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Adjuvants were reintroduced into modern immunology as the dirty little secret of immunologists by Janeway and thus began
the molecular definition of innate immunity. It is now clear that the binding of pathogen-associated molecular patterns (PAMPs)
by pattern recognition receptors (PRRs) on antigen presenting cells (APCs) activates the innate immune response and provides
the host with a rapid mechanism for detecting infection by pathogens and initiates adaptive immunity. Ironically, in addition to
advancing the basic science of immunology, Janeway’s revelation on induction of the adaptive system has also spurred an era of
rational vaccine design that exploits PRRs.Thus, defined PAMPs that bind to known PRRs are being specifically coupled to antigens
to improve their immunogenicity. However, while PAMPs efficiently activate the innate immune response, they do not mediate the
capture of antigen that is required to elicit the specific responses of the acquired immune system. Heat shock proteins (HSPs)
are molecular chaperones that are found complexed to client polypeptides and have been studied as potential cancer vaccines. In
addition to binding PRRs and activating the innate immune response, HSPs have been shown to both induce the maturation of
APCs and provide chaperoned polypeptides for specific triggering of the acquired immune response.

1. Introduction

The exposure of adjuvants as the immunologist’s dirty lit-
tle secret by Janeway in his seminal introduction to the
Cold Spring Harbor Symposium on Quantitative Biology,
“Approaching the Asymptote? Evolution and Revolution in
Immunology” [1], resulted in a revision of the workingmodel
of the immune system and provided a conceptual framework
for our current understanding of the innate immune response
and its control of adaptive immunity [1, 2]. Janeway reasoned
that as the adaptive immune system uses randomly generated
receptors to recognise antigen, it cannot reliably distinguish
between self and nonself. Adaptive immune cellsmust thus be
instructed as to the origin of an antigen by a system that can
determine whether an antigen is derived from self, infectious
(i.e., microbial) nonself, or innocuous (i.e., noninfectious and
nonmicrobial) nonself. He suggested that the evolutionarily
ancient innate immune system might be able to provide
such instruction and proposed a mechanism by which

the innate immune system could detect an infection and relay
its conclusions to the adaptive immune system. Janeway pro-
posed that the innate immune system would detect infection
by the use of germ-line encoded pattern recognition recep-
tors (PRRs) to recognise conserved, microbial pathogen-
associatedmolecular patterns (PAMPs).These PAMPs would
be unique to microbes and not found in eukaryotic cells
so that they would accurately signal infection. Furthermore,
they would be common to a broad class of microbes so that a
limited number of germ-line encoded receptors could detect
all infections and be essential for the life of themicrobe so that
their detection could not be easily circumvented bymutation.
Most importantly, Janeway proposed that the recognition of
infection by PRRs on cells of the innate immune system
would lead to the induction of signals that resulted in
initiation of the adaptive immune response. The subsequent
identification of the Toll-like receptors (TLRs) as key PRRs
led to an explosion of research on innate immunity and the
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definition of a number of families of PRRs and signalling
pathways that modulate inflammatory responses [2].

Extension of this work into the area of vaccinology
has suggested a classification of adjuvants into two major
functional groups, those being dependent and independent
of binding to TLRs [3, 4]. TLR-dependent adjuvants act
directly on dendritic cells (DCs), inducing the upregulation
of cytokines, MHC class II costimulatory molecules, and
promoting DC migration to the T-cell area of the lymph
node [3, 4]. For example, peptidoglycans and other skeletal
cell wall components in the Bacillus Calmette-Guérin (BCG)
vaccine are recognized by TLR2 and TLR4 and help mediate
protective immunity againstMycobacterium tuberculosis [5].
Conjugate vaccines against Haemophilus influenzae use the
outer-membrane proteins from Neisseria to elicit effective
adaptive responses via the triggering of TLR2 [6] and the
adjuvant properties of short nucleotide sequences containing
unmethylated CpG clusters mediated through TLR9 [7]. In
contrast, the mechanism of TLR-independent adjuvants like
alum and the squalene-based oil-in-water emulsion MF59
remains contentious [2, 8]. Alum has been shown to have
immunostimulating activities in vivo as it results in the
recruitment ofmonocytes, which take up antigen andmigrate
to the draining lymph nodes where they differentiate into
fully competent inflammatory DCs [8]. Moreover, it has
been proposed that adsorption to alum increases antigen
availability at injection site, allowing an efficient uptake by
antigen-presenting cells (APCs) [8, 9].However, other studies
have shown that alum could also increase antigen uptake
by DCs in vitro and, in studies on alum as an adjuvant for
antigens encapsulated in biopolymers, the improvement in
immunogenicity can be correlated to antigen entrapment and
release, suggesting that, in addition to thematuration of DCs,
alum may also perform an antigen delivery function [9, 10].

Heat shock proteins (HSPs) are ubiquitous chaperones
that bind and help fold nascent or denatured polypeptides
[11]. HSPs have also been recognised as major immunogens
in the immune response against pathogens [12, 13]. These
studies, as well as numerous studies on HSPs as cancer
vaccines, have revealed that apart from acting as immuno-
genic antigens themselves, HSPs can also act as adjuvants to
stimulate the immunogenicity of heterologous polypeptides
to which they are either covalently or noncovalently coupled
[13, 14]. Thus it can be argued that HSPs constitute a third
functional group of adjuvants.This reviewwill summarise the
studies that show that HSPs are not just stimulators of innate
immunity but can also traffic antigens into APCs facilitating
the induction of specific acquired immune responses. In this
context, it is important to note that native HSPs isolated
from any organism will carry chaperoned polypeptides that
are specific to the source organism and can thus be used
directly as vaccine candidates as has been demonstrated by
the development of autologous cancer vaccines [14, 15].

2. Discovery of the Heat Shock Response
and HSPs

The heat shock response was first observed when the temper-
ature of an incubator housing Drosophila was inadvertently

elevated, resulting in a change to the pattern of chromosomal
puffing within the chromosomes of the salivary glands [17].
Subsequently, a number of proteins were observed to be
producedwithin the same time frame as the appearance of the
chromosome puffs and these are what subsequently became
known as HSPs [18]. In addition to heat, these proteins were
found to be inducible upon exposure to a range of environ-
mental stresses including oxygen deprivation, pH extremes,
andnutrient deprivation [19].This range of responses demon-
strated a more general function in providing protection
against cellular stress, by limiting protein aggregation and
denaturation, and they are thus nowmore commonly referred
to as stress proteins [20]. HSP synthesis occurs at 5–15∘C
above the optimal environmental temperature of that organ-
ism, depending on the organism’s growth temperature range
[21]. The response is rapid (usually within 2–5 minutes after
heat shock), and the expression profile displays a temperature
related dynamic, in which the levels of specific HSPs change
over the range of different heat shock temperatures [21].
Generally there is a transient increase in the synthesis ofHSPs
at low level temperature elevation, with a more sustained
response observed at higher temperatures, and this pattern
of response has been consistently observed in numerous
organisms [19–21]. For example, heat shocking BCG at 42∘C
results in the production of both HSP65 and HSP70, while at
45∘C, HSP70 synthesis is more pronounced [22]. At the the
transcriptional level, with BCG, the accumulation of mRNA
for HSP70 appears to peak at 45 minutes after initiation of
temperature elevation, declining after 60 minutes; whereas
the elevated mRNA expression of HSP65 mRNA did not per-
sist after temperature elevation to 42∘C [22].The induction of
HSPs in mycobacteria can also be induced by other stresses,
not the least being phagocytosed by macrophages [23]. The
heat shock response and the upregulation of levels of HSPs
have been observed in all tissues and in both prokaryotic
and eukaryotic organisms, indicating that it is a ubiquitous
and critical biological response [21].The early hypothesis was
that these proteins were involved in the stress management of
the cells by stabilisation of housekeeping proteins that were
critical for survival [20]. Thus, the initial pulsing of cells with
low temperature heat stress increased their levels of HSPs
and their ability to survive a much higher thermal stress in
comparison to untreated cells [21]. However, the more recent
demonstration of the constitutive nature of expression of
HSPs in all cells strongly suggests that these proteins play a
more fundamental role in protein housekeeping within the
cell, chaperoning the folding of nascent polypeptides and
prevention of protein aggregation [19–21].

Numerous studies have now revealed that HSPs are
highly conserved molecules that exhibit a high degree of
sequence homology between species [19, 20, 24]. HSPs are
found throughout the cell, but different HSP families can be
localised to specific cellular locations and can be divided into
broad families based on size (see Table 1). The HSPs involved
in protein folding can be separated into differing functional
systems, with some overlap [20, 24, 25]. The HSP60-HSP10
(GroEL-GroES) system is involved in classical protein fold-
ing [24]. The HSP70-HSP40 (DnaK-DnaJ) system stabilises
peptides in a linear, unfolded state and delivers them to
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Table 1: Major prokaryotic and eukaryotic families of HSPs and their characteristics (see [15, 16]).

Hsp family Structural features Members Intracellular location

Small HSPs Varied, often large oligomeric
structures

hsp10, GroES, hsp16, 𝛼-crystallin, hsp20, hsp25,
hsp26, hsp27 Cytosol

HSP40 Dimeric hsp40, DnaJ, Sis1 Cytosol

HSP47 Monomer
Trimer hsp47 Endoplasmic reticulum (ER)

CCT hetero-oligomeric complex TRiC (60Kd family) cytosol
Calreticulin Monomeric Calreticulin, Calnexin ER

HSP60 2 stacked heptameric rings hsp60, hsp65, GroEL Cytosol
Mitochondria

HSP70 Monomeric hsp71, hsc70 (hsp73), hsp110/SSE, DnaK, SSC1, SSQ1,
ECM10, Grp78 (BiP), Grp170

Cytosol
Mitochondria
ER

HSP90 Noncovalent homodimers hsc84, hsp86, HTPG, Gp96 (Grp94, endoplasmin) Cytosol
ER

HSP100 Multimeric complexes with
hsp70 and hsp25 hsp104, Hsp110, Clp proteins, Hsp78 Cytosol

Mitochondria

the HSP60-HSP10 system [25]. Small HSP family members
can bind partially folded peptides and mediate their loading
onto one of the folding systems (e.g., HSP60-HSP10) [25].
The HSP90 family are found predominantly in the cytoplasm
and are thought to mediate the folding of specialised proteins
such as steroid receptors and protein kinases [26]. Ther-
mal tolerance, disaggregation, and unfolding of aggregated
proteins for enzymatic digestion are handled by the larger
HSP100 chaperones [27]. Being involved in such a variety of
cellular processes, it is unsurprising that themajority of HSPs
(HSP60,HSP70, andHSP90) are fundamental to cell survival,
and mutation or deletion of the major HSP genes is often
lethal to both cells and organisms [24–27].

Themajor HSP families are associated with ATPase activ-
ity that is essential for their function asmolecular chaperones
[24, 28]. In the HSP60 system, ATP binding brings about a
conformational change that exposes its peptide binding core
allowing peptides to enter the peptide binding chamber [28,
29]. This is then followed by the binding of the cochaperone
HSP10, which closes the chamber andATP hydrolysis to ADP
and then energises the folding of the nascent polypeptide
chain in a hydrophobic environment [29]. In the HSP70
system, ATP binding brings about a conformational change
in the HSP that exposes its peptide binding site, allowing
peptides to enter the binding cleft andATPhydrolysis to ADP
then closes this cleft [28, 30]. The nascent protein can then
undergo folding without interference from other constituents
of the intracellular environment [30]. In the HSP90 (Gp96)
system, in addition to ADP/ATP, peptide binding is under
the control of calcium levels that brings about the required
conformational changes for peptide binding [31].

While their role as molecular chaperones is their most
obvious biological function, their reported functions relating
to the immune system are still being elucidated. Numerous
studies have implicated HSPs in various aspects of the
immunological response to antigens, leading to the proposal
that these proteins carry out a “moonlighting” function as
“chaperokines” [32–34]. These studies have shown that HSPs

act both as adjuvants by triggering TLRs on cells of the innate
immune system, in particular macrophages and DCs, and
also as carriers of antigens by providing a mechanism for
chaperoning polypeptides for the loading of MHCmolecules
and the subsequent facilitation of induction of acquired
immunity [32–36] (Figure 1).

3. Innate Immunity

Initially HSPs were thought to be exclusively intracellular
proteins that were only released into cellular environment
upon cellular injury or necrosis, but not apoptosis and,
as such, they were not generally regarded as PAMPs but
considered to be “danger associated molecular patterns”
(DAMPs) [37]. DAMPs aremolecules that serve as alternative
ligands for PRRs but signal the presence of cellular damage, as
distinct from the presence of pathogens, thus also activating
the innate immune response [38]. However it is now apparent
that HSPs can be actively secreted into the extracellular envi-
ronment by tumour cells or released from cells undergoing
necrotic lysis in response to cytotoxic lymphocyte (CTL)
or natural killer (NK) action, or viral infections [39–41].
Members of HSP60, HSP70, and HSP90 (gp96) families have
all been linked with innate immune stimulation [12, 14, 36,
42]. They have been observed to elicit nonspecific cytokine
and chemokine secretion from cells of themammalian innate
immune system, to upregulate costimulatory molecules, and
to activate APCs in particular DCs via a number of receptors
[43–45]. One of the initial HSPs to be studied for its effects
on innate immunity was recombinant mycobacterial HSP65
which was shown to stimulate the human monocyte cell line
THP-1 resulting in the production of TNF-𝛼, IL-6, and IL-8
[46]. In comparison to the mycobacterial HSP65, the mam-
malian homologue HSP60 was 10–100 times more potent at
stimulating human monocytes to secrete cytokines (IL-6, IL-
10 TNF-𝛼, IL-12, and GM-CSF) [47, 48]. However, despite
showing 70% amino acid homology, the two chaperonins
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Figure 1: Dual role of HSPs in the activation of both innate immunity, with the induction of monokines andmaturation of DCs, and acquired
immunity, with the provision of peptides for MHC-loading and antigen specific responses.

appear to mediate the innate immune responses through dif-
ferent cellular receptors [48–50]. For mycobacterial HSP65,
signalling occurs primarily via CD14 and can be blocked by
the use of antibodies against this receptor: in contrast HSP60
appears to be CD14 independent and may bind and signal
via TLR4 [49]. The domains of mycobacterial HSP65 were
cloned (apical domain, intermediate domain, and equatorial
domain), and the binding to CD14 was localised to the
equatorial domain [50].

Mycobacterial HSP70 stimulates cytokine production in
monocytes, by interacting with both TLR2 and 4, in a
CD14-dependent manner [51]. This ability to activate innate
immunity was localised to the C-terminal peptide binding
region (aa359–610) of HSP70which elicited production of IL-
12, TNF-𝛼, RANTES, and nitric oxide (NO) in THP-1 cells,
whereas the N terminal nucleotide binding region of HSP70
(aa 1–358) did not [52, 53]. The full mycobacterial HSP70
molecule appears also to contain epitopes that inhibit DC
maturation and promote anti-inflammatory cytokines (IL-
10) [54]. Mycobacterial HSP70 can also interact with CD8+
T-cells via CD40 to produce RANTES, MIP-1𝛼, and MIP-
1𝛽 [55]. Further studies revealed that only mycobacterial
HSP70 but not human HSP70 induced this observation,
with bacterial HSP70 (DnaK) and human HSP70 appearing
to bind to different regions of CD40 on macrophages and
DCs [55, 56]. It has also been reported that mycobacterial

HSP70 binds to CCR5 andCD40 on humanDCs, stimulating
production of IL-12p40 and TNF-𝛼 [57], though this has
been contested by other groups that dissociate the innate
and acquired functions of both human and mycobacterial
HSP70 (aa359–635) [58]. Thus it appears that HSP70’s abil-
ity to stimulate cells contributing to the innate immune
system is dependent on the source of HSP, as mammalian
and microbial forms appear to use different receptors [52–
58]. Moreover, it appears that while mycobacterial HSP70
stimulates an innate immune response, the situation with
mammalian HSP70 is more variable and some members of
this gene family may downregulate the immune response
instead [34, 44, 54, 59]. This has led to the proposal that
these HSPs may have a distinct role as “resolution associated
molecular patterns” (RAMPs) that lead to the resolution of
inflammation induced by activation of the innate immune
response by DAMPs and PAMPs [59, 60].

The eukaryotic family of HSP90/gp96 chaperones has
also been shown to interact with TLR2 and -4 and induce
the activation of the NF-𝜅𝛽 pathway and the subsequent
secretion of IL-12 and TNF-𝛼 [61]. In addition, it has also
been reported that gp96 isolated from mouse liver induced
the production ofNO in bothmurine (Raw264.7) and human
(THP-1) macrophage cell lines and that this action was
mediated by the binding of gp96 to CD36 [62, 63]. These
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studies also report thatmixtures of IFN-𝛾 lead to a synergistic
production of NO from these macrophage cell lines [63].

There is still controversy and conflicting observations
about the ability of mammalian HSP to stimulate the mam-
malian immune system [64]. However there is compelling
evidence that bacterial HSPs, including mycobacterial HSP,
are able to stimulate the innate immune system with data
coming from the study of domains of HSP60 [50] and
HSP70 [52, 53]. A complication of initial studies was the
copurification of lipopolysaccharide (LPS) as a contaminant
in preparations of recombinant HSPs. Thus Gao and Tsan
suggested that the biological effect observed with human
HSP60 was as a result of LPS contamination as HSP60 with a
low endotoxin activity did not result in TNF-𝛼 production in
the murine macrophage Raw 264.7 cell line [65]. However,
the use of highly purified HSP60 and the stimulation of
innate immune responses by endotoxin-free mycobacterial
HSP60 show that LPS contamination does not account for
all the observations reported [66]. Moreover, the chemokine
stimulatory effects of mycobacterial HSP70 can be blocked
by antibodies specific for CD40 but not by inhibitors of
LPS [55]. These authors also show that the effect of HSP70
(but not LPS) is lost when digested with proteinase K and
the differing responses to different peptide domains of the
protein also rule out LPS contamination issues [53–55]. The
controversy regarding the potential contamination of HSP
preparations with PAMPs has recently been discussed in
detail and supports a distinct role for HSPs in the activation
of the innate immune response [64].

4. Adaptive Immunity of HSPs

The first indication that HSPs could modulate the gener-
ation of adaptive immunity derived from observations in
cancer studies aimed at elucidating the immunogenicity of
sarcomas in genetically identical mice [42, 67]. Biochemical
dissection of chemically induced sarcomas identified gp96
as the tumour rejection antigen and cloning of the gene
identified it as a member of the HSP90 family [68]. However,
immunisation with gp96 elicited sarcoma-specific immunity
and gp96 purified from other chemically induced tumours
or normal tissue did not elicit immunoprotection although
no differences were observed at a protein or genetic level
for these HSPs [67, 68]. Srivastava thus proposed that the
immunogenicity was conferred by tumour-specific peptides
associated with the HSPs and this was supported by the
observation that a plethora of peptides could be observed
bound to gp96 [42, 68].

Confirmation that immunity was due to the associated
peptides was achieved by removal of the chaperoned pep-
tide. HSP70 purified by affinity chromatography on ADP-
sepharose retained its chaperoned polypeptides and provided
protection against tumour challenge, whereas purification
usingATP-sepharose yieldedHSP70 that lacked its associated
peptides and did not provide protection [42, 69]. HSP70 has a
binding pocket that was first demonstrated for the ER HSP70
homolog BiP [70] and later for bacterial HSP70 [71]. The
binding pocket interacts with peptides of 8–26 aa in length

that are rich in leucine, isoleucine, valine, phenylalanine, and
tyrosine [72, 73]. Peptide binding is under the control of
ATP/ADP binding to HSP70, which brings about conforma-
tional changes that expose its binding pocket [28]. In contrast
to HSP70, HSP90 is found as a homodimer and has an open
peptide binding cleft that is localised between the long arms
of the twomonomers [74]. However, like other HSPs, peptide
binding is ATP/ADP dependent and HSP90 also functions
with cochaperones like HSP40 and HOP [74, 75].The HSP90
homologue gp96 also contains a binding pocket and, like
HSP90, it is an open binding pocket that should allow
peptides of any length to interact with it, though the presence
of a disulphide bond in this domain may also affect peptide
binding [75]. In gp96, peptide binding has also been reported
to be under the control of calcium levels that brings about
the required conformational changes for peptide binding, a
mechanism distinct from other HSP90 homologues [31, 75].

The most interesting feature of the uptake of HSP-
chaperoned peptides by APCs is their availability for cross-
presentation, which is the ability of exogenous antigens to
enter endogenous loading pathway ofMHCClass Imolecules
and thus prime CD8+ T cells [76–80]. Cross-presentation can
occur via one of two pathways, either the vacuolar/endocytic
pathway (nonclassical MHC I loading) or the cytosolic
pathway (classical MHC I loading) [78, 79]. In the vacuo-
lar/endocytic pathway, antigen is taken up by the cell by
phagocytosis, and formation of phagolysosomes provides
the appropriate environment for the production of peptide
fragments that are then loaded ontoMHC Imolecules within
this compartment: the source ofMHC Imolecules is believed
to be from membrane recycling or from ER-phagosome
fusion [78, 79]. In the cytosolic pathway, antigen is once again
taken up by the cell by phagocytosis and, once internalised,
the antigen is trafficked to the cellular cytosol (through the
transmembrane protein Sec61) and enters the classical MHC
I pathway of loading: this translocation to the cytosol requires
HSP90 [79, 80].

The cross-presentation of peptides bound to HSPs has
been shown to be receptor mediated, with HSP70 and gp96
binding to CD91 and HSP90/gp96 binding to Scavenger
receptor-A on APCs [43–45]. HSP70 also binds to Scavenger
receptor-A, Scavenger receptor-F1, stabilin-1, LOX-1, and
SREC-1 [44, 79]. Although CD91 is found on macrophages,
its distribution on DCs is low, suggesting that the scavenger
receptors and LOX-1 may be the more common receptors
involved in HSP-receptor-mediated cross-presentation [44,
45, 81]. Thus different receptor binding and selective inter-
nalisation may account for the enhanced immunogenicity
of different HSPs, and upon internalisation, the HSP bound
peptide can be taken into the vacuolar/endocytic or cytosolic
pathway of cross-presentation. The factors that determine
which pathway is taken remain unclear, but it appears to be
dependent on both the nature of the bound peptide and the
APC cell type [43–45, 76–79].

The ability of mycobacterial HSP70 to cross-present
chaperoned peptides onto mammalian APCs has also been
investigated [78, 82]. Construction of a fusion protein consist-
ing of mycobacterial HSP70-ovalbumin (OVA) was shown
to induce an antigen-specific CD8+ T-cell population in
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vaccinated mice that showed cytotoxic activity against target
cells expressing recombinant OVA [82, 83]. Furthermore,
Harding and colleagues have shown, in vivo, that an extended
OVA peptide, noncovalently associated with mycobacterial
HSP70, could be presented via the MHC I presentation
pathways of bone-marrow-derived murine macrophages and
DCs to induce the secretion of IL-2 from a T-cell hybridoma
specific for OVA peptide/MHC I complex [78]. This cross-
presentation was dependent on the peptide being bound
to mycobacterial HSP70 and required active internalisation
via CD91 but did not involve interaction with CD40 or
TLR [78, 82]. However, treatment of macrophages or B
cells with Brefeldin A, an inhibitor of ER to golgi trans-
port and thus the cytosolic pathway of cross-presentation,
did not result in a significant reduction of processing and
presentation of the fusion peptide, though a significant
reduction was seen when DCs were used as APCs [83].
This suggests that, in macrophages and B cells, polypeptides
chaperoned by mycobacterial HSP70 are cross-presented
predominantly via the vacuolar/endocytic pathway, whereas
in DCs cross-presentation occurs via the cytosolic pathway
[78, 84]. The ability of mycobacterial HSP to effect cross-
presentation has also been observed in human DCs, using
an influenza A derived MHC I peptide epitopes fused to
various HSP70 domains [34, 84]. These studies showed
that, in vivo, mycobacterial HSP70 bound peptides were
able to cross-present bound peptide, cross-prime CD8+ T-
cells, and generate CTL that lysed peptide-labeled target
cells: surprisingly low quantities of mycobacterial HSP70
peptide complex (120 pM) were required to bring about CTL
priming, about 4 orders of magnitude lower concentration
than that required to bring about a similar response with
unchaperoned peptide [34, 84].

5. HSP Cancer Vaccines

The initial work on host-derived HSPs (gp96) from tumours
as cancer vaccines has now progressed through preclinical
development into clinical trials, generating proof of concept
[36, 85–87]. There have been numerous reviews on the
preclinical development studies and the reader is referred to
these for further details [14, 36, 42]. The most advanced of
the clinical trials utilise patient-derived autologous vaccines,
called Vitespen/Oncophage, which are gp96 preparations
purified from surgically removed samples of the patients’
tumours using proprietary methods including affinity chro-
matography [42, 85]. A range of tumours includingmetastatic
colorectal carcinoma, metastatic melanoma, non-Hodgkin
lymphoma, pancreatic adenocarcinoma, and renal cell car-
cinoma have been studied in clinical trials up to phase III
[87]. However, while these vaccines have shownminimal side
effects and arewell tolerated, their effectiveness as therapeutic
agents has been varied [87–89]. In a randomised phase III
trial of individuals with renal cell carcinoma, administration
of isolated gp96 did not result in a statistically significant
improvement in disease outcome [88]. In contrast, when
assessed in individuals in stage IV melanoma, individuals
that were in substage M1a and M1b (those that had signs of

spread to other areas of the skin and lung) did show a delay
in disease progression compared to a group that received
conventional chemotherapy and/or surgery. However, in the
more advanced stages of the disease, no effect was observed
[89]. In groups that did show an effect, multiple vaccinations
were required (>10), at a dose of 25 𝜇g, and it is thought that
the disease stage can apparently modulate efficacy, and also
the amount of available tumour tissue available to work with
will varywith disease stage [87–89].One strategy to overcome
this limitation involves the use of tumour cells fused to DCs
for the purification of larger amounts of HSPs from these
fusion hybrids [86]. In animalmodels, this approach has been
shown to yield amore immunogenic vaccine thanHSPs puri-
fied from tumour cells alone, and this has been ascribed to the
improved loading of peptides onto HSPs in the APCs com-
pared to tumour cells [36, 86]. However, it should be noted
that the majority of animal studies in oncology use HSP70,
not gp96 as in Vitespen, and the autologous peptide binding
of the latter is distinct from other HSP90 homologues, both
of which may also explain the equivocal clinical results with
Vitespen [90]. An alternative strategy that addresses both the
issues of HSP heterogeneity and yield is the use of chaperone
rich cell lysates (CRCLs) that contain multiple HSPs [91–93].
Cell lysates rich in HSPs, produced by free-solution isoelec-
tric focusing of murine tumour cell lysates, showed signifi-
cantly improved protection against tumour challenge when
compared to the use of single HSPs, and these studies are
currently being progressed into human clinical trials [91–93].

6. HSPs as Infectious Disease Vaccines

Pathogen-derived HSPs have attracted much interest as
potential vaccine candidates againstM. tuberculosis infection
as they have been long recognised as immunodominant
antigens in infected individuals [5, 11, 12, 94]. HSP65 is
perhaps the most immunodominant in disease models, with
an estimated 10–20% of all T cells in infectedmice specific for
HSP65 [11, 95]. Early investigations showed that recombinant
mycobacterial HSP65 could activate murine macrophages in
vivo, and these cells inhibited the growth of the intracellular
pathogen Listeria monocytogenes, though they did not induce
in vivo protection against this pathogen [96]. In TB, early
work showed that the macrophage-derived cell line (J774)
transformed with a plasmid expressing M. leprae HSP65
conferred protection in mice against intravenous challenge
with M. tuberculosis [96]. Adoptive transfer studies showed
that CD4+ and CD8+ T cells specific to HSP65 were elicited
and conferred protection [96–98]. Subsequent work demon-
strated that vaccination with nucleic acid (DNA) plasmids
encoding the M. leprae HSP65 could confer protection
in a mouse model, and this approach was extended to
other mycobacterial HSPs, including HSP70 [99]. Moreover,
mycobacterial HSP65 DNA vaccine was also shown to exert
therapeutic action in mice previously infected with TB [100].
However the use of HSP DNA vaccines has become a
contentious area as in some postexposure therapeutic studies
there appeared to be an exacerbation of pathology [101].These
data have had variable reproducibility, and indeed, more
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recent investigations have indicated that the poor outcomes
may result from a general, rather than specific, stimulation of
inflammatory responses induced by DNA vaccines in the TB
therapeutic animal model [102].

Improved immunogenicity and protective efficacy have
also been observed in animal models using combination
vaccination strategies, administeringDNAvectors expressing
mycobacterial HSPs in conjunction with cytokines or other
mycobacterial proteins. Thus, the coadministration of DNA
vectors that expressed inflammatory cytokines IL-12 or GM-
CSF [103] and the mycobacterial Apa protein [104] resulted
in an improvement of the IFN-𝛾 recall response in both
the mouse and primate models [105]. The therapeutic use of
mycobacterial HSP expressing vectors has also been investi-
gated in conjunction with chemotherapy regimens and has
been shown to improve the outcome of treatment compared
to chemotherapy alone [106].

The use of mycobacterial HSP70 as both an antigen and
a component of fusion proteins has also been investigated
as potential anti-mycobacterial vaccines. Studies have shown
that recombinant BCG that produces soluble mycobacterial
HSP70 linked to the major membrane protein II of M.
leprae activates APCs and cross-prime CD8+ cells, resulting
in improved protection against M. leprae challenge in a
mouse model [107]. Induction of a potentially protective
phenotype has also been shown by a DNA vaccine construct
that expresses mycobacterial HSP70 fused to the secreted
mycobacterial protein MPT51: these studies demonstrated
that linkage to the 27 kDa C terminus substrate binding
domain of HSP70 was apparently sufficient to induce the
protective immune response as no protection was observed
using the 44 kDa N-terminal nucleotide binding domain
[108]. An investigation into the immunogenicity of native
and recombinant mycobacterial HSP16 (HSPx) was recently
published [109]. This study indicated that native but not
recombinant HSP16 (when administered with the adjuvant
dioctadecylammonium bromide) could elicit protection in a
mouse model of TB, and in addition, it had the capacity to
boost an existing BCG vaccination. Although HSP16 has not
previously been linked with an ability to chaperone antigenic
material and deliver it to the immune system, this study does
suggest that native mycobacterial HSPs could exploit this
pathway for other mycobacterial components [15, 109].

Finally some investigations have been carried out on
the immunogenicity of native (purified) HSP as vaccine
candidates toward TB [15, 110, 111]. Host-derived native
HSP-peptide complexes fromM. tuberculosis infected organs
have been studied and shown to contain pathogen-derived
peptides and, importantly, are capable of eliciting a protective
immune response [110]. However, there remain considerable
manufacturing and scale-up hurdles to be overcome in
this approach for the production of material for large-scale
vaccination. In addition, the use of these mammalian, host
HSPs as vaccines could have regulatory hurdles through the
perceived risk of inducing autoimmunity. An alternative
approach for the development of TB vaccines is the use of
multiple HSPs isolated from stressed (heat shocked) BCG,
and these vaccines have been shown to elicit protective
immunity in the mouse aerosol challenge model [111].

The utility of this approach is supported by studies dissecting
the immunogenicity of PPD, which show that the HSPs
are not just major immunological determinants but are
essential for the immunogenicity of other antigens in the
mycobacterial extracts [112–114]. As shown in the cancer field,
vaccines containing multiple HSP families and associated
antigens elicit polyclonal immunity that is more robust than
the use of single HSPs. The approach of isolating multiple
HSPs from stressed pathogens has been extended to bacterial
vaccines where broad strain coverage is an advantage, such
as in the development of a meningococcal disease vaccine
[115]. Such studies also report novel manufacturing methods
and, though several challenges remain, these may present
an approach to the development of novel infectious disease
vaccines.

7. Conclusion

This review has summarised the functional properties of
HSPs acting not only as chaperones involved in protein
synthesis and degradation but also as the bridge between
innate and acquired immune responses (Figure 1). HSPs are
therefore natural adjuvants, and their role in vaccine design
is currently being exploited in the development of vaccines
against cancers and infectious diseases.
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[72] S. Rüdiger, L. Germeroth, J. Schneider-Mergener, and B. Bukau,
“Substrate specificity of the DnaK chaperone determined by
screening cellulose-bound peptide libraries,” The EMBO Jour-
nal, vol. 16, no. 7, pp. 1501–1507, 1997.

[73] M. E. Grossmann, B. J. Madden, F. Gao et al., “Proteomics
shows Hsp70 does not bind peptide sequences indiscriminately
in vivo,” Experimental Cell Research, vol. 297, no. 1, pp. 108–117,
2004.

[74] K. Richter, J. Reinstein, and J. Buchner, “A Grp on the Hsp90
mechanism,”Molecular Cell, vol. 28, no. 2, pp. 177–179, 2007.

[75] D. E. Dollins, J. J.Warren, R.M. Immormino, andD. T. Gewirth,
“Structures of grp94-nucleotide complexes reveal mechanistic
differences between the hsp90 chaperones,”Molecular Cell, vol.
28, no. 1, pp. 41–56, 2007.

[76] F. Castellino, P. E. Boucher, K. Eichelberg et al., “Receptor-
mediated uptake of antigen/heat shock protein complexes



10 BioMed Research International

results in major histocompatibility complex class I antigen
presentation via two distinct processing pathways,” Journal of
Experimental Medicine, vol. 191, no. 11, pp. 1957–1964, 2000.

[77] H. Singh-Jasuja, R. E.M. Toes, P. Spee et al., “Cross-presentation
of glycoprotein 96-associated antigens: on major histocompat-
ibility complex class I molecules requires receptor-mediated
endocytosis,” Journal of Experimental Medicine, vol. 191, no. 11,
pp. 1965–1974, 2000.

[78] A. A. R. Tobian, D.H. Canaday,W.H. Boom, andC. V.Harding,
“Bacterial heat shock proteins promote CD91-dependent class
I MHC cross-presentation of chaperoned peptide to CD8+ T
cells by cytosolic mechanisms in dendritic cells versus vacuolar
mechanisms in macrophages,” Journal of Immunology, vol. 172,
no. 9, pp. 5277–5286, 2004.

[79] A. Murshid, J. Gong, and S. K. Calderwood, “The role of
heat shock proteins in antigen cross-presentation,” Frontiers in
Immunology, vol. 3, pp. 1–10, 2012.

[80] T. Ichiyanagi, T. Imai, C. Kajiwara et al., “Essential role of
endogenous heat shock protein 90 of dendritic cells in antigen
cross-presentation,” Journal of Immunology, vol. 185, no. 5, pp.
2693–2700, 2010.

[81] Y. Delneste, G. Magistrelli, J. F. Gauchat et al., “Involvement of
LOX-1 in dendritic cell-mediated antigen cross-presentation,”
Immunity, vol. 17, no. 3, pp. 353–362, 2002.

[82] K. Suzue, X. Zhou, H. N. Eisen, and R. A. Young, “Heat
shock fusion proteins as vehicles for antigen delivery into the
major histocompatibility complex class I presentation pathway,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 94, no. 24, pp. 13146–13151, 1997.

[83] A. A. R. Tobian, C. V. Harding, and D. H. Canaday, “Mycobac-
terium tuberculosis heat shock fusion protein enhances class
I MHC cross-processing and -presentation by B lymphocytes,”
Journal of Immunology, vol. 174, no. 9, pp. 5209–5214, 2005.

[84] P. A. MacAry, B. Javid, R. A. Floto et al., “HSP70 peptide
binding mutants separate antigen delivery from dendritic cell
stimulation,” Immunity, vol. 20, no. 1, pp. 95–106, 2004.

[85] S. Janetzki, D. Palla, V. Rosenhauer, H. Lochs, J. J. Lewis, and P.
Srivastava, “Immunization of cancer patients with autologous
cancer-derived heat shock protein gp96 preparations: a pilot
study,” International Journal of Cancer, vol. 88, pp. 232–238,
2000.

[86] J. Gong, Y. Zhang, J. Durfee et al., “A heat shock protein 70-
based vaccine with enhanced immunogenicity for clinical use,”
Journal of Immunology, vol. 184, no. 1, pp. 488–496, 2010.

[87] D. J. Reitsma andA. J. Combest, “Challenges in the development
of an autologous heat shock protein based anti-tumour vaccine,”
Human Vaccines & Immunotherapeutics, vol. 8, pp. 1152–1155,
2012.

[88] C. Wood, P. Srivastava, R. Bukowski et al., “An adjuvant
autologous therapeutic vaccine (HSPPC-96; vitespen) versus
observation alone for patients at high risk of recurrence after
nephrectomy for renal cell carcinoma: a multicentre, open-
label, randomised phase III trial,”The Lancet, vol. 372, no. 9633,
pp. 145–154, 2008.

[89] A. Testori, J. Richards, E.Whitman et al., “Phase III comparison
of vitespen, an autologous tumor-derived heat shock protein
gp96 peptide complex vaccine, with physician’s choice of treat-
ment for stage IVmelanoma: the C-100-21 study group,” Journal
of Clinical Oncology, vol. 26, no. 6, pp. 955–962, 2008.

[90] C. Colaco, “Autologous heat-shock protein vaccines,” Human
Vaccines & Immunotherapeutics, vol. 9, pp. 1–2, 2013.

[91] M. Graner, A. Raymond, E. Akporiaye, and E. Katsanis,
“Tumor-derived multiple chaperone enrichment by free-
solution isoelectric focusing yields potent antitumor vaccines,”
Cancer Immunology Immunotherapy, vol. 49, no. 9, pp. 476–484,
2000.

[92] Y. Zeng, M. W. Graner, and E. Katsanis, “Chaperone-rich cell
lysates, immune activation and tumor vaccination,” Cancer
Immunology, Immunotherapy, vol. 55, no. 3, pp. 329–338, 2006.

[93] E. Bleifuss, H. Bendz, B. Sirch et al., “Differential capacity of
chaperone-rich lysates in cross-presenting human endogenous
and exogenous melanoma differentiation antigens,” Interna-
tional Journal of Hyperthermia, vol. 24, no. 8, pp. 623–637, 2008.

[94] D. Young, R. Lathigra, R.Hendrix,D. Sweetser, andR.A. Young,
“Stress proteins are immune targets in leprosy and tuberculosis,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 85, no. 12, pp. 4267–4270, 1988.

[95] S. H. E. Kaufmann, U. Vath, J. E. R. Thole, J. D. van Emb-
den, and F. Emmrich, “Enumeration of T cells reactive with
Mycobacterium tuberculosis organisms and specific for the
recombinant mycobacterial 64-kDa protein,” European Journal
of Immunology, vol. 17, no. 3, pp. 351–357, 1987.

[96] W. E. Peetermans, J. A. M. Langermans, M. E. B. van der Hulst,
J. D. A. van Embden, and R. van Furth, “Murine peritoneal
macrophages activated by themycobacterial 65- kilodalton heat
shock protein express enhanced microbicidal activity in vitro,”
Infection and Immunity, vol. 61, no. 3, pp. 868–875, 1993.

[97] D. B. Lowrie, R. E. Tascon, M. J. Colston, and C. L. Silva,
“Towards a DNA vaccine against tuberculosis,” Vaccine, vol. 12,
no. 16, pp. 1537–1540, 1994.

[98] C. L. Silva, M. F. Silva, R. C. L. R. Pietro, and D. B. Lowrie,
“Characterization of T cells that confer a high degree of pro-
tective immunity against tuberculosis in mice after vaccination
with tumor cells expressing mycobacterial hsp65,” Infection and
Immunity, vol. 64, no. 7, pp. 2400–2407, 1996.

[99] R. E. Tascon, M. J. Colston, S. Ragno, E. Stavropoulos, D.
Gregory, and D. B. Lowrie, “Vaccination against tuberculosis
by DNA injection,” Nature Medicine, vol. 2, no. 8, pp. 888–892,
1996.

[100] D. B. Lowrie, R. E. Tascon, V. L. D. Bonato et al., “Therapy of
tuberculosis in mice by DNA vaccination,” Nature, vol. 400, no.
6741, pp. 269–271, 1999.

[101] J. L. Taylor, O. C. Turner, R. J. Basaraba, J. T. Belisle, K. Huygen,
and I. M. Ormel, “Pulmonary necrosis resulting from DNA
vaccination against tuberculosis,” Infection and Immunity, vol.
71, no. 4, pp. 2192–2198, 2003.

[102] J. L. Taylor, D. J. Ordway, J. Troudt, M. Gonzalez-Juarrero, R.
J. Basaraba, and I. M. Orme, “Factors associated with severe
granulomatous pneumonia in Mycobacterium tuberculosis-
infected mice vaccinated therapeutically with hsp65 DNA,”
Infection and Immunity, vol. 73, no. 8, pp. 5189–5193, 2005.

[103] K. M. Baek, S. Y. Ko, M. Lee et al., “Comparative analysis of
effects of cytokine gene adjuvants on DNA vaccination against
Mycobacterium tuberculosis heat shock protein 65,” Vaccine,
vol. 21, no. 25-26, pp. 3684–3689, 2003.

[104] J. C. Ferraz, E. Stavropoulos, M. Yang et al., “A heterologous
DNA priming-Mycobacterium bovis BCG boosting immu-
nization strategy using mycobacterial Hsp70, Hsp65, and Apa
antigens improves protection against tuberculosis in mice,”
Infection and Immunity, vol. 72, no. 12, pp. 6945–6950, 2004.

[105] Y. Kita, T. Tanaka, S. Yoshida et al., “Novel recombinant BCG
and DNA-vaccination against tuberculosis in a cynomolgus
monkey model,” Vaccine, vol. 23, no. 17-18, pp. 2132–2135, 2005.



BioMed Research International 11

[106] C. L. Silva, V. L. D. Bonato, A. A. M. Coelho-Castelo et al.,
“Immunotherapy with plasmid DNA encoding mycobacterial
hsp65 in association with chemotherapy is a more rapid and
efficient form of treatment for tuberculosis in mice,” Gene
Therapy, vol. 12, no. 3, pp. 281–287, 2005.

[107] T. Mukai, Y. Maeda, T. Tamura, M. Matsuoka, Y. Tsukamoto,
and M. Makino, “Induction of cross-priming of naive CD8+
T lymphocytes by recombinant bacillus Calmette-Guérin that
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