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Radiotherapy
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RT=HT in LACC: long term follow-up
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Chemotherapy

Issels et al. NAC+RHT: Long-
term Outcomes Localized High-
Risk Soft Tissue Sarcoma
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Chemotherapy

Van Driel et al. Hyperthermic\
Intraperitoneal Chemotherapy in
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1. Independent: hyperthermia and RT/CT appear to act by independent
mechanisms.

2. Additive: hyperthermia results in additional damage. With increasing
temperature, the effectiveness of the cytotoxic mechanism is enhanced.

3. Synergistic: thermal sensitization to known effects occur with increasing
temperature.
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Normal tissue Tumor tissue

Prof Vaupel, Munich
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Healthy tissue Tumor tissue
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Ref.: Schaaf et al. Cell Death and Disease (2018)



Tumor tissue
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Rockwell et al, Overgaard & Bichel, van den Tempel et al, Ref.: Schaaf et al. Cell Death
Curr Mol Med. 2009 Radiol 1977

Oncotarget 2017 and Disease (2018)
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Chemotherapy ~ T CAFs

Disorganised
vasculature

TCDE+ T cells

T Tregs

t MDSCs sensitive
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Chemotherapy

TiInflammatory
cytoklines

TME - Tumor microenvironment

CAF - Cancer associated fibroblasts

Tregs - Regulatory T Cells

MDSCs - Myeloid-derived suppressor cells
CD8+ T Cells - cytotoxic T lymphocytes
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Capillary

Radiotherapy effective
Chemotherapy effective

Low drug concentration

Hypoxic tissue, sensitive

/ for hyperthermia

Independent?
Additive?
Synergistic?

Hypoxic tissue:
not sensitive for Radiotherapy
not sensitive for Chemotherapy

J.M. Brown Cancer research 1998
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den Tempel et al.
. Hyperthermia 2016
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Current biological understanding of Hyperthermia

Plethora of biological effects, each with a specific temperature range
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1. Independent: hyperthermia and RT/CT appear to act by independent
mechanisms.

2. Additive: hyperthermia results in additional damage. With increasing
temperature, the effectiveness of the cytotoxic mechanism is enhanced.

3. Synergistic: thermal sensitization to known effects occur with increasing
temperature.
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Direct Cell death

10 1.0 }‘\ T T Y
\‘S: \e N 4',500 >
\‘ {‘_ - mgm L e -i_
-1 ' |
pH12 OXIC 10} Y\ \MO’C 3
i b Pig Kidney (46°C)
[ 1)
” 430°C
g 01 E E |0 : 4 =
= K < _HYPOXIC > i ]
S ! S\ PH72 . . . . s | 435°C 42.5°C Thermotolerance
= - Denaturing of proteins (mostly irreversible) (?) - o
p F Modulation of pathways (he 3 e | 7
z i B 44.5°C l
> [
E 45.5°C
> oo | "ol 3 ' 7 ! e
: 465°C
I WHYPOXIC I
i \le.l I0-5 L L " L | |
| o i & Bichél 0 00 200 300 400 500 00 700
vergaar ichél, ; . ;
Radiol 1977 Time of Immersion (min)
0,001 - - - . Survival curves for asynchronous Chinese hamster ovary (CHO)
0 30 60 90 120
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cells heated at different temperatures for varying lengths of time.

Dewey, Int. J. Hyperthermia 1994
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Direct Cell death

Hypoxic areas are easily heated
Large hypoxic volume: Yes
Small areas: No

Small tumors require high SAR in order to heat
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1. Independent: hyperthermia and RT/CT appear to act by independent
mechanisms.

Additive: hyperthermia results in additional damage. With increasing

temperature, the effectiveness of the cytotoxic mechanism is enhanced.

3. Synergistic: thermal sensitization to known effects occur with increasing
temperature.
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Blocking DNA-damage repair
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Enhanced perfusion and pO2

80

70

60

50+

40

Tumor blood flow (ml/min/100g)

30

30 min heating

A

24 h after heating

At the end of heating

20 -
Control  40.5

Heating

415 425 435
temperature (°C)

Tumer blood flow (mbimin/100g)

80

704

60+

50+

40

30+

B

60 min heating

|

124 h after heating

v

At the end of heating

20 T T - T T
Control 405 415 425 435

Heating temperature (°C)

12 12
A e B
30 min heating I 60 min heating
104 10 W
= = 24 h after heating
I Immediately after heating b
E .l £ g
£ E
g 9
3 8 § 6
=1 k=l
@ @
= =
4 L ; 4
24 h after heating
= 21 - 5
Control 405 415 425 435 Control 405 415 425 435

Heating temperature (°C) Heating temperature (°C)

Tumor blood flow in control and treated R3230 Ac tumors
measured immediately after or 24 h after heating at various
temperatures for 30 min (panel A) and 60 min (panel B).
Means 6+1 SEM of 9-23 tumors are shown.

Median tumor pO2 in control and treated R3230 Ac tumors
measured within 12—15 min or 24 h after heating at various
temperatures for 30 min (panel A) and 60 min (panel B). Each point
represents the mean 61 SEM of 10-26 tumors.
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17



Enhanced perfusion and pO2

RIF-1 Tumor Skin Muscle
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Number of heating at 43.5°C, 60 min., with an interval of 3 days between each heating
Large difference between initial perfusion values tumor vs normal tissue. Normal
tissue has relative, a much larger increase in perfusion.
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C.W. Song et al, Int. J. Hyperthermia,1987.
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Enhanced perfusion and pO2

RIF-1 Tumor Skin Muscle
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Number of heatlng at 43.5°C, 60 min., with an interval of 3 days between each heating.
Large difference between initial perfusion values tumor vs normatl tissue. Normal
tissue has a much larger increase in perfusion.

Tumor loses it ability to respond on heat load and normal tissue has a higher initial
perfusion. Emmmm Erasmus MC
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C.W. Song et al, Int. J. Hyperthermia,1987.
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Enhanced vascular leakage in tumors

Mild hyperthermia augments liposome accumulation
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Li, ten Hagen, et al, J. of Controlled Release 2013.
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1. Independent: hyperthermia and RT/CT appear to act by independent
mechanisms.

2. Additive: hyperthermia results in additional damage. With increasing
temperature, the effectiveness of the cytotoxic mechanism is enhanced.

Synergistic: thermal sensitization to known effects occur with increasing

temperature.
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Radiosensitization
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Radiosensitization
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Radiosensitization
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TER Simplified from:
Kampinga 2006 &
Horsman et al 2007
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Chemosensitization

Thermal enhancement ratio for various chemotherapeutics and as function of tempera-
ture for a F5a-1l and mammary tumor.

Thermal enhancement ratio (TER)

Temperature |°C| 40-42 425-44 40-42 42.5-44
Tumortype FSa-ll Mammary Ca

Drug

Cisplatin 15+ 02 16 + 0.2 29 3.6
Cyclophosphamide 234+ 03 27 + 04 1.6 + 0.1

Ifosfamide (30 min) 154+ 03
[fosfamide (90 min) 36 4+ 05

Melphalan 3.6 £ 05
BCNU 23 4+ 02 a4 02
Bleomycin 1.2 + 04 17403
Mytomycin C 1.0 28 + 05
5-Fluorouracil 1.0 1.0
Doxorubicin 1.0 10 1.0 1.0
Data taken from Urano et al. [90].
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Hyperthermia Chemotherapy

Challenge Challenge
targeted heating tumor vs systemic drug concentration
Tumor cell kill Tumor cell kill Normal tissue toxicity

Heat enhanced
drug effectiveness

-

Hyperthermia improved drug delivery
by perfusion and extravasation

.

Hyperthermia triggers tumor targeted
drug delivery

——

Enhanced treatment outcome:
* Tumor control increased
* Normal tissue toxicity decreased
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'Interaction hyperthermia with chemotherapy:
relevance of Interval time

maximal

Extravasation enhanced

Heating
40-
42°C

0 60m 120m 180m 8 hr. 24 hr.
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All three levels

* Independent
« Additive
* Synergistic

of interaction between hyperthermia and RT or CT may occur.
The relevant contribution of each interaction depends on the applied

thermal dose as well as on the correct sequence and time interval between
HT and RT or CT
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