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Growing tumors are hypoxic and respond to microenvironmental stress through increased expression of
the hypoxia inducible factor-1α (HIF-1α) transcription factor, resulting in an adaptive switch to glycolytic
metabolism, angiogenic signaling, survival, and metastasis. HIF-1α expression is associated with tumor resistance to cytotoxic therapy and inferior patient outcomes. Pancreatic cancer is the most hypoxic of all solid
tumors and remains refractory to current chemoradiotherapy. We have seen nuclear HIF-1α in 88% of human
pancreatic ductal carcinoma but in only 16% of normal pancreas. Stroma adjacent to the pancreatic ductal
carcinoma also showed HIF-1α in 43% of cases. We investigated the novel selective HIF-1α inhibitor PX478 on in vitro and in vivo radiation response of human pancreatic cancer models. Inhibition of HIF-1α by
PX-478 increased cell killing by radiation. In mice with Panc-1, CF-PAC-1, or SU.86.86 pancreatic xenografts,
concurrent administration of PX-478 potentiated the antitumor effects of fractionated radiation, with or without combined treatment with 5-fluorouracil or gemcitabine. Alternative sequencing of PX-478 with fractionated radiotherapy suggests optimal radiosensitization with concurrent or neoadjuvant administration of
drug. Early tumor responses to combined PX-478/radiation treatment could be rapidly and repeatedly quantified by vascular imaging biomarkers. Dual-tracer dynamic contrast enhanced–magnetic resonance imaging
and ultrasound imaging discriminated response to combined treatment prior to detection of differences in
anatomic tumor size at 10 days posttreatment. Therefore, PX-478 is a mechanistically appealing and potentially clinically relevant enhancer of pancreatic cancer radiosensitivity, inhibiting tumor and stromal HIF-1
proangiogenic signaling and reducing the innate radiation resistance of hypoxic tumor cells. Mol Cancer Ther;
9(7); 2057–67. ©2010 AACR.

Introduction
Tumors, even micrometastases, have areas of hypoxia
at the growing edge where growth outpaces new blood
vessel formation (1). The abnormal architecture and
blood flow dynamics of tumor vasculature, together with
cycles of vasoconstriction and dilation, lead to periods of
poor perfusion (2). More advanced tumors have additional areas of sustained hypoxia as blood vessels become
compressed or obstructed by tumor cells (3). It has long
been recognized that solid tumors with areas of hypoxia
are the most aggressive and difficult tumors to treat (1).
Hypoxic cancer cells are resistant to both chemotherapy
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and radiotherapy, and are a major reason for treatment
failure (1, 3).
The most extensively studied tumor response to hypoxia is through hypoxia inducible factor-1α (HIF-1α),
whose levels rapidly increase during hypoxia. HIF-1α
is continuously expressed but degraded in normoxic
conditions by the ubiquitin-proteasome system. O 2dependent prolyl hydroxylases modify specific proline
residues on HIF-1α, allowing binding of the von Hippel Lindau protein that recruits a ubiquitin-protein
ligase complex containing elongin B, elongin C, and
cullin, resulting in ubiquitination and degradation of
HIF-1α by the 26S proteasome (4). Under hypoxic conditions O2 is limiting for prolyl hydroxylation and HIF1α is not degraded, allowing it to translocate to the nucleus where it binds with HIF-1β (also known as
ARNT) to specific hypoxia response elements present
in the promoter or enhancer regions of target genes
(5). In addition to the inhibition of oxygen-dependent
degradation, continued protein translation also contributes to the accumulation of HIF-1α in hypoxia when
translation of most proteins is inhibited (6). The genes
regulated by HIF-1α encode proteins involved in
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Materials and Methods
Cells
BxPC-3, Panc-1, SU.86.86, CF-PAC-1, and MiaPaCa-2
pancreatic cancer cells were obtained from the American
Tissue Type Culture Collection. MiaPaCa-2 cells were stably transfected with short hairpin RNA (shRNA) specific
to HIF-1α (courtesy of Dr. Laura Gumbiner-Russo). The
cells were grown in humidified 95% air, 5% CO2 at 37°C
in DMEM supplemented with 10% fetal bovine serum.
All cell lines were tested to be mycoplasma free using a
PCR enzyme-linked immunosorbent assay kit (Roche
Diagnostics Inc.). Cell line lineage was confirmed by the
M.D. Anderson Cancer Center Characterized Cell Line
Core Service. PX-478 was synthesized by the M.D.
Anderson Cancer Center Translational Chemistry Service.
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Human pancreatic cancer immunohistochemistry
A tissue microarray (TMA) was constructed from 48
paraffin-embedded tumor blocks using an indexed manual tissue arrayer (Advanced EDM Automation). In addition, five cases of chronic pancreatitis were included as
controls. When tissue was available, cases were triple
punched with 1.0-mm core needles to include two tumor
cores and one adjacent normal core. H&E-stained slides
were reviewed by a pathologist, and desired regions
were marked and transferred to the donor paraffin
blocks.
The master TMA blocks were sectioned at 5 μm
thickness, and water flotation was used for tissue section transfer. TMA slides were dewaxed, rehydrated,
and subjected to heat-induced epitope retrieval using
EDTA solution for 30 minutes using the BondMax
autostainer (Leica Microsystems, Inc). Endogenous peroxidase was blocked and the slide was incubated for
30 minutes with HIf-1α antibody (25 ug/mL; BD
Biosciences) and visualized by the Bond Polymer Refine Detection kit (Leica) using diaminobenzidine chromogen as substrate. Immunohistochemical staining
localization was evaluated in adenocarcinoma and in
peritumoral stroma separately. The vasculature was
not included in the stromal component. Staining intensity was scored on a scale of 0 to 3, with a score of 3
indicating strong staining. If there was heterogeneous
staining for either compartment for a given case, the
higher intensity staining was scored.
Clonogenic survival assays
Panc-1 and BxPC-3 cells were grown to 70% confluence
and incubated at 21% O2 (normoxia) or 1% O2 (hypoxia,
via chamber) for 24 hours. Cells were treated with
25 μmol/L PX-478 for 24 hours and irradiated with a
137
Cs source (5.8 Gy/min), with atmospheric conditions
maintained. Cells were assayed for colony formation by
replating at specified numbers into 6-well plates in drugfree medium. The cells were immediately plated after irradiation, maintained for 12 days in normoxia, and
stained with 0.5% crystal violet in absolute ethanol. Colonies with >50 cells were counted. Clonogenic survival
curves were constructed from at least three independent
experiments, and the radiation sensitizer enhancement
ratio at 0.2 surviving fraction was calculated.
Western blotting
Western blotting for cellular HIF-1α was done as described previously (21).
In vivo antitumor studies
Approximately 107 BxPC-3, Panc-1, SU.86.86, or CFPAC-1 pancreatic cancer cells in log cell growth were
injected s.c. suspended in 0.2 mL PBS into the flanks
of severe combined immunodeficient (SCID) mice.
The animals were weighed weekly. Tumor diameters were
measured twice weekly at right angles (dshort and dlong)
with electronic calipers and were converted to volume
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erythropoiesis, glycolysis, promotion of cell survival,
inhibition of apoptosis, and angiogenesis. Experimentally it has been shown that increased HIF-1 activity
increases tumor growth, vascularization, and glucose
metabolism, whereas loss of HIF-1 activity dramatically
suppresses these responses. Not surprisingly it has
been found that increased HIF-1α expression is a marker of aggressive clinical disease associated with poor
patient prognosis and treatment failure in a number
of cancers (7, 8).
Pancreatic cancer is an extremely lethal malignancy,
with an overall 1-year survival rate of around 20% (9).
Aggressive combinations of surgery, chemotherapy, and
radiotherapy have yielded only incremental gains, and
the benefit of adjuvant radiotherapy for resectable disease remains controversial (10). However, radiotherapy
still has an important role to play in the treatment of pancreatic cancer, particularly locally advanced disease (11,
12). Pancreatic cancer is among the most hypoxic of all
cancers (13) as a result of hypovascularity secondary to
extensive desmoplasia (14, 15). HIF-1α protein levels
are elevated in human primary pancreatic cancer whereas it is almost absent in normal pancreatic tissue (16, 17)
Pancreatic cancer cell lines with constitutively expressed
or transfected HIF-1α are resistant to chemotherapy
and radiation-induced apoptosis, and display increased
in vivo tumorigenicity (18). Inhibiting HIF-1α in pancreatic cancer is thus an attractive therapeutic strategy (19).
PX-478 is an orally active selective inhibitor of HIF-1α
translation (20), resulting in lowered levels of HIF-1α in
cells and tumor xenografts (21), that is currently being
tested in early clinical trials.
We investigated the combination of PX-478 and radiation, with or without cytotoxic chemotherapy, for
treatment of pancreatic cancer xenografts, using dynamic contrast enhanced–magnetic resonance imaging
(DCE-MRI) and high-frequency ultrasound vascular imaging (22–24) to study the downstream mechanistic effects of these treatments on tumor stromal vascular
function.

PX-478 Radiosensitization in Pancreatic Cancer

Animal irradiation and drug treatment
Irradiated tumors received 1 or 2 Gy via a 60Co unit
(1.8 Gy/min) with custom shielding daily for 5 consecutive days. Untreated control xenografts underwent mock
irradiation. PX-478 was delivered via oral gavage at 4 to
30 mg/kg × 5 consecutive days. FU was administered
i.v. at 20 mg/kg daily for 5 days, and gemcitabine at
120 mg/kg i.p. every 3 days for 3 doses.
Ultrasound imaging
Ultrasound imaging of xenografts was done with a
Vevo 770 unit (VisualSonics), using a single-element
transducer with 40 MHz center frequency. Power Doppler settings were held constant at 25dB Power Doppler
gain, 5 KHz pulse repetition rate, 2.5 mm/s wall filter
with 2 mm/s scan speed. Initial imaging of the tumor
was done in B-mode to discriminate tumor boundaries,
and Doppler images were acquired for a manually delineated region of interest encompassing the entire tumor.
Relative vascular area was detected by color pixel density, defined as the ratio of the number of color pixels to
total number of pixels within the region of interest.
MRI imaging
DCE-MRI was acquired using a 4.7T Biospec USR47/
40 (Bruker Biospin MRI, Inc.). A high-throughput multianimal MRI configuration was used (25). Four linear
volume resonators (35 mm ID) were arranged inside
the 4.7T Biospec system with 40 cm bore and gradients
with 26 cm ID, as previously described (26). A twoplane retinoic acid response element (RARE) imaging
sequence and coronal T2-weighted RARE images (TE,
57 ms; TR, 2000 ms; FOV, 20 cm × 10 cm; matrix, 256 ×
192; RARE factor 8) were used to verify animal positioning. Coronal T1-weighted scans (TE, 13.2 ms; TR,
1,000 ms; FOV, 6 cm × 3 cm; matrix, 256 × 128) were
used for tumor localization. Axial T1-weighted spinecho images (TE, 13.2 ms; TR, 1,000 ms; FOV, 3 cm ×
3 cm; matrix, 256 × 56) and T2-weighted RARE images
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(TE, 80 ms; TR, 4,000 ms) with matched geometries
were used for tumor visualization. Baseline T1 tissue levels were measured using a RARE saturation-recovery
sequence (TE, 80 ms; TR, 350 ms to 4,000 ms; FOV,
3 cm × 3 cm; matrix, 128 × 128). Dual tracer DCEMRI was acquired using large-molecular-weight
( ∼ 2 2 8 k D a ) P G - G d - D T PA ( 2 7 ) a n d M a g n e v i s t
(MW = 938 Da). A T1-weighted 3D fast, spoiled gradient
echo sequence (TE, 2.7 ms; TR, 100 ms; 50° excitation angle; FOV, 3 cm × 3 cm; matrix, 128 × 96, 62 repetitions) was
acquired repeatedly. After 1 minute of baseline scans,
0.2 mmol(Gd)/kg PG-Gd-DTPA was injected via tail vein
catheter, and 5 minutes later, 0.2 mmol/kg Magnevist was
injected. Signal intensity was normalized to the average
value of muscle prior to administration of contrast. A
semiautomated analysis of manually segmented dynamic
data was done using Matlab. All biomarker measurements were normalized to the corresponding group
average at baseline. The Mann-Whitney-Wilcoxon nonparametric test was used for assessing statistical significance (P < 0.05).

Downloaded from http://aacrjournals.org/mct/article-pdf/9/7/2057/1887972/2057.pdf by guest on 28 September 2022

by the formula volume = (dshort)2 × (dlong) ÷ 2. When the
tumors reached volumes between 150 and 400 mm3, the
mice were stratified into groups of eight animals having
approximately equal mean tumor volumes and PX-478,
5-fluorouracil (FU), or gemcitabine administration, and
radiation commenced. Control animals received vehicle
alone. When the tumor volume reached ≥1,500 mm3 or
became necrotic, the animals were euthanized. Log10 cell
kill was calculated by the formula log10 cell kill = (tumor
growth delay [day]) × (tumor doubling time [day] × 3.32).
Tumor volume was measured as treated tumor volume/
control tumor volume (T/C) % at the time of the last
measurement before the control mice were euthanized.
Tumor regression was measured as the maximum percent decrease in tumor volume relative to tumor volume
at the start of treatment. The Mann-Whitney-Wilcoxon
nonparametric test was used for assessing statistical significance (P < 0.05).

Results
PX-478 provides hypoxic radiosensitization in vitro
PX-478 has previously been shown to inhibit hypoxiainduced HIF-1α levels in Panc-1 and BxPC-3 pancreatic
cancer cells with an IC50 between 10 and 25 μmol/L
(21). Clonogenic survival assays showed radiosensitization of Panc-1 and BxPC-3 cells treated 24 hours prior to
radiation with 25 μmol/L PX-478 in hypoxic conditions.
For Panc-1 pancreatic cancer cells, the radiation sensitizer enhancement ratios (SER) at 0.2 surviving fraction
were 1.42 and 1.05 in 1% and 21% O2, respectively, as
previously reported (28), and for BxPC-3 pancreatic cancer cells the ratios were 1.33 and 1.18. MiaPaCa-2 cells
with HIF-1α knockdown (>90%) by shRNA provided
SERs at 0.2 surviving fraction of 1.55 and 1.14 in 1%
and 21% O2%, respectively. Thus, both pharmacologic
and genetic inhibition of HIF-1α in pancreatic cancer
cells is associated with increased radiation tumor cell
killing.
HIF-1α staining in human pancreatic cancer
HIF-1α staining was measured in 42 pancreatic ductal
carcinoma (PDC) biopsy cores on a tissue microarray.
Figure 1A shows typical stained sections with an acinar
carcinoma for comparison. Cytokeratin staining was
used as a reference. Figure 1B shows the scoring of
HIF-1α staining on a scale of 0 to 3. Of 41 evaluable
PDC sections, 36 (88%) showed HIF-1α staining (range,
0.5–3.0; median, 1.0) and only 5 sections had no staining. In comparison, only 5 of 31 (16%) evaluable normal pancreas showed HIF-1α staining. Of 32 sections
with normal pancreas for comparison, PDC showed
greater nuclear HIF-1α staining than normal pancreas
in 24 of 32 (75%) cases. Stroma adjacent to the tumor
also showed HIF-1α staining in 18 of 42 (43%) cases
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(range, 0.5–3.0; median, 0.75; P < 0.05 compared with
PDC), which was less than the PDC in 26 of 38 (68%)
cases, the same in 11 of 38 (29%) cases, and greater
than the PDC in 1 of 38 (3%) cases. In 18 of 32
(56%) cases HIF-1α staining was seen in the PDC in
the absence of staining in the adjacent stroma. Stroma
that was distant from the tumor showed HIF-1α staining in only one case.
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PX-478 increases the antitumor activity of radiation
The antitumor activity of the HIF-1α inhibitor PX-478
and its effects on the response to radiation treatment
were studied in Panc-1 pancreatic cancer xenografts
(Fig. 1C). PX-478 given orally for 5 days caused a
dose-dependent inhibition of tumor growth with T/C
% at day 70 of the study (± SE, n = 8 mice per group)
of 37.1 ± 5.3 and 13.7 ± 1.6 (P < 0.01 compared with
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Figure 1. Immunohistochemistry of HIF-1
in patient tumors and PX-478 potentiation
of the antitumor activity of fractionated
radiation in Panc-1 tumor xenografts.
A, typical staining of cytokeratin and
HIF-1α. Left to right, two moderately
well-differentiated ductal carcinomas and a
moderately differentiated acinar carcinoma.
The numbers are HIF-1α staining on a scale
of 0 to 3 for the pancreatitis/tumor and for
the adjacent stroma. B, histogram showing
numbers of tumors in each staining range.
Open bars, PDC (42 evaluable); filled bars,
normal pancreas (42 evaluable); rough
cross hatching, stroma adjacent to tumor
(32 evaluable); fine cross hatching, stroma
distant to tumor (30 evaluable). Stroma did
not include blood vessel staining. C, female
SCID mice with Panc-1 pancreatic tumor
xenografts, 8 mice per group, were treated
with vehicle alone ( );1 Gy radiation daily for
5 days (□); PX-478 10 mg/kg orally daily
for 5 days ( ); PX-478 20 mg/kg orally
daily for 5 days ( ); PX-478 10 mg/kg
orally daily for 5 days 1 hour before 1 Gy
radiation daily for 5 days ( ); and PX-478
20 mg/kg orally daily for 5 days 1 hour
before 1 Gy radiation daily for 5 days (♦).
Arrows, daily dosing and/or radiation
treatment. Values are the mean of 8 mice
per group; bars, SE of mean.
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control) at 10 and 20 mg/kg PX-478, respectively, with
34.0% and 40.8% maximum tumor regression. Radiation
at 1 Gy for 5 days alone had a small, nonsignificant
effect on tumor growth with a T/C% of 62.8 ± 7.2
(P > 0.05) and no tumor regression. However, the concurrent daily combination of PX-478 and 1 Gy radiation
for 5 days showed markedly increased antitumor activity with T/C% of 8.5 ± 2.1 and 2.5 ± 0.4 (both P < 0.01
compared with control) at 10 and 20 mg/kg, respectively, with 56.6% and 80.9% maximum tumor regression.
At the end of the study (day 83), 4 of 8 mice treated
with PX-478 20 mg/kg and 1Gy radiation had no
macroscopically detectable tumor. Essentially similar results were obtained in a second study with PX-478

and radiation in Panc-1 pancreatic cancer xenografts
(Table 1). Thus, concurrent administration of PX-478
for 5 days was able to markedly and dose-dependently
potentiate the antitumor effects of fractionated radiation
treatment, leading to tumor regression, prolonged
growth delay, and in some animals, durable disease
response at the end of the study.
PX-478 increases the antitumor activity of radiation
and chemotherapy
The ability of PX-478 to potentiate the antitumor activity of radiation when used in combination with FU or
gemcitabine chemotherapy, as used clinically in the
treatment of pancreatic cancer and will be how PX-478
Downloaded from http://aacrjournals.org/mct/article-pdf/9/7/2057/1887972/2057.pdf by guest on 28 September 2022

Table 1. Antitumor activity of PX-478 in combination with radiation and chemotherapy in pancreatic
tumors
Tumor size mm3

Treatment

200

PX-478
PX-478

CF-PAC-1

SU.86.86

Panc-1

SU.86.86

600

125

400

Dose mg/kg

Route schedule

Log cell kill

Regression %

10
p.o. qd ×5
1.31
15.3
20
3.87
38.2
Radiation 1 Gy qd ×5 and FU 20 mg/kg i.v. qd ×5†
Alone
0.45
0
PX-478
10
p.o. qd ×5
3.90
63.6
PX-478
20
p.o. qd ×5
Lethal
PX-478
4
p.o. qd ×5
0.56
0
PX-478
8
1.01
0
Radiation 1 Gy qd ×5 and FU 20 mg/kg i.v. qd ×5†
Alone
0.47
0
PX-478
4
p.o. qd ×5
1.21
0
PX-478
8
p.o. qd ×5
>1.65
66.7
PX-478
5
p.o. qd ×5
3.30
0
PX-478
10
p.o. qd ×5
3.47
0
PX-478
20
p.o. qd ×5
5.20
72.0
Radiation 1 Gy qd ×5 and gemcitabine 120 mg/kg i.p. q3d ×3‡
Alone
0.52
0
PX-478
5
p.o. qd ×5
4.16
35.6
PX-478
10
p.o. qd ×5
4.51
71.8
PX-478
20
p.o. qd ×5
6.94
79.0
PX-478
5
p.o. qd ×5
0.46
0
PX-478
10
p.o. qd ×5
0.74
0
PX-478
20
p.o. qd ×5
1.11
11.7
Radiation 1 Gy qd ×5 and gemcitabine 120 mg/kg i.p. q3d ×3‡
Alone
1.84
24.6
PX-478
5
p.o. qd ×5
1.84
20.6
PX-478
10
p.o. qd ×5
2.45
40
PX-478
20
p.o. qd ×5
2.45
>75.8

T/C %
32.5*
10.8*
65.3*
6.5*
32.1*
16.8*
38.7*
16.1*
3.0*
54.0
36.7
9.8*
35.8
13.0*
10.6*
7.6*
60.9
48.9*
28.7*
24.5*
25.8*
19.6*
15.8*

NOTE: Female SCID mice with s.c. pancreatic tumors with a mean tumor volume as shown at the start of treatment were administered radiation and chemotherapy with or without PX-478. Antitumor responses expressed as log cell kill, regression or test over
control (T/C) were calculated compared with a vehicle-alone-treated control. There were 8 mice in each treatment group.
Abbreviations: p.o., orally; qd ×5, once a day for 5 days; q3d ×3, every 3 days for a total of 3 doses.
*P < 0.01 compared with control values (Mann-Whitney test).
†
FU given 1 hour and PX-478 4 hours before radiation.
‡
PX-478 given 4 hours before radiation and gemcitabine on days 12, 15, and 17.
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way giving a T/C% of 7.6 ± 0.9 at 20 mg/kg in Panc-1
pancreatic cancer xenografts, and 15.8 ± 2.5 in SU.86.86
pancreatic cancer xenografts (P < 0.01 in both cases).
The effect of PX-478 was dose dependent, and significantly increased log10 cell kill and % tumor regression were
seen with combined treatment. Thus, PX-478 markedly
potentiates the antitumor activity of fractionated radiation treatment and conventional cytotoxic chemotherapy
in human pancreatic xenograft models.
In situ vascular imaging shows early biomarkers of
tumor response to combined PX-478 and radiation
Figure 2 shows the treatment and imaging schedules
for the different studies. Dual-tracer DCE-MRI was employed to measure vascular volume and vessel permeability in pancreatic tumors treated with a PX-478 and
radiation (Fig. 3), with representative images shown
in Fig. 4. There was a gradual attenuation of mean values
of both imaging biomarkers in untreated tumors growing
over two weeks. Reductions in these biomarkers mapped

Figure 2. PX-478/radiation sequencing
study treatment cohorts. Female SCID mice
with Panc-1 pancreatic tumor xenografts,
8 mice per group, were treated with
single-modality treatment or concurrent
PX-478 25 mg/kg orally and 2 Gy radiation
daily for 5 days per the indicated
sequences. Timing of serial MRI and
ultrasound measurements of each cohort is
also indicated.
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is administered to patients, was examined (Table 1). PX478 was toxic to mice when used concurrently with FU
and radiation, requiring a 50% decrease in the maximum
daily dose of PX-478 to 10 mg/kg or below. The dose limiting toxicity of PX-478 in mice is myelosuppression (20),
so the combination of PX-478 with full dose FU which also
causes myelosuppression may be the cause of increased
toxicity. There was, however, a significant decrease in
the T/C% when PX-478 was combined with FU and radiation at these lower doses of 3.0 ± 0.8 (P < 0.01 compared
with control) at 8 mg/kg in SU.86.86 pancreatic cancer xenografts, and 6.5 ± 11.1 in CFPAC-1 pancreatic cancer xenografts (P < 0.01). Significant increases in log10 cell kill
and % tumor regression were also seen with combined
therapy. A different approach was adopted with gemcitabine, which also causes myelosuppresion, added to treatment with the radiation and PX-478. Radiation and PX478 were given concurrently for 5 days, with gemcitabine
then started 7 days later. Full-dose PX-478 at 20 mg/kg
could be given with radiation and gemcitabine, in this

PX-478 Radiosensitization in Pancreatic Cancer

in a generalized pattern throughout the central and peripheral regions of tumors, strongly suggestive of increasing interstitial pressure resulting in less efficient
blood transport through the stromal microvasculature.
Three days following treatment, no difference could be
detected between control animals and those subjected
to fractionated radiotherapy alone (Fig. 2, cohort 2). In
contrast, single-agent PX-478 (Fig. 2, cohort 3) resulted
in a trend by 3 days posttreatment (day 8) towards higher values of DCE-MRI–measured vascular permeability
and vascular volume fraction (Fig. 3C and D and Fig.
4A and B). DCE-MRI vascular volume findings were corroborated by ultrasound tumor blood flow measurements (Fig. 3E). Both DCE-MRI and ultrasound
biomarker changes were accelerated and intensified in
tumors treated with concurrent PX-478 and fractionated
radiation (Fig. 2, cohort 4). At 3 days posttreatment, vascular volume fraction (1.26 ± 0.49 versus 0.81 ± 0.17; P =
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Figure 3. Tumor growth curves,
DCE-MRI permeability/vascular
volume fraction measurements,
and power Doppler ultrasound
measurements of tumor blood
flow. Female SCID mice with
Panc-1 pancreatic tumor
xenografts, 8 mice per group, were
treated with single-modality
treatment or concurrent PX-478
25 mg/kg orally and 2 Gy radiation
daily for 5 days (A, C, E), or over
two weeks with sequenced PX-478
and radiation (XRT; B, D, F), as
indicated. Statistical comparisons
of results at each time point
are with untreated controls, as
reported as mean values ± SD;
*, P < 0.05; **, P < 0.01.

0.051) and ultrasound blood flow (2.2 ± 0.75 versus 1.2 ±
0.35; P = 0.125) were elevated relative to controls. Vascular integrity was compromised, as indicated by an increase in permeability (1.51 ± 0.94 and 0.76 ± 0.19; P =
0.051). All DCE-MRI and ultrasound vascular imaging
parameters continued to increase relative to controls
(P < 0.01) 10 days following concurrent PX-478 and radiation treatment (day 15) as these tumors regressed in
size. Importantly, imaging biomarker measured differences between the control and combined treatment
cohorts at 10 days posttreatment were found prior to detection of differential tumor growth between these
groups (P = 0.0079 for imaging biomarkers; P = 0.056
for tumor size).
Serial DCE-MRI imaging of sequenced PX-478 and
radiation treatment showed stable vascular volume
fraction and permeability measurements over the
3-week imaging period (Fig. 3C and D). DCE-MRI
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vascular volume measurements 3 days posttreatment
(day 15) were higher in tumors treated initially with
PX-478 (Fig. 2, cohort 5) relative to decreasing values
in controls (P < 0.01 for both permeability and vascular
volume fraction). Differences between controls and animals treated initially with radiation (Fig. 2, cohort 6)
were less striking (P < 0.05 for permeability; P < 0.01
for vascular volume fraction). Ultrasound measurements corroborated higher blood flow (P < 0.05) 3 days
posttreatment in tumors treated first with PX-478
(2.3 ± 1.2 versus 1.0 ± 0.3 for controls), which continued to increase in treated tumors (2.8 ± 1.0) by 10 days
following treatment. Increases in blood flow were delayed and less pronounced in the cohort first treated
with radiation. Paralleling vascular imaging findings,
a significant difference in relative tumor size change
was detected 3 days (day 15) posttreatment between
control animals and those treated with upfront PX478 (P = 0.008), but not between control animals and
those treated with radiation first. Despite these acute
differential responses to treatment sequencing, all imaging biomarker outcome distinctions between the two
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cohorts were lost by 10 days posttreatment (day 22),
indicating equivalent overall tumor response following
completion of each respective 2-week treatment course.
Consistent with these findings, both treatment sequences
provided comparable, prolonged tumor growth delay
outcomes.

Discussion
Pancreatic cancer remains refractory to aggressive chemotherapy and radiation therapy strategies, making the
identification of novel biologic targets for this disease a
priority (9). One such target is hypoxia. Pancreatic tumors are notorious for being poorly perfused (29) due
to dense fibrotic inflammatory changes they induce in
surrounding stromal tissues (14, 15). This has been recognized as a potential limiting factor in the delivery of systemic cytotoxic therapy and a possible mechanistic target
for therapy (28).
We observed that a large proportion (88%) of human
PDC expressed nuclear HIF-1α measured by immunohistochemistry whereas only 16% of normal pancreas
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Figure 4. Representative serial DCE-MRI permeability/vascular volume fraction maps for indicated PX-478/radiation sequencing study treatment cohorts.
Female SCID mice with Panc-1 pancreatic tumor xenografts were treated with single-modality treatment or concurrent PX-478 25 mg/kg orally and
2 Gy radiation daily for 5 days (A) or over two weeks with sequenced PX-478 and radiation (B).
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diation. Adjuvant drug can prevent HIF-1 dependent
stromal adaptation to postradiation tumor ischemia.
Thus, complementary combined early and adjuvant
scheduling of PX-478 with radiation is worthy of testing.
In this study, the modest improvements in acute response
to neoadjuvant PX-478 relative to adjuvant PX-478 may
simply be due to the fact that drug was given to smaller
tumors in this cohort. Directly relevant to current clinical
practice where FU or gemcitabine are used in combination with radiation, our data show that dose-modified
PX-478 and radiation could be combined with FU or with
delayed gemcitabine administration. Thus, PX-478 merits
incorporation and testing with chemoradiation regimens
which feature FU or gemcitabine.
DCE-MRI and ultrasound imaging permit serial
evaluation of integrity and function of tumor stromal
microvasculature and have the potential to provide
quantifiable, predictive biomarkers of tumor response
to vascular-targeted therapy (22, 24). We have previously
employed DCE-MRI and ultrasound to mechanistically
confirm that PX-478 sensitizes tumors to single-dose irradiation in vivo through inhibition of vascular recovery to
radiation damage rather than direct tumor cell sensitization (29). We carried out these studies with single-agent,
small-molecular weight tracer DCE-MRI. Our current series builds upon this experience through the novel use of
dual (large and small molecular weight) tracer DCE-MRI
(34) to permit discrimination of vascular blood volume
from tumor vessel permeability. Ultrasound imaging
suggested relatively stable blood flow in larger tumor
vessels as untreated tumors continued to grow. However,
dual-tracer DCE-MRI provided functional characterization of tumor microvessels, detecting a gradual reduction
in both vascular volume fraction and permeability as
these tumors continued to enlarge, consistent with inefficient blood delivery resulting from increasing tumor interstitial pressure. Fractionated radiation alone yielded
no changes in tumor blood flow measures, which mirrored continued tumor growth. In contrast, single-agent
PX-478 increased DCE-MRI and ultrasound vascular
measures within one week following treatment, accompanied by a significant tumor growth delay. The combination of PX-478 and radiation, given either concurrently
or sequentially, led to pronounced increases in DCE-MRI
and ultrasound vascular measurements relative to controls, associated with marked inhibition of tumor growth.
Potential mechanisms of tumor stromal response and
resistance to either fractionated radiation or PX-478 are
distinct. Radiation directly damages tumor vessel integrity (35–38), leading to ischemic proangiogenic stromal
adaptation and reperfusion of surviving tumor cells.
PX-478 acts indirectly on vessels through blockade of
tumor cell HIF-1–mediated paracrine proangiogenic signaling, yielding transient downstream vascular normalization (39) and improved matching of vascular supply to
metabolic demand, ultimately leading to tumor cell repopulation. Given their complementary effects on tumor
stromal vasculature, combined PX-478 and radiation has
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showed HIF-1α staining. Interestingly, stroma adjacent
to the PDC also showed HIF-1α staining in 43% of
cases, which was only slightly less than in the tumor.
Stroma at a distance from the PDC showed no HIF-1α
staining. It is likely that elevated HIF-1α levels in both
PDC and adjacent stroma are a result of hypoperfusion
and tumor hypoxia. In 56% of cases, however, HIF-1α
staining was seen in the PDC without staining in the
adjacent stroma, and this may be the result of constitutive elevation of HIF-1α, as has been reported for some
PDC cell lines in normoxia (18).
HIF-1α is expressed at high levels in human pancreatic
cancer models, and our previous work has shown these
models to be susceptible to selective inhibition of HIF-1α
with PX-478 (28). The HIF protein family serves as the
physiologic cornerstone of cellular adaptation to microenvironmental stress. These proteins bind to specific
DNA sequences in the promoters of a number of genes
in conditions of low oxygen tension, stimulating cellular
adaptation to microenvironmental stress through modulation of angiogenesis, glycolysis, apoptosis, differentiation, and proliferation (30, 31). Recent data suggest that
radiotherapy induces loss of vascular integrity leading to
tumor cell and stromal cell HIF-1–mediated proangiogenic signaling and downstream tumor vessel radioresistance (29, 32). Thus, selective inhibition of HIF-1
promises more effective enhancement of the effects of radiation than targeting of downstream angiogenic factors
due to the more comprehensive direct and indirect vascular effects of HIF-1 blockade on tumor cells. This is particularly relevant to pancreatic cancer, given its known
resistance to targeted antiangiogenic agents (33).
We observed that PX-478 causes a significant radiosensitization of pancreatic cancer cell lines in hypoxia (1%
O2) with a sensitizer enhancement ratio of 1.3 to 1.4,
but also gives a small radiosensitization in normoxia
(21% O2) with a sensitizer enhancement ratio of 1.1 to
1.2. Genetic HIF-1α knockdown by shRNA yielded similar results in pancreatic cancer cells (over 1.5 in hypoxia
and 1.1 in room air). HIF-1α protein is inappropriately
expressed in aerobic conditions in the majority of pancreatic cancer cell lines examined (18), which provides a potential explanation for normoxic radiosensitization with
targeted HIF-1α inhibition.
We examined the in vivo effects of the novel HIF-1 inhibitor PX-478 on response of human pancreatic tumor
xenograft models to radiation treatment. Fractionated radiation at 1 or 2 Gy/day for 5 days provided nondurable
tumor growth delay. Single-agent PX-478 administered
orally over a 5-day period showed greater antitumor activity and tumor growth delay. However, combined treatment with both PX-478 and radiation was required for
durable tumor control. There were relatively limited differences seen between neoadjuvant and adjuvant sequencing of PX-478 with fractionated radiation. Either
sequencing schedule has potential mechanistic advantages. Neoadjuvant drug can reduce the hypoxic tumor
fraction, yielding greater direct tumor cell response to ra-
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to streamline translation of targeted radiosensitization
strategies with PX-478 or other vascular-targeting agents
to appropriately selected patient populations.
In summary, we show that selective inhibition of HIF1α by PX-478 inhibits the progression of otherwise radiorefractory human pancreatic cancer xenograft models
following clinically relevant, daily fractionated radiation
treatment. Concurrent administration of PX-478 with radiation, with or without combined treatment with FU or
gemcitabine, provides durable regression of Panc-1, CFPAC-1, or SU.86.86 pancreatic xenografts which cannot
be duplicated by any monotherapy approach. Clinically
available DCE-MRI and ultrasound imaging techniques
promise to significantly improve upon standard anatomicbased imaging response measures. Although fractionated
radiotherapy does not significantly impact tumor vessel
function in Panc-1 xenografts, PX-478 alone or in combination with radiation leads to acute tumor microvessel
decompression and increased tumor blood flow. This
does not compensate for direct tumor cell killing, and
in fact can be capitalized upon as the basis for purposeful
use of vascular imaging measures as novel, noninvasive
response biomarkers. Continued experience with combined PX-478 and radiotherapy is validating this approach to be a mechanistically appealing strategy for
sensitization of even the most refractory of tumor types,
directly reducing the innate radiation resistance of hypoxic tumor cells and indirectly depriving all tumor cells
of stromal vascular support through blockade of downstream angiogenic signaling.
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