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Preface

TSUTOMU SUGAHARA1, & CHANG W. SONG2

1Japan Health Foundation, Kyoto, Japan, and 2University of Minnesota, Minneapolis, USA

It has been more than three decades since laboratory

experiments demonstrated that heating at 42�–45�C

kills cancer cells, including radioresistant hypoxic

cancer cells, sensitises cancer cells to ionising

radiation or certain chemotherapy drugs, and pre-

ferentially destroys blood vessels in tumours relative

to that in normal tissues. Furthermore, human

normal cells at confluent stage in vitro were demon-

strated to be considerably heat-resistant when

compared to neoplastic cells. Based on these exciting

observations, ‘hyperthermia’ or ‘thermotherapy’

emerged as a new and promising cancer treatment

regimen and was quickly embraced by the oncology

community, particularly by radiation oncologists.

However, despite the compelling biological rationale,

the enthusiasm for clinical application of hyperther-

mia considerably waned in recent years mainly

because it was realised that heating human tumours,

especially bulky and deep-seated tumours, to cyto-

toxic temperatures, i.e. 42�–45�C, is rather difficult

or practically impossible. Nonetheless, in a number

of recent clinical trials, heating human tumours at

mild temperatures, i.e. 39�–42�C which is subopti-

mal for causing direct cell killing or tumour vascular

damage, was still found to be effective in enhancing

the tumour response to radiotherapy or chemother-

apy. Recent studies with rodent tumours or clinical

studies indicated that such an enhancement of

radiotherapy or chemotherapy of tumours by mild

temperature heating is most likely due to an increase

in blood perfusion and a resultant improvement in

tumour oxygenation. These developments imply that

42�–45�C is not the only temperature range useful

for the improvement of cancer control by

hyperthermia.

Indeed, it is increasingly evident that mild

temperature hyperthermia (MTH) at 39�–42�C has

an important role in the hyperthermia arsenal beside

other anti-cancer heating strategies including mod-

erate temperature hyperthermia at 42�–45�C, abla-

tion therapy using temperatures higher than 50�C as

well as fever-range whole body hyperthermia

(FR-WBH). An analogy of the optimum use of

multiple weaponry derives from old Japanese history.

During the ‘Shogun’ era in Japan, some samurais

(warriors) favoured ‘Nitoryu’, meaning ‘a way of

fighting using a pair of short and long swords’.

The strongest samurai in Japanese history was

probably Mr Musashi Miyamoto (1584–1645), who

mastered ‘Nitoryu’ and used both short and long

swords depending on the enemy and situation.

Likewise, in treating various human diseases with

thermotherapy, a time-temperature profile should be

rationally chosen depending on the situation in order

to maximally exploit various cellular, physiological

and immunological effects of heat shock.
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In order to discuss recently revealed, clinically

relevant biological effects of heat shock as well as

to review recent clinical results of hyperthermic

treatment of human tumours, ‘The Kadota Fund

International Forum 2004’ was held in June 14–18,

2004, at Awaji Yumebutai International

Conference Centre, Awaji Island, Hyogo, Japan

with generous support from the Japan Health

Foundation, Kadota Fund and Hyogo International

Association. A total of 68 clinicians and biologists

from Japan and elsewhere were invited to the Forum.

In this two-part report, ‘Clinical Aspects of

Hyperthermia’ and ‘Biological Aspects of

Hyperthermia’, the subjects discussed, conclusions

and recommendations made at the Forum are

reported.

It must be stressed that there were some

disagreements amongst the participants on certain

subjects discussed at the Forum. Consequently,

the contents of this report do not necessarily represent

the opinions of all participants. Likewise, many

investigators in the thermotherapy community who

did not participate in the Forummay dissent from the

conclusions reported herein. Nevertheless, we hope

this report may stimulate exchange of different views

among the investigators for the further improvement

of application of thermotherapy not only for the

treatment of cancers but also other diseases. Finally, it

should be noted that important subjects in thermo-

therapy such as hyperthermia physics/engineering and

thermal ablation therapy were not included in the

Forum due to space and budgetary limitations.
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Part II. A

Cell biological aspects of hyperthermia

HARM H. KAMPINGA

Faculty of Medical Sciences, Department of Radiation and Stress Cell Biology, Division of Cell Biology, University

Medical Center Groningen, University of Groningen, Groningen, The Netherlands

Introduction

At the time of the consensus report of 1990 [1],

optimistic ideas were put forward regarding the

potential selective heat sensitivity of tumour versus

non-tumour cells, the development of predictive

assays in hyperthermia, and the heat-induced

improvement of responses to radiotherapy and/or

chemotherapy on the basis of mechanistic informa-

tion from in vitro experiments. Although none of

these ideas turned out to be realistic, still a lot of

progress was made regarding the cell biological

aspects of hyperthermia.

Although several key-players in the recent devel-

opment of new insights into hyperthermic cell

biology were not present at the Forum, attempts

were made by the biologist present at the meeting to

include the work of others in this report, trying to be

as objective and complete as possible. The cell

biology report describes the effects of heat alone or

combined with radiation or chemotherapeutic

agents. Special attention was given to the regulation

and function of heat shock proteins (HSPs) and to

the various forms of cell death expression after a

clinically relevant heat shock.

Protein damage as molecular cause for the
biological effects of heat

As was recognised in the early 1970s, protein damage

is the main molecular event underlying the biological

effects of hyperthermia in the clinically relevant

temperature range of 39�–45�C [1]. At these

temperatures, direct damage to DNA does not

seem to be involved in cell killing by heat; the

activation energies for direct DNA damage are in the

range of 25–35 kcal/mol and thus unrelated to

the �H of heat killing (�140 kcal/mol). Yet,

DNA damage may be induced indirectly via protein

damage and indeed depurinations in DNA have been

observed to occur with comparable activation

energies as those for heat killing [2]. As recent

studies [3] suggest that there is a relation between

immunohistological markers of DNA-double

strand breaks (DSB) and heat toxicity, the role of

(indirect) DNA damage will be discussed separately

below.

Besides proteins, lipids are also known to be

affected (fluidity) by heat. Yet, research of the last

15 years has revealed that lipid damage is reversible

and not directly causative for heat killing, although

lipid modification may modulate the magnitude of

biological effects of heat indirectly by influencing

(accelerating/decelerating) the rate of protein

aggregation [4].

The notion that protein damage plays a central

role in the biological effects of heat is based on a

variety of different experimental evidence:

a) The activation energy for protein denaturation

is in the range of 80–500 kcal/mol which is

within the range for heat killing [5].

b) Biophysical approaches, especially those from

the group of (the late) James Lepock such as

Correspondence: Harm H. Kampinga, Faculty of Medical Sciences, Department of Radiation and Stress Cell Biology, Division of Cell Biology, University

Medical Centre Groningen, University of Groningen, Ant. Deusinglaan 1, Groningen 9713 AV, The Netherlands. Email: h.h.kampinga@med.rug.nl
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differential scanning calorimetry [6], electron

spin resonance [7], as well as work with model

proteins [8–10] have directly shown that

substantial protein denaturation occurs in the

clinically relevant temperature range (reviewed

in [11]).

c) Biochemical and cell fractionation experi-

ments have shown that (as a result of protein

denaturation) proteins become insoluble and

aggregate, thereby affecting many macromo-

lecular structures and their function(s).

Protein aggregation, as indicated by the

increase in detergent-insoluble material, is

probably the best parameter correlating

protein damage to the extent of cell death

[10, 12].

d) Many modulators of heat-induced cell death

(chemical sensitisers, protectors, or heat shock

proteins) act via affecting the rate of protein

denaturation, aggregation or disaggregation

[10–16].

Whereas heat-induced protein denaturation occurs

randomly throughout the cell, Lepock and

coworkers [11, 17] have clearly shown compart-

mental differences in sensitivity to heat induced

protein denaturation. Nuclear structures (nuclear

matrix) were found to be especially sensitive to heat

[17, 18]. These observations are in good agreement

with the excellent correlations found between

nuclear protein aggregation and heat killing [19]

and the extreme heat sensitivity of various nuclear

processes [12]. However, they do not necessarily

imply that damage to other compartments and/or

processes does not also contribute to cell death by

heat shock [4].

Beside direct thermal denaturation of proteins,

heat treatments (especially mild ones) also increase

the metabolic rate of cells. This, in turn, increases the

production of free radicals and indirectly will lead to

damage, especially to proteins. This could explain

the link between oxidative stress, heat shock and heat

shock proteins.

As mentioned above, it was recently suggested

that (indirect) DNA damage may also contribute

to heat-induced lethality [3]. This was based on

the observation that heat shock induces so-called

�-H2AX foci. H2AX, a member of the histone

H2A family, is rapidly phosphorylated in response

to ionising radiation and forms nuclear foci

that are quantitatively related to the number

of radiation-induced DNA DSB [20]. It was

hypothesised [3] that DNA depurination

(indirect, as a result of protein damage) and delayed

repair of base damage after heat shock [6] results

in the formation of DNA DSB, which may

contribute to cell lethality after heat shock.

Although no complete consensus was reached

regarding the role of DNA DSB in heat-induced

killing, a number of arguments against this hypoth-

esis were raised:

1. Many biochemical/biophysical approaches

have failed to detect DSB after heat alone.

It can be argued that this is a matter of sensitivity:

�-H2AX foci are readily detectable after irradia-

tion with doses as low as 0.5Gy whilst

most other assays require 2Gy or higher.

However, heat treatments at thermal doses

equivalent to 45Gy in inducing �-H2AX foci

were never found to induce DSB when deter-

mined with other methods such as pulsed field

gel electrophoresis that are able to detect

low levels of damage.

2. BrdUrd incorporation, known to destabilise

DNA and to enhance radiosensitivity, does not

enhance heat killing [21].

3. No correlation exists between heat sensitivity and

radiosensitivity (Figure 1A) and more specifically,

in isogenic panels of cells pro- or deficient in

DNA DSB repair no general trend is seen

towards a thermal hypersensitivity of the DSB

repair deficient, radiosensitive cells (Figure 1B).

4. Hyperthermia does not induce chromosomal

aberrations except in S-phase cells [22].

In S-phase cells, chromatid type damage is

seen after (relatively severe) heat treatments

but this can be explained by thermal

inhibition of DNA synthesis (correlated to protein

aggregation) and the resulting increased

single-strandedness of the DNA [22]. Heating

also does not cause cell transformation, unlike

radiation.

Whereas all the above mentioned data indicate

that DNA damage plays no major role in

heat-induced cell death, heat and HSP may still play

a role in genomic instability (see also below). The

induction of H2AX phosphorylation and appearance

of �-H2AX foci after heat shock may not be the result

of heat-induced DNA DSB but rather due to heat-

induced changes in the chromatin structure. Many

lines of (indirect) evidence have indeed suggested that

hyperthermia causes major alterations in chromatin

structure. These again are strongly correlated to

protein aggregation [18] and may activate the ATM

kinase signalling cascade that subsequently

triggers �-H2AX foci formation. Importantly,

the finding of �-H2AX foci after heat shock may

therefore be the first in situ evidence for sites of

chromatin alterations due to heat-induced protein

aggregation with the nuclear matrix, and suggests

a link between heat shock damage and the ATM

signalling pathway.
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Regulation of the heat shock response

One of the most revolutionary developments in

the field of heat shock in the last 15 years is the

unravelling of the heat shock response, i.e.

the control mechanism involved in the induction of

expression of the HSP-genes. It has been known

since the early 1960s that temperature elevations

transiently upregulate members of the heat shock

gene family [23] that were later found to encode the

class of proteins we now know as heat shock proteins

[24]. The upregulation of these HSPs results in a

transient resistance of cells towards heat shock

(thermotolerance) and a variety of other stresses

[25] although thermotolerance can also arise without

elevation of Hsp levels. In such a Hsp-synthesis

independent thermotolerance HSPs may still play a

role; they may be redistributed to essential (thermo-

labile) sites in the cells and as such provide

protection.

The mechanism responsible for the heat shock

response is an autoregulatory loop in which a specific

heat shock transcription factor (HSF-1) plays a

central role [26]. Under non-stressful conditions,

constitutively synthesised heat shock proteins

(Hsp90, Hsp70) bind monomeric HSF-1 to keep

it inactive and in the cytosol. This binding is dynamic

and upon stress, the equilibrium between bound and

released HSF-1 is shifted towards the released form,

because the HSPs are now binding to denatured

proteins for which they have a higher affinity.

Therefore, protein damage can be considered to be

a trigger that is responsible for HSF-1 activation.

Upon release from the HSP, HSF-1 enters the

nucleus, forms trimers, and binds to specific

regulatory elements present on all heat shock genes,

so-called heat shock elements (HSE). The HSF-1

molecules are then phosphorylated and activate

transcription of the heat shock genes leading to the

elevated expression of HSP. Attenuation of the

inducible transcriptional response involves dissocia-

tion of the HSF-1 trimer and loss of activity.

Dissociation involves a factor named heat shock

factor binding protein 1 (HSPB1) that negatively

affects HSF-1 DNA-binding activity in an Hsp70-

dependent manner. How HSF-1 is converted from

its trimeric to its monomeric form is not well

understood, but it is thought that the increased

levels of HSP assure that HSF-1 is maintained again

in its inert monomeric form after this conversion.

HSBP1 may play a highly intriguing role in this

conversion as it was shown to inhibit the induction of

HSP-expression [27]. Alterations of the level of

HSBP1 expression in Caenorhabditis elegans exerted

severe effects on survival of the animals after thermal

and chemical stress [27]. Therefore, HSBP1 might

be a therapeutic target to interfere with the cellular

ability to induce thermotolerance. Also, screen for

pharmacological agents that affect HSF-1 or its

activation seems worthwhile as they may have

future clinical application to enhance heat sensitivity

and/or prevent the induction of thermotolerance.

Molecular chaperones

In addition to the steady increase in the under-

standing of the induction of the heat shock response,

our understanding of the regulation and function of

heat shock proteins has also greatly increased. Since

the early 1980s, it was discovered that HSPs belong

to the super family of proteins called molecular

chaperones. Molecular chaperones are defined as
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Figure 1. Absence of a correlation between radiation
sensitivity and heat sensitivity. Panel A shows a cross-
correlation of radiation sensitivity, expressed as the dose of
X-ray required to kill 90% of the cells, with heat sensitivity,
expressed as the equivalent time of heating at 44�C
required to kill 90% of the cells, in 30 different mouse
cell lines derived from the literature. Panel B shows the
comparison of heat sensitivity between various radio-
sensitive mutants (deficient in either non-homologous
end-joining or in homologous recombination) and their
isogenic repair proficient counterparts. The average
sensitivity of the groups (indicated by the single points
with error bars) is not different, nor is there a trend for
increase or decrease in heat sensitivity in matched panels
(indicated by the lines).
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proteins that bind to non-native or (partially)

unfolded proteins and assist in their correct assembly

by preventing their non-productive association

(aggregation) with other proteins [28]. Through

binding and release cycles, unfolded proteins can

slowly acquire their final conformation (Figure 2).

If released without being completely folded, a protein

will re-enter the cycle until it reaches native

structure. Under non-stressful circumstances, cha-

perones are involved in many physiological processes

in which proteins are on their way to their native

structure (translation) or during which they need to

be in a partially unfolded state (during transport over

membranes or during assembly into multiprotein

complexes) [29].

In mammalian cells at least four main classes of

HSP chaperones can be distinguished: a) small

HSPs; b) chaperonins (Hsp60 in mitochondria,

TCP-1 in the cytosol); c) the Hsp70 machine; d)

the Hsp90 machine. All of these main chaperones

have both constitutively expressed isoforms (con-

trolled by other factors besides HSF-1 alone) as well

as strongly heat-inducible family members (mainly

HSF-1 dependent). Although not fully clear yet, each

of these main chaperones appears to have specific

substrates or act in specific steps of the folding

pathway of a protein.

Of particular interest are the Hsp90 substrates

which include a wide variety of signal-transducing

proteins that regulate cell growth and differentiation,

such as protein kinases and steroid hormone

receptors [30]. Since these Hsp90 client proteins

play important roles in the regulation of the cell

cycle, cell growth, cell survival, apoptosis, and

oncogenesis, HSP90 inhibitors may be potential

and effective cancer chemotherapeutic drugs.

Indeed, earlier (phase I) trials have shown encoura-

ging results with the Hsp90 inhibitors geldanamycin

and especially with its derivative 17-allylaminogelda-

namycin (17-AAG), that appears to have lower

toxicity [31].

In cell-free systems, all of the main chaperones can

bind to unfolded proteins, prevent their irreversible

aggregation, thus maintaining them in a refolding

competent state (i.e., they can be reactivated to an

active protein upon stress relief). However, the actual

‘reactivation’ step usually requires the action of the

main chaperone system: the Hsp70. It is in particular

Hsp70 that has been shown to be able to induce heat

resistance when over-expressed in cells [32] and this

could be linked to its ability to act as a chaperone in

cells [16, 33]. Whereas over-expression of small

HSPs can also give rise to expression of heat

resistance [34], this effect seems more cell system

dependent and has not yet been clearly linked to

its chaperone activity, although effects such as

stabilising cytoskeletal proteins and/or accelerating

post-heat recovery of heat damage have been

attributed to increased Hsp27 expression.

Most HSPs, except the small HSPs, are ATP-

dependent chaperones and have several co-factors

that regulate their cycling between ATP- or ADP-

bound states as well the binding and release of their

client proteins (Figure 2). For Hsp70, there are both

positive (e.g. Hsp40, Hip) and negative (e.g. Bag-1)

regulators of refolding activity that were not only

clearly characterised in cell-free systems [35–37], but

their effect on the ‘Hsp70 chaperone machine’ have

also been validated in living cells [15, 38, 39]. Since

this chaperone machine has not only been implicated

in the heat shock response but is linked to many

pathologies, screens for drugs capable of either

enhancing or reducing Hsp70 or its function as a

chaperone machine are ongoing in many labora-

tories. Whether or not targeting each of these

regulators or Hsp70 itself will be of use in hyperther-

mic oncology remains unclear but may not be

without any risk of side-effects. Whereas constitutive

Hsp70 is expressed in most normal tissues, the

inducible isoform is not. On the other hand, the

inducible form is expressed in many tumours in situ

[40]. It has been suggested that this is related to the

putative role that Hsp70 may play in the apoptotic

programme [41, 42] but this is still very controver-

sial. It is also not clear if and how this may be related

to the Hsp70 chaperone activity or maybe other

activities such as lysosomal stabilisation [43].

Irrespective of the molecular mechanism, drugs

that would specifically target the inducible Hsp70

may be worthy of further study especially combined

with hyperthermia as they would not only lead to

tumour-specific toxicity by themselves but also may

act as tumour-specific thermosensitisers.

Hsp70 -substrate
ADP

Hsp70
ADP

Hsp70-substrate
ATP

ADP

ATP

low affinity
fast exchange

high affinity
slow  exchange

Hsp40+

+
Hip

Bag1
+

Hsp70
ATP

Figure 2. Reaction cycle of the Hsp70 chaperone
machine and its regulation by cofactors.
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Damage to structures and its consequences

Despite the fact that we now know that protein

damage plays a central role in the biological effects of

hyperthermia, little is known about what finally kills

the cells. Nuclear proteins appear most sensitive [11]

and/or the nuclear environment is favourable for

protein aggregation to occur [44]. Aggregation of

nuclear proteins has been observed since the early

days of hyperthermia research [45, 46] and has been

linked to inhibition of transcription and DNA

replication [12]. It can be perceived that if nuclear

structures and functions are irreversibly damaged,

this will result in cell death [18]. Damage to the

nucleus has also been closely linked to impaired

processing of DNA damage [47] and thus has

consequences for both the response of cells to

radiation and DNA targeting cytotoxic drugs. As

such nuclear protein aggregation seems to play a

major role in heat radiosensitisation and may also

contribute to thermal sensitisation to certain

chemotherapeutics.

Irreversible protein damage to non-nuclear com-

partments, if properly disposed by the cells (e.g. via

degrading the aggregated proteins), may be replaced

by new synthesis and thus less harmful. Nevertheless,

damage to other compartments and/or processes also

could contribute to cell death after heat shock. In this

respect, especially, centrosomes should be men-

tioned. These structures, that are crucial in organis-

ing the mitotic spindle, are replicated once per cell

cycle and need to move to the opposite poles at the

onset of mitosis. It was demonstrated by Vidair et al.

[48] that centrosomes are highly sensitive to heat

shock and recent evidence suggests [49] that heat

damage to centrosomes may be linked to mitotic

catastrophe after hyperthermia and thus to loss of

reproductive cell capacity (Figure 3).

Cell death expression

From the consensus that protein damage plays a

central role in the biological effects of heat, one can

derive a global model on how this may lead to cell

death (Figure 3). If tumour cell death is considered as

the most relevant endpoint in hyperthermic oncology

(certainly normal tissue cell death cannot be

neglected), the ultimate endpoint to consider is

reproductive cell death. Depending on the default

programme in cells, loss of reproductive ability may

be the result of the induction of apoptosis or necrosis.

In addition, permanent G1 arrest and mitotic

catastrophe (followed by secondary apoptotic or

necrotic death) will stop cells from reproduction.

Protein damage (either from direct denaturation or

via increased radical production leading to protein

oxidation) will cause irreversible damage to

nuclear (matrix) structures, maybe reflected by

induction of �-H2AX foci, or will cause irreversible

non-nuclear damage to structures like the centro-

some. This will induce stress signalling pathways like

the JNK-pathway and the ATM/ATR pathway.

In checkpoint proficient cells, p53 dependent

HEAT

Folded proteins Increased metabolic 
rate

Direct protein denaturation

Increased RADICALS 
production

Centrosomal
damage

Nuclear 
damage

DNA structural changes/• -H2AX foci

Mitotic 
catastrophe

C-jun induction

ATM/p53 induction

APPH
HSP

HSP

HSP PBN

LOSS OF CLONOGENIC CAPACITY

Protein aggregation

Protein oxidation

Apoptosis 
induction

Permanent G1 
arrest

Necrotic cell 
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Checkpoint (p53) 
defective Checkpoint (p53) 

proficient

+

Figure 3. Hypothetical model for cell death expression after hyperthermia. See text for explanation of the details.
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(or independent) signalsmay provoke either apoptosis

or a permanent G1-arrest, both leading to loss of

clonogenicity. In checkpoint deficient cells, cells may

either die in interphase due to necrosis (in case of

irreversible nuclear damage) or progress through the

cell cycle despite the irreversible damage that was

inflicted to, for example, the centrosomes. At mitosis,

damage to the centrosomes will result in mitotic

catastrophe and most cells will die consequently,

albeit with the risk that some cells may become

aneuploid and hence more genetically unstable.

The scheme in Figure 3 implies that the mode of

cell death programmes that are present (by default)

in cells may be less important for the ultimate effects

of heat on clonogenicity than the actual damage

inflicted. Cells that are defined as heat sensitive by

the clonogenic assay may not undergo apoptosis after

heating if, for example, their p53 is mutated. Rather,

they may die via one of the other routes. This agrees

with the notion that there is no consistent intrinsic

difference in reproductive heat sensitivity between

normal (checkpoint and apoptosis proficient) and

tumour cells (often checkpoint and apoptosis defi-

cient), although in some cases for example the p53

status may alter the heat response of cells [50]. No

consensus was reached on whether the latter is really

due to defective checkpoints and apoptotic pro-

grammes or due to secondary effects of the altered

p53 status (affecting the handling of protein damage)

and this therefore remains to be elucidated.

The scheme in Figure 3 is also consistent with the

thermoprotective effects of HSPs; these can either

prevent protein denaturation or/and assist in repair

or protein aggregates. The HSPs may also protect

against the protein oxidation that may be induced by

heat shock consistent with their protective action

against oxidative stresses [26]. Finally, this scheme is

also consistent with the observation that enhance-

ment or reduction of radical production can alter

heat toxicity [51].

The implication of the above for hyperthermic

oncology is that hyperthermia should be applicable to

all tumours irrespective of their checkpoint or p53

status, although no actual systematic analysis

has been done to substantiate this idea. It also

re-emphasises the fact that selective anti-tumour

effects of hyperthermia may not be the result of

systematic differences in tumour or normal cellular

response. Thus, heat targeting to tumours and

hopefully the beneficial effects from physiological

parameters are items that should give hyperthermia

its therapeutic gain. Finally, it supports the earlier

mentioned notion that modulating the ability of cells

to deal with protein damage (e.g. heat shock

proteins, pro- or anti-oxidant agents) indeed may

form the primary target for modulating the

hyperthermic sensitivity of cells.

Heat and radiation interactions

Protein damage is the central event after hyperther-

mia. For heat-induced radiosensitisation it is thought

that nuclear protein damage is the key event.

Whereas this is the consensus for hyperthermic

temperatures at and above 43�C, this is less clear

for effects of mild hyperthermia on radiosensitivity.

Hyperthermia enhances the effectiveness of radia-

tion, but radiation does not seem to affect the

response of cells to hyperthermia. In other words,

hyperthermia augments the amount of DNA that

remains unrepaired, but radiation does not enhance

the amount of heat-induced irreparable protein

damage. Evidence for this notion was first demon-

strated by the pioneer studies of Dewey and

colleagues who found that hyperthermia enhances

the amount of radiation-induced chromosomal

aberrations without inducing chromosomal aberra-

tion by itself [52]. Together this leads to a general

consensus that this heat-induced enhancement of

chromosomal aberrations is inhibition of repair of

radiation-induced DNA damage [11, 47, 54].

The inhibition is mostly due to structural effects at

the level of the (higher order) chromatin organisa-

tion, maybe as reflected by the induction of �-H2AX

foci after heat shock that block the repair of certain

DNA lesions (see below). As a result, more lethal

DNA lesions remain. As such, heat acts as a radiation

dose modifier. Genetic approaches have revealed that

the presence of the two DNA DSB repair pathways,

non-homologous end-joining (NHEJ) and homolo-

gous recombination (HR), is not a pre-requisite for

heat radiosensitisation [47, 53]. This implies that

heat-induced nuclear protein aggregation may not

primarily act via these pathways, although minor

effect via these routes may not be completely

excluded. By exclusion and supported by some

indirect biochemical evidence [47, 53], heat may

exert its major effects on radiosensitivity via inhibit-

ing the repolymerisation step in base excision repair

(BER) (Figure 4).

The importance of thermal radiosensitisation for

the clinical application of hyperthermia is difficult to

estimate. Certainly, when only short heat treatments

are used (up to 1 hour), rather high temperatures

(443�C) are required to induce substantial radio-

sensitisation. Also, one would most benefit from the

radiosensitising effects of hyperthermia if heat would

be applied before or during radiation rather than a

few hours after radiation as it is the current clinical

practice in some medical centres. Yet, unlike

previously assumed on the basis of rodent data,

substantial radiosensitisation has been observed to

occur even if heating is applied up to 4 hours after

radiation in human cells [47]. Therefore, the

contribution of heat-induced radiosensitisation to
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the recent clinical success stories of hyperthermia

cannot be excluded. In any case, the suggestion that

most of the radiosensitisation may be due to effects

on BER has two implications. Because deficiencies in

BER are usually incompatible with cell survival, a)

radiosensitisation will likely occur in all tumour

types, and b) the extent of radiosensitisation most

likely will not differ between normal and tumour

cells. Again, this implies that therapeutic gain will

have to come from selective heating devices, physiol-

ogy, and maybe immunology.

Heat and drug interactions

With regard to the drug sensitising action of heat,

relatively few new insights were obtained over the

past decade. It still is the consensus that thermal drug

sensitisation for alkylating agents like platinum-based

drugs is the strongest and in theory holds great

promise. Combination of heat and platinum is more

than additive, and a therapeutic gain may come from

the fact that cells in poorly vascularised tumour areas

(that are drug resistant due to limited drug delivery)

are especially sensitive to heat. Moreover, by

increasing (tumour) blood flow, hyperthermia will

enhance drug delivery in these poorly vascularised

areas. Finally, synergy may arise from cell biological

effects of heat that enhance drug accumulation and

reduced intracellular detoxification and repair of

platinum-induced adducts. Again, protein damage

by heat may underlay these effects but the evidence

for this is not yet clear. Also, cells that have acquired

platinum resistance (e.g. during the course of a

platinum-based chemotherapy protocol) can be

made responsive to platinum again by heat.

However, only in certain cases resistance was found

to be completely reversed. Agents that enhance the

effect of heat have been around for several decades

(procaine, ethanol) but so far no clinically applicable

drugs have been found that can potentiate the

cellular effects of hyperthermia.
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Part II. B

Genetic, immunological and physiological aspects of hyperthermia
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Hyperthermia regulated gene therapy

Altering the genetic make-up of cancer cells by gene

transfer, i.e. gene therapy, is a potentially powerful

strategy for treating human cancer. However, rela-

tively poor tumour specificity and low efficiency of

gene delivery in vivo have prevented the widespread

implementation of this technology in the clinic. The

feasibility of utilising heat shock to enhance the

efficacy of gene therapy has been explored by

investigators [1]. For example, the effect of

hyperthermia on the anti-tumour effect of an adeno-

viral vector coding for IL-12 placed under the control

of a heat inducible promoter, i.e. promoter of the

Hsp70, was investigated. Injecting the construct into

murine tumours and heating the tumours 24 h later at

42�C for 40min caused a significant increase in IL-12

level in tumours and suppressed the tumour growth

[2–5]. Transfection of cancer cells with plasmid

(pHSp53–121F) containing mutated p53 gene

(p53–121F), an inducer of apoptosis, linked to the

HSP70B promoter, and heating the cells at 43�C for

2 h caused apoptosis 70-fold greater than that caused

by heating alone [6]. Hyperthermia regulated gene

therapy may also be used to enhance the response of

tumours to radiotherapy or chemotherapy [7–10].

DNA-dependent protein kinase (DNA-PK) plays a

central role in the repair of radiation-induced DNA

double-strand break (DSB). DNA-PK consists of a

large catalytic subunit and a DNA-targeting compo-

nent Ku, which itself is a heterodimer of Ku-70 and

Ku-86. Therefore, reduction of the cellular level of

Ku may reduce the ability of DNA-PK to repair

radiation-induced DSB, thereby increasing the radio-

sensitivity of cells. When cancer cells were infected

with adenovirus vectors containing antisense Ku70

RNA under the control of an inducible hsp70

promoter and heated 24 h later, the endogenous

Ku70 was markedly reduced and, consequently, the

cells became sensitive to radiation both in vitro and

in vivo [10]. Certain anti-cancer drugs such as

mitomycin C and �-lapachone are bioactivated by

NAD(P) H:quinone oxidoreductase (NQO1), a two

electron reductase. It has been shown that the NQO1

gene is activated by heat shock and thus the enzymatic

activity of NQO1 is significantly increased demon-

strating that heat may sensitise cells to the aforemen-

tioned NQO1-dependent bioreductive drugs [11].

Indeed, cancer cells heated at 41�–42�C for 1 h were

markedly sensitive to �-lapachone due to the heat-

induced upregulation of NQO1 as long as 24–48 h

after heating [11]. These observations clearly indicate

that heat shock is a potent means to activate

transfected or endogenous genes and it may be

possible to exploit such a heat-induced activation of

genes to sensitise cancer cells to radiotherapy or

chemotherapy. Furthermore, it may be also feasible

to use hyperthermia to increase the efficacy of gene

therapy to treat human ailments other than cancer.

For example, mild local hyperthermia of liver

regions of patients with chronic hepatitis C

increased the expression of IFN-alpha receptor1

suggesting that hyperthermia may enhance the

anti-viral efficacy of IFN by upregulating IFNR1

expression [12].
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Hyperthermia regulated tumour immunity and
immunotherapy

It has become increasingly evident recently that

hyperthermia is a powerful stimulator of immuno-

logical elements [13–15]. It is well known that

heat shock proteins (HSPs) are synthesised and

released to extracellular milieus when cells are

subjected to various stresses including heating.

HSPs play a critical role in maintaining cell

homeostasis and the development of thermotoler-

ance. Among various heat shock proteins, Hsp70

family members have been demonstrated to play

prominent role in immune response to cancer by

stimulating both the innate and adaptive immune

response [14–19]. Specifically, Hsp70, a molecular

chaperone, binds immunogenic peptides and pre-

sents them to dendritic cells (DCs), thereby

eliciting antigen-specific cytotoxic T cells.

In addition to functioning as a carrier of antigenic

peptides, Hsp70 binds to DCs, thereby inducing

DC maturation and secretion of pro-inflammatory

cytokines. In this respect, heating hepatic cancers

at mild temperatures induced CD16-positive

immature monocytes in the circulation and acti-

vated T cells resulting in production of large

amounts of type-1 cytokines [20]. It would be

reasonable to attribute such an increase in

immunogenic activity in human patients receiving

regional hyperthermia, at least in part, to a heat-

induced increase in HSP production.

A relevant and promising development in recent

years is the suggestion that the conjugates of HSPs

with antigenic peptides may be used as an anti-

cancer vaccine [15, 16]. The underlying rationale of

this approach is that HSPs function as chaperones for

the antigenic proteins and present the antigens to

immune systems. The choice and source of HSPs

and peptides may affect the specificity and potency of

the HSP-peptide-based vaccine. Further investiga-

tion is warranted to develop the potentially powerful

HSP-based immunotherapy for the treatment of

human cancers.

Fever-range whole body hyperthermia

Whole body hyperthermia at fever-range

temperatures, e.g. 39�–40�C, (FR-WBH) has been

demonstrated to enhance various immune

reactions, in addition to augmenting the effect of

chemotherapy [13, 21]. The mechanism underlying

the enhancement of immunogenicity by FR-WBH

has not been fully elucidated. Two mechanisms

have been suggested. The first mechanism is

heat-induced upregulation of HSPs, which is

known to elicit an immune response as alluded to

above. When rodents were exposed to FR-WBH,

the expression of Hsp70 and Hsp110 increased in

various organs including the heart, kidney, lung,

lymph nodes and thymus [21]. The second proposed

mechanism is an improvement of lymphocytes

trafficking across vessel walls in lymphoid tissues

and also an improvement of extravasation of immune

effecter cells across the blood vessel walls in target

tissues such as tumours [22]. Importantly, such

an increase in extravasation of lymphocytes by

FR-WBH occurs preferentially in lymphoid tissues,

tumours or inflammatory tissues relative to

normal tissues. Adhesion of lymphocytes to the

vessel wall mediated by adhesion molecules such

as ICAM is an initial and essential process for

extravasation of blood-borne lymphocytes. FR-WBH

has been shown to upregulate adhesion

molecules on the surface of the vessel wall, thereby

promoting lymphocytes trafficking across the

blood vessel wall. It is likely that the expression of

ICAM-1 is intrinsically upregulated in lymphoid

tissues, tumours and inflammatory tissues, and

further increase by FR-WBH may augment extra-

vasation and accumulation of lymphocytes in

these tissues.

A relevant observation is that local heating of

tumours at mild temperatures, like FR-WBH, also

augments expression of ICAM-1 molecules on

endothelial cells in tumours, thereby increasing the

extravasation of immune lymphocytes. It is unclear

whether the increases in ICAM-1 in tumour

endothelial cells by local heating and FR-WBH are

caused by the same mechanisms. It has been

suggested that the increase in ICAM-1 expression

in tumour endothelial cells by local heating may

result, at least in part, from an increase in sheer

forces due to the heat-induce increase in tumour

blood flow.

Importantly, the efficiency of a vaccine made of the

tumour derived HSPs was found to be elevated by

FR-WBH, probably due to enhanced extravasation

and intra-tumour accumulation of T cells which are

primed to be immunogenic to the tumour cells by the

HSPs [16]. It has also been reported that FR-WBH

augments the efficacy of vaccination with autologous

dendritic cells in patients with solid tumours [23].

An interesting and potentially important observation

is that heating at mild temperatures lower than 41�C

enhanced DC maturation in vitro [24]. It should be

noted that DCs are abundant in the skin where they

develop into competent antigen presenting

Langerhans cells, and from where they migrate

into the lymphatic systems to prime T cells [24].

It would be reasonable, therefore, to expect

that FR-WBH accelerates maturation of DCs

in the skin, thereby increasing the host immunity.

Pre-clinical or clinical studies of the combination of

FR-WBH with chemotherapy are in progress
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at a number of institutes [24–26]. How the immu-

nologic status changes in patients receiving

FR-WBH in combination with chemotherapy

remains to be studied.

Heat-induced vascular change and tumour
oxygenation

It has been well demonstrated that heating rodent

tumours at 42�–43�C or higher temperatures causes

vascular destruction, which results in decreased

blood flow and necrosis [27, 28]. However, it

became increasingly clear that human tumour

blood vessels are heat-resistant as compared with

rodent tumour blood vessels and, what is more, it is

rather difficult to adequately heat human tumours,

particularly bulky and deep-seated tumours, to

temperature high enough to cause cell death or

vascular damage in the tumours. Interestingly,

however, a number of clinical trails demonstrated

that combined treatment of human tumours with

radiotherapy and hyperthermia was significantly

more effective than radiotherapy alone for the control

of the tumours despite the fact that the tumour

temperature could not be raised to cytotoxic levels,

i.e.442�–43�C. A series of experiments then subse-

quently demonstrated that heating at mild tempera-

tures, i.e. 39�–42�C, causes a long-lasting increase in

blood flow and an increase in oxygenation in rodent

tumours as well as in canine tumours [29–34].

Indications are that reduction of oxygen consump-

tion due to thermal damage in cells may also be a

factor for the increase in tumour oxygenation

following tumour heating [34]. Subsequent studies

clearly demonstrated that hyperthermia increases

oxygenation also in human tumours and enhances

the response of the tumours to radiotherapy [35–37].

It is important to realise that temperature distribu-

tion in human tumours during heating is rather

heterogeneous; the temperature in certain areas in

tumours may increase to 39�–42�C range while that

in other areas in the same tumours may rise to 43�–

45�C. It is therefore highly likely that while blood

flow increases in certain areas, it may decrease in

other areas in the same tumours. This implies that

hyperthermia may cause direct cell death and

vascular damage accompanied by necrotic cell

death in certain areas while it improves oxygenation,

thereby increasing radiosensitivity of tumour cells in

other areas in the same tumours. During the last

several decades, a variety of different methods have

been proposed and tried to increase oxygenation in

human tumour, but none of them has been proven to

be clinically useful. For example, carbogen (95%

O2þ 5% CO2) breathing was reported to increase

the oxygenation and radiosensitivity of murine

tumours, but the therapeutic gain by the application

of carbogen breathing was only marginal [38, 39].

It was recently demonstrated that the increase in

oxygenation and radiosensitivity by the combination

of carabogen breathing with mild temperature

hyperthermia (MTH) was significantly greater than

that caused by carbogen breathing [32, 40, 41]. It is

thus highly recommended to investigate the potential

usefulness of MTH combined with carbogen breath-

ing to increase oxygenation and radiosensitivity of

human tumours. The efficacy of certain chemother-

apy drugs is also influenced by oxygenation status of

cancer cells and thus heat-induced increase in

tumour oxygenation would increase the cytotoxicity

of such drugs. In addition, MTH-induced increase

in blood perfusion would undoubtedly increase drug

uptake in solid tumours.
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Overview and conclusion

CHANG W. SONG

University of Minnesota, Minneapolis, USA

The forum started with a reception the evening of

the first day of the Forum (14 June 2004). During the

next three days a total of 24 clinical papers, 20

biological papers and 6 reviews were presented

at plenary type sessions, where both clinicians

and biologists participated. Thereafter, a general

discussion session was held to further exchange

participants’ opinions on various subjects presented

during the previous plenary sessions. On the evening

of the third day, clinicians and biologists had separate

sessions to draft their conclusions and recommenda-

tions, which were then presented at the adoption and

proposal session on the fourth day by representatives

of each group. The preceding Part I and Part II

are the summary of discussions prepared by the

representatives of the clinical group and biology

group, respectively. The original drafts were then

reviewed by key participants in each group before

submission to the International Journal of

Hyperthermia.

The major subjects discussed and conclusions

made at the Forum are briefly addressed in

this section.

The interest in clinical hyperthermia has been

slowly reviving in recent years, particularly in Japan

and Europe. Unfortunately, there has been little

improvement in our ability to heat human tumours,

particularly deep and bulky tumours to cytotoxic

temperatures. Thermometry is still a major problem

in clinical hyperthermia. Although non-invasive

thermometry devices are being developed by several

groups of investigators, they are not yet ready for

routine use at hyperthermia clinics. During the last

decade, numerous randomised clinical trials for

hyperthermia were conducted in Europe, Japan

and North America. In these studies, tumour

temperatures seldom reached target temperatures,

i.e. 42�–45�C. Nevertheless, hyperthermia was often

demonstrated to enhance the efficacy of radiotherapy

or chemotherapy to achieve local tumour control.

Based on the published and unpublished reports

presented at the Forum, the participants concurred

that hyperthermia is effective to enhance the efficacy

of radiotherapy and chemotherapy for the control of

tumours of the head and neck, breast, brain, bladder,

cervix, rectum, lung, oesophagus, and melanoma,

and that such improvement of local tumour control

increases the overall survival rate of patients.

The recent trend in whole body hyperthermia

(WBH) was also discussed at the Forum, and it

was agreed that WBH may be useful to enhance the

effect of certain anti-cancer drugs. The Japanese

participants reported that in addition to curative

purposes, hyperthermia is frequently used to palliate

the cancer pain, thereby improving the patient’s

quality of life in Japan. (A number of additional

consensus and recommendations on clinical

hyperthermia were made. Readers are referred to

Part I. Clinical hyperthermia.)

Research on the basic biology of heat shock has

been steadily progressing worldwide, and impressive

new insights into the heat shock response at

molecular and cellular levels have been revealed in

recent years. The mechanisms of heat-induced cell

death, radiosensitisation, and chemosensitisation

were discussed at the Forum. Heat-induced protein

damage has been known to be the main molecular

event underlying the cytotoxic effect of hyperthermia

at the clinically relevant temperatures, i.e. 39�–45�C.

However, some participants pointed out that heat

shock induces �-H2AX foci, a hallmark of DNA

double strand break (DSB), and suggested that heat

may kill cells by directly causing DNA DSB.

Opposite to such direct DNA DSB hypothesis,

other investigators proposed that the heat-induced

�-H2AX foci formation may result from the changes

in chromatin structure caused by heat-induced

protein aggregation with the nuclear matrix.

The importance of the role of Hsps as molecular

chaperones in the response of cells to heat shock and
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other stresses was re-confirmed at the Forum. The

participants expressed considerable interest in the

mechanisms underlying the HSP gene activation,

and the implication of the interactions among heat

shock proteins, HSF-1 and HSPB1 in the response

of cells to heat shock. The molecular signal

transductions leading to apoptosis and clonogenic

cell death after heat shock were also addressed.

Contrary to the previous view that there is no

intrinsic difference in the reproductive heat sensitiv-

ity between normal cells and tumour cells, a group of

investigators from Japan presented experimental

evidence that the normal cells were heat resistant as

compared with tumour cells in vitro, probably due to

increased levels of HSP in the normal cells at

confluent stage. It has been known that heat shock

sensitises cells to radiation, probably by inhibiting the

repair of radiation-induced DNA damage. However,

the molecular mechanism underlying the inhibition

of the repair of DNA damage by heat shock is still

unclear, although it was suggested that heat shock

increases radiation-induced chromosome aberration

thereby indirectly increasing DNA DSB. It was also

suggested that heat may inhibit repair of radiation-

induced DNA damage by interfering with the base

excision repair (BER). With regard to the heat-

induced increase in the efficacy of certain che-

motherapy drugs against tumour cells, the following

consensus was reached:

1. heat enhances the damage in target molecules

caused by drugs,

2. heat increases the cellular uptake of drugs, and

3. heat increases the drug delivery to target cells by

increasing blood perfusion.

Experimental evidence was presented that heating

at mild temperatures, i.e. 39�–42�C, increases

tumour blood flow and that such an increase in

tumour blood flow improves tumour oxygenation.

It was also reported that treating human

tumours with conventional fractionated irradiation

in combination with hyperthermia at mild tempera-

tures markedly improves the oxygenation status in

the tumours. However, the role of the heat-induced

increase in tumour oxygenation in the response of

human tumours to radiotherapy was questioned by

some participants because in some institutions

hyperthermia was routinely applied several hours

after radiotherapy and yet the combination of

hyperthermia and radiotherapy was significantly

more effective than radiotherapy alone to achieve

tumour control. It was pointed out that the

improvement of tumour oxygenation by mild tem-

perature heating lasts for 24–48 hours pointing to the

possibility that hyperthermia applied several hours

after radiotherapy enhanced the response of tumours

to subsequently applied radiotherapy the next day.

It was recommended to further investigate the

implications of vascular changes caused by different

temperatures in the response of human tumours to

radiotherapy.

It has been increasingly evident in recent years that

anti-cancer immunogenicity can be upregulated by

heat. Local or regional heating of tumours at mild

temperatures or whole body heating at fever range

temperatures (39�–41�C) enhances immune

response through increased production of immuno-

genic heat shock proteins (HSPs), activation of

antigen presenting cells (APCs) and improved

trafficking of immune cells to lymphoid organs and

target tumours. The feasibility of enhancing the

efficacy of gene therapy using heat shock was another

topic discussed at the Forum. Heat shock is a potent

means to activate transfected or endogenous genes,

which are cytotoxic alone or are able to increase the

sensitivity of cells to radiotherapy or to certain

chemotherapy drugs.

The scope of using hyperthermia to treat human

diseases has been expanding in recent years. The

participants in the Forum felt that the Forum

provided an excellent opportunity to exchange new

information and opinions regarding the potential of

hyperthermia for the treatment of cancer. The final

consensus at the Forum was that concerted efforts

should be made by the hyperthermia community to

improve the perception of medical establishments

towards the effectiveness of hyperthermia. Effort

should also be made to inform the general public the

value of recently evolved hyperthermia for the

treatment of cancer.
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