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Abstract
Purpose: The purpose of this study was to characterize imaging biomarkers for the potential
benefit of hypoxia-inducible factor-1 (HIF-1)α inhibition (by PX-12) during 5-fluorouracil (5-FU)
chemotherapy in the treatment of colorectal cancer (CRC).
Procedures: Therapy response to 5-FU ± PX-12 was assessed with baseline
[18F]fluoromisonidazole ([18F]FMISO) and longitudinal 2-deoxy-2-[18F]fluoro-D-glucose
([18F]FDG) positron emission computed tomography (μPET/CT) in CRC xenograft model
(n=36) during breathing of a hypoxic (10 % O2) or normoxic (21 % O2) atmosphere. Ex vivo,
immunohistochemistry was performed.
Results: Baseline [18F]FMISO uptake and relative tumor volume (RTV) 2 days after 5-FU or 5-
FU+PX-12 administration correlated significantly (p≤0.01). Under hypoxic breathing conditions,
[18F]FDG uptake (−53.1 ± 8.4 %) and Ki67 expression (−16 %) decreased and RTV stagnated in
the 5-FU+PX-12 treatment group, but not in 5-FU alone-treated tumors. Under normoxic
breathing, [18F]FDG uptake (−23.5 ± 15.2 % and −72.8 ± 7.1 %) and Ki67 expression (−5 % and
−19 %) decreased and RTV stagnated in both the 5-FU and the combination treatment group,
respectively.
Conclusion: Baseline [18F]FMISO μPET may predict the beneficial effect of HIF-1α inhibition
during 5-FU chemotherapy in CRC.

Key words: [18F]fluoromisonidazole, Tumor hypoxia, 5-fluorouracil, PX-12, 2-deoxy-2-
[18F]fluoro-D-glucose

Introduction
Hypoxia, defined as reduced availability of oxygen (O2),
frequently occurs in a variety of solid tumors, including
colorectal cancer (CRC) [1]. Hypoxic areas are the result of
an imbalance between the supply and consumption of O2,
due to immature, chaotic, or leaking tumor microvasculature
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or an increase in diffusion distance. Since hypoxia may
result in a more aggressive phenotype, it is associated with a
worse clinical outcome. Moreover, it has an undesirable
impact on radiotherapy efficacy and it also reduces the
effectiveness of certain chemotherapeutics [2, 3]. Further-
more, hypoxic regions within a tumor are less penetrable to
cytotoxic agents due to malfunctioning vasculature, further
diminishing drug efficacy [2–4].

One of the most important molecular mechanisms behind
this tolerance is the activation of the transcription factor
hypoxia-inducible factor-1 (HIF-1). HIF-1, an αβ heterodi-
mer, stimulates the production of numerous proteins that are
necessary for the cellular reaction to hypoxia. The HIF-1α
subunit is rapidly degraded by the proteasome under
normoxic conditions, but stabilizes under hypoxic condi-
tions. HIF-1 transcriptional activity is regulated by
heterodimerization of HIF-1α with the constitutively
expressed HIF-1β and binding to the hypoxia response
elements in the promoters of genes that regulate a variety of
biological processes. These include genes involved in tumor
survival, progression, and proliferation. HIF-1 upregulation
will increase the fraction of mutated cells that are less
susceptible to apoptosis, which may explain the frequently
observed resistance to conventional chemotherapy [2–4]. For
instance, a recent in vitro study showed the importance of
HIF-1 in the resistance of HCT116 CRC cells to 5-
fluorouracil (5-FU) [5], a major chemotherapeutic in the
treatment of CRC [6]. Research has recently focused on new
therapeutic possibilities specifically aimed at targeting the
HIF-1 pathway in the hypoxic tumor microenvironment [7,
8].

Predictive biomarkers are critically needed to identify
patients with a worse prognosis due to tumor hypoxia that
may benefit from appropriate hypoxia-targeting therapies.
To overcome the shortcomings of invasive O2 probe
measurements [9], the main focus for assessing tumor
oxygenation has been on non-invasive imaging methods,
such as positron emission tomography/computed tomogra-
phy (PET/CT). The most promising PET markers for
hypoxia are F-18 labeled 2-nitroimidazole-based tracers.
Under hypoxic conditions, 2-nitroimidazoles undergo a
series of reduction reactions into reactive intermediate
metabolites, which covalently bind to cellular macromole-
cules and consequently are trapped within viable hypoxic
cells. In contrast, under normoxic conditions, the first step in
this reduction series is reversible and no metabolites will
accumulate. Numerous 2-nitroimidazole agents have been
developed and validated both preclinically and clinically.
[18F]fluoromisonidazole ([18F]FMISO) was the first 2-
nitroimidazole tracer developed for hypoxia imaging and
still remains the most studied hypoxia PET tracer [10].

2-Deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), a F-18 la-
beled glucose analog and hence an indicator of glucose
metabolism, is the most commonly used PET tracer for
cancer detection, disease prognostication, and therapy
response monitoring. [18F]FDG enters the cell via glucose

transporters (most importantly GLUT-1), becomes phos-
phorylated by hexokinase (HK), but does not enter further
glycolysis. In this way, the intracellular-accumulated
[18F]FDG molecules can be detected with PET [11]. Under
hypoxic conditions, oxidative phosphorylation ceases and
from that moment onwards, cells are dependent on anaerobic
glycolysis for their energy supply. This boost in anaerobic
glycolysis is better known as the Pasteur effect [12].
Nevertheless, increased demand for glucose may also occur
in aerobic conditions, known as the Warburg effect [12].
Moreover, the expression of HIF-1α, which is an important
transcription factor for glucose transporters and glycolytic
enzymes, such as HK, has also been observed in non-
hypoxic tumor tissue [13, 14]. All these limit the potential of
[18F]FDG as a specific tracer for hypoxia [15, 16]. For
instance, it was shown in a mammary carcinoma xenograft
model that only [18F]FMISO uptake was significantly
altered under O2 modification conditions; [18F]FDG uptake
remained stable [17]. In spite of that, significant increases in
[18F]FDG uptake were observed following chemical activa-
tion of HIF-1α in an in vivo model of human CRC [18].
However, the value of [18F]FDG for cancer imaging is
irrefutable, as it is a measure of overall tumor burden and
metabolic activity. Sequential [18F]FDG imaging during
treatment may be an excellent tool for predicting therapy
outcome [15].

In the present study, we investigated the value of
[18F]FMISO small-animal PET (μPET) as a predictive
biomarker for a hypoxic sensitizing treatment schedule in a
human CRC xenograft model during breathing of a hypoxic
(10 % O2) or normoxic (21 % O2) atmosphere. 1-
Methylpropyl 2-imidazolyl disulfide (PX-12), a thioreduxin
inhibitor [19], has been shown to decrease HIF-1α expres-
sion in vitro and in vivo [20, 21]. We made use of the HIF-
1α inhibiting potential of PX-12 to sensitize hypoxic
Colo205 tumors to the therapeutic effects of 5-FU and
investigated whether baseline [18F]FMISO μPET can predict
the potential beneficial effect of PX-12. Tumor response to
the treatment regimen was assessed using [18F]FDG μPET/
CT imaging and immunohistochemistry (IHC).

Materials and Methods

In Vitro Evaluation

First, the therapy regimen was investigated in vitro under
both normoxic and hypoxic conditions. The effects of 5-FU
(Sigma-Aldrich, Diegem, Belgium), PX-12 (Tocris Biosci-
ence, Abingdon, United Kingdom) and the combined
therapy on cell proliferation were determined using a Quick
Cell Proliferation Assay Kit, according to manufacturer’s
instructions (BioVision, Milpitas, CA, USA). Low-passage
Colo205 CRC cells (PerkinElmer, Maltham, MA, USA)
were cultured in RPMI medium enriched with 10 % fetal
bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate,
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and 1 % penicillin-streptomycin (Invitrogen, Merelbeke,
Belgium) at 37 °C and 5 % CO2 in a humidified incubator.

For cytotoxicity experiments, cells were harvested by
trypsinization with 0.05 % trypsin-EDTA (Invitrogen) and
counted with the Muse Cell Count and Viability Assay
(Merck Millipore, Overijse, Belgium). 3 ×104 cells were
seeded per well in 96-well plates. Cells were allowed to
attach by overnight incubation of the plates at 37 °C in a
humidified 5 % CO2/95 % air atmosphere (normoxia).
Hypoxic conditions were achieved in a Bactron IV anaerobic
chamber (Shel Lab, Cornelius, OR, USA) [22]. In the
anaerobic chamber, measurements with a ToxiRAE II
oxymeter (RAE BeNeLux, Hoogstraten, Belgium) con-
firmed that the O2 partial pressure was stable at ≤0.2 %.
Stock solutions of 5-FU and PX-12 were made in
dimethylsulfoxide (DMSO; Aca Pharma, Waregem, Bel-
gium). From these stock solutions, serial dilutions were
made with sterile water. Plated cells were treated with 5-FU
alone (0–120 μM for 24 h), PX-12 alone (0–500 μM for
24 h), or with a combination of both drugs, where PX-12
was used at a fixed concentration of 150 μM, while the
concentration range of 5-FU was added. Following the
treatment period, WST-1 reagent was added and absorbance
was measured at 450 nm using a Powerwave X microplate
scanning spectrophotometer (Bio-Tek, Bad Friedrichshall,
Germany). Optical density values from control cells, treated
with vehicle, were considered as 100 % of cellular viability.
Experiments were carried out in quintuplicate in triplicate
plates.

In Vivo Imaging

Radiotracers were synthesized at the Department of Nuclear
Medicine of the Antwerp University Hospital. [18F]FMISO
(specific activity 170–423 GBq/μmol, radiochemical
purity999 %) was synthesized in a FluorSynthon I automat-
ed syn th e s i s modu l e (Comece r Ne th e r l a nd s ,
The Netherlands) by modification of a previously described
method [23]. [18F]FDG was produced using a GE FASTlab
synthesizer (GE Healthcare, Diegem, Belgium).

Female CD-1 athymic nude mice (n=36; Charles Rivers,
Calco, Italy) were purchased at an age of 6 weeks. The
experimental protocol was approved by the Antwerp
University Ethical Committee for Animal Experiments
(2012–69), and all applicable institutional and European
guidelines for the care and use of animals were followed.
Animals were group-housed (6–8 per cage) in individually
ventilated cages under a 12:12 dark/light cycle, controlled
temperature (20–23 °C) and humidity (50–60 %) with ad
libitum access to standard laboratory chow and water.
Colo205 cells were harvested by trypsinization, washed
two times with sterile phosphate-buffered saline (PBS),
counted using the Muse Cell Count and Viability Assay,
and resuspended in sterile PBS at a concentration of 2 ×107

viable cells per ml. Mice were inoculated with 100 μl of cell

suspension in the right hind leg. Tumor growth was
evaluated three times a week with digital caliper measure-
ments from the moment the tumors became palpable. Tumor
v o l um e w a s c a l c u l a t e d w i t h t h e f o r m u l a
V=0.5× (length ×width2). Experiments were initiated 2 to
3 weeks after inoculation, when tumors reached a volume of
265± 25 mm3 (mean±SEM) on average. To be able to
discriminate between hypoxic and normoxic tumors, we
made use of our validated model of hypoxic and normoxic
breathing [24].

A schematic representation of the set-up of the imaging
study can be found in Fig. 1a. Tumor-bearing mice were
randomly divided into six groups (n=6 per group) and
exposed to short-term (230 min 10 % O2) hypoxic or
normoxic breathing conditions (ambient air, 21 % O2) [25],
whereupon a baseline [18F]FMISO μPET/CT scan was
performed to determine baseline tumor hypoxia. Details of
the scan protocol are represented in Fig. 1b. Approxi-
mately 18.5 MBq of [18F]FMISO in a final volume of
200 μl 0.9 % saline was administered as a bolus
intravenous injection via the tail vein. During [18F]FMISO
μPET/CT acquisition, mice were anesthetized with
isoflurane (induction 5 %, maintenance 1–2 %) and
medical O2 (100 %) and body temperature was kept
constant by a heating bed. Respiration rate was continu-
ously monitored during image acquisition. Static PET
acquisition (20 min), followed by an anatomical CT
acquisition (7 min), was performed on an Inveon μPET/
CT scanner (Siemens Preclinical Solution, Knoxville, TN,
USA), with a spatial resolution of approximately 1.4 mm
in the center of the field of view.

The next day, a [18F]FDG μPET/CT scan was performed
to determine baseline tumor metabolism, under normoxic
breathing conditions for all animals (Fig. 1b). For all
[18F]FDG experiments, animals were fasted overnight.
Approximately 18.5 MBq of [18F]FDG in a final volume
of 200 µl was injected via the tail vein of awake mice 30 min
before start of the scan. Prior to tracer administration, whole
blood glucose levels were measured from a blood drop
obtained from the contralateral tail vein using an OneTouch
Ultra2 glucose meter (LifeScan, Tilburg, The Netherlands).
Glucose measurements were performed in duplicate. Mice
were allowed to recover from anesthesia after scanning,
whereupon they were re-exposed to hypoxic or normoxic
breathing conditions during 4 h. Next, animals were treated
with a single dose of 5-FU (150 mg/kg; intraperitoneally
(i.p.)) [26, 27] with or without PX-12 (12 mg/kg; i.p.) and
re-exposed to their respective breathing conditions for four
additional hours. Since the maximal effect of 5-fluoro-2′-
deoxyuridine-5′-monophosphate (5-FdUMP), the active me-
tabolite of 5-FU, is seen after 2 h in mice [28], we expected
this breathing protocol to be sufficient for observing a
different therapy effect in our hypoxic model. Control
animals received an i.p. injection with vehicle (0.9 % saline)
under the same breathing conditions (Fig. 1c). Two and 6
days post-therapy, an additional [18F]FDG μPET/CT scan
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(under normoxic breathing conditions for all animals) was
performed to determine individual treatment response.

PET images were reconstructed using four iterations × 16
subsets of a three-dimensional (3D)-ordered subset expecta-
tion maximization (OSEM3D) algorithm following Fourier
rebinning. Dead time, normalization, randoms, scatter, and
attenuation correction were applied.

Using PMOD v3.3 software (PMOD Technologies,
Zürich, Switzerland), an elliptic volume of interest (VOI)
that enclosed the entire tumor was positioned manually
and was centered on the tumor area that showed
maximal uptake. Then, 3D isocontours at 60 % of the
maximum pixel value within this elliptic VOI were
generated automatically. Mean standardized uptake
values (SUVmean) were calculated within the isocontour.
For [18F]FDG images, glucose correction was applied to
the SUVmean by normalizing to a value of 100 mg/dl:
glucose corrected SUVmean = (SUVmean × glucose level)/
100 mg/dl.

For tumor volume determinations at the different time
points (days 0, 2, and 6), tumors were manually delineated
on CT images. Relative tumor volumes (RTV) of individual
mice were calculated by dividing the tumor volume 2 and
6 days after therapy administration by its baseline volume as

determined on CT images and were used as the basis for
response assessment.

Ex Vivo Validation

At the end of the study, animals were sacrificed and tumor
tissue was resected, formalin-fixed, and paraffin-embedded
for histological examination by IHC for HIF-1α, Ki67
(proliferation marker), and HK1 (enzyme involved in the
metabolic trapping of [18F]FDG). Tissue sections of 3 μm
thick were mounted on SuperFrost microscope slides
(Menzel-Glaser, Braunschweig, Germany). IHC was per-
formed according to manufacturer’s instructions. The fol-
lowing antibodies were used: HIF-1α, #NB100-654 (Novus
Biologicals, Cambridge, United Kingdom; 1/500; overnight
incubation); Ki67, #9027 (Cell Signaling Technology,
Leiden, The Netherlands; 1/300; overnight incubation);
HK1, #H00003098-M01 (Novus Biologicals; 1/500; 1 h
incubation). After washing, sections were incubated with
anti-rabbit horseradish peroxidase (HRP)-labeled
SignalStain Boost IHC detection reagent (Cell Signaling
Technology; ready-to-use; for HIF-1α and Ki67), or anti-
mouse HRP-labeled secondary antibody (Dako; ready-to-

Fig. 1 Study design. Exposure to hypoxic or normoxic breathing conditions is represented by the thick black lines. a Imaging
study. After μPET scans, μCT was performed for accurate tumor delineation and follow-up of tumor volume. At the end of the
study, animals were sacrificed for ex vivo validations on tumor tissue. Arrows indicate the timing of the μPET scans. b Detail of
the [18F]FMISO (upper) and [18F]FDG (lower) imaging protocols. c Overview of the different therapy groups (n=6 per group).

S. De Bruycker et al.: [18F]FMISO as a predictive biomarker in a CRC xenograft model

Author's personal copy



use; for HK1). Negative controls were incubated with
antibody diluent instead of primary antibody.

Slices were examined by means of a CX31 microscope
(Olympus, Aartselaar, Belgium). Two observers, including
one certified pathologist, scored the percentage of Ki67-
positive tumor cells independently. For HK1, the percentage
of positive tumor cells were scored as follows: 0 %, score 0;
1–20 %, score 1; 21-40 %, score 2; 41–60 %, score 3; 61–
80 %, score 4; 81–100 %, score 5. Intensities of staining
were categorized as absent, score 0; faint, score 1; moderate,
score 2; or strong, score 3 [18]. A final histological score (H-
score) was calculated after counting 10 high-power fields
(×200) as follows: H-score = [(a1 × i1) + (a2 × i2)]/2, with a
and i being the score of amount and the intensity of positive-
stained tumor cells, respectively, and 1 and 2 refer to two
independent observers. Since active HIF-1α is translocated
to the nucleus, only nuclear HIF-1α staining was quantified
using the Allred method [29]. Areas of high necrosis and
edges of the tumor tissue were avoided.

Statistics

Statistical analyses were performed using SPSS software
v20 (IBM Corp., Chicago, IL, USA). Simple linear
regression analysis was performed to predict therapy effect
based on the baseline [18F]FMISO μPET scan. Correlation
analysis was performed using Spearman’s method. Differ-
ences between unmatched groups were analyzed using
Kruskal-Wallis tests. Differences between matched groups
were analyzed using Friedman tests. Post-hoc analysis with
the Mann-Whitney U tests (unmatched) and Wilcoxon
signed-rank tests (matched) was conducted. p≤0.05 was
considered statistically significant. All data are expressed as
mean ±SEM.

Results
In Vitro Evaluation

Results of the in vitro experiments are summarized in
Fig. S1. Under normoxic conditions, the half maximal
inhibitory concentration (IC50) after 24 h of exposure of
Colo205 cells to 5-FU therapy was 2.77 ± 1.10 μM. When
the IC20 (150 μM, also determined via the WST-1 assay,
data not shown) of PX-12 was added to the treatment
regimen, a decrease in cellular proliferation below 50 % was
observed even with the lowest concentrations of 5-FU
(0.1 μM, when given in monotherapy resulting in only
18 % inhibition of proliferation). Under hypoxic conditions,
no IC50 was reached after 24 h for 5-FU concentrations up to
120 μM. However, a decreasing trend of Colo205 cell
proliferation (up to 40 % inhibition) was seen when PX-12
was applied in combination with increasing concentrations
of 5-FU, as compared to the administration of 5-FU alone
(p=0.05).

In Vivo Imaging

Baseline [18F]FMISO SUVmean was significantly higher in
the animals exposed to hypoxic breathing compared to
normoxic breathing (0.72 ± 0.05 vs. 0.37 ± 0.04 g/cm3;
p G0.001; Fig. 2a). Baseline [18F]FDG SUVmean was
comparable in both groups (0.74±0.03 vs. 0.76±0.05 g/
cm3; p=0.6; Fig. 2b), as well as baseline tumor volume (333
±49 vs. 348±48 mm3; p=0.9; Fig. 2c).

Results of the longitudinal [18F]FDG μPET/CT study are
summarized in Fig. 3. In the 5-FU monotherapy cohort,
[18F]FDG SUVmean did not change under hypoxic breathing
conditions 2 days post-therapy (−4.7 ± 8.4 %), and a small
increase was observed 6 days post-therapy (8.5 ± 7.4 %;
Fig. 3a). RTV increased significantly in those animals at
both time points (20.9 ± 7.0 %; p=0.04 and 36.0 ± 12.3 %;
p=0.03, respectively; Fig. 3b). Under normoxic breathing
conditions, a significant reduction in [18F]FDG uptake
occurred 2 days after therapy administration (−28.4
± 5.6 %; p=0.03), and this reduction persisted 6 days post-
therapy (−23.5 ± 15.2 %: Fig. 3a). No significant changes in
RTV were seen at both time points (5.2 ± 6.0 % and 7.7
± 15.0 %, respectively; Fig. 3b).

Addition of PX-12 resulted in a reduction of [18F]FDG
SUVmean in the hypoxic breathing cohort both 2 days (−33.2
± 15.3 %; p=0.05) and 6 days (−53.1 ± 8.4; p=0.03) post-
therapy (Fig. 3c), without significant changes in tumor
volume (−4.4 ± 4.5 % and −5.1 ± 9.5 %, respectively;
Fig. 3d). Similar results were obtained in the normoxic
breathing group: [18F]FDG uptake decreased significantly
at both post-therapy time points (−17.7 ± 8.2 %; p= 0.05
and −72.8 ± 7.1 %; p= 0.04; Fig. 3c), without significant
changes in RTV (6.9 ± 4.5 % and 0.2±3.6 %, respectively;
Fig. 3d).

In the control group, a non-significant increase in
[18F]FDG SUVmean in the hypoxic breathing cohort was
detected 2 days (14.5 ± 4.5 %) and 6 days (21.8 ± 9.8 %)
after saline administration (Fig. 3e). RTV, measured on
μCT images, was significantly increased at both time
points (29.9 ± 1.9; p= 0.03 and 79.0 ± 7.5 %; p= 0.03,
respectively; Fig. 3f). In tumors of the normoxic breathing
cohort, [18F]FDG SUVmean was also non-significantly in-
creased compared to baseline 2 days (19.4 ± 10.6 %) and
6 days (13.7 ± 10.2 %) after saline administration
(Fig. 3e), which was reflected by an increase in RTVs
(23.7 ± 6.4 %; p = 0.05 and 55.7 ± 17.4 %; p = 0.03,
respectively; Fig. 3f).

Using simple linear regression pre-therapy [18F]FMISO
SUVmean could significantly predict RTV 2 days after
therapy administration in the monotherapy cohort (R2 =0.6;
p=0.002; Fig. 4a). This suggests that [18F]FMISO is a
negative predictor for 5-FU therapy response. However,
significance was lost 6 days post-therapy (Fig. 4b). When 5-
FU was applied in combination with the HIF-1α inhibitor
PX-12, [18F]FMISO became a positive predictor of therapy
response 2 days after therapy administration (R2 = 0.5;
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p=0.006; Fig. 4c), and even 6 days after therapy adminis-
tration (R2= 0.5; p=0.02; Fig. 4d). In the control group,
[18F]FMISO SUVmean did not predict RTV. No correlations

were found between baseline [18F]FMISO and baseline
[18F]FDG SUVmean, nor between baseline [18F]FDG
SUVmean and RTV.

Fig. 2 Baseline parameters in the two breathing groups. a [18F]FMISO SUVmean. b Glucose-corrected [18F]FDG
SUVmean. c Tumor volume. Asterisks indicate significant (p ≤ 0.001) differences between the hypoxic and normoxic
breathing group.

Fig. 3 In vivo longitudinal imaging study. Graphic representation of relative glucose-corrected [18F]FDG SUVmean (left
panel) and tumor growth curves (right panel) before and after 5-FU, the combination of 5-FU and PX-12, or saline
administration under hypoxic (dotted lines) or normoxic (full lines) breathing conditions. a–b 5-FU monotherapy group.
c–d 5-FU and PX-12 combination therapy group. e–f Control group. Asterisks indicate significant (p ≤ 0.05) intra-animal
changes.
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Representative [18F]FMISO and [18F]FDG μPET/CT
images of two animals treated with the combination therapy
are shown in Fig. 5.

Ex Vivo Validation

Six days after therapy administration, the mice were
euthanized immediately after their last [18F]FDG μPET/CT
scan. Ex vivo, the expression of Ki67 was slightly lower in
5-FU-treated tumors as compared to control tumors under
both hypoxic (72 ± 4 vs. 79±2 %) and normoxic (69 ± 1 vs.
74±4 %; p=0.02) breathing conditions (Fig. 6a). In 5-
FU+PX-12-treated tumors, Ki67 expression was consider-
ably lower than in 5-FU-treated tumors under both hypoxic
(63 ± 3 vs. 72±4 %) and normoxic (55 ±4 vs. 69±1 %;
p=0.006) breathing conditions (Fig. 6a). No differences
were found between the two breathing cohorts within a
therapy group. Significant correlations were found between
[18F]FDG SUVmean and Ki67 (ρ=0.7; pG0.001; Fig. 6b)
and between RTV and Ki67 (ρ=0.5; p=0.001; Fig. 6c). A
significant correlation was found between HK1 and
[18F]FDG SUVmean (ρ=0.4; p=0.02; Fig. 6d).

In general, Fig. 6e shows that protein expression of HIF-1α
was low to moderate in all cohorts. However, HIF-1α
expression was higher in tumors of animals treated with 5-FU
than in control tumors both under hypoxic (4.3±0.4 vs. 2.8
±0.2; p=0.01) and normoxic (4.4±0.3 vs. 2.9±0.3; p=0.01)
breathing conditions. In 5-FU- + PX-12-treated tumors,

HIF-1α expression was slightly, but not significantly, lower
than in 5-FU-treated tumors, but still higher than in control
tumors both under hypoxic (3.7±0.2 vs. 2.8±0.2; p=0.02) and
normoxic (4.2±0.3 vs. 2.9±0.3; p=0.02) breathing conditions
(Fig. 6e).

Representative examples of a Ki67, HK1, and HIF-1α
immunohistochemical staining are shown in Fig. 6f–h,
respectively.

Discussion
In the present study, we showed in a human CRC xenograft
model the potential of baseline [18F]FMISO PET as a
predictive biomarker for therapy regimens which effects
are depending on the oxygenation status of the tumor. A
significant positive correlation was found between the
baseline degree of tumor hypoxia, determined with
[18F]FMISO and the RTV 2 days after 5-FU chemotherapy
administration. This implies that the growth of hypoxic
tumors was influenced to a lesser extent than normoxic
tumors by the effects of the cytostatic agent, and that we
could predict this with baseline [18F]FMISO μPET. When
the effects of hypoxia were alleviated by adding the HIF-1α
inhibitor PX-12 to the treatment regimen, this trend was
reversed to a significant negative correlation, up to 6 days
post-therapy. This implies that, although therapy was
effective in both breathing cohorts, [18F]FMISO PET could
predict that the combination therapy effect was more
pronounced in hypoxic than in normoxic tumors. Similar

Fig. 4 Scatterplots of baseline [18F]FMISO SUVmeanvs. relative tumor volume (RTV). a Two days after 5-FU monotherapy. b Six
days after 5-FU monotherapy. c Two days after 5-FU and PX-12 combination therapy. d Six days after 5-FU and PX-12
combination therapy. Asteriks indicate significant (**p≤ 0.01; ***p≤ 0.001) Spearman’s correlations.
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results were observed in EMT6 breast cancer xenografts
treated with the radiosensitizer tirapazamine and radiother-
apy, where significant growth delay was only observed in
hypoxic tumors with higher [18F]fluoroazomycin-arabino-
side ([18F]FAZA) uptake [30]. As expected, no correlation
was found between baseline [18F]FMISO SUVmean and the
RTV in the control cohort.

By exposing half of the animals to hypoxic breathing
conditions, we artificially modulated tumor oxygenation,
which may not mimic the ideal physiological situation where
intrinsic variation can be observed within a certain tumor
type [30, 31] or between xenografts derived from different
cell lines [32, 33]. However, this breathing technique
allowed us to detect significant differences in tumor
oxygenation status and consequently purely hypoxia-driven

differences in therapy response in relatively small groups of
animals.

It has been noted that hypoxia may also increase
[18F]FDG uptake, although there is much debate about this
phenomenon and most correlations are rather weak [34, 35].
We also investigated the potential of [18F]FDG as a
predictive biomarker. Within the two therapy groups, no
correlations were found between baseline [18F]FDG and
baseline [18F]FMISO SUVmean nor between baseline
[18F]FDG and RTV on days 2 and 6. It should be noted
that our study design limited the feasibility to validate
[18F]FDG as a predictive biomarker for hypoxia-sensitizing
therapy regimens as, although therapy was administered in
breathing regimens, these [18F]FDG scans were acquired in
normoxic conditions.

For this reason, we merely focused on the use of
[18F]FDG PET as a surrogate marker for therapy response.
Under normoxic breathing conditions, [18F]FDG uptake and
Ki67 expression decreased and tumor growth stagnated in
Colo205 xenografts up to 6 days after therapy administra-
tion. This was however not observed in mice breathing the
hypoxic gas indicating therapy resistance in hypoxic CRC
xenograft tumors in vivo. Up to 6 days after 5-FU+PX-12
combination therapy administration, [18F]FDG SUVmean,
and Ki67 staining decreased and RTV stagnated under both
hypoxic and normoxic breathing conditions, suggesting that
PX-12 had indeed a sensitizing capacity in hypoxic tumors.
Inhibition of HIF-1α by PX-12 could no longer be observed
by ex vivo IHC at the end of our study, which may not be
surprising since the effect of PX-12 is fast and may not last
longer than 48 h [20, 36, 37]. Moreover, it has been
observed that xenograft tumors are more hypoxic post 5-FU
treatment [38], which may explain the higher HIF-1α
expression in treated tumors compared to control tumors.

Within the two therapy groups, no significant correlations
were found between the [18F]FDG changes and the RTV.
However, several factors should be considered. First, the
animals were treated with only a single dose of 5-FU, and
follow-up imaging was performed at two set time points,
which may not have been ideal for detecting therapy
response with [18F]FDG μPET. In general the metabolic
response occurs earlier than the anatomical response [39], so
our follow-up [18F]FDG imaging might have been too late to
measure the initial metabolic therapy response optimally.
This was especially the case in the 5-FU monotherapy
cohorts: 6 days post-therapy, the observed anatomical
response was still pronounced, whereas the metabolic
response tended towards normalization. Second, the full
effect of PX-12 on glucose regulation in tumor cells, and
thus on [18F]FDG incorporation, has not been investigated to
date but may be influenced by HIF-1α inhibition.

However, [18F]FDG SUVmean correlated significantly
with HK1 expression, an enzyme involved in the metabolic
trapping of [18F]FDG which is highly expressed in Colo205
cells [40]. Decreased HK1 expression after 5-FU therapy
had already been observed in vitro in SW620 CRC cells

Fig. 5 Representative [18F]FMISO and [18F]FDG μPET/CT
SUV-corrected images (coronal view) of a mouse exposed to
hypoxic breathing (upper half) and normoxic breathing (lower
half), before (Day−1, Day0), and after (Day2, Day6) 5-FU and
PX-12 therapy administration. Arrows indicate tumors.
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[41]. In addition to this, a significant correlation between
[18F]FDG SUVmean and Ki67 was observed. Therefore,
despite the lack of correlation between [18F]FDG changes
and RTV within the therapy groups, which may question the
additional value of this glucose analog within our set-up, our
ex vivo data suggest that the observed [18F]FDG trends may
still be valid and useful as surrogate markers for therapy
response.

Taken together, our results contribute to the current
search for predictive biomarkers, which may enable
patient stratification and therapy individualization. Com-
pared with measurements made on biopsies, the sensitiv-
ity and non-invasiveness, the absence of sampling bias,
and the possibility of longitudinal assessment are
substantial advantages of the use of molecular imaging
biomarkers.

Fig. 6 Immunohistochemistry results. a Ki67 staining results. b Scatterplot of [18F]FDG SUVmeanvs. Ki67. c Scatterplot of RTV
vs. Ki67. d Scatterplot of [18F]FDG SUVmeanvs. HK1. e HIF-1α staining results. Asteriks indicate significant (*p≤ 0.05; **p≤0.01)
differences between groups (a, e) or significant (*p≤0.05; ***p≤ 0.001) Spearman’s correlations (b–d). f Example of a Ki67
staining. Arrows indicate positively staining nuclei. g Example of a HK1 staining. Arrows indicate positively stained cytoplasm. h
Example of a HIF-1α staining. Arrows indicate positively stained nuclei.
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Conclusions
We have shown in a human CRC xenograft model that
baseline [18F]FMISO PET is able to predict the beneficial
effect of HIF-1α inhibition on 5-FU chemotherapy response.
Our results meet the urgent need for non-invasive predictive
imaging biomarkers.
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