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Background: The phosphoinositide-3 kinase (PI3K) pathway is an attractive therapeutic target. However, difficulty in predicting
therapeutic response limits the clinical implementation of PI3K inhibitors. This study evaluates the utility of clinically relevant
magnetic resonance imaging (MRI) biomarkers for noninvasively assessing the in vivo response to the dual PI3K/mTOR inhibitor
BEZ235 in two ovarian cancer models with differential PI3K pathway activity.

Methods: The PI3K signalling activity of TOV-21G and TOV-112D human ovarian cancer cells was investigated in vitro. Cellular and
vascular response of the xenografts to BEZ235 treatment (65 mg kg� 1, 3 days) was assessed in vivo using diffusion-weighted (DW) and
dynamic contrast-enhanced (DCE)-MRI. Micro-computed tomography was performed to investigate changes in vascular morphology.

Results: The TOV-21G cells showed higher PI3K signalling activity than TOV-112D cells in vitro and in vivo. Treated TOV-21G
xenografts decreased in volume and DW-MRI revealed an increased water diffusivity that was not found in TOV-112D xenografts.
Treatment-induced improvement in vascular functionality was detected with DCE-MRI in both models. Changes in vascular
morphology were not found.

Conclusions: Our results suggest that DW- and DCE-MRI can detect cellular and vascular response to PI3K/mTOR inhibition
in vivo. However, only DW-MRI could discriminate between a strong and weak response to BEZ235.

Ovarian cancer is the leading cause of death from gynaecological
cancer in the western world (Siegel et al, 2012). For over 30 years, the
standard treatment for ovarian cancer has been platinum-based
chemotherapy in combination with, for example, taxane, or more

recently liposomal doxorubicin (Vaughan et al, 2011). Although the
majority of patients respond well to first-line therapy, the median
progression-free survival is only 18 months (McGuire et al, 1996)
and the patients often relapse with chemotherapy-resistant cancer
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(Vaughan et al, 2011). Hence, new therapeutic approaches are
urgently needed to improve patient survival (Vaughan et al, 2011;
Banerjee and Kaye, 2013).

Ovarian cancers, like other cancers, often show a deregulation of
the phosphoinositide 3-kinase (PI3K) signalling pathway (Zhang et al,
2003; Brader and Eccles, 2004; Chalhoub and Baker, 2009), which
plays an important role in the regulation of tumour growth,
angiogenesis, metabolism and metastasis (Brader and Eccles, 2004).
Hence, the PI3K pathway has been proposed as an important target
for ovarian cancer treatment, especially in patients who are resistant
to chemotherapy (Yap et al, 2009; Santiskulvong et al, 2011; Carden
et al, 2012). Currently, the efficacy of PI3K inhibitors cannot be
predicted based on gene mutation profiles (Rahman et al, 2012). It is
therefore necessary to identify new biomarkers for early monitoring of
response to treatment and/or development of therapeutic resistance.

At present, treatment response is assessed by measuring levels of
the serum marker CA 125 (Rustin et al, 2011) and by assessing
tumour burden according to the Response Evaluation Criteria in
Solid Tumours (RECIST) guidelines using CT (Eisenhauer et al,
2009). However, these criteria have limited predictive value when
assessed early during treatment (Ferrandina et al, 2008). In
addition, measuring change in tumour volume might not always be
applicable for molecularly targeted drugs, where response is often
associated with functional (e.g., vascular or cytological) rather than
volumetric changes (Desar et al, 2009; Serkova, 2011; Tunariu et al,
2012). This highlights a need for novel noninvasive biomarkers for
assessment of early response in order to allow customisation of
treatment for nonresponders.

Currently, magnetic resonance imaging (MRI) is not used for
monitoring ovarian cancer treatment in the clinic, but it may be a
suitable choice as it is noninvasive and provides functional imaging
biomarkers (Vargas et al, 2013). Diffusion-weighted MRI (DW-
MRI) can be used to measure the apparent diffusion coefficient
(ADC) of water molecules, and has been proposed as a marker for
tissue cellularity (Hamstra et al, 2007; Thoeny and Ross, 2010).
Treatment-induced cell death can be reflected by increased ADC
values even before significant tumour volume changes occur
(Hamstra et al, 2007; Kyriazi et al, 2011), and DW-MRI is
therefore suggested as a method for measuring early treatment
response (Padhani et al, 2009). Dynamic contrast-enhanced MRI
(DCE-MRI) investigates the vascularisation of tissue by measuring
signal enhancement curves after intravenous administration of a
contrast agent and can be used to measure changes in tumour
blood flow, vascular permeability and extracellular extravascular
and vascular volumes (Leach et al, 2003; O’Connor et al, 2012).
The DCE-MRI has been used to assess tumour response to various
drugs and has also been proposed as a tool for measuring response
to PI3K pathway inhibitors (Schnell et al, 2008; Maira et al, 2009).

In this study we used two human ovarian tumour cell lines
derived from different clinical phenotypes: a clear-cell carcinoma
(TOV-21G) and an endometrioid carcinoma (TOV-112D)
(Provencher et al, 2000). We first showed higher PI3K pathway
activity in TOV-21G cells compared with TOV-112D cells. We
then tested the cellular and vascular response of xenograft tumours
to the dual PI3K/mTOR inhibitor BEZ235 (Maira et al, 2008) using
DW- and DCE-MRI, respectively. In addition, immunohistochem-
istry was used to confirm cellular response, and ex vivo micro-CT
(mCT) angiography was performed to investigate treatment-
induced changes in vascular morphology. The main aim of this
study was to compare the performance of DW-MRI and DCE-MRI
for monitoring early response to PI3K inhibition.

MATERIALS AND METHODS

Cell lines. Human ovarian cancer cell lines TOV-21G (ATCC
CRL-11730) and TOV-112D (ATCC CRL-11731) were purchased

directly from ATCC (Manassas, VA, USA). The cells were grown
in a 1 : 1 mixture of Medium 199 (41150; Gibco, Life Technologies,
Oslo, Norway) and MCDB 105 Medium (M6395; Sigma-Aldrich,
Oslo, Norway) supplemented with 15% fetal bovine serum and
0.05 mg ml� 1 Gentamicin. Cells were grown under sterile condi-
tions in 5% CO2 and 95% air at 37 1C and used before they reached
20 passages.

PI3K signalling activity in cell extracts. The PI3K signalling
activity in the TOV-21G and TOV-112D was determined by
immunoblotting. The cells were lysed in urea buffer (8 M urea,
0.5% Triton X, 0.1 M DTT, 1� complete protease inhibitor
(11873580001; Roche Diagnostics, Oslo, Norway), 2% (V/V) PIC
2/3). Proteins were separated by SDS–polyacrylamide electrophor-
esis, electrotransferred to a polyvinylidene difluoride membrane
and the membranes were developed with antibodies for total Akt,
phosphorylated Akt (pAkt; Ser473), phosphorylated S6 ribosomal
protein (pS6; Ser235/236) and total S6 ribosomal protein
(Cell Signaling Technology, Leiden, Netherlands; cat. nos. 2920s,
4060, 4858 and 2317s). The amount of b-actin (ab6276; Abcam,
Cambridge, UK) in the extracts was used as control of protein
loading. Binding of the primary antibodies was detected using
secondary antibodies labelled with NIR fluorescent dyes. The
images from the Odyssey Infrared Imaging System were processed
using Image Studio 3.1 software (LI-COR Biosciences, Lincoln,
NE, USA).

Tumour model and treatment. All experimental procedures
involving animals were approved by The National Animal
Research Authority (Application ID 4423), and carried out
according to the European Convention for the Protection of
Vertebrates used for Scientific Purposes.

Female athymic BalbC nu/nu mice (Taconic Tornbjerg, Ejby,
Denmark) were inoculated subcutaneously on the hind limb with
5� 106 cells of either the TOV-21G or TOV-112D cell line in PBS
with 1% FBS. After an average time of 3 weeks post inoculation for
the TOV-112D model and 4 weeks for the TOV-21G model, the
mice were randomised into treatment and control groups. BEZ235
(LC Laboratories, Woburn, MA, USA) was dissolved in dimethyl
sulphoxide (DMSO, Sigma-Aldrich D-5879) and then diluted to a
final concentration of 6.5 mg ml� 1 using polyethylene
glycol (PEG300, 20237-1; Sigma-Aldrich). The treatment groups
received BEZ235 at a dose of 65 mg kg� 1 per day by oral gavage on
three consecutive days. This treatment regime was expected
to lead to measurable treatment response (e.g., reduced pAKT
levels) in responding tumours (Maira et al, 2008; Santiskulvong
et al, 2011; Moestue et al, 2013). The control groups did not receive
any treatment. The study design is visualised in Figure 1.

In vivo magnetic resonance imaging and analysis. In vivo MRI
was performed on a 7T Bruker Biospec (Bruker Biospin, Ettlingen,
Germany) with a 72 mm volume resonator for RF transmission
and a quadrature mouse brain surface coil for reception. Both
xenograft models (each n¼ 4 control, n¼ 8 treated) were imaged 1
day before treatment (day 0) and 2 to 6 h after the last treatment
(day 3). The mice were anaesthetised with isoflurane (B2% in 67%
N2 and 33% O2) during imaging, the respiration rate was
monitored and the body temperature was kept at 37 1C by
circulating warm water.

Five sagittal slices with a field of view¼ 23� 23 mm2, slice
thickness¼ 0.692 mm and interslice distance¼ 1 mm were
acquired. On day 3, the centre slice was matched as closely as
possible to the centre slice of the day 0 scans.

Anatomical MRI. High-resolution T2-weighted (T2w) anatomical
images were acquired using a rapid acquisition relaxation-
enhanced (RARE) spin echo (SE) sequence with echo time
(TE)¼ 12 ms, repetition time (TR)¼ 2000 ms, RARE factor¼ 8,
number of averages (NA)¼ 4 and matrix size¼ 256� 256.
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Tumour regions of interest (ROI) were drawn manually and
downsampled to the resolution of the DW and DCE images. The
tumour volume was computed according to V¼ 1/6 p� d1� d2�
d3, where d1, d2 and d3 are three orthogonal diameters measured
from the anatomical MR images.

Diffusion-weighted MRI. Diffusion-weighted images were
acquired using SE-echo planar imaging (EPI): TE¼ 28 ms,
TR¼ 3000 ms, 4 segments, NA¼ 4, matrix size¼ 64� 64,
b-values¼ 100, 300, 600 and 1000 s mm� 2, diffusion gradient
separation time¼ 14 ms, diffusion gradient duration¼ 7 ms, three
orthogonal gradient orientations and fat suppression.

The ADC maps were computed using in-house software (PE
Goa, NTNU) developed in MATLAB (Mathworks Inc., Natick,
MA, USA). For each voxel, the logarithm of the signal intensity vs
b-values was fitted linearly to obtain ADC values for each gradient
direction, followed by averaging over the three gradient directions
to obtain mean ADC maps. The median ADC for each tumour was
calculated for the entire tumour ROI. Skewness and kurtosis of the
ADC distributions for individual tumours were computed. In
addition, ADC histograms of the pooled tumours for each group
were created with bin size 100� 10� 6 mm2 s� 1.

Dynamic contrast-enhanced MRI. Precontrast T1 values were
measured voxel wise by acquiring a series of images with varying
TR using a RARE SE sequence with TE¼ 7.2 ms, TR¼ 150, 750,
1500, 2500, 4500 and 12 000 ms, RARE factor¼ 2, matrix size
¼ 64� 64. This was followed by a series of 200 T1w images
acquired using a RARE spin echo sequence with TE¼ 7.2 ms,
TR¼ 300 ms, RARE factor¼ 4 and matrix size¼ 64� 64. After 10
baseline scans, a bolus dose of 0.3 mmol kg� 1 gadodiamide
(Omniscan, GE Healthcare, Oslo, Norway) in saline was injected
into the tail vein within 4 s.

For every voxel in the dynamic scans we calculated the signal
intensity 1 min after contrast agent injection relative to the baseline
signal intensity (RSI1 min) and the area under the signal-enhance-
ment curve for the first minute after contrast agent injection
(AUC1 min). Voxels with RSI1 min o50% and/or AUC1 min o0 were
excluded from the tumour ROI for further DCE analysis as slowly
or nonenhancing voxels do not fulfil the conditions for two-
compartment modelling (Tofts, 1997). The precontrast T1 maps
were used to convert the signal-intensity-time curves from the
dynamic images to contrast-agent-time curves for each voxel as
described in Jensen et al (2010). Assuming a two-compartment
model (Tofts et al, 1999) and a population-based bi-exponential
input function (Jensen et al, 2007), the volume transfer constant
(Ktrans), the extravascular extracellular space per unit volume of
tissue (ve) and the blood plasma volume fraction (vp) were

estimated voxel wise by curve fitting in MATLAB. For each tumour
we calculated the median Ktrans, ve, vp, RSI1 min and AUC1 min and
the fraction of enhancing voxels with RSI1 min 450% (FEV1 min).

One TOV-21G tumour had unsuccessful contrast agent
injection and was excluded from the DCE analysis and one
TOV-112D tumour received too much contrast agent that was
accounted for in the data modelling but RSI1 min and AUC1 min

values were excluded.

Histology. After the MR examination on day 3, tumours were
excised, fixed in 4% formaldehyde for at least 72 h, cut in half along
the plane of MR imaging and embedded in paraffin. For each cell
line, sections from two treated and two untreated xenografts (4 mm
thick, two to three sections per tumour) were stained with
haematoxylin–eosin–saffron (HES) and immunohistochemistry for
pAKT or Ki-67 expression was performed. The procedures were
performed for all sections at the same time and with the same
protocol so that pre-analytical conditions were comparable for all
samples. For pAKT labelling, the sections were pretreated with 1�
Target Retrieval Solution pH9 (S2367; Dako, Oslo, Norway) for
10 min using jet stream microwaves. Then, the sections were
blocked using Odyssey blocking buffer (927-40000; Li-COR
Biosciences) diluted 1 : 1 in Tris-buffered saline with 0.1% Tween
(TBST) for 40 min at room temperature. The sections were
incubated with rabbit anti-pAktser473 antibody (4060; Cell Signal-
ing Technology) diluted 1 : 250 in Odyssey blocking buffer/TBST
1 : 1 overnight at 4 1C. Subsequently, the slides were incubated with
donkey anti-rabbit antibody conjugated with IR-680 dye (926–
68073, LI-COR Biosciences) diluted 1 : 1000 in Odyssey blocking
buffer/TBST 1 : 1 for 40 min at room temperature. Negative control
sections were prepared by incubating only with the secondary
antibody. Near-infrared immunofluorescent imaging was per-
formed as described previously (Moestue et al, 2013). The
pAktser473 staining intensity was measured using Image Studio
3.1. The ROIs of the tumour tissue were drawn while avoiding
necrotic tissue using adjacent HES-stained sections as reference.
The mean signal intensity for each tumour was determined and the
mean signal from adjacent negative control sections was subtracted
to correct for nonspecific antibody labelling.

The Ki-67 staining was performed using an automated staining
machine (Dako Autostainer). The sections were rinsed with wash
buffer (S3006, Dako) and then blocked using endogenous peroxidase
block (S2023, Dako) for 10 min. The sections were incubated with
anti-Ki-67 antibody (SP6) (ab16667; Abcam), diluted 1 : 50 in
antibody diluent (K8006, Dako) for 40 min, rinsed and then
incubated with horseradish peroxidase (HRP)-labelled polymer
(K4011, Dako) for 30 min at room temperature. Subsequently, the
sections were incubated with DAB substrate (K4011, Dako) for two
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Figure 1. Study design showing group sizes, treatment time points and imaging time points. (A) Magnetic resonance imaging (MRI) was
performed for all mice on day 0 after which they were randomly assigned to treatment and control groups. The mice in the treatment group
received 65 mg kg� 1 BEZ235 on three consecutive days (‘Tx’ indicates administration of drug). After the last treatment on day 3, the mice were
imaged again using MRI after which they were killed and the tumours were excised for histology. (B) For mCT the mice were randomly assigned to
treatment and control groups and treated in the same way as the mice that underwent MRI. After the treatment on day 3, the mice were perfused
with Microfil and the tumours were harvested for ex vivo mCT.
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5 min cycles. Finally, the sections were counterstained with
haematoxylin. Cell morphology and Ki-67 staining of treated and
control xenografts were visually compared for multiple fields of view
of the tumour sections. Only nuclear staining was considered Ki-67
positive. Staining intensity was not assessed.

Ex vivo imaging of tumour vasculature and analysis. Xenografts
of another cohort of mice underwent ex vivo high-resolution mCT
angiography (TOV-21G: n¼ 4 control and n¼ 4 treated; TOV-
112D: n¼ 3 control and n¼ 3 treated) as described previously
(Kim et al, 2011). Briefly, the mice were first perfused with the
contrast agent Microfil (FlowTech Inc., Carver, MA, USA), and
high-resolution mCT of the xenografts was performed at 8mm
isotropic resolution. The mCT vasculature was segmented using a
multi-step procedure developed by us recently (Cebulla et al, 2014)
and, additionally, peritumoural tissue was masked using co-
registered high-resolution MR images. The tumour fractional
blood volume (FBV), mean vessel density, median vessel radii and
median branch lengths were calculated. Experimental details for
tumour preparation, mCT and data analysis can be found in
Supplementary Methods S1.

Statistical analysis. Statistical analysis was performed using SPSS
software version 19.0 (IBM Corporation, Amonk, NY, USA). An
independent sample t-test was used to compare the treatment and
control groups where equal variances were assumed if Levene’s test
was positive for equal variances, otherwise nonequal variances were
assumed. A paired sample t-test was used to assess longitudinal
changes between day 0 and day 3 of the experiment within the
treatment or control group. The level of significance was defined as
Po0.05. Summarising statistics in the text are given as mean
percent change from baseline±s.d.

RESULTS

The PI3K pathway is constitutively activated in TOV-21G cells
but not in TOV-112D cells in vitro. A clearly elevated level of the
phosphorylated, active form of Akt, a key downstream effector of
PI3K, was found in TOV-21G cells compared with TOV-112D
cells (Figure 2A). Phosphorylation of the ribosomal protein S6
represents one of the end points of the PI3K pathway. Consistent

with an elevated PI3K signalling, the level of phosphorylated S6
was elevated in the TOV-21G cells compared with the TOV-112D
cells (Figure 2B).

BEZ235 decreases pAktser473 levels in TOV-21G xenografts. To
confirm that BEZ235 affects the PI3K pathway in vivo, we measured
levels of pAkt in xenograft sections (Figure 2C). At baseline, mean
pAktser473 levels were B4 times higher for the TOV-21G xenografts
(mean±mean deviation: 3.81±0.45 a.u.) compared with TOV-112D
xenografts (0.97±0.03 a.u.). There was no difference in pAktser473

levels between control (0.97±0.03 a.u.) and treated (1.01±0.19 a.u.)
TOV-112D xenografts. In contrast, treated TOV-21G xenografts
(2.03±0.25 a.u.) had two times lower levels of pAktser473 compared
with control xenografts (3.81±0.45 a.u.).

PI3K/mTOR inhibition reduces cell proliferation and tumour
growth. Examination of the Ki-67-stained sections from the TOV-
21G xenografts showed a markedly reduced fraction of proliferat-
ing cells in treated TOV-21G but not TOV-112D xenografts
(Figure 3A). Similarly, HES-stained tumour sections displayed a
looser cellular structure and cytoplasmic vacuolisation in the
treated TOV-21G xenografts, and may reflect degenerative changes
in the tumour tissue caused by treatment. In both models,
untreated xenografts showed an increase in tumour volume within
3 days. Treatment resulted in slightly slower tumour growth for the
TOV-112D xenografts compared with the control group. In
contrast, treated TOV-21G xenografts decreased in volume,
leading to a significant difference in tumour growth between the
treated and control groups (Figure 3B). Table 1 shows the change
in tumour volume as well as MRI-derived parameters. A more
detailed table including baseline and day 3 absolute values is
Supplementary Table S1.

DW-MRI reveals increased ADC in TOV-21G xenografts after
treatment. Treatment significantly increased (þ 19.3±4.8%) the
median ADC for the treated TOV-21G xenografts between day 0
and day 3. All other groups did not show significant changes in
median ADC (Table 1). Histogram analysis was performed to
investigate changes in ADC distribution. For the treated TOV-21G
xenografts, a shift of the pooled histogram from low to medium
ADC values could be observed (Figure 3C), consistent with an
increase in median ADC. The pooled histograms for day 0 and day
3 look similar for the untreated TOV-21G xenografts (Figure 3D)
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and the TOV-112D xenografts (not shown). The histogram
skewness and kurtosis increased for the untreated TOV-21G
xenografts, whereas both parameters decreased significantly for the
treated TOV-21G xenografts (Table 1). The TOV-112D xenografts
showed a large variation in skewness and kurtosis changes and no
differences between control and treated groups were detected
(Table 1).

Representative pre- and post-treatment ADC maps illustrate
that the ADC values increased in TOV-21G tumours with some
observable heterogeneity (Figure 4E and F). Central necrotic
areas, which appear red in the ADC map and light pink in the
HES-stained histology section (Figure 4Q), did not expand or
change significantly but a general increase in ADC of the
tumour section was found. For the TOV-112D tumours,
there was little change in ADC over the treatment period
(Figure 4G and H).

DCE-MRI indicates treatment-induced changes in vascular
function in TOV-21G and TOV-112D xenografts. The TOV-
21G xenografts exhibited a decrease (� 26±10%) in ve in control
tumours over 3 days and a large increase (þ 102±55%) in ve

induced by treatment with BEZ235. For the TOV-112D xenografts
the same trend was observed but the changes were smaller
(� 12±9% for control and þ 29±24% for treated tumours;
Table 1). The parametric maps illustrate this differential response
between the two tumour types (Figure 4I–L). Combining the ADC
and ve data from the TOV-21G model, BEZ235-treated tumours
could be clearly differentiated from control tumours. For the TOV-
112D tumours only a slight separation was found based on
differences in change in ve (Figure 5).

There was an increase in AUC1 min, RSI1 min and FEV1 min for treated
tumours and a decrease for control tumours derived from both cell
lines during the 3-day treatment resulting in significant differences
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between treated and control groups (Table 1 and Figure 6A and B).
Median vp and Ktrans did not exhibit significant differences between
treated and control groups for either tumour type (Table 1). However,
it should be noted that changes in Ktrans were mostly positive for the
treated tumours and negative for the control tumours of both types
(Figure 6C).

No changes in vascular morphology were detected by mCT.
Tumour vascularisation was investigated in treated and untreated

xenografts using mCT angiography. The parameters tumour FBV,
median vessel branch length, median vessel radius and mean
tumour vessel density were derived from the mCT data (Figure 7).
No significant differences were detected in any of the parameters
between the TOV-21G and TOV-112D xenografts or between
treated and control groups. The tumour vascularisation was
heterogeneous in all groups. Vessel density and FBV exhibited
large variability within each group. The visual appearance of blood
vessels in the tumours also varied between and within the groups.

Table 1. Changes in tumour volume, DW-MRI and DCE-MRI parameters between day 0 and day 3 in control and treated TOV-21G
and TOV-112D xenografts

TOV-21G TOV-112D

Mean change
control (n¼4)

Mean change
BEZ235 (n¼8)

P-value
Mean change
control (n¼4)

Mean change
BEZ235 (n¼8)

P-value

Normalised volume (to day 0) 0.26±0.04 �0.15±0.09 o0.001 0.39±0.29 0.17±0.13 0.224a

Median ADC (�10�6 mm2 s�1) � 1.6±50 140±35 o0.001 0.2±13.7 �5.9±26 0.675

ADC skewness 0.2±0.1 �1.0±0.6 0.001a 0.8±2.7 0.0±2.1 0.587

ADC kurtosis 0.6±0.3 �4.5±2.7 0.001a 17.6±38.1 11.5±23.4 0.736

Median Ktrans (�10�3 min�1)b �18±15 17±28c 0.050 �15±8 2±14 0.060

Median ve (� 10�3)b �33±12 131±70c 0.001 �8±6 19±16 0.002a

Median vp (�10�3)b � 6.4±7.9 14.1±20.4c 0.091 � 0.1±3.8 0.4±5.6 0.875

Median RSI1 min
b � 0.4±0.4 0.6±0.7c 0.025 � 0.2±0.2 0.1±0.2d 0.028

Median AUC1 min a.u.b � 7.1±6.4 15.4±17.2c 0.036 � 11 .1±7.3 3.8±3.0d 0.001

FEV1 min (%) �14±11 13±15c 0.011 �14±17 11±16 0.029

Abbreviations: ADC¼ apparent diffusion coefficient; a.u.¼ arbitrary units; AUC1min¼ area under enhancement curve 1 min after injection; DCE-MRI¼dynamic contrast-enhanced magnetic
resonance imaging; DW-MRI¼diffusion-weighted magnetic resonance imaging; FEV1 min¼ fraction of enhancing voxels (by 50% after 1 min); Ktrans¼ volume transfer constant; RSI1 min¼ relative
signal intensity 1 min after injection; ve¼ extravascular extracellular space per unit volume of tissue; vp¼blood plasma fraction. Values are given as group mean change±s.d. The P-values are
derived from independent sample t-tests between the change of each parameter in the control and treatment groups.
aNonequal variances (Levene’s test).
bExcluding voxels for which RSI o50%.
cN¼ 7 because of unsuccessful contrast agent injection in one tumour.
dN¼ 7 because of higher contrast agent injection in one tumour.
Bold values signifies P-value o0.05.
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DISCUSSION

In this study, the cellular and vascular response to the dual PI3K/
mTOR inhibitor BEZ235 was investigated in two ovarian cancer
types. Both DW-MRI and DCE-MRI were evaluated as in vivo tools
for noninvasive monitoring of response to PI3K/mTOR inhibition.

The two ovarian cancer cell lines used in this study exhibit
different PI3K pathway activation profiles in vitro. While the TOV-
21G cells show a highly active PI3K pathway as measured by high
levels of pAkt and pS6, the pathway is less active in the TOV-112D
cell line. Importantly, our in vivo data showed a strong treatment
response for the TOV-21G xenografts as the tumour volume
decreased significantly, whereas for the TOV-112D xenografts only
a slight growth suppression was detected. In addition, decreased
pAkt levels in the treated TOV-21G xenografts and low pAkt levels
in TOV-112D xenografts, which were unchanged by treatment,
support a classification of the TOV-21G xenografts as ‘strongly
responsive’ and the TOV-112D xenografts as ‘weakly responsive’ to
PI3K/mTOR inhibition.
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Although our data indicate a correlation between PI3K
signalling activity and sensitivity for targeted therapy, other studies
have failed to identify a clear correlation between drug sensitivity
and PI3K mutation status in ovarian cancer (Rahman et al, 2012).
In addition, determination of the mutation status of tumours is
challenging. First, biopsies need to be taken, which is a highly
invasive procedure. Second, tumours are spatially heterogeneous,
meaning that a limited number of small tissue biopsies may not
accurately represent tumour polyclonality. Third, the absence of
known activating mutations does not exclude pathway hyper-
activity, and vice versa – presence of activating mutations
identified by DNA sequencing seems to not always cause activation
of the pathway (López-Knowles et al, 2010). Therefore, the use of
noninvasive, 3D imaging methods that can confirm response to
therapy in patients selected for treatment with PI3K inhibitors and
other drugs is highly desirable.

Several studies have previously reported that BEZ235 reduces
cell proliferation and induces cell death in tumour cells in the form
of apoptosis or autophagy, which in most cases led to tumour
growth inhibition or shrinkage (Brachmann et al, 2009; Liu et al,
2009; Santiskulvong et al, 2011; Hong et al, 2014). Degenerative
changes with cytoplasmic vacuolisation are also found in our
histological data, suggesting that DW-MRI may be a suitable
method to study cellular changes resulting from PI3K/mTOR
inhibition. Indeed, in our study we found ADC to be a useful
biomarker for response to BEZ235. In the strongly responsive
TOV-21G xenografts, this parameter effectively distinguished the
BEZ235-treated tumours from the untreated controls. In contrast,
no significant difference between treated and control tumours was
found in the weakly responsive TOV-112D xenografts. Our results
indicate that median ADC values as well as ADC skewness and
kurtosis may be useful in the assessment of in vivo response to
PI3K/mTOR inhibition in ovarian xenografts, similar to how these
parameters have been shown to detect early response to
chemotherapy in ovarian cancer patients (Kyriazi et al, 2011).

Another approach for monitoring response to therapy in cancer
is the use of DCE-MRI, which provides information on tumour
perfusion and vascular permeability. The parameter ve is a measure
of the extravascular extracellular space and, similar to ADC, may
be related to the cellular density of the tumour tissue. In a recent
study, Sampath et al (2013) showed that response to the PI3K/
mTOR inhibitor GDC-0980 was associated with increased ve. In
our study, ve was a good marker for discriminating between treated
and control xenografts derived from both cancer cell lines. This is
in contrast to tumour volume and ADC, which only showed
significant differences between treated and control groups of the
strongly responsive TOV-21G tumours.

Besides its importance for cellular functions, the PI3K pathway
has been shown to influence angiogenesis via several mechanisms,
for example, via hypoxia-inducible factor 1, nitric oxide or
angiopoietins as summarised by Brader and Eccles (2004) and
Karar and Maity (2011). Several groups have extensively studied
the effects of PI3K/mTOR inhibitors on vascular morphology and
function in preclinical tumour models using multiple imaging
techniques, but report varying results. For example, Qayum et al
(2009) have investigated the vascular effects of the PI3K/mTOR
inhibitor PI-103 and found increased blood flow, vascular density,
branch length and reduced tortuosity. Similar results were found
with BEZ235 in a second study by this group (Fokas et al, 2012).
The same group then investigated the delivery of doxorubicin into
xenografts after treatment with the specific PI3Ka/d inhibitor
GDC-0941 and found increased doxorubicin delivery and, as in the
previous studies, increased blood flow (Qayum et al, 2012).
Collectively, they interpreted these vascular changes as ‘vascular
normalisation’. In contrast, Sampath et al (2013) reported
‘antivascular effects’ such as increased vessel size and decreased
FBV, vessel density, blood flow and Ktrans after treatment with a

PI3K inhibitor (GNE-490) or a PI3K/mTOR inhibitor (GDC-
0980). In yet another study by Schnell et al (2008), response to
BEZ235 was associated with reduced Ktrans, and also decreased
capillary permeability.

In contrast to previous studies (Qayum et al, 2009; Fokas et al,
2012; Sampath et al, 2013), our mCT data did not show treatment-
induced changes in vascular morphology at the time points we
investigated. The xenografts exhibited a heterogeneous vascular-
isation, with some tumours exhibiting large areas filled with
contrast agent, which could be a result of contrast agent leaking out
of brittle vessels. This may have caused the large spread in FBV.
However, the mean vessel density, median branch length and
median diameter were not affected by this and still did not show
significant vascular differences between the groups.

Despite no change in vascular morphology as measured by mCT,
we did find changes in vascular function using DCE-MRI. All
parameters describing early tumour enhancement (i.e., AUC1 min,
RSI1 min and FEV1 min) increased, which is associated with
increased delivery of contrast agent, and may be a sign for
improved perfusion. This compares favourably to the studies by
Qayum et al (2009, 2012) and Fokas et al (2012) in which increased
tumour perfusion and increased delivery of doxorubicin into the
tumour was observed. This enhanced perfusion and contrast agent
extravasation may partly be attributable to the decreased interstitial
fluid pressure commonly found in solid tumours (Hompland et al,
2012). In addition, the increase we found in Ktrans may be a sign for
improved vascular function. In contrast, Schnell et al (2008) and
Sampath et al (2013) reported decreasing Ktrans. This discrepancy
may be caused by the varying effect that PI3K inhibitors can have
on the vasculature ranging from antivascular to vascular normal-
ising, which can influence changes in Ktrans. In addition, Ktrans is
dependent on both vascular perfusion and permeability, making
this parameter difficult to interpret. Importantly, the treatment-
induced vascular changes detected by non-model-based DCE
parameters were more significant compared with those detected by
the model-based parameter Ktrans.

In our study we used xenografts with very different PI3K
pathway activities and an interesting finding was that the changes
in vascular function did not seem to depend on the activity of the
PI3K pathway.

In light of the above-mentioned studies, including ours, we
postulate that changes in vascular morphology and function
induced by PI3K/mTOR inhibition can take various forms and are
likely dependent on the dosage and mechanism of action of the
drug, as well as the characteristics of the tumour model employed.
Vascular changes following PI3K/mTOR inhibition are therefore
not only difficult to predict but also difficult to compare across
studies when different imaging methods are used. In contrast, DW-
MRI is a relatively well-established method for measuring cellular
density. Its use may be especially encouraged because it a fast
imaging modality that does not require contrast agent adminis-
tration or complex post-processing such as advanced pharmaco-
kinetic modelling to provide quantitative data. In addition,
compared with DCE-MRI, DW-MRI is probably less dependent
on image acquisition and quantification methods, making it
attractive for clinical applications. However, a standardisation of
imaging protocols and data analysis is still needed (Padhani et al,
2009). Recently, other studies have reported that DW-MRI is
useful for the assessment of treatment response to other targeted
drugs (Beloueche-Babari et al, 2013; Williams et al, 2013).

Currently, several PI3K inhibitors are evaluated in ovarian
cancer, partly because of a connection between chemoresistance
and the activity of the PI3K pathway (Carden et al, 2012).
Concomitantly, therapy monitoring will be crucial for determining
drug dosages and therapeutic efficacy to avoid unnecessary side
effects in nonresponsive patients. The DW-MRI is not commonly
employed for assessing response to targeted therapies, and to our
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knowledge no other studies investigating the response to PI3K
inhibition using DW-MRI have been published. Our study suggests
that DW-MRI may be a highly relevant method for noninvasive
monitoring of response to PI3K inhibitors in ovarian cancer, as we
demonstrated that increased ADC and a change in histogram-
based parameters are associated with inhibition of tumour growth.
Incorporation of DW-MRI into clinical trials could be done easily
and would be necessary in order to define clinically relevant time
points at which a potential change in ADC parameters can be seen
(Padhani et al, 2009). DCE-MRI, which provides complementary
information on vascular changes, may also be a suitable technique
for evaluating the efficacy of PI3K inhibitors. However, in this
study, DCE-MRI could not discriminate between a strong and
weak response in the xenografts. On the other hand, this
discrimination could be performed with DW-MRI, indicating that
DW-MRI holds a strong potential in the assessment of treatment
response to PI3K inhibitors. As this technique is less dependent on
fitting mathematical models to the imaging data and does not
require use of contrast agents, it may be the preferred method for
clinical therapy monitoring.
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