
Hsp72 translocation and secretion
in in vivo and in vitro models

Item Type Thesis or dissertation

Authors Leoni, Francesca

Citation Ireland, H.E., Leoni, F., Altaie, O., Birch, C.S., Coleman, R.C.,
Hunter-Lavin, C., & Williams, J.H.H. (2007). Measuring the
secretion of heat shock proteins from cells. Methods, 42, 176-183;
Dempsey, N.C., Leoni, F., Ireland, H.E., Hoyle, C., & Williams,
J.H.H. (2009). Differential heat shock protein localisation in
chronic lymphocytic leukaemia. Journal of Leukocyte Biology

Publisher University of Liverpool (Chester College of Higher Education)

Usage policy The full-text may be used and/or reproduced in any format
or medium, without prior permission or charge, for personal
research or study, educational, or not-for-profit purposes
provided that: - A full bibliographic reference is made to the
original source - A link is made to the metadata record in
ChesterRep - The full-text is not changed in any way - The full-
text must not be sold in any format or medium without the formal
permission of the copyright holders. - For more information
please email researchsupport.lis@chester.ac.uk

Download date 22/05/2023 09:33:50

Link to Item http://hdl.handle.net/10034/93835

https://chesterrep.openrepository.com/cdr
http://hdl.handle.net/10034/93835


 
 

Chapter 1. Introduction 

 1

Chapter 1  
Introduction 
 
1.1 Rationale of the study  
The increasing interest in the role of heat shock proteins (HSPs) as a cellular 

signal in the communication between cells and in the interaction with the 

immune response, need to be addressed in more detail. Although there is 

increasing evidence that HSPs can be found in association with plasma 

membranes and can be actively secreted from cells that have experienced 

stress, there is no consensus in the literature on the exact mechanism. 

Experimental data suggest that HSP movement can be modulated in many 

ways and the modulation system seems to cause different HSP responses. 

The work analysed in this thesis aimed to explore the tissue source of HSPs and 

the mechanism of HSP surface presentation to plasma membrane structures the 

release of HSPs was also investigated in relation to different cellular and 

physiological stresses such as heat shock, exercise, pro-inflammatory 

cytokines, and focused on the role of HSP release from apoptotic cells. The 

work will concentrate on the analysis of the inducible member of the Hsp70 

family, Hsp72 which is involved in membrane interactions and secretion and 

concentrate the attention on released Hsp72. 

 

1.2 The heat shock protein family and the new nomenclature 

HSPs are evolutionarily conserved proteins fundamental for cell viability and with 

key functions in many cellular processes, depending on the cell cycle, their 

association with other components the cellular stress applied. The first 

discovered and primary function of HSPs is their chaperone activity of re-folding 

denatured or damaged proteins in response to cellular stress such as heat, 

oxidative stress, chemicals treatments, UV radiation, physiological and 

psychological stress (Lee et al. 2005; Young et al. 2004). Although there are 

constitutively expressed chaperones that regulate normal protein folding, most of 

the HSPs are induced in response to stress, where a higher amount of proteins 

are likely to be denatured. The chaperones refold damaged proteins, or if they 
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are too damaged they deliver the impaired protein to degradation by 

ubiquitination or lysosomial proteolysis. It later emerged that Hsp72 possesses 

additional functions, and that it interacts with several different cellular pathways 

including cell cycle, apoptosis, NF-kβ, proteosome complex, and tyrosine kinases 

pathways (Hamilton et al. 2004; Shanley et al. 2000; Yoo et al. 2000).  The HSPs 

mediate membrane transport by unfolding and refolding proteins as they pass 

across membranes, such as those in the nucleus and mitochondria. They also 

have other related roles; Hsp90 is required to maintain cytoplasmic hormone 

receptors in their correct conformation for hormone binding (Hamilton et al. 

2004). Furthermore, HSPs have a role in antigen processing and presentation. 

This is especially true for members of the Hsp72 family as they are critically 

involved (Srivastava 2002).  

HSPs have been classified into families, which have been named according to 

their approximate molecular weight. The five main groups are Hsp100, Hsp90, 

Hsp72, Hsp60 and the small HSPs that can be expressed in the cytoplasm or in 

the cellular organelles like mitochondria or endoplasmic reticulum as summarised 

in Table 1.1. Apart from size, the members of a given family also have several 

other features in common, for example, they show a high degree of sequence 

homology among different species and it is on this basis that members are 

currently assigned to the different families (Srivastava 2002).  

 



 
 

Chapter 1. Introduction 

 3

 
 
 
 
 
 
Table 1.1 Heat shock protein family members and their cellular localization 
(Adapted from Srivastava, 2002) 
 

HSP family Members Intracellular 
Location 

Family 1 

 

Small HSPs HSP10, GROES, HSP16, α-
crystallin HSP20, HSP25, HSP26, 
HSP27 

 

Cytosol 

 
HSP40 HSP40, DNAJ, SIS1  Cytosol 

 

 
HSP47 HSP47 Endoplasmic 

reticulum 
 

 
Calreticulin Calreticulin, calnexin Endoplasmic 

reticulum 
 

Family 2 HSP60 HSP60 HSP65, GROEL Cytosol and 
mitochondria 
 

Family 3 HSP70 HSP72, HSC70 (HSP73), 
HSP110/SSE, DNAK 
 

Cytosol 

 SSC1, SSQ1, ECM10  Mitochondria 

 GRP78 (BiP), GRP170 
Endoplasmic 
reticulum 
 

Family 4 

 

HSP90 

 

HSC84, HSP86, HTPG 
 gp96 (GRP94, HSP108, 
endoplasmin) 

Cytosol and 
Endoplasmic 
reticulum 
 

 HSP100 HSP104, HSP110 Cytosol 

 CLP proteins Cytosol 

 HSP78 Mitochondria 
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Heat shock protein nomenclature is far from simple and the increasing number of 

publications regarding this family of proteins raised the problem on how to 

standardise protein names. Hsp72, for example, can be named in several ways 

depending on the cell compartment, where it is expressed and whether it is 

constitutively expressed or induced by stress. These are few examples: Hsp72-1, 

Hsp72, HSPA1, Hsp72-2, GRP78, HSC70, and GRP75.  Some gene products 

have more than ten different names, and almost identical names have been 

assigned for different gene products. For example HSPA1B gene product is 

Hsp72-2 whereas Hsp72.2 is the testis specific product of the HSPA2 gene.  

Hence the new nomenclature system established that the gene names can be 

used for their correspondent protein product: the systematic gene symbol that 

have been assigned by the HUGO gene nomenclature committee and is the one 

used in the National Centre of Biotechnology Information  Entrez Gene database 

for the heat shock genes (Kampinga et al. 2009).  

The present study is focused on the inducible form of Hsp70, also called Hsp72, 

hence referring to the  HSPA1A (gene ID 3303) gene product and the new 

protein name is HSPA1A (Kampinga et al. 2009) (Table 1.2). However, in this 

thesis, protein HSPA1A will be referred to as Hsp72. 
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Table 1.2 The new heat shock protein nomenclature system based on the 
gene name. (Adapted from Kampinga et al., 2009). 
 
 Gene 

Name 
Protein 
Name 

Old  
Names 

Human 
gene ID 

HSP A     

1 HSPA1A HSPA1A HSP72-1; HSP72; HSPA1 3303 

2 HSPA1B  HSPA1B  HSP72-2  3304 
3 HSPA1L  HSPA1L  hum70t; hum70t; Hsp-hom  3305 
4 HSPA2  HSPA2  Heat-shock 70kD protein-2  3306  
5 HSPA5  HSPA5  BIP; GRP78; MIF2  3309  
6 HSPA6  HSPA6  Heat shock 70kD protein 6 (HSP72B′)  3310  
7 HSPA7  HSPA7  Heat shock 70kD protein 7  3311  
8 HSPA8  HSPA8  HSC70; HSC71; HSP71; HSP73  3312  
9 HSPA9  HSPA9  GRP75; HSPA9B; MOT; MOT2; PBP74; 

mot-2  
3313  

10 HSPA12A  HSPA12A FLJ13874; KIAA0417  259217  
11 HSPA12B  HSPA12B RP23-32L15.1; 2700081N06Rik  116835  
12 HSPA13b  HSPA13  Stch  6782  
13 HSPA14  HSPA14  HSP72-4; HSP72L1; MGC131990  51182  
HSP H     
1 HSPH1  HSPH1  HSP105  10808  
2 HSPH2  HSPH2  HSPA4; APG-2; HSP110  3308  
3 HSPH3  HSPH3  HSPA4L; APG-1  22824  
4 HSPH4  HSPH4  HYOU1/Grp170; ORP150; HSP12A  10525  

 
 
1.3 Hsp72 as a chaperone  
HSPs’ primary and ubiquitous function is to assist in the correct folding, re-folding, 

and protection of partially denatured proteins by shielding hydrophobic regions, 

thus preventing protein aggregation and promoting proper folding, hence the 

correct function. Mammalian HSP, and Hsp72 in particular, binds to a wide range 

of nascent and newly synthesized polypeptides comprising about 15–20% of total 

proteins and this percentage is most likely to further increase under stress 

conditions, where HSPs are usually over-expressed.  HSPs were firstly 
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discovered when Drosophila melanogaster flies were cultured in a high 

temperature environment (Ritossa 1962). Chaperones can bind not only to 

partially denatured proteins, but also to nascent polypeptides as soon after they 

exit the ribosome, masking the hydrophobic residues from unwanted interactions 

(Young et al. 2004; Bukau et al. 2006). Hsp72 binding to client protein and release 

to final folded product are coupled to structural changes of the protein which are 

driven by ATP hydrolysis and exchange. Chaperone ATPase activity is usually 

regulated by the action of co-chaperones, some of which have chaperone activity 

their own (Esser et al. 2004). HSP chaperone activity is not only restricted to 

denatured proteins but is extended to many other cellular functions: they are 

involved in functional maturation of steroid receptors helping in the process of 

folding; maturation; nuclear trafficking; and disassembly of transcriptional 

regulatory complexes (Freeman and Yamamoto 2002; Prescott and Coetzee 

2006; Grad and Picard 2007). HSPs can mediate the cellular trafficking of the 

protein into different compartments of the cell: they mediate endocytosis by 

catalysing the disassembly of clathrin cages (Chappell et al. 1986); they are 

involved in exocytosis and can regulate protein degradation interfering with both 

pathway of protein degradation, the lysosomes (Salvador et al. 2000; Majeski and 

Dice 2004); and ubiquitin-proteosome system (UPS). Hsp72 promotes the 

processing of the G protein coupled receptors (GPCR) to the plasma membrane: 

GPCR are relevant to human health since they are the target of 30% of marketed 

drugs (Chapple et al. 2003). Therefore, although Hsp72 is a cytoplasmic protein it 

can be recruited into intracellular membranes by membrane associated co-

chaperones (Chapple and Cheetham 2003). It is therefore clear that HSPs 

possess multiple functions in the cells by being linked to exocytosis, vesicular 

trafficking, and endocytosis suggesting that it regulates multiple cellular trafficking. 

 

The mechanism of Hsp72 gene expression is regulated by heat shock factor-1 

(HSF-1), a DNA binding transcription factor that is phosphorylated in response to 

stress, which modifies their conformational structure that allow them to trimerise 

and then translocate across the nuclear membrane, enter the nucleus and bind to 

the HSP genes, up-regulating gene expression (Cotto and Morimoto 1999). 
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1.4 Hsp72 in health and diseases  

Hsp72 can be expressed in normal cells both in vitro and ex-vivo and their 

expression and release can be enhanced with several physiological stresses. 

However, patients with different types of disease or transformed cell lines often 

present abnormal levels of the protein and strictly associate with the disease, 

such as various auto-inflammatory diseases and cancer. This aberrant protein 

synthesis or release in diseased states suggest that heat shock proteins 

participate in the development of the disease or at least is a direct consequence 

of the disease.  

 
 1.4.1 Health  

1.4.1.1 Normal cells without stress 

Hsp72 gene expression and intracellular protein level can be up-regulated after a 

series of events involving cellular stresses that can also induce the secretion from 

cells. Hence high Hsp72 levels into the blood serum is a result of an 

environmental stress such as radiation, oxidative stress exposure, chemical 

treatment, immune system activation with pro-inflammatory  cytokines 

expression, such as IFN-γ or IL-6 (Meriin et al. 1999; Bivik et al. 2007; Barreto et 

al. 2003; Bausero et al. 2005). However Hsp72 can be released at low levels 

from a range of cell types, in vitro without any stress stimulus, including blood 

PBMCs (Hunter-Lavin et al. 2004) and glial cells (Guzhova et al. 2001), with 

release being increased in response to stresses such as heat shock.   Hsp72 is 

present in the serum of normal people (Pockley et al. 1998; Pockley et al. 1999) 

with a substantially higher level in females than males (Pockley et al. 1998).  

 

1.4.1.2 Exercise stress 

Hsp72 is also up-regulated in response to a variety of physiological stresses, the 

most important of which is exercise as summarised in Table 1.3. The Hsp72 

induction following acute exercise is a consequence of a variety of physiological 

events that are happening during exercise training: increase in body temperature, 

increased oxidative stress with the production of free radicals, and inflammatory 

responses due to strenuous exercise.  
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Intense physical exercise increases Hsp72 transcription, protein synthesis and 

blood serum level together with an up-regulation of the inflammatory response 

(Steensberg et al. 2006; Suzuki et al. 2006). The Hsp72 increase involves 

several tissues in the body: the most affected by exercise are skeletal muscles 

(Febbraio et al. 2002) which express Hsp72 specifically in slow type I fibres 

(Locke et al. 1991; Oishi et al. 1998; Tupling et al. 2007). Circulating leukocytes 

have enhanced Hsp72 levels after exercise  (Fehrenbach et al. 2000) as well as 

in the heart (Salo et al. 1991; Leger et al. 2000; Starnes et al. 2005), liver (Salo et 

al. 1991; Kregel and Moseley 1996), and brain (Walters et al. 1998). Up-

regulation of intracellular and circulating serum Hsp72 has been extensively 

documented when strenuous exercise has been applied (Fehrenbach et al. 2000; 

Walsh et al. 2001; Suzuki et al. 2006). Body temperature, intensity and duration 

of the exercise seemed to affect serum Hsp72 with a bigger increase of soluble 

blood Hsp72 for high body temperature, longer and more intensive exercise 

(Fehrenbach et al. 2005). High intensity exercise, on the other hand, could be 

detrimental for the body, as other studies demonstrated that Hsp72 is higher in 

runners with more serious symptoms of exertional heat illness which is a 

potentially fatal problem (Ruell et al. 2006).  Not only intense aerobic exercise 

can cause Hsp72 induction but also other kinds of physical exercise such as 

eccentric exercise, which induce an inflammatory response with plasma  IL-6 

increase (Toft et al. 2002). However, the stress protein up-regulation is to a 

lesser degree in this kind of exercise when compared with endurance workouts 

where the muscle damage is more systemic (Toft et al. 2002; Hirose et al. 2004). 

IL-6 injection in humans increased Hsp72 gene expression in skeletal muscle 

(Febbraio et al. 2002). 

More in general the activation of an immune response after intensive exercise, 

via pro-inflammatory cytokines release, seems to up-regulate Hsp72. The 

intensity of the exercise determines whether the immune response is activated or 

not: for exercise shorter than 1 hour of duration, the exercise intensity appeared 

to have a greater effect on the anti-inflammatory cytokine production than 

exercise-induced muscle damage (Peake et al. 2005).  

The first study that documented an increase in extra-cellular Hsp72 in serum after 

acute exercise, concomitantly with an increase of creatinine kinase (CK), a 
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muscle damage marker (Walsh et al. 2001). Serum Hsp72 increases preceded 

any increase in Hsp72 gene or protein expression in contracting muscle, 

suggesting that source of serum Hsp72 could have been other tissues or organs 

(Walsh et al. 2001; Fehrenbach et al. 2005). The intensity of the exercise, as well 

as for gene expression and intracellular protein up-regulation, is crucial for the 

amount of serum Hsp72: a longer and exhaustive exercise induced the key 

inflammatory cytokines (IL-6 and IL-8) release as well as an elevation of serum 

Hsp72 compared with more intensive but shorter exercise (Fehrenbach et al. 

2005; Gomez-Merino et al. 2006).  Many studies suggested that the increase of 

the pro-inflammatory cytokine IL-6 release is associated with increased serum 

Hsp72, in particular in muscles where the cytokine is a marker of muscle damage 

(Febbraio et al. 2002; Pedersen et al. 2004; Peake et al. 2005; Fischer 2006; 

Suzuki et al. 2006). IL-6 release from muscle as well as serum Hsp72 is 

dependent on strength and duration of the exercise together with the level of 

glucose available (Fischer 2006).  

Thus different environmental conditions, heat for example, but also athletes 

nutritional intake during the trial, can influence the serum Hsp72 content: glucose 

deprivation increased Hsp72 expression in tissue culture and serum Hsp72 

increased throughout exercise but was attenuated in sample that had glucose 

ingestion (Febbraio et al. 2004). The link between serum Hsp72 responses and 

hormonal status is supported by data showing that a high carbohydrate diet also 

attenuates the stress response induced by intensive exercise, analysed by 

cortisol measurements (Costa et al. 2005). 

The origin of the increased levels of serum Hsp72 after intensive exercise and 

the organs involved is one of the key issues which have not been addressed yet. 

Febbraio demonstrated that serum Hsp72 could come  from splanchnic tissue in 

the liver (Febbraio et al. 2002). It was hypothesised that hepatosplanchnic tissue 

possesses a specific exocytosis pathway to release Hsp72, which is partly in 

accordance with previous works demonstrating an exercise induced up-

regulation of intracellular Hsp72 in the liver (Gonzalez and Manso 2004). 

However the measurement used to demonstrate the release from liver was only 

indirectly performed measuring the blood flow from the hepatic portal vein using 

indocyanine green dye which is degraded only by the liver (Febbraio et al. 2002). 
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Hsp72 and IL-6 have been found in celebrospinal fluid with higher levels than in 

plasma, but with no change following exercise, suggesting that the central 

nervous system was not affected by the exercise (Steensberg et al. 2006). High 

plasma Hsp72 was found in blood taken from the vein coming from the brain 

which could suggest that the source of serum Hsp72 could be the brain 

(Lancaster et al. 2004). Intact muscle cells are not able to release Hsp72 into the 

circulation, despite stressed muscle cells being able to synthesise Hsp72 

(Febbraio et al. 2002).  

High serum Hsp72 levels following exercise stress could help in the activation of 

the immune system; in vivo and in vitro studies showed increased extracellular 

Hsp72 concentration after exercise with also an increased neutrophil microbicide 

capacity (Ortega et al. 2006). Stressed rats were shown to have resolved their 

inflammation faster than non-stressed rats (Campisi and Fleshner 2003). These 

data contribute to the idea that exercise-induced serum Hsp72 could be a 

mediator for the activation of the immune response and possess a role in the 

“danger signal” model (Williams 2007; Williams and Ireland 2008).  
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Table 1.3 Summary of the main findings on exercise-related Hsp72 intracellular up-regulation and release 
 

 

Exercise  Type System Cell Type Other markers  Hsp72 location References 

Training Humans Monocytes, Lymphocytes IL-6 release Intracellular Bautmans 2005 
Training  Rats Extra-cellular Innate immunity  

Activation 
Plasma  Campisi 2003 

Exhaustive  Humans Extra-cellular  from liver  Plasma Febbraio 2002 
Exhaustive  Humans Skeletal muscle, 

Extra-cellular 
Glucose ingestion 
 and Hsp72 

Intracellular 
Serum 

Febbraio 2004 

Exhaustive   Humans Skeletal muscle Reduced glucose  
Availability 

Gene  
Intracellular  
Serum 

Febbraio 2002 

Exhaustive  Humans Monocytes,  Lymphocytes
Granulocytes  

 Intracellular  
surface  

Fehrenbach 2000 

Exhaustive Humans Monocytes, Lymphocytes 
Granulocytes 

 Gene  
Intracellular  

Fehrenbach 2000 

Exhaustive 
 with heat shock 

Humans Leukocytes  Exercise and  
Temperature 

Gene Fehrenbach 2003 

Exhaustive vs  
moderate exercise  

Humans Extracellular Compare duration 
 and intensity 

Serum  Fehrenbach 2005 

Exhaustive  Humans Extracellular IL-6 free fatty acids 
IL-8 CK 

Serum  Gomez-Merino 2006

Exhaustive  Human  Extracellular 
from Brain 

 Serum from 
blood  brain  
circulation 

Lancaster 2004 

Exhaustive  Human  Extracellular Heat and exercise Serum  Marshall 2006 
Exhaustive  Rats Leukocytes Oxidative stress Intracellular Antunes-Neto 2006
Acute exercise Rats Liver cells  Gene Intracellular  Gonzalez 2003 
Passive Mechanical  str Rat  Skeletal muscle Heat and mechanical  

Stretch 
Intracellular  Goto 2003 

Eccentric exercise Human  Extracellular Inflammatory markers Plasma  Hirose 2004 
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1.4.1.3 Psychological stress 

Psychological stress contributes to elevation of serum Hsp72 in blood: animal 

models and human experiments demonstrated an increased serum Hsp72 level 

after exposure to stressful events, such as hand-shock stress (Christou et al. 

2004), trauma (Pittet et al. 2002), predatory stress (Fleshner et al. 2004), tail-

shock stress (Campisi and Fleshner 2003; Campisi et al. 2003). Elevated levels 

of nitric oxide were found at an inflammatory site, following subcutaneous 

Escherichia coli injections and this inversely correlated with levels of viable 

bacteria, size of the inflammatory site, and time to full recovery (Campisi and 

Fleshner 2003). Hence it is possible that during stress, elevated serum Hsp72 

may act as a “danger signal” to activate the immune system and improve 

recovery (Fleshner et al. 2004; Fleshner and Johnson 2005). In humans, higher 

levels of circulating Hsp72 after trauma correlate with improved survival (Pittet et 

al. 2002).  

The serum Hsp72 increases in response to psychological stress seem to be 

related to the release of the stress adrenohormones epinephrine and 

norepinephrine. Norepinephrine treatment in vivo provides delayed 

cardioprotection after ischemia and reperfusion injuries. The treatment increases 

the intracellular levels of c-fos and Hsp72 in the myocardium with a 

correspondence  between the maximal Hsp72 content and the maximal 

cardioprotection: this Hsp72 up-regulation seems to be mediated through α1-

adrenoreceptors (Meng et al. 1996). In vivo models supported this hypothesis 

showing that activation of α1-adrenoceptors results in a rapid increase in 

circulating Hsp72, and blockade of α1-adrenoceptors prevents the stress-induced 

rise in circulating Hsp72 (Johnson and Fleshner 2006).  

 

1.4.1.4 Ageing 

Age-related processes reduce the ability of cells to respond to stress (Rea et al. 

2001). Age affects the circulating level of Hsp72 which is progressively reduced. 

Low serum Hsp72 is inversely correlated with spontaneous reactive oxygen 

species (ROS) production and circulating levels of inflammatory markers which 

are higher in the elderly, suggesting that oxidative stress may increase with age 

and represent the different aspect of age-associated immune dysregulation 
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(Ogawa et al. 2008). Age-related stress, possibly oxidative, can down-regulate 

anti-inflammatory cytokine production with a concomitant up-regulation of Hsp72 

production (Njemini et al. 2007; Njemini et al. 2007). Abnormal highly Hsp72 

serum levels in elderly people corresponded with different degrees of 

inflammation marker expression such as an increase in monocyte count, high 

serum concentration of TNF-α, plasma concentrations of C-reactive protein, and 

fibrinogen, suggesting that serum Hsp72 level is involved in inflammatory 

diseases in the elderly and is directly linked to the inflammatory status (Njemini et 

al. 2003). Thus Hsp72 level could be a target for screening for susceptibility to 

diseases age-associated, together with other proteins and genes (Davidovic et al. 

2007) 

In aged subjects memory cell phenotypes of peripheral lymphocytes produce 

more Hsp72 than the naive phenotypes. These results suggest that age-related 

changes in basal Hsp72 levels in peripheral blood lymphocytes (PBL) are linked 

to the altered frequency of lymphocyte subsets and not to increases in aged 

lymphocytes per se. In addition, the increase in Hsp72 in memory T-cells can be 

interpreted as the result of a tendency towards more pronounced cellular 

differentiation in aging (Njemini et al. 2008). Low levels of serum Hsp72 

correlated with exceptional longevity and could be used as a marker of it (Jin et 

al. 2004; Terry et al. 2006).  

 
1.4.2 Diseases 

1.4.2.1 Bacterial attack 

Pathogenic antigens are presented by the host cells and promote the recognition 

of infected cells by the immune system. HSPs are major antigens recognised by 

the immune system during defence against infectious agents, and they are 

known to induce strong humoral and cellular immune responses in a number of 

infections: Table 1.4 summarise several HSP involved in the recognition of 

several pathogens.  
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Table 1.4 Immune response to heat shock proteins in infectious diseases. 
(Modified from Zugel and Kaufmann, 1999). 
 

Pathogen Disease Hsp family 

Helminths   
Schistostoma mansoni Schistosomiasis Hsp72, Hsp90 

Onchocerca volvulus Onchocercosis Hsp72 

Brugia malayi Filiariasis Hsp72 

 
Protozoa    

Plasmodium falciparum Malaria Hsp72, Hsp90 

Trypanosoma cruzi Chagas’ disease Hsp72, Hsp90 

Leishmania major Leishmaniasis Hsp72 

Leishmania donovani Leishmaniasis Hsp72 

Leishmania braziliensis Leishmaniasis Hsp72 

Toxoplasma gondii Toxoplasmosis Hsp60 

 
Fungi 

  

Candida albicans Candidiasis Hsp90 

Histoplasma capsulatum Histoplasmosis Hsp60, Hsp72 

 
Bacteria 

  

Mycobacterium tuberculosis Tuberculosis Hsp60, Hsp72 

Mycobacterium leprae Leprosy Hsp10, Hsp60, Hsp72 

Chlamydia trachomatis Trachoma, PID, TFI Hsp60, Hsp72 

Borrelia burgdorferi Lyme disease Hsp60, Hsp72 

Helicobacter pylori Gastritis Hsp60 

Yersinia enterocolitica Yersiniosis Hsp60 

Legionella pneumophila Legionnaire’s disease Hsp60 

Treponema pallidum Syphilis Hsp60 

Bordetella pertussis Pertussis Hsp60 

Listeria monocytogenes Listeriosis Hsp60, Hsp72 

 
 

 

 



 
 

      Chapter 1. Introduction 
 

 15

 

Extracellular HSPs stimulate the immune response in a very similar way to the 

bacterial lipopolysaccharide (LPS) by sharing the same receptors in immuno-

competent cells: the receptors involved are CD40 CD14, TLR-2 and TLR-4 (Asea 

et al. 2000; Wang et al. 2000; Triantafilou et al. 2002; Millar et al. 2003) that 

activate NF-κβ signalling and lead to the production of various cytokines including 

IL-1β and TNF-α (Triantafilou et al. 2002; Dauphinee and Karsan 2006). This 

correspondence with bacterial receptors, suggested that recombinant HSP used 

for the experiments could be contaminated with bacterial products that would 

consequently  activate the immune system (Bausinger et al. 2002; Gao and Tsan 

2003). However Hsp72-rich supernatant from macrophages activate naive 

macrophages with consequent IL-1β  and IL-12 secretion and this effect is 

abrogated when the Hsp72-rich supernatant was pre-incubated with anti-Hsp72 

antibodies demonstrating that Hsp72 itself is immunogenic (Lee et al. 2006; 

Svensson et al. 2006). 

 

1.4.2.2 Autoinflammatory diseases. 

HSPs possess highly conserved sequences across species from bacteria to 

humans which lead in some cases to a molecular mimicry between self- and 

foreign HSP antigens and may be the cause of an abnormal activation of self-

reactive T-cells outside the infection site. A high microbial HSP expression can 

compromise the tolerance for self-HSPs, allowing activation of specific immune 

reactions even to the self HSP. Molecular mimicry has been widely discussed as 

one potential mechanism responsible for the induction of autoimmune disease  

(Zugel and Kaufmann 1999). 

Serum HSPs levels are affected by certain disease states as summarised in 

Table 1.5, including established hypertension (Pockley et al. 2002; Pockley et al. 

2003), acute infection (Njemini et al. 2003), lupus erithemathosus (Stephanou et 

al. 1998),  coronary artery disease (Zhu et al. 2003) and cardiovascular diseases 

(Ghayour-Mobarhan et al. 2005-a; Ghayour-Mobarhan et al. 2005-b).  

Physiological stresses such as oxidative stress with concomitant inflammatory 

response activation are a feature of many vascular diseases and may explain 

increased Hsp72 in some of these patients.  
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Hsp72 is suggested to be a marker of myocardial damage, as it was rapidly 

released in to the circulation after Acute Myocardial Infarction (AMI) (Dybdahl et 

al. 2005). Hsp72 in this disease could be part of an inflammatory response after 

AMI; extracellular Hsp72 correlated both with markers of myocardial necrosis 

(cTnT and cK-MB) and with pro-inflammatory markers, and that Hsp72 was 

released where the infarction took place, suggesting an effective role as an 

activator of the immune system thus having a role in both local and systemic 

inflammatory responses after AMI (Dybdahl et al. 2005). High levels of serum 

Hsp72 were also detected in peripheral vascular disease and renal vascular 

disease, whereas there were no differences in Hsp60 levels compared to 

controls. Hsp72 has roles in inflammatory responses: patients with acute 

infection showed significantly higher levels of serum Hsp72 compared to control 

subjects and positive correlations were found between serum Hsp72 and a 

variety of inflammatory markers such as IL-6, TNFα and IL-10, (Njemini et al. 

2003). However heat shock response activation by heat shock has an 

antagonistic effect to the inflammatory mediator: without heat shock, the 

inflammatory markers are positively related to Hsp72 production, but in the 

presence of heat there is a negative correlation between heat induced Hsp72 

and the inflammatory markers (Njemini et al. 2003). Increased Hsp72 production 

by monocytes under normal growing conditions was found in patients with 

inflammation due to cancer and acute infections, compared with the control 

patients, whereas no significant difference was noticed for patients with any 

infection or unknown inflammation. A higher percentage of lymphocytes 

producing Hsp72 was found at all temperatures in all the patient group compared 

to control (Njemini et al. 2003). IL-6 plays a critical role in the regulation of Hsp90 

levels in autoimmune diseases such as systemic lupus eritematosus (SLE) 

(Table 1.5). High levels of circulating IL-6, Hsp90 and Hsp90 antibodies were 

found in these patients and in vitro studies confirmed that IL-6 treatment induced 

Hsp90 gene expression (Stephanou et al. 1998). 

Natural antibodies against Hsp60, Hsp72 and cholesterol can be detected in 

most healthy individuals, but HIV infection results in a sharp increase in the 

serum concentration of anti-Hsp72 and cholesterol antibodies. Hsp72 expression 

was increased on the surface of HIV infected cells and its incorporation into the 
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membrane of HIV virions may leads to an increased immune response against 

the chaperone protein. Highly active anti-retroviral therapy (HAART), which 

decreases viral load by inhibiting the HIV replication also inhibits the enhanced 

Hsp72 expression, and markedly normalises the levels of both anti-Hsp72 and 

anti-cholesterol antibodies. (Fust et al. 2005). 

 

 

 

Table 1.5 Immune response to HSP in human autoimmune diseases. 
(Modified from Zugel and Kaufmann, 1999) 
 

Disease Hsp family 

Rheumatoid arthritis (RA) Hsp60 

Systemic lupus erythematosus (SLE) Hsp90 

Multiple sclerosis (MS) Hsp60, Hsp72 

Reactive arthritis (ReA) Hsp60 

Kawasaki disease Hsp60 

Behcet’s disease Hsp60 

Psoriasis Hsp60 

Atherosclerosis Hsp60 

Systemic sclerosis Hsp60 

Chronic gastritis Hsp60 

Hashimoto’s thyroiditis Hsp60 
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1.4.2.3 Cancer 

Heat shock protein 72 is over-expressed in several human cancer types, in 

malignant tissues and in the serum of patients, often together with its auto 

antibodies (Trieb et al. 2000). Over-expression of intracellular Hsp72 often 

correlates with the survival of tumour cells and its artificial depletion results in 

apoptosis in many cell types including breast, colon and prostate cell lines 

(Nylandsted et al. 2000).  

Hsp72 seems to be implicated in tumour cell proliferation, differentiation, 

invasion, metastasis, death, and recognition by the immune system (Volloch and 

Sherman 1999; Nylandsted et al. 2000; Gyrd-Hansen et al. 2004). Hsp72 can be 

associated with the main events that occur in cancer development: 

carcinogenesis, cell proliferation and metastasis. The high expression of Hsp72 

facilitates tumour cell growth and survival by blocking, at different stages, the 

apoptotic processes. Hsp72 is associated with carcinogenesis of the oral 

epithelium and as a marker of early hepathocellular carcinoma (Chuma et al. 

2003) and increased cell proliferation in breast, uterine cervix, and lung 

(VargasRoig et al. 1997; Kim et al. 1998). Hsp72 is found in lymphnode 

metastasis in breast and colon cancer (Lazaris et al. 1997; Hwang et al. 2003), 

and is correlated with increased tumour size in uterine cervical cancer (Kaur and 

Ralhan 1995; Ralhan and Kaur 1995). It is also associated with higher clinical 

stage in oral, colon,  and melanoma cancer tissues (Lazaris et al. 1995; Kaur et 

al. 1998; Hwang et al. 2003). The results are summarised in Table 1.6: 
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Table 1.6: Hsp72 over-expression in different types of cancer.  
(Modified from Ciocca and Calderwood, 2005)  
 

Cancer type Findings  References 

Hsp72 over expression 63% of 
carcinomas  

Tauchi 1991 

Associated with elevation in ER Takahashi 1994 
Association with PR isoforms Lemoisson 1994 
Bound to mutant p53  Iwaya 1995 
High cell proliferation Vargas-Roig 1997  

Breast  
cancer  

LN metastasis, poor differentiation Lazaris 1997 

Poor differentiation, p53 ER2 Nanbu 1996 Endometrial  
Cancer Bound to p53 in undifferentiated cells Athanassiadou 1998 

Increased tumour size Ralhan and Kaur 1995 
Correlated with proliferation Kim 1998 
Correlated with c-myc Abd 1998 

Uterine  
Cervix 

stage I; no correlation: p53, ER, or HPV Park  1999 

Choriocarcinoma Increasing levels with carcinogenesis, in 
poorly differentiated 

Kaur  1998 

Liver Marker of early hepatocellular carcinoma Chuma 2003 

Colorectal 
carcinoma 

Expression in advanced disease Hwang 2003 

Nasopharyngel 
 Cancer 

Hsp72-2 homozygous genotype and 
susceptibility to cancer 

Jalbout 2003 

Expression: no correlation with histologic 
type; differentiation. 

Bonay 1994 Lung cancer 

 Antibodies to Hsp72 Zhong  2003 

Urinary system  
Cancer 

blastemal and epithelial components of 
nephroblastomas; Hsp72 after chemother 

Efferth 2001 

 
Prostate  
Cancer 

Plasma levels might have a role in early-
stage cancer 

Abe 2004 

high expression  Xiao 1996 Leukemia 
Lymphoma More in acute myeloid leukaemia 

compared with chronic myeloid leukaemia 
Chant 1995 

Pituitary 
adenoma 

Colocalization with p53 Kontogeorgos 1999  

Adrenal 
adenoma 

in Cushing’s adrenal tissue Pignatelli  2003 

Skin cancer Hsp72: low expression Bayerl  1999  
Melanoma Expression correlated with clinical stage Lazaris 1995 

Osteosarcoma Hsp72 antibodies Trieb et al 2000 
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Hsp72 binds to mutated tumour suppressor protein p53 in several cell lines 

(Zylicz et al. 2001) and was also found in association with p53 in breast and  

endometrium cancers (Lehman et al. 1991; Iwaya et al. 1995; Nanbu et al. 1996). 

Hsp72 can also mask the nuclear localization sequence of p53, thus preventing 

its nuclear import (Akakura et al. 2001).  p53 regulation is fundamental for cancer 

development since its inactivation pathway lead to suppression of apoptosis and 

cancer development. Hence endogenous high levels of Hsp72 in cancer cells are 

critical for control of the p53 pathway and thus for cell proliferation. 

Hsp72 is also implicated in prognosis which seems to depend on the cancer type 

as summarised in Table 1.7. It seems that its high expression is a poor prognosis 

factor in breast, endometrial uterine cervical, bladder and renal cancer 

(Santarosa et al. 1997; Nanbu et al. 1998; Piura et al. 2002; Syrigos et al. 2003), 

while it’s a good prognosis marker in oesophageal, pancreatic and melanoma 

cancer biopses (Noguchi et al. 2002; Sagol et al. 2002). No correlation with 

prognosis and Hsp72 expression has been found in ovarian, oral, head and neck 

squamous,  gastric, prostate cancer and leukaemia (Stammler and Volm 1996; 

Gandour-Edwards et al. 1998; Ito et al. 1998; Cornford et al. 2000; Maehara et al. 

2000; Elpek et al. 2003). It therefore appears that the various HSPs are 

associated with different prognoses according to cancer type. This differential 

prognostic value of Hsp72 could be due to the possible presence of the protein 

on the surface of the cells from biopsies rather than intracellular levels. Surface 

Hsp72 has been demonstrated to be detrimental to cancer cells, since it aids the 

immune recognition by NK cells and the consequent attack with the final cell 

death of cancer cells (Multhoff et al. 1995; Multhoff et al. 1999). The prognosis 

Hsp72 implications are summarised in Table 1.7 
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Table 1.7 Hsp72 in relation to prognosis in different cancer types.  
 

Shorter disease free survival Ciocca 1993  
p532/cytoplasmic Hsp72: better 
overall survival 

Elledge 1994  
 

Homozygous genotype: increased 
overall survival 

Mestiri 2001  
 

Breast  
cancer 

 

Cytoplasmatic Hsp72: decreased 
overall survival 
 

Thanner 2003 
 

Poor survival  Nanbu 1998  Endometrial  
cancer 
 

Over-expression worse prognosis Piura 2002  
 

Ovarian  
Cancer 

No correlation with overall survival Elpek 2003  

Cervical 
(uterine)  
Cancer 

Worse prognosis Piura 2002 

Oral  
Cancer 

No correlation with survival Ito 1998  

Head and neck 
squamous 
cancer 

No correlation with survival Gandour-Edwards 1998  

Lower expression,  poor survival  Kawanishi 1999 
Low expression: poor prognosis Nakajima 2002  

Oesophageal 
cancer 

Better prognosis  Noguchi 2002  
 

Gastric cancer 
 

No correlation with overall survival Maehara 2000  
 

Pancreatic 
cancer 
 

Expression better overall survival Sagol 2002 
 

Colorectal 
 

Expression, poor survival Dundas 2004 
 

Prostate cancer 
 

No correlation with overall survival Cornford 2000 
 

Renal cancer 
 

Favorable prognostic factor Santarosa 1997  

Bladder cancer 
 

Grade 1 better overall survival Syrigos 2003  
 

Leukaemia No correlation with disease free 
survival  or overall survival 
 

Stammler and Volm 1996 
 

Expression, better overall survival Konstadoulakis  Melanoma 
 Stage 1, improved overall survival Ricaniadis 2001 
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Hsp72 can also be released in the serum of patients from different cancer cells 

and could be a marker of the progression of the disease: plasma Hsp72 level in 

prostate cancer seems to be a marker for the progression of the disease (Abe et 

al. 2004). Hsp72 has been implicated in resistance to chemotherapy or 

radiotherapy in breast cancer (Vargas-Roig et al. 1998), whereas Hsp72 

expression seems to be involved also in acquisition of drug-resistant 

phenotypes: chemotherapy induces HSP levels in surviving cells which can help 

aid their progression to a more aggressive state. Hence tumour cells can 

develop ways to evade recognition by the immune system, including down-

regulation of MHC molecules allowing tumour antigens to remain 

immunologically hidden (Chen et al. 2009), and a down-regulation of co-

stimulatory molecules, adhesion molecules, and/or release of 

immunosuppressive mediators, including IL-10 which inhibits T-cell, DC and NK 

cell functions (Bausero et al. 2005).  

The impact of Hsp72 on tumour progression and response to therapy has led to 

consideration of the protein as a target for cancer therapy through two main 

strategies: (a) focusing on inhibiting the intracellular Hsp72 expression and 

therefore reduce cancer proliferation: Hsp72 depletion is cytotoxic for cancer 

cells, rather than normal cells even in the absence of additional stimuli 

(Gurbuxani et al. 2003; Zhao et al. 2005); (b) focusing on the use of Hsp72 in 

anti-cancer vaccines, in order to  activate the immune response in different ways: 

by increasing surface Hsp72 expression which stimulate NK cell activation 

(Kleinjung et al. 2003), or by the use of soluble Hsp72 purified from tumours, that 

is demonstrated to cross-present tumour antigens to APCs which are then 

recognised by cytotoxic CD8 T-lymphocytes (Blachere et al. 1993).  
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1.5 Importance of Hsp72 localization  
Hsp72 in cancer cells possess dual contrasting effects depending on the cell 

localization:  

• Intracellular location: Hsp72 over-expression promotes cancer development 

by suppression of various anti-cancer mechanisms, like apoptosis, 

senescence as well as by facilitating expression of metastatic genes. 

• Surface location: Hsp72 facilitates tumour rejection by the immune system, 

though innate and adaptive immunity. 

 

1.5.1 Intracellular  
1.5.1.1 Resistance to apoptosis 

Hsp72 is a potent anti-apoptotic protein since it interferes at several levels in the 

different apoptotic pathways and stimulates cell survival of cancer cells.  Hsp72 

over-expression appears to inhibit FAS-induced apoptosis (Schett et al. 1999). 

Heat shock proteins bind to pro-caspases, inhibiting their activation (Mosser et 

al. 2000; Beere and Green 2001; Garrido et al. 2006) and interfere with several 

caspase-independent pathways as well (Milleron and Bratton 2006). Hsp72 

depletion is sufficient to induce apoptosis through caspase-3 activation in the 

absence of any additional stress stimulus (Nylandsted et al. 2000; Gurbuxani et 

al. 2001). Figure 1.1 summarises the role of Hsp72 as an anti-apoptotic protein. 

 

Hsp72 is involved either directly or indirectly in the modulation of caspase 

activities and can block both the intrinsic and the extrinsic apoptotic pathways, 

upstream of the mitochondria level, at the mitochondria level and at the post 

mitochondria level.  

In the upstream signalling pathways related to cell proliferation, Hsp72 blocks the 

stress activated kinases ASK1 (Park et al. 2002), p38 and JNK preventing their 

activation, that would lead to cell death in response to stress (Meriin et al. 1999; 

Mosser et al. 2000; Park et al. 2001). Hsp72 binds to the non-phosphorylated 

protein kinase C (PKC), and to the protein kinase B (Akt) stabilizing the protein 

(Gao and Newton 2002). Hsp72 affects the transcription factors that regulate 

expression of Bcl-2 anti-apoptotic proteins and in turn p53; Bcl-2 and Bax are 

targets of p53 that suppress the anti-apoptotic Bcl-2 and induce the pro-
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apoptotic: Hsp72 binds to the tumour mutated p53 which block the anti-apoptotic 

Bcl-2 transcription and stimulates the pro-apoptotic BAX transcription: thus the 

inactivation of the mutated p53 prevent apoptosis in response to DNA damage. It 

also binds to the nuclear localization sequence of p53 and prevents its nuclear 

import (Akakura et al. 2001; Zylicz et al. 2001). Hsp72 interacts with the NF-kβ 

pathway by blocking it and by inhibiting  IKK and subsequent degradation of IkBα 

(Shanley et al. 2000; Yoo et al. 2000). Hsp72 interferes with mitochondrial 

mediated apoptosis by blocking BAX BAK, BID translocation to the mitochondrial 

membrane, preventing cytochrome-C and apoptosis inducing factors (AIFs) 

release (Stankiewicz et al. 2005; Ruchalski et al. 2006).  

Hsp72 could act downstream of the mitochondrial cytochrome-C release and 

upstream of caspase-3 activation by binding to APAF-1 (Li et al. 2000), and by 

preventing caspase-9 recruitment to the apoptosome (Beere et al. 2000). In 

TNFα induced apoptosis Hsp72 over-expression did not prevent caspase-3 

activation but it blocked the downstream morphological changes that are 

characteristic of apoptotic cells, by blocking phospholipase-A2 activation and 

changes in nuclear morphology (Saleh et al. 2000).  

Hsp72 acts downstream of caspase-3 activation:  by binding with CAD which is 

DNA-se caspase-3 activated. CAD activity  is regulated by Hsp72, Hsp40 and I-

CAD the inhibitor of CAD (Sakahira and Nagata 2002; Liu et al. 2003). Caspase-

3 activates the transcription factor GATA-1 which in turn is protected by Hsp72 

from caspase-3 cleavage (Ribeil et al. 2007). 

Hsp72 is an anti-apoptotic factor in the extrinsic, death receptor pathway as well. 

In death receptor mediated apoptosis there is a caspase-8 activation, which 

promotes the BID translocation to the mitochondrial membrane: Hsp72 blocks 

BID cleavage and activation (Gabai et al. 2002). TNFα induces apoptosis in 

hematopoietic cells by activation of the pro-apoptotic kinase PKR which is 

inhibited by the protein FANCC: Hsp72 forms a complex with FANCC and PKR 

and inhibit TNFα mediated apoptosis (Pang et al. 2001). 

Apoptosis could also occur independently from caspase cascade activation: 

Hsp72 plays a role in this context as well. In the presence of caspase inhibitors 

Hsp72 prevents apoptosis by inhibiting the product of the mitochondrial release: 

cytochrome-C, apoptosis inducing factor (AIF) and endonuclease-G (Endo-G). 
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Hsp72 directly inhibits AIF which induces chromatin condensation and inhibits 

AIF nuclear importing (Creagh et al. 2000; Ravagnan et al. 2001). Hsp72 also 

interacts with Endo-G and inhibits DNA fragmentation (Kalinowska et al. 2005). 

Lysosomes are important in caspase independent apoptosis: lysosomal 

proteases, the cathepsins, translocate from the lysosomal lumen to the cytoplasm 

with a consequent protein degradation, mitochondrial membrane permeabilization 

and appearance of apoptotic morphological signs. Hsp72 prevents cathepsin 

release from lysosomes following a series of apoptotic stimuli (TNFα, 

microtubuling stabilising agents, staurosporine, P53 activation, oxidative stress, 

growth factor deprivation, lysosomotropic agents) (Nylandsted et al. 2004; Bivik 

et al. 2007). Hsp72 has also been found in lysosomal membranes: when present, 

Hsp72 confers resistance to apoptotic stimulating chemicals and inhibits 

cathepsin release (Nylandsted et al. 2004).  

The apoptotic stimulus analysed in detail in this study is heat shock. Heat shock 

induces several apoptosis pathways: first of all the mitochondrial mediated 

pathway. Heat shock induces caspase-2 activation and more upstream the 

recruitment of PIDD and RAIDD which form a complex with Caspase-2: RAIDD 

plays an important role in caspase-2 activation by heat shock because when it’s 

inhibited, caspase-2 is inhibited. Interestingly, when caspase-2 is inhibited, cells 

become apoptotic through caspase-8 activation (Tu et al. 2006) Caspase-2 

pathways then activate BAX  translocation to the mitochondrial membrane and 

stimulates cytochrome-C release which in turn activate the apoptosome formation 

and the effector caspase-3 downstream signalling pathway. However, other 

studies highlighted a heat shock induced caspase independent apoptosis; the 

study was performed with 2 hours heat shock at 45°C  and excluded the 

involvement of caspase-2 activation which is believed to be induced downstream 

the caspase-3 activation together with caspase-6 and caspase-9; the study 

hypothesised the involvement of an unknown adapter protein which is inhibited 

by Bcl over-expression and binds to apical proteases which activate the 

mitochondrial pathway with release of SMAC/DIABLO and consequent caspase-3 

activation (Milleron and Bratton 2006). During apoptosis, Hsp72 translocation 

following photodynamic therapy was closely related to the changes of 

mitochondrial transmembrane potential and indicate that the function of surface 
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Hsp72 expression, either initiated by mitochondrial disruption or direct surface 

stress, is to stabilize plasma membrane integrity, although such function failed to 

prevent apoptosis induced by lethal photo dynamic therapy (PDT) treatment 

(Zhou et al. 2008). Hsp72 interaction in apoptotic pathways are summarised in 

Figure 1.1. 
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Figure1.1: Summary of Hsp72 interactions with apoptotic pathways. 
Representation of several apoptotic pathways where Hsp72 (red) is involved. Hsp72 blocks  BAX (light blue) translocation into 
the mitochondria (orange) membranes; Hsp72 prevent Cyt C (purple), SMAC/DIABLO (blue)  release from mitochondria;  
Hsp72 binds to AIF (dark blue), APAF-1 (dark green) and lysosome (green) membrane blocking cathepsins (pink) release; 
Hsp72 act downstream Caspase-3 (bright blue) activation.
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1.5.2 Surface: Immune system activation  
Hsp72 surface expression has been found in many types of cancer such as 

colon, lung, pancreas, mammary head and neck and in metastases derived 

from them (Multhoff et al. 1995). High levels of surface Hsp72 have also been 

found in bone marrow from haematological malignancies including acute and 

chronic myeloid leukaemia (Gehrmann et al. 2003). On the other hand, 

normal cells including peripheral blood lymphocytes (PBL), fibroblasts and 

endothelial cells derived from healthy individuals fail to express Hsp72 on 

their surface (Multhoff et al. 1995). Cell surface Hsp72 can be enhanced by 

clinically applied agents including membrane interactive alkylphospholipids, 

cytostatic drugs such as taxoides and vincristinsulfate, cyclooxygenase 

inhibitors, acetyl salicyl acid, insulin sensitizers, hyperthermia, radiations and 

photodynamic therapy (Botzler et al. 1996; Gehrmann et al. 2003; Gehrmann 

et al. 2004). The goal of inducing surface Hsp72 expression is that tumour 

cells possessing high levels of surface Hsp72 have an increased 

immunogenicity compared to a low expressing cells line (Chen et al, 2002) 

since they are a target recognised by NK cells (Barreto et al. 2003). Hsp72 

protein mapping identified a 14-mer peptide TKDNNLLGRFELSG (TKD) 

region in the C-terminal region (aa 450-463), the substrate binding domain, 

that possesed the same immunostimulatory capacity on NK cells as the whole 

protein (Botzler et al. 1998; Multhoff et al. 1999). Hence Hsp72 is embedded 

in the cell membrane and the TKD region is the part of the Hsp72 protein that 

extrudes from the membrane and that triggers the NK mediated immune 

response. An antibody (cm.Hsp70.1) was developed against the TKD peptide 

and demonstrated to be specific for the membrane embedded Hsp72 

(Multhoff et al. 2001). Surface Hsp72 is a triggering factor for NK cells that 

possess a high cell surface density of CD94 (Gross et al. 2003; Gross et al. 

2003). Incubation of NK cells with cytokines and soluble Hsp72 or TKD 

peptide, enhance cell surface density of activating NK cells receptors 

including CD94 (Gross et al. 2003) which seems to interact with Hsp72 on the 

surface of  tumour released exosomes (Gastpar et al. 2005). NK attack 

caused the apoptotic cell death of cancer cells through granzyme B mediated 

apoptosis (Gross et al. 2003). Hsp72 and, specifically the TKD peptide, both 

have the capacity of binding granzyme B (Gross et al. 2003), which is taken 

up by cells through binding with surface Hsp72 positive cells which in turn 
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facilitate granzyme B uptake, that once inside the cells, initiate caspase-

mediated apoptosis (Gross et al. 2003). Hsp72 can be actively released from 

pancreatic and colon tumour cell lines associated with membrane structures 

called exosomes (Gastpar et al. 2005). The exosomal surface appears to 

reflect the markers of the tumour cell from which it was derived, with the same 

relative levels of Hsp72/Bag4. Exosome with high level of surface 

Hsp72/Bag4 stimulated the migration of CD94+ NK cells towards the surface 

Hsp72 positive tumour cells and increased the cytoliytic activity of these NK 

cells (Gastpar et al. 2005).  

Membrane associated Hsp72 released from cells has also been demonstrated 

to activate macrophages with more efficiency than the correspondent free 

form as measured by TNF-α release (Vega et al. 2008).  

The assumption that cells expressing high levels of surface Hsp72 are more 

sensitive to NK attack is currently being tested as a potential therapy when 

combined with standard chemotherapy (Krause et al. 2004; Stangl et al. 

2006).  

 

1.5.2.1 Membrane embedded Hsp72-lipid rafts and membrane as stress 

sensor 

Several groups have found Hsp72 in association with plasma membranes in 

lipid rafts structures, microdomains enriched in cholesterol and sphingolipids 

which form a distinct, liquid ordered phase in the lipid bilayer of membrane 

that serves as major assembly and sorting platforms for signal transduction 

complexes. Hsp72 was found in close proximity to cellular membranes when 

cellular stress was applied and shown to interact with lipids and could be 

differentiated by its ability to induce liposome aggregation (Arispe et al. 2000; 

Coucheney et al. 2005). This Hsp72-induced liposome aggregation occurred 

in a time and protein concentration-dependent manner (Arispe et al. 2002). 

Hsp72 has been suggested to form ion channels in in vitro lipid models that 

resemble plasma membrane structures, and calcium ions and ADP enhance 

Hsp72 liposome aggregation, (Arispe and De Maio 2000; Arispe et al. 2002); 

in vitro models also showed that Hsp72 can interact with phosphatidylserine 

(PS) (Arispe 2004) and that it can bind to the lipid raft component ganglioside-

M1 (GM-1) (De Maio et al. 2007).  
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Caco-2 cells after heat shock treatment expressed Hsp72 on the membrane 

and also secreted the protein. A lipid raft involvement was hypothesised since 

Hsp72 expression significantly decreased in cholesterol depleted cells 

suggesting that Hsp72 localises preferentially in lipid rafts whose integrity is 

also required for active release (Broquet et al. 2003). Lipid raft membrane 

purification which can be isolated as detergent-resistant microdomains 

(DRMs), showed the presence of Hsp72 within this structures after heat shock 

treatment (Broquet et al. 2003). Also the epithelial cell line, Madin-Darby 

canine kidney under basal conditions, showed an Hsp72 expression restricted 

to lipid rafts. Evidence has shown that Hsp72 can bind to few lipids in DRMs, 

specifically phosphatidylserine (PS) (Arispe et al. 2004) and it possibly binds 

to globotriaoslyceramide (Gb3), but not to other lipids rafts specific lipids such 

as lactosylceramide (LacCer), dodecasaccharideceramide (DoCer), 

galactosylceramide (GalCer), ceramide (Cer). Gb3 occurs selectively in 

cancer cells, and not only binds to the embedded cells but also to the soluble 

Hsp72-FITC protein from outside in a concentration-dependent manner 

(Gehrmann et al. 2008). This was also supported by in vitro experiments that 

showed that Hsp72 predominantly binds to artificial liposomes containing Gb3 

(Gehrmann et al. 2008). Constitutive Hsp72 is present in lipid raft fractions 

isolated from rat brain, suggesting that it may play a role in normal lipid raft 

function as well as under conditions of stress (Chen et al. 2005). After 

hyperthermia, stress-induced Hsp72 is detected in lipid rafts isolated from the 

cerebellum, here levels are higher than those isolated from the forebrain, and 

it was hypothesised that it could facilitate the refolding of lipid-raft associated 

proteins that are susceptible to denaturation (Chen et al. 2005). Extracellular 

Hsp72 was demonstrated to bind the macrophage plasma membrane, 

specifically on its lipid raft microdomain, which caused a disruption of the lipid 

rafts and abrogated the Hsp72-mediated increase in phagocytosis and 

enhanced the processing and presentation of internalised antigens (Wang et 

al. 2006). Endogenous Hsp72, up-regulated following a bacterial attack, also 

binds to the surface of macrophages through the TLR-4 and CD14 receptors 

and these associations seem to take place within the lipid rafts structures 

(Triantafilou et al. 2008). 

All this evidence demonstrates that Hsp72 can directly bind to membranes 

by interacting with lipids.  
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Recently it has been hypothesised, mainly using thermal stress models of 

membrane modifiers, that cellular stress is sensed by the plasma membrane 

which modify its fluidity and improve the activation of growth factor receptors 

(GFR) which can transduce the stress signal into an intracellular pathway 

involving activation of the RAF and PI3K pathway with activation the heat 

shock factor with consequent HSP over-expression and membrane insertion 

(Vigh et al. 2007). This could mean that initial stress sensing events are 

associated with the physical state and lipid composition of cellular 

membranes, hence alteration of their fluidity, phase state or micro-

heterogeneity may operate as a cellular stress thermometer and that heat 

shock proteins could act as membrane stabilisers. It’s interesting to notice 

that membrane defects are associated with various physiological states such 

as ageing and are simultaneous with a deregulation of heat shock protein 

synthesis (Vigh et al. 2007). 

 

1.5.3 Extracellular: immune system activation (APC processing)  
Released Hsp72, in combination with the chaperoned tumour antigens are 

taken up by the antigen presenting cells (APC), processed via proteosome 

TAP dependent pathway and cross presented on the MHC class I complex 

(Arnold-Schild et al. 1999; Binder et al. 2000; Sondermann et al. 2000). The 

role of Hsp72 is to facilitate the internalization, the processing and the cross 

presentation of the tumour antigens to the MHC class I on APC.  In fact 

Hsp72 purified from tumours have the ability to cross-present tumour 

antigens to APCs and activate the immune response. 

MHC class I presentation determines an antigen specific CD8-T  cell 

mediated initiation of the immune response in in vitro mouse models 

(Srivastava et al. 1998; Arnold-Schild et al. 1999; Wells and Malkovsky 2000; 

Binder et al. 2001). Hsp72 uptake by APCs with the chaperoned antigen was 

found to be specific, saturable and concentration dependent (Arnold-Schild et 

al. 1999; Vabulas et al. 2001), hence it is likely to be receptor mediated 

(Binder et al. 2004). 

It is currently unclear whether Hsp72 is released as free soluble protein, in 

combination with membranes, or in detergent soluble membrane vesicles or 

even all of the above. Exosomes in some cell models are potent export 

vesicles for Hsp72 from the endosomal compartment into the extracellular 
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space (Gastpar et al. 2005; Lancaster and Febbraio 2005). In addition recent 

studies have shown that membrane-associated released Hsp72 activates 

macrophages via TNF-α release with a much higher efficiency than the 

soluble form (Vega et al. 2008). 

Extra-cellular Hsp72 release can be enhanced by heat shock treatment in 

prostate cancer cells (Wang et al. 2004). An active HSP secretion from 

tumour cells was observed after treatment with IL-10 and IFN-γ and correlate 

with up regulation of MHC-I suggesting that cytokines induce tumour 

recognition by increasing intracellular Hsp72, which is eventually released 

from the cell and up-regulates co-stimulatory molecule expression on DCs 

(Barreto et al. 2003). The Hsp72 binding with CD14 and TLR2/4 on APCs 

initiates the release of pro-inflammatory cytokines including TNF-α, IL-1β, IL-

12, IL-6 and GM-CSF (Asea et al. 2000; Lehner et al. 2004). This process is 

triggered by NF-κB nuclear translocation and determines an innate immune 

system activation (Asea et al. 2000). Hsp72 contact with DCs results in an 

MHC class II up-regulation together with the co stimulatory molecules CD86, 

CD83, CD40 (Kuppner et al. 2001).  This suggests that the role of Hsp72 in 

tumour immunity is regulated as a positive feedback, where the pro-

inflammatory mediators augment transcription and release of Hsp72 from 

tumour cells, potentiating the chaperokine activity of extracellular Hsp72 

(Barreto et al. 2003).  

In summary, extracellular Hsp72 possesses a potent cytokine activity for its 

ability to bind with high affinity to receptors on APCs, activate NF-kB nuclear 

translocation, and augment the expression and release of pro-inflammatory 

cytokines (Barreto et al. 2003), up-regulate costimulatory molecule expression 

(Bausero et al. 2005) and induce DC maturation (Kuppner et al. 2001). Hence 

Hsp72 acts as a potential “danger signal” by interacting with the immune 

response as the danger model propose (Matzinger 2002). However, despite 

the classic danger model by Matzinger assuming that endogenous 

components of the cells are released in the extracellular compartment as a 

result of necrosis or tissue damage, Hsp72 can be actively secreted from non-

dying cells (Williams and Ireland 2008) and the secretion pathway and the 

extracellular Hsp72 form depend on the severity of the stress. This would 

allow the Hsp72 protein to deliver a different message to the organism and 

cause a different immune response (Williams and Ireland 2008). 
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1.5.3.1 Extracellular Hsp72 and cellular protection 

Extracellular Hsp72 is not just important for immune system activation but 

also for cellular protection in response to stress. A direct administration of the 

protein to cells conferred cytoprotection when a subsequent heat shock was 

applied (Tytell et al. 2000). Hsp72 release from glial cells has been shown in 

conjunction with an enhanced neuronal stress tolerance (Guzhova et al. 2001) 

and a direct external Hsp72 administration rendered the cells more likely to 

survive injury than their naïve counterparts (Tytell 2005) and has hypothermic 

and somnogenic effects in brain tissues (Pastukhov et al. 2005). Extracellular 

Hsp72 has a protective effect during sepsis (Kustanova et al. 2006) 

suggesting that there is an effective cellular protection against stress. These 

phenomena have great potential significance in the development of 

neuroprotective therapeutic strategies utilizing the heat shock protein 

response. 

 

1.5.3.2 Surface bound-receptors 

There are many examples of extra-cellular Hsp72 binding to specific 

molecules present on the surface of immunocompetent cells, antigen 

presenting cells (APC), dendritic cells (DC), macrophages and can bind to 

NK cells. The candidate receptors include scavenger receptors (SCs), toll-like 

receptors (TLRs),  CD14, CD40,  CD91 low density receptor related protein 

(CD91.LRP) and C-type lectins (Calderwood et al. 2007). 

The SCs are receptors for modified forms of lipoproteins including oxidised 

and acetylated low density lipoproteins. They are also crucial for apoptotic 

bodies and prokaryotic cells engulfment (Pluddemann et al. 2007). For 

example SCs are expressed on the surface of APCs but they can also be 

expressed at high density (LOX-1) on myeloid derived DC (Lipsker et al. 

2002). Hsp72 interacts with three members of the family: SREC-1, FEEL-1 

and LOX-1 which all bind, internalize and in turn mediate CTL activation 

(Lipsker et al. 2002; Theriault et al. 2005; Calderwood et al. 2007). LOX 

structure has analogies with V C- type lectin familiy members: Hsp72 binding 

was seen between C–type lectin found in NK cells such as NKG2D and in 

particular CD94 highly expressed in NK cells (Theriault et al. 2006) that also 

interact with surface embedded Hsp72 (Theriault et al. 2005). 
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TLRs are involved in the response to endogenous or exogenous danger 

signals (Vabulas et al. 2001). TLR activation is a key step for DC maturation 

and its consequent interaction with T lymphocytes resulting in effective 

antigen presenting cell function (Vabulas et al. 2001). TLR2 and TLR4 

interact with Hsp72 in monocytes, DCs and lymphocytes  (Asea et al. 2000; 

Vabulas et al. 2001; Asea et al. 2002; Vabulas et al. 2002). However over-

expression of TLR does not increase Hsp72 binding showing the antigen 

receptor binding dynamics are more complex (Theriault et al. 2006).  

CD14 , the LPS receptor was identified to be a relevant receptor complex 

mediating the Hsp72 uptake (Asea et al. 2000).  

CD91 is a receptor present in macrophages and DC and it is important for 

their maturation. Hsp72 binds to CD91 with more efficiency to macrophages 

than to DCs (Basu et al. 2000; Lipsker et al. 2002). However, in other cell line 

models Hsp72 does not bind to CD91 with high affinity (Theriault et al. 2006). 

CD40 is a member of the TNF-receptor family and plays a role in maturation 

of APC mediating cytokine release. CD40 is one of the potential Hsp72 

receptors (Becker et al. 2002) and its inactivation can inhibit the immune 

response to Hsp72 (Millar et al. 2003). 

Therefore it is established that extracellular heat shock proteins, either in the 

free form or in the membrane associated form can bind to a variety of 

receptors in immunocompetent cells.  

 
1.6 Mechanisms of Hsp72 release  

According to the literature, several cells lines have demonstrated the active 

release of Hsp72. However, the mechanisms of Hsp72 export by cells remain 

to be elucidated and clarified. There is much discussion about the 

physiological role of released Hsp72 and there is mounting evidence that it 

may act as a potent danger signal to the immune system. 

 

1.6.1 Necrosis vs Apoptosis 
Early evidence showed that extracellular Hsp72 is a result of necrotic cell 

death: Hsp72 released from dying cells is a potent inflammatory inducer 

together with many other cell products released into the extracellular 

compartment, such as cytokines (Basu et al. 2000; Saito et al. 2005) 
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1.6.2 Classical secretion pathways 
Some groups support the idea that Hsp72 is released following the classical 

release pathway mainly showing data where Hsp72 release is blocked by 

classical pathway transport inhibitors such as Monensin or Brefeldin-A 

(Evdonin et al. 2006; Lancaster et al. 2005). Despite those findings many 

other studies have shown the opposite results, demonstrating that Hsp72 

release could not be blocked with the classical-release pathway inhibitors. 

Considering that Hsp72 is a leaderless protein, so it would not necessarily 

need to go for processing through the ER and Golgi as the classical pathway 

requires, it is more likely that the release mechanism follows a non-classical 

pathway. Below in Figure 1.2 are the proposed mechanisms considered in 

peer-reviewed literature. 

Lipid rafts

(A) 

Endo-lysosome

(B)

Exosomes

(C) 

ABC transporters

(D) 

Secretory-like
granules

(E)

 
Figure 1.2: Alternative secretion pathways hypothesized for Hsp72. 
Hsp72 protein (red) can be released: (A) in association with lipid rafts 
membrane structures (orange); (B) in association with endo-lysosomal 
vesicles; (C) in exosome structures; (D) through ABC transporters (green); 
(E) in association with secretory granules (yellow). 
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1.6.3 Lipid raft associated release 
Hsp72 associates with DRMs enriched in cholesterol and sphingolipids which 

form a distinct, liquid ordered phase in the lipid bilayer of membranes that 

serves as major assembly and sorting platforms for signal transduction 

complexes: the structures are also called lipid rafts. Hsp72 forms ion channels 

in in vitro lipid models resembling the plasma membrane structures (Arispe 

and De Maio 2000). Heat shocked cells express surface Hsp72 in relation 

with lipid rafts and is later secreted into the extracellular environment (Broquet 

et al. 2003). Monensin and Brefeldin A, drugs used to perturb classical protein 

traffic, did not reduce this effect, determining the release of Hsp72 from cells 

is independent of the classical secretory route (Broquet et al. 2003; Hunter-

Lavin et al. 2004; Mambula and Calderwood 2006). When a cholesterol 

disrupting agent, methyl-β-cyclodextrin was added to the cells, Hsp72 release 

was abrogated, suggesting that Hsp72 localises preferentially in lipid rafts 

whose integrity is required for active release (Broquet et al. 2003; Hunter-

Lavin et al. 2004). This was the case in another epithelial cell line, Madin-

Darby canine kidney that expressed Hsp72 in DRM fractions under basal 

conditions. Exosome vesicles released from cancer cells showed the 

presence of surface Hsp72 in combination with lipid rafts (Bausero et al. 2005; 

Gastpar et al. 2005) demonstrating that a possible combination of the 

proposed release pathways could occur in different cell models.  
 

1.6.4 Exosome associated release 
Exosomes are 50-90-nm-diameter small membrane vesicles secreted 

following the fusion of multivesicular bodies (MVBs) with the plasma 

membrane, and contribute to the release of Hsp72 from human peripheral 

blood mononuclear cells (PBMCs) during basal conditions and in response 

to heat shock cellular stress. Vesicle structure consists of lipid raft regions 

embedded with ligands common to the original cell membrane.  

Hsp72 can be released from heat shocked PBMCs via an exosome-

dependent pathway (Gastpar et al. 2005; Lancaster and Febbraio 2005). 

Extracellular Hsp72 increased following 40° or 43°C heat shock treatment. In 

this cellular model methyl-β-cyclodextrin and Brefeldin A, the ER transporter 

inhibitor, had no effect on Hsp72 release suggesting that Hsp72 release 
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does not occur via a lipid raft-dependent pathway and it does follow the 

classical secretory pathway (Lancaster and Febbraio 2005).  

Exosomes were produced by B-lymphoblastoid and Jurkat cell lines where a 

time-dependent increase in Hsp72 could be identified. Hsp72 was located 

within the exosome lumen following heat stress (42°C for up to 3 hours) with 

no interaction of Hsp72 with the exosome surface, thus suggesting that such 

exosomes may not be able to interact with cells through cell-surface Hsp72-

receptors and demonstrating that Hsp72 levels increase in proportion to the 

degree of stress (Clayton et al. 2005).  

However different cellular models generate different results. Tumour-derived 

exosomes containing high levels of Hsp72 in their lumen stimulate NK 

activation. Examination of the plasma membrane of tumour cells and of the 

secreted exosomes revealed selective Hsp72/Bag-4 expression; high levels 

on the exosomal surface of Colo+ pancreas and CX+ colon carcinoma 

tumour sublines and low levels on Colo- and CX- tumour sublines. Results 

show identical Hsp72/Bag-4 content in exosomal lumen. However on the 

surface of exosomes Hsp72/Bag-4 content reflected the tumour cell 

membranes from which they were derived. Colo+ and CX+ tumour cells 

expressing high levels of Hp72/Bag-4 were found to be susceptible to 

cytolytic attack by CD94+ NK cells after stimulation with IL-2 plus TKD, due 

to the Hsp72/Bag-4 surface-positive exosomes initiating migration in CD94+ 

NK cells (Gastpar et al. 2005). 

 
1.6.5 Secretory-like granules 

Another vesicle mechanism seems to be involved in the externalisation of 

Hsp72 to the extra cellular environment (Evdonin 2004). Evdonin identified a 

compound, the phospholipase C inhibitor (U73122) that stimulates changes 

in the amount or the intracellular distribution of Hsp72; U73122 treatment 

stimulates Hsp72 release from viable A431 human carcinoma cells and the 

release is through vesicular chromogranin-A positive transport despite the 

non secretory origin of this cell line.  This is the case for A413 keratinocyte-

derived cells treated with U73122 or subjected to heat shock (Evdonin et al. 

2006). A413 cells were found to express high levels of intracellular Hsp72 

during basal conditions. When subjected to heat shock or treated with 

U73122, intracellular Hsp72 levels decreased shortly after the treatment and 



 
 

      Chapter 1. Introduction 
 

38 
 

Hsp72 was observed in granules located at the cell periphery. These 

granules were only positive for chromogranin-A, a marker of secretory-like 

granules, and not for markers of lipid bodies, endosomes and lysosomes, 

eliminating these as possible release mediators. In turn, Hsp72 and 

chromogranin-A levels increase simultaneously and co-localised in A431 cell 

granules. The release was blocked by Brefeldin A demonstrating that the 

secretory granules release follow the classical pathway (Evdonin et al. 

2006). 

 
1.6.6 Lysosome pathway 

Hsp72 does not have the consensus secretory signal, so it cannot pass 

through the plasma membrane using any classical mechanism which leads to 

the hypothesis of different release pathways, one of which is the 

endolysosomal pathway. Hsp72 has been shown to bind intracellularly with 

lysosome membranes in Hsp72 over-expressing colon carcinoma cells and 

immortalized murine embryonic fibroblasts (MEFs). Hsp72 protects the 

lysosomal membrane from permeabilization and cell death induced by TNF-α, 

etoposide and H2O2 suggesting a lysosomes membrane stabilization role of 

Hsp72 (Gyrd-Hansen et al. 2004).  
Mambula (Mambula et al. 2006) demonstrated that Hsp72 release from 

human prostate cancer cells following heat shock passes through the 

endolysosomal compartment. Inhibition of lysosomal transport using 

lysosomotropic compounds, that increase the pH of the compartment, also 

block Hsp72 secretion. Thus it is likely Hsp72 translocates to the cell surface, 

followed by fusion with the plasma membrane and display of LAMP1, which 

is a lysosomal marker, to the cell surface and a release of Hsp72. Purified 

lysosomal compartment contains a high level of Hsp72. The increase of 

surface Hsp72 after heat shock highly correlates with increase of LAMP1. 

Therefore heat shock causes a redistribution of Hsp72 which translocates to 

the nucleus or becomes associated with the cell surface. The release is quick 

and occurs before any detectable increase in gene expression suggesting 

that heat shock directly induces the secretion of Hsp72 without activation  of 

the heat shock factors and seems to be an independent aspect of heat shock 

response (Mambula and Calderwood 2006) 
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Hsp72 release needs extracellular Ca++ and Mg++ for its release similar to 

IL-1β secretion which also shares the ability to pass through the 

endolysosomal compartment before translocation to the plasma membrane 

(Mambula et al. 2006). The study of the IL-1β release could be useful for the 

understanding of the Hsp72 release. IL-1β binds to phosphatidylserine on 

the inner membrane before the translocation, and during the translocation it 

may be involved in a flipping mechanism in which phosphatidylserine is 

externalised outside associated with these proteins. A similar association 

with phosphatidylserine has been associated with Hsp72 (Arispe et al. 

2004). 

 
1.6.7 ABC transporters 

IL-1β release pathway involves the entry of the protein to the endo-lysosome 

and release through a vesiculation mechanism that seems to require 

membrane ATP binding cassette (ABC) transporters.  

The ATP-binding cassette (ABC) transporters are a superfamily of membrane 

proteins that are involved in translocation of a wide variety of substrates from 

ions to macromolecules across extra- and intra- cellular membranes. 

Substrates include ions, metabolic products, lipids and sterols. ABC 

transporters all possess a homologous nucleotide binding domain ABC (ATP-

binding cassette) and a hydrophobic domain containing multiple trans-

membrane segments that allow them to be inserted in the plasma membrane 

(Ponte-Sucre 2007). The ATP bound to its domain provides the energy to 

pump the ligand across the membrane (Davidson and Maloney 2007). A 

separate subclass of ABC transporters are over-expressed in cancer cells and 

associated with multidrug resistance, with their ability of pumping out cytotoxic 

agents used in chemotherapy. ABC transporters are genetically regulated and 

mutation of some of them could cause genetic disease such as for example 

cystic fibrosis (cystic fibrosis trans-membrane conductance regulators, 

CFTR). ABC transporters can be classified into 7 gene family, but the most 

common are the first three: ABCA, ABCB and ABCC. 

The ABCA family  is a group of 12 different transporters, the main studied is 

the ABCA1 protein which is involved in lipids transport: ABCA1 traslocate 

intracellular cholesterol and lipids out of macrophages (Efferth, 2003) and is 

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/A/ATP.html�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=19�
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involved in disorders of cholesterol transport and HDL biosynthesis (Dean et 

al. 2001). 

The ABCB (MDR/PgP) family is composed of 11 transporters and is unique in 

mammals. ABCB1 is a P-glycoprotein which possess a terminal NH-

glycosylation. The over expression of these transporters confer multi drug 

resistance (MDR) phenotype to cancer cells. PgPs are extensively distributed 

and expressed in several tissues: intestinal epithelium, hepatocytes, renal 

proximal tubular cells, capillary endothelial cells and several cancer cells 

(Dean et al. 2001). PgPs can translocate  various molecules, mainly 

macromolecules  through the membranes: chemotherapy drugs, lipids, 

steroids and glucocorticoids, peptides, immunosuppressive agents. PgP 

regulates the drug uptake in the cells, remove toxic metabolites and 

xenobiotics from cells, transport compounds out of the brain across the blood-

brain barrier. Pgp may be involved as well in the relocation of cholesterol from 

the cytosolic to the exoplasmic leaflet of the plasma membrane and in 

stabilization of the cholesterol-rich microdomains, rafts (Garrigues et al. 2002; 

Orlowski et al. 2006). PgP is also predominantly localised in low-density 

detergent resistant microdomains (Luker et al. 2000) and the ATPase activity 

of PgPs possess a strong dependence on the amount of cholesterol 

incorporated into native membrane vesicles or proteoliposomes: cholesterol 

depletion decreased its ATPase activity (Garrigues et al. 2002; Kimura et al. 

2007). Acute cholesterol depletion or saturation in different cell lines inhibited 

transport activity and in certain cell types cholesterol saturation enhanced 

active drug efflux (Bacso et al. 2004). Modulation of lipid rafts modify PgP 

expression. Lipid removal decreases PgP, altering its function significantly. 

The ABCC (MRP, multidrug resistance proteins) family contains 12 

transporters with different functions such as anion transport, cell-surface 

receptor, and toxin secretion activities. The CFTR protein is a chloride ion 

channel that plays a role in all exocrine secretions; mutations in CFTR cause 

cystic fibrosis. ABCC1 the most studied and is involved in chloride ion efflux. 

The ABCC1 transporter does not seem to be related to lipid rafts (Marty et al. 

2005) . 

Jurkat cells and in general lymphoid cells have an high expression of ABCC1 

and a low expression of ABCB1 (Martel et al. 1997; Moller et al. 2006). ABCA 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=5243�
http://en.wikipedia.org/wiki/Intestinal_epithelium�
http://en.wikipedia.org/wiki/Hepatocyte�
http://en.wikipedia.org/wiki/Renal_tubules�
http://en.wikipedia.org/wiki/Renal_tubules�
http://en.wikipedia.org/wiki/Capillary�
http://en.wikipedia.org/wiki/Endothelium�
http://en.wikipedia.org/wiki/Lipids�
http://en.wikipedia.org/wiki/Steroids�
http://en.wikipedia.org/wiki/Glucocorticoid�
http://en.wikipedia.org/wiki/Peptides�
http://en.wikipedia.org/wiki/Immunosuppressive_agents�
http://en.wikipedia.org/wiki/Brain�
http://en.wikipedia.org/wiki/Blood-brain_barrier�
http://en.wikipedia.org/wiki/Blood-brain_barrier�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=1080�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=1080�
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transporters are also present in child acute myeloid leukaemia patients and 

their presence confers resistance to drugs (Steinbach et al. 2006). 

Hsp72 release through ABC transporters has been demonstrated to occur in 

heat shocked prostate cancer cells once they reach the plasma membrane 

(Mambula and Calderwood 2006). The ABC transporter inhibitor 

glibenclamide as well as the specific ABCA1 inhibitor DIDS, blocks Hsp72 

secretion.  ATP seems to have a regulatory role which is shared with IL-1β. 

(Mambula and Calderwood 2006).  

Despite these early findings, the mechanism by which Hsp72 is bound to the 

ABC transporter and released to the extracellular compartment still needs to 

be elucidated.  
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1.7. Aim of the thesis  
The literature clearly shows that Hsp72 is present inside cells and in 

response to stress can modify its cellular location and a different localization 

corresponds to a different function in terms of immune system activation and 

cell death, with cellular protection if the protein remains inside the cell and an 

immune system activation if Hsp72 is presented on the cell surface or 

released.  

Despite a large amount of studies aimed at understanding the mechanism of 

how Hsp72 is presented on the cell surface and released, there are still a 

number of issues outstanding.   

This thesis aims to explore the tissue source and mechanism of Hsp72 

surface presentation to plasma membrane structures and release in relation 

to different cellular and physiological stresses such as heat shock, exercise 

and pro-inflammatory cytokine treatment. The work also aims to investigate 

the role of Hsp72 release from apoptotic cells.  

 

Three different models have been used to investigate these issues:  

 A physiological model by using exercise stress, with human and animal 

subjects, exploring the tissue source of serum Hsp72 and the role of 

inflammatory cytokines in the induction of HSPs after exercise. 

 A disease model studying the Hsp72 distribution in several leukaemic 

types. 

 An in vitro model by modulation and up regulation of the Hsp72 

movement in order to establish the mechanism of surface presentation 

and release into the extracellular environment.  

 

 

 

 

 




