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Dionisio Gonzalez-Gonzalez
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Direct effect of Hyperthermia
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Tumour Normal structures

Chaotic vasculature ( '* Normal vasculature
] | |
Heat retained within tumour @ " Physiological vasodilation
L (39— _4_5"{2} ) L Heat dissipated )
L4 _ @) . !
J»Oxygen enhancementratio No significant hyperthermia-
|- Repair of RT-induced DNA damage .  induced radiosensitization
3 qr ']
Radiobiologically mimics Retains low LET features,
high LET properties W physical dose profiles
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Photon thermoradiotherapy
» Confers selective advantagesto tumour, radiobioclogically similar to “neutrons”
» No thermal radiosensitization of normal tissues, morbidity similar to “photons”
* Radiation dose profile in the irradiated volume resembles that of “neutrons”
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Hyperthermia -[ Increased metabolic rate ]

Protein damage
*  Oxidation
* Aggregation
* Denaturation

Increased generation of
reactive oxygen species

|

Nuclear protein damage Inhibition of cell ) [ Membrane damage
* Inhibition of DNA proliferation * Altered transport functions
repair mechanisms *  Glcell cycle arrest +  Altered cell signaling mechanisms
\* Mitotic catastrophe ) | * Altered receptor functions

J
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Tumor cell death

* Apoptosis (low heat dose)

Necrosis (high heat dose)




Schematic overview of the enhanced effectiveness of radiotherapy or chemotherapy with

hyperthermia.
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Cellular response to Hyperthermia
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Epigenetic mark
(Methyl)

Nucleosomes

Chromatin

Closed chromatin (heterochromatin) is densely Open chromatin (euchromatin) is loosely
packed, and transcription cannot oceur. packed, and transcription can occur.




Thermotolerance
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Immune mediated effects of Hyperthermia

1) Enhanced immogenicity and HSP expresion

2) Thermally enhanced immune effector cells activation
and function

3) Thermally enhanced vascular perfusion and delivery
of trafficking of immune efefector celss to tumors



A Untreated
Lymph node

Dendritic cell

B with radiation

lonising
radiation

Antigen-specific
T-cell activation
and proliferation

DC maturation and increased
antigen presentation

Sharabi AB, Lim M, DeWeese TL, Drake CG.
Lancet Oncol. 2015 Oct;16(13):e498-509.
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TYPE Review

? frontiers | Frontiers in Immunology PUBLISHED 12 August 2022

(®) Check for updates

OPEN ACCESS

EDITED BY
Xian Zeng,
Fudan University, China

REVIEWED BY
Islam M. Saadeldin,

Chungnam National University, South
Korea

Paola Saccomandi,

Politecnico di Milano, Italy

Manuel Baficbre-Lopez,

International Iberian Nanotechnology
Laboratory (INL), Portugal

pol 10.3389/fimmu.2022.969447

Hyperthermia combined with
iImmune checkpoint inhibitor
therapy in the treatment of
primary and metastatic tumors

Ximing Yang®, Miaozhi Gao®, Runshi Xu®, Yangyang Tao’,
Wang Luo?, Binya Wang®, Wenliang Zhong'?,
Lan He** and Yingchun He"**
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Hyperthermia
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Chemotherapy ﬁ Radiation Therapy

(Drug resistant cells:

* Primary resistance
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Synergistic effect of HT+RT

Tumor
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eneTEy deprivation in form of ATP
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Niloy R. Datta ™, H. Petra Kok?, Hans Crezee?, Udo S. Gaipl® and Stephan Bodis tumor cells, e.g. melanoma,
+ Gentrefor Raction Oncology KSA-KSB, Kantonsspiel Aeray, Aarau, Switzertand,* Deparimentof Radiaion Oncology | sarcoma | '
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Thermal Enhancement Ratio
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* In clinical evaluations TERs of only 1.15 to 1.5 were observed
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Figure 1. Radiation dose-response curves for C3H mammary carcinomas
treated with either radiation alone (o, A) or radiation followed one hour later
by heating at 41.5°C for 60min (@, A). The radiation treatment was adminis-
tered using either an experimental Philips X-ray tube (=, @) or a dlinical Varian
Clinac iX Linear Accelerator (A, &). Results show percentage of animals with
local tumor control at 90 days after treating and are based on a minimum of
7 mice/group. Lines through the data were fitted following logit analysis.
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Molecular and biological rationale of hyperthermia
as radio- and chemosensitizer

AL Oei *™* H.P.Kok®, S.B. Oei ¢, M.R. Horsman ¢, L].A. Stalpers *°, N.A.P. Franken *°, ]. Crezee ®



RT/CHT+HT increases tumor growth delay
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Therapeutic Gain Factor

* The therapeutic gain factor can be defined as the
ratio of the TER 1n the tumor to the TER 1n

normal tissues

Author Journal Year RCT/ Treatment arms HT-related toxicity =grade 3
cohort

Harima IJH 2001 RCT RT ws. RHT 2/20 (1L0) at 3 years; not significant
differant from RT alone

Van der Zee lJH 2002 RCT RT ws. RHT Mo significant difference between
treatment groups.

Vasanathan JROBP 2005 RCT RT vs. RHT Acute tox grade 3: 1x blister 1/55 (2);
Late tox grade 3: 2x bowel 2/55 (4)

Lutgens RO 2016 RCT CRT ws. RHT Mo significant difference between
creatment groups.

Harima UH 2016 RCT CRT vs. RCHT Mo hyperthermia related toxicity was
observed

Minnaar Plos One 2019 RCT CRT vs. RCcHT Mo significant difference between
creatment groups.

Wang LUROBP 2020 RCT CRT vs. RCHT Mo significant difference between
creatment groups.

Franckena UROBP 2009 Cohort AS/AFE (1) at S years; No significant
differant from RT alone
Mo significant difference between

Westermann IJH 2012 Cohort
treatment groups.
Mo significant difference betwweeaemn

Kroesen OBGMNAS 2019 Cohort

creatment groups.




Thermal dose

1) The heat-induced cytotoxicty of tumor v ' { ~~——=_—
cells is dependent on both temperature  os-
and time. 0.6
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2) Cumulative equivalent minutes at 43 02 { == CEMASTI) 7 min J-ooam0 Jr-oots
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Number at risk Time (months)
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Radiotherapy and Oncology 138 (2019) 1-8
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Radiotherapy and Oncology

journal homepage: www.thegreenjournal.com

Original Article

Hyperthermia with radiotherapy reduces tumour alpha/beta: Insights )
from trials of thermoradiotherapy vs radiotherapy alone ey

Niloy R. Datta®*, Stephan Bodis *”

2 Centre for Radiation Oncology KSA-KSB, Kantonsspital Aarau; and ® Department of Radiation Oncology, University Hospital Zurich, Switzerland

Table 1
Summary of the randomized studies of RT vs HTRT, complete responders in each arm, corresponding BED of the RT schedule and the estimated ofp with HTRT for each study.
Author Site RT/HTRT Hyperthermia RT HTRT BED %CRurrr/  BEDwrer Estimated ofp
(RT)  %CRgr (%) (Gy) for HTRT (Gy)
Dose Dose/ T(°C) Time Per Total Total CR Total CR (Gyio)
(Gy) fr (mins) week sessions
(Gy)
Wabhl et al. [35] RcBC 480 2.0 NA NA NA NA 18 7 36 24 57.6 1.71 98.7 1.89
Vernon et al. (MRC) [36] RcBC 288 36 43.0 60.0 1 3 59 17 90 51 392 197 77.0 215
Vernon et al. (ESHO) [36] RcBC 320 4.0 43.0 60.0 2 8 29 11 27 21 4438 2.05 519 214
Wen et al. [37] LAHNC 700 2.0 44.4  60.0 2 6 49 23 49 34 B84.0 1.48 124.2 258
Huilgol et al. [38] LAHNC 700 2.0 42.3 30.0 1 7 26 11 28 22  84.0 1.86 156.0 1.63
Valdagni et al. [39] LAHNC 680 2.0 42,5  30.0 2 12 22 9 18 15 816 204 165.0 1.38
Datta et al. [40] LAHNC 640 2.0 42,5 50.0 2 12 32 10 33 18 76.8 1.75 1341 1.83
Arcangeli et al. [41] LAHNC 600 1.5 42,5 45.0 3 7 43 18 38 30 68.0 1.89 130.1 1.28
Harima et al. [42] LACC 522 1.8 40.6 60.0 1 3 20 10 20 16 61.6 1.60 98.6 203
Franckena et al. [43] LACC 483 2.0 42.0 60.0 1 5 56 32 58 48 58.0 1.45 839 271
Chen et al. [44] LACC 400 2.0 42.0 45.0 2 8 30 14 30 18 48.0 129 61.7 3.68
Datta et al. [45] LACC 600 2.0 42,5 45.0 2 12 26 15 27 20 720 1.28 524 3.70

Abbreviations: RT: Radiotherapy; HTRT: Thermoradiotherapy; T: Temperature; ReBC: Recurrent breast cancer; LAHNC: Locally advanced head and neck cancer; LACC: Locally
advanced cancer cervix; BED: Biologically effective dose; RcBC: Recurrent breast cancer; LAHNC: Locally advanced head and neck cancer; LACC: Locally advanced cancer
cervix; #CRumr: % complete response with HTRT; %CRgr: % complete response with RT.

BED yrgr and o [Purgr are estimated as described in text.

“Average dose to RT group: 68 Gy whilst to HTRT 67.5 Gy.

*Only patients with neck nodes were considered, treated with 1.5 Gy-2 Gy per fraction, 3 fractions/day.

For all LACC studies, only external RT doses were considered.

12 trials totalling 864 patients were included in this analysis. 454 patients received HTRT whilst 410 were treated with RT.



Risk difference for "Complete Response atend of RT(HTRTvs RT)"

Group by Study name Statistics for each study
Subgroup within study X
Risk Standard Lower Upper

difference error Variance limit limit Z-Value p-Value
Cenix (IIB-IVA) Harima et al (35) 0.300 0.143  0.021 0.019 0.581 2.095 0.036 o=
Cemnix (IIB-IVA) Franckena et al (36) 0.256 0.083 0.007 0.094 0418 3.099 0.002 =
Cenix (IIB-IVA) Chen et al (37) 0.133 0.128 0.016 -0.117 0.384 1.044 0.29 T
Cenix (IIB-IVA) Datta et al (38) 0.164 0.126 0.017 -0.088 0416 1275 0.202 [ —
Cemwvix (IIB-IVA) 0.221 0.056 0.003 0.111 0332 3944 0.000 <
Head neck (Il / IV) Wen et al (30) 0224 0097 0009 0034 0415 2313 0021 —a—
Head neck (Il /IV) Huilgol et al (31) 0.363 0.124  0.015 0.119 0.606 2,922 0.003 —
Head neck (Il /IV) Valdagni et al (32) 0.424 0.137 0.019 0.156 0.692 3.102 0.002 R
Head neck(lll /IV) Datta et al (33) 0.233 0.119  0.014 -0.001 0467 1.953 0.051 ——
Head neck (Il /IV) Arcangeli et al (34) 0.371 0100 0.010 01475 0567 3702 0.000 —0
Head neck (Il / IV) 0.313 0.050 0.003 0214 0411 6213 0.000 <>
Recurrent breast Wabhl et al (28) 0.278 0.139  0.019 0.005 0.551 1.996 0.046 o
Recurrent breast Vernon et al (MRC)(29) 0.279 0.079 0.006 0.124 0433 3.536 0.000 =GF=
Recurrent breast Vernon et al (ESHO) (29) 0.398 0.120 0.015 0.162 0635 3.307 0.001 —o—
Recurrent breast 0.308 0.060 0.004 0.191 0425 5164 0.000 <
Overall 0.282 0032 0001 0220 0344 38894 0.000 +*
Test for heterogeneity, 1*=0.00, p:ns 1.00 0.50 0.00 050 1.00

Subgroup analysis: Q=1.721, df = 2, p:ns
FavoursRT  FavoursHTRT

Complete Response was achieved in 43.1% (177/410) with RT compared to 69.8%
(317/454) with HTRT (RD: 0.28, 95% CI 0.22-0.34, p < 0.001).

OR and RR were both in favour of HTRT (OR: 3.33, 95% CI 2.48-4.46, p < 0.001;
RR: 1.61,95% CI 1.43-1.82, p <0.001).



Table 1
Summary of the randomized studies of RT vs HTRT, complete responders in each arm, corresponding BED of the RT schedule and the estimated ofp with HTRT for each study.

Author Site RT/HTRT Hyperthermia RT HTRT BED %CRurrr/  BEDyrer Estimated offp
(RT)  %CRgr (%) (Gy) for HTRT (Gy)
Dose Daose/ T(°C) Time Per Total Total CR Total CR (Gyio)
(Gy) fr (mins) week sessions
(Gy)
Wahl et al. [35] RcBC 480 2.0 NA NA NA NA 18 7 36 24 57.6 1.71 98.7 1.89
Vernon et al. (MRC) [36] RcBC 288 3.6 43.0 60.0 1 3 59 17 90 51 382 197 77.0 215
Vernon et al. (ESHO) [36] RcBC 320 4.0 43.0 60.0 2 8 29 11 27 21 4438 205 919 214
Wen et al. [37] LAHNC 700 2.0 44.4 60.0 2 6 49 23 49 34 B4.0 148 124.2 258
Huilgol et al. [38] LAHNC 700 20 423 30.0 1 7 26 11 28 22  84.0 1.86 156.0 163
Valdagni et al. [39] LAHNC 680 20 425 30.0 2 12 22 9 18 15 816 204 165.0 138
Datta et al. [40] LAHNC 640 20 425 50.0 2 12 32 10 33 18 76.8 1.75 134.1 1.83
Arcangeli et al. [41] LAHNC 600 1.5 425 45.0 3 7 43 18 38 30 65.0 1.89 1301 128
Harima et al. [42] LACC 522 1.8 406 60.0 1 3 20 10 20 16 616 1.60 986 203
Franckena et al. [43] LACC 483 20 420 60.0 1 5 56 32 58 48 58.0 1.45 839 271
Chen et al. [44] LACC 400 20 420 45.0 2 8 30 14 30 18 480 129 61.7 368
Datta et al. [45] LACC 600 20 425 45.0 2 12 26 15 27 20 720 128 924 3.70

Abbreviations: RT: Radiotherapy; HTRT: Thermoradiotherapy; T: Temperature; RcBC: Recurrent breast cancer; LAHNC: Locally advanced head and neck cancer; LACC: Locally
advanced cancer cervix; BED: Biologically effective dose; RcBC: Recurrent breast cancer; LAHNC: Locally advanced head and neck cancer; LACC: Locally advanced cancer
cervix; ¥CRymr: % complete response with HTRT; %CRgr: % complete response with RT.

BED yrgr and o/Purgr are estimated as described in text.

"Average dose to RT group: 68 Gy whilst to HTRT 67.5 Gy.

*Only patients with neck nodes were considered, treated with 1.5 Gy-2 Gy per fraction, 3 fractions/day.

For all LACC studies, only external RT doses were considered.



LOCALLY RECURRENT BREAST CANCER

Table 1
Summary of the randomized studies of RT vs HTRT, complete responders in each arm, corresponding BED of the RT schedule and the estimated o/ with HTRT for each study.

Author Site.  RT/HTRT Hyperthermia RT HTRT BED %Ry BEDyrgr Estimated o/p
(RT)  %Rer(%) (Gy)  for HTRT(Gy)
Dose Dose/ T(°C) Time Per Total  Total (R Total CR (Gyyp)

(Gy) fr (mins) week sessions
] (Gy) ]
Wahl et al, RBC 480 20 NA NA NA NA 18 7 36 XA 189
Vernon et al. (MRC) RBC 288 36 430 600 1 3 M 17 %90 5l 215
11 214

Vernon et al. (ESHO) RBC 320 40 430 600 2 8 29 27 1

HT increase BED by a factor of 2




LOCALLY ADVANCED HEAD&NECK CANCER

Table 1
Summary of the randomized studies of RT vs HTRT, complete responders in each arm, corresponding BED of the RT schedule and the estimated o/p with HTRT for each study.
Author Site  RT/HTRT Hyperthermia RT HTRT BED %Ry BEDyrg Estimated ofp
(RT)  %Rwr(%) (Gy)  for HTRT(Gy)
Dose Dose/ T(°C) Time Per Total  Total CR Total CR (Gyy)
(Gy) fr (mins) week sessions
(Gy)

Wen et al, LAHNC 700 20 444 600 2 b 4 23 4 148 258
Huilgol et al. LAANC 700 20 423 300 1 1 0 11 28 1.36 163
Valdagni et al, LAHNC 680 20 425 300 2 12 2 9 18 204 138
Datta et al, [AHNC 640 20 425 500 2 12 2 10 33 175 183

600 15 425 40 3 1 43 18 38 128

Arcangeli et al.

LAHNC

Porow

1.89

Forey

HT increase BED by a factor of 1.7




LOCALLY ADVANCED CERVICAL CANCER

Table 1

Summary of the randomized studies of RT vs HTRT, complete responders in each arm, corresponding BED of the RT schedule and the estimated /B with HTRT for each study.

Author

e

Harima et al.

Franckena et al.

Chen et al,
Datta et al.

Site

LACC
LACC
LACC

RT/HTRT

Hyperthermia

RT

HIRT

LACC

Dose Dose/ T(°C) Time

Gy) fr

522
483
400
60.0

(Gy)

1.8
2.0
2.0
2.0

406
420
420
425

60.0
60.0
4.0
450

Per

| gt | | ot —h —h 1

Total
(mins) week sessions

BED %ERHTRTJ BEDurer Estimated EE“}
RT)  %Reg(%) (Cy)  for HIRT(Gy)

Total R Total R (Gyy)

HT increase BED by a factor of 1.5

20
56
30
26

10
32
14
15

20
58
30
27

203
21
368
370




Risk difference

0.70

Regression of Risk difference on o/ (HTRT)

0.60 -~

0.50

0.40 -

0.30

0.20

0.10 -

0.00

0.10

-0.20
0.5

T T

25 3.0

a/p (Gy) (HTRT)

35

4.0

4.5



Hyperthermia (HT)(39 —43°C)
Inhibits repair of radiation (RT) induced double strand DNA break

\ 4

HT with RT increases the quadratic (f) component of a/p ratio ||

¥

HT with RT reduces a/p ratio of cell survival curve compared to RT alone ]I

» ¥

‘ Cell survival studies (HTRT vs RT): |, o/p ratio ‘ Clinical trials (HTRT vs RT): | a/p ratio

i
§ -
g '
2
L= g .
0 . =T= J
3 g === |
B H] E
2 i 1
$ 1o |
(79
o T T T
Récument broast Haad neck (B IV) Canvig (IE-IVA)
Dose (Gy) Tumaour site

HT with RT induces reduction in tumour a/B and results in radiosensitization
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Does the combination of hyperthermia with low LET (linear energy transfer)

radiation induce anti-tumor effects equivalent to those seen with high LET
radiation alone?

Pernille B. Elming, Brita S. Serensen (9, Harald Spejlborg, Jens Overgaard (& and Michael R. Horsman &
Experimental Clinical Oncology - Department of Oncology, Aarhus University Hospital, Aarhus, Denmark

Surviving fraction
~ Oxygen dependence

Prevent DNA repair \

h +

Y% LowLET:
\ X-rays
\

L

0 \ OER*s18/7.3:25 N,

0N REEs1883:85 N\

g 107F 06 | \
3 § =3.3/3.2 RBE) =7 3/3.2:2.3
C 2103 ¥ \
3 \ -
o2k odN, ) Prevent hypoxia
: High | Helum
i -y - LET W fons \
10-a - .'1 = 1'2 = W 9 5 10 15 Dose/Gy
Dose (Gy)



Hyperthermia -Phl:rtnn RT-I

oy

a

Normal tissues

Heat-sink effect Depth dose

Photons = Neutrons

Tumour (Entire RT volume)

Heat-trap effect

Normal tissues
Limited thermal radiosensitivity

OER and DNA repair: As in low LET

'| Depth dose proflle

| As low LET to entire RT volume

Tumour
Thermal radiosensitivity
JOER & ‘DNA repair (As high LET)

Photon beam thermoradiotherapy: Differential efiect
Tumour thermoradiobiologically akin to neutron; normal tissues : Low LET

L= /=S Y =N




Summary

Hyperthermia Kills cells over 43°

Lower temperatures elicit Themotolerance
Hyperthemia increases immune response
Hyperthermia increase RT efficacy
Hyperthermia reduces tumor alfa/beta ratio
HT+RT may mimic High LET radiotherapy
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