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Abstract

Molecular chaperone-based vaccines offer a number of advantages for cancer treatment.
We have discussed the deployment of a vaccine prepared by gentle isolation of Hsp70 from
tumour dendritic cell fusions (Hsp70 fusion vaccine). The vaccine was highly effective in
triggering specific T cell immunity and in the treatment of tumour-bearing mice and the
preparation was shown to retain an increased amount of tumour antigens compared to other
chaperone-based isolates. This approach has the further advantage that tumour sub-
populations could be used to prepare the Hsp70 fusion vaccine. Cellular fusion vaccines
were made to specifically target drug-resistant cancer cells and tumour cell populations
enriched in ovarian cancer stem cells (CSC). Such vaccines showed enhanced capacity to trigger
T cell immunity to these resistant ovarian carcinoma populations. We have discussed the
potential of using the cellular and Hsp70 fusion vaccine approaches in therapy of treatment-
resistant cancer cells and its deployment in combination with ionising radiation or
hyperthermia to enhance the effectiveness of both forms of therapy.
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Introduction

Heat shock proteins (HSP) play a significant role in express-

ing the genome through the facilitation of protein folding

[1,2]. Such ability to bind and fold client proteins has been

depicted metaphorically as molecular chaperone activity [1].

HSPs belong to five distinct families including HSPA

(Hsp70), HSPB (small hsp), HSPC (Hsp90), HSPD (hsp60)

and HSPH (large HSP) [3]. The molecular chaperone abilities

of these HSPs are utilised in the stress response, when cells

are induced to express large quantities of each of the HSP

families, leading to repair and reconstitution of the proteome

[4]. HSPs are also implicated in a number of pathologies,

particularly cancer, in which they are expressed to high levels

in many cancers and appear to mediate multiple facets of

transformation and tumorigenesis [5–7]. The relative effect-

iveness of the various HSPs as markers and indicators of

prognosis have been discussed in detail in previous reviews. In

general, although HSPs are at high levels in many cancers, they

are not good indices of prognosis in many cases. In effect, heat

shock factor 1 (HSF1), the transcriptional activator of HSP

genes, is a clearer index at least in breast cancer and in fact

correlates well with a bad prognosis. However, HSPs are

envisioned as targets in cancer therapy, and HSP-directed drugs

are already in clinical trial directed against a number of cancers

[8,9]. Currently, Hsp90-directed drugs based on the natural

products geldanomycin and are in trial as well as new synthetic

Hsp90 drugs [9,10]. Drugs targeting other HSPs in cancer are

also under development [11]. Another approach to exploiting

the HSPs in cancer therapy is in anticancer vaccine design

[3,12,13]. The principle idea behind this approach is that HSPs,

as molecular chaperones should bind to target polypeptides in a

selective but not very specific manner [14]. HSPs would be

expected to recognise hydrophobic sequences, as these are

displayed on the exterior of denatured proteins but not specific

amino acid sequences per se. HSPs might thus collect and

chaperone tumour antigens and could be envisaged as Trojan

horses that could deliver tumour antigens into the antigen

processing pathways of APC and thus be used to stimulate

cytotoxic lymphocytes directed against tumours [15,16].

Indeed, it has been shown that a number of molecular

chaperones including glucose regulated protein (GRP)78,

Hsp70, Hsp90, Hsp110, and GRP170 can bind to antigenic

peptides and generate anti-tumour immunity [17�20].

Significantly, it has been shown that large stress proteins

such as Grp170 can complex with full-length tumour antigens

in vivo, Indicating the potential of this approach [21].

Enhancing HSP vaccines

Despite the early promise of HSP-based vaccines, clinical

trials involving the use of GRP96 and Hsp70 in an autologous

context have proven only marginally effective [3,22]. Thus

improvements in the vaccines would be desirable. The

principle property required for the vaccines to be effective

is ability to bind and retain antigenic peptides for delivery to
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APC when vaccines are injected into the host. This involves

optimal choice of chaperone to be used. Indeed, chaperones

have a wide range of abilities to bind peptides, with the HSPH

family of proteins particularly effective in retaining antigens

[23]. In addition, gentle and rapid isolation of HSP-peptide

complexes (HSP-PC) improves vaccine effectiveness.

Recently we have developed a method in which tumour-

dendritic cell (DC) fusions are used as the source of HSP-PC

which are isolated by gentle lysis and Hsp70-agarose affinity

elution [24]. It was shown originally that tumour-DC fusion

could alone be a highly effective anticancer vaccine. The

rationale behind this is that tumour antigens can be directly

processed by the potent DC antigen processing machinery and

then presented on the surface of the heterokaryons [24].

We have used this cellular fusion vaccine approach to target

cancer stem cells in a recent study [25]. HSP-PC from

tumour-DC fusion (HSP-fusion vaccine) have proved to be

highly effective in provoking anti-tumour immunity and was

markedly more potent compared to a similar vaccine from

tumour alone [20,26]. We have illustrated the processes

involved in generation of such a vaccine in Figure 1. The HSP

fusion vaccine was shown to retain an increased amount of

the tumour antigen MUC1 [20]. In addition, Hsp90 was

co-isolated with the Hsp70 in the fusion vaccine and appeared

to play a crucial role in immune effectiveness. Hsp70 and

Hsp90 are known to associate in cells and mediate folding

of client proteins [20]. In addition, Hsp90 binds directly to

peptides derived from the proteasome during antigen pro-

cessing [27]. Hsp90 may thus access antigenic peptides at

source and may retain them within the Hsp70 fusion vaccine

[27]. Hsp90 inhibitory drugs were shown to prevent the

effectiveness of the Hsp70 fusion vaccine when added to the

fusion cells during vaccine preparation. Indeed, it has been

shown convincingly that Hsp90 bound to a model peptide

from OVA was internalised by a receptor-mediated process in

DC and led to enhancement of cross-presentation to cognate

T cells [28].

Tumour heterogeneity and significant cellular
sub-populations

Tumour cell populations are highly heterogeneous. The

tumour population is heterogeneous in terms of pathophysi-

ology: perfusion and oxygenation vary in different parts of

tumours, and this heterogeneity affects resistance to radiation

therapy in particular as hypoxic cells are radio-resistant [29].

In addition, heterogeneity is encountered in terms of cell

biology in that there is now considerable evidence to suggest

that tumorigenesis is restricted to a sub-population that

resembles tissue stem cells (cancer stem cells or CSC) and

that these cells initiate the formation of tumours and may fuel

metastasis [30,31]. CSC constitute a particular challenge

for cancer therapy in being resistant to chemotherapy and

radiation therapy [25,32–34]. A further source of tumour

heterogeneity is provided by the penetration of normal cell

such as macrophages, mesenchymal stem cells, tumour-

associated fibroblasts (TAF), regulatory T cells (Treg) and

myeloid-derived suppressor cells (MDSC) into tumours. One

result of these normal cells appears to be the creation of an

immunosuppressive tumour environment: immunosuppres-

sive cytokines such as interleukin 10 and tumour growth

factor B are secreted by MDSC and TAF and MDSC and

Treg suppress the activity of DC and cytotoxic T cells

(CTL) [35,36].

Targeting of cancer stem cells and drug-resistant
cells by fusion vaccines

The fusion vaccine approach has the advantage that theoret-

ically any tumour population could be used in the preparation

of the vaccine as long as it can be isolated from the bulk

population. The presence of surface markers on stem cells

suggested the possibility of isolating such CSC using specific

antibodies coupled with cell sorting. Initial experiments were

carried out in ovarian carcinoma cells [37]. Our initial

experiments, to establish the principle of the approach have

been carried out using tumour-DC fusion vaccines (cellular

fusion vaccine). We aim to proceed to using Hsp70 fusion

vaccines (molecular fusion vaccines) in subsequent experi-

ments. Most patients with stage III/IV ovarian carcinoma

(OvCa) develop resistance to standard therapies and this may

be associated with increases in drug-resistant CSC popula-

tions [38]. CSC subpopulations have been determined in

OvCa cell lines and express stem cell-associated proteins such

as Oct4, Notch-1, nesting, BM1-1, and surface markers CD44

and CD177 [35,39]. It was found that OvCa cells surviving

carboplatin expressed cell surface CD44 and exhibited a CSC

phenotype [25]. Fusion vaccine prepared from CD44þ-sorted

OvCa led to the preferential killing of CD44þ cells as well as

carboplatin-resistant OvCa by specific CTL populations. This

vaccine was also highly effective in killing cells from the bulk

population [25]. The vaccine is thus selective for the minority

of tumour-initiating cells in the OvCa population and targets

drug-resistant cells, indicating the power of this approach

[25]. Targeting CSC is particularly important as these cells

are not only capable of initiating primary tumours but are also
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Figure 1. Preparation of HSP-fusion vaccine from CSC. The tumour is
depicted as a colony of cells containing CSC (spindle/mesenchymal
shape) and more differentiated cells (cuboid shape). To prepare vaccine,
cells are disaggregated and CSC are sorted by cell surface phenoptype
(CD44þ CD24�) using fluorescence-labelled monoclonal antibodies
and cell sorting by fluorescence activated cell sorting. CSC are then
fused to autologous DC by the polyethylene glycol approach as described
in Wang et al. [19], leading to formation of fusion cells. Fusion cells can
be used as vaccine in this state or lysed and the HSP fusion vaccine is
prepared using Hsp70 antibody immunoaffinity chromatography as in
Wang et al. [19].
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the major cells involved in the seeding of metastases [40].

We have shown that metastasis is an early event in mammary

tumorigenesis in mice and largely fuelled by CSC [40].

Thus selective elimination of CSC by the fusion vaccine may

be important in regression of both primary and secondary

tumours. In addition to maintenance of CSC populations by

renewal mechanisms, such cells may arise by reprogramming

of differentiated cells or progenitors in a process that

resembles the events in inducible pluripotent stem cell IPSC

programming [41–43]. For instance, ionising radiation can

trigger stem cell reprogramming in tumour cells through a

process involving the transcription factor STAT3, a key factor

in IPSC programming [41,42]. This process may be of high

significance in cancer treatment in that such therapy may

preferentially kill non-CSC as well as triggering cells with

a CSC phenotype with high tumour-initiating and metastatic

potential and increased treatment resistance. Inclusion of

immunotherapy targeting CSC within conventional treatment

protocols may thus be indicated.

Combination of HSP fusion vaccines with
conventional treatments

As mentioned previously, tumour microenvironments tend to

be immunosuppressive due to infiltration of Treg, MDSC and

TAM and exclusion of CTL from the tumour microcirculation

[35]. Such an environment could be reversed by induction of

local inflammatory killing that might bias the cytokine milieu

in an immunostimulatory direction [44]. One highly promis-

ing candidate for such an effect would be treatment of the

tumour with ionising radiation, a modality that has been

shown to be pro-inflammatory and immunogenic [45].

Radiation of the tumour locally would kill primary tumour

cells as well as reversing the immunosuppressive tumour

milieu. Immunotherapy functions best with minimal residual

disease and activated T cells are able to kill metastatic tumour

cells. One potential problem with immunotherapy that is

beginning to emerge is stem cell reprogramming by the

radiation [42,46,47]. CSC are markedly radio-resistant, a

property that may be a consequence of reduced rates of

proliferation that characterise stem cells and/or the expression

of polycomb family genes such as Bmi1 that increase the rates

of DNA repair [42,46,47]. CSC are also highly metastatic,

suggesting the potential for radiation to trigger metastases

[40]. We have shown that Hsp70 fusion vaccines can be

prepared that can lead to preferential killing of CSC and

treatment-resistant cells (J. Gong & S.K. Calderwood, in

preparation). Combined radiotherapy and Hsp70 stem cell/DC

fusion vaccines could thus be mutually reinforcing in dealing

with pathways of tumour treatment resistance and be syner-

gistic in tumour cell killing. The optimal ordering of the

component arms in such an approach would clearly be

desirable in order to maximise the potential of this multi-

faceted treatment protocol. One could also envisage the use of

thermal therapy in combination with Hsp70 fusion vaccines.

Although the ability of conventional hyperthermia at

42–45 �C to enhance immunity is uncertain, higher ablative

heating above 50 �C is markedly immunostimulatory and

could be used to boost the effects of the Hsp70 fusion vaccine

[48]. Necrosis is known to be the dominant form of cell death

in this temperature range [49]. Necrotic cell killing is

classically immunogenic [50]. In addition, fever range

hyperthermia (FRH) at 39–40 �C, below conventional hyper-

thermia at the 42–45 �C range, also increases tumour

immunity through multiple stimulatory effects on immune

effector cells. Combined Hsp70 fusion vaccines with FRH

may also be strongly indicated [51].

One further problem related to this approach that could

arise is that patients with advanced cancer may be deficient in

CTL activation due to long-term chemotherapy and may only

mount a weak immune response during the radioimmunother-

apy [52,53]. One treatment strategy in such a scenario could

involve the ex vivo stimulation of patients’ CD8þ T

lymphocytes with tumour antigens and re-introduction of

the activated T cells into the patient by adoptive transfer.

Hsp70 antigen complexes from stem cell/DC fusion or from

treatment-resistant tumour cells could be used to program

such CTL to attack tumour initiating cells in vitro prior to

introduction of the CTL into patients by adoptive transfer.

Conclusion

Although molecular chaperone vaccines offer many advan-

tages for tumour immunotherapy, their performance in the

clinic has not been overwhelming so far. We have attempted

to develop a novel vaccine based on extracting Hsp70

chaperone complexes from tumour dendritic fusions, with

some success. The approach has the advantage of high antigen

retention and ability to prompt antigen-specific tumour

immunity in vivo. This method also has the merit of

permitting the use of malignant subpopulations such as CSC

and drug- or radiation-resistant cells in vaccine preparation.

These populations can then be selectively targeted.

We envisage the use of these Hsp70 fusion vaccines clinically

in combination with conventional therapeutic approaches such

as chemotherapy and radiation therapy.
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