Continuous low-dose therapy with vinblastine
and VEGF receptor-2 antibody induces
sustained tumor regression without overt toxicity
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Various conventional chemotherapeutic drugs can block angiogenesis or even kill activated, divid-
ing endothelial cells. Such effects may contribute to the antitumor efficacy of chemotherapy in
vivo and may delay or prevent the acquisition of drug-resistance by cancer cells. We have imple-
mented a treatment regimen that augments the potential antivascular effects of chemotherapy,
that is devoid of obvious toxic side effects, and that obstructs the development of drug resistance
by tumor cells. Xenografts of 2 independent neuroblastoma cell lines were subjected to either con-
tinuous treatment with low doses of vinblastine, a monoclonal neutralizing antibody (DC101) tar-
geting the flk-1/KDR (type 2) receptor for VEGF, or both agents together. The rationale for this
combination was that any antivascular effects of the low-dose chemotherapy would be selective-
ly enhanced in cells of newly formed vessels when survival signals mediated by VEGF are blocked.
Both DC101 and low-dose vinblastine treatment individually resulted in significant but transient
xenograft regression, diminished tumor vascularity, and direct inhibition of angiogenesis.
Remarkably, the combination therapy resulted in full and sustained regressions of large estab-
lished tumors, without an ensuing increase in host toxicity or any signs of acquired drug resist-
ance during the course of treatment, which lasted for >6 months.

This article may have been published online in advance of the print edition.
The date of publication is available from the JCI website, http://www.jci.org.
J. Clin. Invest. 105:R1-R8 (2000).

Introduction

The current interest in developing antiangiogenic
drugs to treat cancer—a concept first proposed by
Folkman (1)—can be traced to a number of factors (2).
One is the molecular elucidation of a number of angio-
genic growth factors, such as VEGF, the angiopoietins,
and the receptor tyrosine kinases expressed by activat-
ed endothelial cells of newly formed vessels for such
growth factors (3). Such discoveries have provided a
number of targets for the rational development of
antiangiogenic drugs such as humanized anti-VEGF
neutralizing antibodies (4) and agents that block recep-
tors for VEGF or the angiopoietins (2, 5-8). Another
factor is that some antiangiogenic drugs may delay or
even circumvent the problem of acquired drug resist-
ance (9, 10) because they target the genetically stable
endothelial cells of newly formed tumor blood vessels
rather than genetically unstable tumor cells that are
prone to mutate and develop resistance (11, 12).

In addition to such rationally designed antiangio-
genic drugs, there is a surprisingly diverse and extensive
list of angiogenesis inhibitors that were not originally
designed to function as such, e.g., thalidomide, IFN-q,
and IL-12 (2). Intriguingly, this list may include many
different conventional cytotoxic chemotherapeutic
drugs (2), radiation (13), and hormonal ablation ther-
apies (14, 15). With respect to chemotherapy, the pres-
ence of dividing endothelial cells in newly forming
tumor blood vessels (16-18) should render such ves-
sels—in contrast to their mature, quiescent counter-
parts found in normal adult tissues—sensitive to the
cytotoxic effects of such drugs in a manner similar to
dividing bone marrow, hair follicle, or gut mucosal cells
(11). This hypothesized “collateral damage” to the
tumor vasculature could conceivably contribute to the
antitumor efficacy of chemotherapy in vivo (11). If so,
it should follow, as we first proposed in 1991 (11), that
even tumors consisting of tumor cells resistant to a par-
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ticular drug might still respond to that drug through
such antivasculature “side effects.” However, this pre-
sumably occurs infrequently, or at least not to any ther-
apeutically meaningful extent, as most human cancers
are intrinsically resistant to chemotherapy, or initially
respond, only to recur as a result of overgrowth of drug-
resistant subpopulations. This is all the more perplex-
ing given recent reports from several groups showing
that a variety of conventional chemotherapeutic drugs
can bring about significant antiangiogenic or antivas-
cular effects in vivo in a number of assays of angiogen-
esis. These drugs include tubulin-inhibiting taxanes,
camptothecin analogues, antimetabolites, anthracy-
clines, and platinum drugs (19-25).

Recent results from Folkman’s laboratory have
helped shed some light on this paradox (26).
Chemotherapy is normally given acutely, usually in the
form of bolus infusions at maximum tolerated doses
(MTDs) with long rest periods (e.g., 3 weeks) between
successive drug exposures. It was suggested that these
rest periods provide the endothelial cell compartment
of a tumor an opportunity to repair some of the dam-
age inflicted by the chemotherapy (26). Browder et al.
proposed that this repair process could be partially
compromised by administering lower doses of a
chemotherapeutic drug, such as cyclophosphamide,
more frequently, e.g., weekly. In this regard, it is inter-
esting to note that continuous low-dose administra-
tion of methotrexate for the treatment of arthritis may
have an antiangiogenic basis (27). This hypothetical
“antiangiogenic scheduling” of chemotherapy (26)
optimizes antitumor/vascular side effects so that even
a subline of the Lewis lung carcinomas previously
selected in vivo for acquired resistance to the MTD of
cyclophosphamide can be rendered sensitive again to
the drug in vivo by using continuous low-dose therapy
of the same drug (26).

We decided to test the effects of low-dose continuous
chemotherapy as a possible antiangiogenic strategy with
1 major additional modification, namely, combination
with an agent that blocks the function of VEGF receptor-
2 (flk-1/KDR) and, hence, VEGF itself. The rationale for
testing this particular combination is based on the find-
ing that a major function of VEGF is now recognized to
be promotion of survival of endothelial cells comprising
newly formed vessels (15, 28, 29). Hence, the ability of
such cells to cope with the damage inflicted by continu-
ous low-dose exposure to a chemotherapeutic drug could
be selectively and significantly impaired, given the high-
ly restricted pattern of expression of VEGF receptors to
activated endothelial cells (3, 6, 7). This could reduce host
toxicity and thereby allow for longer-term administration
of the chemotherapeutic agent without sacrificing, and
perhaps even improving, antitumor efficacy.

To test the rationale of this combination strategy
reported here, we used vinblastine, a monoclonal
anti-flk-1 neutralizing antibody called DC101 (5, 6), and
poor prognosis-related human neuroblastoma cell lines
grown as xenografts in SCID mice. Poor prognosis neu-

roblastoma in children is usually treated with aggressive
combination chemotherapy at MTDs, with or without a
bone marrow transplant (30). However, such therapies
are associated with severe side effects and are seldom
effective. The purpose of these experiments was to devel-
op a more acceptable alternative treatment and one that
could also be applied in principle to other types of cancer.

Methods

Cells and culture conditions. Neuroblastoma cell lines SK-
N-MC and SK-N-AS were obtained from American
Type Culture Collection (ATCC; Rockville, Maryland,
USA) and expanded as a monolayer culture by serial
passage on tissue culture plates (Nunc A/S, Roskilde,
Denmark) in DMEM, 5% FBS (GIBCO BRL, Grand
Island, New York, USA). Human umbilical vein
endothelial cells (HUVECs; Clonetics, San Diego, Cali-
fornia, USA) were expanded on 1% gelatin-coated tissue
culture plates in MCDB 131 culture medium (JRH Bio-
sciences, Lenexa, Kansas, USA) supplemented with 5
ng/mL basic fibroblast growth factor (bFGF) (R&D
Systems, Inc., Minneapolis, Minnesota, USA), 10
MM/mL heparin (Wyeth-Ayerst, St. Laurent, Quebec,
Canada), 10 ng/mL EGF (Upstate Biotechnology Inc.,
Lake Placid, New York, USA), and 10% FBS.

In vitro determination of drug sensitivity. Three thousand
cells in 200 YL growth media per well were plated in 96-
well flat-bottom tissue culture plates (Nunc A/S) and
incubated at 37°C, 5% CO; for 24 hours before initia-
tion of treatment. The cells were then washed with PBS
and treated with 1-500 ng/mL vinblastine sulfate (Cal-
biochem/Novabiochem Corp., San Diego, California,
USA) for 24 hours, in groups of 8 wells per dose. The
cells were then pulsed for 6 hours with 2 pCi/well of
methyl-[3H|thymidine (Amersham Life Science, Buck-
inghamshire, United Kingdom). The plates were frozen
and thawed, and the DNA was harvested onto a filter-
mat using a Titertek Cell Harvester (Flow Laboratories
Ltd., Irvine, Ayr, UK). Incorporated radioactivity was
measured on Wallac 1205 BetaPlate Scintillation
Counter (Wallac Oy, Turku, Finland), and proliferation
was expressed as a percentage of [*H|thymidine in
treated cells versus that in controls.

In vivo tumor growth assessment. SK-N-MC cells were
harvested using 1% trypsin EDTA (GIBCO BRL), and a
single-cell suspension of 2 x 106 cells in 0.2 mL of
growth medium was injected subcutaneously into the
flanks of 4- to 6-week-old CB-17 SCID mice (Charles
River, St. Constant, Quebec, Canada). Approximately 3
weeks later, most tumors had grown to approximately
0.75 cm?®, and mice were randomized into groups of 5
animals. Two independent experiments were per-
formed, each totaling 20 animals in 4 groups. The
treatment was as follows: group I (control), 0.4 mL of
PBS (DC101 vehicle) intraperitoneally every 3 days and
0.15 mL injectable saline (Vinblastine vehicle) intraperi-
toneally every 3 days; group II, 0.4 mL of 2 mg/mL
DC101 antibody (800 Hg/mouse) (31) every 3 days and
0.15 mL of injectable saline intraperitoneally every 3
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days; group III, vinblastine sulfate 0.75 mg/m? ([10.25
mg/kg) intraperitoneal bolus at the start of therapy,
followed by 1 mg/m? per day ([0.33 mg/kg per day) via
subcutaneous Alzet osmotic pumps (Alza Corp, Palo
Alro, California, USA) for 3 weeks, followed by mainte-
nance therapy with 0.15 mL of 0.067 mg/mL vinblas-
tine sulfate (1.5 mg/m?) intraperitoneally every 3 days,
and 0.4 mL of PBS intraperitoneally every 3 days; and
group IV, combination of DC101 and vinblastine at
doses identical to the single-agent groups.

SK-N-AS cells were harvested using 1% trypsin EDTA,
and a single-cell suspension of 2 X 10° cells in 0.2 mL of
growth medium was injected subcutaneously into the
flanks of 4- to 6-week-old CB-17 SCID mice. Approxi-
mately 3 weeks later (average tumor size, 0.25 cm?®), the
mice were randomized into groups of 5 animals and
treated as follows: controls, 0.4 mL of PBS and 0.15 mL
of saline twice weekly; DC101 group, 800 pg of DC101
mAb/mouse and 0.15 mL of saline intraperitoneally
twice weekly; vinblastine group, 0.4 mL of PBS and 1.5
mg/m? (0.5 mg/kg) vinblastine twice weekly; and
combination therapy group, treated with DC101 and
vinblastine at doses identical to the single-agent group.

The body weight, tumor size, and general clinical sta-
tus of the animals were recorded every 2-3 days. Per-
pendicular tumor diameters were measured using a
Vernier scale caliper, and tumor volume was estimated
using the formula for ellipsoid: (width? x length)/2.
Growth curves were statistically analyzed using repeat-
ed measures ANOVA.

The mice were sacrificed when tumor size reached 1.5
cm? or 7.5-10% of their body weight as required by
institutional guidelines. All other animal care was in
accordance with institutional guidelines as well.

Histology. All tumors were excised, fixed in 10%
(vol/vol) formalin, and processed for immunohisto-
chemical analysis. To obtain adequate tissue for the
combination treatment group, 2 mice were sacrificed
at 7.5 weeks of treatment. For single-agent and control
groups, the tissues were collected and analyzed at the
conclusion of the treatment, i.e., when the mice had to
be sacrificed. Paraffin blocks were cut to 5-Um sections
and stained with hematoxylin and eosin (H&E) for
morphology evaluation and with the Apoptosis Detec-
tion System (Promega Corp., Madison, Wisconsin,
USA) for assessment of programmed cell death.

Relative tumor vascularity assessed by an FITC-dextran
perfusion assay. This method was designed to assess the
relative functionality of the tumor vasculature. A sus-
pension of 2 x 10 SK-N-AS neuroblastoma cells in 0.2
mL of media was injected into the flanks of CB-17
SCID mice. Tumors were allowed to grow to approxi-
mately 0.25 cm?3, at which point tumor bearing mice
were then treated with 1 mg/m? ([0.33 mg/kg) vin-
blastine intraperitoneally every 3 days, or 800 pg
DC101 intraperitoneally every 3 days, a combination
of the 2 agents, or saline. At 14 days, when divergence
in tumor growth between the treatment groups was
clearly evident, 0.2 ml of 25 mg/mL FITC-dextran in

PBS (Sigma Chemical Co., St. Louis, Missouri, USA;
average molecular weight of 148 kDa) was injected
systemically into the lateral tail vein of each mouse
and allowed to circulate for 20-30 minutes. Mice were
then sacrificed by cervical dislocation, and blood sam-
ples collected by cardiac puncture into heparinized
tubes for assessment of systemic fluorescein levels.
Tumors were resected from the surrounding connec-
tive tissue, being careful to avoid spillage of intravas-
cular contents; weighed; and placed into tubes con-
taining 1:10 dispase (Collaborative Research, Two
Oaks, Bedford, Massachusetts, USA). To normalize for
dilution caused by the difference in tumor sizes, 1 mL
of 1:10 dispase was added per 0.5 g of tissue. Tumors
were incubated in a dark 37°C shaker overnight. The
tissue was homogenized, centrifuged at 3,000 g for 10
minutes, and supernatant was collected and stored in
the dark until further analysis. Similarly, the blood
samples were centrifuged immediately after collection,
and plasma was separated and protected from light at
4°C until analysis. Fluorescence readings were
obtained on a FL600 Fluorescence Plate Reader (Bio-
tek Instruments Inc., Winooski, Vermont, USA) from
a standard curve created by serial dilution of the FITC-
dextran used for injection. The ratio of tumor fluores-
cence/plasma fluorescence was assumed to be reflec-
tive of the degree of tumor perfusion.

In vivo angiogenesis assessment by the Matrigel plug assay.
Matrigel (Collaborative Biomedical Products, Bedford,
Massachusetts, USA; refs. 5 and 32) stored at -20°C, was
thawed at 4°C overnight, and mixed with 500 ng/mL
bFGF. A total of 0.5 mL of this mixture was then injected
subcutaneously into the shaved flanks of twenty 6- to 8-
week-old female Balb/c] mice (The Jackson Laboratory,
Bar Harbor, Maine, USA). Five mice, used as negative con-
trols, were injected with Matrigel alone. Three days later,
treatment mice were randomized into 4 groups as fol-
lows: group I, saline intraperitoneally; group II, 800 g
DC101 intraperitoneally; group III, 1 mg/m? vinblastine
intraperitoneally; and group IV, combination therapy. All
25 mice were treated on days 4 and 7 and sacrificed on
day 10. On day 10, 0.2 mL of 25 mg/mL FITC-dextran in
PBS was injected systemically into the lateral tail vein of
each mouse and allowed to circulate for 20-30 minutes.
Mice were then sacrificed by cervical dislocation, blood
samples collected by cardiac puncture into heparinized
tubes, centrifuged immediately after their collection, and
plasma was separated and protected from light at 4°C.
The Matrigel plugs were resected from surrounding con-
nective tissues, placed into tubes containing 1 mL of 1:10
dispase, and incubated in the dark in a 37°C shaker
overnight. The following day, the plugs were homoge-
nized and centrifuged at 3,000 g for 10 minutes, and
supernatant was saved in the dark for analysis of fluores-
cence. Fluorescence readings were obtained on FL600
Fluorescence Plate Reader using a standard curve creat-
ed by serial dilution of FITC-dextran used for injection.
Angiogenic response was expressed as a ratio of Matrigel
plug fluorescence/plasma fluorescence.
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Results

In vitro determination of differential drug sensitivity. Before
undertaking our in vivo experiments, we established a
dose of vinblastine at which significant antiproliferative
effects on endothelial cells, but not tumor cells, were
observed. To do so, we optimized growth conditions to
achieve comparable levels of proliferative activity in 2
human neuroblastoma cell lines (SK-NM-C and SK-N-AS)
and HUVECs. All 3 cell lines were grown in DMEM with
10% FBS, but the HUVECs were grown on gelatinized
plates and in the presence of additional growth factors
(bFGF and EGF). The untreated controls show similar lev-
els of [°H|thymidine incorporation for all 3 cell lines, thus
eliminating the concern that the differences in prolifera-
tion may be inherent (Figure 1). At the higher concentra-
tions of vinblastine used (e.g., 100-400 ng/mL), all 3 cell
populations were strongly inhibited, especially HUVECs.
In striking contrast, at the lowest concentrations (e.g., 0.78
ng/mL) vinblastine retained almost the same degree of
inhibitory activity against HUVECs, whereas antiprolifer-
ative activity against 2 tumor cell lines was lost (Figure 1).
The source of this striking differential sensitivity is not
clear, but it should be noted that at least 1 of the tumor
cell lines, SK-N-MC, is positive for multidrug resist-
ance-associated protein (MRP), which can result in vin-
blastine resistance (33). These in vitro findings suggest
that the lowering of the usual MTD used in the clinic may
not compromise vinblastine activity against (dividing)
endothelial cells present in tumor blood vessels.

In vivo tumor growth assessment. Building on this in vitro
difference in sensitivity to vinblastine, we went on to eval-
uate the effects of lower doses of vinblastine in an in vivo
model, using an increased dose frequency to maximize
the potential for endothelial injury. Xenografts of either
SK-N-MC neuroepithelioma or SK-N-AS neuroblastoma
cell lines were implanted subcutaneously in the flanks of
4- to 6-week-old CB-17 SCID mice and grown to approx-
imately 0.75 cm? before initiation of treatment. The SK-
N-MC cell line, which expresses MRP (33), was chosen for
long-term experiment to assess for the development of
drug resistance. In contrast, the SK-N-AS, a highly
tumorigenic and vascular neuroblastoma cell line, which
has not been studied, to our knowledge, for its chemore-
sistance, was chosen for the short-term experiment and
tumor perfusion studies.

Table 1
Summary of neuroblastoma xenograft responses to antiangiogenic
therapy

Exp  Cellline Treatment Average tumor size

Day0 Day15 Day30 Day180

(cm?) (cm?)  (cm?) (cm?)
1 SK-N-AS Saline 0.19 3.47 ND ND
Vinblastine 0.30 1.55 ND ND
DC101 0.27 1.72 ND ND
Vbl/DC101 0.25 0.85 ND ND
2/3  SK-N-MC Saline 0.54 2.27 Sacrificed Sacrificed
Vinblastine 0.87 0.82 Sacrificed Sacrificed
DC101 0.46 0.37 0.78 Sacrificed
Vbl/DC101 0.87 0.34 0.34 0.11

There is a marked initial response to both single agents such that in SK-N-MC
xenografts, the response to DC1017 at 15 days is almost equal to that of the com-
bination-treatment group. The case of SK-N-AS shows the limitations of meas-
uring tumor volume by external dimensions (Day 15, Vbl/DC101-shaded box).
The ulcerated, scabbed tumor retains its external dimensions despite evidence
of vascular compromise (see Fig. 5), ulceration and necrosis. Over time there is
a delayed divergence effect such that neither of the single agents alone is able to
result in sustained tumor regressions whereas combination treatment induces
a lasting tumor regression. Sacrificed refers to animals which were euthanized
because their tumors reached a size of 1.5 cm? (or 10-15% of body weight), as
required by our institutional guidelines. ND, time points not done.

The major findings in the long-term experiment, using
SK-N-MC human neuroblastoma xenografts were as fol-
lows: (a) The first treatment group, treated with DC101,
an anti-flk-1 receptor antibody shown previously to
inhibit growth of different kinds of human xenografts in
mice and in murine tumor models (5), showed the antic-
ipated effectiveness in inhibiting tumor growth (Figure
2, top panel, full circles; Table 1, day 15), but this effect
was not sustained. (b) The findings in the second treat-
ment group (vinblastine alone) were even more surpris-
ing. This agent, traditionally thought to act by inhibiting
tumor cell proliferation through inhibition of tubulin
assembly, even though used at “subclinical” low dose,
produced significant, albeit not sustained, regression of
tumor growth (Figure 2, top panel, filled squares; Table
1, day 15). (c) This growth delay in the vinblastine group
was further potentiated with the simultaneous treatment
of the anti-flk-1 antibody, DC101. The combination
treatment induced an initial response comparable to the
other treatment groups but then caused further, long-

Figure 1 0000 - COHUVEGs
Differential in vitro sensitivity to vinblastine of € 45000 4 BSK-N-MC
HUVECs and human neuroblastoma cells (SK-N- - 4000.0 1 T OSK-M-AS
MC and SK-N-AS). Proliferation rates ofthe 3 cell g 3500.0 1
lines were assessed by measuring [3H]thymidine -% 3000.0 +
incorporation across a wide range of vinblastine E 25000 4
concentrations. The most significant differences £ 200.0
in sensitivity to vinblastine are evident at lower T 130004
concentrations, whereas both neuroblastoma cell ~~ 1140
lines continued to incorporate thymidine at 304 4
80-90% of control rates, whereas HUVECs rates 0.0 T T T T -
0 078 16 313 6325 125 25 50 100 200 400

fell to 6.2% of control. Averages of 8 wells per
dose and the corresponding SDs are shown.
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Figure 2

Induction of solid tumor regression by nontoxic, antiangiogenic combination therapy with low-dose vinblastine and anti-flk-1 antibody (DC101).
Top panel: Established xenografts of human neuroblastoma (SK-N-MC) were treated by a putative antivascular regimen of low-dose vinblastine
(induction: 0.75 mg/m? bolus intraperitoneally; T mg/m? per day continuous subcutaneous infusion for 3 weeks; maintenance: 1.5 mg/m? every
3 days) alone or in combination with an anti-VEGF-R2 antibody (DC101; 800 pg every 3 days). There is an appreciable tumor growth inhibition
by each of the single agents, which is comparable, at least initially, with that of the combination treatment group. The benefit of the combina-
tion treatment is most evident after prolonged treatment, when lasting and complete tumor regression is observed. The data are a compilation
of 2 independent experiments, with the initial experiment lasting 34 days and the second still ongoing (> 210 days). In both sets, 20 mice were
randomized into 4 groups. Bottom panel: Lack of toxicity-dependent weight loss in mice bearing SK-N-MC tumor xenografts treated with “anti-
vascular” vinblastine regimen alone or in combination with and anti-VEGF-R2 (DC101) antibody. There are no significant differences in weight
between the groups, except for a transient (14-18 days long) episode of weight loss associated with diarrhea in the combination treatment group.
The episode resolved without interruption of therapy. Average body weights (g) + SD are plotted (n = 3-10 mice). ip, intraperitoneally.

term, tumor regressions (Figure 2, top panel, full upward
triangles; Table 1, experiments 2 and 3). (d) To date, the
mice in combination therapy group have not manifested
any resistance to the treatment or recurrence of disease,
despite almost 7 months of continuous treatment. The
mice remain healthy, with almost no evidence of tumor,
except for a small, barely palpable remnant in 1 of the
mice. The tumor sizes between the control and treatment
group were statistically significant (P = 0.05) at days
30-45 and between the treatment groups at days 30-80.

The response in the SK-N-AS was even more rapid
producing significant differences in tumor growth
within 2 weeks of treatment (Table 1) without an
induction regimen. The macroscopic changes in tumor
vascularity (see Figure 5b) are supported by the find-
ings in 1 tumor perfusion study (see later here).

Also of interest, the 3 remaining mice in the long-term

experiment were taken off the long-term combined ther-
apy at 210 days of treatment and did not show any evi-
dence of tumor relapse/regrowth 3 months later (G. Kle-
ment et al., unpublished observations).

Toxicity evaluation. Antivascular therapy would be
expected to show minimal toxicity in the postnatal stage
of development. To evaluate this aspect of DC101/vin-
blastine combination therapy, the health status of the
mice was monitored. Weight was plotted at regular inter-
vals and considered a surrogate for evaluation of systemic
well-being, anorexia, or failure to thrive. As shown in Fig-
ure 2 (bottom panel), no significant differences in
weights were seen between the 4 groups. The weight curve
of the DC101 group parallels very closely that of the con-
trol group. The vinblastine group showed some weight
gain retardation, but the differences never became sig-
nificantly different from controls, and the mice contin-
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ued to grow. Similarly, the toxicity profile in the combi-
nation treatment group was very similar to those in the
single-agent groups, with the exception of a transient
episode of weight loss associated with diarrhea. The
episode lasted approximately 2-3 weeks and was unlike-
ly to be due to the therapy as the mice recovered without
interruption of treatment.

Other usual signs of drug toxicity in mice, such as ruf-
fled fur, anorexia, cachexia, skin tenting (due to dehy-
dration), skin ulcerations, or toxic deaths (21), were not
seen at the doses used in our experiments. Diarrhea, a
common sign of vinblastine toxicity when doses of 10

mg/kg (21) are used, was generally not observed, except
for the previously mentioned transient episode.
Histopathological analysis. To elucidate further the mech-
anisms involved in the tumor regression after treatment
with vinblastine, DC101, or the combined therapy, tissue
histopathology assessment was undertaken. The typical
tissue architecture of untreated SK-N-MC tumors is
shown in Figure 3 (control panels). Cancer cells with high
nuclear to cytoplasmic ratio form cuffs around central
vessels, and apoptotic cells characterized by pyknotic
nuclei and cytoplasmic blebbing, are only evident as a thin
rim at the periphery of the cuffs. The nuclei of these cells

Control Control

Vinblastine

Vbl/DC101

Figure 3

Vinblastine, DC101, or combination therapy induces tumor cell apoptosis in
perivascular cuffs of SK-N-MC tumor xenografts. H&E stain of formalin-fixed,
paraffin-embedded sections. The typical tissue architecture (control, top two pan-
els) shows perivascular cuffing by neoplastic cells and normal endothelial cell lin-
ing (arrows). Apoptotic cells (ap) are seen only at the periphery of the cuff, and
their presence is confirmed by TUNEL staining (right-sided panels). In both sin-
gle-treatment groups (vinblastine and DC101), widening of the apoptotic rims,
and extension of the apoptotic figures into the cuff can be observed after 35 and
50 days of treatment, respectively. Viable malignant cells are still present within
the tumor cuff in both single-agent groups. In contrast, histology of the combined
therapy group reveals diffuse tumor cell death and total loss of preexisting archi-
tecture (bottom left-hand panel), a finding supported by the diffuse TUNEL stain
in corresponding specimens (bottom right-hand panel).

stain strongly for terminal deoxynucleotidyl
transferase (TUNEL) reactivity, as expected
for cells undergoing apoptosis. Vinblastine
alone or DC101 treatment alone both show
an increase in the width of the apoptotic rims
(Figure 3), suggesting the cells most distal to
the tumor vasculature are primarily affected,
but a large percentage of viable tumor cells
still survive in the center of the cuff. In both
single-agent groups, specimens were collected
at the time mice had to be sacrificed for ethi-
cal concerns regarding tumor burden. Despite
the evident increase in apoptosis, there was a
net tumor growth. In contrast, histology of
the combined therapy group, as would be pre-
dicted by the regression in tumor size in this
treatment group at the time of analysis (7.5
weeks of treatment), shows overwhelming
loss of both cell viability and preexisting
tumor architecture (Figure 3, bottom panels).
There is a close similarity of the appearance of
H&E and TUNEL stain. Interestingly, we
observed signs of endothelial cell toxicity in all
of the treatment groups (Figure 4). Rather
than a typical single layer of flattened
endothelial cells surrounding the vascular
lumen in untreated group (Figure 4a), we
observed edema (Figure 4, b and c) and
detachment from surrounding basement
membrane (Figure 4, c-¢) leading to complete
vascular wall disintegration and tumor cell
death (Figure 4f). Even though the actual
examples depicted in Figure 4 are those in the
DC101 group, their appearance is shared
between the groups, and it is only the degree
of tumor vessel regression that results in the
seen differences in tumor size.

Tumor perfusion by assessment of intravascular
fluorescence. To explore further the possibili-
ty that tumor regression induced with treat-
ment using DC101 and/or vinblastine was
indeed due to the vascular injury, rather than
a direct antitumor cell effect, we assessed
tumor perfusion directly by using a FITC-
dextran fluorescence method. Mice carrying
established subcutaneous SK-N-AS human
neuroblastoma xenografts ([0.25 cm?) were
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Figure 4

Morphological features of vascular damage induced by antiangiogenic therapy. H&E stain of formalin-fixed, paraffin-embedded sections of
the DC101 treatment group. These changes are common to all the treatment groups, but the prevalence and the severity of these changes were
greatest in the combination treatment group. The typical slim single layer of endothelial cells, lining the vascular lumen in the untreated group
(a, black arrows). Treatment with DC101 (35 days) and vinblastine (50 days) leads to various degrees of vascular wall disintegration. Edema
and lymphocytic infiltration (arrows) are seen in both arterioles (b) and venules (c) of the tumor. Further injury resulted in detachment of
endothelial cells from the underlying basement membrane (d) and coincided with tumor cell death in the perivascular cuff (e and f). A large
majority of the perivascular cuffs in the combination treatment group correlated with changes seen in e and f. Horizontal bar = 100 pum.

randomized into 4 groups and treated systemically with
either saline control, DC101, vinblastine, or combina-
tion therapy for 10 days. FITC-dextran was injected into
the lateral tail vein and equilibrated throughout the vas-
cular compartment. The majority of the blood-borne
dextran, because of its 148-kDa size, remains intravas-
cular, and despite some perivascular losses due to
changes in vascular permeability and the possibility of
interstitial hemorrhages, the fluorescence is reflective of
the overall volume of blood passing through the tumor
vasculature. Because our therapy is chronic in its nature,
changes in intratumoral vascular/blood volume are like-
ly to represent structural changes rather than transient
fluxes in vascular permeability. By these criteria, DC101
alone caused a 47% decrease in tumor perfusion, vin-
blastine alone resulted in a 41% decrease, and the com-
bination of the 2 drugs resulted in 65% perfusion inhi-
bition (Figure Sa). Of interest is the appreciable
difference in gross vascularity in the corresponding
tumor specimens (Figure 5b).

Effects of chemotherapy treatments on in vivo angiogenesis.
The direct assessment of tumor vasculature does not
provide any clues as to whether the apparent vascular
inhibition within the tumor is primary (cause) or sec-
ondary (consequence) to the tumor regression. Evi-
dence for the former would provide support for the
hypothesis that low-dose vinblastine treatment alone

is potentially antiangiogenic and that the extent of this
antiangiogenic effect may be further enhanced by con-
current treatment with DC101. Again, the ratio
between intra- and extravascular volume within the
tumor could be also somewhat affected by transient
changes in vascular permeability (34). To address these
questions, we repeated the same fluorescence meas-
urement using an in vivo Matrigel plug angiogenesis
assay (ref. 32; personal communication, J. Ahern, Merck
& Co., West Point, Pennsylvania, USA). Four treatment
groups were treated with an identical therapeutic regi-
men as in the tumor perfusion experiment, and the
regression of vascularity in subcutaneously implanted
Matrigel pellets was quantitatively assessed by measur-
ing the fluorescence of circulating FITC-labeled dex-
tran (Figure 6). DC101 inhibited the bFGF-induced
vascularization to 50% and vinblastine alone to 62.5%
of the positive control. There was again an enhanced
effect of the combination therapy, which reduced the
Matrigel pellet fluorescence down to 29.2% of control,
alevel only marginally different from the negative con-
trol (Matrigel not supplemented with growth factors).

Discussion

Interest in the therapeutic effects of combining antian-
giogenic drugs with conventional chemotherapy was ini-
tially stimulated by reports from Teicher’s laboratory (35)
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showing that the antitumor effects of MTDs of various
chemotherapeutic cytotoxic drugs can be augmented, at
least in preclinical experiments, when they are combined
with angiogenesis inhibitors (36). Counterintuitively,
such effects have been attributed to greater delivery of the
cytotoxic drugs into tumor masses (36). Increasing the
efficacy of cyclic high-dose chemotherapy in such a man-
ner, however, would unlikely alter 2 of the major prob-
lems associated with the use of chemotherapy given in
this way: induction of moderate to severe side effects (e.g.,
myelosuppression, nausea, and hair loss), and the devel-
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Figure 5

Impact of antiangiogenic treatment regimen (Vbl+DC101) on integri-
ty of tumor vasculature. (a) The decrease in intravascular FITC-dex-
tran fluorescence reflects changes in tumor perfusion in established
SK-N-AS neuroblastoma xenografts subjected to a 2-week course of
treatment with anti-flk-1 (DC101) antibody, low-dose vinblastine,
or combination of the 2. Both single-drug treatments caused a sig-
nificant decrease in tumor perfusion, and this effect was enhanced
by the combination therapy. Averages of 5 animals (bearing bilater-
al tumor xenografts) and their respective SDs are shown (*P = 0.05).
(b) Tumor appearance in treated and untreated animals at the time
of excision. Notable is the change in tumor vascularity in the single-
treatment groups even before an appreciable change in tumor size.
Groups were treated for 14 days before specimen collection.

opment of acquired resistance to the cytotoxic drugs. In
contrast, our results suggest that these problems can be
significantly attenuated, and perhaps even avoided, by
using much more frequent administration of signifi-
cantly lower doses of a chemotherapeutic drug, e.g., vin-
blastine, when given in combination with anti-VEGF
receptor-2 neutralizing antibodies, without sacrificing
potent antitumor efficacy. Thus, large (0.75 cm?) estab-
lished human neuroblastoma xenografts in SCID mice
could be induced to regress completely with this combi-
nation strategy, whereas either agent alone caused only
partial and temporary regressions, with relapses observed
in all treated animals 30-50 days after initiation of the
individual therapy treatments. In striking contrast, a fully
regressed state could be induced and maintained for as
long as the combination therapy was maintained, which
in our case was 210 days, in the absence of any significant
toxicity, as assessed by lack of weight loss. No myelosup-
pression has been observed either (Klement et al., unpub-
lished observations).

The dose of vinblastine used in our experiments was
in the range of 1.5 mg/m?, every 3 days, which is
approximately 1/4 of the MTD of this drug in humans,
and 1/16-1/20 of the MTD in mice, given the fact that
the MTD of vinblastine in mice is 4-5 times higher
than in humans (37, 38). Similar to Browder et al., who
used low-dose cyclophosphamide therapy (26), we
found evidence, in our case using the Matrigel plug
assay, that continuous low-dose vinblastine adminis-
tration can cause a direct antiangiogenic effect in vivo.

The decision to use anti-VEGF receptor-2 antibodies
in our combination strategy was based on 3 main con-
siderations. First, dividing endothelial cells in particular
may be damaged or killed by exposure to the vinblastine
therapy. Second, the extent of this damage may be
enhanced in a highly selective manner given the cellular
distribution of VEGF receptors, which is mainly, though
not exclusively, restricted to activated endothelial cells of
newly formed vessels (2, 3, 5). Third, 1 of the major func-
tions of VEGF is to prevent apoptosis of such endothe-
lial cells during the process of vasculogenesis and angio-
genesis (14, 28). The prosurvival function of VEGF for
activated endothelial cells appears due to its ability to
activate PI3 kinase/Akt/PKB (39), and/or upregulate
expression of several genes and/or proteins known to
have antiapoptotic function such as bcl-2 (40), as well as
XIAP (41) and survivin (41, 42), the latter 2 being mem-
bers of the IAP family of apoptosis inhibitors (43). For
example, survivin protein expression can be massively
upregulated, e.g., 15- to 20-fold (41, 42), and XIAP 4-fold,
in human endothelial cells by in vitro by VEGF (41)
Moreover, XIAP and survivin (especially XIAP) can con-
fer resistance to chemotherapeutic drugs in tumor cells
(44). Thus, blockade of VEGF function could conceiv-
ably render surviving endothelial cells more vulnerable
to the damaging effects of chemotherapy, especially
when the cytotoxic drug is given at low doses, by the pos-
sible downregulation of multiple antiapoptotic proteins
normally induced by VEGF. A similar reasoning has been
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Figure 6

Inhibition of angiogenesis in vivo by low-dose vinblastine in combi-
nation with anti-flk-1 antibody (DC101). Angiogenesis was induced
in subcutaneously implanted Matrigel plugs (Mat) by admixing 500
ng/mL of bFGF (Mat+bFGF). The mice were treated with DC101
antibody (800 pg/mL) every 3 days, low-dose vinblastine (1 mg/m?)
every 3 days, or combination therapy (Vbl/DC101). After 10 days of
treatment, mice were injected intravenously with FITC-dextran;
Matrigel plugs were removed; and the volume of new blood vessels
was assessed by measurement of intravascular FITC content (nor-
malized to FITC in the circulating plasma). Averages of 5 animals and
their respective SDs are shown (AP = 0.05).

used by others to enhance the collateral damaging
effects of ionizing radiation on a tumot’s vasculature
such that even low doses of radiation can induce
detectable antivascular effects in the presence of angio-
statin or anti-VEGF antibodies (13, 45).

Although our results are consistent with the hypoth-
esis that the antivascular effects of vinblastine are sig-
nificantly enhanced by combination with anti-VEGF
R2 (flk-1) antibodies, other mechanisms may be
involved. In this regard, it is important to note that
extremely low (e.g., picomolar) doses of vinblastine that
are devoid of endothelial cytotoxicity can still block
aspects of angiogenesis in vitro or in vivo, using the
CAM (chorioallantoic membrane) assay (46). Similar-
ly, low (nanomolar) and noncytotoxic concentrations
of camptothecin and topotecan can block endothelial
cell functions in vitro that are relevant to angiogenesis
(47), and the same appears to be the case for paclitaxel
(19). Moreover, the proliferation index of endothelial
cells in tumor vessels is usually less than 3% (48). Thus,
other functions such as endothelial cell motility, inva-
sion and vessel remodeling may be blocked or altered
by low-dose chemotherapy (46), the magnitude of
which might be significantly and selectively enhanced
by simultaneous exposure to anti-VEGF receptor-2
antibodies. Suppression of mobilization of bone mar-
row-derived endothelial cell progenitors to sites of
angiogenesis is another possibility (49, 50).

The results of Browder et al. and Vacca et al. (26,
46), as well as ours, also raise the important question
of what the optimum low dose of a given chemother-
apeutic drug is with respect to inducing antiangio-
genic effects. An analogous situation has been
described recently by Fidler and colleagues with
respect to IFN-0 as an antiangiogenic agent to treat
experimental tumors (51). Whereas very high doses
(70,000 U) of IFN-a given on weekly basis had little
effect, much lower doses (10,000 U) given on a daily
basis strongly inhibited tumor growth by a presumed
antiangiogenic mechanism (51). Such results high-
light what may be the difficulty in selecting the opti-
mal therapeutic dose of new antiangiogenic drugs for
both preclinical studies and clinical trials. This has
not been considered to be a problem for convention-
al antitumor cytotoxic drugs that are generally

0.003

0.0025] - feee

0.0021 -

0.00154---------1 |-

0.001 -+ 1 | el doo
[

Matrigel: Plasma fluorescence

00005 L.

Mat at+ bFGF  DC101 Vbl Vbl/DC10

thought to be most effective when used at maximum
tolerated doses. However, our results, and those of
Browder et al. (26), suggest this may not be the case,
provided lower doses are given on a more frequent
basis, over long periods, especially in combination
with an angiogenesis inhibitor such as anti-VEGF
receptor antibodies or TNP-470.

Finally, we would note that there is increasing use of
clinical chemotherapy protocols using lower doses of
drug given frequently, e.g., weekly, especially as a
means of minimizing toxic side effects, such as myelo-
suppression (52, 53), as well as increasing use of oral
formulations of chemotherapy (53-55). Such develop-
ments make it especially timely to test clinically low-
dose regimens of conventional chemotherapeutic
drugs alone (53) or in combination with certain newly
developed angiogenesis inhibitors, as described here,
that can be given continuously, perhaps even on a daily
basis, without significant toxic side effects, and which
are not rapidly rendered ineffective by development of
acquired drug resistance. This prospect also clearly
increases the need to begin evaluating in-depth opti-
mal “antivascular” dosing and scheduling characteris-
tics of different chemotherapeutic drugs and to test
the effects of such therapeutic approaches in different
tumor models. These include orthotopically growing,
transplanted tumors, spontaneous tumors arising in
transgenic oncomice, as well as models involving treat-
ment of distant metastases, especially of tumors select-
ed for high levels of acquired resistance to the
chemotherapeutic drugs used for the low-dose treat-
ment schedules.
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