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Chapter 1 - General Introduction

1.1 Stress proteins

The cellular stress response was first observed in Drosophila busckii salivary glands

that had been exposed to an increased temperature (Ritossa, 1962). The increase in

transcriptional activity of a set of genes, on a particular locus, was evidenced by a

novel pattern of chromosomal puffing. The proteins coded for by these genes were

later named the heat shock proteins, due to their inducibility by increases in

temperature (Tissieries et al., 1974).

Heat shock proteins (hsp) or stress proteins as they are otherwise known, are a

group of highly conserved proteins that represent between 2% and 15% of total

cellular protein and are expressed by every living organism (Morimoto et al., 1994).

As the name implies they are expressed when cells are exposed to stressful stimuli

such as: free radical attack, smoking, UV light, ozone or fever, however they are also

expressed constitutively, albeit at much lower levels, in the unstressed cell (Welch,

1992). These proteins allow cells to adapt to gradual changes in their environment.

The main functions of hsps are to regulate apoptosis and to act as intracellular

molecular chaperones that facilitate protein folding, biogenesis and assembly

(Morimoto et al., 1994). An important physiological function for the hsps is their role

in the assembly and transport of newly synthesised proteins within cells, as well as in

the removal of denatured proteins. The hsps are therefore important in preventing

damage and in cellular repair processes after injury. There is well documented

evidence that increased production of hsps protect cells against subsequent lethal

stress induced by ego oxidative stress, cytotoxins, heat stress and cellular damage

after ischaemia or sepsis-induced injury (Jolly & Morimoto, 2000). The transport of

proteins across membranes (van der Vies et al., 1992; Matthew & Morimoto, 1998)

and their role in the ubiquitin-dependent protein degradation pathway (Callis, 1995)

are also important functions of hsps. Another key function of hsps is the regulation of

apoptosis and cell death through both chaperone-dependent and independent

pathways (Takayama et al., 2003).

The stress proteins belong to a multi-gene family and range in size from 8 to 150

kDa. Hsps are conveniently classified according to their molecular weight, for
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example the 70 kDa protein is named hsp70, and each hsp species has a unique

mechanism of action (Craig et a/., 1993, Whitley et a/., 1999). The major hsp

families, their functions and cellular locations are described in Table 1.1.

Table 1.1: The Hest Shock Protein Families

Name Molecular weight Location Functions

(kDa)

Ubiquitin 8 Cytosol/nucleus Facilitates targeting & removal of denatured

proteins

Hsp10 10 Mitochondria Cofactor for hsp60

Low-molecular 16-40 Cytosol/nucleus Some regulate cellular cytoskeleton &

weight hsps migration, others regulate vascular tone &

vessel wall remodeling

Hsp27 27 Cytosol/nucleus Stabilization of actin cytoskeleton

Hsp32 (heme- 32 Cytoplasm Oxidative stress/hypoxia inducible

oxygenase-1 )

Hsp40 40 Cytosol Mammalian homologue of bacterial DnaJ,

co-chaperone with hsp70

Hsp47 47 Endoplasmic Molecular chaperone, pro-collagen

reticulum biosynthesis

Hsp56 56 Cytosol Binds & stabilizes steroid hormone receptor

complex

Hsp60 60 Mitochondria Molecular chaperone

Hsp70 (72) 72 Cytosol/nucleus Highly stress inducible (tolerance)

Hsc70 (73) 73 Cytosol/nucleus Constitutively expressed molecular

chaperone

BIP (Grp78) 70 Endoplasmic Molecular chaperone

reticulum

Hsp90 90 Cytosol/nucleus Part of steroid receptor complex, folding of

denatured/misfolded proteins

Gp96 (Grp94) 90 ER lumen Chaperone function at late stages of folding

Hsp110 (105) 110 Cytosol Holds unfolded proteins in folding

competent states, co-chaperone with hsp70

Grp170 170 ER lumen Molecular chaperone

(Orp150)

(Adapted from Whitley et a/., 1999; Singh-Jasuja et a/., 2001)
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1.1.1 Hsp110

The hsp110 and grp170 families are distinct but related stress proteins that are

included as part of the hsp70 super-family (Easton et a/., 2000). The hsp11 0 gene is

located on chromosome 13q12.3. Hsp110, sometimes referred to as hsp105, and

grp170 are localized in the nucleus and cytoplasm of the cell. Specifically, hsp11 0 is

found, in conjunction with hsp70, in the cytoplasm and nucleus and grp170 is found,

in conjunction with grp78, in the endoplasmic reticulum in every eukaryotic cell. The

role of these stress proteins in cellular physiology is, at present, not well understood

(Easton et a/., 2000). In mammalian cells, hsp110 is expressed constitutively and

undergoes a marked induction of expression following heat shock. As such, hsp11 0

has been identified as an important component of the primary protection/repair

pathway for denatured proteins and thermotolerance expression in vivo (Subjeck et

a/., 1982; Oh et a/., 1997; Wang et a/., 2000 ).

1.1.2 Hsp90

The hsp90 family of molecular chaperones includes hsp90, the 90kDa human heat

shock protein which in higher eukaryotes has two isoforms hsp90a, the major

isoform, and hsp90~, the minor isoform; grp94 an ER-resident protein; hsp75/tumor

necrosis factor associated protein 1 (TRAP1) a mitochondrial matrix protein; hsp86

and hsp84 in mice, hsp83 in Drosophila, and hsc82 and hsp82 in yeast (Young et a/.,

2001). The hsp90a gene is located on chromosome 14q32.3 and the hsp90~ gene is

located on chromosome 6p12. Under non-stress conditions, hsp90 comprises 1-2%

of total cellular proteins in eukaryotic cells and, as such, hsp90 is the most abundant

cytosolic protein in eukaryotic cells (Sreedhar et a/., 2004). There are many hsp90

regulated proteins and of those that have been discovered, to date, the majority are

involved in signal transduction (reviewed in Pratt & Toft, 2003). Hsp90 has recently

been identified as having a cytoprotective function as inhibition or lack of hsp90 was

shown to compromise cellular integrity by accelerating cell lysis (Sreedhar et a/.,

2003). In addition to its cytoprotective role, hsp90 plays an important role in the

regulation of hormone receptors (Liu & De Franco, 1999). Specifically, hsp 90 has

been shown to act as a suppressor in the regulation of cellular tyrosine kinases,

transcription factors and glucocorticoid receptors (Morimoto et a/., 1994; Craig et a/.,

1993).
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Forty client proteins; including kinases, steroid hormone receptors and transcription

factors; have been identified for the hsp90 isoforms hsp90a and hsp90J3 (Scheibel &

Buchner, 1998; Richter & Buchner, 2001). The proposed functional roles of hsp90

are illustrated in Figure 1.1. Whilst the function of hsp90 appears to be restricted to

the folding of cell signaling proteins, the assortment of regulatory co-chaperones,

themselves also have intrinsic chaperone activity (Caplan et a/., 2003).

Hsp90 has been identified as a molecular target for a number of anti-cancer drugs as

the expression of hsp90 isoforms are enhanced in a number of cancers. Ogata et a/.

(2000), showed that hsp90a expression was enhanced in both acute and chronic

pancreatic tumors, whereas benign tumors showed no increase in expression.

Becker et a/. (2004) demonstrated an over-expression of hsp90 in malignant

melanomas, melanoma metastases and melanoma cell lines when compared with

melanocytic nevi. Over-expression of hsp90a has also been shown to be associated

with poor prognosis of breast cancer (Jameel et a/., 1992), pancreatic carcinoma

(Gress et a/., 1994) and leukemia (Yufu et a/., 1992). However, Nanbu et a/. (1998)

demonstrated that strong expression of hsp90 in endometrial carcinomas was

significantly correlated with a favourable prognosis.

n
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Figure 1.1: The proposed roles of hsp90 and its co-chaperones (Caplan et a/., 2003)

1.1.3 Hsp70

The hsp70 family is the most conserved and widely researched group of proteins

within the stress protein super-family (Hunt & Morimoto, 1985). The hsp70 family

comprises the constitutively expressed 73 kDa heat shock cognate protein (hsc70),

the 72 kDa inducible heat shock protein (hsp70), both of which are cytosolic proteins,

the endoplasmic reticulum glucose regulated protein (grp78) and the mitochondrial

glucose regulated protein (grp75).
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Hsp70 homologues contain peptide binding and ATP-ase domains that are able to

stabilize protein structures in assembly-competent and unfolded states for extended

periods of time (Craig et a/., 1994; James et a/., 1997). The C-terminal domain binds

unfolded proteins and peptides and the N-terminal ATP-ase domain controls the

actions of the peptide binding domain (reviewed in Bukau & Horowich, 1998).

Hsp70 has diverse roles that include being a part of the ubiquitin/proteosome

pathway, chaperoning proteins into degradation pathways, binding of newly

synthesized amino acid chains onto ribosomes and maintenance of translocation

competent folding of mitochondrial and ER proteins in the cell cytosol (reviewed in

Pilon & Schekman, 1999).

In humans, at least eleven genes are known to encode the hsp70 family members

(Tavaria et a/., 1996). The hsp70 genes are located on chromosome 6, and are

found within the major histocompatibility complex (MHC). These genes are hsp70-1

[hspA 1A], and hsp70-2 [hspA 18], which code for the inducible hsp70. Another gene,

hsp70-hom [hspA 1L], which encodes a testis-specific-hsp70 is also located on

chromosome 6 (Milner & Campbell, 1990; Fujimoto et a/., 1992). There are also two

hsp70 genes located on chromosome 1. These genes both encode the inducible

form of hsp70 and are known as hsp70B' [hsp70A6] (Leung et a/., 1990) and hsp70B

[hsp70A7j (Voellmy et a/., 1985; Leung et a/., 1992).

1.1.4 Hsp60

Hsp60 is constitutively expressed in the mitochondria of eukaryotic cells. The hsp60

gene is located on chromosome 12q12-13.2. It has been shown that during infection

hsp60 is localized to the plasma membrane of cells, especially antigen presenting

cells, enabling hsp60-reactive lymphocytes to be generated and maintained (Belles

et al., 1999). Hsp60 possesses intracellular protein folding functions as well as

having the ability to act as an intercellular signaling molecule with the ability to

stimulate cells to produce pro-inflammatory cytokines and other proteins involved in

inflammation and immunity, giving rise to the suggestion that hsp60 may provide a

link between innate and adaptive immunity (Figure 1.2) (Pockley, 2001; Maguire et

a/., 2002). Recombinant human hsp60 has been shown to induce human monocyte

derived dendritic cell (DC) maturation and to activate DC to produce pro

inflammatory cytokines (Bethke et al., 2002). Furthermore, the presence of
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eukaryotic hsp60 allows antigen specific IFN-y secretion by T cells when an antigenic

stimulus alone is insufficient to activate secretion (Breloer et al., 2001). The

mitochondrial protein hsp60, forms ring-shaped oligomers that facilitate protein

assembly to the native state (Craig et aI., 1994).

Cytokln
and media (
productiOn:

IL-1u
!L-6
IL-12
IL-15
TNF 1

N lCoxide

IL-6 IL-6

The heat shock protein Hsp60 is an intercellular signalling molecule

Expert Reviews in Molecular edlc ne C 2001 Cambridge University Press

Figure 1.2: Hsp60 an intercellular signaling molecule (Pockley, 2001)

1.1.5 Hsp56

Hsp56 was first isolated as a 59 kDa component of the steroid receptor in rabbit

uterus (Tai et al., 1986). This finding was expanded to include steroid receptor

association of a 59 kDa protein in rat liver (and a 56 kDa protein in human IM-9

cells). Evidence to suggest that this protein was in fact a heat shock protein gained

momentum when it was discovered that it formed a large heterodimer with other heat

shock proteins, hsp70 and hsp90 (Sanchez et al., 1990). Hsp56 has an important

role as a binding protein of FK506, an immunosuppressive drug which inhibits

activation of calcineurin by binding to FK506 binding protein 12 (Andreeva et al.,

1999).

1.1.6 Hsp47

Hsp47, also known as colligin or J6 protein, is an endoplasmic reticulum-resident

molecular chaperone that plays a specialized role in pro-collagen biosynthesis

(Nagata et al., 1986). As well as functioning as a molecular chaperone, hsp47 has

been reported to always be synthesized in parallel with collagen in developing
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tissues and cell lines, and in collagen-related pathological conditions such as fibrosis

(Nagata, 1996).

1.1.7 Hsp40

Hsp40, a 40 kDa stress inducible protein, was first isolated from mammalian and

avian cells (Ohtsuka et al., 1990). Mammalian hsp40 is a homologue of the bacterial

heat shock protein, DnaJ, and the DnaJ-related yeast proteins SCJ1, SEC63, YDJ1

and SIS1 (Hattori et al., 1992). Hsp40, like hsp70, is localized in the cytoplasm at

normal temperatures, is translocated to the nuclei and nucleoli during heat shock

then returns gradually to the cytoplasm in the recovery phase after heat shock

(Hattori et al., 1992).

1.1.8 Hsp32 (Heme oxygenase-1)

Heme oxygenase-1, the heme-degrading enzyme that converts heme to

biliverdin/bilirubin, iron and carbon monoxide (CO), is one of the major acute phase

proteins that are stress-induced and its expression is a protective cellular response

to a range of stressors (Abraham et al., 1988). This production of bilirubin and CO

has led to the suggestion that HO-1 may in fact be an anti-inflammatory, anti

oxidative agent (Willis et al., 1996; Otterbein et al., 2000). The expression of HO-1 is

regulated at the transcription level by agents that cause oxidative stress, including

reactive oxygen species (ROS), cytokines and hyperthermia (Niess et al., 1999). It

has been demonstrated that an increase in HO-1 expression confers an improved

antioxidant defense, most likely by facilitating the conversion of the pro-oxidant heme

substrate into the potent antioxidant bilirubin (Stocker, 1990; Neil et al., 1995). It has

also been suggested that up-regulation of HO-1 may enhance tissue protection

following injury and inflammation (Willis et al., 1996; Dong et al., 2000).

1.1.9 Hsp27/Small hsps

The small heat shock proteins are a heterogeneous group of stress proteins with

molecular weights between 16 kDa and 40 kDa (Lindquist & Craig, 1988). It has

been suggested that small heat shock proteins protect against oxidative stress

through a glucose-6-phosphate dehydrogenase-dependant ability to increase and

uphold glutathione in its reduced form and use it during the chaperoning of oxidized

proteins (Preville et al., 1999). Of the small heat shock proteins, hsp27 is the most

important in humans (Arrigo & Welch, 1987). The functions of hsp27 include
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suppression of protein aggregation, protection against polymerization of actin, and

representation of end products of stress and cytokine kinase cascades (Arrigo &

Landry, 1994).

1.2 Transcriptional regulation of stress proteins

Transcriptional regulation of eukaryotic heat shock proteins is controlled by heat

shock elements (HSE) and their transcription factors, heat shock factors (HSF),

which bind to them (Srinivas & Swamynathan, 1996). HSF are present as monomers

in non-stressed cells, however, they form trimers in the stressed cell (Scharf et al.,

1998).

There are numerous environmental and physiological 'stressors' that upregulate

hsp70 synthesis. These include, but may not be limited to, hyperthermia (Flanagan et

al.,1995), hypothermia (Cullen & Sarge, 1997), hypoxia (Dwyer et al., 1989; Iwaki et

al., 1993), ischemia-reperfusion (Cairo et al., 1985; Marber et al., 1995), energy

depletion (Sciandra et al., 1983), acidosis (Weitzel et al., 1985), ROS formation

(Wallen et al., 1997), exercise (Locke et al., 1990; Salo et al., 1991) and infectious

agents (Phillips et al., 1991). These factors promote protein instability and

denaturation. Within the cell cytosol, hsps are bound to heat shock factor (HSF) and

exist in an inactive state. Upon receiving stimuli from any of the factors mentioned

above, HSF separate from hsp and become phosphorylated by protein kinases then

form trimers. These trimer complexes then enter the nucleus and bind to heat shock

elements (HSE) , arranged as arrays of inverted pentanucleotide repeats (nGAAn), in

the promoter region of the hsp70 gene. Transcription of hsp70 mRNA in the nucleus

is followed by translation of hsp70 in the cytosol (Figure 1.3) (reviewed by Kregel,

2002).

Unlike yeast and Drosophila, plants and higher animals have more than one HSF,

with HSF-1, HSF-2 and HSF-4 ubiquitously found in vertebrates, and HSF-3

restricted to avian species (reviewed in Morimoto, 1998). It has been postulated that

this diversity in HSF provides differential control of the rate of transcription of heat

shock genes and novel interaction with regulatory factors, providing a link between

the stress response and other genetic networks (Morimoto, 1998). In vertebrates,

HSF-1 is activated by environmental and/or physiological stressors, including heat
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shock (Baler et a/., 1993), whereas HSF-2 is not activated by stress, however, it

appears to have a developmental role (Sarge et a/., 1994).

Figure 1.3: A proposed mechanism for activation of hsp70 (Kregel, 2002)

1.3 Stress proteins as molecular chaperones

Molecular chaperones have been defined as "proteins that bind to and stabilize an

otherwise unstable conformer or another protein, and by controlled binding and

release, facilitate its correct fate in vivo, be it folding, oligomeric assembly, transport

to a particular sub-cellular compartment, or disposal by degradation" (Hendrick and

Hartl, 1993). The chaperone functions of hsps include targeting newly synthesized

proteins, facilitating their folding to the native state and the transport of proteins

across cellular membranes (Ellis & van der Vies, 1991). Although the unique three

dimensional conformation of a protein, which is related to its functional state, is

directly encoded within its amino acid sequence, in vivo folding into the correct

structure in general, is not a passive or spontaneous process (Johnson & Craig,

1997). Molecular chaperones, therefore, play a vital role in preventing protein

aggregation and in facilitating protein folding, particularly following protein synthesis

and under stressful conditions when unfolding of proteins from their native state is

likely to occur (Craig et a/., 1994).
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Chaperones recognize hydrophobic residues and/or exposed backbone structures in

their substrates that are not generally detectable in correctly folded states. The

process of folding of de novo proteins is promoted by cycles of substrate binding and

release regulated by adenosine triphosphatase (ATPase) and cofactor activity (Hartl

& Hayer-Hartl, 2002).

1.4 Stress proteins and the immune response

The involvement of hsps in a number of human disease states has emphasised the

important role of these highly conserved proteins in the modulation of the immune

response. Ryan & Levy (2003) reviewed the anti-inflammatory role of hsps and the

importance of fever in intensive care unit patients and the role of hsps in

atherosclerosis has been reviewed by Xu (2002). Altered expression of hsps has

been implicated in inflammatory and autoimmune diseases such as type II diabetes

(Abulafia-Lapid et al., 1999) , Crohn's disease (Szewezuk et al., 1992), arthritis (van

Eden et al., 2000), asthma (Tong & Luo, 2000) and acute respiratory distress

syndrome (Durand et al., 2000). Transcription of the hsp70 gene has been reported

to be higher in patients with systemic lupus erythematosus (SLE) (Deguchi &

Kishimoto, 1990) and patients experiencing dementia (Harrison et al., 1993). A

number of organs, including heart (Knowlton et al., 1991), liver (Gingalewski et al.,

1996), kidney (Emami et al., 1991) and brain (Simon et al., 1991), displayed

increased hsp70 expression following ischemia/reperfusion injury Increases in

hsp70 expression were also noted in hypertension (Xu et al., 1995), haemorrhagic

shock (Schoeniger et al., 1992) and circulatory shock (Buchman et al., 1990). Highly

significant increases of hsp70 have been noted in the temporal cortex of patients with

Alzheimer's, Parkinson's disease and Down's syndrome (Yoo et al., 1999; Kitamura &

Nomura, 2003). Expression of hsp70 was also found to be up-regulated in

lymphocytes from HIV-positive individuals (Agnew et aI., 2003) and the involvement

of hsp70 in infectious diseases such as malaria, tuberculosis, Chagas disease and

schistosomiastis (Zugel et al., 1995; Burrios et al., 1994; Schinnick, 1991) has been

reported. Elevations in hsp70 have been reported in a number of cancers, leading to

the suggestion that this up-regulation may protect cancer cells from apoptosis known

to occur during transformation (Cornford et aI., 2000; Nylandsted et al., 2000; Clark &

Menoret, 2001; Tang et al., 2005). To emphasize the key role of hsps in immune

response, Hoos & Levey, (2003) stated: 'We are aware of no other example in

oncology where such extensive efforts to understand a powerful immunological
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phenomenon resulted in successful translation into advanced clinical testing in

humans."

Some hsps are highly immunogenic, that is they elicit humoral, cytotoxic T

lymphocyte (CTL), and natural killer (NK) cell responses against viruses, tumors and

infectious diseases (Brenner & Wainberg, 1999). The induction of immune responses

has been demonstrated in gp96 (reviewed in Srivastava et a/., 1998), the constitutive

and inducible forms of hsp70 (Udono & Srivastava, 1993), hsp90 (Udono &

Srivastava, 1994), calreticulin (Basu & Srivastava, 1999) and hsp110 and hsp170

(Wang et a/., 2001). These immunogenic properties have increased speculation of a

potential role for hsp-peptide complexes as vaccine vehicles that employ a number of

possible mechanisms of induction of viral and tumour immunity (Srivastava & Maki,

1991; Mizzen, 1998; Brenner & Wainberg, 1999). These mechanisms include, and

may not be limited to, hsps' acting as classic antigens, hsps' ability to redistribute to

cell surface membranes following infection or transformation, hsps' adjuvant

properties, and hsps' ability to be integrally involved in antigen presentation (Brenner

& Wainberg, 1999).

Recent research has identified that the peptide binding C-terminal portion of hsp70

(amino acids 359-610) stimulates human monocytes to produce IL-12, TNF-a, NO

and C-C chemokines, suggesting that this portion of the protein is responsible for

stimulating Th1-polarizing cytokines, C-C chemokines and an adjuvant function

(Wang et a/., 2002). There are currently over 150 randomised controlled Phase I to

Phase III clinical trials testing the efficacy of hsp-peptide complexes for treatment of

various cancers, thus attesting to the important application of these highly conserved

proteins in immunotherapy for human disease (Hoos & Levey, 2003).

The roles of hsps in the immune response can be characterised by three main

categories. The first involves the ability of hsps of the cytosol and the endoplasmic

reticulum to non-covalently bind immunogenic peptides such as MHC class I

epitopes and their elongated precursors (Nieland et a/., 1996; Ishii et a/., 1999).

Secondly, hsp-peptide complexes are able to be cross-presented to CD8 T

lymphocytes via the MHC class I pathway (Udono & Srivastava, 1993; Breloer et

a/., 1999; Singh-Jasuja et a/., 2000). It has been proposed that hsp-chaperoned

antigenic peptides are endocytosed by antigen presenting cells (APC) through the

common heat shock protein receptor CD91 (Binder et a/., 2000; Basu et a/., 2001).
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Thirdly, hsps have the ability to promote dendritic cell maturation and the release of

pro-inflammatory cytokines (Asea et al., 2000).

1.5 Stress proteins in circulation

Although stress proteins were traditionally considered to be intracellular molecules,

the discovery of hsp60 and hsp70 in the peripheral circulation of 'normal' individuals

has led to the suggestion that hsps may, in fact, also be intercellular signalling

molecules involved in the regulation of prevention/protection against

pathophysiological processes involving immunorecognition or cross-recognition of

hsps (Pockley et al., 1998). Whether the release of hsp70 into the circulation is due

to cell damage or via active secretion remains to be determined. It has been

suggested that an increase in serum hsps may be a biomarker for disease as

increases in circulating hsp have been detected in patients with infections (Giraldo et

al., 1999; Njemini et al., 2003), cardiovascular disease (Pockley et al., 2000; Xu et

al., 2000) renal vascular disease (Wright et al., 2000), pre-eclampsia (Jirecek et al.,

2002) and diabetic ketoacidosis (Oglesbee et al., 1995). A study by Pittet et al.

(2002) detected hsp70 in the serum of severely traumatised patients within 30

minutes of sustaining an injury. Furthermore, the elevated serum hsp70 levels were

correlated with survival after trauma, but not associated with the incidence or severity

of post-injury inflammatory response or organ dysfunction. However, it has been

suggested that the inter-individual variation in the serum concentration of hsp70

precludes the use of serum hsp70 levels to distinguish patients from healthy subjects

(Njemini et al., 2003).

1.6 The Immune System

The immune system, a complex network of cells, tissues and organs that work

together to protect the body against bacteria, viruses, fungi, parasites and other

substances that appear foreign and harmful to the body, recognizes and responds to

foreign antigens by way of a coordinated immune response. The cells, organs and

tissues of the immune system provide a protective network of barriers to infection

and respond using two fundamentally different types of immune response. The

immune response may be innate, in which case the response to a pathogen remains

the same no matter how many times the pathogen is encountered. Alternatively, the

response may be acquired, in which case responses improve upon repeated

exposure to infection (Delves & Roitt, 2000). The innate response employs a range
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exposure to infection (Delves & Roitt, 2000). The innate response employs a range

of cells such as phagocytic cells (neutrophils, monocytes and macrophafes), natural

killer cells and cells that release inflammatory mediators (basophils, eosinophils and

mast cells) in conjunction with molecules such as complement, acute phase proteins

and cytokines. The adaptive response involves a range of responses including

binding of antigens to cell surface receptors on T and B lymphocytes promoting

proliferation of antigen specific cells. Antigen presenting cells (APe) collaborate with

lymphocytes to respond to antigen. Lymphocytes also secrete immunoglobulin and

produce antibodies and activate macrophages (Figure 1.4) (Delves & Roitt, 2000).
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Figure 1.4: The Immune response system.
www.people.virginia.edu/-rjh9u/imresp.html

1.7 Leukocytes

Leukocytes, also known as white blood cells, comprise between 4500 and 10000

celis/ill whole blood and form an important component of the immune system

(Medline Plus, 2005). The major leukocyte sub-populations as illustrated in Figure

1.5 include:
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• Granulocytes (basophils, eosinophils and neutrophils) which are

characterized by the presence of differently staining granules in their

cytoplasm on light microscopy.

• Lymphocytes (8 and T cells). 8 cells make antibodies that bind to

pathogens to enable their destruction. CD4+ (helper) T cells co

ordinate the immune response. CD8+ (cytotoxic) T cells and natural

killer cells are able to kill cells of the body that are infected by a virus.

• Monocytes present fragments of pathogens to T cells so that the

pathogens may be recognized again and killed, or so that an antibody

response may be mounted. Monocytes are also known as

macrophages once they leave the peripheral circulation and enter

tissue.

The immune system also comprises a number of accessory cells. Dendritic cells

(DC) are the principal accessory cells of the vertebrate immune system with potent T

cell stimulatory properties and antigen presenting functions (Inaba et a/., 1990; King

& Katz, 1990). There are two distinct DC subsets, myeloid DC and plasmacytoid DC

so classified by the expression of the p-integrin antigen, CD11 c (Grouard et a/.,

1997).

basophil
eosinophil

monocyte

neutrophil

Figure 1.5: Leukocytes. (McGraw-Hili Higher Education, 1999)
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1.8 CD antigens

Leukocytes express distinct assortments of cell surface antigens, many of which

reflect either different stages of their lineage-specific differentiation or different states

of activation or inactivation. The Clusters of Differentiation (CD) nomenclature

assigns a number that includes any antibody having an identical and unique

reactivity pattern with different leukocyte populations. To date, molecules CD1 to

CD339 have been characterized. CD antigens are differentially expressed on

leukocytes and distinct cell subpopulations can be identified according to their

patterns of CD antigen expression (Goldsby et al., 1997). A description of the major

CD antigens of interest to the studies described in this Thesis is presented in Table

1.2.

Table 1.2: CD antigens

CD Cellular expression Functions

antigen

CD3

CD4

Thymocytes, T cells

Thymocytes, T cells,

monocytes,

macrophages

Associates with the T cell antigen receptor

(TCR), required for cell surface expression of

and signal transduction by the TCR

Co-receptor for MHC class II molecules

CD8 Thymocyte subsets, Co-receptor for MHC class I molecules

cytotoxic T cells

CD14

CD16

CD19

CD56

Myelomonocytic cells

Neutrophils, NK cells,

macrophages

B cells

NK cells

Monocyte differentiation antigen, receptor for

LPg and LPg binding protein

Low affinity iron receptor, mediates

phagocytosis and cell-mediated antibody

cytotoxicity

Forms complex with CD21 and CD81, co

receptor for B cells

Adhesion molecule

(Adapted from Janeway et al., 2001)
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The CD3 antigen is part of the T cell receptor (TCR) complex and is involved in

transduction of stimulatory signals in response to antigen specific recognition

(Beverley, 1993). T cell subsets express either CD4 or CD8 antigens, which function

as accessory molecules that recognize foreign antigens in association with MHC

class I and class II antigens respectively (Parnes, 1989). The CD14 antigen is a

myelomonocytic differentiation antigen expressed by monocytes, macrophages, and

activated granulocytes (Govert et al., 1988). The CD19 antigen is a 95 kDa surface

glycoprotein expressed specifically on B lymphocytes (Nadler et al., 1983). The

CD19 antigen is expressed by both resting and activated B cells, however once B

cells differentiate into Ig-secreting plasma cells, expression of CD19 is lost

(Freedman et al., 1985). The CD56 differentiation antigen is a glycoprotein surface

antigen of approximately 175 - 185 kDa that is expressed on all human natural killer

cells (Hercend et al., 1985).

1.9 Hsp cell surface receptors/cytokine effects

Hsps have been reported to possess cytokine effects that are independent of their

chaperone functions and as such, do not require hsp-associated peptides, ATP

hydrolysis, co-factors or protein complex assembly (Asea et al., 2000). These effects

are mediated via the CD14/toll-like receptor complex signal transduction pathway

and include both TLR2 and TLR4. This pathway leads to the activation of NF-KB,

and mitogen-activated protein kinases (MAPKs) (reviewed in Tsan & Gao, 2004). It

has recently been confirmed that TLR4 has a role in hsp70-mediated activation of the

innate immune system (Chen et al., 2005).

It is believed that the molecular mechanism for triggering of immune responses by

hsps is linked to the natural adjuvant qualities of hsps which enables their activation

of APC (Prohaszka & Fust, 2004). APC efficiently take up hsp-peptide complexes

and present the chaperoned peptides on MHC I and MHC II molecules for

recognition by CD4+ and CD8+ cells (Udono et al., 1994; Basu & Matsutake, 2004).

The cell surface receptors identified as being involved in this process include the 0-2

macroglobulin receptor (CD91) and the toll like receptor family, specifically TLR2 and

TLR4 (Reviewed in Prohaszka & Fust, 2004). The interaction of hsps with APC

through these receptors results in a cascade of events including re-presentation of

hsp-peptide complexes by MHC, translocation of NF-KB into the nuclei and

maturation of dendritic cells (Reviewed in Srivastava, 2002).
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CD14 is a lipopolysaccharide (LPS) receptor and a receptor for the peptidoglycan of

Gram-positive microbes (Pugin et a/., 1994). CD14 expression is modulated, in vitro,

by several factors. The presence of bacterial products increases CD14 expression as

well as enhances monocyte survival (Landmann et a/., 1996), whereas anti

inflammatory cytokines mostly down-regulate CD14 expression (de Waal Malefyt et

a/., 1993).

In conjunction with CD14 and the accessory protein MD2, TLR4 initiates signaling

cascades in response to LPS whereas TLR2 initiates cascades in response to

bacterial lipoprotein, Gram-positive bacteria, yeast and spirochetes (Jones et a/.,

2001; Medzhitov, 2001). The production of pro-inflammatory cytokines by hsp70 has

been reported to occur via the Myd88/IRAK/NF-KB signal transduction pathway

utilizing both TLR2 and TLR4, in a CD14 dependent fashion (Asea et a/., 2002).

CD91, first identified as a receptor for the highly conserved serum protein 0-2

macroglobulin, has been shown to be a common receptor for hsp11 0, hsp90, gp96,

hsp70 and calreticulin (Binder et a/., 2000; Basu et a/., 2001). Furthermore, it has

been suggested that CD91 may well be the sole receptor for hsp-peptide re

presentation (Basu et a/., 2001).

1.10 Cytokines

Cytokines have been defined as "regulatory proteins secreted by white blood cells

and a variety of other cells in the body; the pleiotropic actions of cytokines include

numerous effects on cells of the immune system and modulation of inflammatory

responses II (Thomson, 1991). The major cytokines and their functions are described

in Table 1.3. Classically, cytokines have been associated with the regulation of

immune and/or inflammatory processes, however, the demonstration that immune,

central nervous, and neuroendocrine systems share a common chemical language,

has led to recognition of the diverse actions of cytokines in host defense. It has been

demonstrated that expression of cytokines and their receptors is not restricted to cells

of the immune system but they are also found in many other tissues (including the

brain and endocrine glands). Furthermore, many cytokines exert potent actions on a

variety of physiological activities outside of immunoregulation. Their participation in

regulation of homeostatic processes at tissues distant from their site of production

has firmly established cytokines as key regulators of coordinated local and systemic
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responses to tissue trauma, infection and disease (reviewed in Turnbull & Rivier,

1999).

Many immune based therapies are designed to alter cytokine activities, given that

levels of cytokines, chemokines and soluble products of immune activation are

altered by ageing and increased in many autoimmune and inflammatory diseases,

including HIV infection (Fahey et al., submitted for publication, cited in Fahey et al.,

2000). Impaired production of cytokines is an important predictor of mortality in HIV

1 infected patients (Ostrowski et al., 2003). These researchers have shown that,

compared with seronegative controls, HIV-positive asymptomatic patients had

increased production of IL-1 ~ and IL-12, unchanged production of TNF-a, IFN-yand

IL-1 ra, and notably decreased production of IL-10, IL-2 and sIL-2ra. HIV progression

led to a decline in whole blood culture production of TNF-a, IFN-y, IL-1~, IL-12, IL-10

and IL-2, which have been associated with increased mortality risk (Ostrowski et al.,

2003).

It has recently been discovered that heat shock protein expression is intimately

associated with the immune response. It appears that these proteins are not only

intracellular molecules that have essential housekeeping and cytoprotective roles,

but they also function as intercellular signaling molecules (Pockley, 2003). The

immunoregulatory roles of hsps are yet to be fully elucidated, however, their ability to

stimulate the innate immune system may, in turn, prime the adaptive immune system

(Lehner et al., 2000). It has been suggested that the production of cytokines may in

fact induce heat shock gene transcription in the absence of cellular stressors.

Specifically, IL-4 and IL-2 strongly upregulate the transcription of hsp90d in human T

cells (Metz et al., 1996) and decreases in plasma IL-2 and IL-6 have been shown to

decrease expression of hsp70 (Wang et al., 2000; Njemini et al., 2003). Conversely,

negative correlations have been found between heat induced hsp70 production and

IL-6 (Njemini et aI, 2003). In monocytes, the induction of hsp70 gene transcription

has been reported to suppress inflammatory cytokine gene transcription (Cahill et al.,

1996; Cahill et al., 1997; Housby et al., 1999). The level of hsp90 in patients with

SLE correlates with IL-6 levels, suggesting an induction of hsp90 synthesis by IL-6 in

this cohort (Ripley et al., 2001). These results enforce the antagonistic effects

between heat stress and inflammatory mediators on the activation of hsp promoters.

These immunomodulatory functions of hsps may confer suitability for the use of hsps
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as potent therapeutics (Pockley, 2003), particularly in targeting the immune system in

a number of disease states (Moseley, 2000).

Table 1.3: Cytokines and their functions

Cytokine Produced by Function
IL-1 Monocytes Co-stimulates T & B cell proliferation

Macrophages Induces fever (pyroqen)
IL-2 Th cells Co-stimulates proliferation of Th, Tc & B cells

Activates NK cells
IL-3 T lymphocytes Growth & differentiation of non-lymphocyte

blood cells and B cells
IL-4 Activated Th cells Co-stimulator for B cells

Promotes growth of T cells
Causes plasma cells to secrete laE antibodies

IL-5 Activated CD4+ cells Co-stimulates B cells
Activated mast cells Causes plasma cells to secrete laA antibodies

IL-6 Tcells Induces differentiation of B cells into plasma cells
Fibroblasts Enhances proliferation & activity of T cells

Stimulates liver to secrete mannose-binding protein
(for bacterial bindina)

IL-7 Bone marrow stromal Stimulates B cells
cells Influences macrophaqe activity

IL-8 Macrophages Stimulates anqioqenesis
IL-9 Th2 cells Stimulates myeloid tissue to produce blood cells
IL-10 Th2 cells Inhibits production of IL-2, IL-3, IFN-y, GM-CSF

B cells & LT by Th1 cells
IL-11 Bone marrow stromal Growth factor for certain B cells

cells (fibroblasts) Stimulates maqakarvocyte colony formation
IL-12 Granulocytes, Stimulates Tc & NK activity

Macrophages Promotes Th1 differentiation
Dendritic cells

IL-13 Th2 cells Stimulates B cell proliferation
In monocytes upregulates of MHC II and CD23
expression and downreaulates FcR expression

IL-14 B cells B cell growth factor
Inhibits immunoqlobulin production

IL-15 Mononuclear cells T cell growth factor
Generates Iymphokine-activated killer (LAK)
cells from PBMC

TNF Macrophages Stimulates accumulation of leukocytes at sites of
(Tumor necrosis factor) inflammation

Activates inflammatory leukocytes to kill microbes
Stimulates macrophages to produce IL-1
Induces synthesis of CSF by endothelial cells &
fibroblasts
Exerts interferon-like protective effect against viruses
Pyrogen

IFN-y Th cells & Tc cells Strong stimulator of phagocytosis by neutrophils &
(Interferon gamma) NK cells macrophages

Activates NK cells
Enhances cellular- & antibody-mediated immune
responses

IFN-a1f3 Virus infected cells Inhibits viral replication in uninfected cells
(Interferon alpha or beta) Antigen-stimulated Stimulates T cell growth

macrophaaes Activates NK cells
LT (Lymphotoxin) Tc cells Kills cells by fragmentation of DNA
Perforin Tc cells Perforates cell membranes of tarqet cells
Macrophage migration Tcells Prevents macrophages from migrating away from the
inhibiting factor site of infection
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1.11 The Human Immunodeficiency Virus

The Human Immunodeficiency Virus (HIV) is the etiologic agent of Acquired Immune

Deficiency Syndrome (AIDS). HIV belongs to the family Retroviridae, subfamily

Lentivirinae, and genus Lentivirus (Chiu et a/., 1985). AIDS was first recognized as a

disease in 1981, when 5 cases of Pneumocystis carinii pneumonia (PCP) were

confirmed in the Los Angeles area and 26 patients from San Francisco were

diagnosed with Karposi's sarcoma. A connection was made between the two groups

when it was discovered that all of the patients were young male homosexuals (CDC,

1981). Following this, a retrovirus was isolated from the lymph node cells of a patient

with lymphadenopathy, and was named lymphadenopathy-associated virus (LAV) or

human T-Iymphocytotropic virus, type III (HTLV-III). This finding was confirmed and

extended in 1983 when HIV-1 was identified as the causative agent of the

immunodeficiency syndrome, AIDS (Barre-Sinoussi et a/., 1983; Gallo et a/., 1984;

Levy et a/., 1984). A second HIV subtype, named HIV-2, having more similarity to the

simian immunodeficiency virus (SIV) than to HIV-1, was isolated from West Africa in

1986 (Moss & Bacchetti, 1989).

The genomic structure of HIV comprises a single-stranded, positive-sense RNA of

approximately 9.7 kilobases. The nine major genes of HIV code for a variety of

proteins with regulatory, catalytic, structural and accessory functions (Table 1.4).

Table 1.4: HIV gene products

Protein Classification Gene Gene products
Structural Gag p17 (matrix)

p24 (capsid)
p7 (nucleocapsid)

Enve/ope gp120
gp41

Catalytic Polymerase protease
reverse transcriptase
integrase

Regulatory Tat tat
Rev rev

Accessory Vpu Vpu
Vit Vif
Vpr Vpr
Net nef
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As a retrovirus, HIV is an obligate, intracellular parasite that requires human host

cells to infect and within which replication is able to occur. Retroviruses do not

contain deoxyribonucleic acid (DNA) and are unable to replicate outside of the cells

of a living host. Lentiviruses are associated with diseases of immunosuppression or

involve the central nervous system (CNS) that, following initial infection, have long

incubation periods, before symptoms of illness appear (Levy, 1993). Infection of the

host cell by HIV begins with recognition of and binding to specific host cell surface

receptors by the virus gp120 envelope protein.

Cells that have CD4+ cell surface receptors are the primary targets for HIV, and HIV

uses these receptors to gain entry to the cell (Klatt, 2002). HIV therefore attacks

immune cells, primarily the CD4+ lymphocytes, ultimately resulting in the destruction

of large numbers of these cells triggering immune deficiency (Carr, 1992). Since

many cell types share common epitopes with the CD4+ receptor it has been

suggested that these cells may also be susceptible to HIV infection (Levy, 1993).

These cells include cells of the mononuclear phagocytic system, principally blood

monocytes and tissue macrophages, T lymphocytes, B lymphocytes, natural killer

(NK) lymphocytes, dendritic cells (DC), hematopoietic stem cells, endothelial cells,

microglial cells and gastrointestinal epithelial cells (Levy, 1993).

HIV attaches to a host cell by interaction between the HIV viral protein gp120 and

proteins on the surface of the cell. The principle cell surface proteins that HIV

interacts with are the CD4+ receptors, which are located on the surface of T

lymphocytes. The chemokine co-receptors CCR5 and CXCR4 are cell surface

fusion-mediating molecules that also participate in the binding of gp120. Once the

gp120 protein has bound to the receptor on the T lymphocyte it is thought that the

HIV protein gp41, another viral envelope protein, interacts with a fusion domain on

the surface of the host cell, promoting fusion between HIV and the cell. Upon fusion,

viral material is able to enter the cell and the cycle of viral replication begins.

Once inside the cell, the viral RNA genetic material is converted to DNA by the

reverse transcriptase enzyme that is carried within the viral core. This proviral DNA

then enters the host cell nucleus where it becomes integrated into the DNA of the cell

with the assistance of the enzyme integrase, also contained within the viral core.

Once there it can remain dormant or it can direct the host cell to produce additional

HIV virions, which are released from the host cell by a process known as budding
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(Figure 1.9). These virions may now enter the systemic circulation and be carried

throughout the body (Levy, 1993).

Figure 1.6: HIV life cycle

(http://www.georgetown.edu/dml/facs/graphics/images/cd4.jpg)

The rate of disease progression varies widely between individuals and may be as

short as six months or as long as twenty years, with the average time to development

of AIDS being ten to eleven years (Mellors et a/., 1997).

1.11.1 The course of HIV-1 infection

Infection with HIV-1 can be distinguished by an acute "seroconversion illness"

coupled with extensive viremia, followed by a latency period that may last anywhere

between 8 and 15 years, eventually leading to progressive immune deficiency and

AIDS-defining illnesses as illustrated in Figure 1.7 (Carr, 1992). During the latency

period, there is little detectable viral load in peripheral blood, however, during this

period viral replication continues actively in lymphoid tissues and immune system

destruction is ongoing (Pantaleo et a/., 1993). Though most infections with HIV follow

a similar pattern of progression, the time and the course may be quite variable. It is

thought however, that factors such as gender, race and pregnancy do not modify a

HIV-positive individual's progression to AIDS, but that smoking and increased age do

appear to accelerate progression to AIDS (Chiasson et a/., 1995; Galai et a/., 1997).
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The most important markers for assessing the course of HIV infection are the CD4+

lymphocyte count and the HIV-RNA viral load (Mellors et a/., 1997). It has been

demonstrated that a clinical manifestation of HIV progression is depletion of CD4+

cells (Figure 1.3). Decreases in total CD4+ counts to below 500/microlitre predicates

the development of clinical AIDS, whilst a fall to below 200/microlitre is indicative of

increased risk of developing AIDS-related opportunistic infections (Mellors et a/.,

1997). It should be noted, however, that the progressive nature of the infection

coupled with a constantly changing (dynamic) immune system, may complicate

quantification of immune status (Klatt, 2002).

Figure 1.7: Stages of HIV infection (Scientific American, 1999)

Mechanisms for CD4+ cell depletion during HIV-infection remain under investigation.

To date, proposed mechanisms for this phenomenon include direct killing by the

virus, formation of syncitia with subsequent cell death, immune-mediated killing, the

infection of CD4+ precursor cells preventing their development into progenitor cells,

or by induction of apoptosis (Leen & Brettle, 1992; Powderly et a/., 1998).

CD8+ cells are a subset of T lymphocytes that are major effectors of cell-mediated

cytotoxicity that destroy cells functioning as factories producing intracellular

pathogens, and they are producers of ~-chemokines and other soluble factors

involved in inhibition of virus binding to cellular co-receptors (Levy et a/., 1996).

Whilst early HIV infection is characterized by a decrease in CD4+ cells and an
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increase in circulating CD8+ cells, advanced HIV infection is marked by decreases in

all circulating lymphocyte populations, including CD8+ cells, B lymphocytes and NK

cells (Leen & Brettle, 1992; Powderly et al., 1998). It has also been suggested that

the CD4+/CD8+ ratio may be a better predictor of rapid progression to AIDS than the

absolute number of CD4+ cells (Taylor et al., 1989). HIV pathogenesis is

characterized by a progressive depletion of CD4+ cells, and it was originally believed

that this depletion was a result of destruction of the mature T cell population.

However, recent advances now indicate that HIV-1 pathogenesis is likely to result

from a complex interplay between the virus and the immune system, particularly the

mechanisms responsible for T cell homeostasis and regeneration. Douek et al.

(2003) reviewed these data and presented a model of HIV-1 pathogenesis in which

the protracted loss of CD4+ T cells results from early viral destruction of selected

memory T cell populations, followed by a combination of profound increases in

overall memory T cell turnover, damage to the thymus and other lymphoid tissues,

and physiological limitations in peripheral CD4+ T cell renewal.

Whilst infection with HIV is associated with immune deficiency, there is also evidence

of immune activation by way of expression of molecules such as CD38 and class II

major histocompatibility antigens (HLA-DR) on the surface of CD4+ and CD8+ cells

(Kestens et al., 1994) and monocyte activation resulting in production of

proinflammatory cytokines such as interleukin 6 (IL-6) and tumour necrosis factor a

(TNF-a) (Dezube et al., 1997). This inappropriate activation may lead to the

deterioration in functional activity of these cells (Powderly et al., 1998).

1.11.2 Epidemiology of AIDS

Global estimates of HIV and AIDS as at the end of 2003 indicate that between 34.6

million and 42.3 million people are infected with the virus (Figure 1.8). It has also

been estimated that during 2003 more than 4.8 million people became newly infected

with HIV and approximately 2.9 million people died as a result of HIV/AIDS. Since the

first cases of AIDS were identified in 1981, HIV/AIDS has killed more than 20 million

people. At the end of 2003, estimates also suggested that approximately 14,000

individuals were living with HIV/AIDS in Australia (UNAIDS, 2004).

Over 95% of HIV-positive individuals reside in developing nations. It has also been

estimated that by the year 2001, more than 14 million living children had lost one or

both parents to AIDS. Approximately 50% of HIV-infected individuals are women and
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as a consequence there is a significant perinatal infection rate. Although

pharmacologic therapies exist for prolonging the lives of those infected with HIV, the

high cost of these therapies puts them out of reach for the vast majority of sufferers.

The AIDS pandemic threatens to destabilize the political and economic status of

many countries, not only as a result of overburdening their health systems, but also

due to the loss of individuals who are economically most productive (UNAIDS, 2002).

The spread of AIDS to epidemic proportions is partly due to the distinguishing feature

of the long latent period before any signs of infection. On average, individuals

infected with HIV may have a latent period of between 8 and 10 years before the

development of any clinical symptoms of AIDS (Levy, 1993). Another factor is that

although HIV can be present in a variety of bodily fluids and secretions, the most

important in terms of spread of the disease are genital secretions, blood and breast

milk (Klatt, 2002). Hence a distinguishing feature of HIV is infection of subtypes of

the population referred to as "risk groups" who include: homosexuals/bisexuals,

heterosexual partners of infected individuals, sex workers, intravenous drug users,

recipients of blood products (particularly prior to 1985 when routine testing of these

products was implemented), and children of infected females (Leen & Brettle, 1992).

Total: 34 - 46 million

Figure 1.8: Global estimates of HIV infection as at end 2003 (UNAIDS, 2004).
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1.11.3 Highly Active Antiretroviral Therapy (HAART)

The introduction of highly active antiretroviral therapy (HAART) for the treatment of

HIV-positive individuals has led to significant reductions of the incidence of AIDS and

considerable immune system recovery, which provides increased protection against

most AIDS-associated opportunistic infections (Powderly et al., 1998; Price et al.,

2001). The U.S. Food and Drug Agency (FDA) approved the first reverse

transcriptase inhibitor, zidouvdine (AZT) , for treating patients with AIDS in 1987.

Since then, many more reverse transcriptase inhibitors, including nucleoside reverse

transcriptase inhibitors (NRTls) and non-nucleoside reverse transcriptase inhibitors

(NNRTls), as well as a number of protease inhibitors (Pis) have been designed to

delay the progression of the disease (Turner & Summers, 1999).

Patients receiving a combination of three antiviral medications (HAART) comprising a

mixture of NNRTls, NRTls and Pis are reported to have at least two phases in

change of circulating lymphoid cells. The first, occurring within the first few months of

therapy, is characterized by an increase in circulating na'ive and memory CD4+ and

CD8+ cells and B lymphocytes, and a maintenance in numbers of natural killer cells

(Powderly et al., 1998). It has been speculated that the underlying mechanisms for

these changes involve the cessation of viral replication resulting in a decrease in

cellular activation, activation-induced apoptosis and adhesion, ultimately causing a

rapid increase in circulating T and B cells (Powderly et al., 1998). A slower increase

in circulating na"ive CD4+ and CD8+ cells and an accompanying decrease in memory

CD8+ cells mark the second phase, which persists for at least the first year of

treatment. One possible explanation for this phenomenon is that T cell development

and maturation are occurring. This theory is currently being investigated to determine

the origin, diversity and potential of the na'ive cells and is based on the post

chemotherapy model of T-cell regeneration (Mackall et al., 1995).

1.11.4 Stress proteins and HIV infection

Preliminary studies demonstrated up-regulation of hsp in cell lines infected with HIV

(Wainberg et al., 1997). Brenner & Wainberg (1999) demonstrated that some hsps

(hsp27, hsp70, hsp78) have the ability to complex with HIV-1 viral proteins intra

cellularly. They also demonstrated that hsp70, hsp56 and CypA are assembled into

HIV-1 virions. As a result of these findings, it has been hypothesized that hsp-peptide

complexes may be suitable candidates for HIV vaccine delivery.
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It has also been demonstrated that the immunization of a recombinant HIV-p24 fused

to the Mycobacterium tuberculosis hsp 70 elicited both humoral and cellular immune

responses against p24 in the absence of an adjuvant (Suzue & Young, 1996). Other

studies have also reported similar immunostimulatory properties in the Leishmania

infantum hsp70 and hsp83 (Rico et al., 1999). The topic of stress proteins and HIV

infection is discussed in more detail in Chapters 3 and 5.

1.12 Oxidative stress

Oxidative stress can be defined as the perturbation in the balance between an

organism's antioxidant defense system and reactive oxygen species, otherwise

known as free radicals. If an organism's oxidant/antioxidant balance is tipped in

favour of oxidative stress, the result can be lipid peroxidation, protein oxidation and

DNA damage (Halliwell & Gutteridge, 1999). It has been suggested that the immune

system may be particularly susceptible to oxidative stress, hence oxidative stress

has been implicated in the pathophysiology of a number of disease states such as

arthritis (Maurice et al., 1997), arteriosclerosis (Halliwell & Gutteridge, 1999), cancer

and neurodegenerative disorders such as Alzheimer's and Parkinson's Disease

(Halliwell & Gutteridge, 1999). Many years ago, Harman (1956) first suggested that

oxidative stress might playa role in the process of ageing, a theory that is still widely

held today (Beckman & Ames, 1998). There is also a substantial body of evidence

implicating oxidative stress as a possible contributor to the pathogenesis of HIV

replication and progression to AIDS (Baruchel & Wainberg, 1992; Piette & Legrand

Poels, 1994; Sandstrom et al., 1994; Pace & Leaf, 1995; Baier-Bitterlich et al., 1997;

Israel & Gougerot-Pocidalo, 1997; Peterhans, 1997; Allard et al., 1998; Bautista,

2001). This association was originally implied when diminished levels of reduced

glutathione (GSH) were found in the lymphocytes and plasma of HIV-positive

individuals (Buhl et al., 1989). The activation of HIV replication by oxidative stress is

thought to be a result of HIV infected macrophages increasing release of TNF-a,

which activates NF-KB, which in turn binds to and activates a kB enhancer element in

the proviral long terminal repeat, ultimately leading to increased viral gene

expression (Baruchel & Wainberg, 1992). HIV gene expression has been shown to

enhance T-cell susceptibility to hydrogen peroxide induced apoptosis (Sandstrom et

al., 1993). The HIV-encoded proteins Tat, gp120, Vpr, Nef and protease have been

identified as triggers of oxidative stress, of disruption of the mitochondrial

transmembrane potential and of apoptosis. At this time, the precise mechanisms of
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activation and interaction of these proteins and their cellular targets are unknown

(Perl & Banki, 2000).

There is now considerable support for the concept that the redox status of the cell

influences hsp expression (Ahn and Thiele, 2003). Whilst the majority of stress

proteins are present in the unstressed cell, their expression is induced when cells are

exposed to stressful stimuli such as oxidative stress, free radicals, UV radiation,

fever and microbial infection (Welch, 1992). A summary of the current evidence

supporting the activation of the cellular stress response by differential regulation of

hsp expression is presented in Table 1.5.
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Table 1.5: Oxidative Stress Induction of Stress Proteins

Stressor Cell type Species Hsp influenced Reference
H20 2 Melanoma cell lines Human HO-1 Steels et al., 1992

Oligodendrocytes Hsp32, Goldbaum & Richter-
a~crystallin Landsberg, 2001

Vascular smooth Rat Hsp70 Madamanchi et al.,
muscle cells 2001
Skin fibroblasts Human Hsp70 Calabrese et al., 2001
A6 Kidney epithelial Xenopus Hsp90 Muller et al., 2004
cells laevis Hsp70

Hsp30
Lymphocytes Human Hsp70 Shinkai et al., 2004

Xanthine oxidase plus Umbilical vein Human Hsp70 Jornot et al., 1991
hypoxanthine endothelial cells

Coronary vein Human Hsp70 Aucoin et al., 1995
endothelial cells

AAPH Lymphocytes Human Hsp105, 90, 70, Peng et al., 2000
40, HO-1

Heavy metals THP-1 monocytes Human Hsp70 Noda et al., 2003
Hq2+, Ni2+

Cadmium HeLa cells Human HO-1 Steels et al., 1992

A549 lung cells Human Hsp90 Gaubin et al., 2000
Hsp70
Hsp27

Arsenicals HeLa cells Human HO-1 Steels et al., 1992
Many cell types Many Hsps 110, 90, 70, Reviewed by Del Razo

60, 27, HO-1 & et al., 2001
Imw hsps

Astrocytes Human Hsp70 Fauconneau et al.,
HO-1 2002
Hsp27

Tobacco smoke Monocytes Human Hsp70 Pinot et al., 1997
Hsp90
Hsp110
HO-1

Basophils leukemia Rat Hsp70 Bachelet et al., 2002
cells HO-1

Erythrophagocytosis Monocytes Human Hsp70 Clerget & Palla, 1990
Hsp 90
HO-1

Peripheral blood Human HO-1 Bornman et al., 1999
monocytes

UV radiation Epidermal cells Mouse Hsp70 Brunet & Giacomoni,
1989

HT1080 Human Hsp70 Trautinger et al., 1999
fibrosarcoma cells

Pesticides Liver cells Rat Hsp90 Bagchi et al., 1996
Brain cells
Heart cells
Lung cells
PC-12 cells
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1.13 Modulation of stress protein synthesis and immune response

by CAM

There is a large and increasing proportion of the Australian adult population using

complimentary and alternative medicine (CAM) to modulate the immune system.

Given the relationship between hsps, redox state and immune response it is possible

that the mechanism of action of products used as antioxidants and/or

immunomodulators may, in part, be via alterations to hsp expression. The link

between cellular redox status and the stress response has also been well

documented. It has been established that a hallmark of ageing is the reduced ability

of a senescent organism to respond to stress (Pawelec et al., 1997). This reduced

stress response was confirmed by a report of an age-related attenuation in

lymphocyte hsp60, hsp70 and hsp90 (Rao et al., 1999). Furthermore, it has been

reported that antioxidant status modulates lymphocyte stress protein synthesis by

down-regulation of HO-1 and up-regulation of hsp105, hsp90, hsp70 and hsp40

(Peng et al., 2000).

There is evidence, albeit rather equivocal, as to the immunomodulatory properties of

Andrographis, Cat's claw and Echinacea, herbal preparations commonly prescribed

by CAM practitioners. Andrographis paniculata has long been used in traditional

Chinese and Indian medicine. There is some evidence that the andrographolides,

the presumed major active constituents of this plant, have immune stimulatory and

anti-inflammatory properties (Bone, 1998; Panossian et al., 2002). Cat's claw

(Uncaria tomentosa and U.guianensis) has been shown to exhibit antioxidant as well

as immunomodulatory effects through the suppression of the cytokine TNF-a

(Sandoval et al., 2000). Previous studies have attributed the immunostimulatory

action of Cat's claw to induction of cytokines IL-1 and IL-6 in macrophages (Lemaire

et al., 1999). It has also been reported that Cat's claw may have anti-inflammatory

properties (Sandoval et al., 2002).

Among the most widely used herbal medicines are those containing preparations of

Echinacea. It has been reported that Echinacea purpurea is able to stimulate the

production of cytokines by peripheral blood mononuclear cells (PBMC) in vitro.

Macrophages cultured in low concentrations of Echinacea produce significantly

higher levels of IL-1, 11-6, IL-10 and TNF-a as compared with unstimulated cells

(Burger et al., 1997). A number of other studies have attributed the
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immunostimulatory effects of E. purpurea to a variety of mechanisms including

activation of polymorphonuclear leukocytes and natural killer (NK) cells (Barrett,

2003). Two recent and highly respectable studies on Echinacea have concluded that

there is a need for improved scientific evidence and quality control of Echinacea

preparations with respect to acceptance by the medical community as to the efficacy

of Echinacea as an immune stimulant (Melchart et al., 2000; Barrett et al., 2002).

1.14 Use of CAM by HIV-positive individuals

As many as 55% of Australian people living with HIV/AIDS (PLWHA) use CAM to

complement anti retrovi ral drugs (de Visser & Grierson, 2002, Hsiao et al., 2003).

This figure compares with 15.4% of the general population (reviewed in Batterham et

al., 2001). Many HIV-positive individuals are commonly co-infected with hepatitis

increasing speculation of impaired hepatic storage of micronutrients. HIV-infection

also increases the risk of renal disease, which may result in urinary efflux of

micronutrients such as vitamins A and E (Semba & Tang, 1999) and zinc and

selenium (Repetto et al., 1996). These factors have led to the suggestion that there

is an increased need for antioxidant micronutrients in HIV-positive patients. If the

increased micronutrient requirements are not met, then oxidative stress could

potentially stimulate HIV replication (Baruchel & Wainberg, 1992). Since both water

and lipid-soluble antioxidants have been demonstrated to inhibit HIV replication in

vitro (Suzuki & Packer, 1993; Harakeh & Jariwalla, 1997), and improve some

parameters of oxidative stress in vivo (Batterham et al., 2001), it is possible that

dietary interventions may be a fundamental part of the case management of HIV

infected individuals. A randomized clinical trial reported that multivitamins, excluding

vitamin A, significantly lowered mother to child transmission of HIV-1, via

breastfeeding, among immunologically and nutritionally compromised mothers.

Furthermore, supplementation with this multivitamin was found to decrease infant

mortality. These researchers also reported that vitamin A was found to increase

transmission of HIV-1 and had no effect on infant mortality (Fawzi et al., 2002). It is

widely accepted that micronutrient deficiencies confer susceptibility to infection.

Given the scale of the HIV-AIDS pandemic in developing nations, where poor

nutrition is almost universal and access to HAART beyond the means of most, the

identification and treatment of these micronutrient deficiencies seems an affordable

public health measure (Friis & Michaelson, 1998).
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Of those Australian HIV-positive individuals using CAM, at least 20% have reported

using herbal medications (Ostrow et al., 1997; Duggan et al., 2001). It has been

reported that herbal therapy use is common, under-reported and difficult for health

care providers to predict prompting the concern that unreported herbal therapy use

could lead to virologic failure as a result of unknown drug-herb interactions (Faragon

et al., 2002). It has recently been confirmed that significant drug interactions exist

when CAM such as St John's wort, garlic and Vitamin C are combined with HIV

medications (reviewed in Mills et al., 2005).

Echinacea, also known as purple coneflower and Rudbeckia, is a flowering plant

member of the Compositae family that is mainly used for the treatment of upper

respiratory tract infections. It is, however, also used prophylactically as an

immunomodulator and antioxidant and for the treatment of urinary tract infections,

eczema and psoriasis as well as to aid wound healing. Conflicting reports exist

however, as to whether Echinacea is suitable for use by patients who are HIV

positive (Echinacea Monograph, 2001). Some patients with HIV/AIDS take

Echinacea to treat the symptoms of colds and/or flu, however, many use Echinacea

to stimulate the immune system. Potentially, stimulating the immune system by

increasing the number of T lymphocytes could provide more 'target cells' for the virus

to infect. It is also plausible that if the cells of the immune system are already

activated in response to the HIV-infection, further activation by Echinacea could

result in cell and tissue damage (AIDS Infonet, 2002). In vitro studies initially showed

that arabinogalactan, a polysaccharide found in Echinacea, could increase levels of a

substance that might stimulate HIV to spread (Luettig et aI., 1989). These results

were confirmed when Echinacea was taken orally by humans (Elsasser-Beile et al.,

1996). In fact, one double-blind trial found that Echinacea angustifolia root (1 gram

three times per day) greatly increased immune activity against HIV, while placebo

had no effect (Berman et al., 1998). However, another study reported that extracts of

E. purpurea significantly enhanced NK-function and increased antibody dependent

cellular cytotoxicity of PBMC from healthy subjects, chronic fatigue syndrome and

AIDS patients (See et al., 1997). In particular, it is thought that the stimulation of pro

inflammatory cytokines TNF-a, IL-1 and IL-6, has the potential to accelerate

pathology in HIV/AIDS (See et al., 1997; Barak et al., 2002). The German

Commission E monographs also suggest that chronic use (longer than 6 - 8 weeks)

is discouraged because of the risk of immune suppression (Blumenthal et al., 1998).
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It has been demonstrated that antioxidant supplementation in HIV-positive individuals

improves markers of antioxidant defense and oxidative stress (Muller et a/., 2000;

Batterham et a/., 2001; Jaruga et a/., 2002). These studies have led to speculation

that by restoring the oxidant/antioxidant balance in HIV-infected patients, expression

and replication of HIV may ultimately be blocked. There is some controversy,

however, regarding the significance and the source of oxidative stress in HIV

infection. McDermid et a/. (2002) failed to show an increase in oxidative stress in

clinically stable HIV-positive individuals as compared with healthy controls.

Pirmohamed et a/. (1996) failed to show glutathione (GSH) deficiency in lymphocytes

isolated from HIV-positive patients and Witschi et a/. (1995) reported that

supplementation with the glutathione precursor N-acetylcysteine (NAC) failed to

increase GSH in plasma and lymphocytes of AIDS patients. Each of these authors

has acknowledged that differences in methodology may explain, in part, these

discrepancies.

1.15 Hormones and stress proteins

Stress proteins have been detected in a number of reproductive tissues including the

endometrium (Tabibzadeh et a/., 1996), the placental deciduas (Neuer et a/., 1996)

and fallopian tubes (Neuer et a/., 1996). Stress proteins also playa pivotal role in

spermatogenesis and in oogenesis in a number of species (reviewed in Neuer et a/.,

2000). Several functional mechanisms have been proposed for hsps in reproductive

tissue. In the endometrium it is thought that an increase in hsp expression following

ovulation may assist in preparing the endometrium for implantation (Tabibzadeh et

a/., 1996). Molecular chaperones including hsp70, hsp90, the co-chaperones Hip and

Hop, interact with steroid hormone receptor complexes to promote functional maturity

and stability of theses complexes (Pratt & Toft, 2003; Nelson et a/., 2004). The close

association between hsps and estrogen and progesterone receptors could also mean

that hsps modulate the steroid hormone function in the endometrium (Renoir et a/.,

1990; Bagchi et a/., 1991). Furthermore, hsps may protect endometrial cells from

damage associated with the accumulation of leukocytes and increase in cytokine

production during the secretory phase of the menstrual cycle (Tabibzadeh & Broome,

1999). The presence of hsps in the placenta of both preterm and term pregnancies

suggests that they form part of the physiological processes of pregnancy (Divers et

a/., 1995; Ziegert et a/., 1999). However, complexes between IgG antibodies and

hsp60 and hsp70 were only evident in pre-term deciduas indicating an autoimmune
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reaction to hsps may be involved in immune-mediated onset of pre-term labour

(Ziegert et a/., 1999).

A gender-specific hormone-mediated hsp response has been reported in non

reproductive tissues such as vascular endothelium (Hamilton et a/., 2004), cardiac

myocytes and kidney (Knowlton & Sun, 2001; Voss et a/., 2003). The concentration

of soluble hsp70 in healthy adult females has been reported to be twice that of

healthy adult males (Pockley et a/., 1998). It has also been suggested that a

disparity in post-exercise hsp70 expression between males and females is mediated

by estrogen (Paroo et a/., 2002). The gender dimorphism in heart tissue hsp

expression has given rise to speculation regarding a link between the levels of

expression of hsps and the differences in cardiovascular mortality between males

and females (Voss et a/., 2003).

1.16 Thesis aims

At the commencement of this PhD candidature, there was limited published work

investigating the association between stress proteins and HIV-infection and these

were restricted to in vitro studies. Notably, no in vivo studies had been conducted in

this field. With this in mind, the impetus for the studies presented in this Thesis was

to investigate the mechanisms of altered leukocyte hsp70 in HIV-positive individuals.

Specific aims of the studies presented in the following Chapters were:

1. To further develop the findings of my Honours project related to alterations in

lymphocyte hsp70 expression in HIV-positive individuals. In particular to

examine de novo stress protein expression and hsp90 synthesis in this cohort

(Chapter 3).

2. To develop methodologies to measure stress protein expression in human

leukocytes, to determine the minimum volume of blood required for

autoradiography and Western immunoblots, to determine whether stress

protein expression could be robustly measured in cryopreserved cells and to

determine whether serum or plasma measurements of extra-cellular hsp70

was more accurate (Chapter 4).
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3. To utilize the methodologies developed in Chapter 4 of this Thesis to measure

hsps in leukocyte sub-populations to examine the possible mechanisms of

altered hsp70 expression in HIV-positive individuals (Chapter 5).

4. To determine whether the immunomodulatory herbal supplement Echinacea,

which is contraindicated for HIV-positive patients yet still widely used by many

individuals with HIV-disease, has any effect on leukocyte hsp70 expression

(Chapter 6). These studies were conducted in HIV-negative subjects.

5. To determine whether gender differences exist in leukocyte hsp70 expression

and to investigate whether these differences are influenced by menstrual cycle

phase or oral contraceptive use (Chapter 7). These studies were conducted in

HIV-negative subjects.
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