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The Heat Shock Response and Chaperones/Heat Shock
Proteins in Brain Tumors: Surface Expression, Release, and
Possible Immune Consequences

Michael W. Graner, R. Ian Cumming, and Darell D. Bigner
The Preston Robert Tisch Brain Tumor Center, Department of Pathology, Duke University Medical Center, Durham, North Carolina 27710

The heat shock response is a highly conserved “stress response” mechanism used by cells to protect themselves from potentially dam-
aging insults. It often involves the upregulated expression of chaperone and heat shock proteins (HSPs) to prevent damage and aggre-
gation at the proteome level. Like most cancers, brain tumor cells often overexpress chaperones/HSPs, probably because of the stressful
atmosphere in which tumors reside, but also because of the benefits of HSP cytoprotection. However, the cellular dynamics and localiza-
tion of HSPs in either stressed or unstressed conditions has not been studied extensively in brain tumor cells. We have examined the
changes in HSP expression and in cell surface/extracellular localization of selected brain tumor cell lines under heat shock or normal
environments. We herein report that brain tumor cell lines have considerable heat shock responses or already high constitutive HSP
levels; that those cells express various HSPs, chaperones, and at least one cochaperone on their cell surfaces; and that HSPs may be
released into the extracellular environment, possibly as exosome vesicular content. In studies with a murine astrocytoma cell line, heat
shock dramatically reduces tumorigenicity, possibly by an immune mechanism. Additional evidence indicative of an HSP-driven im-
mune response comes from immunization studies using tumor-derived chaperone protein vaccines, which lead to antigen-specific
immune responses and reduced tumor burden in treated mice. The heat shock response and HSPs in brain tumor cells may represent an

area of vulnerability in our attempts to treat these recalcitrant and deadly tumors.
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Introduction

The heat shock response is a major evolutionarily conserved
“stress response” mechanism (Lindquist and Craig, 1988; Geth-
ing and Sambrook, 1992). The response generally entails a de-
crease in translation of non-stress-related proteins accompanied
by concurrent increases in transcription and translation of chap-
erones/heat shock proteins (HSPs). HSPs are molecular chaper-
ones whose functions include assistance with native protein fold-
ing, maintenance of multiprotein complexes, intraorganellar
protein shuttling, and degradation of senescent proteins. When
cell stress leads to protein denaturation, HSPs stabilize develop-
ing non-native structures and prevent aggregate development.
On release from stress, HSPs will again assist in protein refolding
and salvage, as well as disaggregation of inappropriate protein
collectives, and will promote the degradation of unrecoverable
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proteins. These activities are typically regarded as intracellularly
compartmentalized.

Tumors may be thought of as highly stressed collections of
cells, based on their status as tissues experiencing hypoxia, pH
imbalances, and altered metabolic and redox states with signifi-
cant vascular needs (Edinger, 2005; Griguer et al., 2005, 2006;
Harguindey et al., 2005; Graner and Bigner, 2006) and relatively
unmanaged DNA synthesis checkpoints leading to heavy muta-
tional load. Chaperones/HSPs provide tumors with a means of
not only coping with these stresses via the cytoprotective activi-
ties of chaperones, but tumors apparently thrive with the assis-
tance of upregulated chaperone expression and activity (Garrido
et al., 2003; Kamal et al., 2004). Additionally, tumor cells may
surface display or express HSPs, a phenomenon not seen in nor-
mal cells (Eustace and Jay, 2004; Radons and Multhoff, 2005;
Schmitt et al., 2007). The exact nature and/or function of this
localization remain unclear.

Human brain tumors also express high levels of many chap-
erone proteins/HSPs as gauged by immunohistochemistry (IHC)
(for review, see Graner and Bigner, 2005; Kato et al., 1993, 2001).
Our group has also observed high expression levels of the HSP70
family members by tissue microarray IHC, in which we have
noted atypical expression patterns compared with normal tissues
(M. W. Graner, unpublished observations). These unusual ex-
pression patterns prompted us to examine the dynamic ranges
and locations of HSP expression in a number of brain tumor cell
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lines before and after heat shock. Our results demonstrate a sub-
stantial HSP production in the cell lines examined, either consti-
tutive or stress responsive, along with HSP expression on tumor
cell surfaces, which we believe is the first time this many different
HSPs have been reported on brain tumor cells. There is also
extracellular release of HSPs, either directly or resulting from
exosome formation by the cell lines; again, the latter is a novel
observation for brain tumor cells. Because there is also a widely
noted correlation between surface/extracellular HSP expression
and antitumor immune responses (Asea, 2005; Fleshner and
Johnson, 2005; Schmitt et al., 2007), we studied the effects of heat
stress on tumorigenicity in a syngeneic murine brain tumor. In
this immune-competent model, HSP induction correlates with
lack of tumorigenicity, which is likely because of immune re-
sponses against the tumor. We followed those studies with direct
immunization of tumor-bearing mice with murine brain tumor-
derived chaperones that resulted in tumor antigen-specific re-
sponses and significantly reduced tumor burden. Thus, brain
tumor HSPs may play a cytoprotective role for cells, but HSP
expression, localization, and “exogenous” immunization may
also be a means of immune notification, possibly leading to new
therapeutic strategies against these highly refractory and almost
uniformly lethal tumors.

Materials and Methods

Cell lines and culture. The brain tumor cell lines D56MG (an adult glioma
line) (Preissig et al., 1979; Bullard et al., 1981), D392MG (adult glioma)
(Ostrowski et al., 1991), D341MED (medulloblastoma) (Friedman et al.,
1988), and SMA560 (a murine anaplastic astrocytoma) (Serano et al.,
1980; Sampson et al., 1997) were grown in Improved MEM zinc option
media supplemented with heat-inactivated fetal calf serum to 10% (In-
vitrogen, Carlsbad, CA). Adherent cells in log phase of growth were
harvested, and their viability was determined by trypan blue exclusion.

Heat shock experiments. For induction of heat shock expression in cell
lines, the media from the cells were carefully removed (or harvested from
pelleted cells for the nonadherent lines). Cells were rinsed gently with
sterile PBS and then overlaid with prewarmed (42°C) media; dishes were
placed in a 42°C incubator for 1 h. After heat shock, the media were
removed and replaced with 37°C media. Cells were allowed to recover
from that point on for periods of 2, 4, 8, or 24 h (as indicated in the text,
figures, and/or figure legends) before harvesting for preparation of ly-
sates. For fluorescence-activated cell sorting (FACS) experiments and
media ELISA analyses, cells and media were collected after 24 h after the
end of heat shock.

Cell lysate preparation and Western blotting. Cell lysates from the un-
treated and heat-shocked cells were prepared by sonicating cell pellets in
0.5 ml of radioimmunoprecipitation assay (RIPA) buffer, followed by
incubation at room temperature for 5 min and then harvesting lysate
supernatants by centrifugation. Protein concentrations were determined
using a Bradford assay with serum albumin as the standard. Twenty
microgram samples were prepared in lithium dodecyl sulfate (LDS) sam-
ple buffer with 2-mercaptoethanol (Invitrogen) and electrophoresed on
a4-12% gradient bis-Tris gel (Invitrogen). The proteins were then elec-
trotransferred to nitrocellulose membranes using 1X 3-(N-
morpholino)-propanesulfonic acid/20% methanol transfer buffer (In-
vitrogen) in an XCell IT Blot Module (Invitrogen). Membranes were
blocked by incubation in 3% milk/PBS plus 0.5% Tween 20 (PBST)
overnight at 4°C. The blots were then probed with the following antibod-
ies at a 1:1000 dilution in 1% milk/PBST (all from Nventa Biopharma-
ceuticals, San Diego, CA): anti-HSP70 (catalog #SPA-810), anti-HSP27
(SPA-803), anti-HSP25 antibody (against murine HSP25/27; SPA-801),
anti-HSC70 (SPA-815), anti-GRP 75 (SPA-825), anti-GRP 78 (SPA-
826), and anti-HSP90 (SPA-830). Another anti-HSP27 antibody (vs mu-
rine HSP25/27) was from R&D Systems (Minneapolis, MN) (antibody
AF1580). The anti-HspBP1 antibody (a kind gift from Dr. Vince Guer-
riero, University of Arizona, Tucson, AZ) (Papp et al., 2005), was applied
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at 1 pg/ml. After 1 h incubation at room temperature, the blots were
washed with PBST. Blots were incubated with species-appropriate sec-
ondary antibodies (donkey anti-rabbit IgG, goat anti-rat IgG, sheep anti-
mouse IgG, and donkey anti-sheep/goat; all from GE Healthcare, Little
Chalfont, UK) used at 1:5000 dilutions for 1 h. Secondary antibodies
used were directly conjugated with horseradish peroxidase (HRP), with
the exception of the donkey anti-sheep/anti-goat—Dbiotin conjugate. After
secondary antibody incubations, membranes received three consecutive
30 min washes in PBST and two 10 min washes in dH,O; the membranes
were incubated in enhanced chemiluminescent (ECL) substrate [Pierce
(Rockford, IL) SuperSignal West Pico] for 5 min, exposed to Kodak
(Rochester, NY) BioMax autoradiography film, and developed. For blots
probed with anti-HspBP1, which used the biotinylated donkey anti-
sheep/anti-goat IgG secondary antibody, a tertiary reagent of streptavi-
din HRP (Zymed Laboratories, South San Francisco, CA) (30 min at a
1:5000 dilution) was required before ECL development. Blots were re-
probed with an anti-actin antibody (Sigma-Aldrich, St. Louis, MO) fol-
lowed by secondary antibodies and development as described. Bands
were quantified relative to actin using NIH Image.

Tumor tissue analyses. Xenograft tumors or the syngeneic SMA560
tumor were grown in BALB/c nu/nu mice or VM/Dk mice, respectively.
Tumors were aseptically harvested from killed animals and were flash-
frozen for later biochemical analyses (Western blotting) or were fixed in
10% formaldehyde for paraffin embedding and sectioning for IHC. For
Western blotting, tumors were homogenized and prepared for LDS-
PAGE and electrotransfer, as described above. Western blots of tumor
lysates were probed with the same antibodies as those used for the cell line
studies [SPA-801 (anti-HSP25; Nventa Biopharmaceuticals) was used on
tumor blots for SMA560]. For IHC, briefly, 5-um-thick sections of
formalin-fixed, paraffin-embedded tumor or murine brain were placed
on positively charged slides. The slides were deparaffinized, and antigen
retrieval was performed by microwave heating in 10 mu citrate buffer,
pH 6.0 (Zymed Laboratories), or with proteinase K treatment (Dako
North America, Carpinteria, CA), followed by treatment with 0.3%
H,0, in methanol. After blocking in serum matched to the secondary
antibodies for 1 h, the sections were incubated with primary antibodies at
4°C overnight. Slides were washed in PBS and incubated with biotinyl-
ated secondary antibodies at room temperature for 1 h. This was followed
by washing and addition of tertiary streptavidin HRP conjugate (Vec-
tastain ABC kit; Vector Laboratories, Burlingame, CA) for 30 min at
room temperature. Finally, slides were washed, and the immunostain
was developed with DAB solution (Pierce) for 5 min. After counterstain-
ing, the sections were mounted with coverslips for observation. The an-
tibodies used were rabbit anti-HSP90 (used at 0.25 ug/ml; catalog #4874;
Cell Signaling Technology, Danvers, MA), rabbit anti-GRP78 (anti-
serum used at 1:10,000 dilution; SPA-826; Nventa Biopharmaceuticals),
rabbit anti-GRP75 (used at 2 ug/ml; catalog #RB-10470; Lab Vision,
Fremont, CA), rabbit anti-HSC70 (antiserum used at 1:10,000 dilution;
SPA-816; Nventa Biopharmaceuticals), rabbit anti-HSP70 (used at 3 g/
ml; catalog #4876; Cell Signaling Technology), sheep anti-HspBP1 (used
at 2.5 pg/ml; from Dr. Vince Guerriero), and rabbit anti-HSP27 (used at
3 pg/ml; catalog #AF1580; R&D Systems). Normal sheep, normal rabbit
IgG, and normal rabbit serum (Sigma-Aldrich) were used as negative
controls at the same concentration or dilution as the primary antibodies.
Secondary antibodies were a biotinylated goat anti-rabbit IgG used at
1:200 dilution (catalog #65-614; Zymed Laboratories) and a mouse
monoclonal anti-goat/anti-sheep biotinylated antibody (clone GT-34;
Sigma) used at 1:500 dilution.

Fluorescence-activated cell sorting. Flow cytometric analyses were per-
formed on cells before and after heat shock. Cells were harvested, washed,
fixed with 4% paraformaldehyde, and washed again. For direct FACS,
cells were incubated with FITC-labeled antibodies at 10 pg/ml for 60 min
rotating at 4°C in the dark, washed, and then acquired and analyzed on a
FACSCalibur using CellQuest software (BD Biosciences Immunocytom-
etry Systems, San Jose, CA). For indirect FACS, primary antibodies were
used as above, washed, and then incubated with species- and isotype-
appropriate fluorescein-labeled secondary antibodies (Sigma-Aldrich).
In all cases, species or isotype control antibodies were used to determine
background. Antibodies directed against the human chaperones used in
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FACS included anti-human Hsp27-FITC (clone G3.1; SPA-800FIF;
Nventa Biopharmaceuticals), anti-Hsp70-FITC (clone C92F3A-5; SPA-
810FIF), anti-HSP60 (SPA-805), anti-HSC70 [rat monoclonal antibody
(mAb) clone 1B5; SPA-815], anti-HSP90 (SPA-830), anti-a B-crystallin
(clone 1B6.1-3G4; SPA-222), anti-calreticulin (clone FMC75; SPA-601),
anti-GRP94 (rat mAb clone 9G10; SPA-850), anti-BiP/GRP78, anti-
HSP75/TRAP1, and anti-HSP110 (clones 40, 42, and 21, respectively; BD
Biosciences Transduction Laboratories, Lexington, KY), anti-HspBP1
(mAb 10201; Orbigen, San Diego, CA), and anti-GPR170/ORP150
(clone 2F07; Immuno-Biological Laboratories, Gunma, Japan) (for re-
sults of additional FACS analyses with these antibodies, see supplemental
Table 1, available at www.jneurosci.org as supplemental material). Puri-
fied mAbs were labeled as necessary using sulfobiotin-N-
hydroxysuccinimide ester (NHS)—fluorescein (Pierce), and the unre-
acted fluor was removed by dialysis with PBS. Antibodies were used in
these assays at 10 ug/ml.

Quantitative FACS. Quantitative FACS (QFACS) analyses were per-
formed in which murine monoclonal antibodies for particular chaper-
one/cochaperone antigens were available. QFACS protocols for determi-
nation of cell surface antigen density were described previously
(Wikstrand et al., 1997; Kuan et al., 2000) using Quantum Simply Cellu-
lar ABC microspheres (Bangs Laboratories, Fishers, IN). Briefly, the
beads consist of four populations of calibrated antigen-binding capacity
(coated with goat anti-mouse Fc-specific antibody) as well as a fifth blank
(nonbinding) population. When incubated with an excess of either spe-
cific or isotype-matched control mAb—fluorescein, median fluorescence
intensity was used to extrapolate surface receptor density (assumes a 1:1
antibody:antigen ratio) using QuickCal (Bangs Laboratories). Numbers
reported refer to “receptor number” per cell, assuming a 1:1 antibody:
antigen ratio.

ELISA for HSP27 and HSP70 in culture media. Cells in culture were
either left at normal temperatures or heat shocked as described above.
After exchanging the media after heat shock, cells were allowed to recover
for 24 h, and the media were harvested for ELISA analyses for the pres-
ence of HSPs 27 and 70 using kits from Nventa Biopharmaceuticals per
the manufacturer’s directions. To rule out the possibility that increases in
HSPs in the media were released by dead or dying cells, viability was
assessed from both cell populations before and after heat shock by trypan
blue exclusion. There were no significant differences in the number of
viable cells between the pre-heat shock and post-heat shock groups, and
there were no differences compared with control cell populations.

Cell surface biotinylation. Cells were grown to 80% confluency,
washed, and labeled with a membrane-impermeant biotinylation re-
agent (EZ-Link Sulfo-NHS-LC Biotin; Pierce) according to the manu-
facturer’s instructions. Cells were lysed in RIPA buffer as described
above, and the biotinylated (membrane) proteins were precipitated from
the lysate by incubation with NeutrAvidin beads (Pierce). The beads were
washed extensively in RIPA buffer, and biotinylated proteins were eluted
in LDS sample buffer. The protein samples were checked for cytosolic
contaminants by Western blotting. Probes for cytosolic proteins in-
cluded anti-actin, anti-tubulin, and anti-GAPDH (glyceraldehyde-3
phosphate dehydrogenase) antibodies (all from Sigma). All biotinylated
samples were free of cytosolic proteins. Blots of biotinylated membrane
proteins were probed with HSP antibodies as described above.

Exosome preparation and analyses. Exosomes were prepared from the
media of cell lines by modifications of methods described previously
(Escola etal., 1998; Chen et al., 2006). Briefly, spent media were collected
from 4—8 X 107 D54MG or SMA560 tumor cells after 48 h in “exosome-
free” media (i.e., that which had been previously centrifuged overnight at
100,000 X gto remove endogenous exosomes from fetal calf serum). The
harvested culture supernatant was subjected to differential centrifuga-
tion, beginning with centrifugation at 800 X g for 10 min at 4°C. The
supernatant was then centrifuged at 10,000 X g for 10 min at 4°C, and
that supernatant was centrifuged at 100,000 X g at 4°C for 3 h. The
resulting exosome pellet was resuspended in a large amount of PBS and
again centrifuged at 100,000 X g for 60 min at 4°C. The pellet was resus-
pended in 0.2 ml of PBS and was analyzed by electron microscopy and
biochemically by LDS-PAGE and Western blotting. Probes for Western
blots consisted of antibodies against HSP90 (catalog #4874; Cell Signal-
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ing Technology), HSP/HSC70 (SPA-820; Nventa Biopharmaceuticals),
HSP60 (SPA-805), and HSP27 (SPA-803) or murine HSP25 [SPA-801
and AF1580 (R&D Systems)]. Exosomes were solubilized in RIPA buffer,
and total protein was quantified with the BCA protein assay (Pierce)
using BSA as a standard. Exosome preparations were analyzed by elec-
tron microscopy after incubation on formar-coated grids, negative stain-
ing with uranyl acetate, and observation with a Philips transmission elec-
tron microscope (Philips, Best, The Netherlands) operated at 80 kV.

In vivo tumor growth assays. All animal experimentation was done
under approval of Duke University Institutional Animal Care and Use
Committee protocol management. The murine anaplastic astrocytoma
line SMA560 was used to determine whether heat shock affected tumor
growth, perhaps through immune system involvement. This tumor line
is syngeneic to the VM/Dk strain of mice raised in-house at the Cancer
Center Isolation Facility at Duke University. This murine brain tumor
model has been described previously (Serano et al., 1980; Sampson et al.,
1997). For these experiments, SMA560 cells were heat shocked as de-
scribed above, allowed to recover for 24 h, harvested from plates, and
washed three times in PBS, and 100,000 cells in 0.2 ml of PBS were
injected subcutaneously into female VM/Dk mouse flanks. Control
(non-heat stressed) SMA560 cells experienced the same media exchange,
harvest conditions, and inoculation procedures. Tumor growth was
monitored over time using calipers to measure diameters in length (de-
fined as the longer axis) and width (defined as the shorter axis). Tumor
volumes were computed using the formula length X width? X (7/6).
The experiments were repeated using immune-incompetent nu/nu
(BALB/c) mice, in which both sets of tumors grew at equal rates. For
syngeneic VM/Dk mice that survived their initial tumor challenge (i.e.,
those receiving heat-treated tumor cells), those mice were rechallenged
90 d after their first tumor inoculation on the flank opposite from the first
implantation. Mice received 100,000 non-heat stressed SMA560 cells;
tumor volumes were measured and compared with the growth rates of
the same number of tumor cells injected into age-matched, naive VM/Dk
mice. Growth rates were statistically indistinguishable.

Chaperone-rich cell lysate preparations

Chaperone-rich cell lysate (CRCL) was prepared from in vivo-grown
SMA560 tumors by methods described by Graner et al. (2000, 2003) and
Kislin et al. (2007) using a free-solution—isoelectric-focusing technique
(FS-IEF). Briefly, tumor tissues were homogenized in detergent-
containing buffers, and high-speed supernatants were obtained. The di-
alyzed supernatants were mixed with detergents and conjugate acid-base
pairs (for pH gradient establishment), and the solution was made to 6 M
urea. The mixture was subjected to FS—IEF in a Rotofor device (Bio-Rad
Laboratories, Hercules, CA) at 15W constant power, and fractions were
harvested and analyzed for chaperone content. Fractions of interest
(those containing glucose-regulated protein 94, HSP90, HSP70, and cal-
reticulin) were pooled and prepared as vaccines by dialysis, detergent
removal, and centrifugal concentration. Vaccines were tested for endo-
toxin with the Limulus Amebocyte Lysate assay (Lonza Walkersville,
Walkersville, MD) and were found to contain <0.01 endotoxin units/ug
protein. Vaccines were diluted in PBS and stored in 200 ug aliquots at
—70°C until used.

CRCL vaccinations for enzyme-linked immunospots

VM/Dk mice (three per group) were each immunized subcutaneously
with 20 ug of SMA560-derived CRCL on day —14 and again on day —7.
Spleens were harvested for enzyme-linked immunospot (ELISPOT) as-
says (described below) on day 0.

ELISPOT

ELISPOT assays were performed to assess interferon-y production of
splenocytes from vaccinated mice after in vitro stimulation with CRCL or
peptides as described by Graner et al. (2003). Splenocytes (10°/ml) were
cultured with 5 ug/ml SMA560-derived CRCL or 5 ug/ml glycoprotein
nonmetastatic B extracellular domain (GPNMBecd) or GPNMB pep-
tides for 48 h on ELISPOT plates from kits from R&D Systems and
ELISPOT plates probed and developed according to manufacturer’s pro-
tocol. Spots were counted with the aid of a dissecting microscope.
GPNMBecd was prepared as described by Kuan et al. (2006); GPNMB
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peptide A is PSAYMREHNQLNGWSSDEc (single-
letter amino acid designation; amino acids 3451 with a
C-terminal cysteine added for production purposes).
GPNMB peptide B is PGPCPPPPPPPRPSKPTPSLGP
(amino acids 320—-341). Both peptides were prepared by
AnaSpec (San Jose, CA).

CRCL vaccinations of tumor-bearing mice

VM/Dk mice (6- to 8-week-old females; 10 mice per
group) were inoculated subcutaneously with 100,000
SMA560 tumor cells; 5 d later, mice received subcuta-
neous injections of PBS vehicle or 50 ug of SMA560-
derived CRCL vaccines on the flank opposite from their
tumor injections. Tumor volumes were measured two
to three times per week with calipers, and tumor vol-
umes were calculated using the formula (length) X
(width?) X (7/6).

Statistics. Where meaningful, Student’s ¢ test was
used to determine statistical significance. All experi-
ments were repeated at least twice and, in some cases, up
to five times.

Results

Chaperone protein expression after heat shock
of brain tumor cell lines

Initial characterization of chaperone protein ex-
pression in selected brain tumor cell lines was
done by Western blotting of the tissue culture
lines before and after nonlethal heat shock. Al-
though we have examined HSP/chaperone pro-
tein “outputs” in numerous brain tumor cell lines
and xenografts (see supplemental Table 1, avail-
able at www.jneurosci.org as supplemental mate-
rial), these particular cell lines were chosen as rep-
resentatives of various categories: a line derived
from a high-grade adult glioma that is well char-
acterized and described in the literature
(D54MG); another high-grade adult glioma-
derived line that is less well characterized
(D392MG); a line derived from a medulloblas-
toma from a pediatric patient (D341MED); and a
syngeneic murine glioma suitable for immune
studies (SMA560). Cells were heat shocked at
42°C for 1 h followed by recovery of periods from
2 to 24 h. Cells were harvested at 2, 4, 8, and 24 h
after the termination of heat shock, and control
cells (cells kept at 37°C) were harvested and re-
ferred to as the “0” time point. Lysates were pre-
pared from equal numbers of cells at each time
point (viabilities after heat shock remained +10%
of control cells). Proteins were electrophoresed
and electroblotted, and blots were probed with

<«

Figure 1.  Heat shock generally increases chaperone/heat shock pro-
tein expression in brain tumor cell lines. A-D, Cell lines derived from
patient GBMs (D54MG, A; D392MG, B), from a medulloblastoma
(D341MED, (), or from a murine astrocytoma (SMA560, D) were sub-
jected to sublethal heat shock (42°C, 1h) and allowed to recover for the
time periods indicated after heat shock (2—24 h). Lysates were prepared
from cells at the time points indicated (“0” refers to before heat shock);
proteins were separated by LDS-PAGE and Western blotted. Antibody
probes are listed on the left. Quantitative comparisons (bar graphs) were
made by densitometry relative to actin staining (average of twoindepen-
dent experiments). Error bars indicate SD. All other SDs were <<10%.
Cells were >95% viable whether heat shocked or not.
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antibodies to various chaperone/heat
shock proteins, with actin antibodies as
loading controls. The chaperone reper-
toire analyzed included the more highly
stress-inducible members (HSPs 27, 70,
and 90) as well as additional members of

the HSP70 family: heat shock cognate 70 HSP90
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there is no consistent trend to HSP expres-
sion after heat shock that applies to all of
the cell lines. D54MG shows a mild heat
response over time across all of the chaper-
ones/HSPs examined (Fig. 1A), as does
D341MED (Fig. 1C). However, both of
those lines also demonstrate relatively high
levels of HSPs 90 and 27, and the inducible HSP70, under normal
conditions (0 time point), as if these stress protein expressions are
uncoupled from stress induction. The graphical trend (i.e., ex-
pression kinetics) for D54MG shows an increase in HSP expres-
sion >24 h, whereas the peak for most of the D341MED HSPs is
earlier. D392MG (Fig. 1 B) and especially SMA560 (Fig. 1 D) both
show more robust heat shock responses, as gauged by HSP90 and
inducible HSP70 expression, whereas SMA560 also shows potent
HSP27 induction. It should be noted that the anti-HSP27 anti-
body used here has questionable reactivity against murine HSP25
(Graner, unpublished observations); however, we found that an-
tibody to react well in Western blots from cell lysates (as in Fig.
1D), as well as in flow cytometry (see below) (see Fig. 3) with the
murine SMA560 cells/cell lysates. However, mAb did not react
with tumor-derived murine HSP25/27 from SMA560 in vivo-
grown tumor lysates (see below) (Fig. 2A), nor did it react with
exosome proteins from SMA560 tissue culture cells (see below)
(see Fig. 6). In both of those cases, another antibody relatively
specific for murine HSP25 was used successfully for Western
blotting, although it did show unusual reactivity with SMA560
exosome proteins. This may be because of differential posttrans-
lational modifications or HSP25/27 variants, depending on the
source and localization of the small HSP. In addition, D341MED
and SMA560 also show an additional lower-molecular-weight
band reactive with the HSP27 antibody. This additional band was
not included in the quantification, and its nature is unclear. It is
possibly a modified or breakdown product of HSP27 or a closely
related member of the small HSP family (such as HSP22).

There may be some correlation between increased expression

Figure 2.

Heat shock and chaperone/cochaperone proteins are highly expressed by brain tumor xenografts or syngeneic
tumors grown in vivo compared with normal brain. Western blots of tumor or brain lysates were probed with the antibodies listed
on the left; actin probe is shown as a loading control, as is the Ponceau Red-stained blot shown on the right. The panel for HSP27
is broken into three parts to indicate that the murine tissues (SMA560 and brain) were probed with different HSP27 antibodies
than were the human xenograft tumors (D54MG and D34TMED).

of the HSP/HSC70 cochaperone HspBP1 and increased expres-
sion of HSP or HSC70 in D341MED and SMA560 cells (Fig.
1C,D), but the changes in HspBP1 expression are not dramatic.
Although tumors do tend to overexpress HspBP1 compared with
their normal tissue counterparts (Raynes et al., 2003), HspBP1
expression is not coordinately regulated in proportion to HSP70
expression changes (Gottwald et al., 2006).

A likely explanation for at least some of the numerical changes
in HSP measurements is because of the reduced amounts of actin
found in the heat-shocked cells over time, because the values are
normalized to actin. Most cells respond to heat shock by upregu-
lating the expression of stress-inducible proteins while concur-
rently downregulating expression of most other polypeptides
(Tanguay, 1983; Craig, 1985; Burdon, 1987; Welch, 1987). Thus,
whereas the total protein loads for each lane were the same, the
amount of actin in those samples is likely to decrease as a steady-
state measure until the cell fully recovers from the stress. The
kinetics of that recovery may vary; for instance, D341MED shows
an early peak in HSP expression compared with the other lines,
and its actin production is returned to normal by 24 h (Fig. 1C).

Chaperone/heat shock protein expression in human brain
tumor xenografts and syngeneic murine brain tumors

To verify that chaperone/HSP expression is maintained in vivo in
these brain tumor cells (i.e., to demonstrate that such expression
isnota cell culture artifact), lysates were prepared from xenograft
tumors D54MG and D341MED (D392MG has not been success-
fully grown as a transplantable xenograft model). Lysates were
also prepared from SMA560 tumors grown in syngeneic VM/Dk
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Brain tumors express high chaperone levels as seen in IHC. IHC of in vivo-grown brain tumors and normal mouse brain was performed on formalin-fixed, paraffin-embedded sections

with the antibodies listed on the left (staining shown in Ab columns) or with control (Cont) antibodies. “mu Brain” indicates sections from nu/nu mouse brain cortex. Scale bars, 100 pm.

mice, and whole rodent brain was used as a normal control tissue.
Lysate proteins were separated by SDS-PAGE and electrotrans-
ferred for Western blotting, as described above. Blots were
probed with antibodies to HSPs 90, 70, and 27, to HSC70, to
GRPs 78 and 75, to the cochaperone HspBP1, and to actin. Like
most normal tissues, brain expresses the constitutive chaperones
such as HSP90, GRPs 78 and 75, and HSC70, but it expresses
relatively little of the more highly inducible HSP70, HSP27, and
the cochaperone HspBP1. The in vivo-grown tumors, however,
express each of the chaperones/cochaperones at high levels, as
well as more of the highly inducible HSPs 27 and 70 (Fig. 2). The
metabolic stresses tumors face while growing as tissues may ac-
count for their relatively high HSP expression levels (Graner and
Bigner, 2006).

These results are confirmed by IHC (Fig. 3) on paraffin sec-
tions of in vivo-grown tumors and rodent brain using antibodies
to HSP27, HSP70, HSC70, GRP75, GRP78, HSP90, and HspBP1.
From the THC, the distribution of chaperones and HSPs can be
seen, as well the intensities of staining. Normal mouse brain,
known to express relatively high amounts of HSP90, GRP78, and
GRP75 (Fig. 2) displays similar strong reactivity in IHC, although
regionally or cell-specifically localized. HSP90 is expressed in

most all neurons in rodent brain (Itoh et al., 1993; Gass et al.,
1994), and Figure 3 displays cerebral cortex staining, with glia
remaining unstained. GRP78 is shown here in the molecular layer
of the cerebral cortex, as demonstrated previously (Chen et al.,
2000). GRP75 was expressed strongly in the granular layer of the
hippocampus in patterns reminiscent of those seen previously
(Kaul et al., 1997). The brain tumor cell lines that also grow in
vivo (D54MG, D341MED, and SMA560) also show strong stain-
ing in IHC with most all of the antibodies. Curiously, nuclear
staining of HSPs is relatively rare in these sections, despite the
intensities, which may have relevance for the stress response
(Langer et al., 2003). The endoplasmic reticulum chaperone
GRP78 is also present in all of the tissues examined but with
particularly strong, uniform staining in the human tumors.
Much of the staining appears diffuse and cytoplasmic, with no
vivid reticular structures evident. The murine astrocytoma
SMAS560 is more heterogeneous with regard to intratumoral dis-
tribution of staining and has a more reticular pattern in cells that
stain positively for GRP78. Like GRP78, the constitutive HSC70
(HSP73) is expressed by all of the tissues examined but is very
strongly and uniformly expressed by the human tumor xeno-
grafts, weaker and less uniformly in the murine tumor, and rela-



11220 - J. Neurosci., October 17,2007 - 27(42):11214-11227

tively weakly in the rodent brain, shown
here staining pyramidal and nonpyramidal
neurons of the cerebral cortex. This local-
ized pattern of staining in brain is similar
to that for the stress-inducible HSP70
(Manzerra and Brown, 1996) and its co-
chaperone HspBPI1, in which pyramidal
neurons of the cerebral cortex show dark cy-
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toplasmic staining (to the best of our knowl-
edge, this is the first use of the HspBP1 anti-
body for IHC). This is also similar to HSP27
staining of the rodent brain, although that
staining is more diffuse throughout the cor-
tex. Previous reports of HSP27 staining in
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nonstressed rodent brain indicate low ex-
pression of the HSP (Kato et al, 1995),
whereas other publications show strong D392MG 3
brainstem and sensory and motor neurons E
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Heat shock proteins are present on the
cell surface of human and murine brain
tumor cell lines

There has been increasing interest in the
localization and potential biological signif-
icance of chaperone/heat shock proteins
and other chaperones on tumor cell sur-

Figure4.

indicated by gray fill.

FL1-Fluorescein

Flow cytometry of brain tumor cell surface HSPs 27, 70, GRP78, and cochaperone HspBP1. Formalin-fixed cells were
incubated with the antibodies listed (directly fluoresceinated) and were analyzed by FACS (dark tracing). The isotype control is

Table 1. Quantitative determinations of cell surface HSPs 27 and 70, GRP94, and HspBP1

faces (Multhoff and Hightower, 1996; Antibody probe

Graner and Bigner, 2005, 2006). HSP70 on  Tumor Cell target HsP27 HSP70 GRP78/BiP HspBP1
tumor CEHS N 1mmlu§ﬁlog1cally relllevam ais Human D54MG 38%10° 19%10° 42x10* 3.1%10°
a target for natural killer (NK) cells (Mul- + Heat shock 6.4%10° 5.2X10° 12X10° 71%10°
thoff, 2002) and 6 T-cells (Harada et al., D392MG 1.1%10° 25%10° 2.1%10° 76X10*
1998; Zhang et al., 2005), whereas cell + Heat shock 4.5%10° 1.1Xx10° 3.4X10° 1.1X10°
membrane HSP27 is associated with a D341MED 1.9><10§ 4.5><10: 8><101 3><101
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murine model (Bausero etal,, 2004). There +Heat shock 11x10° 12X10° 6.510° 28X10°

has been recent interest in targeting cell

surface GRP78 by a variety of peptide-
based strategies (Arap et al., 2004; David-
son et al., 2005). We used flow cytometry
and a QFACS analysis (see Materials and
Methods) to examine the presence and extent of HSPs on the cell
surfaces of D54MG, D392MG, D341MED, and SMA560. Figure 4
shows representative FACS profiles for D54MG, D341MED,
D392MG, and SMA560 stained with directly fluoresceinated an-
tibodies against HSPs 27 and 70, GRP78, and the cochaperone
HspBP1. Table 1 presents the numbers of surface chaperones/
cochaperones per tumor cell (based on an assumed 1:1 antibody:
antigen ratio). Assays were performed using cells that had been
subjected to a 1 h heat shock at 42°C followed by a 24 h recovery,
as well as with the same batch of cells cultured at normal temper-
atures. In almost every cell line, for every antibody/antigen com-
plex measured, the chaperones/HSPs we examined were present
on the surfaces of the cells at normal temperature, and those
numbers tended to increase when cells were exposed to heat
shock and allowed to recover. The fold increases ranged from
~1.5- to ~20-fold after heat shock. Overall, the changes seen in

antibody:antigen ratio.

Brain tumor cell lines D54MG, D392MG, D342MED, and SMA560 were subjected to QFACS (see Materials and Methods) to determine the number of
chaperone/cochaperone molecules on the tumor cell surfaces before and after heat shock. Numbers shown are calculated per cell, based on an assumed 1:1

total chaperone/HSP output measured in Western blot are re-
flected to some extent in the QFACS readouts, including the gen-
eral lack of dynamic cell surface changes for GRP78 and HspBP1.
Thus, after heat stress, there may be substantial redistributions of
the HSP pools from within cells to the plasma membrane, but this
is not a universal phenomenon for all of the stress proteins we
examined. In addition, in our hands we saw little or no HSP90 on
these cells by indirect or direct flow cytometry (R. I. Cumming,
unpublished observations).

We verified the presence of various chaperones/HSPs as cell sur-
face moieties by biotinylation of cell surface molecules using a
membrane-impermeant biotinylation compound and enrichment
of labeled proteins on avidin matrices. Select biotinylated proteins
were identified by gel electrophoresis and Western blotting with spe-
cific antibodies. Western blots in Figure 5A reveal the presence of
HSP27, HspBP1, HSP70, and GRP78 on the surfaces of the D54MG,
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Figure5. Cellsurface biotinylation reveals that GRP78, HSPs 27 and 70, and HspBP1 are on the surfaces of brain tumor cell lines. A, Using membrane-impermeant biotin, the cell lines shown were

surface biotinylated, and surface proteins were enriched on streptavidin matrices. Biotinylated proteins were separated on gels and Western blotted. Antibody probes are shown at left. B, To verify
that only surface proteins were labeled, the fractions unbound on the streptavidin beads (D54MG lysate) and the bound/eluted fractions (D54MG biotin) were probed with antibodies against
cytosolic proteins tubulin, actin, and glyceraldehyde-3 phosphate dehydrogenase (GAPDH). HSP/HSC70 was found in both the nonbiotinylated cytosolic fraction and the labeled membrane fraction

(as expected, from the results in 4).

D392MG, D341 MED, and SMA560 cell lines used in this study. The
sole exception was that we were unable to detect biotinylated
HSP25/27 from the murine SMA560 cell line despite numerous at-
tempts and probing with several different HSP25/27 antibodies. It is
conceivable that surface HSP25/27 in this mouse line does not bio-
tinylate sufficiently for recovery; alternatively, the discrepancy be-
tween the FACS results and the surface biotinylation results may lie
in an epitope configuration. The lack of cytoplasmic protein bioti-
nylation is shown in Figure 5B. Thus, by both flow cytometry and cell
surface biotinylation, chaperones, at least one cochaperone, and
HSPs are present on the surfaces of brain tumor cell lines.

Brain tumor cell lines release heat shock proteins and
exosomes into the extracellular space
Along with cell surface expression of chaperones/heat shock pro-
teins, there are instances in which those (normally intracellular)
proteins may be released into the extracellular milieu (Hightower
and Guidon, 1989; Guzhova et al., 2001, 2001; Lancaster and
Febbraio, 2005; Tytell, 2005; Evdonin et al., 2006; Mambula and
Calderwood, 2006). For cells in tissue culture, HSPs may be mea-
sured in the conditioned media by Western blotting or ELISA.
We examined the HSP output into spent media by D54MG,
D392MG, D341 MED, and SMA560 cells under normal and heat
shock conditions. Figure 6 A shows that HSP27 is released in
similar quantities from the human brain tumor lines examined
under both normal conditions and after heat shock (nonetheless
significantly different for D54MG and D392MG), whereas the
murine line SMA560 appears to release no HSP27 (murine
HSP25) as recognized by the antibody in the ELISA kit. However,
HSP70 release by the cell lines is between 1.5 and 10 times higher
after heat shock, with the largest release coming from the very
heat-inducible SMA50 cell line (Fig. 6 B). This release is not at-
tributable to cell death, because the viable cell numbers (deter-
mined by trypan blue exclusion) were nearly identical both be-
fore and after heat shock (data not shown).

Another way in which heat shock proteins may enter the ex-

tracellular environment is as components of exosomes, secreted
membrane-delineated vesicles (30—100 nm in diameter) that are
usually thought to be of endosomal origin (derived from internal
microvesicular bodies) (Chaput et al., 2004; Johnstone, 2006;
Keller et al., 2006). These vesicles characteristically contain a
number of HSPs, including HSPs 27, 60, 70, and 90 (Clayton et
al., 2005). Exosomes have been isolated from the spent media of a
number of cell lines (Keller et al., 2006) including cultured neu-
rons (Faure et al., 2006). However, there appear to be no direct
references in the literature to exosomes of brain tumor cell line
origin. We obtained exosomes from the spent media of brain
tumor lines D54MG and SMA560 by differential centrifugation.
The electron micrograph shown in Figure 7A depicts exosome
preparations consisting of bilayered membranous vesicles with
diameters between 50 and 100 nm and a typical exosome appear-
ance. Western blot analyses of the exosome preparations showed
a canonical content of HSPs 90, 70, 60 and 27 (Fig. 7B), although
there is an unusual small HSP species found in the murine
(SMA560) exosomes that may correspond to an uncharacterized
mitochondrial sHSP (Downs et al., 1999; Dunlop and Muggli,
2000). In terms of total protein content, we were able to obtain
~2 mg of protein from ~8 X 107 cells collected over a 48 h
period (1.7 = 0.2 mg for D54MG cells; 2.1 = 0.3 mg for SMA560
cells). These amounts are at the high end of reported ranges (Heg-
mans et al., 2004; Mears et al., 2004; Chen et al., 2006), which may
reflect the various methods of exosome isolation (and purity), as
well as potential differences in exosome formation by different
cell types. Thus, exosomes, along with a typical HSP cargo, are
released from brain tumor cell lines. The function and biologic
impact of these vesicles awaits additional study.

Heat stress abrogates SMA560 tumorigenicity in
immune-competent animals

Because the murine anaplastic astrocytoma cell line SMA560 dis-
played prominent heat shock responses both intracellularly and
extracellularly (Figs. 1D, 6 B, Table 1), we hypothesized that this
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Figure 6.  HSPs 27 and 70 are released into culture medium by brain tumor cell lines under
normal and heat shock conditions. The cell lines listed were left untreated (dark hatched bars) or
were heat stressed (42°C, 1 h; light striped bars). Media were exchanged after heat shock, and
cells recovered for 24 h. Media were then harvested for ELISA analyses for HSP27 (A) and HSP70
(B) using commercial kits. Statistical differences in HSP output were determined using  tests,
with the p values indicated by asterisks. Those unmarked were not significant. SDs of replicate
measurements were always <<10% of the average and would be essentially unreadable as error
bars; thus, they are not shown.

stress-induced chaperone/HSP production, relocation, and re-
lease might make the tumors cells noticeable to the immune sys-
tem of the syngeneic host. Thus, 24 h after the standard heat
shock regimen (i.e., 1 h heat shock, 24 h recovery), we injected
groups of VM/Dk mice with 100,000 heat-shocked SMA560 cells
or equal numbers of non-heat-shocked cells. Cell viability was
equivalent for both groups before tumor implantation. We then
followed tumor progression over time. Figure 8 A shows that by
day 42 after tumor inoculation, there is a significant difference in
tumor burden between the groups; the mice inoculated with the
heat-shocked tumor cells rejected their tumors (the tumors sim-
ply did not grow), whereas the mice that received cells cultured at
normal temperature grew tumors, until it was necessary to kill the
animals (in the experiment shown, typical of two performed, in
the group that received the non-heat-shocked tumor inoculum,
the single mouse that had not developed tumor at this time point
did eventually grow a tumor and had to be killed by day 90). To
rule out the possibility that in vivo viability of the two groups of
cells was different, we repeated the experiment using immune-
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incompetent athymic (nude) mice as tumor cell recipients. In
those hosts, heat-shocked and non-heat-shocked cells generated
tumors with the same growth kinetics and at more than twice the
rate of immune-competent animals (large tumors by day 22)
(Fig. 8 B). This also suggests that an immune mechanism may be
responsible for the rejection of the stressed tumor cells. Tumor-
free mice were rechallenged with viable (non-heat-shocked)
SMA560 cells 90 d after the initial tumor implantation; all of the
previously tumor-free mice developed tumors, indicating a lack
of memory response (data not shown).

Direct immunization with SMA560-derived chaperone
proteins results in immune responses against a brain tumor
antigen, as well as reduced tumor burden in vaccinated mice
Because HSPs are implicated in this immune response against
heat-stressed tumor cells, we generated CRCL from SMA560 tu-
mors for use as a vaccine (Graner et al., 2000, 2003; Kislin et al.,
2007). In this vaccine scenario, tumor-derived HSPs are seen as
couriers of antigenic peptides as well as entities that provide stim-
ulation to professional antigen presenting cells, resulting in better
T-cell activation (Graner and Bigner, 2005). Mice were immu-
nized with this tumor-derived, HSP-based vaccine, providing
them with the immune stimulus of the exogenous HSPs (as might
be found on the tumor surface or released from the heat-shocked
cells), and the tumor antigen content of the HSP-escorted pep-
tides. Ex vivo restimulation of the primed splenocytes with the
vaccine, or with known brain tumor antigen peptides [from
GPNMB (Kuan et al., 2006)], elicited interferon-y secretion from
the cells (Fig. 9). In vivo VM/Dk mice bearing pre-established
SMA560 tumors that received therapeutic vaccine treatment also
exhibited significantly reduced tumor burdens compared with
mock-treated animals (Fig. 10), thus further demonstrating that
tumor-derived HSPs are capable of driving antitumor responses
in this model, consistent with experiments in a number of other
mouse tumors (Graner et al., 2003). It should be noted that the
VM/Dk mouse strain is susceptible to experimental allergic en-
cephalomyelitis (Heimberger et al., 2000); nonetheless, neither
the mice receiving the heat-shocked tumor cells nor those receiv-
ing the CRCL vaccines showed any signs of neurologic damage.

Discussion

Whereas there have been many publications on heat shock pro-
tein expression and heat stress characterization in a wide variety
of tumor cell types (Ciocca and Calderwood, 2005; Calderwood
et al., 2006; Li and Lee, 2006), such studies are rare in brain
tumors (Fuse, 1991; Hermisson et al., 2000; J. Wang et al., 2006).
To our knowledge, this may be the first to examine chaperone/
HSP expression in brain tumor cell lines from the intracellular
and also the cell surface/extracellular perspectives. Through this
we may gain insight into the stress responses of brain tumors,
with the overriding goal of identifying targets, pathways, or vul-
nerabilities in these tumors.

Western blot characterizations of heat-stressed cells show that
different brain tumor cell lines vary substantially in their heat
shock responses as quantified by increases in HSP production.
Whereas we have examined by Western blot the expression of
HSP70 family members in more than a dozen brain tumor cell
lines and/or xenografts, the experiments in this report used a
limited number of cell lines; however, our selections indicate that
at least some brain tumor cells are capable of extensive HSP out-
put after heat stress (Fig. 1B,D, lines D392MG and SMA560),
whereas lines such as D54MG and D341MED do not respond as
vigorously. However, these latter two lines show impressive in-
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plied stress response proteins to protect
the neurons from injury; curiously, those
“model” glial cells were actually the brain
tumor cell line T98G, which also showed
substantial heat shock responses in HSP70
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ducible expression of HSPs 27, 70, and 90 in the absence of heat
stress (Fig. 1A, C). The significance of this upregulated HSP ex-
pression is unclear, but it suggests that these tumor cells adapted
a constitutive stress response despite the seemingly benign con-
ditions of tissue culture, and this high expression of inducible
HSPs is evident in in vivo-grown tumors as well (Fig. 2, 3). The
lack of nuclear HSP localization (Fig. 3) also suggests a lack of a
true stress response while nonetheless having heightened HSP
levels. The molecular nature and mechanism of the brain tumor
cellular stress responses will be intriguing to explore.

Cell surface chaperone/heat shock proteins are routinely iden-
tified (Multhoff and Hightower, 1996; Eustace and Jay, 2004;
Radons and Multhoff, 2005; Schmitt et al., 2007), but this re-
mains unstudied in brain tumor cells. Here we have shown that
several HSPs, and at least one cochaperone, are expressed on the
surfaces of brain tumor cell lines (Figs. 4, 5, Table 1). For the lines
examined, this localization occurs without heat stress, but heat
shock tends to increase the numbers of membrane HSPs (Table
1). In the D54MG and D341MED cells (which show little addi-
tional HSP induction after heat shock), it may be that the addi-
tional cell surface display of HSPs results from relocation of the
HSPs as opposed to additional expression. Supplemental Table 1
(available at www.jneurosci.org as supplemental material) lists
almost two dozen brain tumor cell lines and xenografts that ex-
press some form of chaperones/HSPs on cell surfaces; in some
cases, there are numerous HSP family members displayed on the
cell membranes.

In addition to HSPs on brain tumor cell surfaces, we also
demonstrated that at least HSPs 27 and/or 70 were shed from
brain tumor cells into the media. The release mechanism is un-
known, but herein we did show that exosomes are shed into the
spent media of brain tumor cell lines (Fig. 7, D54MG and
SMA560) [we have additional data for eight more cell lines (A.
Dechkovskaia and N. Satterwhite, unpublished observations)].
Extracellular release of HSP70 by glial cells was previously de-
scribed as a defense mechanism whereby neurons may be sup-
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Brain tumor cell lines release exosomes into the media. Exosomes were isolated from the spent media from cell lines
D54MG and SMA560 by differential centrifugation. A, Exosomes recovered in the final pellets were observed by electron micros-
copy after uranyl acetate negative staining (arrows). B, Western blots of exosome material show that HSPs 90, 70, 60, and 27 are present.
For the SMAS60 line, the asterisk indicates a rodent mitochondrial small HSP of ~37 kDa rather than the expected 20 —30 kDa.

though HSP70 has been identified on pa-
tient glioma cell surfaces (Multhoff et al.,
2001).

Cell surface/extracellular HSPs may
have important immune implications
(Asea, 2005; Calderwood et al., 2005;
Fleshner and Johnson, 2005; Korbelik and
Sun, 2005). Preclinical vaccine models fea-
turing surface HSP expression, whether
driven by transfected genetic constructs
(Zhengetal., 2001; Chen etal., 2002) or by
the propensity of a given cell line to surface localize HSPs (Wang
et al., 2004) were capable of generating antitumor immune re-
sponses. Other strategies used secretable chaperones and HSPs
(again, artificially constructed or “naturally occurring” in certain
tissue culture cells), successfully immunizing animals against tu-
mor challenge (Yamazaki et al., 1999; X. Y. Wang et al., 2006).
Also, stress induction resulting in surface HSP expression fol-
lowed by apoptosis-inducing therapeutics yielded a potent vac-
cine, whereas nonstressed apoptotic cells were nonimmunogenic
(Feng etal., 2001). SMA560 displayed cell surface and extracellu-
lar HSP deposition after heat stress, and it is one of the few truly
syngeneic murine brain tumor models; therefore, we tested the
effects of heat shock on the tumorigenicity of those cells. Suble-
thal heat shock (42°, 1 h; 24 h recovery) completely abrogated the
tumorigenicity of the SMA560 cells after subsequent injection
into syngeneic VM/Dk mice but had no effect on SMA560 tumors
grown in nude mice (Fig. 8). Given the changes in the cell surface
HSP phenotype, as well as the extracellular HSP70 release by
these cells after heat shock, one is tempted to connect the tumor
HSP expression/localization to the stimulation of an antitumor
immune response. The stimulatory effects of HSPs on antigen-
presenting cells is well appreciated (Binder et al., 2004; Facci-
ponte et al., 2005; Zeng et al., 2006a), and the targeting of cell
surface HSPs by NK cells and yd T-cells is known (Harada et al.,
1998; Multhoft, 2002). However, the cellular heat shock response
is a complex phenomenon engaging a number of metabolic and
genetic aspects (Hirsch et al., 2006), including chromatin remod-
eling (Uffenbeck and Krebs, 2006) and lipid alterations (Jenkins,
2003). Thus, there may be a variety of stress-related immune
activators that could trigger responses against stressed tumor
cells.

We began our initial dissection of possible immune-effector
mechanisms by using athymic (nude) mice as tumor recipients of
heat-shocked tumor cells (or of control, non-heat-shocked cells).
Both groups of tumor cells grew at equal rates in immune com-
promised mice, indicating that T-cells may play an important
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Figure8. Heat-shocked SMA560 cells show reduced tumorigenicity in immune-competent

syngeneic mice. SMA560 cells were heat shocked (42°C, 1 h) or were left untreated. A, After a
24 hrecovery, groups of 5 VM/Dk mice were injected with 100,000 cells, either heat shocked or
untreated, subcutaneously into the right flanks, and tumor volumes were measured 42 d later.
Cells in both groups were of equal viability. p value (t test) between heat-shocked cell tumor
growth versus control is shown. In this experiment, the solitary mouse in the control group
without tumor later grew one and had to be killed 90 d after tumor inoculation. B, The same
heat shock experiment was conducted using immunoincompetent athymic (nu/nu) mice as
tumor recipients. Both heat-shocked and non-heat-shocked tumor cells grew in nude mice at
statistically indistinguishable rates ( p value, not significant), and mice were killed on day 22.

role in the recognition and eradication of the heat-shocked tu-
mor cells (nude mice lack T-cells but have semifunctional mac-
rophage, B cells, and NK cells). Whereas NK cells may be stimu-
lated by exogenous or extracellular HSPs, they may require
additional cytokine support from T-cells to be fully activated.
The reciprocal cytokine signaling may also be true (Zeng et al.,
2006b). In our follow-up studies, syngeneic mice that remained
tumor-free after rejection of the heat-treated SMA560 cells re-
mained susceptible to rechallenge (90 d after the initial tumor
challenge) by nonstressed SMA560 cells (data not shown). This
indicates a lack of memory responses against the tumor and sug-
gests that the innate immune-effector cells may play an impor-
tant role in eradication of the stressed tumor cells; such lack of
memory responses was seen previously in an HSP70 vaccine set-
ting (Kumaraguru et al., 2002). The mechanism of this putative
immune response in this model is an active area of investigation,
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Figure 9.  Mice receiving brain tumor-derived CRCL vaccines develop specific splenocyte
reactivity against brain tumor antigens as well as against undefined antigens within the whole
vaccine. VM/Dk mice were vaccinated on day —14.and day —7 with 20 r.g of SMA560-derived
CRCL each time. On day 0, splenocytes were harvested, plated, and restimulated with the anti-
gens shown (GPNMBecd; Pep A and Pep B are GPNMB 18-mer and 22-mer peptides, respec-
tively; see Materials and Methods for sequences). Restimulation was with antigen concentra-
tions of 5 ug/ml. Interferon-+y output was quantified by ELISPOT assay; shown are averages
and SD of triplicate wells. Error bars represent SEM.
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Figure 10.  Vaccination with SMA560 CRCL reduces tumor burden in syngeneic, tumor-
bearing mice. Groups of VM/Dk mice (10 per group, initially) were inoculated subcutaneously
with 100,000 SMA60 cells. Five days later, one group of mice received subcutaneous injections
of CRCL vaccines (50 g) derived from SMA560 tumor. Control mice received equal volumes of
saline. Injections were given on the flank opposite the tumor, and tumor growth was monitored
thereafter. Before day 34, two mice in the control group had died from their tumors, and their
tumor volumes were censored from the averages and statistics shown here. avg vol, Average
volume.

with particular focus on intracranial implantation of the stressed/
nonstressed tumors to assess the effect of orthotopic microenvi-
ronment and immunity. “Immune privilege” of the CNS is no
longer viewed as a barrier to achieving immune reactions in the
brain (Galea etal., 2007), and it is clear that immune-effector cells
are able to enter such regions, albeit with some interesting bio-
logical constraints (Mrass and Weninger, 2006). Thus, additional
study will be necessary to determine the roles and relationships of
the potential effector cells and mechanisms.

Arguably, the best-studied heat shock protein is the stress-
inducible HSP70, and it has received the most focus at the cell
surface/extracellular aspect (Radons and Multhoff, 2005). As a
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Table 2. Summary of inducible HSP70 expression in select brain tumor cell lines (relative to unstressed cells or to non-HSP expression such as actin)

Cell surface HSP70 expression (flow

Cell line HSP70 expression (Western blot) cytometry) Extracellular HSP70 release (ELISA)
Constitutive Heat stress Constitutive Heat stress Constitutive Heat stress

D54MG derived from line A172, adult malignant + ++ + ++ + ++
glioma

D392MG adult malignant glioma +/= +++ ++ ++4++ ++ +4++

D341MED pediatric medulloblastoma ++ +/—= + ++ + +++

SMA560 murine anaplastic astrocytoma, +/= ++++ +/= ++ + ++++
syngeneic to VM/Dk strain

+/—, Detectable expression; +, moderate expression; + + — + =+ + +, high to very high expression.

cell surface tumor marker, it has been the target of NK cell ther-
apy (Krause et al., 2004), but it may also be targetable by other
means, such as ligands or antibodies, on the basis of the tumor-
specific expression of surface HSP70. Whereas HSP70 is surely
not the sole chaperone immune modulator of the tumor cell
surface, it is undoubtedly important, so we have included a sum-
mary table of inducible HSP70 expression in the cell lines used in
this work (Table 2).

There are numerous publications concerning the immunity of
the chaperones, particularly as vaccines when those proteins are
purified from tumor sources (for review, see Srivastava, 2002,
2006; Graner and Bigner, 2005; Zeng et al., 2006a) but none from
brain tumor models. Here, we have used CRCL as a tumor-
derived HSP-based vaccine (Graner et al., 2000, 2003; Kislin et al.,
2007) against the SMA560 tumor. Injection of exogenous
SMA560 CRCL may be comparable with the release of tumor
chaperones after heat stress. The vaccine promoted specific im-
mune responses ex vivo and resulted in significant antitumor
activity in vivo against pre-established tumors (Figs. 9, 10).
Whereas this vaccine is a complex mixture of chaperones, co-
chaperones, and other proteins, we have previously demon-
strated the critical nature of the HSPs at promoting antitumor
immune responses (Zeng et al., 2003; Kislin et al., 2007). In this
report, we have focused on the stress biology of brain tumors and
the implications for immune responses, but there is strong pre-
cedent in the cancer vaccine field for continuing attention to
HSP-based approaches given the abilities of surface/extracellular/
exogenous HSPs to provoke immune responses and carry anti-
gens (Graner and Bigner, 2005).

We hope that this broad initial characterization of chaperone/
heat shock proteins in these brain tumor cell lines and their dem-
onstration of vaccine potential will provide impetus for addi-
tional studies, particularly in light of increased interest in HSP90
inhibitors as cancer chemotherapeutics (Neckers and Neckers,
2005; Cullinan and Whitesell, 2006; Graner and Bigner, 2006)
and the use of tumor-derived chaperone vaccines against brain
tumors in a phase I/II clinical trial (http://www.clinicaltrials.gov/
ct/show/NCT00293423%0order = 1). Neuro-oncology may yet
benefit from the study of and potential therapeutic applications
of chaperones/HSPs against these recalcitrant malignancies.
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