BIOCHEMICAL PHARMACOLOGY 75 (2008) 627-638

journal homepage: www.elsevier.com/locate/biochempharm

available at www.sciencedirect.com

-
*s’ ScienceDirect

Antitumor effect of the angiogenesis inhibitor bevacizumab
is dependent on susceptibility of tumors to hypoxia-induced

apoptosis

Muthu Selvakumaran **, Kang Shen Yao®, Michael D. Feldman?, Peter J. O’Dwyer ®

@ Abramson Cancer Center, University of Pennsylvania, 1020 BRB II/1lI, 421 Curie Blud, Philadelphia, PA 19104, United States
® Department of Pathology and Laboratory Medicine, Hospital of the University of Pennsylvania, PA, United States

ARTICLE INFO

Article history:
Received 11 June 2007
Accepted 26 September 2007

Keywords:

Hypoxia

VEGF

Bevacizumab
Hypoxia-conditioned cell line

ABSTRACT

Angiogenesis inhibition has been shown to enhance the therapeutic efficacy of cytotoxic
chemotherapy in colorectal cancer. The basis of the contribution of this modality has not
been defined fully. To determine the potential role of hypoxia-induced apoptosis, we studied
a series of colon cancer cell lines with varying susceptibility to hypoxia. We exposed HT29
and HCT116 colon adenocarcinoma cell lines to sublethal periods of hypoxia three times
weekly for 40 exposures, and derived cell lines both more resistant (from HT29) and more
sensitive (from HCT116) to hypoxia-induced apoptosis. Both hypoxia-derived cell lines
demonstrated more rapid growth than the parental lines when implanted subcutaneously
in immunodeficient mice. Treatment of tumor-bearing mice with bevacizumab resulted in
depletion of tumor microvasculature, upregulation of Hypoxia-inducible factor-1 alpha
(HIF-1a), and increased pimonidazole staining, consistent with an anti-angiogenic effect
and induction of hypoxia in tumors derived from all cell lines. The proportion of apoptotic
cells was increased in all the treated tumors, and was most pronounced in the bevacizumab-
treated HCT116-derived cells. The bevacizumab-treated tumors showed growth delay in
HT29 and its derivative, and the parental HCT116. In the hypoxia-sensitive HCT116-derived
tumors, marked tumor shrinkage and prolonged growth control occurred. Therefore,
bevacizumab treatment is an effective inducer of a hypoxic environment, but the resulting
cell kill and tumor shrinkage is determined by the susceptibility of the tumor to apoptosis.
The induction of apoptosis by hypoxia may contribute to the benefits of such treatment in
the clinical setting.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

that targeting angiogenesis may confer therapeutic benefit in
cancer [4,5]. The addition of the anti-vascular endothelial

The vasculature of solid tumors is often disordered as a
consequence of overproduction of factors promoting vessel
formation [1]. The degree of angiogenic activity in colorectal
cancers is variable, and in many studies is a determinant of
tumor aggressiveness and of patient survival [2,3]. Two studies
in colorectal cancer have provided definitive demonstration
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growth factor (anti-VEGF) monoclonal antibody bevacizumab
to chemotherapy resulted in improved response rates [4] and
survival [4,5] in patients with advanced disease. The demon-
stration of the efficacy of combining chemotherapy with
bevacizumab prompts interest in the mechanism through
which angiogenesis inhibitors exert their effects.
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Early studies showed the ability of angiogenesis targeted
drugs to cause tumor shrinkage with apoptosis in animal
models [6-8]. Klement et al. demonstrated an effect of
low-dose (metronomic) chemotherapy on
endothelial cell survival, and showed a sensitizing effect of
an anti-VEGF antibody on this cell type [9]. A focus on the
disordered vasculature and recognition of increased intratu-
moral hydrostatic pressure by Jain and co-workers [10-12]
suggested that the effect of bevacizumab with chemotherapy
may be to restore order to the vasculature, normalize
hydrostatic pressure, and permit enhanced drug delivery to
the tumor cells. Consistent with this, Willett and colleagues
recently demonstrated that intratumoral hydrostatic pressure
of patients with rectal cancer is reduced following treatment
with bevacizumab [13]. Jain has emphasized that continued
antiangiogenic effects should curtail tumor blood flow and by
implication starve the cells of oxygen and nutrients [12].
However the extent of such tumor starvation and the
consequences for tumor cell kill have not previously been
addressed. The clinical success of antiangiogenic therapy may
indeed be viewed as paradoxical, since for many years the
focus of therapeutics, particularly in the radiobiological
literature has been on eliminating tumor hypoxia, which
was well established as a barrier to successful treatment with
radiation and alkylating agents. To explore the relationship
between inhibition of angiogenesis and the induction of tumor
cell kill, we derived a series of colon cancer cell lines with
varying susceptibility to hypoxia-induced apoptosis. We
showed in vivo that bevacizumab treatment resulted in an
increase in hypoxia within the tumor, but that the consequent
induction of apoptosis depended on susceptibility to hypoxia-
induced apoptosis, and that the apoptotic effect was asso-
ciated with tumor growth control.

continuous

2. Materials and methods
2.1.  Establishment of hypoxia-conditioned cell lines

The establishment and characterization of hypoxia-condi-
tioned cell lines from HT29 and HCT116 have been described
previously [14]. Briefly, the two colon cancer cell lines were
exposed to repeated 4h periods of sublethal hypoxia (0.1% O,
for 4 h) followed by return to a standard culture environment
(5% CO,, 95% air) to mimic the variable and fluctuating oxygen
levels to which tumor cells may be exposed [15]. The treatment
was applied thrice weekly, resulting in the generation of a
series of cell lines derived from each: from HT29, the HP series
up to HP40, reflecting 40 exposures to hypoxia, and from
HCT116, the HCP series up to HCP40. These cell lines have now
been maintained stably in culture for over 2 years. The cells
were cultured in MEM medium supplemented with 10% FBS.

2.2.  In vitro cytotoxicity assay

Cytotoxicity was determined using the 3-(4, 5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [16].
For cytotoxicity under hypoxia, cells were plated at a density
of 3000 cells/well in 96-well plates. The plated cells were
incubated overnight at 37 °C, in 5% CO, and 95% air. The cells

were placed in an anaerobic chamber (Forma Scientific Inc.,
San Jose, CA) which was gassed using oxygen-poor (less than 1
part per 10 billion) 95% N, and 5% CO,. After a 24 h incubation
in the anaerobic chamber, cells were transferred to the
incubator at 37 °C, 5% CO, and 95% air for additional 48 h,
after which the MTT assay was performed by the addition of
40 pl of 5 mg/ml MTT per well. After 2 h at 37 °C, the cells were
lysed by adding 100 ul of 20% (w/v) SDS, and 50% (v/v) N,N-
dimethylformamide (pH 4.7) and incubated 3 h at 37 °C. The
absorbance at 570 nm was determined using a microplate
reader (E1x800, BioTek Instruments, Inc., Winooski, VT). The
data shown are the means+S.D. of two independent
experiments done in triplicate.

2.3. TUNEL assay

Quantitation of apoptotic cells under hypoxic and oxic
conditions was obtained using the TUNEL assay, which was
performed according to the protocol of the Cell Death
Detection Kit (Roche, Piscataway, NJ). Cells were plated in
glass petri dishes at a density of 1 x 10° dish~. Following
overnight incubation under oxic conditions, the cells were
incubated in the anaerobic chamber for 24h. They were
harvested, washed in PBS/1% BSA at 4 °C, and fixed using a
freshly prepared paraformaldehyde solution (4% in PBS, pH
7.4). After washing with PBS, cells were then treated with
permeabilisation solution (0.1% Triton X-100 in 1% sodium
citrate) for 2 min onice. The cells were washed with twice with
PBS, labeled with the TUNEL reaction mixture, and incubated
for 60 min at 37 °C in a humidified atmosphere in the dark. The
reaction was stopped by adding 500 ul of PBS. The apoptotic
cells were quantitated by flow cytometry.

2.4.  Western blotting

Proteins from a total cell extract (20 pg/lane) were separated by
electrophoresis in a 12% SDS-polyacrylamide gel, and trans-
ferred to a Hybond-P membrane (Amersham, Arlington
Heights, IL). Western blotting was carried out using caspase
3, 8 and 9 antibody (Calbiochem, La Jolla, CA), as the first
antibody, and horseradish peroxidase-conjugated serum as
the second antibody (Santa Cruz Biotechnology Inc., Santa
Cruz, CA). The actin antibody (Santa Cruz Biotechnology Inc.)
was used as protein loading control. The ECL-plus detection
system (Amersham) was used to develop the signal.

2.5.  Growth of the Conditioned cell lines in vivo

Adult (8-10 weeks of age) female severe combined immuno-
deficient mice (C.B.17 SCID) were used to generate tumors by
subcutaneous injection of 1 x 107 cells in 100 pl PBS into the
left flank of SCID mice. The colon carcinoma cell lines HT29
and HCT116 and their respective hypoxia-conditioned cell
lines HP40 and HCP40 were grown as a monolayer, and then
trypsinized, washed, and resuspended in PBS. Subsequent
tumor size was measured every 3 days using Vernier calipers,
and the tumor volume calculated using the formula (1/2)ab?,
where a is the longest length and b is the smaller width of the
tumor. For immunohistochemical staining, tumor-bearing
mice were sacrificed by cervical dislocation at specified times,
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and tumors removed and snap frozen. Each experimental
group consisted of eight SCID mice. The data shown are
means =+ S.D. of mice in each group.

2.6.  In vivo anti-VEGF antibody treatment

In vivo anti-VEGF neutralizing antibody treatment was studied
in xenograft mouse tumor models of colon cancer cell lines
HCT116, HT29, HCP40 and HP40. Six to eight-week-old female
SCID mice were used. To produce tumor, colon cancer cells
(1 x 107 cells) were injected subcutaneously into the left flank
of the mice. Two weeks after tumor implantation or once the
tumors were established, tumor-bearing mice were grouped (8
mice per group) for anti-VEGF treatment. The treatment group
received murine anti-human VEGF neutralizing antibody
(Avastin, bevacizumab), 300 ng in 300 pl/mouse (approxi-
mately 15 mg/kg) i.p. twice weekly for 4 weeks. The control
group received the same amount of nonspecific murine IgG
antibody. The tumor volume was measured every 3 days. Mice
were sacrificed after the anti-VEGF treatment on days 9 and 28
for the quantitation of apoptosis and microvessel density.
Pimonidazole, a compound that binds irreversibly to hypoxic
cells was used to detect the proportion of hypoxic cells in
tumors [25]. Pimonidazole (Hypoxyprobe-1; Chemicon Inter-
national Inc., Temecula, CA) was administered at 100 mg per
kg of body weight in phosphate-buffered saline to mice 2h
before sacrifice.

2.7.  Immunohistochemistry

2.7.1. Detection of hypoxic cells in tumors and HIF-1«
expression

Frozen sections (5 p) from excised tumors were thawed, fixed
in 10% paraformaldehyde, and antigen retrieved by boiling in
the microwave for 10 min with 0.01 M citrate buffer pH 6.0.
Slides were then blocked with 1% BSA/Tris-buffered saline for
15 min. After a PBS wash, slides were incubated with
Hypoxyprobe-1Mab 1 (1:200), a monoclonal antibody used to
detect pimonidazole adducts, at 4 °C for overnight, followed by
incubation with biotinylated anti-mouse antibody (Dako
Corporation, Carpinteria, CA) and horseradish peroxidase-
conjugated streptavidin (Dako Corporation). For HIF-la
expression in the tumor, the slides were incubated with
rabbit anti-HIF-1«a (Novus Biologicals, Inc., Littleton, CO) and
detected by a biotinylated anti-rabbit antibody (Dako Corpora-
tion). For the detection of HIF-1a expression in the cytoplasmic
and nuclear portions of the cells, Western blot was carried out
with the help of anti-HIF-1a antibody (Novus Biologicals, Inc.).
The nuclear and cytoplasmic fractions were isolated from the
tumors using Cell Lytic NuClear Extraction Kit and following
the manufacture’s protocol (Sigma, Saint Louis, MO).

2.8.  Hypoxic area quantification

Hypoxic area in the whole tumor sections were quantified
using imaging analysis software (Nuance Multispectral Ima-
ging System, Cambridge Research & Instrumentation,
Woburn, MA) and a microscope (Leica DMR82). Four 5x field
images covering the whole tumor section were acquired by the
software. Diaminobenzidine (DAB)-positive pixels were selec-

tively detected using spectral unmixing in the Nuance soft-
ware and images were uniformly displayed as red pixel
overlay using the threshold function. Threshold parameters
were defined by successively adding regions with heavily DAB
staining and deleting regions of counter staining and back-
ground without DAB from threshold. The threshold area
corresponding to the hypoxic area was selected for analysis.
The hypoxic area was measured using a calibrated slide
micrometer and NIH-Image J analysis software. The Image ]
program polygonal draw tool was utilized to measure the
hypoxic area from images captured on the Leica Microscope.
Five tumor sections were analyzed, and the mean value + S.D.
was determined.

2.8.1. Quantitation of tumor vascularity

Frozen sections (5 pum) from excised tumors were thawed,
fixed in 10% cold acetone. The slides were incubated with rat
anti-mouse CD31 (PECAM-1) monoclonal antibody (1:200
dilution: BD Biosciences Pharmingen, San Diego, CA) at 4 °C
overnight, followed by incubation with biotinylated anti-rat
antibody (Dako Corporation) and horseradish peroxidase-
conjugated streptavidin (Dako Corporation). Signals were
visualized with diaminobenzidine as the substrate. The
tissues were counterstained with hematoxylin. Normal rat
antibody was used as a negative control. Tumor vascularity in
the whole tumor sections was quantified using imaging
analysis software (Nuance Multispectral Imaging System,
Cambridge Research & Instrumentation) and a microscope
(Leica DMR82). The four 5x images covering entire tumor
sections were acquired for the analysis. DAB-positive pixels
were selectively detected using the unmixing features of the
Nuance Software and uniformly displayed with red pixel
overlay using the threshold function. The threshold area
corresponding to the endothelial area was selected for
analysis. The endothelial area was expressed as a single
microvessel in the scanned images. The microvessels were
counted visually based on their size, ranging from large
(>20 um), medium (5-20 um), and small (1-5 um). The length
of endothelial area staining was measured using a slide
micrometer and NIH-Image ] analysis software. Five tumor
sections were analyzed for the total number of micro vessels,
and the mean value + S.D. was determined.

2.8.2. Detection of apoptotic cells in tumors

Apoptotic cells were quantitated in tissue specimens using the
TUNEL (Promega, Madison, WI) assay, to permit both
fluorescein as well as DAB staining. For fluorescein-based
detection, 5 um sections of tumor tissue were fixed with 4%
paraformaldehyde for 10 min at room temperature and
washed with PBS twice for 3 min. Tissues were incubated in
the dark with the reaction mixture containing equilibration
buffer, nucleotide mixture, and the terminal deoxynucleotidyl
transferase enzyme (TUNEL kit, Promega) in a humid atmo-
sphere at 37 °C for 1 h. Tissues were washed three times with
PBS for 3min to remove unincorporated fluorescein-dUTP.
Cell nuclei were counterstained with 1pg/ml propidium
iodide. Tissues were washed three times with PBS for 3 min
and Prolong (Molecular Probes, Eugene, OR) was used to mount
cover slips. All images were captured using a Zeiss Plan-
Neofluor objective on an epifluorescence microscope. For DAB
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staining, the tumor tissue sections were stained with the
DeadEnd Colorimetric TUNEL (Promega) System. The apopto-
tic areas from the 1x field TUNEL assay stained images of the
whole sections were quantified with the help of 1x ruler and
the image ] program. The total area of the whole section was
measured and from that the percent apoptotic area was
calculated. Four tumor sections were analyzed, and the mean
value + S.D. was determined.

2.9.  Statistical analysis

Tumor volume, micro vessel density, apoptotic rates, and
tissue hypoxic area were represented as mean + S.D. Statis-
tical analysis was done by ANOVA. p values < 0.05 was
considered significant.

3. Results
3.1.  Characteristics of the hypoxia-conditioned cell lines

Cell lines were derived by repeated exposure of the colon
cancer cell line HT29 (a p53 mutated line, with intact
mismatch repair, and a chromosomal instability [CINY]
phenotype) and HCT116 (a p53 wild-type line, with a defect
in DNA mismatch repair but no chromosomal instability
[CINT]) to 4 h periods of hypoxia thrice weekly, resulting in the
generation of cell lines HP40 and HCP40, respectively, each
reflecting 40 exposures to hypoxia. The conditioned cell lines
manifested stable changes in growth in both HT29 and
HCT116. The conditioned cell line HP40 displayed an increase
in doubling time from 25.9h in the parental line to 33.6h
(p <0.05). The conditioned cell line HCP40, by contrast,
assumed a more proliferative program, and displayed a
gradual decrease in doubling times from 28.5 h in the parental
line to 20.5 h in HCP40, which was also significant (p < 0.05),
though in the opposite direction. These changes were
maintained for over 2 years in continuous culture, indicating
their long-term effects. Thus repeated exposure of the cells to
hypoxia led to stable changes in the proliferative character-
istics of these colon cancer cells, in a manner that differed
between the two cell lines.

3.2.  Apoptotic response of conditioned cells to hypoxia

Hypoxia is a relatively stronginducer of apoptosis in cell lines in
vitro, and some of the pathways involved have been elucidated
[17-19]. We studied the survival of the conditioned cells
following varying durations of hypoxia and assessed outcome
using the MTT assay. In HT29 cells, an 8 h exposure to hypoxia
had minimal effects on survival. However, extending the
hypoxic period to 16 or 24 h markedly compromised the
survival of the cells. Using the MTT assay, HP40 cells
demonstrated greater survival following a 24h hypoxic
exposure than HT29: 85.7 &+ 2.9% versus 73.8 + 1.7% (p < 0.05).
The opposite effect was observed with the HCT116-derived
series: progressively greater susceptibility to hypoxia was
observed to the point that the survival of HCP40 after 24 h of
hypoxia (34.6 + 2.3%) was substantially less than that of the
parental line (70.8 + 4.5%, p < 0.05).

Since the colorimetric assay may not distinguish between
cell death and delayed growth, we performed a TUNEL assay to
assess the proportion of cells in which apoptosis was induced.
In this assay also (Fig. 1A), the HT29-derived cells were more
resistant: in HT29, 12.9% were apoptotic versus 3.2% in HP40
(p < 0.05). By contrast, the HCT116-derived conditioned cells
were substantially more susceptible: after an 8h hypoxic
exposure, 15.8% of the parental HCT116 cells were apoptotic
versus 35.2% for HCP40 (p <0.05). These findings were
confirmed by biochemical analysis of caspase activation in
the cell lines (Fig. 1B). In all four cell lines, apoptosis was
induced to varying degrees, based upon caspase 3 activation.
As expected, less activation was evident in HP40 relative to
HT29, while more was observed in HCP40 relative to HCT116.
Both the extrinsic and intrinsic pathways were activated, as
evidenced by changes in both caspase 8 and in pro-caspase 9.
Thus the HT29-derived cells had become more resistant to
hypoxia-induced apoptosis, as expected, whereas the HCT116
series became more sensitive, despite a more aggressive
phenotype in cell growth characteristics.

The development of resistance to hypoxia-induced apop-
tosis in HT29 cells was expected: this paradigm has been
widely used for the analysis of resistance to cytotoxic drugs
[20-22]. The greater sensitivity of the HCT116-derived cells
was surprising. To investigate if this represented an evolu-
tionary change, the cell lines were examined using the array
comparative genomic hybridization (CGH): the presence of
chromosomal material in the conditioned lines in regions
deleted in the parental line showed that selection of a cell line
with a growth advantage was the basis for the isolation of the
line with altered apoptosis susceptibility (data not shown).
The difference in susceptibility to apoptosis upon hypoxic
exposure however provided the opportunity to investigate this
mechanism further in the response to anti-angiogenic treat-
ment.

3.3.  Antiangiogenic effect and hypoxia in response to
bevacizumab treatment in vivo

We transferred the conditioned cell lines to an in vivo model by
subcutaneous injection of SCID mice (eight animals/group)
with 107 cells in the flank, followed by tumor measurement
twice weekly.

Mice bearing HT29, HP40, HCT116 and HCP40 were treated
with bevacizumab at a dose (15 mg/kg) previously shown to
have anti-angiogenic activity in vivo [23,24]. Tumors were
harvested and stained with anti-CD31 after two treatments
with bevacizumab (on day 9 after implantation). The vascu-
lature of untreated and treated tumors was assessed using an
antibody to CD31 for microvessel staining (Fig. 2A). Using
multispectral imaging and image analysis software, we
quantitated blood vessels in sections of treated and untreated
tumors (Fig. 2B). The total microvessel density was signifi-
cantly decreased in all tumors when treated with bevacizu-
mab (Fig. 2B) and was not differentin microvessel density after
the treatment in the hypoxia-conditioned and the parental
lines (Fig. 2B). The basis for this apparent decline in
effectiveness of bevacizumab in the two hypoxia-derived cell
lines is unclear, but apparently unrelated to susceptibility to
apoptosis. This observation implies dissociation between the
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Fig. 1 - Apoptosis in hypoxia-conditioned cell lines HT29, HP40, HCT116 and HCP40 after hypoxic treatment. (A) The cells
were exposed to 0, 8 or 24 h of profound hypoxia. All cells were harvested including adherent and floating cells. The

apoptotic cells were quantitated by flow cytometry and the result was shown as percent of apoptotic cells among the total
counted. The cytometry results depicted here is representative of three independent experiments with similar results. (B)
The cells were harvested after hypoxic treatment (0, 8 and 24 h), extracted, and subjected to Western analysis for caspase 3,

8 and 9 activity. The picture shown is representative of three

independent experiments.

ability to establish a blood supply from apoptosis suscept-
ibility.

We used two approaches to determine if bevacizumab
treatment results in hypoxia in the treated tumors. We
performed immunohistochemistry for the hypoxia-regulated
transcription factor HIF-1« at 9 days following the initiation of
therapy. As shown in Fig. 2C, HIF-1a expression is detectable in
all the tumors pretreatments. The expression is variable and
heterogeneous across the tumors, but fairly uniform in
intensity in the positive regions, except in HCP40, in which
foci of greater staining are found. Interestingly in all the cell
lines both nuclear and cytoplasmic HIF-la staining is
observed, and this was verified by subcellular fractionation
and Western analysis (Fig. 2D). Following bevacizumab
treatment, expression is upregulated in all the tumors and

the immunohistochemical findings were further verified by
the quantification of HIF-1 alpha in all tumors (Fig. 2E).
Another approach to assaying for hypoxia is to determine
tissue binding of the hypoxia-activated 2-nitroimidazole
pimonidazole, as described by Varia et al. [25]. A monoclonal
antibody that detects pimonidazole adducts in tissue was used
to stain tumor samples before and after 9 days of treatment
with bevacizumab (Fig. 2F). In untreated tumors, staining was
faint, and the tumor types did not differ markedly from each
other. These findings are in accord with HIF-1a staining above.
Following bevacizumab administration, a marked increase in
the proportion of hypoxic cells was observed. There were no
apparent differences in between sensitive and resistant
tumors. To verify these results quantitatively, we developed
an index to relate the area that stained with pimonidazole to
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Fig. 2 - Effect of anti-VEGF antibody treatment on microvessel density, HIF-1a expression, and extent of hypoxia in the
tumors derived from HCT116, HCP40, HT29 and HP40. Frozen sections were made from the tumors after 9 days of the
bevacizumab treatment and were used for the immunohistochemistry staining. (A) Effect of anti-VEGF antibody treatment
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on CD31* microvessel expression in the tumors derived from HCT116, HCP40, HT29 and HP40 cell lines. The microvessels
were detected by immunohistochemistry using anti CD31 antibody. The scale bar represents 100 pm in photomicrographs.
The picture shown is representative of five independent experiments. (B) Quantitation of total microvessels in
representative sections of these tumors. Vessels from the entire sample were identified and quantified using multispectral
imaging analysis software (Nuance Multispectral Imaging System, Cambridge Research & Instrumentation). Five tumor
sections were analyzed, and the mean value + S.D. was determined. Columns represent mean and bars represent S.D. *,
values differing statistically from controls (‘p < 0.01, “p < 0.001, and ~p < 0.0001; data analyzed by ANOVA) (C) HIF-1a
expression detected by immunohistochemistry. Note that in these colon cancer cells significant staining is observed in
cytoplasm as well as nucleus (verified by Western analysis). The picture shown is representative of five independent
experiments. (D) Detection of HIF-1a protein by Western blot analysis in nuclear and cytoplasmic fractions isolated from
control and treated tumors. An anti-actin antibody was used to show equal loading of protein. The Western blot shown is
representative of three independent experiments. (E) Quantification of the Western blots was performed by densitometry
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the total tumor available in a section, and derived the “hypoxic
area”. We show (Fig. 2G) that the hypoxic area increased
significantly in all the treated tumors when treated with
bevacizumab. The hypoxic areas in HCT116 and HCP40
increased more markedly than those in HT29 and HP40. These
results indicate that hypoxia is a uniform consequence of
bevacizumab treatment in vivo, and so that tumor shrinkage
may depend on the ability of the tumor cell to enter apoptosis
in response to hypoxia.

3.4. Bevacizumab treatment induces hypoxic apoptosis
and tumor control in colon cancer models

To address this proposition, tumors were excised and
analyzed for apoptosis induction by TUNEL assay before
and after bevacizumab treatment. Both FITC and DAB staining
show marked induction of apoptotic cells in the HCP40 line,
and less pronounced effects in all the other cell lines (Fig. 3A
and B). To quantitate apoptotic cells more accurately, we again
developed a technique using multispectral scanning and
image analysis software (Fig. 3C). In HCT116 parental and
HCP40 hypoxia-conditioned cell line derived tumors showed
increased apoptosis in response to bevacizumab therapy
(Fig. 3C). However, hypoxia-sensitive HCP40 cell line derived
tumors exhibited highly significant (p <0.0001) marked
apoptotic cell death to bevacizumab therapy (Fig. 3C). Inter-
estingly, hypoxia-resistant HP40 cell line derived tumors
showed significantly decreased apoptotic response (p < 0.01)
to bevacizumab therapy (Fig. 3C).

The results of bevacizumab treatment on tumor volume
are shown in Fig. 3D. Tumor volume was significantly reduced
in response to bevacizumab in all cell lines derived tumors
(Fig. 3D). In the hypoxia-susceptible cell line HCP40 was very
marked, and prolonged tumor growth control resulted. Taken
together these data suggest that bevacizumab treatment
results in tumor growth delay in all tumors, and that its
effectiveness is proportional to the susceptibility of the tumor
to hypoxia-induced apoptosis before therapy begins.

4, Discussion

The introduction of anti-angiogenic therapy for colorectal
cancer represents an advance in therapeutics that is expected
to extend to other cancers also [26-29]. Response rates
following chemotherapy were increased from 35 to 45% with
the addition of bevacizumab in patients with advanced colon
cancer, and median survival increased from 15.6 to 20.3
months [4]. These results show that there was incremental
benefit, but that the majority of patients still did not respond.
In an era of proliferating treatments for advanced cancers it

becomes critical to determine the basis for the efficacy of
interventions, both that the treatments may be improved, and
that they may be targeted to the population most likely to
respond.

We used a model of colon cancer cells with varying
susceptibility to apoptosis to ask if hypoxia-induced apoptosis
may be playing a role in the response to anti-angiogenic
therapy in vivo. The cell lines were derived using intermittent
hypoxia/reoxygenation, in an effort to replicate the intratu-
moral environment in vitro. We found that indeed there was
evidence for induction of hypoxia in the treated tumors based
on pimonidazole staining within the tumor cells. Activation of
the 2-nitroimidazole under hypoxic conditions results in its
binding to macromolecules, and the adduct is then detectable
using a monoclonal antibody [25]. Furthermore, increased
expression of the hypoxia-regulated transcript HIF-la was
found in the treated tumors, lending further support that
hypoxia was a consequence of the antiangiogenic therapy,
though a number of other stimuli may increase HIF-la
transcription [30]. The relationship of the hypoxia (and
possibly nutrient withdrawal) following treatment to the
therapeutic effect of the bevacizumab was suggested by the
induction of apoptosis in the treated tumors. The degree of
apoptosis induced was especially marked in the cell line most
susceptible to bevacizumab in vivo. These data suggest that the
advantage of adding angiogenesis inhibitors to chemotherapy
in this disease might be in part a result of hypoxia-induced
apoptosis, an effect which would be expected to be additive
with the cell kill caused by the chemotherapy.

This hypothesis is consistent also with the proposal of
Kerbel that the endothelial cell is a major target of the
cytotoxic drug, and that metronomic scheduling of che-
motherapy may avail of both antiangiogenic and cytotoxic
effects [31,32]. The drugs shown to be effective in those dosing
schemes (cyclophosphamide, vinblastine) are somewhat
schedule-dependent for cytotoxic activity in preclinical
models, that is, their efficacy is improved when administered
as a succession of small frequent doses rather than a large
single dose infrequently [33,34]. An additional benefit of
frequent scheduling would then be to confer on tumors a
more frequent hypoxic insult. The effectiveness of this
intervention would in turn depend on tumor cell susceptibility
to hypoxic apoptosis.

The occurrence of apoptosis has a complex relationship
with hypoxia in tumors. Apoptosis has long been known to be
a consequence of hypoxia [17-19], and the response is in part
p53-dependent [35,36], especially in vivo, when overgrowth of
p53-cells is favored by hypoxia [35,37], leading to the
observation that hypoxia favors the evolution of a more
aggressive cancer phenotype as a consequence of progressive
genotypic changes [38]. These findings are consistent with a

scanning of the film using an image analysis system, ImageQuant 5.0 software. Densitometry readings of the bands were
normalized to actin levels and expressed as fold induction relative to control. (F) Pimonidazole staining to detect hypoxic
cells in the tumor. Hypoxic area were identified by pimonidazole staining using Hypoxyprobe-1 antibody (Chemicon
International Inc.) and followed by DAB visualization. The picture shown is representative of five experiments. (G)
Quantification of hypoxic regions. Hypoxic cells across 5x fields representative of the entire tumor section were used for
analysis by multispectral scanning and image analysis software. Five tumor sections were analyzed, and the mean
value * S.D. was determined. Columns represent mean and bars represent S.D. *, values differing statistically from controls

(p <0.001, and “p < 0.0001; data analyzed by ANOVA).
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(A) Control Avastin-Treated

HCT116

HCP40

Control Avastin-Treated

or29

HP40

Fig. 3 - Effect of anti-VEGF antibody treatment on apoptosis and tumor growth in vivo in tumors with varying susceptibility
to hypoxia-induced apoptosis in vitro. (A) TUNEL assay by fluorescence staining. The picture shown is representative of two
experiments. (B) TUNEL assay by DAB staining. The scale bar represents 100 um in photomicrographs. The picture shown is
representative of four experiments. (C) Quantification of apoptotic cells. Apoptotic cells from DAB-stained sections of
control and treated tumors were quantified using multispectral scanning and image analysis software. Four tumor sections
were analyzed, and the mean value + S.D. was determined. Columns represent mean and bars represent S.D. *, values
differing statistically from controls ('p < 0.01, and ~p < 0.0001; data analyzed by ANOVA). (D) Effect of anti-VEGF antibody
treatment on tumor growth of HCT116, HCP40, HT29 and HP40 cell lines. Tumors were generated by subcutaneous injection
of 107 cells in the left flank of the SCID mice. Bevacizumab was injected twice weekly for 4 weeks. There were 8 mice in each
control and treatment group. The measurement of the tumor sizes was conducted on every 3 days. Bars represent mean
tumor size + S.D. in each group at each data point. *, values differing statistically from control (p < 0.0001; data analyzed by
ANOVA). Results represent one of two experiments with similar results.

substantial literature that associated the proportion of survival [43,44]. Wouters et al. note that the paradox of
hypoxic cells within a tumor and poor outcome from therapy hypoxia as an inducer of apoptosis and as an adverse
[39-42]. In head and neck cancer, cervical cancer, and determinant of outcome may be resolved through the concept
sarcoma, clinical measurement of hypoxia demonstrates an of variable resistance to apoptosis. The variable resistance to
association between lower tumor oxygenation and poor hypoxia-induced apoptosis may be defined as the cells
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biological response to survival or tolerance under varying
starved oxygen conditions. The hypoxia-induced apoptosis or
tolerance to hypoxia may depend on the genetic nature of the
cell or with the result of its microenvironments. This concept
is confirmed and extended by the findings in these colon
cancer cell lines, in which the tumor response to hypoxia-
induced apoptosis is shown to be a source of the variable
resistance. Further, since the HT29 cells lacked p53 function
initially, a p53-independent mechanism must be responsible
for the induction of resistance.

The findings of this study provide a complementary
hypothesis for the positive interaction of chemotherapy and
anti-angiogenic therapy. The work of Jain and Willett and
colleagues has suggested that a consequence of dysregulated
VEGF secretion is an abnormal capillary reticular structure
within the tumor, and because of increased VEGF-induced
permeability, elevated intra-tumoral pressure [10-13]. These
investigators have shown that the effect of anti-angiogenesis
agents includes normalization of the intratumoral hydrostatic
pressure, and propose that a consequent increment in the
delivery of the chemotherapy to the tumor underlies the
efficacy of the antiangiogenesis/chemotherapy combination.
In contrast to this intra-tumoral pressure theory, our results
demonstrate that the importance of hypoxia-induced apop-
tosis in colon cancer cells and its relevance to anti-VEGF
therapy. Our results have also suggested that resistance to
hypoxia-induced apoptosis may be an important factor to be
considered in evaluating the efficacy of the anti-VEGF therapy.
Understanding the molecular mechanisms behind the resis-
tance to hypoxia-induced apoptosis may identify the targets
or ways to improve the anti-angiogenic therapy. The relation-
ship to increased drug effect in anti-VEGF therapy remains to
be demonstrated, though this is indeed a difficult task in
clinical trials. Further, the mechanisms are not mutually
exclusive. But while both of these mechanisms may be
important in determining the outcome of therapy, they should
lead to different results in clinical trials. Improved drug
delivery should be manifest as an improvement in effective-
ness of chemotherapy irrespective of the prior therapy status
of the patient: as long as treatment is effective in third-line, it
should be enhanced equally well as that delivered in first-line.
However, resistance to hypoxia-induced apoptosis may be
expected to emerge in parallel with that to chemotherapy,
especially as chemotherapy itself may exert an antiangiogenic
effect [32]: hence it would be predicted that antiangiogenic
therapies would be most effective in the initial therapy of solid
tumors, and would be less and less effective as resistance
develops during therapy.

These findings support the development of strategies to
overcome obstacles to hypoxia-induced apoptosis in human
tumors. Tang et al. [45] have provided definitive evidence for
the role of HIF-1a in mediating endothelial cell survival, and
approaches targeting this transcription factor have shown
promising preclinical results [46-48]. The uniform induction of
HIF-1a in all the tumors in our experiments might raise a
concern regarding the specificity of this approach for truly
resistant tumors. The recent demonstration that HIF-la
knockout astrocytoma cells demonstrate divergent responses
in a subcutaneous environment (necrosis, decreased tumor
growth) versus an intracerebral one (more rapid growth and

spread) supports the careful analysis of in vivo effects of these
interventions [49]. Exploration of this and other markers of
resistance may also permit the definition of a higher risk group
of colon cancers for a more tailored therapeutic strategy.
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