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ABSTRACT

Objective: Thermal treatment (TT), defined as treatment using supra-physiological body temperatures
(39-45 C), somewhat resembles fever in terms of temperature range, one of the first natural barriers
for the body to fight exposure to external pathogens.

Methods: Whole-body thermal treatment (WBTT) consists of heating up the complete body to a tem-
perature range of 39 to 45 C. Despite the recognized therapeutic potential of hyperthermia, the broad
clinical use of WBTT has been limited by safety issues related to medical devices and procedures used
to achieve WBTT, in particular adequate control of the body temperature. To circumvent this, a sophis-
ticated medical device was developed, allowing long-term temperature controlled WBTT (41.5 C for up
to 8 h). Technical feasibility and tolerability of the WBTT procedure (including complete anesthesia)
were tested using female Aachen minipig. Optical fiber temperature sensors inserted in multiple
organs were used and demonstrated consistent monitoring and control of different organs tempera-
ture over an extended period of time.

Results: Clinical evaluation of the animals before, during and after treatment revealed minor clinical
parameter changes, but all of them were clinically acceptable. These changes were limited and revers-
ible, and the animals remained healthy throughout the whole procedure and follow-up. In addition,
histopathological analysis of selected key organs showed no thermal treatment-related changes.
Conclusion: It was concluded that WBTT (41.5 C for up to 8 h) was well tolerated and safe in female
Aachen minipigs. Altogether, data supports the safe clinical use of the WBTT medical device and

ARTICLE HISTORY
Received 19 October 2020
Revised 8 January 2021
Accepted 8 January 2021

KEYWORDS

Whole-body thermal
treatment; preclinical;
minipig; tolerability; safety

protocol, enabling its implementation into human patients suffering from life-threatening diseases.

Introduction

It is known and well accepted that fever represents one of
the body’s first lines of defense against invading pathogens,
as the higher body temperature is a hostile environment for
pathogens development [1]. In addition, the rise in body
temperature signals white blood cells production, which will
significantly contribute to fight off infections. In the last few
decades, therapeutic hyperthermia (thermal treatment, TT)
mimics the temperature range (38-42°C) observed in fever-
ish conditions, and has been successfully explored and tested
in (pre)clinical studies at various temperatures [2]. The scien-
tific origin of TT as a potential therapeutic modality goes
back to the 1890s, when Dr. William Coley treated about 900
inoperable cancer patients with bacterial extracts. He
observed a relationship between survival rate and the
achieved body temperature [3,4]. Although it was unclear
whether the observed effects were caused by the fever itself,
or by a stronger immune response due to an increase in
body temperature. Coley’s observations initiated further
explorations in the field of TT [5]. The concept of TT covers
various applications of external heat to raise a patient’s body

temperature in the range of 39 to 45°C. TT can be applied
using several methods, either locally, regionally or systemic-
ally (WBTT) [6].

Local TT is the most common and has been used exten-
sively for superficial lymph nodes, prostate cancer, and cuta-
neous or subcutaneous melanoma metastasis [7]. Regional
TT has been mainly used primarily for recurrent or advanced
breast cancer, advanced pelvic tumors and for sarcomas of
the trunk or extremities. In contrast to local and regional TT,
WBTT is often preferred for treating systemic cancers (e.g.,
metastases and/or circulating tumor cells) [8]. In general, TT
can be used with all stages of cancer. However, its current
use is with advanced solid tumors that are hardly operable
or inoperable, as well as with recurrent tumors and metasta-
ses [9]. Also, where conventional therapy approaches (e.g.,
surgery, chemotherapy, radiation therapy) are not very likely
to be successful, or have proven to be inadequate, TT has
already been successfully used with some tumors including
their metastases in different organs, both experimentally in
animal models and in human [10,11]. More specifically, in
mice models of melanoma and lung carcinoma, WBTT appli-
cation (39.5-40°C) was able to significantly reduce lung
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metastases and increase immune response [12]. In a con-
trolled clinical trial, patients with stage IV advanced gastric
cancer submitted to WBTT combined with chemotherapy
presented a significant therapeutic benefit against the pri-
mary tumors and metastases to the lymph nodes and liver,
thus reinforcing the therapeutic potential of WBTT combined
with standard of care [13]. TT modalities vary from short-
term (typically between 1 and 4h) to long term (exceeding
4 h). However, the tolerance of liver and brain tissue limits
the maximum use of WBTT to 41.8-42°C temperature range,
which may be maintained for several hours [14,15].

The current molecular arguments for using TT for the
treatment of life-threatening diseases such as cancer are: (1)
the observation that heat can induce direct tumor cell death;
(2) the changes in the oxidative metabolism sensitize tumors
to chemo- and radiotherapeutic strategies; and (3) it triggers
an immune stimulating effect [11,16-20]. Proven mechanisms
include inhibition of different DNA repair processes, (in)direct
reduction of the hypoxic tumor cell fraction, enhanced drug
uptake, increased perfusion, and oxygen levels. All mecha-
nisms show different dose-dependent effects, and different
optimal scheduling with radiotherapy and chemotherapy
[21]. A significant range of TT modalities are currently being
used in the clinic and clinical trials are ongoing, including tri-
als investigating the effect of fever-range temperatures
(<41°C) [10]. In randomized clinical trials, the great potential
of adding thermal treatment to chemotherapy was demon-
strated for the treatment of high-risk soft tissue sarcoma[22],
and for ovarian cancer [23]. Despite multiple reports of
promising clinical responses in human cancer patients under-
going loco-regional WBTT [18], thermal treatment does not
yet belong to the standard of care. A possible explanation is
a lack of clinical safety to efficacy ratio, and WBTT is still
under debate due to the relatively high temperatures
applied, safety issues and the lack of well-designed clinical
studies [24-28]. It is known that there are no universal solu-
tions for technical realization of artificial TT, and for choosing
its rational temperature range and duration. It is necessary to
take into account the concrete clinical situation of each
patient (personalized precision medicine) to achieve the
maximal therapeutic outcome [29]. In addition, another main
rate-limiting challenge hampering widespread clinical adop-
tion and deployment of TT in the treatment of life threaten-
ing diseases is the development of a suitable device that is
capable of inducing, measuring, and maintaining a homoge-
neous body temperature in a safe way [11].

To circumvent these issues, a WBTT medical device was
developed. Its technical performance was tested in female
(Aachen) minipigs to evaluate the tolerability and safety of
the procedure [30]. The Aachen minipigs were chosen due to
their anatomical, physiological and genetic similarities with
humans [31,32]. In addition, the pig is one of the most fre-
quently used large animal models for biomedical research,
especially in the field of translational research [31]. In this
manner, the minipig has been established in the pharma-
ceutical industry as a valuable non-rodent species for safety
testing with convincing arguments demonstrating its close-
ness to human biophysiology, making them highly

competitive versus the dog or non-human primate [33-35].
Additionally, minipigs are able to tolerate the proposed ther-
mal dose, and previous studies already demonstrated the
safety of TT applied to minipigs [36-38]. Interesting, Sebeke
and collaborators very recently established a workflow for
the in vivo high-intensity focused ultrasound ablation of the
porcine pancreas under MRI guidance to facilitate related
research and accelerate clinical translation [39].

Preclinical investigation is a crucial part of the evaluation
and validation of a novel WBTT procedure for the treatment
of patients suffering from life threatening diseases (e.g., can-
cer treatment), and an essential step toward the translation
of the WBTT into clinical studies and finally into clinical prac-
tice. In support to a planned clinical trial to treat advanced
metastatic pancreatic cancer patients and in addition to
evaluation of the efficacy/tolerability of WBTT in tumor-bear-
ing dogs (ElmediX manuscript in preparation), we performed a
safety/tolerability study in healthy female Aachen minipigs to
define appropriate WBTT conditions and help to develop a
suitable and safe procedure. In the present manuscript, the
validation of the WBTT protocol (41.5°C for up to 8h), the
encountered challenges and its tolerability/safety s
described. Overall, findings strongly support a safe and clinic-
ally-manageable exploration of this therapeutic modality and
procedure in advanced cancer patients.

Materials and methods

Animals, viability, clinical signs, body weight and food
consumption

This study was performed at Medanex (Diest, Belgium) in
accordance with the Ethical Standards of the Regional
Committee on animal experimentation (EC MxCl 2016-073),
according to the laws of animal protection for experimenta-
tion and all applicable regulations. Female Aachen minipigs
[40], Sus scrofa domesticus, were allowed an acclimatization
period of at least 2weeks prior to experimental procedure
(Table 1) [34]. Animals were housed individually on a straw
bedding. Ambient temperature was monitored and main-
tained within the range of 22-26 °C. Animals were examined
daily and visually inspected for appetite, behavior, feces and
urine production. Detailed observations were recorded, and
minipigs were weighed upon arrival to the facility, the day
before treatment, weekly and before scheduled necropsy.

Whole-body thermal treatment procedure

Animals were subjected to either single or repeated (3; one
week apart) whole-body thermal treatment (WBTT) session(s)
(41.5°C, as controlled by intrahepatic temperature via series
of temperature sensors surgically inserted into a liver lobe)
for a period of 6-8h, or to normothermia (37°C) for 8h
(Table 1). WBTT was performed with a medical device
(HyperTherm GEN3, which was further optimized for clinical
use under the name of ElmediX HyperTherm) able to deliver
WBTT to large animals by the convective exchange of heat
between an electrical heating element and the animal body,
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Table 1. Female Aachen minipigs submitted to whole-body thermal treatment (WBTT) or normothermia session(s).

Age Body weight at arrival
Animal # (week) (kg) Treatment Time of euthanasia
MP1 343 20.4 WBTT D23
(single session) 41.5°C for 6 h
MP2 333 19.3 WBTT D43
(single session) 41.5°C for 6 h
MP3 29 249 WBTT D21
(single session) 41.5°C for 8h
MP4 273 219 Whole-body normothermia D12
(single session) 37°C for 8h
MP5 24.7 19.6 WBTT D35
(repeated (3) sessions) 41.5°C for 8h
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Figure 1. Schematic diagram of EImediX HyperTherm GEN3 medical device components. Hot air is injected at high speed in a treatment chamber. Air temperature
is modified, in order to reach and maintain a liver temperature of 41.5°C. All optical fiber sensor data is logged simultaneously on a personal computer for control

and data reporting.

through circulating air (Figure 1). During the initial heating
phase, the heat produced by the electrical heating element
is used to slowly increase the temperature of the animal to
the targeted treatment setpoint. Then the body temperature
was maintained at the desired treatment temperature via
liver sensor-driven temperature control (Figure 2(A)). The air
temperature was controlled by adapting the electrical power
delivered to the heating element. To accurately measure its
body temperature, fiber optic temperature sensors (THR-NS-
1084A, THR-NS-1172A, FISO Technologies Inc.) were placed
above and in the animal body, at different anatomical loca-
tions (e.g., liver, rectum, esophagus, skin, bladder, subcutane-
ous, ...). Each sensor is a fiber optic sensor providing 4
independent temperature measuring points, one at the tip of
the sensors and three more respectively 1, 2, and 3cm from
the tip.

All WBTT sessions were conducted under full anesthesia
of the animals (similar to future clinical applications in
human patients) which was induced by intramuscular (IM)
infusion of tiletamine (2.75mg/kg) and zolazepam (2.75 mg/
kg) at a rate of 0.055ml/kg, along with IM infusion of

xylazine (2.4mg/kg) at a rate of 0.12ml/kg. Animals were
then intubated with a cuffed endotracheal tube and placed
inside the HyperTherm GEN3 device. Mechanical ventilation
with isoflurane in O,-air mixture was started and maintained
during anesthesia. In addition to the requirement dictated by
the need for intubation/ventilation of the animal/patient
throughout the ElmediX WBTT procedure, by affecting the
central system-driven thermoregulation, complete anesthesia
may facilitate the body temperature increase during WBTT
sessions, and therefore is currently preferred over sedation
[41]. Once the anesthesia was well established, animals were
positioned in the device and all monitoring equipment
(pulse oximeter, electrocardiogram (ECG), permanent cath-
eter for venous blood sampling) and sensors were intro-
duced. Adapted fluid therapy, supportive medication, and
pain management were provided to each specific animal.
Heart rate, blood oxygen saturation and ECG were monitored
non-invasively. Blood pressure was monitored through a
carotid arterial catheter. After completion of the WBTT ses-
sion, animals were awakened and kept under close clinical
observation in the veterinary facility for 2-3 weeks.



168 M. W. CARNEIRO ET AL.

(A) — Frontal air (front leg)
— Rectum
. | |
- — = r ’
40
o ]
o 35
=
:
o 30 7
o
£
g 25
Time (h)
®) — Liver — Esophagus
— Rectum = Skin (neck)
- Bladder =—— Subcutaneous
o
o
2
o
[}
o
g
[

Time (h)

Figure 2. Treatment chamber and animal (MP3) body temperatures monitored
during whole-body thermal treatment (WBTT). (A): frontal air (red line; front
leg) and rectum (black line) temperatures were recorded throughout WBTT pro-
cedure of MP3 (heating phase, and 8h at 41.5°C). (B): animal body tempera-
tures were recorded throughout WBTT procedure of MP3 (heating phase, and
8h at 41.5°C) via individual temperature sensors positioned in the indicated
tissues: liver (red lines; 8 sensors), rectum (black line; 1 sensor), bladder (orange
line; 1 sensor), esophagus (green lines; 3 sensors), skin (neck; pink lines; 8 sen-
sors); and subcutaneous (blue lines; 2 sensors). Results presented for MP3 are
representative of all tested animals (data not shown).

Hematology, biochemistry, coagulation, urinalysis, and
organ functions

Hematology, blood chemistry, coagulation and urine tests
were performed at a specialized veterinary laboratory
(MedVet, Antwerp, Belgium). Blood for hematology, biochem-
istry and coagulation was collected via the jugular vein
before initiation of each WBTT session, and during and after
treatment. The evaluation of organ functions was performed
by testing specific parameters within the blood obtained
before, during and after WBTT. For the liver, pancreas,
muscle and kidney function, levels of alanine aminotransfer-
ase (AST), aspartate aminotransferase (ALT); amylase and

lipase; creatinine kinase (CK), lactate and troponin; and cre-
atinine were analyzed, respectively.

Necropsy and tissue handling

Two to three weeks after the (last) WBTT session, animals
were euthanized, and a necropsy was performed to evaluate
any gross anatomical and/or histological changes induced by
the WBTT procedure that can be biologically relevant.
Animals were deeply sedated using a combination of tilet-
amine-zolazepam, maintained with isoflurane, followed by
slow intravenous injection of T-61 (0.1 ml/kg). All tested ani-
mals were subjected to a detailed necropsy: kidney, muscle,
heart, brain and liver were examined for grossly visible
lesions. All relevant organs were weighed, and tissue samples
were taken and fixed. For histology, tissue samples were
dehydrated, embedded in paraffin wax, and sectioned at a
nominal 4- to 5-uM thickness. Sections were stained with
hematoxylin and eosin.

Results

Whole-body thermal treatment device (HyperTherm
GEN3) performance

The accurate recordings from the fiber optic sensors and the
thermal controller, enabled a precise and responsive regula-
tion of the animal body temperature. As indicated in Figure
3, a good correlation between the liver-inserted fiber optic
sensors and rectal temperature was observed in all animals
with low temperature variations. Also, a lack of significant
variations above the desired treatment temperature (41.5°C)
was observed. As expected, temperatures measured in the
liver were higher (or equal) than all other tested organs pre-
venting overheating of key organs and confirming the safety
of liver temperature controlled WBTT.

Survival, clinical observations, and urinalysis

All animals remained overall in good health throughout the
study, and there was no treatment-related death.
Bodyweight gain was constant between animals. The animal
details and treatment schemes are depicted in Table 1.
Evolution of the respiratory parameters (summary of respira-
tory rate, tidal volume, O,) was followed continuously, while
blood gases were determined in arterial blood during treat-
ment every 2.5h. In all animals (including normothermia at
37°C: MP4), a pronounced increase in pO, was observed dur-
ing treatments, due to the oxygenation associated with the
anesthesia procedure (duration of anesthesia up to 15h)
(Table 2). During WBTT procedures, an increase in cell metab-
olism was observed, causing a higher production of CO, and
an increase of pCO, in the blood. When this process started,
the accumulation of CO, and acidosis of the body was pre-
vented by increasing the respiratory rate in order to evacu-
ate the CO, and maintain homeostasis. In addition, the only
change observed in the urinalysis was the detection of biliru-
bin in the first 350 ml of MP3 (beginning of WBTT treatment),
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Figure 3. Animal body temperatures monitored during whole-body thermal treatment (WBTT) or normothermia procedures. (A) MP1: individual liver (red lines)
and rectal (black line) sensor-monitored animal temperatures were recorded during the WBTT procedure (41.5°C for 6 h). (B) MP2: individual liver (red lines) and
rectal (black line) sensor-monitored animal temperatures were recorded during the WBTT procedure (41.5 °C for 6 h). (C) MP3: individual liver (red lines) and rectal
(black line) sensor-monitored animal temperatures were recorded during the WBTT procedure (41.5 °C for 8 h). (D) MP4: individual liver (red lines) and rectal (black
line) sensor-monitored animal temperatures were recorded during the whole-body normothermia procedure (37 °Cfor 8 h). (E) MP5: individual liver (red lines) sen-
sor-monitored animal temperatures were recorded during the first WBTT session (41.5°C for 8 h). (F) MP5: individual liver sensor-monitored animal temperatures
were recorded during either the first (light gray lines), second (dark gray lines), or third (black lines) WBTT session (41.5°C for 8 h).

Table 2. Summary of arterial blood gas analysis in female Aachen minipigs
submitted to whole-body thermal treatment or normothermia sessions (s).

Parameters Reference range values MP1, MP2 MP3  MP4 MP5
pH 7.35-7.45 7.51 7.48 743 7.56
HCO;5 (nmol/L) 21-28 28.3 27.4 28.5 24.6
pCO, (mmHg) 35-48 36 37 43 27
BE (nmol/L) 2-3 5 4 4 3
pO, (mmHg) 83-108 245 187 232 137
S0, (%) 94-98 99 99 29 99

The indicated parameters were followed during and after thermal treatment
from arterial blood samples collected every 2.5h (a total of 6 points for MP1-
4; and 14 points for MP5). Reference values (Medanex) are indicated, and
median values of all times collected are summarized.

and also in the first cycle of MP4 (last hours of treatment),
which is probably related to urinary catheterization during
the procedure (data not shown).

Hematology parameters

Hemoglobin concentration and hematocrit remained within,
or near, the normal range during and after WBTT procedures,
and no significant difference was observed between normo-
thermia (37°C) and TT (41.5°C), and between 1 or 3 WBTT
session(s) (Figure 4). The observed increase of both

hemoglobin and hematocrit could be attributed to blood
thickening due to WBTT procedure. All blood cells were eval-
uated and remained within normal range (data summarized
in Figure 7). Slight decreases during WBTT procedures in
lymphocytes and monocytes were observed (data not
shown), but not considered clinically relevant.

Coagulation properties

As illustrated in Figure 5, levels of thrombocytes dropped
after WBTT procedures but remained stable and within the
normal range after some days, for most of the minipigs.
Together with the observed parallel rise of D-dimer (also
known as fragment D-dimer or fibrin degradation fragment)
concentration, this could be the result of disseminated
coagulation. D-dimer is one of the protein fragments pro-
duced when a blood clot gets dissolved in the body.
Therefore, D-dimer testing is classically performed to help
rule out clotting (thrombotic) episodes and to help diagnose
conditions related to thrombosis [42,43]. However, there was
no clear sign of clotting in any histologically investigated
organ, and all functions and parameters (including thrombo-
cyte levels) recovered quickly after the experiment. In MP3
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lines), MP3 (red line), MP4 (blue line), and MP5 (dash red line). Basal values for MP4 are indicated (blue dash line), and light gray areas represent reference values

for female Aachen minipigs®'.

and more pronounced in MP2, the drop-in thrombocyte
counts already started during the warmup phase. The mirror
image is consistently observed in the D-dimer concentration
changes, which increase from the start of the experiment,
and then back to baseline after ~1week. Potentially the
thrombocyte count and D-dimer concentration changes are
the results of intravascular physical intervention (i.e. animal
handling operations and surgical placement of catheters and
temperature sensors) potentially enhanced by thermal treat-
ment, as the changes observed in MP4 (normothermia, 37 °C
for 8 h) are less pronounced on these parameters.

Organ-specific functions

Liver function tests, also known as liver chemistry, help
determine the health of the liver by measuring the blood
levels of liver enzymes (amongst others). Detection of liver
enzymes in the blood is often part of an initial screening for
liver disease[44], in addition the surgical transient implant-
ation of liver temperature sensors pushed us to carefully
monitor liver functions. Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) are both normally found

inside liver cells. However, when the liver is damaged or
inflamed, ALT/AST can be released into the bloodstream,
causing serum levels to rise. The liver function test demon-
strated a delayed and limited increase (up to 3-fold) in both
AST and ALT serum levels suggesting transient and mild
stress liver response to WBTT (Figure 6).

All the other organ-specific function analysis is summar-
ized in Figure 7. Muscle damage was evaluated by detection
of blood creatinine kinase (CK), troponin and lactic acid lev-
els. More specifically, kidney function was assessed by detec-
tion of blood creatinine concentration. Creatinine s
considered a waste product, produced by muscles from the
breakdown of a compound called creatine. Creatinine is
removed from the body by the functional kidneys, which fil-
ter almost all of it from the blood and release it into the
urine. Measuring blood creatinine levels then represent a
relevant clinical indicator of kidney function [45]. Creatinine
blood levels increased during the WBTT session(s) but
returned to baseline values shortly after and remained stable
afterwards. The rise of the creatinine could be the result of
transient blood thickening due to the WBTT procedure.
Transient elevation of troponin and lactic acid was observed
in minipigs in response to TT (as measured 24h post-
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Figure 5. Effect of whole-body thermal treatment (WBTT) procedure(s) on animal thrombocyte and D-dimer levels. Thrombocyte (A, B; expressed as million/pL)
and D-dimer (C, D; expressed as pg/mL) levels were determined during the first 26 h (A, C) and throughout the entire study, up to 36 days (B, D), for MP1 and MP2
(black lines), MP3 (red line), MP4 (blue line), and MP5 (dash red line). Basal values for MP4 are indicated (blue dash line), and light gray areas represent reference

values for female Aachen minipigs®'.

treatment) before rapidly dropping back to baseline levels.
Otherwise, all levels remained within normal range (Figure
7). The pancreas function test showed that the amylase and
lipase blood levels remained normal during and after
WBTT procedure.

Macroscopic and microscopic observations

Macroscopic and microscopic analysis were performed on
the kidney, muscle, heart, brain and liver. No significant
changes were observed in all 5 minipigs (Figure 7) (data not
shown). No clear significant histopathological changes were
present which could be related to the TT (data not shown).

Discussion

In the development process for a WBTT treatment device,
the 93/42/EEC medical device directive prescribes safety tests
as a first mandatory step in the development of a medical
device.>® Herein, we introduced and validated an experimen-
tal setup and procedure which enables long-term WBTT in
large animals and human beings; including a full anesthesia

protocol also to be implemented in future clinical applica-
tions in patients. The vital organs, body fluids, vital signs and
the well-being of the animal during and after treatment
were analyzed. To accomplish a clinically feasible treatment,
different schemes of WBTT were tested in a swine model. In
total, 4 minipigs were subjected to WBTT (41.5°C) proce-
dures, and 1 minipig (MP4) was subjected to a ‘sham’ treat-
ment (normothermia at 37 °C, but with all other procedures
identical, including full anesthesia).

Current clinically used hyperthermic treatment protocols
involve short term (2-4h), locally applied, moderately to
more pronounced elevated temperatures (40-43°C) or WBTT
at moderate temperature (<40°C). Artificial heating of the
entire body above 41.8°C is linked to the risk of develop-
ment of serious adverse events such as thermal shock, brain
edema, hepato-renal syndrome, and disseminated intravascu-
lar coagulation [29]. Despite this, a large body of evidence in
the literature documents the lethal effect of heat on cancer
cells [46], at temperatures above 41°C [47-49]. In addition to
the results in cell-based assays, and linked to the likelihood
for enhanced anti-tumor specific activation of immune cells,
and other prolonged metabolic changes in the tumor (e.g.,
enhanced oxygenation and perfusion, acidosis, acidosis and
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Figure 7. Summary of clinical safety monitoring. All clinical safety observations
are summarized for all animals in a heatmap-like format. Briefly, values within
normal range (reference values*®) were defined as 2, above normal range were
defined as how many times the parameters were out of the normal range, and
the media established between 2-3, and below normal range was also estab-
lished between 2-1. AST: aspartate aminotransferase; ALT: alanine aminotrans-
ferase; CK: creatin kinase; Lac: lactic acid.

nutrient depletion) [50-53], and postulate that high tempera-
tures can damage and kill cancer cells, usually with minimal
injury to normal tissues [17,54,55], clinical effectiveness of
WBTT in eradicating tumors have been reported [56]. These
results strengthened the rationale to establish a long term
WBTT protocol up to 8h of duration and at 41.5°C, proven
to be the most lethal operating temperature without signifi-
cantly altering the conditions of the healthy cell population.
Regarding the ElmediX device performance (HyperTherm
GEN3), optical fiber temperature catheters were employed,
and demonstrated consistent monitoring of different body
structure temperatures over an extended period of time.
Optical fiber sensors, as a result of their unique properties

(small dimensions, capability of multiplexing, chemical inert-
ness, and immunity to electromagnetic fields) have found a
wide application, ranging from structural health monitoring
to biomedical and point-of-care instrumentation. These sen-
sors usually have good linearity, rapid response for real-time
monitoring, and high sensitivity to small temperature varia-
tions [57]. Herein, the temperature signals recorded displayed
similar trends as standard veterinary equipment (such as the
temperature sensors commonly used by Medanex), while
providing higher accuracy.

However, different sensors displayed different time con-
stants depending on their anatomical locations. Muscle,
blood and esophageal sensors displayed the largest tempera-
ture swings (Figure 3), whereas liver and rectal probes were
the most stable during treatment (Figure 2), and it was
clearly demonstrated that the rectal temperature better pre-
dicts body temperatures than sensors inserted in the esopha-
gus, or in large muscles. However, the direct measurement
of liver temperature was still preferred over rectal measure-
ment for body temperature control, because of the high
dependence of the latter on probe positioning. Superficial
sensors inserted e.g., subcutaneously or attached to the skin
of the animal were primarily influenced when the tempera-
ture of the treatment chamber is lower than the body. This
observation suggests that the methodology used in this
study may have some limitations in the treatment of diseases
affecting superficial organs (e.g., superficial tumor lesions),
which most likely will then require special local heating
patches ensuring accurate desired treatment temperature in
these targeted areas. In conclusion, the uniform achieved
temperatures obtained with the device demonstrated the
capability of maintaining well-controlled temperatures during
WBTT procedure, preventing any disturbing levels which
could result in serious adverse events.

To evaluate the clinical safety of the WBTT procedure, dif-
ferent parameters were analyzed. The choice of the anes-
thetic breathing system is critically important, which will
allow tested animals to breathe spontaneously throughout a



prolonged period of time. Controlled ventilation is also
necessary to prevent the animals from developing respiratory
acidosis. When pCO, in the blood increases, the respiratory
rate should be increased to evacuate the CO, and prevent
acidosis [58,59]. Herein, although an increase in pO, was
observed, due to the oxygenation associated with the anes-
thesia procedure (Table 2), no acidosis occurred.

Regarding the hemoglobin and hematocrit testing, levels
remained within, or near, the normal range during and after
treatment, and no significant difference was observed
between normothermia (37°C) and treated animals (Figure
4). Only a slight increase was observed of both hemoglobin
and hematocrit can be attributed to blood thickening due to
WBTT procedure. Therefore, adequate fluid balance and
hyperhydration (+70% up to 150% of calculated basal need)
are essential. It has been already established that fluid bal-
ance is important in prolonged anesthesia [60].

Coagulation properties were assessed by thrombocyte
count and measurement of D-dimer concentration (Figure 5).
Thrombocyte levels during treatment dropped slowly to
acceptable levels, and together with the rise of D-dimer
observed, this could be a result of mild disseminated intra-
vascular coagulation (DIC) without clinical repercussions. DIC
is a syndrome characterized by a systemic activation of
coagulation [42]. To confirm the setting of this condition, the
activation of hemostasis can be determined by different
parameters, such as D-dimers and thrombocyte count, as
well as organ dysfunction, platelet exhaustion and tissue
hemorrhage. None of the last parameter changes were
observed during the follow up, as well as no tissue hemor-
rhage in histological analysis was seen (data not shown).

Liver function was analyzed by determination of AST and
ALT levels (Figure 6). There was a delayed limited increase in
both ALT and AST serum levels suggesting a mild and transi-
ent stress liver response to WBTT. Considering the low extent
of increase of the liver enzyme, these observations were not
considered clinically relevant [43]. No specific reason could
be found to explain the abnormal higher levels of both ALT
and AST in the blood of MP1 (including before WBTT), and
the decrease of these blood levels during WBTT.

In summary, during the WBTT sessions and the follow-up
monitoring, minor clinical parameter changes were detected,
but none of them were clinically relevant (Figure 7). These
changes were limited and reversible, and the animals were
perfectly healthy throughout the whole procedures and fol-
low-up until euthanasia. In addition, the tissue histopatho-
logical analysis performed on several key organs showed no
WBTT-related changes. Therefore, it is concluded that under
the described experimental conditions and study design,
WBTT (at 41.5°C) using the HyperTherm GEN3 is well toler-
ated and safe in female Aachen minipigs. The uniform tem-
perature distribution obtained in this procedure is probably
due to the combination of specific heating techniques, the
cautious heating slope, and the anesthesia protocol.
Additional support for the safety, tolerability, and early clin-
ical signs of therapeutic efficacy of ElmediX WBTT have been
already successfully documented in cancer-bearing dogs
(ElImediX manuscript in preparation).
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Taken together, these data strongly contribute and sup-
port the clinical use of the ElmediX WBTT protocol and
device as a safe personalized precision medicine, enabling its
translation into human beings suffering from life-threatening
diseases (e.g., advanced pancreatic cancer patients).
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