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and radiotherapy on a preclinical
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In this work the effect of combining ultrasound (US) hyperthermia (HT) with radiotherapy (RT)

was investigated. The treatment was applied to a GBM xenograft nude mouse model obtained by
injecting 2 x 108 U87 luc+ cells. The combined treatment group received 6 Gy and HT at 43° for 8 min.
The ultrasound field was generated by a closed-loop computationally controlled system, consisting
of a High Intensity Focused Ultrasound (HIFU) transducer with centre frequency 3.57 MHz, a power
amplifier, a function generator and a MATLAB controller. A mechanical cone adaptor has been
designed to use the HIFU beam at a pre-defined post-focal distance. Two thermocouples were placed
between the mechanical cone and the mice skin to measure and control the temperature during

the HT treatment. Radiotherapy was carried out by using a dedicated small animal image guided
radiotherapy system. Measurements of tumor volume performed with a caliper showed good tumor
control for the RT-HT group with respect to the RT or control groups for up to 21 days after treatment.
The mean value of the normalized (before therapy) tumor volume was almost equal to 0.5 for two
weeks after treatment with an increase to 1.5 at sacrifice. The control and HT groups showed a higher
value of about 1.5 during the first two weeks and 3.5 at the end of the follow-up period. We concluded
that the use of HT as a radiosensitizer can improve the outcome for glioblastoma treatments.

Glioblastoma (GBM) is one of the most aggressive brain tumors, with a short life expectancy and an elevated
mortality because of the lack of effective therapies. The median survival of is equal to 15 months months after
diagnosis'. GBM is resistant to conventional radiotherapy (RT) and, thus, innovative approaches must be devel-
oped to improve the therapeutic outcomes. Hyperthermia (HT) has been shown in the past to be a potential
radiosensitizer?. In this work, the use of HT in combination with RT was investigated in vivo on a preclinical
GBM model. The biological mechanisms behind the effects of HT in combination with RT are not fully under-
stood, the main hypothesis assumes a limited ability of the cells to cope with radiation-induced DNA damage
when heated®. The main parameters describing HT treatments are the temperature T and the heating time . To
compare different heating schemes, an index called Cumulative Equivalent Minutes (CEM) at 43 °C is defined
as follows:

t
CEMA43°C = / R®=D gt (1)
0
where R is a constant equal to 0.5 if T >43 °C or 0.5 if T <43 °C*. Another important parameter that needs to be
considered when combining HT and RT is the time between the two treatments. While there is no agreement
on the ideal treatment approach (e.g. HT then RT or vice versa), there is a consensus that the shorter the time
between the two, the better the outcome®. HT can be delivered in vivo using different approaches like photother-
mal therapy, electromagnetic fields (microwaves and radio waves), and ultrasound (US)*. Gold nanoparticles
(GNPs) can be used to obtain selective heating in deeper body regions thanks to the GNP absorption of light
in the near-infrared (NIR) region. In this case, NIR light, typically produced by a laser, can penetrate tissues
with sufficient intensity for inducing localized hyperthermia®. Another common approach to deliver HT is the
use of microwaves and radio waves with frequencies ranging between 70 to 1000 MHz. The penetration depth
decreases with increasing frequency and in general wet tissues (e.g. muscle) absorb more energy than dry tissues
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Figure 1. An example of the US transducer positioning (hand-guided) during in vivo HT treatment.

(e.g. fat)”. These systems are thus designed to deliver superficial hyperthermia, i.e. heating tumors extending to
depths less than 3 - 4 cm, and loco-regional or deep hyperthermia, i.e. heating tumors at depths larger than 4
cm or situated centrally in the body.

this work the use of US to deliver HT on small animals was investigated. A custom-developed US-based
preclinical hyperthermia system was used to uniformly heat a superficial area of about 1 cm diameter. Using
this setup, it was possible to heat the entire mouse tumor volume without the need to move the animal and, thus,
reducing the time (less than 1 min) between RT and HT. The system, described and characterized in a previous
work® and briefly presented in the materials and methods, is based on a custom-designed cone attached to an
HIFU probe. The main feature of the cone is to spread the US beam across a relatively large superficial area result-
ing in the ability to perform HT on the whole mouse tumor at the same time. The compact preclinical HT tool
was installed next to a state-of-the-art image-guided small animal irradiator with a dedicated Monte Carlo dose
planning system. Using this experimental set-up it was possible to deliver RT dose, to reduce the time between
RT and HT, and to achieve a constant temperature on the tumor during the entire HT treatment. The outcome
of the combined RT-HT treatments was investigated in vivo with a xenograft GBM model and evaluated by
following the tumor progression using volume measurements and bioluminescence imaging for up to 3 weeks
after the treatments. Ex vivo analysis of the tumor tissue was also performed as described in the materials and
methods, discussion and conclusion then followed.

Results

In vivo hyperthermia measurements

Figure 1 shows the use of the transducer during in vivo experiments. The system allowed control of the exposure
based on temperature measured within adjustable limits, increasing or decreasing the delivered voltage to the
transducer depending on the measured voltage compared to these limits. For all exposures present here, the target
temperature was 43 °C, which is generally accepted to be the target for hyperthermia treatments. An example
of the monitored temperature during the experiment is shows in Fig. 2.

Tumor growth measurements

As can be seen in Fig. 3, the measurements of tumor volume show good tumor control for the RT-HT group
with respect to the RT or control groups for up to 21 days after treatment. More precisely, the mean value of the
normalized tumor volume was almost constantly equal to 0.5 for two weeks after treatment with an increase
to 1.5 at sacrifice. On the other hand, the other groups showed a higher value of about 1.5 during the first two
weeks and 3.5 at the end of the follow-up period. As mentioned in the material and methods a statistical analysis
between the RT and RT-HT groups has been performed using the Mann-Whitney test. A statistically significant
difference (p < 0.05) has been found from ten days after treatment.

Figure 4 shows the measured BLI signal of the tumor region at different time points up to 21 days after treat-
ment. The BLI signal of the RT-HT group is stable and lower with respect to the RT or control groups for all three
weeks after treatment. Interestingly the BLI signal rapidly increased for the control group after 21 days, almost
doubling with respect to day 3, while as expected the RT group lies between the control and RT-HT groups.
The BLI data are also in agreement with the volume measurements presented in Fig. 3. A statistically significant
difference (p < 0.05) has been found for day 7 and 14 after treatment.
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Figure 2. The plot shows an example of measured temperatures during the in vivo HT delivery.
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Figure 3. The plot shows the normalized tumor volume measured at different time points after treatment.
Statistical analysis between the RT and RT-HT groups has been performed using the Mann-Whitney test. A
statistically significant difference (p < 0.05) has been found from ten days after treatment.
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Figure 4. The plot shows the total flux photons/seconds (p/s) values of a ROI placed over the tumor.
Bioluminescence imaging was performed at different time points. A statistically significant difference (p < 0.05)
has been found for day 7 and 14 after treatment.

Ex vivo analysis

THC analyses were performed on tumor tissue dissected out 21 days after treatment and showed a lower presence
of Ki-67 -positive cells in mice treated with radiotherapy and hyperthermia as compared to control group and
radiotherapy group (Fig. 5) confirming data obtained analyzing tumor growth. To gain insight into the mecha-
nism of cell death, after Hyperthermia, tumors were processed for an immunohistochemical protocol to evaluate
the expression of HSP70, selected as an indicator of cellular stress, including temperature increase. Since the mice
were euthanized three weeks after hyperthermia and radiotherapy treatment, we could not observe a difference
in HSP70 expression in tumor tissues, whose expression is characterized by a peak at 12 h’.
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Figure 5. Immunohistochemical analysis show that Ki67 expression is higher in the untreated tumor (CTRL)
and in the tumor treated with radiotherapy (RT) in comparison to the one treated with radiotherapy and
hyperthermia (RT-HT).

Discussion

The use of HT in combination with RT has the potential advantage of increasing the local tumor control without
increasing the treatment dose. To fully exploit the HT radiosensitizing effect it is necessary to reduce the time
between the two treatments and, at the same time, to achieve an adequate CEM value over the entire tumor vol-
ume. In this paper, the effect of HT delivered using US immediately after RT was investigated using a preclinical
xenograft GBM model. The combination of HT and RT on GBM was studied as it is a radio-resistant tumor and,
thus, the use of HT as a radiosensitizer might significantly enhance the radiotherapy outcome of GBM treatments.
Using our prototype, we were able to rapidly increase locally (in the tumor region) the temperature in the range
of 42-45 °C. The temperature increase was obtained in a measurable (real-time) and controlled way for a few
minutes. Other approaches might be employed to perform HT, using for example nano particles or electromag-
netic fields, however the temperature control and the time of HT delivery is typically less reproducible. A protocol
was developed based on a closed-loop feedback circuit to maintain the temperature of the treated region at the
set point of 43 °C during all HT delivery. This has been achieved by a dedicated MATLAB code that used the
temperature measured by two thermocouples to adjust the voltage, in real time. After a transient warm up time
of about 100 seconds, it was possible to keep the temperature stable at the set point for the entire duration of the
HT treatment, as shown in the results. A potential limitation of using thermocouples is the sampling point (placed
on the mouse skin) that might not represent the true temperature inside the tumor. This limitation is however
relatively minor for superficial tumors. Other tumor temperature measurement approaches could be used, for
example, based on Magnetic resonance imaging (MRI), however, such approach could not be performed with our
prototype since, as this development stage, is not MRI compatible. Secondly, MRI thermometry can increase the
time delay between RT and HT possibly reducing the efficacy of the combined treatment. In summary, despite
the limitations mentioned above, the temperature measurement approach based on thermocouples was consid-
ered a good practical solution to monitor and adjust in real-time, the temperature while also reducing the time
between RT and HT treatment. In vivo, results obtained by monitoring tumor growth with a caliper and with BLI
show better tumor control for the RT-HT group with respect to RT alone for up to 21 days after treatment. The
standard deviation in Figs. 4 and 5 show that the values, in particular for the control group, are quite scattered
however the trend for the RT-HT group was always better, even using the moderately low radiotherapy dose of 6
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Figure 6. Two thermocouples were used to recorded the temperature throughout for the temperature control
during the in vivo experiments.

Gy. A statistically significant difference has been found from ten days after treatment. These data showed that HT
delivered using the proposed US preclinical system was acting as a radiosensitizer in the preclinical GBM model.

IHC analysis was performed on tumor tissue to study the expression of Ki67 and HSP70 after the treatment.
Ki-67 is a nuclear protein, and it reflects the proliferative state of the cells in which this marker is expressed.
In this way, Ki67 may be a potent tool for easy and quick evaluation of the proportion of proliferating cells in
a tumor. The immunohistochemical analysis performed on tumor tissue showed a lower expression of Ki-67
in mice treated with radiotherapy and hyperthermia when compared to both the control group and the radio-
therapy group, supporting data obtained analyzing tumor growth (which showed a better tumor control for the
RT-HT group with respect to RT alone for up to 21 days after treatment). Since the main goal of the paper was
to evaluate the tumor response of the combined HT-RT (with respect to RT or untreated) to reduce the number
of mice used we decided to perform the ex vivo analysis only at the end of the experiment, without sacrificing
any animal at intermediate time points. Using this experimental protocol, we couldn’t observe a difference in
HSP70 expression on tumor tissue of different groups. The reason we could not see a difference between the
groups may be due to the late timing of the euthanasia®.

With regard to future work the main problems we’ll be facing in translating our findings into a clinical setting
are an accurate temperature measurement and a homogenous heating across the tumor region. The HT system
should be also compact and lightweight in order to be moved in and out of a radiotherapy bunker to reduce the
time between HT and RT. The next steps are thus focused on developing a system similar to'® in order to have
US guidance for HT delivery with a broader US beam to cover the tumor region.

Methods

Materials and methods

Hyperthermia ultrasound system

The ultrasound field was generated by a High-Intensity Focused Ultrasound (HIFU), transducer (Sonic Concepts,
SU-103) driven in continuous wave mode at the center frequency of 3.57 MHz by a function generator (Agilent
33220A) connected to a 55 dB power amplifier (Amplifier Research 150A100D). A mechanical cone adaptor was
developed to use the HIFU far field as shown in Fig. 6. Two thermocouples were placed between the mechanical
cone and the mouse skin to measure and control the temperature during the HT treatment. The voltage delivered
to the system was controlled via closed-loop feedback to the function generator via a MATLAB interface (R2019a,
MATLAB, The Mathworks, USA). There were 2 K-type 75 wm diameter thermocouples (5SRTC-TT-KI-40-1M,
Omega, USA. A thermocouple data logger (Pico USB TC 08, PicoTechnology, UK) read the temperature from
the 2 thermocouples throughout the treatment. The target temperature was set within the MATLAB code to
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Figure 7. Peak positive pressure in MPa from the transducer, measured 30 mm from the focus, with the cone
in place, and projected 15 mm from the focus, where the exposure was performed. For the measurements, the
output power of the transducer was set at 4.2 W.

43.0 °C and the upper and lower limits around this temperature were set as Thign (43.5 °C) and Ty, (42.5 °C),
respectively. When the temperatures were read across the 2 thermocouples, the highest thermocouple tempera-
ture was compared to these values; the temperature control started after an initial period of about 30 seconds,
in which the voltage output from the function generator was kept constant, subsequently, the voltage delivered
to the transducer was slowly increased until the target temperature was reached. Then, to keep the temperature
within the control range, the voltage was adjusted, if the temperature was above Tj;gr, the voltage output from
the function generator was decreased, if the temperature was lower than Tj,,, it was increased. The temperature
was queried every 7 seconds for 8 minutes, first to achieve heating in the target region and then to maintain
the temperature within the acceptable range. Output voltages from the function generator and the temperature
measured by the thermocouples were recorded at each time point. The bench-level hyperthermia delivery sys-
tem was fully characterized and tested®. The system was tested on a thermochromic tissue mimicking material,
showing the ability to raise the temperature only in the target area, with negligible effects on the surrounding
material. For completeness, in Fig. 7 we show the field measured 30 mm after the focus, with the cone in place,
and the projected field 15 mm after the focus, where the exposure was performed. As expected, the radiated
power increases approximately quadratically with the drive voltage.

Small animal radiotherapy

Radiotherapy dose was delivered using a dedicated small animal micro-irradiator with micro cone beam com-
puted tomography (CBCT) guidance'!. The small animal micro-irradiator (X-RAD225Cx SmART, PXI North
Branford, CT, USA) is based on a 225 kVp x-ray tube (Comet MXR-225/22 tube, GE Isovolt 225 Titan generator)
and an amorphous silicon (1024 x 1024) x-ray ?at panel detector (PerkinElmer). Both the x-ray tube and flat panel
detector are mounted on a C-arm gantry that can rotate 360°, the object is placed at the center of rotation and is
stationary during both imaging and treatment. Mice were anesthetized with gaseous anesthesia (2-3 % isoflurane
and 11/min oxygen). The anesthetized mice were positioned prone on the animal stage and underwent the entire
treatment, mimicking the radiotherapy workflow. CBCT images were acquired for treatment planning using the
following settings: tube voltage=40 kVp, current= 5 mA, voxel size=0.1 mm?. The tumor was contoured using
the CBCT dataset and two equal-sized treatment beams were set at 180° and 0° angles respectively as shown in
Fig. 8. The field size at the isocenter was equal to: 10 x 10 mm?2. The dose distribution in the tumor was calculated
using a Monte Carlo-based treatment planning system (SmART-ATP)'? and the mean dose to the tumor was
adjusted to the prescribed dose of 6 Gy and delivered in a single fraction. The SmART-ATP treatment planning
system allow also to calculate the dose volume histogram (DVH) of the tumor as shown in Fig. 8. The irradiation
settings were: tube voltage = 225 kVp and current = 13 mA. Delivery time was about 40 seconds/field, and the
entire procedure (CT imaging + RT) was performed within 20 min.

Bioluminescence imaging

Bioluminescence imaging (BLI) was performed before and after the treatments to monitor the tumor growth.
BLI was performed by using the IVIS SpectrumCT System (Perkin Elmer, USA). The system is composed of a
low noise, back-thinned, back-illuminated CCD camera cooled at -90°C with a quantum efficiency in the vis-
ible range above 85%. Each mouse received an intra-peritoneal injection of 150 mg luciferin/kg body weight 10
minutes before BLI. During image acquisition, the animals were kept at 37°C and under gaseous anesthesia (2
- 3% isoflurane and 1 1/min oxygen). Dynamic BLI was performed by acquiring a set of images every 2 minutes
from 10 to 20 minutes after luciferin injection to detect the highest BLI signal. The images were obtained using
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Figure 8. The image shows the two beams setup and dose distribution calculated using a Monte Carlo-based
treatment planning system (SmART-ATP). The dose volume histogram is shown on the top left box.

the following IVIS settings: exposure time = auto, binning = 8, f = 1, and a field of view equal to 22 cm (field
D). No image emission filters were used during BLI acquisitions. BLI image analysis was performed by placing
the Region of interest (ROI) over the tumor and by measuring the total flux (photons/seconds) within the ROL
Images were acquired and analyzed using Living Image 4.5 (Perkin Elmer).

Glioblastoma preclinical mouse model

The U87 luc+ cell line was cultured in DMEM with 10 % (v/v) FBS, 1% (w/v) Gln, 0.5% (v/v) AmpB, 100 units/
mL of PS, at 37 °C in a 5% CO, humidified atmosphere. Mice were maintained under standard environmental
conditions (temperature, humidity, and 12 h/12 h light/dark cycle, with water and food ad libitum) and vet-
erinary control, in the animal facility. Cells were trypsinized when subconfluent (about 80%) and two million
cells were injected subcutaneously into the left flank of each mouse (weight 17 - 23 g) to study the effect of the
combination of HT and RT on the tumor growth. The size of the tumor was measured daily starting from seven
days post-inoculation. After 15 days (when tumor volume reached about 100 mm3), the mice were randomly
divided into three different treatment groups (n = 11). The first group (Control group) was monitored with the
caliper to evaluate the tumor growth, the second group was treated with radiotherapy (6 Gy), and the third group
received a combination of RT 6 Gy and HT 43° for 8 min. The HT treatment was delivered 1 minute after RT.
Tumor size in all mice was measured by caliper at 3, 7, 10, 14, and 21 days post treatment. Individual animal
body weight and clinical signs (spontaneous movement, head posture, and social behavior) were monitored.
The experimental plan received authorization from the Italian Ministry of Health and was approved by the San
Raffaele Scientific Institute ethical committee. Animal experiments were conducted in full compliance with
Italian law (D.L. 4 March 2014 no. 26) and European Union regulations (2010/63/EU). This study is reported in
accordance with ARRIVE guidelines.

Ex vivo analysis

For histology, the mice were sacrificed 21 days after hyperthermia and radiotherapy treatment and tumors were
dissected out, washed with PBS 0.1 M and fixed in 10 % formalin for 4 hours. Tissues were embedded in paraffin,
cut in 5 pum thick sections with a microtome and dried at 37 °C for 24 h. To evaluate tissue morphology, sections
were stained with Hematoxylin and Eosin. Sections were examined under a light microscope equipped with a
charge-coupled device camera. For immunohistochemistry animals were euthanized 21 days post-irradiation,
tumors were dissected out, and prepared in the same way as above. The paraffin blocks of OSCC tissue were
divided into 6-micron-thick sections. Slides with coatings were used for tissue sections. Deparaffinization is fol-
lowed by rehydration using different concentrations of alcohol and water. Antigen retrieval was carried out using
a0.01 M citric acid buffer (pH=6.0) heated in the microwave for ten minutes. Following a 15-min incubation in
methanol that contained 3 % H2O2 to inactivate endogenous peroxidase, slices were then washed with distilled
water. Using a rabbit and rat polyclonal antibody against humans and a primary antibody to HSP70 (Ab HSP70
(6B3) Rat mAb N 4873) and Ki67 (Ab Ki-67 (D2H10) Rabbit mAb n 9027); Cell Signaling, Danvers, MA, USA),
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the slides were incubated at 4 ? for an overnight period. Immuno-histochemical analysis of tumor tissue sections
labeling HSP70 and Ki67 were performed with ab dilution 1:200 . Immunoreaction was carried out using the
streptavidin-biotin complex method and overnight incubation. Leica BOND RX autostainer was used for the
immunohistochemistry with Rat on Mouse-HRP (Biocare Medical) RT517H kit for HSP70 and Bond Polymer
Refine Detection (Leica, DS9800) kit for Ki67. Ki-67, a nuclear DNA binding protein which is expressed in all
the vertebrates is a widely used marker of proliferation used for grading tumors'’. Numerous reports from the
cell cycle analysis in the nuclei have shown the presence of Ki-67 in the G1, S and G2 phases of the cell cycle
and not in the quiescent or resting cells GO phase suggesting the role of this protein as cell proliferation marker
in many cancers'. Ki-67 labelling index as determined by immunohistochemistry (IHC) analysis on paraffin
embedded section and percent positive frequency is indicative of patient outcomes. Therefore, High Ki-67 index
generally shows poor prognosis in clinical conditions'>. HSP70 is a highly conserved protein that plays a role in
response to a variety of stresses, such as aging, metabolic challenge, oxidative stress, and hyperthermia'®. Dur-
ing hyperthermia treatments, the energy absorption in the tumor causes cell stress and causes the expression of
cell stress-associated molecules. One of the most abundant stress-induced molecules is Hsp70, which becomes
strongly expressed in response to heat stress and damage'’. Hsp70 has ambivalent effects on tumor progression
as it can mediate both tumor-promoting and tumor-suppressing pathways, depending on its macroscopic (tumor
cells or tumor stroma) and microscopic (intracellular or extracellular) localization'®.

Statistical analysis

In order to compare the effect on the local tumor control of the combined RT and HT treatment, with respect
to RT alone, the Mann-Whitney test was performed at different time points. More precisely statistical analysis
was carried out on tumore volume measurements and optical BLI data.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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