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Abstract

Treatment options for patients with pancreatic cancer are limited and survival prospects have
barely changed over the past 4 decades. Chemoradiation treatment (CRT) has been used as
neoadjuvant therapy in patients with borderline resectable disease to reduce tumour burden
and increase the proportion of patients eligible for surgery. Antimetabolite drugs such as
gemcitabine and 5-fluorouracil are known to sensitise pancreatic tumours to radiation
treatment. Likewise, photodynamic therapy (PDT) has also been shown to enhance the effect
of radiation therapy. However, PDT is limited to treating superficial lesions due to the
attenuation of light by tissue. The ability of the related technique, sonodynamic therapy (SDT),
to enhance CRT was investigated in two murine models of pancreatic cancer (PSN-1 and
BxPC-3) in this study. SDT uses low intensity ultrasound to activate an otherwise non-toxic
sensitiser, generating toxic levels of reactive oxygen species (ROS) locally. It is applicable to
greater target depths than PDT due to the ability of ultrasound to propagate further than light
in tissue. Both CRT and the combination of CRT plus SDT delayed tumour growth in the two
tumour models. In the PSN-1 model, but not the BXxPC-3 model, the combination treatment
caused an increase in survival relative to CRT alone (p = 0.038). The improvement in survival
conferred by the addition of SDT in this model may be related to differences in tumour
architecture between the two models. MRI and US images showed that PSN-1 tumours were
less well perfused and vascularised than BxPC-3 tumours. This poor vascularisation may
explain why PSN-1 tumours were more susceptible to the effects of vascular damage exerted

by SDT treatment.
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1. Introduction

Pancreatic cancer is usually diagnosed at an advanced stage with only 20% of patients being
eligible for surgery [1]. A further 30% of patients present with locally advanced or borderline
resectable pancreatic cancer (BRPC) and 50% present with metastatic disease [2]. For those
patients with BRPC, neoadjuvant therapy can be used to downstage the tumour and improve
eligibility for surgical resection [3]. This is particularly important as surgery remains the only
curative treatment for pancreatic cancer and is associated with a 5-fold improvement in the 5-
year survival rate [4, 5]. Current neoadjuvant approaches involve either chemotherapy alone
or in combination with radiotherapy (termed chemoradiation therapy, CRT) [6]. Gemcitabine,
an anti-metabolite chemotherapy, is widely used in the treatment of pancreatic cancer and is
often combined with external beam radiation therapy (EBRT) in CRT protocols [7] due to its
ability to act as a radiosensitiser. The di-phosphorylated analogue of gemcitabine (dFdCDP)
inhibits ribonucleotide reductase, resulting in depletion of cellular deoxynucleotide
triphosphate pools. This is thought to be one of the mechanisms by which it radiosensitises
cells [8, 9].

Previous pre-clinical work in pancreatic cancer has demonstrated that antimetabolite
chemotherapy also combines very effectively with sonodynamic therapy (SDT) [10, 11]. SDT
involves the administration of a relatively non-toxic compound to cells that sensitises the cells
to simultaneous or subsequent ultrasound exposure. The combination of the sonosensitiser
and ultrasound leads to the generation of reactive oxygen species (ROS) that causes cellular
death via oxidative stress [12]. To target delivery of the SDT sonosensitiser and antimetabolite
more precisely to pancreatic tumours, we have attached these compounds to the shell of
ultrasound-responsive phospholipid-stabilised microbubbles [10, 11]. Microbubbles are
currently approved as contrast agents for diagnostic ultrasound imaging and have also been
investigated as drug delivery vectors [13-16]. When exposed to ultrasound of sufficient
intensity, the microbubbles undergo inertial cavitation (i.e. collapse) producing a range of
therapeutically relevant effects [17, 18]. As ultrasound can be tightly focussed in 3 dimensions

in human tissue, these effects can be confined to the target site. In the context of SDT, a key
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effect is the generation of light by the collapsing bubbles [19] which activates the sensitiser. In
addition, the motion of the surrounding liquid induced by the bubble oscillations can enhance
dispersion of the drugs into the tumour tissue [20, 21].

Our mativation for combining CRT with SDT is driven by previous reports of a therapeutic
benefit afforded by the combination of radiotherapy and photodynamic therapy (PDT) [22, 23].
PDT is a clinically approved treatment that is similar to SDT but uses light instead of ultrasound
to activate a sensitiser drug [24]. A major limitation of PDT that has restricted its more
widespread clinical use is the inability of light to penetrate deeply into human tissue. This
obstacle is overcome in SDT as the low-intensity ultrasound used for sensitiser activation can
penetrate tens of centimetres into human tissue. Therefore, in addition to the beneficial
therapeutic effect of combining SDT and antimetabolite chemotherapy, we hypothesise that
SDT may also compliment chemoradiotherapy. As SDT is a targeted treatment, any
therapeutic advantage obtained should not be at the cost of off-target toxicity.

In this study, we investigate the effect of combining CRT with SDT using gemcitabine as
a radiosensitiser in two subcutaneous murine models of human pancreatic cancer. We
determine the therapeutic advantage obtained by combining CRT with SDT and investigate

the importance of tumour architecture in determining treatment efficacy.

2.  Materials and Methods

2.1 Reagents

The lipids 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG(2000)) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-
PEG(2000)-biotin) were purchased from Avanti Polar Lipids. Oxygen (O2) was purchased from
BOC Industrial Gases. Decafluorobutane (perfluorobutane, PFB) was purchased from
FluoroMed LP. Matrigel was purchased from Corning. Biotinylated Rose Bengal (bRB) was

prepared using a previously described method [25]. PSN-1 and BxPC-3, human pancreatic
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adenocarcinoma cell lines, were purchased from American Type Culture Collection (ATCC).
Cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 120 units/mL
Penicillin, 100 pg/mL Streptomycin and 2 mM L- glutamine. All cells were used at less than 10
passages from stock. Cells were tested regularly and found to be mycoplasma-free. Cells
were authenticated by ATCC before implanting into mice. Cells were counted using a
Countess Il Cell counter (Thermo Fisher Scientific). All other chemicals were purchased from

Sigma Aldrich or Thermo Fisher Scientific unless otherwise stated.

2.2 Manufacture of sonosensitiser (Rose Bengal)-loaded oxygen microbubbles

DBPC, DSPE-PEG(2000) and DSPE-PEG(2000)-biotin were prepared as 25 mg/mL solutions
in chloroform, mixed at a molar ratio of 82:9:9 (7.2 mg total lipid amount) and the solvent
evaporated on a hotplate at 50°C overnight. The resulting film was reconstituted in an 8:1:1
v:v solution (2 mL) of sterile PBS:glycerol:propylene glycol (PGP) and stirred at 100°C on a
hotplate for 30-60 min followed by sonication (20%, Qsonica Q125) for 90s to fully disperse
the lipids. The sonicator horn was then moved to the liquid-air interface and the headspace
filled with perfluorobutane (PFB) gas. Under continuous PFB flow, the solution was sonicated
(80%, Qsonica Q125) for 20s to generate the microbubble (MB) suspension. Avidin (500 pL,
10 mg/mL in PGP) was added to the MB suspension and stirred on ice for 5 minutes. Excess
avidin was removed by centrifugation at 300g for 5 min at 4°C, and the resulting infranatant
was discarded. The microbubble cake was resuspended in 1 mL of PGP solution. Rose
Bengal, a sonosenitiser, was prepared as a biotinylated (bRB) solution by adding bRB (4 mg)
to 150 pL of dimethylsulfoxide (DMSO) and warmed until fully dissolved. This was then diluted
to 1 mL total volume with a sterile-filtered solution of PGP solution. This was then sterile filtered
through a 0.2 um nylon filter to remove precipitates. The concentration was measured by
preparing a standard curve using the unfiltered bRB solution and measuring absorbance at
560 nm using a plate spectrophotometer (FLUOstar Omega, BMG Labtech). Filtered bRB
solution was added to a volume of microbubbles to yield a suspension containing 5 x 108

MB/mL and 500 uM bRB. The vial was then sparged with oxygen for 2 minutes. The final



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

product, RB-O;MB, was protected from light and sealed with a rubber septum for use on the
same day as manufacture. Optical imaging of the MBs showed spherical particles with an

average diameter of 1-2 um.

2.3 In vivo tumour models

Animal procedures were performed in accordance with the UK Animals (Scientific Procedures)
Act 1986 and with local Animal Welfare and Ethical Review Body approval. Mice were housed
in individually ventilated cages with ad libitum access to water and food. Female, Crl:NU(NCr)-
Foxnlnu mice (athymic nude) were purchased from Charles River or Envigo and entered the
study at 8-10 weeks of age. Mice were assigned to treatment groups prior to implantation to
avoid bias. Tumour cells were implanted under brief isoflurane anaesthesia. 2 x 10° cells
(PSN-1) or 1 x 107 cells (BxPC-3) in a 50:50 v:v mixture of Matrigel:serum-free medium (100
uL) were implanted in the rear right flank of the animals using a 30G insulin syringe. In the
therapy study (see schema in Figure 1 and Section 2.6 below) tumour volume was measured
using calipers once every two days for PSN-1 tumours and once every three days for BxPC-
3 tumours. Three dimensions of the tumour were measured and the volume (V) calculated as
V=(LxWxH)/2. Animals were entered into the treatment protocol when tumours reached 90 to
150 mm?® (PSN-1) or 190 to 250 mm?® (BxPC-3) as preliminary data (not shown) had
demonstrated that these tumour volume ranges were the starting point of exponential growth.
A separate cohort of tumour bearing mice were entered into an imaging study (see Section

2.4).

2.4 MRI and US characterisation of tumours

Animals bearing PSN-1 or BxPC-3 tumours were imaged longitudinally at timepoints following
tumour implantation using dynamic contrast enhanced MRI (DCE-MRI) and contrast
enhanced ultrasound (CEUS). Imaging was conducted under isoflurane anaesthesia. Animals
were prepared by applying eye lubricant to the surface of both eyes and administering a

subcutaneous sterile saline injection for fluid maintenance during the procedure. A 30G
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cannula was placed in the tail vein and secured using skin glue and micropore tape. Mice were
first imaged by CEUS, then DCE-MRI. For CEUS, animals were imaged using VisualSonics
Vevo 3100 (FUJIFILM VisualSonics Inc) with the ultrasound contrast agent SonoVue (Bracco
UK Ltd), prepared following the manufacturer’s instructions. During imaging, SonoVue was
kept on ice to reduce degradation of microbubbles over time. The mice were positioned on a
heated stage and the subcutaneous tumour visually located under the imaging transducer
probe mounted on the automated 3D stage, and confirmed by VevoLab image software. Skin
was taped taut to reduce excess motion during 3D acquisition. The temperature of the animals
was monitored throughout the session using a rectal thermometer, and the respiration rate
monitored using a pressure balloon. The body temperature was maintained at above 35°C
throughout the session. Two ultrasound imaging scans were performed: 1) a 3D scan of
tumour for measurement of volume. Next, a tumour slice with detectable vascularity around
the tumour centre was located using power doppler and the probe fixed in position. If power
doppler did not reveal a region of high vascularity, the probe was positioned approximately at
the tumour centre. At this position, in contrast mode, 2) a perfusion CEUS video was taken
with a 50 pL bolus of SonoVue injected 8 seconds after time 0. Imaging continued for
approximately 50 seconds to capture bolus perfusion. After imaging, ultrasound burst pulses
were applied to the region to destroy any remaining contrast agent. The mouse was then
prepared for DCE-MRI while maintained under anaesthesia.

Dynamic contrast enhanced (DCE) MRI was performed at 7 T (VNMRS, Varian Inc)
using a 32 mm diameter quadrature birdcage coil (Rapid Biomedical GmbH) for transmission
and signal detection. Animals were positioned in a custom-made cradle that incorporated
tooth-bar positioning, respiratory monitoring via a pressure balloon and MR-compatible
electrical heating [26]. The body temperature was maintained at above 35°C throughout the
session. A respiratory-gated 3D FLASH scan incorporating dynamic reacquisition was used
with TE = 0.7 ms, TR = 1.6 ms, bandwidth = 100 kHz, FOV = 64x32x32 mm and matrix =
128x64x64 image points [27]. T1 was estimated using the variable flip angle (VFA) approach

with B1 transmission inhomogeneities corrected using a respiratory gated implementation of
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the Actual Flip Angle (AFA) imaging scan incorporating dynamic reacquisition and operated
at TE=0.6 ms, TR = 10,100 ms, FOV = 64x32x32 mm and matrix = 64x32x32 image points
[28]. T1 was calculated from the VFA and AFA images using a non-linear least squares fitting
with a calculation time of approximately 6 seconds [29]. The Gadolinium uptake scan was
performed using scan parameters as for the VFA acquisition but at a fixed flip angle of 5
degrees, and with 30 uL of contrast agent (Omniscan, GE Healthcare) infused by syringe
pump (PHD2000, Harvard Apparatus) over 5 seconds and starting under scanner control at
the beginning of scan repeat 11/50. Details of the analysis of the DCE-MRI data is given in
the Supplementary Information. Imaging sessions lasted a maximum of 2 h in total. There was
variation in the number of imaging episodes per mouse: there was one case of anaesthetic
death in the MRI group, one mouse was euthanised early due to tumour ulceration, and a few
measurements were missed due to slow recovery of the mouse following the previous
anaesthetic/imaging session (as indicated by weight loss). A few mice were euthanised before
the final imaging session to harvest tumours to develop immunostaining protocols for markers
of interest for future experiments. After imaging was complete, animals were recovered on a

half-heated mat to allow for thermoregulation, with access to water and moist food.

2.5 Treatment of mice bearing PSN-1 tumours with gemcitabine or EBRT as single agents or
with CRT (gemcitabine and EBRT)

A preliminary experiment to determine the effect of gemcitabine alone, EBRT alone or
gemcitabine plus EBRT (CRT) in the absence of SDT was conducted in mice bearing PSN-1
xenografts. A control group of untreated mice were included. Gemcitabine was prepared as a
solution of gemcitabine hydrochloride in PBS, adjusted to a neutral pH with sodium hydroxide,
and administered at 120 mg/kg by intraperitoneal (i.p.) injection; this dose was selected as we
have shown previously that it is well-tolerated albeit in a different mouse strain [11]. EBRT was

delivered under isoflurane anaesthesia. Animals were covered with a lead shield ensuring only
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Figure 1. Schematic of the treatment protocol

the tumour was exposed. The animal was then positioned in a Xstrahl/Gulmay RS320
irradiator (Xstrahl Ltd) and 300 kV X-irradiation delivered at approximately 2.26 Gy/min for a
total of 4 Gy, a dose which was shown in preliminary studies to cause minor tumour growth
delay but which, as a single treatment, did not eliminate tumour growth all together. During
irradiation the breathing rate was monitored using a pressure balloon. For the CRT group,
animals were treated with gemcitabine and EBRT was administered 24 h later. Following
treatment, tumour volume was recorded until a volume of approximately 500 mm? was

reached, when mice were euthanised using a Schedule 1 method.

2.6 Treatment of mice bearing PSN-1 and BxPC-3 tumours with CRT plus SDT
To investigate the effect of SDT when combined with CRT, four treatment groups were set up
(Figure 1). Group 1 received no treatment. Group 2 received SDT only. Group 3 received

gemcitabine plus EBRT (CRT); on day 0, animals were treated with gemcitabine and EBRT
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was administered 24 h later. Group 4 received gemcitabine, EBRT and SDT (CRT + SDT); on
day 0, animals were treated with gemcitabine, followed 24 h later by SDT, followed 5 min later
by EBRT. Gemcitabine was prepared as described above. In the PSN-1 experiments,
gemcitabine was administered at 120 mg/kg by intraperitoneal (i.p.) injection. However, due
to evidence of toxicity (decrease in body weight up to 15%) observed at this concentration,
the concentration was lowered to 100 mg/kg in the subsequent experiment using the BxPC-3
model. SDT treatment was carried out under isoflurane anaesthesia. The RB-O;MB
suspension (100 pL) was injected intravenously (i.v.) using a 30G insulin syringe via a 30G
tail-vein catheter. A total of 5 x 10’ MBs and 0.5 pmol RB (2.5 — 3.0 mg/kg) were injected per
treatment. This was immediately followed by ultrasound applied for 3.5 minutes to the tumours
using a Sonidel SP100 sonoporator (Sonidel Ltd). Ultrasound settings were based on previous
work and were: 1 MHz centre frequency, 30% duty cycle, 100 Hz pulse repetition frequency,
at 3.5 W/cm? — measured as approximately 880 kPa (peak negative pressure) by a calibrated,
200 um needle hydrophone (Precision Acoustics Ltd) at peak focus. For experiments using
the PSN-1 tumour model, a single application of ultrasound was given, while for experiments
using the BxPC-3 tumour model an additional application of ultrasound was given using the
same settings 25 minutes after the injection of RB-O>MB as done previously [11]. The rationale
for two applications of US was that the first would burst the MB and activate SDT. The gap
was to allow any released RB time to be taken up. The second US treatment was then
delivered to activate SDT again. The effect of an additional ultrasound application for the
PSN-1 model is detailed in Supplementary Information. EBRT (4 Gy) was delivered as
described above. For Group 4 mice, SDT was applied first and mice were maintained under

anaesthesia for application of EBRT.

2.7 Statistical analysis.
Mice were followed up from the time of treatment until their tumours reached a size of 500
mm? (PSN-1), or 600 mm? (BxPC-3) tumours, when they were euthanised. Mice that were

euthanised before the tumour volumes reached these limits were censored at the time they

10
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were euthanised. Kaplan—Meier curves for survival by treatment group were plotted. Survival
was compared between groups by fitting a log-normal model. Tumour growth data were
analysed by fitting a (multilevel) linear regression model with the logarithm of tumour volume
as the outcome. To assess how the relationship of enhancing fraction and highly enhancing
fraction (MRI) with tumour volume varies by cell line a (multilevel) linear regression model was
fitted. To assess whether the relationship of maximum intensity (ultrasound) with tumour
volume varies by cell line a (multilevel) linear regression model was fitted. Analysis was done

using R version 4.0.22 [30] and full details are reported in Supplementary Information.

3.  Results and Discussion

A pilot study was conducted to evaluate the in vivo effect of gemcitabine alone, EBRT alone
or gemcitabine plus EBRT (CRT) in the absence of SDT in the PSN-1 tumour model (Figure
S1). Analysis of tumour growth data revealed that gemcitabine used alone or in combination
with EBRT significantly reduced the rate of tumour growth (p<0.001 for both treatment groups
compared to untreated animals) (Figure Sla). However, mice showed greater survival
compared to the untreated animals only in the CRT group (p=0.0012) (Figure S1b). Next, the
effect of SDT alone, CRT alone and CRT + SDT on tumour growth and survival were
investigated in the PSN-1 tumour model (Figure 2). Linear regression analysis of the tumour
growth curves revealed that CRT alone and the combination of CRT + SDT both significantly
reduced the rate of tumour growth for both treatment groups compared to untreated animals
(p<0.001). However, the CRT + SDT treatment did not slow tumour growth statistically
significantly compared to CRT alone (p=0.22). Analysis of survival data revealed that animals
in both the CRT alone and the combination treatment group survived longer compared to
untreated animals (p=0.0064 and p<0.001, respectively). This analysis also showed that
animals in the CRT + SDT treatment group had improved overall survival compared to animals
that received CRT alone (p=0.038). One animal in the combination group survived 66 days

post-treatment and was ultimately euthanised due to age rather than tumour burden. The
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Figure 2. (a) Individual tumour growth curves and (b) Kaplan-Meier curve for PSN-1 tumour bearing
mice that were either untreated (n=8) or treated with SDT alone (n=9), CRT alone (n=10), or CRT +
SDT (n=7).

influence of this animal on the survival comparisons in the PSN-1 therapy experiment was
tested by censoring it at 32 days (the timepoint at which the next longest surviving animal,
also from the CRT + SDT group, reached tumour volume of 500 mm? and was euthanised).
With removal of the long-term surviving mouse from the analysis at 32 days the difference in
overall survival for the two groups, CRT + SDT versus CRT, is weaker (p=0.19, compared to
p=0.038 without censoring). The observation that the tumour of the “cured mouse” grew with
similar kinetics to other tumours in the group during the early post-treatment phase (first 18
days) indicates that this was a true response to CRT + SDT. A similar therapy study was also
carried out using the BxPC-3 tumour model (Figure 3). In this case, two ultrasound doses
were applied during SDT treatment to provide consistency with recent published data for this
model [11]. A preliminary experiment was performed to determine the effect of two applications

of ultrasound versus a single exposure on SDT-mediated tumour growth delay (Figure S2
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Figure 3. (a) Individual tumour growth curves and (b) Kaplan-Meier curve for BXxPC-3 tumour
bearing mice which were either untreated (n=9) or treated with SDT alone (n=9), CRT alone
(n=10), or SDT + CRT (n=8).

shows the experimental schema). For expediency, this experiment was performed in the
faster-growing PSN-1 model. The experiment showed that SDT alone did not cause a delay
in tumour growth or alter survival when either a single or two applications of ultrasound were
employed (Figure S3).

In the BXPC-3 model, analysis of the tumour growth curves (Figure 3a) revealed that,
as for the PSN-1 model, both CRT alone and CRT + SDT significantly reduced the rate of
tumour growth compared to untreated animals (p=0.004 and p=0.0146 respectively). Analysis
of the survival data (Figure 3b) showed that animals in both the CRT alone and the
combination treatment groups survived longer compared to untreated animals (p=0.0035 and
p=0.0069 respectively). However, in contrast to the PSN-1 model, the combination treatment

conferred no statistically significant survival advantage over CRT alone (p=0.753).
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The results indicate that the addition of SDT treatment conferred an advantage over CRT
treatment in the PSN-1 but not the BXPC-3 model. This observation could be related to the
difference in growth rate between the two models, with PSN-1 tumours reaching the size at
which exponential growth commenced (treatment size) at 17 days * 5 days following
implantation compared to 58 days + 12 days for the BxPC-3 tumours. Faster dividing cells are
generally more susceptible to CRT [31-33]. DCE-MRI and CEUS were used to investigate how

this difference in growth rate may have influenced aspects of tumour architecture, particularly
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tumour vascularisation. For MRI, the enhancing and highly enhancing fractions were
measured in the tumours of animals bearing PSN-1 or BXPC-3 tumours over time (Figure 4).
These parameters are measures of the distribution of the contrast agent (gadolinium)
throughout the tumours. Gadolinium can distribute through tumours via perfusion through
blood vessels, or the slower process of tissue diffusion. The enhancing fraction represents the
percentage of the tumour that the gadolinium reached during the timeframe of the experiment,
and as such, it encompasses both perfusion and diffusion. The highly enhancing fraction is
derived from the initial rapid upstroke of the gadolinium signal in the tumours and is therefore
more representative of the perfusion component. Figure 4a shows that BxPC-3 tumours
generally have higher enhancing fractions compared to PSN-1 tumours, indicating the contrast
agent reaches a greater proportion of the tumour. Linear regression analysis confirmed a
significant difference in slope values for the two tumour models (p=0.0147) (Figure S4a).
Figure 4b suggests a similar trend for the highly enhancing fraction, though this was not as
clear, and there was no statistically significant difference in the slope values between tumour
models (Figure S4b). The extent of contrast agent distribution throughout the tumours is
illustrated pictorially in Figure S5. The BxPC-3 tumours have a greater proportion of perfused
and enhancing voxels compared to PSN-1 tumours, which have a greater proportion of non-
enhancing voxels, particularly at larger tumour volumes. Oxygen plays an important role in
SDT and it is interesting to note that others have reported that DCE-MRI correlates well with
the fraction of hypoxic tissue and microvessel density in human pancreatic cancer xenograft
models including BxPC-3 [34]. Recent clinical studies have also shown that MRI is able to
accurately characterize tumor collagen fraction, vessel density, and hypoxia in PDAC [35].
For CEUS data, the parameter measured was intensity of contrast agent signal within
the tumour. Figure 5 shows that the intensity of the contrast agent was greater in BxPC-3
tumours compared to PSN-1 tumours, though linear regression analysis showed no significant
difference between the slopes for the two models (Figure S4c). In Figure 4 the signal
decreases with tumour volume. The enhancing fraction appears more dependent on tumour

volume when measured by MRI compared to CEUS (Figures 4 and 5). The explanation for
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Figure 5. Maximum intensity from model fit of contrast enhanced ultrasound

data. Tumour volume was measured by calliper. Each line shows the results

from a single mouse/tumour over time.
this difference in the shape of the two sets of curves is that although MRI and CEUS both
measure perfusion, the contrast agents used are hydrodynamically distinct as gadolinium is a
small molecule and MB are large structures. Consequently, in leaky vasculature, the small
molecule may be retained in tissue for longer. The MRI and CEUS analyses show that PSN-
1 tumours are poorly perfused compared to BxPC-3 tumours, with vasculature largely confined
to the periphery. BXxPC-3 tumours appear to be vascularised throughout the tumour, which
may result from their slow growth and delayed exponential growth period. Given the reduced
and peripheral nature of perfusion associated with PSN-1 tumours, it is possible that they were
more susceptible to SDT mediated vascular damage compared to BxPC-3 tumours. The
immobilisation of Rose Bengal onto the microbubble surface and the inability of the resulting
particles to extravasate the tumour vasculature until ultrasound mediated rupture would further
target ROS generation to the tumour blood vessels. We postulate that this was the mechanism
responsible for the increased survival benefit conferred by the addition of SDT to the treatment
regimen in the PSN-1 model. It will be of interest to investigate the relationship between
tumour response to CRT + SDT and perfusion although unfortunately it was not possible to

do so in this study as the therapy and perfusion/imaging experiemnts were done separately,
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using two different cohorts of mice. It is also interesting to note that BxPC-3 tumours which
were exposed to US twice were less responsive to CRT + SDT than PSN-1 tumours which
received only one exposure. Given this, it sems unlikely that the number of US exposures is
a major determinant of the outcome of CRT + SDT. However, detailed investigation of this
aspect of the CRT + SDT protocol merits further investigation. It is possible that increasing the
number of SDT treatments given within a fixed time interval could provide additional benefit in
terms of both tumour growth control and survival. Given that SDT is a targeted treatment with
minimal off-target toxicity, the results from this study suggest that further exploration of its

combination with CRT is merited.

4.  Conclusion

SDT using ultrasound targeted microbubble destruction to enhance delivery of the Rose
Bengal sonosensitiser, complemented CRT in the PSN-1 murine model of pancreatic cancer
with significantly increased survival. The survival benefit of CRT + SDT was weak when a
single apparently cured animal in the combined treatment group was censored early. The
addition of SDT conferred no survival benefit compared to CRT alone in the BXxPC-3 model.
DCE-MRI and CEUS imaging indicated that BxPC-3 tumours are more extensively
vascularised than PSN-1 and this, in combination with the slower growth rate of BXPC-3, may
have influenced the treatment response of the two tumour models. The effect of varying the
chemotherapy (gemcitabine) concentration and frequency of ultrasound applications in this
set up require further investigation to understand their influence on the final outcome of CRT

+ SDT.
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