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Chapter 7 

General Discussion 

7.1 Discussion 

The immune system is known to respond to exogenous molecules derived from 

pathogens, and it has also been shown to respond to endogenous molecules, 

leading to autoimmune diseases (Brudzynski, 1993; Brudzynski et al., 1992). In 

recent years it has been recognised that many endogenous, or ‘self’ molecules can 

also modulate an immune response, as a result of injury or tissue damage, such as 

necrosis. This response can be pro- or anti- inflammatory depending on the stimulus 

or damage and is hypothesised by the Danger model (Gallucci et al., 1999; 

Matzinger, 1994; Matzinger, 2007; Seong & Matzinger, 2004). The Danger model 

postulates that abnormal cell death (necrosis) resulting from infection or other 

damage, is recognised by the immune system as a danger, and therefore stimulates 

an immune response. The stimulus comprises DAMPs, which are released by cells 

undergoing necrosis, but not apoptosis (Bianchi, 2007; El Mezayen et al., 2007; 

Gallucci et al., 1999; Shi et al., 2000), or PAMPs which are bacterial products such 

as LPS (Seong & Matzinger, 2004). Cells undergoing necrosis passively release 

their intra-cellular contents due to loss of membrane integrity, whereas apoptotic 

cells retain their contents within membrane-bound vesicles which display phagocytic 

signals, such as phosphatidylserine (PS), to induce phagocytosis before membrane 

integrity of the vesicles is lost. PS is usually found on the cytosolic side of the cell 

membrane. If apoptotic cells are not efficiently cleared, vesicle membranes become 

impaired and secondary necrosis occurs. Secondary necrosis also leads to release 

of DAMPs (Adams, 2003; Bell et al., 2006; Kono & Rock, 2008; Martin et al., 1995)  

(Figure 7.1). 

These stimulating DAMPs include Hsp72 and HMGB-1 (Basu et al., 2000; Bianchi, 

2007; Campisi et al., 2003; Degryse et al., 2001; Dumitriu et al., 2007; Kono & Rock, 

2008; Saito et al., 2005; Scaffidi et al., 2002; Vega et al., 2008; Williams & Ireland, 

2008). 

 

Hsp72 has been shown in vitro to be released by passive or active mechanisms 

(Bausero et al., 2005; Evdonin et al., 2006b; Mambula & Calderwood, 2006a; Zhu et 

al., 2003). Extra-cellular Hsp72 has been shown to stimulate an immune response in 

vitro, through the release of cytokines (Asea, 2006; Asea et al., 2002; Luo et al., 

2008; Marcatili et al., 1997), and elevated levels of Hsp72 have also been 
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determined in vivo in relation to certain inflammatory situations (Adewoye et al., 

2005; Madden et al., 2008; Rea et al., 2001; Walsh et al., 2001; Wright et al., 2000). 

This indicates that elevated levels of extra-cellular Hsp72 may modulate part of the 

inflammatory immune response. 

The basal and elevated levels of Hsp72 reported by these studies vary widely 

depending upon the method used (Njemini et al., 2005). Most of the studies which 

reported relatively low levels of Hsp72 utilised a commercial ELISA kit (Stressgen 

Inc.) (Fukushima et al., 2005; Walsh et al., 2001; Zhu et al., 2003). Studies reporting 

high levels of Hsp72 utilised an ELISA developed in-house (Njemini et al., 2005; 

Njemini et al., 2003b; Pockley et al., 1998; Wright et al., 2000). The levels reported 

in serum (up to 18.5 µg/mL, Pockley et al., 1998) would imply a massive amount of 

tissue damage or active release of Hsp72. There are similar issues regarding values 

of Hsp60 found in serum which are directly related to the type of ELISA used 

(Lewthwaite et al., 2002; Niizeki et al., 2008). Only one of these articles reports the 

actual absorbance values obtained from a standard curve using an in-house ELISA 

(Pockley et al., 1998), and the absorbance value for the top end of the standard 

curve (20 µg/mL Hsp72) was reported as less than 0.3 AU when measured at 405 

nm. When optimising an ELISA the maximum absorbance, as determined by the top 

standard, should always be between 1.0 and 3.0 AU when using a colourimetric 

substrate (R&D Systems Inc., 2002). This does imply that the high levels of Hsp72 

reported are the result of a relatively flat slope with a low correlation value (r) 

(although this was not reported), and are therefore not particularly accurate. The 

commercial ELISA kit generates a standard curve which results in the top standard 

(50 ng/mL Hsp72) giving an absorbance value of over 1.5 AU. One issue with the 

commercial ELISA is that it contains a diluent for producing standards and samples 

(if required). The constituents of this diluent are unknown and are not necessarily 

appropriate for use in some matrices, such as serum or cell culture supernatant. 

Matrix interference is known to occur in many sample types, including serum, such 

as abundant proteins and lipids, which can interfere with binding to the molecule of 

interest. To reduce the possibility of inaccurate results, protein standards used in 

ELISAs should be diluted in a solution identical to that of unknown samples, such as 

cell culture supernatant. In chapter 3, an in-house ELISA for Hsp72 was developed 

using an affinity-purified polyclonal antibody targeted to a specific epitope found only 

in Hsp72. Through optimisation, this in-house ELISA was found to be sensitive, and 

is able to determine accurate levels of intra-cellular Hsp72 in cellular extracts, and 

extra-cellular Hsp72 in cell culture supernatants. When measuring cell culture 

supernatant containing 10 % (v/v) FCS, there was a significant reduction in signal 
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compared to PBS or extraction buffer, due to interference from serum components. 

It was demonstrated by western blot that this interference was mainly due to the 

presence of albumin, which could be depleted using cibacron blue. Although the 

ELISA was not required for any further work for this thesis, it was useful in 

confirming the type of concentrations present within, and being released from cells. 

Also, the antibodies developed are also applicable for use in western blots and as 

neutralising antibodies for use in blocking experiments in chapters 5 and 6. 

The ELISA is currently being applied to clinical samples such as tissue and serum 

from leukaemic patients, to determine the if Hsp72 is a significant marker of disease 

progression, and it is also being applied to tissue and serum samples from pigs to 

determine stress levels in housed animals. In order to determine quantification os 

Hsp72 within serum samples rather than pattern analysis, it would be necessary to 

optimise the ELISA for use with serum samples. This would probably include re-

optimisation of antibody concentrations in order to be able to detect Hsp72 within 

the complex matrix of serum and also determine whether serum samples would be 

required to be diluted for optimal detection. 
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Figure 7.1: The discrimination between necrotic and apoptotic cells by the 
immune system. 
A normal cell will usually contain DAMPs within the cell interior. A cell undergoing 
apoptosis retains membrane integrity so DAMPs remain hidden from the immune 
system and are phagocytosed. If an apoptotic cell is not efficiently cleared then 
secondary necrosis will occur, and like necrosis, cellular contents are released, 
including DAMPs. DAMPs are then recognised by an immune cell, such as a 
macrophage or DC, resulting in an inflammatory response. 
(Adapted from Bell et al., 2006; Bianchi, 2007; Gallucci, Lolkema & Matzinger, 1999; 
Kono & Rock, 2008). 
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The second objective of this thesis was to determine whether LPS contamination is 

responsible for the reported stimulation by recombinant Hsps. This is an important 

aspect relating to a number of previous studies which have demonstrated the 

stimulatory effects of extra-cellular Hsp72, and other Hsps (Asea, 2006; Asea et al., 

2000b; Campisi & Fleshner, 2003; Guzhova et al., 1998; Milani et al., 2002; Retzlaff 

et al., 1994; Svensson et al., 2006). There are also a small number of reports 

demonstrating a lack of stimulation of Hsp72 and attributed the stimulation to LPS 

contamination (Bausinger et al., 2002; Gao & Tsan, 2003a; Gao & Tsan, 2003b; 

Gao & Tsan, 2004; Tsan & Gao, 2004a), and maybe other microbial products such 

as flagellin (Ye & Gan, 2007). The results from this thesis demonstrated that 

recombinant human Hsp72 is able to activate the immune system independently of 

LPS or flagellin (Chapters 4, 5 and 6), although the presence of both human Hsp72 

and LPS together results in an enhanced stimulatory effect (Chapter 6) which has 

been reported by others (El Mezayen et al., 2007). A comparative study of native 

and mildly denatured Hsps demonstrated that denaturation resulted in a reduction in 

cytokine responses in PBMCs and U937 macrophages, except for DnaK and GroEL, 

and Cpn10 and GroES (Chapter 4). DnaK and GroEL were the only two proteins 

which were shown to contain large amounts of endotoxin contamination as 

determined by LAL assay, and denaturation did not significantly reduce LPS 

detection. The levels of cytokine secretion from Cpn10 and GroES were significantly 

lower than all the other proteins tested. The human Hsp72 data corresponds well 

with data by others who demonstrated that human Hsp72 is able to stimulate 

cytokine production independently of LPS contamination (Svensson et al., 2006). 

Some studies which demonstrate that LPS is responsible for the stimulation of pro-

inflammatory cytokines are convincing (Gao & Tsan, 2003a; Gao & Tsan, 2003b; 

Gao & Tsan, 2004; Tsan & Gao, 2004a). However, it is important to remember that 

the Danger model indicates that the signals stimulating the immune response can 

be endogenous or ‘self’ as well as foreign. The studies by Gao and Tsan have all 

demonstrated the effects of human recombinant Hsp72 on murine models, and 

therefore demonstrating the effects of a foreign intra-cellular molecule, rather than 

an endogenous one. As endogenous Hsp72 regulates an anti-inflammatory 

response when intra-cellular, the presence of an exogenous protein in the extra-

cellular milieu may send a signal to the immune system that the foreign invader is 

damaged and is being adequately dealt with by other immune cells in the area, and 

therefore does not require a pro-inflammatory response. However, if the exogenous 

protein is found in the presence of LPS, which is found externally on the bacterial 

cell wall, the immune response would be stimulated but directed towards LPS rather 
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than the exogenous protein. This is supported by evidence that LPS-free 

Mycobacterial tuberculosis (Mt) Hsp72 does not induce pro-inflammatory cytokine 

TNF-α secretion, or DC maturation, but induces the secretion of IL-10, whereas LPS 

contaminated Mt Hsp72 does induce TNF-α secretion and DC maturation (Motta et 

al., 2007). 

The report by Bausinger et al. (2002) demonstrated that human Hsp72 could not 

induce pro-inflammatory cytokine secretion in human-derived DCs. The data 

presented in this thesis is not directly comparable to their data as different cell types 

may elicit different responses. Bausinger et al. (2002) discredit work by Basu et al. 

(2000) by suggesting that DC maturation was only stimulated by using large 

quantities of Hsp72 (200 µg/mL). However Basu et al. (2000) demonstrated cytokine 

stimulation from macrophages, further supporting the evidence that comparing 

responses of different cell types is not appropriate when suggesting that 

recombinant Hsp72 only stimulates an immune response due to LPS contamination. 

In the innate immune response, cytokine release would occur within a few hours 

(Janeway Jr et al., 2005c). Experiments by Bausinger et al. (2002) used a fixed time 

of 18 h to demonstrate that DCs do not induce cytokine secretion and therefore do 

not lead to maturation of DCs but do not demonstrate an actual lack of maturation. 

Experiments by Basu et al. (2000) used a fixed time of 20 h and demonstrated that 

DCs expressed antigen-presenting and co-stimulatory molecules following 

incubation with Hsp72. Therefore it is possible that DCs secrete cytokines within a 

few hours of exposure to Hsp72, leading to the expression of antigen-presenting 

and co-stimulatory molecules. 

With regards to flagellin contamination of Hsp72, data shown here (Chapter 5) does 

not show any contamination. The only published report of flagellin being responsible 

for the effect of Hsp72 stimulation of the immune response, does not actually 

demonstrate flagellin contamination of Hsp72 but rather reports that Burkhoderia 

pseudomallei (Bp) recombinant Hsp72 expressed in E. coli lacking the flagellin gene 

do not activate NF-κβ activity whereas BpHsp72 expressed in E. coli containing the 

flagellin gene does, in a similar way to MtHsp72, and flagellin itself (Ye & Gan, 

2007). 

Data from this thesis also demonstrated that human Hsp72 expressed in a 

Baculovirus system, which is certified endotoxin-free, is able to stimulate both 

TNF-α and IL-10 secretion (Chapter 6), which supports endogenous Hsp72 as a 

danger signal (Campisi et al., 2003; Matzinger, 1998; Williams & Ireland, 2008).  
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The third objective of this thesis was to determine the relative contributions of Hsp72 

and LPS to the immune response. Relating to the studies regarding LPS 

contamination, data shown in this thesis demonstrates that LPS is able to stimulate 

cytokine secretion, and that Hsp72 alone is also able to stimulate cytokine secretion. 

In chapter 6 of this thesis, LPS was shown to induce secretion of TNF-α and IL-10, 

and that this secretion was dependent on time rather than dose. Hsp72 was also 

shown to stimulate the production of these cytokines. When Hsp72 was added to 

LPS (100 ng/mL), the secretion was significantly increased. This increase could not 

be attributed to LPS contamination as LPS was shown not to increase cytokine 

secretion between different concentrations at 4 h. These data are in direct 

accordance with others who demonstrated that endogenous Hsp72 enhances the 

immune response to LPS (Campisi & Fleshner, 2003). Campisi & Fleshner (2003) 

clearly showed that endogenous rat Hsp72 is able to stimulate a modest secretion of 

pro-inflammatory cytokines. LPS from E. coli stimulated the secretion significantly 

more than Hsp72, and this effect was stimulated significantly further by the addition 

of Hsp72 to LPS. Again, this data shows the importance of using same species 

Hsp72 as the model system being used. 

 

The fourth objective of this thesis was to determine the cell surface receptors 

required for Hsp72 stimulation of the immune system. In chapter 5 of this thesis, it 

was demonstrated that, through use of blocking peptides corresponding to certain 

cell receptors, that the secretion of both TNF-α and IL-10, and migration of 

macrophages by endogenous Hsp72 could be reduced. Using a blocking peptide 

corresponding to a region of the TLR-2 receptor, Hsp72 induced cytokine secretion 

was only partially reduced when using a high concentration of peptide (20 µg/mL), 

and migration was significantly reduced, although the reduction was rather small. 

This would indicate that Hsp72 does not avidly bind TLR-2 peptide which is in 

agreement with Thériault et al. (2005) who failed to show any binding of Hsp72 to 

TLR-2 by TLR-2 over-expressing HEK293 cells, although Asea et al. (2002) 

demonstrated that HEK293 cells which were co-transfected with TLR-2 and CD14 

were able to bind Hsp72. This may indicate that U937 macrophages do not normally 

express TLR-2, although the presence of TLR-2 and TLR-4 has been demonstrated 

by others (Greene et al., 2004). It could also suggest that the peptide for TLR-2 did 

not prevent binding of Hsp72 to its functional receptors on U937 macrophages. 

Cytokine secretion of macrophages following incubation with Hsp72 and TLR-4, 

TLR-5, CD14 or CD36 blocking peptides resulted in a dose dependent reduction in 

cytokine secretion. Migration of macrophages was also significantly reduced when 
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incubated with each peptide although migration was still significantly different from 

un-stimulated macrophages. This data suggested that either Hsp72 was stimulating 

cytokine secretion through these relative receptors, or that Hsp72 bound by these 

peptides was unable to bind its functional cell surface receptors. Also, the lack of 

complete abrogation of migration indicates that Hsp72 was able to bind other cell 

signalling receptors. The reduction in an immune response when using a TLR-5 

peptide was unexpected. It does imply that the recombinant Hsp72 used is likely to 

be contaminated with flagellin, as has been suggested by Ye et al. (2007). However, 

the use of neutralising antibodies to flagellin did not result in a change in cytokine 

secretion compared to Hsp72 alone, and western blotting did not show any 

contamination. If flagellin was present, it may suggest that the antibody was unable 

to bind its flagellin epitope as it may be bound by Hsp72. It was also demonstratesd 

that Hsp72 potentially binds CD36. As CD36 is a receptor involved in signalling of 

phagocytosis, it is probable that the presence of endogenous Hsp72, from necrotic 

cells, binds to CD36 alerting the immune system to necrotic or damaged cells which 

require clearing (Bottcher et al., 2006). These data indicating Hsp72 binding to 

CD36 contrast with results reported by Delneste et al. (2002) who demonstrated that 

Hsp72 is unable to bind transfected CHO cells. This report though does not indicate 

whether the Hsp72 used corresponds to human Hsp72 or hamster Hsp72, although 

in the same article they demonstrate binding of Hsp72 to scavenger receptors on 

human DCs, which does suggest that they utilised human Hsp72 in the experiments 

performed with CHO cells. However, the data in this thesis is comparable to studies 

by others demonstrating binding of a sequence homologous to Hsp72 (aa 329-338) 

bound to the cytoplasmic domain of macrophage scavenger receptors, including 

CD36 (Nakamura et al., 2002). These data again demonstrate the requirement that 

Hsp72 treatment is from the same species as the model system being used when 

describing the effects of Hsp72 on the immune system in relation to the Danger 

model (Kono & Rock, 2008; Matzinger, 1998; Matzinger, 2002). 

Interestingly, the use of a TLR-7 blocking peptide with Hsp72 only reduced the 

stimulation of IL-10 and not TNF-α, or migration of macrophages. This effect on 

IL-10 secretion was dose dependent. This may indicate that when endogenous 

Hsp72 is bound to TLR-7, it signals the anti-inflammatory part of the immune 

response regulated by extra-cellular Hsp72. TLR-7 is found within the membranes of 

endosomes, although it was recently reported to be found in the lipid raft domain on 

the surface of RAW264.7 macrophages (Wang et al., 2006b). However, their 

method for surface staining of cells states that cells were fixed then stained with 

anti-TLR-7 antibodies. It is generally accepted for surface staining of cells that they 
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are stained prior to being fixed, as fixation can interfere with membrane staining. As 

TLR-7 has only been reported to reside within endosomes (Means et al., 2000; 

Smits et al., 2008; Takeda et al., 2003; Triantafilou et al., 2005), and would therefore 

only be found in the extra-cellular milieu following necrosis, then the data presented 

in chapter 5 may demonstrate that when Hsp72 is bound to TLR-7 following 

necrosis that Hsp72 is unable to stimulate IL-10 through other receptors. One such 

receptor en shown to stimulate IL-10 secretion by Hsp72 is epidermal growth factor 

receptor (EGFR). Epidermal growth factor (EGF) binds to EGFR and stimulates the 

MAPK/ERK activation pathway leading to the production of IL-10. Extra-cellular 

Hsp72 has been found to activate EGFR in association with TLR-2/TLR-4 in A431 

cells (Evdonin et al., 2006a). Evdonin et al. (2006) also demonstrated that media 

from heat-treated cells containing secreted Hsp72 was able to stimulate activation of 

EGFR, whereas media from control cells lacking Hsp72 did not. Pure Hsp72 

(100 ng/mL) was also able to activate EGFR. In theory this could mean that extra-

cellular Hsp72 up-regulates IL-10 through activation of MAPK/ERK by binding to 

EGFR, and that this can be blocked specifically by a peptide corresponding to a 

region of TLR-7, or that this particular peptide binds to the region of Hsp72 which 

would normally bind EGFR but does not block the other receptor binding regions of 

Hsp72 which up-regulate TNF-α secretion through NF-κβ activation. TLR-7 mRNA 

expression has been found to be increased in THP-1 cells following treatment with 

LPS or live E. coli (Zarember & Godowski, 2002). This could indicate that TLR-7 is 

not only a receptor for ssRNA from viruses which activates through MyD88/IRF7 

leading to the production of IFN-α, but can also be stimulated by Hsp72 leading to 

the production of IL-10. IL-10 stimulation by imidazoquinoline, a TLR-7 antagonist, 

has been reported in murine bone marrow-derived DCs, possibly through JAK/STAT 

activation (Samarasinghe et al., 2006). 

Also, many other proteins have been shown to activate the immune response 

through the same PRRs as LPS. For example, HMGB-1 has been found to signal 

through TLR-2 and TLR-4, although the pattern of cytokine production is different to 

that of LPS in that IL-10 is not up-regulated (El Gazzar, 2007; Park et al., 2006b; Yu 

et al., 2006). Also, TLR-2 has been demonstrated to be stimulated by endotoxin-free 

lipoproteins (Aliprantis et al., 1999), and TLR-4 deficient mice were not responsive 

to Hsp60 whereas TLR-4 positive mice were (Ohashi et al., 2000), which 

demonstrates that molecules other than LPS are able to stimulate an immune 

response through TLR-2 and TLR-4. 

The binding of endogenous molecules to PRRs which are the same as PRRs 

recognised by bacteria may suggest the presence of some bacterial products. 
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However, it has been suggested that the immune system may have evolved to be 

able to recognise a wide variety of danger signals rather than foreign molecules 

through PRRs, and that invading pathogens have evolved to bind to these 

(Matzinger, 2002). This is a possibility as is has been found that CD14 deficient 

mice were more resistant to Gram negative bacteria or LPS than CD14 positive 

mice, demonstrating that in order for bacteria to stimulate an immune response and 

infect the host, it must be able to bind to certain PRRs (Haziot et al., 1996) (Figure 

7.2). 

 

The fifth objective was to determine whether cell derived Hsp72 can stimulate an 

immune response in macrophages. Data in chapter 6 demonstrated that through 

use of neutralising antibodies to Hsp72, the stimulation of TNF-α and IL-10 could be 

reduced. When anti-Hsp72 was used in conjunction with necrotic cell lysate (NCL) 

from heat-treated U937 macrophages, cytokine secretion was also significantly 

reduced, and migration of U937 was reduced compared to NCL only treated 

macrophages. Although secretion of cytokines and migration of macrophages was 

significantly reduced compared to NCL only, cytokine secretion and migration was 

still significantly different from control, untreated macrophages demonstrating that 

there are many other stimulatory factors from necrotic cells which are able to 

stimulate an immune response. This data is in accordance with similar work by El 

Mezayen et al. (2007) who demonstrated that the use of anti-Hsp72 antibodies 

attenuated the cytokine response of THP-1 cells when cells were incubated with 

NCL and LPS. Other known stimulators originating from necrotic cells include uric 

acid, chromatin, and nucleosomes (Decker et al., 2005; Gallucci et al., 1999; Hu et 

al., 2004; Shi et al., 2000). 
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Figure 7.2: Signalling receptors utilised by Hsp72, HMGB-1, and bacterial 
components. 
Hsp72 can stimulate the immune response through various receptors. It has 
common receptors with both LPS and HMGB-1 for which they may all compete. 
(Adapted from Lotze & Tracey, 2005; Park et al., 2006; Takeda et al., 2003; 
Huttunen et al., 2002; Taneguchi et al., 2003; Means et al., 2000; Hayashi et al., 
2001; Zhang et al., 2001; Kurt-Jones et al., 2002 Pockley et al., 2003; Janeway Jr. 
et al., 2005; Pockley et al., 2007; Calderwood et al., 2007; Wang et al., 2006; Motta 
et al., 2007; Samarasinghe et al., 2006; Zarember et al., 2002, and data 
demonstrated in this thesis). 
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The sixth objective of this thesis was to assess how Hsp72 may interact with other 

elements of the Danger model. HMGB-1 is another candidate danger signal as both 

Hsp72 and HMGB-1 have clear intra-cellular roles, and both are known to interact 

strongly with the immune system following necrosis, they also appear to play 

different roles extra-cellularly. For example, Hsp72 has been shown to stimulate the 

production of pro- and anti- inflammatory cytokines from a monocytes and 

macrophages (Asea et al., 2000b; Basu et al., 2000; Svensson et al., 2006), and 

the maturation of DCs (Wang et al., 2005). In comparison, HMGB-1 has also been 

shown to stimulate TNF-α, IL-1 and IL-6 from monocytes and macrophages 

(Andersson et al., 2000; O'Connor et al., 2003; Taniguchi et al., 2003), and can 

induce the migration of DCs (Degryse et al., 2001; Dumitriu et al., 2007; Yang et al., 

2006). In contrast, Hsp72 has been shown to have a protective role in the extra-

cellular milieu by binding to cell surfaces and through internalisation (Guzhova et 

al., 2001; Guzhova et al., 1998), whereas HMGB-1 can induce fever and is fatal at 

low doses in mouse and rat model systems (O'Connor et al., 2003; Wang et al., 

1999). Intra-cellularly, up-regulation of Hsp72 has been shown to prevent the 

release of HMGB-1 by binding HMGB-1 and inhibiting translocation through the 

chromosome region maintenance 1 (CRM1)-dependent nuclear export pathway 

ultilised by HMGB-1, and also reduced the secretion of pro-inflammatory cytokine 

release by inhibiting MAPK and NF-κβ signalling pathways (Tang et al., 2007b; 

Tang et al., 2007c). As there is a definite relationship between the two proteins 

within the cell, it is possible that there may be an association outside the cell. A 

possible relationship between Hsp72 and HMGB-1 was investigated in chapter 6 of 

this thesis. 

Firstly it was demonstrated that whilst both proteins stimulated a secretion of TNF-α 

from macrophages, Hsp72 also up-regulated IL-10 secretion whereas HMGB-1 did 

not. In the presence of both proteins, macrophages secreted significantly more 

TNF-α and IL-10 secretion was significantly up-regulated but was reduced 

compared to Hsp72 alone. This suggested that Hsp72 is able to up-regulate an 

anti-inflammatory response despite the presence of HMGB-1. Similar, but amplified 

results were obtained when either or both proteins were incubated with LPS. In the 

presence of neutralising antibodies, there was a significant reduction in TNF-α and 

IL-10 secretion. Migration of U937 macrophages was also increased in the 

presence of Hsp72 and HMGB-1, or both. Antibodies reduced this migration but this 

was still significantly different from untreated cells, suggesting that the antibodies 

did not sufficiently block binding of either Hsp72 or HMGB-1. Migration also 
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correlated well with TNF-α secretion which is a well known function of TNF-α 

(deJong et al., 1996; Janeway Jr et al., 2005c; Katerinaki et al., 2003). 

Neutralising antibodies to Hsp72 and HMGB-1 were also shown to reduce cytokine 

secretion and migration of macrophages when stimulated in the presence of NCL, 

further supporting the presence of both proteins having an effect on the immune 

system when released from necrotic cells (Basu et al., 2000; El Mezayen et al., 

2007; Scaffidi et al., 2002). A relationship between Hsp72 and HMGB-1 was 

investigated by varying the concentrations of each protein in the presence of a fixed 

amount of the other. It was found that Hsp72 was able to up-regulate IL-10 in the 

presence of HMGB-1 providing there was always more Hsp72 present than HMGB-

1, and that migration of cells was highly correlated with TNF-α secretion. If more 

HMGB-1 was present than Hsp72, IL-10 secretion was always reduced which may 

be a consequence of higher levels of TNF-α being present. 

It is possible therefore that during early stages of infection, for instance, that 

cytokine secretion is stimulated by an invading pathogen leading to the up-

regulation of intra-cellular Hsp72. This in turn prevents HMGB-1 release and down-

regulates TNF-α secretion. If the result is cell necrosis, then larger amounts of 

Hsp72 than HMGB-1 would be released, which would potentially try to counteract 

the effects of the invading pathogen by modulating the immune response and up-

regulation of anti-inflammatory cytokines. Hsp72 possibly does this by competing 

with bacterial components for certain PRRs on cell surfaces. However, if there is 

insufficient Hsp72 released following necrosis then the invading pathogen would be 

able to over-stimulate the up-regulation of TNF-α, which in turn up-regulates 

HMGB-1 over Hsp72, leading to the onset of sepsis. 

 

In conclusion, the ideas presented in this discussion are summarised in a simplified 

form in Figure 7.3. Endogenous extra-cellular Hsp72 has an integral role within the 

immune system by modulating cytokine responses through binding of various cell 

surface receptors. In terms of relating endogenous Hsp72 to the Danger model, it is 

important to use same species Hsp72 as the model system being used, as the 

model system may not respond to other species Hsp72 in the same manner. The 

data presented in this thesis has demonstrated that endogenous Hsp72 is able to 

stimulate the immune system by itself, and that the response is not solely due to 

LPS contamination of recombinant protein preparations. In fact Hsp72 augments 

the response to LPS. In the presence of another endogenous danger signal, 

HMGB-1, relative amounts of Hsp72 were shown to augment a pro-inflammatory 

response whilst being able to maintain an anti-inflammatory response 
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demonstrating modulation. As HMGB-1 is a late mediator of the immune response, 

initial increased levels of Hsp72 would be able to modulate the immune response, 

unless in the presence of increased necrosis caused by infection. It was 

demonstrated that extra-cellular Hsp72 can interact with extra-cellular HMGB-1 by 

inhibiting some of the pro-inflammatory responses of HMGB-1, in a similar way to 

that seen within the nucleus. The relative amounts of each protein found in the 

extra-cellular milieu may determine the type of inflammatory immune response 

generated, whether it be protective modulation (higher levels of Hsp72 over HMGB-

1), pro-inflammatory (higher levels of HMGB-1 over Hsp72), or chronic pro-

inflammatory (high levels of HMGB-1, low levels of Hsp72 and infection) (Figure 

7.3). 

The proportion of these different DAMPs or PAMPs will have different qualitative 

effects on the response and this may well be modulated by imposition of an extra 

bacterial infection (or other stressor) at different points in this continuum and may 

significantly alter the inflammatory response. In the most severe case, this can lead 

to death through sepsis following trauma. 

 

 

 
 

Figure 7.3: Relative differences in inflammatory responses of the immune 
system. 
The stressor could be an infection. This will result in the release of DAMPs or 
PAMPs, such as Hsp72 and/or HMGB-1 which will depend on the magnitude of the 
stressor. 
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7.2 Future Work 
Extension of the work presented in this thesis would take two main routes. These 

routes would involve a complete analysis of: 

a) the cell surface receptors involved in binding Hsp72; b) the signalling pathways 

involved in Hsp72 mediated signal transduction. 

This may include antagonising receptor binding through use of antibodies directed 

towards the receptors themselves rather than the use of receptor peptides 

sequences. Such an approach could use the macrophage system used in this 

thesis and then could be applied further to transfected cell systems whereby cells 

are transfected with genes that up or down regulate certain receptors. Analysis of 

cytokine secretion and/or direct binding of Hsp72 to receptors through flow 

cytometry or fluorescence microscopy could be utilised. 

As Hsp72 has been shown to bind a number of receptors which are able to be 

bound by other molecules, affinity characteristics could be elucidated via the use of 

binding kinetics systems, such as Biacore. Biacore utilises surface plasmon 

resonance (SPR) which is used to measure the adsorption of material onto a metal 

planar surface which can be coated with molecules of choice. As the binding of 

Hsp72 with receptors and other molecules is not covalent it could be displaced by 

another with a higher affinity. This may be difficult to assess as no sensor chips are 

yet available which offer correct orientation of molecules binding to the sensor chip 

surface. This work would require design and optimisation of receptor-based chips. 

It would also be useful to elucidate the signalling pathways used by Hsp72 in terms 

of pro- and/or anti- inflammatory responses as binding to different receptors 

probably signal through different downstream pathways which lead to different 

inflammatory responses. As Hsp72 has been shown to up-regulate the secretion of 

IL-10, a potent anti-inflammatory cytokine, it may be useful to determine which 

pathway stimulates its release and manipulate it in such a way that would be of 

therapeutic use in controlling pro-inflammatory conditions. Chemical inhibitors 

and/or siRNA (small interfering RNA) would be used to specifically inhibit signalling 

elements. For example, blocking phosphorylation of MAP kinase along the MyD88 

dependent pathway which leads to up-regulation of IFNs rather than TNF-α, IL-1β 

and IL-6. Specific inhibitors are available for all the major signalling pathways 

allowing a complete analysis of how responses to Hsp72 are mediated. As Hsp72 

is able to modulate the pro-inflammatory cytokine response of HMGB-1 by up-

regulating IL-10 secretion, then Hsp72 must be able to signal through a MyD88-

independent pathway. Determining this could be useful in determining future 

therapies for controlling sepsis. 
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