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Abstract

Anti-angiogenic and anti-lymphangiogenic gene therapy is a new potential method for the treatment of epithelial
ovarian carcinoma. We studied the usefulness and feasibility of diffusion-weighted magnetic resonance imaging
(DW-MRI) and relaxation measurements as surrogate markers of AdsVEGFR-2, AdsVEGFR-3, AdsNRP-1 and
AdsNRP-2 gene therapy treatment responses in an intraperitoneal ovarian cancer mouse model (n= 40). Gene
therapy was also combined with paclitaxel and carboplatin chemotherapy. Gene therapy was performed when visible
tumors were noticed in MRI. Adenoviral gene transfer was dosed intravenously (2x10° pfu), while chemotherapy
was dosed intraperitoneally. The study groups were: AdLacZ as controls (group |); AdsVEGFR-2 and AdsVEGFR-3
(group Il); combination of AdsVEGFR-2, AdsVEGFR-3 and chemotherapy (group Ill) and AdsNRP-1 and AdsNRP-2
(group 1V). Antitumor effectiveness was assessed by sequential MRI, immunohistochemistry, microvessel density,
overall tumor growth, formation of ascites and survival time. Early responses in tumor tissue were evaluated with
MRI measurements using relaxation times T, Tm' Tanrrr Traers @nd water apparent diffusion coefficient (ADC). The
mean survival of mice (30 days) was significantly prolonged in group Il as compared to controls (24 days) or other
treatment groups (p= 0.003). Microvessel density (MVD) and total vascular area (TVA) were significantly lower
compared to controls in all groups: group Il (p=0.001), group Ill (p= 0.002), group IV (p= 0.026). T, relaxation times
were significantly increased at day 8 after the gene transfer in the combination gene therapy and chemotherapy
group Il compared to controls (p= 0.005). ADC values in the tumors were significantly increased in group 1V at four
days compared to controls (p= 0.044). Early changes in T, relaxation times and ADC values after gene therapy
suggest the potential of T, relaxation time measurements and DW-MRI as early markers of treatment response after
anti-angiogenic gene therapy and chemotherapy.

development of new capillaries, lymphatic vessels and metastasis of
ovarian tumors [7]. VEGF- family members signal their angiogenic
and lymphangiogenic effects in the cell through tyrosine kinase
VEGF-receptors -1, -2 and -3, also known as Flt-1, KDR (or Flk-1)

Keywords: Anti-angiogenesis; Chemotherapy; Diffusion-weighted
MRI; Gene therapy; Ovarian cancer; Soluble VEGF-receptor; Soluble
NRP-coreceptor

Abbreviations: Ad: Adenovirus; ADC: Apparent Diffusion
Coefficient; DW-MRI: Diffusion-Weighted Magnetic Resonance
Imaging; MVD: Microvessel Density; RAFF: Relaxation Along A
Fictitious Field; sNRP: Soluble Neuropilin; sVEGFR: Soluble Vascular
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Introduction

Ovarian cancer is the most lethal gynecological cancer most often
characterized by widely disseminated intraperitoneal carcinoma and
ascitic fluid at the time of diagnosis. The mortality of ovarian cancer is
highest in developed countries [1]. The 5-year survival rate of patients
with disseminated cancer is only 19-47% despite cytoreductive surgery
and chemotherapy [2]. New and more potent treatment methods are
urgently required to improve the prognosis of patients with ovarian
cancer [3].

In cancer the balance between pro- and anti-angiogenic growth
factors has been disturbed in favor of angiogenesis [4]. Increased
expression of proangiogenic vascular endothelial growth factors
(VEGFs) is associated with poor prognosis and advanced stage of
ovarian cancer [5,6]. VEGF family members (VEGF-A, -B, -C, -D
and placental growth factors (PIGF)-1 and -2) are crucial in the

and Flt-4, respectively [8,9]. VEGFR-1 (binding VEGF-A, VEGF-B
and PIGF) and VEGFR-2 (binding VEGF-A and processed forms
of VEGF-C and VEGF-D) are considered as the major receptors
of angiogenesis, vasculogenesis and vascular permeability [10,11].
VEGFR-3 binds VEGF-C and VEGF-D and is the most important
receptor for lymphatic vessel formation thus contributing to tumor
dissemination via the lymphatic system [12,13]. Neuropilin (NRP)-1
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and NRP-2 are coreceptors for VEGFRs [14]. The mechanism of their
signal transduction in angiogenesis is not completely understood [15].
Overexpression of NRP-1 and NRP-2 is indicated with many invasive
cancers, including non-small cell lung carcinoma [16] and malignant
glioma [17]. Since high expression of NRP-1 and NRP-2 correlate with
cell proliferation, invasion and malignancy of ovarian cancer, they
could provide additional therapeutic targets for ovarian cancer [18,19].
In this study, the combination of soluble VEGFR-2 and -3 alone or
with chemotherapy and the combination of soluble NRP-1 and NRP-2
lacking their transmembrane and intracellular tyrosine kinase domains
were used to inhibit the angiogenic and lymphangiogenic signaling in
ovarian tumor tissue.

Due to necrosis and cavitation of tumor tissue, evaluation of
treatment responses based on tumor size only as measured with
traditional magnetic resonance imaging (MRI), is not an adequate
method anymore. Thus, new molecular and functional imaging
techniques have been developed to detect the treatment responses
especially to targeted therapies [20]. In diffusion-weighted MRI (DW-
MRI), water Brownian motion is in a key role to detect treatment
responses, since necrosis and progression of tumor tissue will lead to
alterations in water microscopic movement and consequently diffusion
parameters [21]. Results from recent reports show that DW-MRI is a
potential technique to assess the early treatment responses especially in
cerebral applications [22-25]. In clinical ovarian cancer studies DW-
MRI and calculation of apparent diffusion coefficient (ADC) values
have been exploited to detect and characterize ovarian tumors and
to measure treatment responses [23]. In our study, we have utilized a
wide range of MRI parameters including relaxation times T, » T, Topers
and T, .. in addition to ADC values to monitor early gene therapy
treatment responses in intraperitoneal ovarian carcinoma.

The aim of this study was to evaluate treatment responses of anti-
angiogenic and anti-lymphangiogenic gene therapy with AdsVEGFR-2
and AdsVEGFR-3 alone and with chemotherapy (groups II and
III) and AdsNRP-1 and AdsNRP-2 (group IV) in a human ovarian
cancer xenograft model that closely mimics the complexity of tumor
progression and shows a very aggressive behaviour [26]. As in our
previous studies [27-29] morphologic MRI was used for the timing
of gene therapy to treat sizeable tumors, not a micrometastatic
disease. Furthermore, non-invasive DW-MRI and relaxation time
measurements were used to monitor treatment responses at molecular
level in several time points in solid ovarian cancer tumors. To our
knowledge this is the first study to evaluate the use of DW-MRI and
relaxation time measurements as early markers of anti-angiogenic gene
therapy response in ovarian cancer. This study is also the first one to
detect the efficacy of AdsVEGFR-2 and AdsVEGFR-3 gene therapy
together with standard carboplatin and paclitaxel chemotherapy as
well as AdsNRP-1 and AdsNRP-2 gene therapy in the ovarian cancer.

Materials and Methods
Cell line

Detailed characteristics of the used SKOV-3m ovarian cancer cell
line have been described earlier [26]. Cells were cultured in McCoy’s
5A medium (Sigma MB8403, Steinheim, Germany). The cells were
trypsinized and counted before in vivo inoculation. SKOV-3m cell line
showed epithelial phenotype and resembled that of the original cell
line.

Viral vectors

Adenoviral serotype 5 vectors (replication-deficient EI-E3
deleted) were produced in 293 cells. Adenovirus encoding LacZ was
used as a control vector [30]. Vectors for gene therapy were encoding
human sVEGFR-2-IgG fusion protein [31], human sVEGFR-3-IgG
[32], sNRP-1 and sNRP-2 [9,33]. Both sVEGFR constructs contain
an immunoglobulin Fc domain to ensure efficient dimerization
of the soluble decoy receptors. Adenoviruses were analyzed to be
free of lipopolysaccharides, replication -competent viruses, and
bacteriological contaminants [30,34].

Animal model

In this study, seven to 12-weeks-old (n=40) Balb/cA-nu female
nude mice were used. The mice were kept in a pathogen-free isolated
unit at the National Experimental Animal Center of the University of
Eastern Finland, Kuopio. The mice received chow and water ad libitum.
Water, food and sawdust bedding were autoclaved. For the operations,
animals were anesthetized with isoflurane (Isoflurane, Baxter Medical
AB) (sleep; 4.5 % isoflurane and 450 ml air, upkeep; 1.7 % isoflurane
and 250 ml air). All studies were approved by the Experimental Animal
Committee of the University of Eastern Finland.

Ovarian cancer was produced by inoculating 1 x 107 SKOV-3m
cells with 22 G needle into the peritoneal cavity of the nude mice [26].
Development of the tumors was followed by sequential MRI (Figure
1). When the first measurable solid tumor was detected in MRI, gene
transfer was performed the following day (day 0) [27]. Mice were
randomly divided into four groups: eleven control animals received
AdLacZ (2 x 10° pfu) (group I); six animals received combination of
AdsVEGFR-2 (1 x 10° pfu) and AdsVEGFR-3 (1 x10° pfu) (group
II); seven animals received the combination of AdsVEGFR-2 (1 x
10° pfu) and AdsVEGFR-3 (1 x 10° pfu) once and after one week a
combination of paclitaxel (400 pg/ 500 ul) and carboplatin (1,6 mg/
500pl) once (group III); six animals were treated with AdsNRP-1 (1 x
10° pfu) and AdsNRP-2 (1 x 10° pfu) (group IV) (Table 1 and Figure 1).
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Figure 1: Protocol of the study. Tumors developed within 10 days after
the inoculation of the SKOV-3m tumor cells. The presence of tumors was
observed with MRI. Gene therapy (GT) was dosed one day after the first tumor
was seen in MRI (day 0) and chemotherapy was dosed at day 7 after
the GT. Tumors were followed weekly with MRI until the death of the mice.
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Group | I 1] v
n 11 6 7 6
Adenoviral vector LacZ sVEGFR-2 | sVEGFR-2 sNRP-1
- sVEGFR-3 = sVEGFR-3 sNRP-2
Total volume (pl) 200 200 200 200
Titer (pfu/ each vector) 2 x10° 1x10° 1x10° 1x10°
Chemotherapy - - Pac;;t:;g 20 -
_ _ Carboplatin _
80 mg/kg

sVEGFR: Soluble Vascular Endothelial Growth Factor Receptor; sNRP: Soluble
Neuropilin; Pfu: Plaque-Forming Unit

Table 1: Study groups.
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Gene transfer was performed intravenously (i.v) via tail vein in the final
volume of 200 pl in 0.9 % saline, for all vector combinations.

MRI was performed 4, 8, 15 and 21 days after the gene transfer and
tumor volumes, ADC values as well as relaxation times T Ty Toprr
and T, .., were measured (Figure 1). The overall follow-up time lasted
until emerging of significant symptoms requiring sacrifice or until to
the death. At the time of death, the following tissues for further analyses
were collected: liver, spleen, kidney, lung, bowel and peritoneum. Also

ascites fluid and all tumor tissues were collected and measured.

Chemotherapy

For chemotherapy paclitaxel infusion concentrate (Paclitaxel
Hospira 6 mg/ml; Hospira UK Limited) at a dose of 20 mg/kg and
carboplatin concentrate (Carboplatin Hospira 10 mg/ ml, Hospira UK
Limited) at a dose of 80 mg/kg per mouse was used. Chemotherapy was
performed in group IIT one week after the gene therapy intraperitoneally
(i.p.) with 30 G needle (Figure 1). Paclitaxel was dosed before the
carboplatin.

Histology, immunohistochemistry

Tissue samples were immersed in 4 % paraformaldehyde for 4 to 6
h after the autopsy, followed by overnight immersion in 15 % sucrose
[35]. Samples were embedded in paraffin and cut to 5 pm thick sections
(Microtom HM355; Microm) for hematoxylin-eosin, KI-67 (Dako-
Cytomation, Glostrup, Denmark) and CD-34 (HyCult Biotech, AA
Uden, The Netherlands) stainings. Photographs of histological sections
were taken with Olympus AX70 microscope (Olympus Optical, Japan)
and processed with AnalySIS (Soft Imaging System, GmbH, Germany)
and PhotoShop CS4 (Adobe) softwares. Microvessel density (MVD)
and total microvascular area (TVA) of the tumors (%) were measured
from CD-34-immunostained sections with AnalySIS software at
100x magnifications in a blinded manner. From each tumor six to 10
different fields were selected to represent maximum MVD areas and
necrotic areas were avoided. The findings of the measurements are
presented as mean + SEM.

MRI

All MRI experiments were performed on a horizontal 7 T
magnet (Bruker PharmaScan, Bruker BioSpin MRI GmbH, Ettlingen,
Germany). For signal transmission and reception, a volume quadrature
coil with 40 mm diameter was used (Bruker BioSpin MRI GmbH,
Ettlingen, Germany). Animals were anesthetized for MRI with
isoflurane inhalation anesthesia (Isoflurane Baxter, Baxter Medical
AB) with 4 % initial dose and during imaging the isoflurane level was
maintained at 1.5 % in NO,/O, (75:25). Respiration was monitored with
a pneumatic pillow (SA Instruments, Stony Brook, NY, USA) placed
on the mouse abdomen and all imaging was triggered with respiration.
The temperature was maintained close to physiological level with a
warm water circulating pad. Multislice fast spin echo T,-weighted axial
images were taken (repetition time (TR) = 3 5, effective echo time (TE) =
44 ms, field of view (FOV) = 40 x 40 mm?, matrix size = 256 X 256, slice
thickness 1 mm, 30 slices) covering the lower body of the mouse. Using
these images, one slice showing the largest tumor in top part of the
mice abdomen was selected for the relaxation time measurements and
diffusion weighted imaging. The measured relaxation time parameters
were the transversal relaxation time T, (adiabatic Hahn double echo
preparation with TE = 8 - 22 ms), the longitudinal relaxation time in
the rotating frame T, (spin-lock time = 0 - 45.4 ms, RF amplitude
(yB,/(2m) )=1250 Hz) [36], and two novel rotating frame parameters;

relaxation along a fictitious field in the 22 (T, .,) and 4* frame (T}, )

(Tyuprs o 4 -PUlses [37,45], pulse train length of 0 - 36 ms, yB /(2m) =
1250 Hz for RAFF2 and 648 Hz for RAFF4). The radio frequency field
B, was measured by incrementing the length of a hard pulse (0.2 - 1.6
ms) placed in front of the readout sequence. For all the relaxation time
and B, measurements, a fast spin echo sequence was used as readout
(TR =1 s, effective TE = 7.13 ms, FOV = 40 x 40 mm?, matrix size
= 256 x 256). The apparent diffusion coefficient (ADC) of water was
determined by diffusion weighted imaging using a spin echo sequence
with diffusion weighting in three orthogonal directions (TR = 1's, TE
= 27 ms, b-value = 0, 500 s/mm? FOV = 40 x 40 mm? matrix size =
128 x 64).

Total tumor volumes from multiple tumor loci (mm?®) and area
of the tumor (mm?) were hand drawn on T, weighted anatomical
images. All relaxation time maps, water ADC-maps and B, maps were
reconstructed on a pixel-by-pixel basis from the signal intensities.
Additionally Tlp, T, Toree and TR . relaxation times and water ADC
were analyzed separately for vital and necrotic areas of tumors. All
analyses were performed using Aedes software package on Matlab
platform (MathWorks, Natick, MA) as in references [28,37]. Tumors
were identified from surrounding healthy soft tissue with their deviant
intensity and location. Data from all relaxation time measurements
were fitted using a single monoexponential decay function. The single
cosine function was fitted to B, data.

Statistical analyses

The statistical analyses were performed with IBM SPSS Statistics
and Kruskall-Wallis test, followed by Mann-Whitney U test when
appropriate. Statistical significance between MRI properties and
timepoints was analyzed with mixed model test. For survival analysis
Kaplan-Meier plots and log rank test were exploited. Results are shown
as mean + SEM. A value of p< 0.05 was considered as statistically
significant.

Results

Survival

The mean survival was significantly prolonged in group II (30 +
2 days) compared to control group I (24 + 1 days, p=0.020). In group
I1, survival was also prolonged compared to the combination of gene
therapy and chemotherapy group III (23 + 1 days, p=0.007) and

1,07 v - _++AdLacZ (group I)
' _r 1sR2+sR3 (group II)
_ L sR2+sR3+ chemotherapy (group Ill)
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0 20 30 40
Follow-up time (days)

Figure 2: Kaplan-Meier plots of survival. The mean survival was significantly
prolonged in group Il as compared to control group | (p= 0.02) and treatment
groups Il (p=0.007) and IV (p= 0.009).
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group IV (24 + 2 days, p=0.009) (Figure 2). All mice died or they were
sacrificed because of the disease and weakness within 33 days.

Intraperitoneal tumor growth

All mice developed intraperitoneal ovarian cancer tumors within
10 days (6-10 days) after the SKOV-3m cell injections. The progression
of tumors was followed with MRI. Although tumor weights were the
smallest at the end of the follow-up in gene therapy and chemotherapy
combination group III compared to control group I (2.8 £ 0.27 g versus
3.4 + 0.44 g; Figure 3a), it did not reach statistical significance.

At the baseline before treatments, the mean tumor volumes
detected by MRI were significantly higher in group III (290.4 + 89.70
mm?®) and in group IV (398.9 + 167.0 mm?®) compared to control group
I(126.9 + 40.20 mm’, p=0.02; p=0.009). By the day 8, the mean tumor
volumes decreased from the day 4 values in group II (762 + 8.70 mm®
versus 578 + 141 mm’, 24 %) and group III (1040 + 112 mm? versus
1020 + 161 mm’, 2.0 %), whereas in control group I the mean tumor
volume increased by the day 8 (424 + 195 versus 694 + 158 mm?, 55 %).
Also, in group IV the mean tumor volume increased from day 4 values
(818 + 258 mm?®) by the day 8 (1199 + 305 mm’, 47 %).
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Formation of ascites

At the end of the follow-up there were no significant differences in
the amount of ascitic fluid between the treatment groups (IL, III, IV)
and control group I (Figure 3b). However, in group III the formation
of ascites was lower (1.75 + 0.72 ml) than in group II (2.59 + 0.57 ml)
or group IV (2.55 + 0.57 ml). In all treatment groups the formation of
ascites was less than in control group I (3.58 + 1.36 ml).

Microvessel measurements

To evaluate the effect of gene therapy and chemotherapy on
intratumoral microvessels MVD and TV A (Figures 3¢, 3d and 4c) were
measured. In group II MVD (48.7 + 4.50 /mm?) and TVA (1.24 £ 0.11
%) were significantly smaller compared to control group I (84.5 + 10.0
/mm?, p=0.001 and 3.23 + 0.70 %, p=0.005, respectively) (Figures 3c,
3d and 4¢). MVD (59.7 + 4.20 /mm?) and TVA (1.2 £ 0.10 %) were
significantly smaller also in group III compared to control group I
(84.5 = 10.0 /mm?, p=0.002 and 3.23 + 0.70 %, p=0.003, respectively).
In group IV MVD (62.0 + 4.60 /mm?*) and TVA (1.00 + 0.31 %) were
also significantly smaller than in control group I (p=0.026; p=0.013,
respectively; Figures 3¢, 3d and 4c.
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Figure 3: Tumor, ascites, microvessel density and total vascular area in the study groups. At the end of the follow up a trend for smaller weights of the tumors (a)
and lower amount of ascites (b) was noticed in group Il as compared to control group |, although differencies were not statistically significant. c) Microvessel density
(MVD, microvessels/mm?) was significantly reduced in treatment groups Il (p= 0.001), Il (p= 0.002) and IV (p= 0.026) compared to control group |. d) The total area
of microvessels in tumors (TVA, total vascular area) was significantly reduced in treatment groups Il (p= 0.005), lll (p= 0.003) and IV (p= 0.013) compared to control
group |. p < 0.05; “p < 0.01; ""p < 0.001 versus control group |. Error bars= SEM.
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Histology

Tumors were poorly differentiated high grade serous
adenocarcinomas with variable size of nucleus and limited stroma. In
all treatment groups II, III and IV, morphology of tumor tissue was
partly replaced by fibrosis as compared to control group I (Figure 4a).
That was most clearly seen at the end of the follow-up in tumors treated
with AdsNRP-1 and AdsNRP-2 (group IV).

Cell proliferation index of tumors measured by KI-67 was
significantly lower in group II (38.3 + 2.80 %) and group III (37.1 + 4.70
%) compared to control group I (67 + 4.40 %, p=0.002 and p=0.002
respectively) at the end of the follow-up (Figure 4b).

There were no significant differences in the amount of necrosis in
tumors between the control group I (30.0 + 12.0 %) versus groups II,
IIT or IV (28.0 + 13.0 %, 13.0 £ 4.00 %, 20.0  5.00 %; respectively) at
the end of the follow-up.

MRI

Fromallanimals T, , T, Ty, and T, .., relaxation times and ADC
values were analyzed in a slice cut from the centre of an upper part
of the abdominal tumor. T, relaxation time increased more efficiently
in group III at day 4 than in other groups (Figure 5a). T, relaxation
time was significantly longer at day 8 in group III (101 + 12.0 ms)
compared to control group I (82.0 £ 7.40 ms, p=0.005) (Figure 5a).
A representative graphic of T, relaxation time maps is presented in
Figure 6. In other relaxation time analyses using T, , Ty, and T, ..,
no significant differences between the treatment groups and AdLacZ

controls were observed. The results of all relaxation time analyses are
shown in Figure 5.

Water diffusion in tumors was evaluated based on water ADC
maps (Figure 7a). Significant transient increase in ADC values was
observed at day 4 in group IV (1.32 £ 0.50) 10> mm?/s) as compared
to control group I (9.29 x10*+ 4.10 x10-° mm?*/s, p=0.044) (Figure 7b).
In other treatment groups the ADC was simultaneously decreased at
day 4. A representative figure of ADC maps at day 4 of the control
group I and treatment group IV is presented in Figure 7a. No significant
correlations were noticed between the ADC-values and other MRI
parameters at any time points. Results from MRI relaxation time
measurements or ADC values did not correlate with survival, tumor
size, amount of ascites or with histopathological findings in treatment
or in control groups.

At day 8 significant correlations (p=0.040, r’=0.54) in T, relaxation
times between vital (84 + 7 ms) and necrotic (156 + 4.4 ms) areas were
noticed. Also significant positive correlations (p=0.007, r>=0.82) at
day 4 between vital ((0.88 + 0.07) x10° mm?*/s) and necrotic ((0.99 +
0.14) x10°*mm?/s) areas of ADC values were observed, parallel to day
8 (vital area: (0.97 + 0.09) x10~ mm?/s and necrotic area: (1.05 + 0.08)
x10° mm?/s, p=0.012, 1’=0.63). Also in T, relaxation times significant
correlations between vital and necrotic areas of tumors (vital area: 83
+ 3.5 ms and necrotic area: 102 £ 5.0 ms, p=0.001, r’=0.79) were seen
at day 8. T,,,,, relaxation times in these areas correlated significantly
at day 4 (vital area: 116 £+ 11.7 ms and necrotic area: 166 + 25.0 ms,
p=0.002, r’=0.88) and day 8 (vital area: 97 + 2.0 and necrotic area: 121
+ 3.90 ms, p=0.034, r*=0.57). Additionally Tew relaxation times in
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Figure 4: Histology of intraperitoneal ovarian cancer tumors. a) Hematoxylin-eosin staining of poorly differentiated high grade serous adenocarcinoma in control
group | and treatment groups I, Il and IV. Fibrosis (arrow) was most clearly seen in tumors in group IV. b) In KI-67 staining more proliferating tumor cells were
noted in control group | compared to groups Il (p=0.002) and Il (p=0.002). c) CD-34 positive microvessels in tumor tissues of groups |, Il, Ill and IV. In control
group | total vascular area (TVA) was significantly higher than in treatment groups Il (p=0.005), Ill (p=0.003) or IV (p=0.013). Magnification, x 200 (a-d); x 100 (e, f).
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and d) T,

Are4 WEre longer at day 8 compared to levels at the beginning. In other than T,

relaxation times no significant differences between the treatment groups were noticed. Error bars= SEM.

different areas of tumors correlated significantly at day 8 (vital area: 276
+ 29 ms and necrotic area: 303 + 31.0 ms, p=0.001, r>=0.88).

Discussion

In this study we present the potential of DW-MRI and relaxation
time measurements as early surrogate markers of gene therapy with
AdsVEGFR-2 and AdsVEGFR-3 combined with chemotherapy and
AdsNRP-1 and AdsNRP-2 gene therapy in ovarian cancer in mice. The
present data show that relaxation time T, measured by MRI is longer
in tumors treated with anti-angiogenic and anti-lymphangiogenic
AdsVEGFR-2 and AdsVEGFR-3 gene therapy with chemotherapy
(group IIT) compared to AdLacZ control group I. Alterations in T,
relaxation time reflect changes in tumor cellularity. Higher ADC values
were also observed in treatment group IV as compared to control group
I four days after the gene transfer.

In this highly aggressive xenograft model of ovarian cancer
the most effective treatment responses were shown in mice that
received the combination of gene therapy and paclitaxel and
carboplatin chemotherapy according to tumor weights, amount of
ascites, microvessel measurements and proliferation index (KI-67)
measurements. These results are in line with our previous studies with
adenoviral gene therapy with sVEGFR-1, sVEGFR-2 and sVEGFR-3
and a clinical study is warranted [27,29]. Survival was significantly
prolonged in treatment group II as compared to control group I and
other treatment groups (III, IV). In group III, the mean survival was
shorter as compared to the other groups. That might be a result of
stressful chemotherapy treatment and disseminated cancer at the
time of chemotherapy. According to our preclinical toxicology and
biodistribution study, AdsVEGFR-2 and AdsVEGFR-3 gene therapy

was well tolerated even when included in standard chemotherapy with
paclitaxel and carboplatin [38].

In preclinical xenograft models of other cancers anti-NRP-1
antibodies have had a modest effect on tumor growth. Anti-NRP-1
antibody is currently in phase I clinical trials with solid malignancies
[39]. It has also been reported that anti-NRP-2 has reduced the
incidence of lymphatic metastases in a preclinical model [40]. In
our ovarian cancer model the antitumor effects were mainly seen in
microvessel measurements since MDV and TVA were significantly
reduced at the end of the follow-up in treatment group IV. The effects
on tumor growth or production of ascites fluid were smaller than in
group II.

There is a lack of new reliable surrogate markers and endpoints in
the evaluation of the results of current gene therapy trials [9,41]. MRI
and DW-MRI related parameters are attractive surrogate markers also
for the treatment of cancer since the imaging procedure is non-invasive
and does not require either exogenous contrast agents or ionizing
radiation. It is important to validate the protocol and indicate the
optimal timing for the MRI in animal models of anti-cancer therapies
before entering into human studies. As in our previous studies we used
the conventional T, weighted MRI to detect the intraperitoneal tumor
growth before gene therapy. There were significant differences in the
size of tumors between the treatment groups 10 days after SKOV-
3m cell inoculation reflecting the biological diversity of malignant
intraperitoneal ovarian cancer. In this study the MRI was done in
several time points to monitor the treatment effects also in the early
phase after the therapy, before expected changes in tumor size [20].
Since the treatment protein level in circulation after adenoviral gene
therapy rises at highest levels three days after the gene transfer, the first
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8 days. Water diffusion was significantly increased in group IV at day 4
compared to other groups (‘p < 0.05). Tumors are shown with arrows. Error
bars= SEM.

time point for imaging responses was four days after the gene transfer
[42]. Proliferation index (KI-67) is one of the suggested histological
validations of DW-MRI [23]. In present study the proliferation of
tumor cells measured by KI-67 staining were significantly reduced
in all treatment groups compared to control group I. Unfortunately,
the proliferation index did not correlate with any measured MRI
parameters.

Increases in ADC values have been noted in several cancer studies

as a result of effective treatments [20,43]. In this study, transient
significant increases in ADC values were noticed four days after the
AdsNRP-1 and AdsNRP-2 gene therapy (group IV). After that ADC
levels declined near to the level of control group I and other treatment
groups II, III. Histologically in those tumors the formation of fibrosis
was most clearly seen at the end of the follow-up, which may have
influenced the different profile of ADC values compared to the other
groups. In our study, the ADC values did not correlate with necrosis,
although this correlation has been associated previously [43]. Clearly,
further studies are needed to better understand the complexity of
histological findings and ADC values and to overcome the possible
effects of respiratory movements.

T, relaxation time in tumor tissue was significantly increased in
treatment group III eight days after the gene transfer compared to the
control group I. Significant prolongation of T, relaxation time was
noted only in the chemotherapy treated group suggesting the potential
of chemotherapy as an enhancer of gene therapy response. In this
treatment group the antitumor effects were most clearly seen in tumor
growth, ascites formation, microvessels and cell proliferation. The
greatest increase in T, relaxation times was noticed in necrotic areas
of intraperitoneal ovarian tumors as seen in anatomical and diffusion-
weighted images, which is in line with earlier results [44]. In clinical
studies of brain ischemia, changes in T, relaxation time have predicted
irreversible cell damage and necrosis in addition to increased ADC
values [44]. As a result of anti-angiogenic and anti-lymphangiogenic
gene therapy, reduced tumor vascularity and enhanced necrosis, the
positive correlations in relaxation times and ADC values between vital
and necrotic areas on tumors at days 4 and 8 were expected [45].

T, relaxation time in the rotating frame ( Tlp) is an indicator of acute
ischemia since it shows water in close contact with macromolecules
and restricted rotation of bulk water [36]. T, with low spin-lock
radiofrequency field (B,) is more sensitive than T, or T, relaxations
when detecting the changes in cellularity of tumor border and cytotoxic
effects caused by gene therapy in rat malignant glioma model [46].
Changes in T, relaxation times have been found to occur before the
water accumulation and changes in other relaxation time parameters,
such as T, in cerebral ischemia models, reflecting its potential as an
early and sensitive indicator of cell damage [46]. Our results show a
trend of increase in T, times four days after the gene transfer which
is in line with results from the rat malignant glioma study, where T,
relaxation time significantly increased four days after the HSV-TK
treatment and indicated the cytotoxic effect of gene therapy [22].

To get more comprehensive information from MRI we have
measured also novel relaxation time parameters. Relaxation along
a fictitious field (RAFF) is a new relaxation time method that may
offer a more sensitive marker to evaluate cell density and cell death in
different tumor regions as a result of gene therapy as compared to T,
or T, weighted imaging [37]. RAFF relaxation times measured in this
ovarian cancer model were generally lower corresponding to previous
results from the malignant glioma model [24], possibly caused by a
more solid mature of the tumor. The wide dispersion seen in T,
values may be caused by longer T,,,,, relaxation times compared to
Ty per, Telaxation times, despite the equally long pulse trains used for
RAFF weighting or relatively short repetition time (1 sec).

To our knowledge this is the first study to evaluate MRI
relaxation time parameters and DW-MRI as early surrogate markers
of AdsVEGFR-2 and AdsVEGFR-3 gene therapy alone or with
chemotherapy, and AdsNRP-1 and AdsNRP-2 gene therapy in ovarian
cancer. We conclude that anti-angiogenic and anti-lymphangiogenic
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gene therapy with AdsVEGFR-2 and AdsVEGFR-3 combined with
chemotherapy is a potential new treatment for epithelial ovarian
cancer in women, and that T, relaxation time and ADC are the most
potential markers for the evaluation of the early cellular effects of anti-
angiogenic gene therapy treatments with MRI.
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