., intradermal. in tumors after injection into mice bearing various human tumor
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Vascular endothelial growth factor (VEGF) is a multifunctional angio-
genic growth factor that is a primary stimulant of the development and
maintenance of a vascular network in embryogenesis and the vascular-
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xenografts. The antibody recognized human but not mouse VEGieads. These conditions, however, were not harsh enough to completely reduce
Another antibody, 3E7, bound to both human VEGF complexed witl of the VEGF from dimer to monomer. The samples were separated by 12%
KDR/FIk-1 and to free VEGF and localized selectively to tumoPDS-PAGE and transferred to PVDF membranes. The membranes were then
endothelium after injection into mice bearing human tumors. 3gProbed with 12D7 (1.Qug/ml), a mouse anti-VEGF antibody (40), and devel-

recognized an Nkterminal sequence on human VEGF and mousped after incubation with peroxidase-labeled goat antimouse IgG (Kirkegaard
VEGE & Perry Laboratories, Inc.) by Super Signal chemiluminescence substrate

In the present study. we show that 2C3 blocks the bindina of hum r{'erce, Rockford, IL). The soluble receptor/Fc constructs were also detected
P Y, 9 rough the use of peroxidase-conjugated goat antihuman Fc (Kirkegaard &

VEGF to VEGFRZ but not to VEGF.Rl.. 203 |nh|b|t§ VEGF-induce erry Laboratories, Inc.; data not shown).
phosphorylation of VEGFR2 and inhibits VEGF-induced vascular |, noprecipitation and Western Blot Analysis. PAE/KDR, PAE/FLT,

permeability increases. The antibody has potent antitumor activity,q hEnD.3 cells were grown to 80-90% confluency in 100-mm tissue dishes
inhibiting the growth of newly injected human tumors in mice angh media containing 5% serum. The cells were then serum starved for 24 h in
arresting the growth of various established human solid tumors redia containing 0.1% serum. After pretreatment with 180sodium or-
mice. These results suggest that VEGFR2 has a dominant roletdovanadate in PBS for 30 min, the cells were incubated witin 200 ng/ml)
mediating the effects of VEGF on vascular permeability and tumd®EGF165, 5 m (100 ng/ml) basic fibroblast growth factor (R&D Systems,
angiogenesis. Minneapolis, MN), or A673 tumor-conditioned media in the presence or
absence of control or test antibodies for an additional 15 min. The cells were
then washed with ice-cold PBS containing 10 nEDTA, 2 mv sodium
MATERIALS AND METHODS fluoride, and 2 mn sodium orthovanadate and lysed in lysis buffer [50 m
Tris, 150 mu NaCl, 1% NP40, 0.25% sodium deoxycholate, 0.1% 3-[(3-
Cell Lines and Antibodies. PAE cells transfected with either VEGFR1 cholamidopropyl)dimethylammonio]-1-propanesulfonic acid, & m&DTA,
(PAE/FLT) or VEGFR2 (PAE/KDR; Ref. 20) were grown in F-12 mediumy 5 mu MgCI2, 2 mu sodium fluoride, 2 mn sodium orthovanadate, 10%
containing 5% FCS,-glutamine, penicillin, and streptomycin (GPS). bEND.3glycerol, and protease inhibitors (Complete Protease Inhibitor Cocktail tablets,
cells were provided by Dr. Werner Risau (Bad Nauheim, Germany) and wesgenhringer Mannheim)]. The lysates were clarified by centrifugation, and
grown in DMEM medium containing 5% FCS and GPS. NCI-H358 NSCLGesylting supernatant was used for immunoprecipitation. VEGFR1 and
(received from Dr. Adi Gazdar, University of Texas Southwestern Medic§egER2 were immunoprecipitated with Bg of chicken anti-FLT-1 NH
Qenter, Dallas, TX), A673 human rhabdomyosarcoma, _and HT1080 hu"_\%ﬂninus (Upstate Biotechnology, Lake Placid, NY) ou§ of T014 (affinity
fibrosarcoma (both from American Type Culture Collection) were grown igified anti-Flk-1), respectively. The reactions using the chicken anti-FLT-1
DMEM medium containing 10% FCS and GPS. 2C3, a mouse 19G2a afis(ihody were subsequently incubated with a bridging goat antichicken anti-
VEGF monoclonal antibody, was raised against recombinant human VEggdy (Kirkegaard & Perry Laboratories, Inc.) for 1 h at 4°C. The immune

and recognizes epitope group 4 on VEGF, as defined by Bregkeh (40). ;o mnjex was precipitated with protein A/G-Sepharose, washed four times with
3E7, an IgG1 monoclonal antibody directed against VEGF and VEGF conlyg, lysis buffer in PBS-tween (0.2%) and boiled in SDS sample buffer

plexed with VEGFR, was raised against the Nidrminal sequence of human containing 100 m B-mercaptoethanol and 8 urea. The samples were

VEGF and recogn'izes epitope group 2, as defined by Bre‘gkah (40). 1A_8, separated by SDS-PAGE and transferred to PVDF membranes, which were
a monoclonal anti-Flk-1 antibody, and T014, a rabbit polyclonal anti-FIk-§, o4 for 30—60 min with PP81 (East Coast Biologicals, Berwick, ME) and
an:!Eody, ha\\//g(;blfen desclrlbetlj pret_\l/)logsly (40, 41). '34d6t ag Ig?_l T(O 5tobed for phosphotyrosine residues with @&/ml of 4G10 (Upstate Bio-
aGnelnl(JemZZh Inc a;':jo?lzz Obnee:ena(;]els:rigé dwa:evipt))rsz,ll € 42 yNerétivlg Co'n}?gpnology, Lake Placid, NY). The membranes were developed after incuba-
( oo ) prev y (42). Neg ion with peroxidase-labeled rabbit antimouse IgG (Dako, Carpinteria, CA) by
antibodies used were OX7, an IgG1 mouse antirat Thyl.1 monoclonal arii-

sy (42 provie by . .. Wl (AR Cellar Immnclogy Uk 5870 hemilmiescnee suose e Skl 1) T per
Oxford, United Kingdom), and C44, an IgG2a mouse anticolchicine mo PP ’ '

g : o

. ) ) . for 30 min at 55°C and reprobed for receptor levels with either©gfml

clonal antibody (Ref. 44; American Type Culture Collection). ). ) ! .
ELISA Analysis. The extracellular domain of VEGFR1 (Flt-1/Fc, R&D chicken anti-FLT-1 or 1.Qug/ml TO14 and developed as above after incubation

Systems, Minneapolis, MN) or VEGFR2 (sFlk-1-biotin) was coated directly oW'th ‘the approprlgtg peroxidase-conjugated secondary antlbody.
wells of a microtiter plate or captured by NeutrAvidin (Pierce, Rockford, IL) Miles Permeability Assay. The protocol followed was essentially as de-
coated wells, respectively. VEGF at a concentration ofrl(0 ng/ml) was ScriPed by Muroharat al. (45). In brief, 400-450-g male, IAF hairless guinea
incubated in the wells in the presence or absence of 100-10GQ51g-150 plgs (Charles River, Wilmington, MA) Wgre angsthetlzed and then injected |v
ug/ml) of control or test antibodies. The wells were then incubated with Yith 0-5 ml of 0.5% Evan's blue dye in sterile PBS through an ear vein.
pg/ml of rabbit anti-VEGF antibody (A-20, Santa Cruz Biotechnology, SantaVenty min later, 20 ng of VEGF in the presence or absence of control or test
Cruz, CA). The reactions were developed by the addition of peroxidase-labefiitiiPodies were injected i.d. The resultant blue spots in the back of the guinea
goat antirabbit antibody (Dako, Carpinteria, CA) and visualized by the additié#{g Were photographed 30 min after the i.d. injections.
of 3,3'5,5'-tetramethylbenzidine substrate (Kirkegaard & Perry Laboratories,!n Vivo Tumor Growth Inhibition. - Male nu/nu mice weighing~25 g
Inc). Reactions were stopped after 15 min witi HyPO, and read spectro- Were injected s.c. with either X 10" NCI-H358 NSCLC cells or 5< 10°
photometrically at 450 m. The assay was also done by coating wells of £673 rhabdomyosarcoma cells on day 0. On day 1 and twice per week
microtiter plate with either control or test IgG. The wells were then incubatdhereafter, the mice were given i.p. injections of 2C3 at 1, 10, ori@0r of
with VEGF:Flt-1/Fc or VEGF:sFlk-1-biotin and developed with either perox¢ontrol immunoglobulin as indicated. The tumors were measured twice per
idase-labeled goat antihuman Fc (Kirkegaard & Perry Laboratories, Inc.)\Wgek for a period of-6 weeks for the NCI-H358-bearing mice and 4 weeks
peroxidase-labeled streptavidin, respectively, and visualized as above (datd@othe A673-bearing mice. Tumor volume was calculated according to the
shown). formula: volume= L X W X H, whereL = length, W = width, and
Coprecipitation Assay. Forty ng of VEGF were preincubated with theH = height.
F(ab’), of either of 2C3 (2Qug) or A4.6.1 (10 and fLg) for 30 min in binding In Vivo Tumor Therapy. Male nu/numice bearing s.c. NCI-H358 tumors
buffer (DMEM with 1 mv CaCl, 0.1 mv CuSQ, and 0.5% tryptone). Two or HT1080 fibrosarcoma 200400 ririm size were injected i.p. with test or
hundred ng of soluble forms of VEGFR1 (Flt-1/Fc) or VEGFR2 (KDR/Fcgontrol antibodies. The NCI-H358-bearing mice were treated at 1§0
R&D Systems, Minneapolis, MN) were added for a total volume ofs6@nd  injection three times per week during the first week and twice per week during
incubated for 2 h. The receptor/Fc constructs were precipitated using protéia second and third weeks. The mice were then switched taugp@er
A-Sepharose beads, and the resulting precipitate was washed four times vijection every 5 days. The HT1080-bearing mice were treated withuboof
binding buffer. The pellet and supernatant of each reaction were boiled foti2 indicated antibody or with saline every other day throughout the experi-
min in sample buffer that contained 10MmDTT to reduce the F(aby) ment. In both experiments, mice were sacrificed when their tumors reached
constructs and release the receptor/Fc constructs from the protein A-Sepha2&@® mn? in size or earlier if tumors began to ulcerate.
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RESULTS
Flab)2 + 2Cc3 Ad.6.1 100 Ad.E.1 10x
2C3 Blocks VEGF Binding to VEGFR2 but not to VEGFRL N yeermpe  ©~ + & = ° Lt o= Ew
ELISA. The anti-VEGF antibody 2C3 blocked VEGF from binding VEGFR2/Fc + + + +
to VEGFR2 (KDR/FIk-1) but not to VEGFR1 (FIt-1) in this ELISA PothA. — — + =+ + + + & + + + 4
assay. In the presence of a 100-fold and 1000-fold molar excess o VEGF £ o® -

2C3, the amount of VEGF that bound to VEGFR2-coated wells was = dimer
reduced to 26% and 19%, respectively, of the amount that bound ir
the absence of 2C3 (Fig. 1). In contrast, in the presence of a 100-folc F(ab)2 a-. -
and 1000-fold molar excess of 2C3, the amount of VEGF that bound
to VEGFR1-coated wells was 92% and 105%, respectively, of the
' ' VEGF = ~

amount that bound in the absence of 2C3. Similarly, the amounts of __. .
VEGF that bound to VEGFR1 or VEGFR2 were unaffected by the 5 2c3 S VEGE f ating with VEGER? but not VEGERL |

. 19. 2. prevents rom associating wi ut no ina
pre_sence ofa :!'00' to 1000-fold excess of the n(_)anOCkmg monqglogé;l:recipitation assay. Forty ng of VEGF were incubated with 200 ng of extracellular
anti-VEGF antibody 3E7 or of a control IgG of irrelevant specificitydomain of VEGFR1 (Fit-1/Fc) or VEGFR2 (KDR/Fc) in the presence or absence of the

2C3 Blocks VEGF Binding to VEGFR2 but not to VEGFRL1 in indicated F(ab’) The receptor/Fc constructs were precipitated by incubation with protein
A-Sepharose beads. The precipitate was washed and resuspended in reducing sample

Solution. The ability of 2C3 to block the binding of VEGF t0 pfer and separated by 12% SDS-PAGE and transferred to PVDF. The membrane was

VEGFR1/Fc or VEGFR2/Fc in solution was assessed in coprecipitdecked with PP82 and probed with 12D7 (dg/ml) mouse anti-VEGF antibody and

tion assavs. The results are shown in Fig. 2. VEGFE mixed with eithﬁerveloped under standard chemiluminescence conditions. VEGF monomer and dimer
yS. g ! . along with F(ab’) are shown.

VEGFR1/Fc or VEGFR2/Fc was coprecipitated by protein A-Sepha-

rose, showing that VEGF binds to both receptors (Fid.@hes 6and

7). The addition of 2C3 F(ah,)blocked the binding of VEGF 10 g anning of the gels confirmed that the ratio of phosphotyrosine:
VEGFR2/Fc (Fig. Zj_ane, 3) but not to VEGFR1/Fc (Fig. 2ane 4). 5 i0in was reduced in immunoprecipitates derived from cells that had
In_contrast, 4.6.1 F(aty)blocked the binding of VEGF to both peen treated with 2C3 and A4.6.1 but not with 3E7 or IgG of
VEGFR2/Fc (Fig. 2Lanes_9and 11) and_VE_G_FRl/Fc_ (F'_g' 4,anes irrelevant specificity. 2C3 also inhibited VEGF-induced phosphoryl-
10and12). The results affirm that 2C3 inhibits the binding of VEGF,ti0n of VEGER?2 in bEND.3 cells (data not shown). We were un-

to VEGFR2 but not to VEGFRL. _ successful in demonstrating convincing VEGF-induced phosphoryla-
2C3 Blocks VEGF-induced Phosphorylation of VEGFR2 and yjo of VEGFR1 to examine the effect of 2C3 on VEGFR1 activity.
ERK 1/2. Fig. 3 shows that 2C3, along with A4.6.1, blocks VEGF g giher investigators have shown, VEGF-induced phosphorylation of
induced phosphorylation of VEGFR2 in PAE/KDR cells. This is iR/ eGER1 in PAE/FLT cells is difficult to demonstrate, possibly be-
agreement with previous results that demonstrate that both 2C3 %%se of the low intrinsic kinase activity of VEGFRL1 (15, 20, 46, 47).
A4.6.1 block VEGF-mediated growth of endothelial cells (40). 3E7, 2C3 Blocks VEGF-induced Vascular Permeability Increases in
which sees an Nkiterminal epitope of VEGF, did not block VEGF- g inea  pig skin, 2C3, which blocks VEGF from activating
induced phosphorylation of VEGFR2, nor did a control 19G of imelyeERp | inhibited VEGF-induced vascular permeability increases in
evant specificity. Also shown in Fig. 3 is a Western blot that demoiie jijes permeability assay in guinea pig skin (Fig. 4). This effect
strates the amounts of VEGFR2 protein in each lane. Densitometfics ovident with 2C3 at a 10-fold, 100-fold, or 1000-fold molar
excess over VEGF. A4.6.1, which blocks VEGF from activating both
VEGFR1 and VEGFRZ2, blocked VEGF-induced permeability at 10-

420. O VEGFR1 (Flt-1/Fc) ® VEGFR2 (sFlk-1) fold molar excess (Fig. 4 and Ref. 42). 3E7, which does not block the
VEGF:VEGFR?2 interaction, also does not block VEGF-induced vas-
1004 Lot — T T 1 cular permeability increases in the Miles permeability assay. These
2 = - I results suggest that the enhancing effect of VEGF on endothelial
(_C"S 80+ permeability is mediated mainly or entirely through VEGFR2 activa-
L tion. These results accord with those of other investigators who have
f_ﬂ 60+ shown that the tyrosine kinase activity of VEGFR2 is necessary for
z 40 VEGF-induced permeability (45, 48, 49).
:\3 * Inhibition of Growth of Newly Implanted Human Tumor Xe-
20+ nografts by 2C3. 2C3 inhibited then vivo growth of both NCI-H358
o NSCLC and A673 rhabdomyosarcoma imu/nu mice in a dose-

dependent manner (Fig. 5). One hundyegiof 2C3 given i.p. twice

per week to mice that had been injected with tumor cells s.c. 1 day

earlier inhibited the growth of both human tumor types. The final

tumor volume in the 2C3 recipients was150 mn? in both tumor

systems, as compared with1000 mn? in controls. Treatment with

10 or 1 ug of 2C3 twice per week was less effective at preventing

tumor growth. The nonblocking anti-VEGF antibody, 3E7, at a dose
Fig. 1. 2C3 blocks VEGF binding to VEGFR2 but not VEGFR1 in ELISA. Wells werf 100 g twice per week stimulated the growth of A673 tumors (Fig.

coated with the extracellular domain of VEGFR1 (Flt-1/Fc) or VEGFR2 (sFlk-1) and weB) but not of NCI-H358 tumors (not shown). It is possible that 3E7

then incubated with VEGF alone at Mror VEGF in the presence of the indicated 1gG ; ; o linle
at either 100 m or 1000 m. The plate was then incubated with rabbit anti-VEGF (A—ZO,!ncreas_es angIOgene_SIS Ir_‘ A§73 tumors by cross-linking VEGF and
Santa Cruz Biotechnology, Inc.) adg/ml and developed using a peroxidase-conjugatedNcreasing receptor dimerization.

goat antirabbit antibody. Assays were performed in triplicate. Mean percent binding in theTreatment of Established Human Tumor Xenografts with 2C3.
absence of antibody is shown together with the SDwvalues that are statistically , ,. . .
significantly different (P<< 0.002) from those in the absence of antibody by Student’é\/IICe bearmg s.c. NCI-H358 NS(?LC tumors that had grown to a size
pairedt test. of 300—450 mm were treated with 2C3, A4.6.1, 3E7, or an IgG of

5119

2C3 (100x)
3E7 (100x)
3E7 (1000x)
Control (100x)
Control (1000x)

VEGF alone (1nM)
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s to both VEGF receptors. Crystallographic and mutagenesis studies
@ O have shown that the binding epitopes for VEGFR2 and VEGFR1 are
1 concentrated toward the two symmetrical poles of the VEGF dimer

@ & £ Q;‘ @ (50). The binding determinants on VEGF that interact with the two

,§ O] 45/9 = ,53 Q’} w é‘ receptors overlap partially and are distributed over four different
M SN T I segments that span across the dimer surface (51). Antibody 4.6.1

binds to a region of VEGF within the receptor binding region of both
VEGFR2 o ”“.— e v receptors (51). Possibly, 2C3 binds to a region that lies close to the

Phosphotyrosine VEGFR?2 binding site but not to the VEGFR1 binding site.

Using a probe for phosphotyrosine, we demonstrated that 2C3
blocked the VEGF-induced phosphorylation of VEGFR2. However,
== 3 like other investigators, we were unable to demonstrate consistent
VEGFR2 “h - .. VEGF-induced phosphorylation of VEGFR1 (15, 20, 46, 47) and
Pratain un hu “‘l therefore could not reliably judge whether 2C3 inhibits VEGF-
’ induced phosphorylation of VEGFR1. The low activity of VEGF on
Fig. 3. 2C3 inhibits VEGF-induced phosphorylation of VEGFR2. PAE/KDR cell i
were stimulated for 15 min with PBS, basic fibroblast growth factor s 100 ng/ml), ?VI,EGFRJ' phothorylfmlon has lead others '[0. squeSt that VEGFR1
VEGF165 (5 m, 210 ng/ml), A673-conditioned media (CM), or CMthe indicated IgG  Might not be a signaling receptor on endothelial cells (28). However,
(100 v, 15 ng/ml). The cells were than incubated in lysis buffer, and the receptor wagrosine phosphorylation of VEGFR1 by VEGF binding has been
immunoprecipitated, separated by SDS-PAGE under reducing conditions, transferre%yt f . .
PVDF membranes, probed with mouse antiphosphotyrosine antibody (4G10), and de @ﬁpﬂed by Kupprioret al. (52) using human microvascular endo-
oped under standard chemiluminescence conditions. The membranes were then strifpetial cells and by Sawanet al. (53) using NIH 3T3 cells that
and reprobed with the immunoprecipitating IgG (T014) to determine the level of recept@(,erexpress VEGFR1. Additionally, Waltenberggr al. (20) have
protein in each lane. . T ’ .
shown that VEGF-induced VEGFR1 activation can be followed using
) - _ _ ) an in vitro kinase assay. It is possible that the effect of 2C3 on
irrelevant specificity (Fig. 6A). Doses were 50-10@ given i.p. VEGF-induced phosphorylation of VEGFR1 might be determined
every 3-5 days. A4.6.1 was used as a positive control because it haifig one of these cell types or anvitro kinase assay.
been shown by other investigators to block VEGF activityivo,  2C3 and 4.6.1 blocked VEGF-induced increases in vascular per-
resulting in an inhibition of tumor growth (33, 35). Treatment Wlth-neabi”ty in the Mile’s permeability assay in guinea pigs. The non-
either 2C3 or A4.6.1 led to a slow regression of the tumors over tBR)Cking anti-VEGF antibody, 3E7, had no effect. These results
course of the experiment. The mean tumor volume at the end of {émonstrate that VEGFR2 is mainly or entirely responsible for me-
experiment was 30% or 35% of the initial mean tumor volume&jiating VEGF-induced permeability increases. This finding accords
respectively. However, these results are complicated by the fact tha recent findings that a novel form of VEGE-C and two virus-
tumors stopped growing if‘ '_rhe ?O”tr‘)' groups of mice between 40 aggrived VEGF-E variants bind VEGFR2 but not VEGFR1, yet retain
60 days after tumor cell injection. Thereafter, the tumors grew prgse apility to enhance vascular permeability (48, 49, 54). Probably, the
gressively. This spontaneous retardation in growth may have contiious forms of VEGF transmit signals via VEGFR?2 that cause NO
uted to the tumor regressions in the 2C3- and A4.6.1-treated grougg,quction, which, in turn, causes the increase in vascular permeabil-
The results up to 40 days, before the spontaneous retardatloqt)|,n(23_25’ 45, 55, 56). However, there is also some evidence to the
growth was evident, show that both 2C3 and A4.6.1 treatment prev%ﬁhtrary because Coupetal.(57) found a strong correlation between

tumpr growth. ) ) increased vascular permeability induced by VEGF and VEGFR1
Fig. 6B shows the tumor growth curves of mice bearing a humag,

) . dpression'n vivo and Stackeet al. (58) found that VEGF could be

fibrosarcoma, HT1080, that were every treated every 2 days with 10

ug of 2C3, 3E7, a control IgG of irrelevant specificity, or saline. 2C3

arrested the growth of the tumors for as long as treatment was

continued. Tumors in mice treated with 3E7, control IgG, or salin

grew progressively to a size that led to sacrifice of the mice less th

4 weeks after tumor cell injection.
No signs of toxicity (weight loss, ruffled fur, behavioral changes

were observed with any of the treatments.

DISCUSSION

The major findings to emerge from this study are: (a) 2C3,
monoclonal anti-VEGF antibody, selectively blocks VEGF from bind
ing and activating VEGFR2 but not VEGFR1L)(2C3 blocks VEGF-
induced increases in vascular permeability; ac)d2C3 treatment of
mice bearing various types of human tumors can prevent the grov
of the tumors.

In vitro binding experiments using ELISA in various configurations
and coprecipitation assays with purified receptor proteins demc
strated that 2C3 blocks the binding of VEGF to VEGFR2 but not to Fig. 4. 2C3 inhibits VEGF-induced permeability. IAF hairless guinea pigs (Hartley
VEGFRL1. By contrast, 3E7, a nonblocking monoclonal antibodsrain) 400-450 g in size were anesthetized and injected i.v. with 0.5 ml of 0.5% Evan’s
directed against an epitope in the Nkerminus of VEGF, did not blue dye in sterile PBS through an ear vein. Twenty min later, 25 ng of VEGF in the

e . resence or absence of control or test antibodies were injected i.d. The reisluléssgiots
block VEGF from binding to either VEGFR1 or VEGFR?2, an(ﬁ the back of the guinea pig were photographed 30 min after the i.d. injections. The
A4.6.1, a blocking anti-VEGF antibody, blocked the binding of \VVEGesults shown are representative of three independent experiments.
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mutated such that it still activated VEGFR2 but no longer induced amd 35%, respectively, of their original size afterl0 weeks of
increase in vascular permeability. treatment. The antitumor effects were attributable to neutralization of

Treatment of mice bearing newly transplanted NCI-H358 NSCL&@mor-derived (human) VEGF rather than of stromally derived
or A673 rhabdomyosarcomas with 2C3 limited the growth of thénouse) VEGF because neither 2C3 nor A4.6.1 bind to mouse VEGF.
tumors to small nodules ef150 mn? in size. Similar responses wereThe fact that regression, rather than tumor stasis, was observed
observed in mice bearing HT29 and LS174T tumors, both humanggests that VEGF is providing more than just a proliferation signal
adenocarcinomas of the colon (data not shown). Tumor growth sdpr tumor endothelium. Benjamiet al. (62) recently reported that
pression has been demonstrated previously by Mesitab(35) and tumors contain a large fraction of immature blood vessels that have
Asanoet al. (34) for other neutralizing anti-VEGF antibodies, and byet to establish contact with periendothelial cells and that these blood
Skobeet al. (59) for an antimouse VEGFR2 antibody. DC101, aessels are dependent upon VEGF for survival. It is possible that
monoclonal anti-FIk-1 antibody, has been shown to prevent tieutralization of VEGF causes these immature blood vessels to un-
growth of a variety of tumors in mice (60). Additionally, Klemestt dergo apoptosis, thereby reducing the existing vascular network in the
al. (61) have demonstrated that human neuroblastoma tumors grawmor (62). It is also likely that a dynamic process of vascular
s.c. in mice can be effectively treated by continuous low dose theragmodeling occurs in tumors, involving both vessel formation and
with vinblastine in combination with DC101. In both studies withvessel regression, and that neutralization of VEGF prevents vessel
DC101, 0.8-1.2 mg of the antibody was given every 3 days, a ddeemation leading to a net shift toward vessel regression. This is
that is 8-12-fold higher than the dose of 2C3 that gave similaupported by Helmlingeet al. (63) who have recently shown that
antitumor effects in the present studies. Perhaps, in addition to blo8&GF induces elongation, network formation, and branching of non-
ing the VEGF:VEGFR?2 interaction, 2C3 binds to and cross-links th@oliferating endothelial cells under hypoxic conditions. The authors
VEGF:VEGFR1 complex and enhances its reported negative effectsirow that inhibition of VEGF activity prevents vessel network for-
R2-mediated angiogenesis. mation (63), supporting the view that 2C3 and other anti-VEGF

Treatment of mice bearingstablishedNCI-H358 NSCLC and therapies exert their antitumor action by preventing vascular remod-
HT1080 fibrosarcomas with 2C3 caused significant tumor regresling and endothelial cell survival in addition to preventing endothe-
sions. NCI-H358 tumors treated with 2C3 or A4.6.1 regressed to 8@l cell proliferation in tumors.

5121

Downloaded from cancerres.aacrjournals.org on May 7, 2014. © 2000 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

2C3 BLOCKS VEGFR2 ACTIVITY

1800
A) Treatment of NCI-H358 Tumors
1600 o— 2C3
—0O— 3E7 4
1400 9 | —w— A4d.6.1 e,
| | == Control IgG A
"% 1200
g 1000 - {x o
=) g
S e
> 800 0’ v, v
B 3 R VY /“
g i‘ A2 iv X 5 =
e 600 4 ¥ .o.'r.v'/
400 +
¥~ ‘-’“.'v
200 {7 ““.
Fig. 6. 2C3 treatment of established human tu- WS
mor xenografts.A, mice bearing s.c. NCI-H358 T
tumors,~300-450 mr in size, were treated i.p. 0 A et
with 50 or 100ug of 2C3 (n= 14), monoclonal
antibody 4.6.1 (n= 5), 3E7 (n= 12), or a control 10 20 30 40 50 60 70 80 90 100 110 120
1gG (n = 9) as indicated in “Materials and Meth- .
ods.” Mean tumor volume along with the SE over Day Post Tumor Cell Injection
a 116-day period is showrB, mice bearing s.c. B
HT1080 tumors~200-250 mm in size were 2200
treated i.p. with 100ug of 2C3 (n= 9), 3E7 I
(n = 11), control IgG (n= 11), or saline (n= 11). T B) Treatment of HT1080 Tumors
The mice were treated every other day. The non- 2000 -
2C3-treated mice were sacrificed on day 26 be- T ®
cause of>50% of each group having large ulcer- 1800 T 2C3
ated tumors. Mean tumor volume along with the SE 4 O— 3E7
is shown. 1 | —%— Control IgG
1600 3 | —v— Saline
o I
E 1400 -
g 1200
2
S T
> 1000
- 1
8 4
5 800
=
600 4
400
200
0+ttt

Day Post Tumor Cell Injection

The finding that 2C3 suppressed tumor growth as completely as dietse cells to remove tumor cell debris from necrotic tumors and
A4.6.1 indicates a dominant role for VEGFR2 in promoting tumagpromote tumor shrinkage. Also, it should not interfere with other
angiogenesis. The multistep process of angiogenesis requires ent®GF-dependent physiological processes that are mediated through
thelial cell chemotaxis, metalloproteinase production, invasion, prdEGFR1, such as the recruitment and differentiation of chondroclasts
liferation, and differentiation. If VEGFR1 participates at all in thesand other cells involved in cartilage remodeling and bone formation
processes, its participation does not appear to limit the overall rate(65).
the angiogenic process. In fact, the opposite may be true: recent
evidence indicates that VEGFR1 suppresses VEGFR2 activity (31).

VEGFR1 may, however, play an important role in the recruitment G{CKNOWLEDGMENTS
macrophages and monocytes into the tumor because these cells &ye thank Dr. E. Helene Sage for review of the manuscript; Dr. Xianming
press VEGFR1 and respond chemotactically to VEGF via VEGFRang for preparing the F(ab’df 2C3 and A4.6.1; Drs. Boning Gao, Claudia
signaling (28, 64). 2C3 may therefore have the advantage over A4.Gdtstein, and Sophia Ran for helpful discussions; and Linda Watkins for
for therapy in which macrophage infiltration is not impaired, enablingxcellent technical assistance.
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