Chaperone proteins and brain tumors:
Potential targets and possible therapeutics’
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Chaperone proteins are most notable for the proteo- and
cyotoprotective capacities they afford during cellular
stress. Under conditions of cellular normalcy, chaperones
still play integral roles in the folding of nascent polypep-
tides into functional entities, in assisting in intracellular/
intraorganellar transport, in assembly and maintenance
of multi-subunit protein complexes, and in aiding and
abetting the degradation of senescent proteins. Tumors
frequently have relatively enhanced needs for chaper-
one number and activity because of the stresses of rapid
proliferation, increased metabolism, and overall genetic
instability. Thus, it may be possible to take advantage
of this reliance that tumor cells have on chaperones by
pharmacologic and biologic means. Certain chaperones
are abundant in the brain, which implies important roles
for them. While it is presumed that the requirements of
brain tumors for chaperone proteins are similar to those
of any other cell type, tumor or otherwise, very little
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inquiry has been directed at the possibility of using chap-
erone proteins as therapeutic targets or even as therapeu-
tic agents against central nervous system malignancies.
This review highlights some of the research on the func-
tions of chaperone proteins, on what can be done to mod-
ify those functions, and on the physiological responses
that tumors and organisms can have to chaperone-
targeted or chaperone-based therapies. In particular, this
review will also underscore areas of research where brain
tumors have been part of the field, although in general
those instances are few and far between. This relative
dearth of research devoted to chaperone protein targets
and therapeutics in brain tumors reveals much untrodden
turf to explore for potential treatments of these dread-
fully refractive diseases. Neuro-Oncology 7, 260-277,
2005 (Posted to Neuro-Oncology [serial online], Doc.
04-118, May 26, 2005. URL http://neuro-oncology
.mc.duke.edu; DOI: 10.1215/51152851704001188)
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haperone proteins, sometimes called stress

proteins and often called heat shock proteins

(HSPs),? are a family of relatively abundant pro-
teins whose origins date to archaebacter. The high con-
servation exhibited amongst these entities indicates their
importance in life, as all cells must face similar prob-
lems in terms of folding nascent proteins in the midst of
high concentrations of materials within the intracellular
milieu, assembling components of multi-subunit protein
complexes, and transporting proteins across organel-
lar or plasma membranes. Related to these functions
are the roles played by chaperones when cells face stress
conditions, such as heat, hypoxia, starvation, or radia-
tion. As the intracellular environment becomes unfit for
native protein conformations, chaperones bind and sta-
bilize sensitive proteins and prevent protein aggregation.
Upon release from stress, chaperones disassemble protein
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aggregates, refold salvageable proteins, and escort dena-
tured polypeptides to their fate of proteolytic recycling.

Many brain cell types express abundant chaperone
quantities, and brain tumors presumably have require-
ments for chaperone activity that are similar to those of
any other cells. In fact, tumors overall may exact more of
a toll from the chaperone system than nonmalignant cell
types. The general hypoxic environment and the demand
for rapid cell division put severe strains on the chaper-
one machinery to produce stable and functional proteins
within a tumor cell. The result is that chaperone protein
composition and activities are often highly upregulated
in tumor cells, which leads to the concept of exploiting
tumor chaperones as targets against the malignancy or
mediating chaperone activities that will ultimately lead
to the demise of the tumor (Lee, 2001; Mosser and Mori-
moto, 2004). This review attempts to touch on the cell
biology of chaperone proteins, both in general and in the
context of brain tumors, and speculates on the possibi-
lity of manipulating the varied and sundry activities of
chaperones in order to eradicate these diseases. Given
the high failure rate of most therapies against brain
tumors, there is an obvious need for original ideas and
fresh approaches to treating malignancies of the central
nervous system, and chaperone proteins may provide a
critical link to useful, effective therapies.
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Chaperone Proteins, a Brief Overview

There has been a vast accumulation of literature on the
chaperones even in the past few years alone, and for more
detailed reviews the reader is referred elsewhere (Fryd-
man, 2001; Houry, 2001; Naylor and Hartl, 2001). For
general purposes, most of the mammalian chaperones
and HSPs are grouped into families by apparent molecu-
lar weight on sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. Table 1 briefly summarizes mammalian
HSPs of interest, with roles, features, and general refer-
ences for the listed chaperones, and provides references
that cite the chaperones in relation to brain tumors in
particular.

Other important mammalian chaperones that do not
fit neatly into the above categories include those of the
endoplasmic reticulum (ER) such as calreticulin, cal-
nexin, tapaisin, and protein disulfide isomerase. These
proteins, along with glucose-regulated proteins (GRPs)
GRP94 and GRP78, are important in the folding and
maturation of immunologically relevant molecules such
as immunoglobulins and major histocompatibility com-
plex (MHC) class I molecules. In more general terms
these proteins are critical members of the quality con-
trol apparatus of glycoprotein folding in the ER (Argon
and Simen, 1999; Ellgaard and Helenius, 2001). Also,

Table 1. Chaperone protein families, roles, and features

Brain Tumor
Chaperone Chaperone Unique References Related
Family Role Features and Reviews References
HSP110 Aggregation deterrent; Relatives of HSP70 Manijili et al., 2002;  Hylander et al., 2000
GRP170 assist in protein folding Can stably bind large proteins  Wang et al., 2004

(large HSPs)

HSP90
GRP94/gp96

HSC73, HSP72,
mtHSP70/GRP75,
GRP78, HSP71t

Folding and unfolding;
stabilization of client
“signaling" proteins; ER
quality control; loading of
peptides onto MHC |
molecules

Folding, unfolding; inter-
organellar transport; clathrin
uncoating; ER quality control

in long-lived manner; utilized
as anticancer vaccines

HSP90 binds HSF-1 to control
its own transcription; earliest
identified HSPs as anticancer
vaccines; roles in stabilizing
signal transduction molecules;
a buffer against genetic/
mutational variation?

First HSP to be shown to bind
peptides; utilizes ATP
hydrolysis/ADP exchange for
reaction cycle; roles in
apoptosis; utilized as an
anticancer vaccine

HSP60 Folding, unfolding, refolding; Forms barrel-like torroids that
TriC/TCP sometimes specialized for utilize ATP to unfold/refold
particular proteins in cytosol  proteins; expression on tumor
and mitochondria cell surfaces may have immu-
nologic or metastatic
consequences
HSP40 Assist HSP70 activities; May have chaperone
DNA-J family involved in HSP70 ATP function; may require HSP70
hydrolysis and nucleotide cooperation for proper
exchange protein folding; important
for in vivo function of HSP70
sHSP, Stabilization and disassembly  Act as multimers; a-crystallin
(small HSP; i.e., of aggregated proteins prevents aggregation of
20-40 kD) proteins in eye lens optical

path; cancer status marker

Argon and Simen,
1999; Nicchitta,
1998; Pratt and
Toft, 2003; Ullrich
et al., 1986

Flynn et al., 1989;
Frydman, 2001

Barazi et al., 2002 ;
Feng et al., 2001;
Frydman, 2001

Frydman, 2001

Haslbeck, 2002

Hermisson et al., 2000;
Kato et al., 2001;
Lavictoire et al., 2003;
Yang et al., 2001;
Zagzag et al., 2003;

Hermisson et al., 2000;

Kato et al., 1993, 2001;

Kaul et al., 1997; Lavictoire
et al., 2003; Nylandsted et
al., 2002; Takano et al., 1997

Kato et al., 2001

Aoyama et al., 1993;
Hermisson et al., 2000;
Hitotsumatsu et al., 1996;
Kato et al., 1993, 2001

Abbreviations: ER, endoplasmic reticulum; GRP, glucose-regulated protein; HSC, heat shock cognate; HSP, heat shock protein; MHC, major histocompatibility complex.

Neuro-Oncology

JULY 2005 261

220z 1snbny Lz uo 1sanb Aq 8Z2/6901/092/€/./21911e/AB0j0ouU0-01nau/wod dno-olwapede//:sdjiy woly papeojumoq



Graner and Bigner: Chaperone proteins and brain tumors

ATP

@

Pi ATP

ADP

ADP —LP
[

Exchange
Factors

Fig. 1. HSP70 cycle of binding and release of nascent proteins. Shown is a highly simplified version of the binding and release cycle of the
HSP70 family members of chaperones and the coupling of that chaperone activity with ATP/ADP binding, hydrolysis, and release. Top.
HSP40/DNAJ (magenta octagon, “J") initially binds a nascent polypeptide coming off a ribosome (light blue), and recruits HSC/HSP70
(dark blue sphere, black segments) with ATP bound to the HSP70 nucleotide binding site. Lower Left. Hydrolysis of ATP to ADP (P;, inor-
ganic phosphate) and the exit of HSP40 results in the closing of the lid domain and sequestration of an 8 to 10 amino acid portion of the
nascent polypeptide; ADP is removed with the aid of a host of nucleotide exchange factors, the peptide binding domain of the chaperone
opens, and the chaperone is returned to a state capable of binding polypeptide and ATP again. Lower Right. The nascent protein has pre-

sumably undergone some appropriate folding toward native state confirmation.

an increasing number of co-chaperones are being iden-
tified that appear to modulate the activity or outcome
of chaperone-based protein folding. These include Hop
(heat shock protein70/90 organizing protein), Hip (heat
shock protein interacting protein), and members of the
BAG-1 family. A simplified diagram of the function of
heat shock cognate (HSC)/HSP70, as an example of how
chaperone proteins accomplish the role of assistance in
protein folding, is shown in Fig. 1. This sort of binding
and release of regions of hydrophobic polypeptide sub-
strates is the essential activity for chaperones in protein
folding, unfolding, aggregation stabilization, renatur-
ation, and so forth.

Chaperone Expression in Brain Tumors

Much of the work devoted to chaperones in the con-
text of brain tumors has been descriptive. The types of
tumors examined include meningiomas, glioblastomas,
(anaplastic) oligodendrogliomas. (anaplastic) epen-
dymomas, (anaplastic) astrocytomas, schwannomas,
medulloblastomas, primitive neuroectodermal tumors,
leptomeningeal carcinomatosis, craniopharyngiomas,
hemangioblastomas, and choriomas. There have been
studies devoted to a range of stress proteins (Kato et al.,
1993). In particular, there have been extensive studies
on the HSP27 content of brain tumors, and it is now
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considered a marker of poor prognosis (Hitotsumatsu
et al., 1996; Kato et al., 1992). Another member of the
small HSP family, alpha-B crystallin, also appears to
be upregulated in tumors of the CNS (Aoyama et al.,
1993; Hitotsumatsu et al., 1996). At least one study
has made an attempt to examine and compare HSP
expression in glioblastomas histologically and in vitro
with glioma cell lines subjected to hyperthermia (Her-
misson et al., 2000). However, the functional signifi-
cance of these highly expressed proteins in brain tumors
remains unclear. Recently (Kaul et al., 1997; Takano et
al., 1997), it has been proposed that mortalin (GRP75,
PRB74, mitochondrial or mtHSP70) expression may be
correlated with progressive staging of astrocytomas, in
both its prevalence and its subcellular localization. Curi-
ously, the presence of relatively high quantities of mor-
talin in normal cell types has been associated with the
nondividing senescent phenotype of those cells (hence
the name “mortalin”) (Wadhwa et al., 1993, 2002a).
Thus, the unusual amounts and localizations of mor-
talin in transformed cells, including those derived from
brain tumors, may have something to do with mitochon-
drial responses to transformation. It is also conceivable
that mortalin-p53 interactions and sequestration may be
involved in the potential for tumor cell growth (Merrick
et al., 1996; Wadhwa et al., 2002a). From the brevity
of this section it is apparent that while histologic stud-
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ies of chaperones in brain tumors have been performed,
relatively little is known about the functional nuances
of those proteins in such malignancies, and even less
is known about the utility of chaperones as an area of
therapeutic intervention in brain tumors.

Manipulating HSP Levels—Chaperone
Proteins as Pharmacologic Targets

It is not inherently obvious that chaperone roles in tumor
cells are dissimilar from those in normal cell counter-
parts. However, the overexpression of these proteins and
the known biochemical characteristics of the intracel-
lular milieu in which they reside begs the question: Is
there a relationship between the stressed environment
of a tumor cell and the inflated presence of chaperones?
Furthermore, is it possible that the upregulation of the
chaperones can actually enable the stressed but prolif-
erative status of tumor cells? The reliance of tumor cell
survival on chaperone proteins makes those proteins
attractive as targets for therapeutic intervention, pro-
vided one can identify the chaperones to be targeted
as well as the means of accomplishing that goal. What
follows is a compilation of targets and agents arranged
more or less by the chaperone affected by the agent.

HSP90 Binding Agents

The role of chaperones, especially HSP90, in the main-
tenance of metastable signaling complexes has become
an area of great interest. HSP90 has a relatively limited
substrate repertoire (“client proteins”), although that
list is rapidly expanding (Pratt and Toft, 2003) and is
nearly 100 proteins currently. That list includes numer-
ous molecules at key positions in signaling pathways,
including several chimeric and mutated proteins known
to be involved in tumor initiation or progression (Pratt
and Toft, 2003). For the signaling clients, HSP90 and a
cohort of other chaperones and co-chaperones maintain
and “mature” the client protein in waiting for the arrival
of ligand. Thus primed, the ligand binding results in the
release of the active substrate and the ensuing signaling
cascade or nuclear localization and transcriptional acti-
vation. If HSP90/client interactions are disrupted, such
signaling molecules are unstable, and they face proteo-
somal degradation (Mimnaugh et al., 1996; Schulte et
al., 1997).

Geldanamycin (GA) is a benzoquinone ansamycin anti-
biotic that binds with high specificity to the N-terminal
nucleotide binding pocket of HSP90 (Prodromou et
al., 1997; Stebbins et al., 1997; Whitesell et al., 1994).
Blocking of the nucleotide binding pocket inhibits criti-
cal HSP90 ATPase activity, preventing its stabilizing
interactions with essential proteins necessary for pro-
liferative signaling or cell cycle progression, and thus
preventing continued growth of tumor cells. While GA
affects HSP90 of normal cells in a similar fashion, with
the resultant downstream effects on signaling, the drug
clearly has a more dramatic impact on tumor cells. This
is presumably because higher proportions—in some
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cases, virtually all—of HSP90 molecules in tumor
cells are found in complexed states with client proteins
(Kamal et al., 2003). This complexed state is apparently
a high binding conformation of HSP90 for GA, resulting
in a higher accumulation of GA in tumor tissue than in
normal tissue, and thus a more detrimental impingement
on HSP90-mediated signaling events. Figure 2 shows an
elementary scheme of HSP90 function and GA-induced
dysfunction in the context of signaling or transcriptional
activator client ligands.

HSP90 client proteins of interest to those study-
ing brain tumors include EGFR and a mutated variant
EGFRVIII, PDGER, FAK, AKT, hTERT, p53, cdk4,
MAPK, PI3K, EF-2 kinase, and HIF-1a. (For a review
of potential and current molecular targets of malig-
nant gliomas, see Rich and Bigner [2004].) In separate
studies, GA and the clinically relevant 17-aminoallyl-
geldanamycin have been demonstrated to target HSP90
as a chaperone of EF-2 kinase (Yang et al., 2001), of
HIF-1a (Zagzag et al., 2003), and of the mutant EGFR
variant III (Lavictoire et al., 2003). The GA-induced dis-
turbance of chaperone/EF-2 kinase resulted in reduced
clonogenicity of glioma cells in culture and inhibited
growth of glioma xenografts in nude mice (Yang et
al., 2001). Disruption of HSP90/HIF-1a complexes
decreased migration of a number of glioma cell lines
with a concomitant decrease in FAK phosphorylation
(Zagzag et al., 2003), although it is not clear that FAK
levels themselves were not reduced.

Frequently in high-grade glioblastoma there are ampli-
fications of EGFR, and in at least half of the tumors
there is an in-frame deletion resulting in a mutant recep-
tor, EGFRVIII (Humphrey et al., 1990; Wikstrand et
al., 1995; Wong et al., 1992). As shown in the afore-
mentioned recent study by Lavictoire et al. (2003),
HSP90 interacts with the nascent mutant receptor in
EGFRVIIT-FLAG-tag transfected glioma cell lines, while
HSP90’s putative interactions with the wild-type recep-
tor are conflicting (Park et al., 2003; Sakagami et al.,
1999; Supino-Rosin et al., 2000; Xu et al., 2001). By
co-immunoprecipitation, other chaperones appeared
associated with the chaperone-mutant receptor complex,
including HSP70 and the ER residents GRP78 (BiP) and
GRP94. GA treatment of cells expressing the construct
decreased the expression of EGFRVIII, and also cdk4,
part of another signaling pathway that is likely involved
in glioblastoma formation and progression. While
neither the cellular in vitro phenotype nor the in vivo
effects of GA treatment on EGFRvIII-expressing cells
have been examined, the results of the aforementioned
Lavictoire et al. (2003) report certainly call for those
studies to be done.

Survivin is an antiapoptotic protein shown to be
overexpressed in brain tumors that may be a target
for immunotherapy (Katoh et al., 2003). Inhibition of
HSP90 activity leads to survivin degradation and cell
cycle arrest (Fortugno et al., 2003), and thus another
potential sensitive brain tumor target is added to the
cache of HSP9O0 clients.

Given HSP90’s critical role in the nexus of signaling
that cancer cells frequently utilize, it is not surprising
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Fig. 2. HSP90 “chaperone machine” in open and closed complexes. HSP90 dimers (blue ovals) interact with a host of other and co-chap-
erones (co-chaps) such as HSP70, HSP40, Hip, Hop, immunophilins, Cdc37, and p23 (represented in green) in determining the maturation
state of client proteins (orange or red shapes). The fate of the client protein depends on the co-chaperone cohort and the nucleotide status
of the complex. Binding of the client occurs in the open state, and maturation of the client proceeds with subsequent binding and hydrolysis
of ATP and a change in co-chaperones in the closed state. In the open state, the client is unstable and subject to proteasomal degradation,
particularly in the presence of HSP90 inhibitors such as geldanamycin (GA), which maintains the complex in the open conformation. In
the closed state, the client protein is able to assume the proper confirmation for downstream activities such as hormone binding or signal

transduction.

that several other HSP90 inhibitors are known, such as
another anamycin, herbimycin A, and radicicol, which
also bind to the N-terminal nucleotide binding pocket,
as well as novobiocin, which appears to target a recently
identified C-terminal ATP-binding site in HSP90 (Sreed-
har et al., 2004; Workman, 2004). Other pharmaceuti-
cal searches are under way (Le Brazidec et al., 2004;
Soga et al., 2003).

Other Chaperones, Other Pharmacologics

Pharmacologic agents that react with HSP family mem-
bers other than HSP90 are rarer and less well understood.
Indeed, the immunosuppressant 15-deoxyspergualin
(DSG) and some of its analogs have been shown to bind
to the constitutively expressed HSC70 as well as HSP90
(Nadler et al., 1992, 1995), but the molecular conse-
quences of HSC70 binding that lead to immunosuppres-
sion are currently unknown. DSG has nanomolar effec-
tive ranges on cells, despite near micromolar amounts
of HSC70 in cells. This situation is reminiscent of the
relationship of GA activity/cytotoxicity to the amount
of HSPIO0 in the cell, which is similar to the amount of
HSC70 (i.e., GA is cytotoxic to tumor cells at nanomolar
concentrations). There is no clear parallel for DSG and
HSC70, in that it is unknown which, if any, HSC70 con-
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formations are particular for high-affinity DSG binding.
One might predict that a specific or critical population
of HSC70 may be the drug target, but what makes that
population critical is undefined.

4-Phenylbutyrate (4-PB, also termed PBA) has also
been shown to decrease activities of HSC70, particu-
larly studied in the context of modifying the chaperone’s
interactions with the cystic fibrosis transmembrane con-
ductance regulator (Rubenstein and Zeitlin, 2000). At
the same time, 4-PB treatment of IB3-1 cells increases
the expression of the inducible HSP70 protein. How-
ever, 4-PB works as a histone deacetylase inhibitor and
does not directly interact with the chaperones. While the
relationship between presumed transcriptional regula-
tion by 4-PB and its effect on HSC70 mRNA is murky,
4-PB does have pleiotropic effects on gene expression,
including induction of some stress response genes, such
as the HSP70 and HSP110 family members (Wright
et al., 2004). There have been several reports of 4-PB
treatments and outcomes using glioma cell lines, includ-
ing proliferative inhibition and reduced invasive pheno-
type with decreased expression of c-myc and urokinase
(Engelhard et al., 1998), enhanced gap junction commu-
nication with alterations in glial fibrillary acid protein
expression (Asklund et al., 2004), and reduced GAPDH
mRNA expression (Appelskog et al., 2004). There is
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also a report of a 4-PB-treated patient who had had a
recurrent glioma achieving a complete clinical response
(Baker et al., 2002), demonstrating the drug’s clinical
effectiveness in at least an isolated case. The roles of
chaperone proteins that may be affected by 4-PB were
not examined in these studies, but it may be of interest
to explore the upshot of the drug on chaperones in brain
tumor models.

The lypophilic rhodocyanine dye MKT-077 has been
utilized in clinical trials, demonstrating anticarcinoma
activity, with accumulation and damage selectively to
tumor cell mitochondria (Koya et al., 1996; Modica-
Napolitano et al., 1996). MKT-077 binds to the mito-
chondrial HSP70 mortalin/GRP75/mtHSP70 (Wadhwa
et al., 2002b), where it seems to have effects on p53,
telomerase, Ras, and actin. The pleiotropic effects of the
drug could quite possibly be related to its interactions
with mortalin, particularly in relation to mitochondrial
toxicity and p53-mediated senescence events (such as
telomerase activity), but the Ras/actin connection to
mortalin has not been elucidated.

Drugs or other small molecule inhibitors of other
HSPs/chaperones are even fewer in number and have
thus far had less impact on oncotherapy. Mizoribine
(bredinin) is regarded as an immunosuppressive inhibi-
tor of purine biosynthesis that has been demonstrated to
bind HSP60 (Itoh et al., 1999). As an inhibitor of HSP60
function, it was shown to reduce integrin-mediated
tumor cell (breast carcinoma) migration on cultured
substrates (Barazi et al., 2002). The complicated roles
played by HSP60 in protein-folding complexes (partic-
ularly in mitochondria) versus its unknown roles and
complexation states in other subcellular locations war-
rant further study from the perspective of cell biology, as
well as from the perspective of a therapeutic target.

Since the discovery that mutant oncogenic Ras has
transforming activity, there has been a search for Ras
inhibitors. For Ras to be active oncogenically, it must
be bound to the inner leaf of the plasma membrane,
and that membrane retention requires prenylation of
specific amino acids. Prenyltransferase inhibitors (often
called farnesyltransferase inhibitors, or FTTs) have been
designed either to inhibit the substrate modification
via pseudosubstrate FTIs or to prevent enzyme activity
with farnesyl group mimics. There have been reports of
altered (and unaltered) farnesylation of the co-chaperone
HSP40 (HD]J-2) in tumor cells following treatment with
FTIs (Karp et al., 2001; Kelland et al., 2001; Sun et al.,
2003). There have been no straightforward associations
made between that phenomenon and increased expres-
sion of HSP70 seen in at least some tumor cell types
upon FTI exposure (Hu et al., 2002, 2003). Nonethe-
less, it is tempting to speculate that HSP40/HSP70 may
be involved in the activities of FTTs, which, it turns out,
do not rely on mutant Ras status to show antitumor effi-
cacy (Brunner et al., 2003; Cox and Der, 1997).

The flavonoids are a class of biocompounds of which
some members are capable of suppressing heat shock or
other stress response in cells (Hosokawa et al., 1990). At
least one of these compounds, quercetin (or a derivative),
has been utilized in clinical trials (Ferry et al., 1996;
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Mulholland et al., 2001). Quercetin has complicated
effects on the ability of cells to induce a stress response
(Elia and Santoro, 1994), believed initially to be due to
a “decline” in the ability of the major HSP transcription
factor (HSF-1) to bind to heat shock elements. Other
studies have shown that the dosage, scheduling, cell
type, and culture conditions and the extent, type, and
duration of the stress all affect the outcome of quercetin
treatments of cells (Jakubowicz-Gil et al., 2002; Rong
et al., 2000). Quercetin has been used as a sensitizer of
cells to hyperthermia (Asea et al., 2001; Wachsberger et
al., 2003), and it is likely that it will find further thera-
peutic portals as we increase our understanding of the
physiology of the stress response in cancer cells.

Recently there has been the discovery of a novel ben-
zylidene lactam inhibitor of thermotolerance, KNK437,
which appears to inhibit the expression of various HSPs
(Yokota et al., 2000), which may have implications in
generating heat- or stress-intolerant tumor cells (Non-
aka et al., 2003). Although the mechanism of action of
KNK437 is unknown currently, one might predict that
the compound will take a place alongside agents such
as quercetin in terms of discerning the aspects of stress
response that might prove therapeutically useful.

From the information described above, it is appar-
ent that there is a paucity of publications involving
small-molecule inhibitors of chaperone proteins in
brain tumor preclinical and clinical studies. With our
increasing appreciation of the activities of chaperones
as players in the maintenance and performance of pro-
teins involved in (or even critical to) the tumorigenicity
of brain tumors, this is clearly an area ripe for basic and
applied research.

Manipulating HSP Levels
Nonpharmacologically—" Gene Therapy"
and Hyperthermia

Genetic Manipulations

Antisense DNA constructs, and more recently, inhibi-
tory RNA (RNAI) sequences, are means of downregu-
lating expression of a particular protein by targeting its
translation (Pardridge, 2004). In the setting of preclini-
cal brain tumor models, only one group (Nylandsted et
al., 2002) has published results on pursuing inhibition
of HSP expression. The results indicated that deple-
tion of the inducible HSP70 via adenovirus-delivered
antisense constructs in glioma cell lines resulted in apop-
totic cell death. Glioblastoma xenografts in nude mice
were greatly reduced in size (with concomitant improve-
ment in survival), and the results hinted that an immune
mechanism might be involved. Since the presence of
chaperones, and the inducible HSP70 in particular,
seems to predispose cells away from apoptosis (Garrido
et al., 2001; Jaattela, 1999a, b; Takayama et al., 2003),
it was reasonable that depletion of HSP70 resulted in
apoptosis of the tumor cells. While there is considerable
debate about the effect of apoptosis in immune responses
(Manfredi et al., 2002; Melero et al., 2000; Navratil et
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al., 2004; Proskuryakov et al., 2003), it has been often
shown that apoptotic tumor cell death does not result in
viable antitumor immune responses, ranging from sim-
ply bland to anergic (e.g., Basu et al. [2000] and Feng
et al. [2001]; however, see also the studies of Bellone
et al. [1997] and Scheffer et al. [2003]). Thus, in the
in vivo portion of the work, Nylandsted et al. found
macrophage-like cells (presumably microglia in the
brain tumor model) infiltrating the apoptotic tumors.
Further in vitro work showed that human macrophage
effectively phagocytosed apoptotic tumor cell corpses
but remained unsuppressed to activation stimuli, unlike
previous reports (Reiter et al., 1999). As mentioned,
this is one of the few reports describing an attempt to
use antisense techniques to reduce HSP expression as a
potential therapeutic for brain tumors.

“Gene therapy” upregulation of chaperone expres-
sion may be beneficial in terms of extracting an immune
response against tumors, provided the tumor cells
somehow expose the chaperones to the immune system
by either display of chaperones on the cell surface (see
below) or via cell lysis and release of chaperone proteins.
Huang et al. (2003) have utilized oncolytic viruses,
engineered to overexpress HSP70, that were capable of
infecting tumor cells as a means to achieve both ends:
After a period of HSP70 overexpression, the viruses lyse
the tumor cells. Following the release of antigenic tumor
contents, HSP70 presumably serves as a transporter of
tumor antigen peptides to responder antigen-presenting
cells (APCs), as well as a danger signal to engender a
stronger immune response than tumor cell lysis alone.
(See below for more on HSPs and the immune response.)
Viral delivery of therapeutic genes to brain tumors has
long been a goal (Vecil and Lang, 2003), so the utility of
adding HSP genes to the repertoire should be apparent.

On a note related to neurodegenerative disorders fea-
turing polyglutamine (poly-Q) aggregation, transgenic
overexpression of chaperones has had varied effects
on outcomes for animal models of such diseases. For
instance, Kazemi-Esfarjani and Benzer (2000) found
that a DNA-J (HSP40)-like gene could suppress poly-Q
disorders in a Drosophila model, as does HSP70 (Bonini,
2002). However, Hansson et al. (2003) saw little impact
of HSP70 overexpression in Huntington’s disease mice.
Such models provide an invaluable setting for dissecting
the roles of chaperones in the etiology, the prognosis,
and perhaps the remedy for these disorders.

Hyperthermia

An obvious means of manipulating the HSP expression
of tumor cells is to subject the cells to hyperthermia,
but it is important to bear in mind that hyperthermia
aims to provoke a complex systemic response beyond
solely heat shock induction. There have been more than
a dozen reported clinical trials involving hyperthermia
as a treatment modality for brain tumors (Borok et al.,
1988; Kobayashi et al., 1990; Moran et al., 1995; Naka-
jima et al., 1993; Roberts et al., 1986; Tanaka et al.,
1987; Thrall et al., 1999). The trials differ in the types
of technology employed to generate heat within the
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tumor, combinations with brachy- or chemotherapy, tar-
get temperatures, and treatment frequencies and dura-
tions. Obviously, with such a diverse number of variables
built into the different trials, it is difficult to draw reason-
able conclusions from the whole lot, and the brain tumor
experience in total seems diminutive when compared
with more than a thousand reports on clinical hyper-
thermia already in the literature. While there appears
to be much promise for this therapeutic mode, clearly,
more research is needed in the area, particularly in
some standardized means of conducting clinical trials.

Manipulating Exogenous Chaperone
Proteins: Chaperone Proteins in the
Immune Response

Antigens and Activation

There has been an increasing interest in the use of chap-
erone proteins as a means of modifying the immune
response, mostly from a cancer vaccine perspective
(reviewed in Castelli et al. [2004], Graner and Kat-
sanis [2004], and Srivastava [2002]). The basis for such
vaccines derives from early experiments (Srivastava et
al., 1986; Ullrich et al., 1986) demonstrating that cer-
tain purified proteins from tumors could be used as
tumor rejection antigens (TR As), while also seeking to
answer whether or not TRAs were tumor-specific anti-
gens (TSAs) or if tumors had shared antigens in com-
mon. From the results of those two groups, it certainly
appeared that at least for the TRAs they had discov-
ered, the antigens were indeed TSAs. The conundrum
that faced the researchers was that the TSAs were not
at all tumor specific, in that those proteins turned out
to be members of the HSP90 family, which were widely
expressed and highly conserved entities across cells, tis-
sues, organisms, and species. The specificity seemed to
lie only in the fact that the TSA purified from one tumor
type would not protect against a challenge from a dif-
ferent tumor type, nor vice-versa, despite the apparent
identity of each of the different “TSAs.” Purified HSPs
in and of themselves (e.g., from normal tissue) did not
engender antitumor immunity either, so chaperones per
se were not antigenic. Wherein lay the real antigens?
The discovery that chaperone proteins of the HSP70
family could bind peptides (Flynn et al., 1989) provided
a plausible mechanism for the vaccine phenomena in
that the chaperones purified from a given tumor could
have bound with them, as cargo, peptides derived from
proteolytic processing of the tumor proteome. The
specificity was immunologically implicit, which meant
that each tumor had an individual peptide repertoire, a
“fingerprint” recognizable in the currency of the cellular
immune system. Such a scenario explains how chaperone
proteins that are fundamentally identical from tumor to
tumor, or even to those in normal tissues, could provide
specific immunity against a particular tumor but fail
to protect against a challenge from a different tumor
type. It has been proposed that chaperones have access
to intracellular peptides, likely resulting from protea-
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somal degradation of proteins (Srivastava et al., 1994).
This places the chaperones essentially in contact with
the “peptidome” of the tumor, and purifying the tumor-
derived chaperones provides a snapshot of potential
antigens to the immune system upon vaccination with
the purified chaperones. One of the chief tenets of chap-
erone protein vaccines is that one does not need to know
the identities of the antigens within a given tumor; the
immune response selects the appropriate antigens for
action as provided by the tumor-derived chaperones.
Aside from a duty of peptide transport, chaperones
appear to provide a surprising stimulus to the immune
system, acting essentially as proinflammatory cytokines
(Prohaszka and Fust, 2004; Srivastava, 2002; van Eden
et al.,, 2003). This spurring of innate immune responses
leads to activation of APCs such as macrophage cells
and dendritic cells (DCs) and presumably of their neu-
rological relatives, microglia. These now-activated APCs
are capable of effectively prompting T cells into action
by direct stimulation and by cytokine secretion. When
coupled with the presence of tumor-derived antigenic
peptides, the T cell response should be maximized.
Also, the proinflammatory cytokine environment leads
to the activation of innate immune response cells such
as natural killer (NK) cells. Aspects of the intracellular
peptide binding roles for chaperone proteins have come
into question of late (Nicchitta, 2003). Nonetheless, it
appears that peptides become associated in some fashion
with chaperones prior to or upon extraction from cells
(M.W. Graner, unpublished data; Menoret et al., 1999;
Zeng et al., 2005), and the effects of exogenous chaper-
ones on the innate immune cells are certainly not denied
(Nicchitta, 2003). Thus, chaperone proteins are at a
nexus of the innate and adaptive immune responses.

Chaperone Protein Vaccines

Chaperone proteins that have been demonstrated to be
effective as vaccines against tumor challenges in either
prophylactic or therapeutic settings include GRP170,
HSP110, GRP94/gp96, HSP90, HSP/HSC70, and cal-
reticulin (reviewed in Graner and Katsanis [2004] and
Srivastava [2002]). Some of the vaccines included mul-
tiple chaperones enriched from tumor lysate (collectively
referred to as chaperone-rich cell lysate, or CRCL [Gra-
ner et al., 2000, 2003; Zeng et al., 2003, 2004]). Chap-
erone protein immunizations invariably have been more
potent than vaccinating with tumor lysates, even when
those lysates have been pulsed onto “professional” APCs
such as DCs in the form of a cellular vaccine (Graner
et al., 2003; Zeng et al., 2003). One of the more unu-
sual chaperones, which appears to be capable of binding
peptides and delivering them successfully to the immune
system, is a2-macroglobulin (Binder et al., 2001). The
impact of this form of adjuvant/antigen package on anti-
tumor immune responses is just beginning to be real-
ized.

The chaperone vaccines have all shown exquisite
specificity in generating immune responses against the
tumor of origin of the chaperones; however, it is also
possible to complex peptides of choice to chaperones
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such as GRP94/gp96 and HSP/HSC70 and to complex
even large polypeptides/proteins to HSP110 (Blachere
et al., 1997; Kumaraguru et al., 2003; Manjili et al.,
2002; Wang et al., 2003; Wearsch and Nicchitta, 1997).
Peptides can also be incorporated with ease into CRCL
(M.W. Graner and A. Romanoski, unpublished data;
Kislin et al., 2004). As mentioned above, vaccination
or in vitro assays with such “designer” chaperone-
(poly)peptide complexes result in immune responses
against the complexed peptide (or protein), but not
against the chaperones themselves.

Chaperone Interactions with Antigen-Presenting Cells

The chaperones appear to interact with professional
APCs via specific receptors, although that area of
research is emerging as somewhat contentious. Srivas-
tava et al. (1994) predicted the existence of such recep-
tors on APCs as a conduit for exogenous peptide delivery
into the antigen-processing pathway. Binder et al. (2000)
reported that CD91 (also known as the a2 macroglobu-
lin receptor and the low-density lipoprotein receptor—
related protein) appeared to be a receptor on macro-
phage for GRP94/gp96; in a subsequent study, Basu et
al. (2001) indicated that on both macrophage cells and
DCs, CD91 was a common receptor for GRP94/gp96,
HSP70, HSP90, and calreticulin. The Toll-like recep-
tors 2 and 4 have been demonstrated to be receptors for
HSP60 (Ohashi et al., 2000) and for GRP94/gp96 (Vab-
ulas et al., 2002), while HSP60 has been shown to bind
to monocyte CD14 (Kol et al., 2000). HSP70 has been
described as a chaperone cytokine, or “chaperokine”
(Asea et al., 2000), that also utilized CD14 as a “co-
receptor,” and LOX-1 (Delneste et al., 2002) and CD-40
(Becker et al., 2002) are reported as cell surface recep-
tors for HSP70. To further confuse the issue, Berwin
et al. (2002) provided recent evidence in macrophage
cells that GRP94/gp96 can mediate specific immunity
independent of CD91, which was followed by identifica-
tion of scavenger receptor A as a receptor for GRP94/
gp96 and calreticulin (Berwin et al., 2003). Scavenger
receptor CD36 had previously been demonstrated to be
a receptor for GRP94/gp96 (Panjwani et al., 2000), and
the large chaperones GRP170 and HSP110 appear to
interact with macrophage cells via scavenger receptors,
also (J.R. Subject, personal communication, 2004). The
sequence of events going from cell lysis and chaperone
release into the extracellular space (or purification of the
chaperones), followed by APC uptake, activation, and
re-presentation of peptide cargo, with subsequent stimu-
lation of specific T cell responses, is shown in Fig. 3.
Since the chaperones bind with some specificity on
DCs and can subsequently enhance activation and anti-
gen presentation, pulsing DCs with tumor chaperones
and with heat-treated cells or cellular material should
provide for a powerful vaccine. That is indeed the case
in animal studies where DC/tumor chaperone vaccines
have been used in both prophylactic and therapeutic
antitumor settings (Graner et al., 2003; Zeng et al.,
2003, 2004). In addition, Feng et al. have shown that
chaperones derived from nontumor tissue (i.e., normal
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Fig. 3. Chaperones and the immune response. Chaperone proteins (green and dark blue shapes) are released upon cell death (lysis), with
associated peptides (small white or orange shapes). Chaperones from the extracellular environment are bound by specific receptors (light
blue shapes) on professional antigen-presenting cells (APCs). In a process that is far from understood (black box with “?"), peptides are
transferred from the chaperone/receptor complex into the antigen presentation pathways that end with peptide display on the APC sur-
face restricted by MHC class | and Il molecules. Such transfer may involve intracellular HSPs of the APC. Presumably, similar intracellular,
HSP-based mechanisms exist in typical cells (i.e., non-APCs) for the processing and display of peptides by MHC | molecules. Assuming
that the lysed cell is a tumor cell, some of the peptides transferred into the presentation pathways may be antigenic. These peptides, when
presented by MHC class | or Il molecules, could stimulate CD8+ and CD4+ T cell responses, respectively, and would do so in the context
of upregulated expression of inflammatory cytokines (TNF-a, ILs-1B, -6, -12, etc.) and costimulatory molecules (CD40, CD80/86). Thus
activated, the CD8+ (cytotoxic) T cell repertoire would be further stimulated by the CD4+ (T helper) T cells to seek out and destroy tumor
cells that presented the same peptide that was originally delivered to the APC via released chaperones or chaperones purified from the
tumor and utilized as a vaccine. The reader is advised to bear in mind that much of this information is currently controversial and mecha-

nistically unproven. The overall vaccine effects, however, are well established.

tissue) can act as exogenous “danger signals” to stim-
ulate DCs into effectively processing apoptotic tumor
cells and generating potent antitumor immunity involv-
ing both CD4+ and CD8+ T cells (Feng et al., 2002,
2003). While it would appear obvious that combining
the best APCs with a vaccine that possesses its own adju-
vant properties (and antigens, if tumor derived) would
be efficacious, relatively few research groups aside from
those mentioned above have studied DC/chaperone vac-
cines in vivo. It is apparent from the use of DCs as cel-
lular vaccines in animal models of brain tumors and in
human clinical trials (reviewed in Fecci and Sampson
[2002] and Yang et al. [2003]) that DC vaccination is
safe and that the “immune privilege” of the blood-brain
barrier does not prevent DC-driven immune responses
by T cells against tumors of the CNS.
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Chaperone Vaccines and Brain Tumors

Despite the attention given chaperone protein vaccines,
as well as publications of promising clinical trial results
(Belli et al., 2002; Janetzki et al., 2000; Mazzaferro et
al., 2003; Younes, 2003), to date there have been no
preclinical or clinical applications of this type of immu-
notherapy against brain tumors. This is perhaps due to
the relative novelty of chaperone proteins as vaccines
and the comparatively small size of typical brain tumors
(i.e., difficulty in obtaining sufficient biochemical mate-
rial for chaperone purification). A significant advantage
of CRCL vaccines is the high yield of vaccine per unit
amount of starting material (generally 1 mg of vaccine
per gram of solid tumor), which is some 20 to 50 times
more material than can be obtained for any routine
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attempt to purify a single chaperone such as GRP94 or
HSP70. Such an approach may be able to overcome the
lack of biochemical starting material. Another concern
in the use of brain-tumor-derived vaccines is that of
mounting autoimmune responses against normal brain
tissue antigens (e.g., myelin basic protein [MBP]) that
would have catastrophic consequences. However, there
have been no reports of autoimmunity in brain tumor
vaccine trials using tumor lysates, tumor peptides, or
tumor RNA pulsed onto DCs, the most potent of APCs
(Kobayashi et al., 2003; Yamanaka et al., 2003; Yu et
al., 2001, 2004; reviewed in Soling and Rainov [2001]),
but there is justifiable trepidation that tumor-derived,
chaperone-based vaccines may break immunological
tolerance. The relationship between chaperone pro-
teins and MBP has been explored before (Aquino et al.,
1998), and other neuronal proteins appear to associate
with chaperones, particularly HSP70, including myelin
proteolipid protein and myelin oligodendrocyte protein
(Cwiklinska et al., 2003). HSP70 seems to have an espe-
cially apt role in the generation of autoimmunity to MBP
via MHC class II presentation (Mycko et al., 2004). The
use of chaperone vaccines against brain tumors clearly
must be carefully tested in in vitro settings and in ani-
mal models before cautious attempts in human immu-
notherapy trials.

One potential means of employing the immune stim-
ulatory power of chaperone-based vaccines would be
to make “designer” vaccines, where the chaperones are
generated recombinantly or from presumably immuno-
logically innocuous material. Then, (poly)peptide anti-
gens of choice may be bound by the chaperones by in
vitro methodologies, as mentioned above. This allows
for specific immunological targeting of tumor antigens,
presumably with an increase in antigen density of the
vaccine as compared with chaperone purification or
extraction from tumors themselves, and with a concomi-
tant decrease in the amount of potentially autoimmune
antigens that may be present in the tumor. The list of
potential antigens that are believed to have relevance for
brain tumor immunotherapy includes EGFRVIII (Ash-
ley et al., 1997; Heimberger et al., 2003; Moscatello et
al, 1997), SART-1 and SART-3 (Imaizumi et al., 1999;
Murayama et al., 2000), TRP-2 (Liu et al., 2003),
HER2/Neu, gp100, MAGE-1 (Liu et al., 2004a), and
AIM-2 (Liu et al., 2004b), as well as GAGE, TRP-1,
p97,SSX-1, -2, -4, SCP-1, and TS85 (reviewed in Walker
et al. [2003]). This is clearly a small number of antigens
overall, and more research in this area will undoubtedly
be beneficial.

While there is general agreement that there are
relatively few known antigens for most brain tumors,
more are being discovered through monoclonal anti-
body screens, serial analysis of gene expression, rapid
expression screening, and database mining algorithms
(Loging et al., 2000; Wikstrand et al., 1999). Examples
of new targets emerging from those techniques include
the somatostatin receptor type 2 (C.]. Wikstrand et
al., manuscript submitted), a member of the multidrug
resistance transporter family, MRP3, and a novel mem-
brane glycoprotein, GPNMB. As for MRP3, previous
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work (Yamada et al., 2001) has demonstrated numer-
ous HLA-A2402 restricted epitopes within the protein
that are recognized by cytotoxic T lymphocytes (CTLs),
including CTLs generated from cancer patients. One
could conceive of a personalized vaccination strategy
whereby chaperone proteins are complexed with a cock-
tail of peptides that have been chosen for vaccine incor-
poration on the basis of molecular characterization or
phenotyping of a patient’s brain tumor.

Chaperone Protein Cell Surface Expression

A phenomenon that is gaining increasing interest in the
area of chaperones in the immune response is that of
cell surface expression of chaperones, particularly by
tumor cells (Multhoff and Hightower, 1996). One of
the original publications that indicated tumor-derived
chaperones could be used as vaccines also described the
TRA as abundant in the cytosol and in addition as a cell
surface protein (Ullrich et al., 1986), while Srivastava
and Old (1989) also referred to GRP94/gp96 as a cell
surface molecule. Cell surface HSP60 was shown to be
a target for vy T cells (Kaur et al., 1993), and human
leukemia T cell virus-infected lines expressed sufficient
cell surface HSP70 to elicit specific HSP70 antibodies in
rabbits (Chouchane et al., 1994). Calreticulin was iden-
tified as a cell surface protein for the first time on a mela-
noma cell line as having lectin-like activity involved in
cell spreading (White et al., 1995), and the Epstein-Barr
virus—transformed lymphocyte cell surface protein BE2
was determined to be GRP78 (Berger et al., 1997). Since
virtually all of the chaperone proteins were believed to
be intracellularly localized, some of the accounts of
chaperone cell surface expression were met with skepti-
cism, but it is now being verified by a variety of tech-
niques that many tumor cells very likely have chaperone
proteins present in some context on their cell surfaces
(Shin et al., 2003).

Involvement of cell surface HSP90 in immune phe-
nomena was also suggested by Ferrarini et al. (1992),
but it is not clear how thorough the searches for HSP90
expression have been until recently (Becker et al., 2004).
For neuro-oncologists it is of interest to note the descrip-
tion of calreticulin on the cell surface of a hybrid murine
neuroblastoma/rat glioma cell line NG108-15 (Xiao et
al., 1999). In a similar vein it has been shown that chap-
erones (in particular, HSP70, HSP110, and GRP78) can
be released from stressed cells, including glia (Guzhova
et al., 2001; Hightower and Guidon, 1989; Tytell et al.,
1986). However, most attention that has been directed to
HSP70 family members as cell surface immune mediators
has been for their role as targets of NK cells (reviewed
in Multhoff [2002] and Multhoff and Hightower
[1996]) and possibly as targets for tumor-infiltrating
T cells (Trieb et al., 2000). A specific 14-mer peptide of
the inducible HSP70 appears to be the ligand for NK
cells, perhaps via interactions with CD94 and CD56
(Gross et al., 2003a; Multhoff et al., 2001). Recogni-
tion of cell surface HSP70 on tumor cells by NK cells
results in the apoptotic lysis of the tumor cells by release
of granzyme B by NK cells and its uptake by tumor

Neuro-Oncology JULY 2005 269

220z 1snbny Lz uo 1sanb Aq 8Z2/6901/092/€/./21911e/AB0j0ouU0-01nau/wod dno-olwapede//:sdjiy woly papeojumoq



Graner and Bigner: Chaperone proteins and brain tumors

cells through HSP70 (Gross et al., 2003b). Results of
a phase 1 trial using ex vivo HSP70 peptide stimulation
and reinfusion of autologous NK cells have been recently
reported (Krause et al., 2004), showing an excellent tox-
icity profile and some clinical response in patients with
advanced diseases. While HSPs have been identified at
the cell surface of heat-shocked cells and immune conse-
quences have been noted in studies by Feng (2001) and
Wu et al. (1999) as well as all of the aforementioned
studies with HSP70, only recently has a mechanism been
proposed for how HSP70 may be displayed on (and pos-
sibly released from) the cell surface via lipid rafts (Bro-
quet et al., 2003).

The chaperone-mediated immune recognition of
tumor cells has led to the use of tumor cells that express
chaperones on their cell surfaces, or as secreted proteins,
either by purposefully transfected means with targeted
constructs or by stimulus that results in such expression.
Injection of mice with tumor cells containing a con-
struct expressing membrane-bound HSP70 (with a sig-
nal sequence and transmembrane domain) transfected
into P815 cells resulted in both CTL and innate immune
responses against both the wild-type tumor cells and the
transfectants (Chen et al., 2002). Transient and stable
overexpression of HSP70 increased HSP70 secretion
from a murine cell line that already tended to secrete
HSP70 in culture and led to reduced tumorigenicity of
wild-type cells if the irradiated transfectants were used
as a vaccine (Wang et al., 2004). In a tumor model
where HSP70 was genetically engineered to be secreted,
it was found that tumorigenicity was generally reduced
in correlation with the amount of HSP70 secreted by the
various cell lines as well as with the mode of inocula-
tion (Massa et al., 2004). The differential cell surface
expression of GRP94/gp96 on murine tumor cells rather
than on normal cells, which was noted by Altmeyer et al.
(1996), may be related to the inducibility of the grp94
promoter in transformed cells, apparently independent
of glucose starvation or activation of hypoxia response
elements (Reddy et al., 2002). Tumor cells transfected
with constructs encoding secretable GRP94/gp96,
much like those secreting HSP70, displayed dramati-
cally reduced tumorigenicity and were effective vaccines
against untransfected tumor cell challenge in an animal
model (Yamazaki et al., 1999). Likewise, other murine
tumor cells engineered to express GRP94/gp96 as trans-
membrane cell surface proteins were also less tumori-
genic and primed APCs for T cell responses (Zheng et
al., 2001). Implied within these studies was the role of
the chaperone in providing antigen to APCs. As intoned
above, this implication was questioned in work from
Baker-LePain et al. (2002), whereby syngeneic murine
fibroblasts (i.e., presumably encoding no tumor anti-
gens) were transfected with secretable GRP94/gp96
constructs (lacking KDEL retention signals), including
truncated constructs whose translation products lacked
the presumptive peptide binding domain of the chaper-
one. Those fibroblasts were used as prophylactic vac-
cines against an aggressive tumor model, which resulted
in significant delays in tumor growth, as well as upregu-
lation of DC maturation markers. Again, these immune
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responses occurred seemingly in the absence of any vac-
cinating antigen, which highlights the role of the innate
immune response to the presence of GRP94 in immune
activation. However, it is not clear that in combination
with a potent immune activator such as GRP94, fetal
calf serum products may have been influential antigens
common to both the vaccine and the tumor inoculum
(Mackensen et al., 2000; Sulit et al., 1976; Toldbod et
al., 2003).

The efficacy of cellular vaccines that have been engi-
neered to express chaperones on the cell surface, or to
secrete them extracellularly, has clearly been demon-
strated in the animal models described above. However,
such vaccines as clinically useful therapeutics face the
same problems that any genetically modified cellular
therapies encounter, namely, the substantial efforts of
tumor cell harvest, propagation, and manipulation in
vitro; slow turnaround time; and the safety issues in
preparation, validation, and administration. Such draw-
backs may place substantial limitations on this type of
therapy. Nonetheless, the principle of “relocating” the
chaperones within or outside a tumor certainly appears
to be an effective means of sparking an immune response
against the cancerous cells. Perhaps a goal of biologic
and/or pharmacologic targeting of chaperones should
be to find a means that induces tumors themselves to
perform this alteration of chaperone protein expression
patterns.

Another novel approach that might exploit cell sur-
face chaperones would be to target them directly with
agents that react specifically with chaperones, perhaps
with the drugs described above in “Manipulating HSP
Levels—Chaperone Proteins as Pharmacologic Targets,”
or with antibodies or other protein reagents that can
bind with high specificity to chaperones. Current evi-
dence indicates that normal tissue does not express or
display cell surface chaperones and that tumor targeting
would thus be relatively specific. The chaperone-specific
reagents may need to be armed with radioisotopes or
toxins, and this would depend on whether or not the cell
surface chaperones are internalized, among other things.
Since such tactics have a high potential for autoimmu-
nity, and since they are clearly in their “pre-infancy,”
they would have to be evaluated rigorously and care-
fully. However, such approaches have been employed in
at least two murine tumor model systems with success-
ful results, one using anti-HSP60 antibodies conjugated
to the ribotoxin Saporin-6 (Piselli et al., 1995) and one
using a viral apoptosis-inducing polypeptide fused to
peptide ligand motifs for binding GRP78 (Arap et al.,
2004).

Concluding Remarks and
a View to the Future

Chaperone proteins are essential to cellular activities
because of the involvement of chaperones in the births,
lives, and deaths of the rest of the proteins expressed by
the cell. Those cellular proteins must be properly folded,
appropriately targeted intracellularly, perhaps assimi-
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lated into multi-subunit structures, and removed and
recycled upon senescence. Much of this cycle requires
chaperone activity for the cycle to function and to ensure
homeostasis. Deviations from homeostasis during stress
also engage chaperone activity, which is set in motion
to protect cellular proteins (and thus the cell) during
the stress and to repair damage following the release
from the stress. Tumors often survive in a stressful envi-
ronment; it is generally hypoxic, with high metabolic
rates and genetic instability leading to production of
mutated proteins, and possibly under the threat of an
immune response. Tumors therefore tend to upregulate
their chaperone repertoire in numbers and activities as a
“stress management” strategy.

Thus, while tumors may indeed overexpress chaper-
one proteins, it is not inherently obvious whether this is
beneficial to the tumor (part of the antiapoptotic path-
ways/survival mechanism) or to the potential immune
response against the tumor (Jaattela, 1995; Jolly and
Morimoto, 2000; Mosser and Morimoto, 2004).
Ostensibly, the very existence of tumors implies that
benefit to the tumor overrides the detriment of immune
attack. However, it is likely that the context in which
the chaperones are expressed, which is perhaps related
to their expression levels, may be the determining factor
between tumor cell survival and continued proliferation
or recognition and assault by the immune system. The
intertwining of chaperones in so many different aspects
of fundamental cell activities certainly implies that these
proteins could be good targets for therapeutic agents or
could themselves be therapeutic agents. While there have
now been a couple of decades’ worth of work poured
into understanding chaperone (immuno)biology, bio-
chemistry, and genetics, it would seem that the more we
have learned, the less we feel we truly understand in the
overall biological picture of chaperones. This is particu-
larly true in the setting of brain tumors and their thera-
pies, where failure of the best and most aggressive thera-
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pies to prevent recurrence or even to prolong survival is
routine. Clearly, specific efforts need to be devoted to
exploring the effects of chaperone targets/therapeutics/
vaccines against brain tumors, first in animal models
and then in clinical settings. One should particularly
examine combinations of therapies that would strike
targets at multiple levels, since chaperones may be seen
both as targets and as modulators of targets, both intra-
cellularly and exogenously. Some examples of combina-
tion modalities are listed below; the reader is encouraged
to add freely to this list.

e Vaccines in the context of hyperthermia

e Vaccines combined with chemotherapy

e RNAI coupled with apoptosis-inducing chemo-
therapy

¢ Adjuvant chaperone proteins as “danger signals”
combined with RNAi

e Adjuvant chaperones as “danger signals” in the
context of apoptotic agents

e Chaperone protein suppression combined with
radiotherapy

¢ Chaperone protein suppression combined with che-
motherapy

e HSP90 inhibitors plus kinase inhibitors

e Targeted immunotherapy (i.e., antibodies) plus
HSPI0 inhibitors

e Targeted immunotherapy plus vaccines

Novel brain tumor therapies and therapeutic strategies
are desperately needed. Continued and directed research
into chaperone proteins may provide just such an avenue
leading to improved treatments with the ultimate goal of
eradicating these malignancies.
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