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Abstract

Heat shock has been shown to have pleiotropic effects on tumor physiology besides a direct
cytotoxic effect. In the present study, we address the question whether heat shock treatment has an
impact on the antigenicity of human melanoma cells and their specific recognition by cytotoxic
lymphocytes. The heat shock response was induced by treating the cells with two different thermal
isoeffect doses, which resulted in equivalent clonogenic survival, mimicking doses achieved during
clinical hyperthermia treatment of tumors. Antigen expression and immune recognition by cytotoxic
T cells was studied using the human melanoma cell lines 624.38-MEL, SK-MEL23, WM115 and
WM266-4, which naturally express, process and present tyrosinase and Melan-A/melanoma antigen
recognized by T cells (MART)-1-derived peptides in the context of HLA-A2 molecules. We demonstrate
that during the heat shock response following the two thermal doses, heat shock protein 70 (M, 72
kDa) (HSP70) was induced with differential kinetics; tyrosinase protein and mRNA levels dissociated
with a significant increase in tyrosinase protein and a decrease in transcript levels. A similar
dissociation was not observed for Melan-A/MART-1. Furthermore, tyrosinase-specific T-cell
recognition did not correlate with changes in HSP70 and antigen protein levels. These results suggest
that caution has to be taken when considering protein levels as a marker for the antigenic status of
a tumor. Moreover, these results document the maintenance of immunological homeostasis during
recovery from heat treatment, thus challenging the view that tumor cells subjected to heat shock
become resistant to CTL recognition.

Introduction

The clinical results of hyperthermia in the combined treatment
of several human cancers have recently been updated (1). By
acting as a chemo- and radiosensitizer and by increasing the
blood flow, loco-regional hyperthermia was found to be effect-
ive as an adjuvant in clinical trials for melanoma (2) as well as
for certain other solid tumors (3). The initial rationale for the use
of hyperthermia in the treatment of cancer was based on the
observation that temperatures >43°C are directly cytotoxic
to tumor cells as a function of time. However, the heteroge-
neous tumor temperature distribution achieved at the tumor site
ranges between 40 and 44°C and is frequently <43°C (4).
Furthermore, fever-like whole-body hyperthermia which ranges

between 39 and 40°C also shows efficacy in mouse tumor
models and is currently being investigated in phase | clinical
trials (5, 6). These studies indicate that the biological efficacy
of hyperthermia is most likely not only the result of direct
cytotoxicity but also might include other mechanisms (7, 8).
Several groups currently investigate the immunologically
relevant changes in tumor cell physiology and the susceptibility
toimmune effector cells after heat shock treatment. Davies et al.
published the first studies on the effect of hyperthermia on
antigen expression, showing a heat-related, dose-dependent
decrease of melanoma surface antigens by shedding and
masking of surface antigens (9, 10). Further studies showed

Correspondence to: E. Noessner; E-mail: noessner@gsf.de

Transmitting editor. A. Radbruch

Received 9 November 2003, accepted 7 December 2004

9T0Z ‘¥Z AfenicgeH uo wnnuazsbunyasiod 4S9 e /610°s euino [pio fxo Wi nu//:dny wouy pspeojumoq


http://intimm.oxfordjournals.org/

258 Antigen presentation during the heat shock response

a decrease in the presentation of exogenous antigens by MHC
class Il (11) and an abrogation of co-stimulatory functions in
antigen-presenting cells after heat shock (12). Some groups
showed that heat shock conditions reduce the susceptibility of
target cells to monocyte cytotoxicity (13), to CTL attack (14-16)
and to the effect of cytokines, such as tumor necrosis factor-a
(17-21).

Another aspect of heat-inducible heat shock protein 70 (M,
72 kDa) (HSP70) is its role in protection against stress-induced
apoptosis (22). Overall, these results suggest that heat shock
induces a state of immunological resistance in tumor cells.

On the other hand, evidence has accumulated that hyper-
thermia and the associated heat shock response increase the
immunogenicity of cancer cells (23, 24). These changes include
induction of MHC class ll-restricted presentation of endoge-
nous antigens (25) and the enhancement of MHC class | anti-
gen presentation via heat shock protein (hsp) expression (26).
Expression of inducible HSP70 was also found to be asso-
ciated with increased tumor immunogenicity (27-29) and with
enhanced susceptibility of tumor cells to cytotoxic lympho-
cytes (30-32).

With regard to these heat-induced immunological effects,
the results reported so far are inconsistent, claiming heat-
induced immunoresistance as well as immune stimulation.

In the present study, we have evaluated more specifically
the time-temperature-dependent effects of heat exposure. We
employed an experimental system that allowed us to follow the
time—temperature-dependent expression of specific antigens
and their processing and presentation via MHC class |. We
selected the melanoma system because it is the most widely
characterized tumor with regard to tumor-associated antigens,
like tyrosinase and Melan-A/MART-1, their epitopes and their
restriction elements for MHC class | and Il presentation (33,
34). Based on the dose-dependent effects of clinical hyper-
thermia treatment of melanoma (2), we selected two different
thermal doses, one below and one above the breakpoint
temperature that mimic the heterogenicity of the temperature
distribution achieved within tumors under clinical conditions.
We demonstrate that following heat exposure, HSP70 and
antigen expression display distinct expression and kinetics
that reflect the thermohistory of the cells. Immunologically, low
thermal dose (41.8°C/120 min) did not alter immune recogni-
tion of the cells, whereas high thermal dose induced pleio-
tropic effects, altering antigen expression, surface presence
of HLA-A2 and T-cell recognition, however, only in a transient
manner. These results challenge previous observations pro-
posing that cells subjected to heat shock lose antigenicity and
the capacity to activate immune effector cells.

Methods

Tumor cell lines and lymphocyte effector cells

The human melanona cell lines 624.38-MEL and SK-MEL23
(tyrosinase and Melan-A/MART-1 positive; HLA-A*0201 posi-
tive) were a kind gift from M. C. Panelli (National Institutes of
Health, Bethesda, MD, USA). 624.38-MEL is a clone of the bulk
melanoma cell line 624 expressing high levels of HLA-A2
molecules on the cell surface (35). WM115 and WM266-4 were
purchased from the ESTDAB (European Searchable Tumour

Cell Bank and Database) co-ordinated by G. Pawelec
(Tubingen, Germany). WM115 (ESTDAB-066) and WM266-4
(ESTDAB-076) are human melanoma cell lines derived from
primary tumor and from metastatic tumor, respectively. Cells
were incubated at 37°C in a humidified atmosphere of 5% CO,
and 95% humidity, unless otherwise stated, in medium
supplemented with 1% streptomycin sulfate and sodium
penicillin G and 1% MEM non-essential amino acids.

The HLA-A*0201-restricted tyrosinase peptide tyrags_s7s
(YMNGTMSQV)-specific cytotoxic T-cell clone, TyrF8 (36),
was kindly provided by P. Schrier (Department of Clinical
Oncology, Leiden University Hospital, the Netherlands). The
HLA-A2-restricted Melan-A/MART-1 peptide (AAGIGILTV)-
specific cytotoxic T-cell clone, A42 (37, 38), was kindly
provided by M. C. Panelli. TyrF8 and A42 cells were cultured
in 24-well plates using RPMI 1640 medium supplemented with
2 mM L-glutamine, 1 mM sodium pyruvate, 7.5% heat-
inactivated FCS, 7.5% heat-inactivated pooled human serum
and 50 U ml~" of rIL-2 (Proleukin, Cetus Corp., Emeryville, CA,
USA). TyrF8 and A42 CTLs were stimulated biweekly with
irradiated [10 000 rad, using a '®’Cs-source Gammacell 40
(Atomic Energy of Canada, Ottowa, Canada)] IL-2-secreting
HLA-A*0201-positive and tyrosinase- and Melan-A/MART-1-
positive melanoma cells, irradiated (5000 rad) pooled alloge-
neic PBMC and irradiated (15 000 rad) EBV-transformed
allogeneic B-lymphoblastoid cell lines. Fresh medium was
given every third day and TyrF8 and A42 cells were split when
cells were confluent. For functional assays measuring antigen-
specific induction of cytokine secretion, TyrF8 and A42 were
used between days 8 and 14 after the last stimulation.

JB4 is a T-cell clone recognizing HLA-A2-expressing cell
lines independent of specific peptides and not discriminating
among the HLA-A2 molecular subtypes (HLA-A*0201, A*0205
and A*0220). The clone was generated in our own facility (by
E.N.) by limiting dilution cloning of an allogeneic mixed
lymphocyte tumor cell culture. Briefly, peripheral blood
lymphocytes (PBLs) from the healthy donor J.B. (HLA-A2
negative) were used as responder cells against an in-house
renal cell carcinoma line (RCC-26, HLA-A2 positive) (39). After
two rounds of stimulation, responding T lymphocytes were
cloned at a density of 0.3 cells per well in a 96-well round-
bottom plate, using irradiated (10 000 rad) RCC-26 cells and
pooled allogeneic PBMC (5000 rad) as feeder cells. The
specificity of JB4 was determined in cytotoxicity and cytokine
stimulation assays, using various allogeneic HLA-typed cell
lines and was found to be HLA-A2 specific. JB4 was
propagated like TyrF8, with the exception that irradiated
RCC-26 cells were used instead of melanoma cells.

Clonogenic assay for survival of heat-treated
melanoma cells

The ability of tumor cells to form colonies after various
hyperthermia exposures was assessed using the clonogenic
assay as described previously (40, 41). Briefly, exponentially
growing cultured melanoma cells were exposed to different
temperatures between 41.8 and 45°C for different incubation
times (10-150 min). At defined time points, viable, adherent
cells were harvested by trypsinization and seeded in duplicate
T25 tissue culture flasks at 100 and 500 cells per flask
and allowed to form colonies in an undisturbed, humidified,
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37°C/5% CO, air atmosphere. After 7 days, flasks were
washed with 0.9% NaCl solution and cell colonies were
stained with crystal violet solution (20% ethanol, 0.8%
ammonium oxalate and 2% crystal violet). Only colonies
containing at least 50 cells were considered to be viable
survivors. The number of colonies was counted and colony
efficiency of each treatment was scored as survival fraction
(SF) according to the formula SF = number of colonies for
a defined temperature and duration/(number of plated cells X
plating efficiency). Plating efficiency (PE) is determined by
dividing the number of colonies of untreated cells by the
number of plated cells. The mean PE in three independent
experiments was 89% (0.89 = 0.01) for 624.38-MEL, 20% for
SK-MEL23 and WM115 and 11% for WM266-4. The SFs were
plotted on a logarithmic scale (y-axis) against the time of heat
exposure (in min) on a linear scale (x-axis) (Fig. 1).

The ‘breakpoint temperature’ was defined as the critical
temperature above which cells start to die exponentially. The
breakpoint temperature for 624.38-MEL was 43.5°C (Fig. 1),
for SK-MEL23 and WM115 was 43°C and for WM266-4 was
42°C (data not shown).

Thermal isoeffect doses and cell viability

Heat exposure as a function of time was performed using
temperatures below and above the breakpoint temperature as
determined for every individual cell line. The duration of heat
exposure was adjusted to achieve equivalent SFs at the
specified temperatures [thermal isoeffect dose (TID)], accord-
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Fig. 1. Clonogenic cell survival of 624.38-MEL after heat exposure.
624.38-MEL cells were exposed to temperatures of 41.8/43/43.5/44/
45°C for various time periods up to 150 min. At intervals of 15 min,
624.38-MEL were trypsinized and plated at 100 and 500 cells per T25
flask and allowed to grow and form colonies in a 37°C/5% CO,
environment. After 7 days cells were fixed and stained and colonies
were counted. The survival fraction was determined and plotted on
a logarithmic scale on the y-axis versus the time of heat exposure on
the x-axis in a linear scale. The temperature 43.5°C was determined as
the ‘breakpoint temperature’, defined as the critical temperature at
which cells above this level start to die exponentially. One experiment
representative of three is shown. Similar clonogenic survival profiles
were found for SK-MEL23, WM266-4 and WM115 with cell individual
breakpoint temperatures (see Methods).
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ing to the classical methods (42). For 624.38-MEL and SK-
MEL23 cells isosurvival fractions of 45% were achieved when
cells were heated either at 41.8°C for 120 min or at 45°C for 22
min (Fig. 1). Isosurvival thermal doses for WM115 were 41.8°C
for 120 min and 44°C for 25 min (data not shown). Isothermal
doses for WM266-4 cells were 41.8°C/120 min and 43°C/10
min (data not shown). Heating was performed by directly
immersing the cell culture flasks, sealed with parafiim in
a temperature-controlled water bath. Control cells were sealed
and incubated at 37°C for exactly the same time as the heat-
exposed samples. After treatment, the cells were returned to
37°C/5% CO, and allowed to recover for different time periods
(up to 7 days), as indicated in the figure legends. At the de-
fined time points of recovery, non-viable cells in the superna-
tant were washed out and only adherent viable cells were
trypsinized and harvested for analysis. Cell viability of
adherent cells was evaluated by trypan blue dye exclusion
and was always >90% (data not shown).

Flow cytometric analysis of surface expression of MHC
class | and intracellular expression of HSP70 and HSC70

Heated and non-heated cultures were analyzed after 4, 15, 24,
48 and 72 h of recovery at 37°C after heat exposure. At these
time points, cultures were washed with PBS to remove dead
(non-adherent) cells and viable adherent cells were harvested
by trypsinization. For surface immunostaining, cells were
incubated with primary antibodies for 30 min at 4°C, washed
with PBS containing 5% FCS and then incubated with phy-
coerythrin-conjugated goat anti-mouse IgG (DAKO, Hamburg,
Germany) for 30 min at 4°C. To measure overall MHC class |
molecule expression, the hybridoma cell supernatant W6/32
(43) was used at a 1: 2 dilution. To detect the HLA-A2 allotype,
the hybridoma supernatant HB54 (44) was used undiluted.
Isotype control antibodies were purchased from Immunotech
(Hamburg, Germany).

Intracellular staining for HSP70 and constitutively expressed
heat shock protein cognate 70 (M, 73 kDa) (HSC70) was
performed using the permeabilization kit ‘Fix and Perm’
(Dianova, Hamburg, Germany), according to the manufac-
turer’s instructions. Briefly, cells were washed with PBS plus
5% FCS and permeabilized with reagent A for 15 min at room
temperature. After washing, cells were incubated with reagent
B and the primary antibody for 30 min at 4°C in the dark. Cells
were washed with PBS/5% FCS and then incubated with
reagent B containing the secondary antibody for 30 min at 4°C
in the dark. After washing, cells were fixed in 1% PFA and
analyzed for fluorescence staining using a FACScan (Becton
Dickinson, Mountain View, CA, USA) and standard Cellquest
software. Primary antibodies included the monoclonal rat IgG1
6B3 (45) recognizing the human inducible HSP70, the mono-
clonal rat SPA-815 antibody (StressGen Biotechnologies,
Victoria, Canada) specific for the HSC70. All rat-derived
primary antibodies were detected using a rabbit anti-rat FITC-
conjugated secondary antibody (DAKO).

Western blot analysis

Melanoma cells were lysed in 3-((3-cholamidopropyl)dimethy-
lammonio)-1-propanesulfonate (CHAPS) buffer (2% CHAPS in
50 mM HEPES and 200 mM NaCl, pH 7.5) containing a mixture
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of protease inhibitors (10 mM sodium pyrophosphate, 50 mM
sodium fluoride, 0.2 mM sodium vanadate, 10 pl mi~"
phenylmethylsulfonylfluoride and pepstatin A, leupeptin A,
aprotinin, antipain and chymostatin, all at 1 pl ml~", freshly
added just before cell lysis) for 30 min at 4°C. Whole-cell
lysates containing 40 ng protein, as determined by the Lowry
method (BioRad, Munich, Germany), were denatured by
boiling for 5 min in SDS sample buffer, loaded onto one lane
and separated by 10% SDSP. After electrophoresis, proteins
were transferred to nitrocellulose membranes (Sartorius,
Goettingen, Germany) and probed with appropriate anti-
bodies. Detection of the protein—antibody complexes was
achieved using the enhanced chemiluminescence system
(Amersham Life Science, Karlsruhe, Germany). Tyrosinase
was detected using the C-19 goat polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), which was raised
against the C-terminal peptide of human tyrosinase. Human
Melan-A/MART-1 was detected using the A103 mouse mAb
(DAKO, Glostrup, Denmark) (38). HSP70 and HSC70 were
detected using the monoclonal rat IgG1 6B3 (45) and the rat
monoclonal SPA-815 (StressGen Biotechnologies), respect-
ively. Equal protein loading was verified by immunodetection
of tubulin using the rabbit anti-human f-tubulin antibody
(Santa Cruz Biotechnology).

Analysis of mRNA levels of tyrosinase, Melan-A/MART-1
and HLA-A2 by quantitative reverse transcription PCR

A two-step reverse transcription-PCR (RT-PCR) protocol was
performed for the semi-quantitative detection of tyrosinase,
Melan-A/MART-1 and HLA-A2 transcripts for all melanoma cell
lines after heat exposure. Quantitative real-time RT-PCR was
performed by LightCycler technology (Roche Diagnostics,
Mannheim, Germany) using SYBR green fluorescence. In brief,
0.5 X 10°t0 0.6 x 10° cells were harvested and lysed in 200 pl
TriReagent (Biozol, Eching, Germany) at different time points
(4, 15, 24 and 48 h), after being exposed to isoeffect thermal
doses either below or above the breakpoint temperature. An
equal number of cells cultured at 37°C were harvested and
used as a control. After isolation of total cellular RNA according
tomanufacturer’s instructions (TriReagent, Sigma, Deisenhofen,
Germany), an aliquot of 5 ul of RNA was reverse transcribed
using oligo(dT)45 primer and AMV reverse transcriptase (first
strand cDNA synthesis kit for RT-PCR, Roche Diagnostics).
For the detection of tyrosinase transcripts, tyrosinase-specific
primers HTYR1 (sense 5'-TTG GCA GAT TGT CTG TAG CC-3')
and HTYR2 (anti-sense 5'-AGG CAT TGT GCATGC TGC TT-3)
were used, as previously described by Smith et al. (46),
resulting in an amplicon of 284-bp length. Primers for Melan-
A/MART-1 were 5’-Melan-A/MART-1 (sense 5'-ATG CCA AGA
GAA GAT GCT CAC-3’) and 3' Melan-A/MART-1 (anti-sense
5’-AGC ATG TCT CAG GTG TCT CG-3'), resulting in an
amplicon of 384-bp length. HLA-A2-specific amplicons were
generated using the primers 5’-HLA-A2 (sense 5’-CTT CAT
CGC AGT GGG CTA CGT-3') and 3'-HLA-A2 (anti-sense
5'-TCC CACTTG TGC TTG GTG GT-3).

As an internal control, the housekeeping gene a-enolase was
used to confirm that comparable amounts of total RNA were
used for all samples in RT-PCR. A 619-bp amplicon was
generated with the primers a-Eno1 (sense 5’-GTT AGC AAG
AAA CTG AAC GTC ACA-3’) and a-Eno2 (anti-sense 5’-TGA

AGG ACTTGTACA GGT CAG-3'). All primers were selected to
span exon-intron boundaries, to prevent occurrence of co-
amplification of genomic DNA. Amplification of a-enolase was
performed in separate capillaries but in the same real-time PCR
run as the tyrosinase, Melan-A/MART-1 and HLA-A2 samples.

For each LightCycler reaction, a master mix of 18 ul was
prepared, containing 4 mM MgCl,, 10 pmol of both primers
and 2 pl of the ready-to-use LightCycler Fast Start DNA Master
SYBR Green | (Roche Diagnostics). A total of 18 pl master mix
and 2 ul of each cDNA were added to glass capillaries placed
in adapters. Sealed capillaries were centrifuged briefly in
a microcentrifuge and placed in the LightCycler rotor. For
online detection of amplified products using SYBR Green |, the
following protocol including a three-segment PCR amplifica-
tion and melting curve program was used: initial denaturation
at 95°C for 10 min, 35 cycles of amplification with 1 s at 95°C,
10 s at 55°C and 25 s at 72°C for tyrosinase; initial denaturation
at 95°C for 10 min, 40 cycles of amplification with 1 s at 95°C,
10 s at57°C and 20 s at 72°C for Melan-A/MART-1 and 10 s at
60°C and extension 30 s at 72°C for HLA-A2. Melting curve
analysis and cooling was done according to the manufac-
turer’s instructions. Specificity of reaction and fragment size
were confirmed by running PCR products on a 2% agarose gel
stained with ethidium bromide.

Evaluation of results was done by conversion of the crossing
points, given by the LightCycler instrument, into relative con-
centration of transcripts. Transcript levels obtained from cell
lines cultured at 37°C were set at 100% to determine an in-
crease or decrease of transcripts in heat-treated cells. Experi-
ments were repeated three times to confirm reproducibility.

T-cell stimulation assay

At different time points after heat shock viable, adherent mela-
noma cells were harvested, counted and plated in triplicate in
96-well flat-bottom plates, CD8+ T-cell clones were added at
ratios of 5: 1 or 2.5 : 1. Culture supernatants were harvested
after 24 h and the content of IFN-y, as a surrogate marker for T-
cell activation, was determined using a commercially available
ELISA (OptEIA, Becton Dickinson, Heidelberg, Germany).
Background values arising from T cells or melanoma cells
cultured alone were generally <5 pg mi~' and were
subtracted from the experimental values.

Statistical analysis

The statistical significance of experimental values was
assessed by means of independent Student’s t-test on two
populations. P-values of P < 0.05 (*) are significant and P <
0.01 (**) is considered as highly significant.

Results

Selection of two TIDs in 624.38-MEL cells

The breakpoint temperature was defined for all four melanoma
cell lines by exposing them to different temperatures from 41.8
to 45°C for various time periods ranging from 15 to 150 min.
After heat exposure, cells were seeded at low density and
allowed to grow at 37°C/5% CO,. After 7 days, the number of
colonies was counted and expressed as the SF, which is
plotted against the duration of heat exposure. Figure 1 shows
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the clonogenic cell survival of 624.38-MEL cells in response to
different temperatures as a representative example. In 624.38-
MEL and SK-MEL23 exposure to temperatures <43.5°C had
a minimal impact on their survival, whereas temperatures
>43.5°C exponentially reduced tumor cell survival, thus
defining 43.5°C as the breakpoint temperature for these two
cell lines (Fig. 1). The TIDs at the specified temperatures of
41.8 and 45°C were defined by adjusting exposure times (120
and 22 min, respectively). These thermal doses resulted in
equivalent clonogenic survival rates (isosurvival rate: 45%).
Breakpoint temperatures and isosurvival doses for the other
cell lines are listed in Methods.

Thermal dose-related differential kinetics of HSP70
protein expression

Increased levels of misfolded or aggregated proteins induced
by heat shock overwhelm the binding capacity of the basal
pool of cytosolic molecular chaperones and induce the heat
shock response. The heat shock response is the time period
after heat exposure during which expression of hsps is
transcriptionally and translationally upregulated to assist in
the renaturation or degradation of misfolded proteins (47-49).

To assess the characteristics of the heat shock response for
the different melanoma cell lines, the cells were treated with
the determined TIDs and the expression levels of HSC70
(constitutive) and HSP70 (inducible) were investigated by
western blot analysis and flow cytometry.

At a physiological growth temperature of 37°C, both the
HSC70 and the inducible HSP70 were detectable in 624.38-
MEL cells (Fig. 2A, 37°C) by western blot. Heat exposure did
not change the expression of the constitutive form of the
HSP70 family (HSC70) but stimulated the expression of
inducible HSP70 protein (Fig. 2A). Quantitating HSP70 in-
duction using FACS analysis revealed different kinetics after
the two thermal doses (Fig. 2B). For cells heated at 41.8°C/120
min, a 4-fold increase HSP70 was already detected at 4 h after
heat treatment and levels increased linearly to peak levels of
a 9-fold increase (8.9 = 0.4) at the 48-h time point (Fig. 2B, left
panel). Cells exposed to 45°C/22 min showed no increase in
HSP70 protein expression at 4 h of recovery. Induction started
at the 15-h time point and reached peak levels of 15-fold
induction at 48 h of recovery (14.9 * 0.6 at 48 h) (Fig. 2B, right
panel).

HSP70 protein expression decreased after 48 h but
remained above the pre-heat shock level for several days
after heat shock (day 7+) (data not shown). Comparable
HSP70 and HSC70 kinetic profiles were detected in SK-
MEL23. In WM115 and WM266-4 maximal expression level of
HSP70 was detected earlier (between 3 and 24 h of recovery
at 37°C) (data not shown).

Changes in expression levels of immunologically
relevant proteins: MHC class |, HLA-A2, tyrosinase and
Melan-A/MART-1 antigens during the heat shock response

All selected human melanoma cell lines express tyrosinase
and Melan-A/MART-1 and are recognized by antigen-specific
HLA-A2-restricted CD8+ T-cell clones TyrF8 and A42, re-
spectively, indicating that tyrosinase and Melan-A/MART-1 are
processed into peptides that bind to the class | allotype HLA-
A2. The four cell lines were used to study the influence over
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Fig. 2. (A) Western blot analysis for HSC70 and HSP70 expression
after heat exposure for 624.38-MEL (as a representative example).
624.38-MEL cells were exposed to 41.8°C for 120 min or to 45°C for 22
min and then returned to 37°C for recovery. Cells were harvested 4, 15,
24 and 48 h after heat treatment and counted and an equal amount of
viable cells as lysed and separated by 10% SDSP. After electropho-
resis, proteins were blotted onto a nitrocellulose membrane and
stained with antibodies against HSP70 (6B3) or HSC70 (SPA-815). To
control for equal protein loading, staining for B-tubulin was performed.
The blot is representative of five independent experiments. (B)
Intracellular flow cytometry for inducible HSP70. 624.38-MEL cells
were subjected to 41.8°C/120 min (light gray histograms) or 45°C/22
min (black histograms) and harvested at different time points after heat
treatment. Viable cells were analyzed for intracellular protein levels of
HSP70 by intracellular flow cytometry using the mAb 6B3 and isotype
control antibody. Protein expression level was calculated as the
difference in mean fluorescence intensity (MFI) of 6B3 and the isotype
control. MFI of isotype control staining was always <20. Fold increase
values were calculated using the value at 37°C as a reference value (1-
fold, dark gray histogram; absolute value for AMFI of HSP70 at 37°C
was 47 = 17). Shown is the mean of five independent experiments
(*standard deviations).

time of the two selected thermal doses on antigen expression,
processing and presentation via MHC class |. The stimulation
of IFN-y secretion by immune effector cells was measured to
assess the antigen presentation of tyrosinase. Expression
levels of MHC class | molecules, HLA-A2, tyrosinase and
Melan-A/MART-1 antigen were determined by FACS analysis,
western blot and quantitative RT-PCR.
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Thermal dose-related expression of human melanoma
antigens tyrosinase and Melan-A/MART-1

First, we determined the effects of the two thermal doses on
transcript levels of tyrosinase and Melan-A/MART-1 by quan-
titative RT-PCR. For all four cell lines, no significant changes in
Melan-A/MART-1 transcripts were detected during the re-
covery period independent of the thermal doses. Figure 3(A)
shows Melan-A/MART-1 transcript levels of 624.38-MEL as
arepresentative example. Tyrosinase transcript level remained
unchanged when exposing the cell lines to thermal doses
below the breakpoint temperature (41.8°C/120 min). However,
temperatures above the breakpoint resulted in a significant
drop in transcript levels to 10% (0.1-fold increase, P < 0.01)
and to 13% (0.13-fold increase, P < 0.01) of control levels
(37°C = 1-fold) at 15 and 24 h of recovery. Figure 3(B) shows
representative examples for 624.38-MEL and SK-MEL23.

To determine whether changes in transcript level translated
to the protein level, western blot analysis was performed for
Melan-A/MART-1 and tyrosinase. For tyrosinase, a significant
increase in tyrosinase protein levels was observed for both
thermal doses in all cell lines despite the reduction in transcript
level. 624.38-MEL is shown as a representative example in Fig.
3(C). Protein and transcript levels of tyrosinase returned to
starting levels 6-7 days after heat shock (data not shown).
Melan-A/MART-1 protein levels remained unchanged during
the heat shock response for all thermal doses in all four human
melanoma cells studied (Fig. 3C shows 624.38-MEL as
a representative example).

Thermal dose-related expression of MHC class | and HLA-
A2 molecules

MHC class | molecules on tumor cells have an essential role in
antigen presentation for T-cell recognition and are the prime

Fig. 3. Quantification of Melan-A/MART-1 transcripts in 624.38-MEL
(A) and of tyrosinase transcripts (B) in 624.38-MEL cells (filled bars)
and SK-MEL23 (empty bars). 624.38-MEL and SK-MEL23 cells were
harvested 4, 15, 24 and 48 h after exposure to 41.8°C for 120 min or
45°C for 22 min. Equal amounts of total RNA were analyzed by
quantitative real-time RT-PCR using the LightCycler system and SYBR
green fluorescence. No signals were observed in the negative control
(water in place of template). Amplification of the housekeeping gene a-
enolase was performed in separate capillaries but in the same real-
time PCR run as the tyrosinase and Melan-A/MART-1 samples to
confirm that comparable amounts of total RNA were used for all
samples. Blotted is the fold-change in transcript levels with the level at
37°C set to one (crossing points at 37°C were ~13 for Melan-A/MART-1
and 16 for tyrosinase). Values are the mean of three independent
experiments (*standard deviation). The gray horizontal box crossing
the bars defines the confidence interval in which all values show
a difference of +1.5 cycles compared with the reference value at
37°C. According to the manufacturer’s instructions this cutoff interval
was defined to discriminate between significant over-expression of
transcripts from significant under-expression (0.35-2.8). (C) Repre-
sentative example of western blot analysis of Melan-A/MART-1 and
tyrosinase expression in 624.38-MEL cells. 624.38-MEL cells were
exposed to 41.8°C for 120 min or to 45°C for 22 min and then returned
to 37°C for recovery. Cells were harvested 4, 15, 24 and 48 h after heat
treatment and counted and an equal amount of viable cells was lyzed
and separated by 10% SDSP. After electrophoresis, proteins were
blotted onto a nitrocellulose membrane and stained with antibodies
against tyrosinase (C-19) and Melan-A/MART-1 (A103). To control for
equal protein loading, staining for B-tubulin was performed. The blot is
representative of five independent experiments.

determinators for the cellular immunogenicity. Therefore, the
expression level was analyzed during the heat shock re-
sponse. Since tyrosinase and Melan-A/MART-1 are processed
into peptides presented by HLA-A2 (34, 37), the antibody
HB54 was used to specifically detect the HLA-A2 allotype.
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No changes in HLA-A2 surface expression were observed
for WM115 and WM266-4 cell lines, irrespective of the thermal
dose (Tables 1 and 2). For SK-MEL23, HLA-A2 surface levels
increased steadily over recovery time after exposure to both
thermal doses. For 624.38-MEL, a decrease at 4 and 15 h of
recovery from both thermal doses was observed. This
decrease of HLA-A2 was transient and HLA-A2 reached levels
higher than control levels at 72 h of recovery (Tables 1 and 2).
Representative FACS histograms are shown in Fig. 4. HLA-A2
mRNA levels were determined by real-time PCR and were
found unchanged after heat treatments (data not shown).

Similar results were obtained for pan-MHC class | as
determined by staining with antibody W6/32.

To evaluate whether the changes in HLA-A2 surface
expression observed for 624.38-MEL and SK-MEL23 were
immunologically relevant, the immunostimulatory capacity of
the heat-treated tumor cells for T cells was determined. JB4
recognizes the HLA-A2 protein itself, independently from its
bound peptide repertoire and is stimulated to secrete IFN-y.
The relative amount of IFN-y produced directly correlates with
the expression level of HLA-A2 (data not shown). For the stimu-
lation assays, low stimulator to effector ratios were selected
(5:1,2.5:1)to ensure that the response capacity of JB4 was
not saturated. The increase in surface HLA-A2 resulted in better
T-cell stimulation for SK-MEL23, but not for 624.38-MEL (Fig. 5).
Possibly the high starting level of HLA-A2 observed for 624.38-
MEL had already saturated the T-cell response, such that
higher levels did not translate in more T-cell stimulation. In con-
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trast, T cells produced less IFN-y when cultured with 624.38-
MEL that had reduced HLA-A2 surface expression (Fig. 5;
Table 2, Fig. 4: time points 4 and 15 h of recovery from thermal
dose above breakpoint temperature). This indicates that an
increase in HLA-A2 expression can be immunologically rele-
vant in situations of low basal level expression (i.e. SK-MEL23).
On the other hand, JB4 T cells seem to be very sensitive to
reduction in HLA-A2.

Thermal dose-related endogenous HLA-A2-restricted
tyrosinase and Melan-A/MART-1 peptide presentation

The tyrosinase-specific CTL clone, TyrF8, and the Melan-A/
MART-1-specific CTL, A42, were used to test the influence of
heat shock on the capacity of the melanoma cell lines to pro-
cess and present peptides derived from the antigen tyrosinase
and Melan-A/MART-1 in the context of HLA-A*0201. This was of
particular interest since a significant increase in tyrosinase
protein expression was observed after heat shock that could
lead to higher numbers of presented peptides. Melanoma cells
were subjected to the pre-determined isoeffect thermal doses
and were used to stimulate the TyrF8 and A42 T-cell clones at
different time points of recovery. The amount of secreted IFN-y
was determined from supernatants because of its close
correlation to the extent of antigen presentation and the
relevance of IFN-y to control tumor growth in vivo (50-52).
The IFN-y secretion by the tyrosinase-specific TyrF8 in-
cubated with melanoma cells treated at 41.8°C/120 min did

Table 1. Changes in HLA-A2 expression following exposure to isothermal doses below the breakpoint temperature®

Cell line Mean (+SD) of AMFI® for HLA-A2 (HB54)
Control 37°C Recovery at 37°C
4h 15 h 24 h 48 h 72 h
624.38-MEL 458 + 92 354 + 131 437 + 157 511 = 165 584 + 169 669 + 59
SK-MEL23 72 =9 71 £ 22 nt 171 = 56 209 + 34* 188 + 39
WM266-4 90 = 11 101 £ 5 nt 104 + 16 108 = 17 98 + 8
WM115 100 * 55 97 = 41 nt 128 + 63 136 + 76 123 £ 76

Bold values are different from control values and relevant for T-cell stimulation. nt is not tested.

At 41.8°C/120 min for all four cell lines. PAMean fluorescence intensity (AMFI) was calculated by subtracting the mean fluorescence values of the
isotype control (MOPC21) from the mean fluorescence values obtained with the specific antibody HB54 directed against HLA-A2 molecules. MFI
of isotype control ranged between 3 and 25. Results are the mean values of AMFI = standard deviations from four and three independent

experiments.
*P < 0.001 compared with control.

Table 2. Changes in HLA-A2 expression following exposure to isothermal doses above the breakpoint temperature®

Cell line Mean (+SD) of AMFI® for HLA-A2 (HB54)
Control 37°C Recovery at 37°C
4 h 15h 24 h 48 h 72 h
624.38-MEL 458 *+ 92 367 = 31 385 = 10 578 = 109 622 + 75 620 + 220
SK-MEL23 729 125 + 82 nt 152 + 32 312 = 87* 264 + 122
WM266-4 90 = 11 95 +7 nt 97 = 23 97 £ 12 83 £ 27
WM115 100 = 55 91 + 41 nt 151 + 66 118 £ 57 79 = 40

Bold values are different from control values and relevant for T-cell stimulation. nt is not tested.
aAt 45°C/22 min for 624.38-MEL and SK-MEL23, 43°C/10 min for WM266-4 and 44°C/25 min for WM115. PAs footnote ‘b’ in Table 1.

*P < 0.001 compared with control.
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Fig. 4. Flow cytometric analysis for surface levels of HLA-A2 in
624.38-MEL and SK-MEL23. Melanoma cells were cultured at 37°C
and exposed to 45°C for 22 min. Flow cytometry was performed on
viable cells harvested at 4 h (left panel), at 24 h (middle panel) and
48 h (right panel) of recovery after treatment. Isotype control and HLA-
A2 at 37°C are the black and gray histograms, respectively, shown in
all panels. Histograms for HLA-A2 are shown as dark gray continuous
lines. One experiment representative of four is shown.
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Fig. 5. IFN-y secretion by JB4 induced by heat-treated 624.38-MEL
(filled bars) and SK-MEL23 (empty bars). Melanoma cells were
exposed to 41.8°C/120 min or 45°C/22 min and harvested after 4, 24,
48 and 72 h of recovery at 37°C. Viable cells were co-cultured with the
CTL clone JB4. Results of a stimulator to effector cell ratio of 5: 1 are
shown. Similar results were obtained at a ratio of 2.5 : 1 (data not
shown). IFN-y secretion by JB4 is expressed as percent of IFN-y
secretion relative to control cells grown at 37°C (absolute values for
IFN-y at 37°C ataratio 5 : 1 were 987 = 98 pg ml~" for 624.38-MEL and
458 * 34 pg mlI~" for SK-MEL23); values represent the mean and
standard deviations of six independent experiments for the time points
24, 48 and 72 h and of two independent experiments for the time point
4 h of recovery at 37°C. *P < 0.05.

not change significantly over the recovery up to 72 h, except
for SK-MEL23. This cell line showed an increased stimulatory
capacity possibly due to the increased surface HLA-A2 level
(Fig. 6A, Table 1). All melanoma cell lines when exposed to
thermal doses above the breakpoint temperature showed
a decreased stimulatory capacity for TyrF8 at 4 and 24 h (P <
0.01, N = 6) even in the case of SK-MEL-23, where HLA-A2
surface expression was enhanced (Fig. 6A, Table 2). In all
cases, the stimulatory capacity was restored or even
enhanced (SK-MEL23) at 72 h of recovery (Fig. 6A).

IFN-v secretion by the Melan-A/MART-1-specific A42 T cells
incubated with heat-treated melanoma cells showed a kinetic
similar to that of JB4 with a moderate and transient decrease of
IFN-vy secretion until 24 h of recovery from temperatures above
the breakpoint (P < 0.05, N = 6) (Fig. 6B).

Comparing the results obtained for T-cell stimulation with
levels of HSP70, melanoma-associated antigen transcripts
and proteins, and surface HLA-A2 after heat exposure, the
following conclusion can be drawn. The capacity to stimulate
IFN-y secretion did not correlate with HSP70 protein (Fig. 2) or
tyrosinase or Melan-A/MART-1 protein levels (Fig. 3C). Indeed,
antigen protein levels increased (tyrosinase) or stayed
constant (Melan-A/MART-1) during recovery from thermal
exposure (Fig. 3C).

The IFN-y secretion of tyrosinase-specific TyrF8 was de-
creased when stimulated with 624.38-MEL and SK-MEL23 that
had recovered from a thermal dose above the breakpoint
temperature for 4 or 24 h. At 24 h of recovery, 624.38-MEL had
normal and SK-MEL23-enhanced HLA-A2 surface level (Table
2). This 24-h time point of diminished stimulatory capacity was
found to correspond to the time point of lowest transcript levels
for tyrosinase (Fig. 3B). For the second time point of low
stimulatory capacity (4 h), tyrosinase transcript levels were
normal. At this time point, the reduced HLA-A2 surface
expression observed for 624.38-MEL (Table 2) might limit
presentation of tyrosinase epitopes. Thus, temperature expos-
ure appears to influence tyrosinase presentation through
mechanisms involving modulations on both HLA-A2 surface
and tyrosinase transcript levels. The reduced HLA-A2 surface
expression of 624.38-MEL is reflected also by a lower IFN-y
production of JB4 (Fig. 5).

However, it is noted, that the lower stimulatory capacity of
SK-MEL23 at the 4-h time point after recovery from thermal
dose above the breakpoint temperature cannot solely be
explained on the basis of either HLA-A2 level or antigenic
protein or transcript levels. SK-MEL23 had HLA-A2 levels
above or at control level, and control levels for tyrosinase or
Melan-A/MART-1 transcript and protein. Still, they were unable
to fully stimulate antigen-specific (TyrF8: Fig. 6A; A42: Fig. 6B)
or allorestricted T cells (JB4: Fig. 5). Thus, factors not
determined by our analyses appear to influence T-cell
stimulation at this early time point of recovery from tempera-
tures above the breakpoint.

Discussion

In this study we present a comprehensive analysis of effects
induced by heat shock of two different TIDs (below and above
their breakpoint temperatures) on four melanoma cell lines.
These doses resulted in equivalent clonogenic survival rates
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Fig. 6. IFN-y secretion by TyrF8 (A) and A42 (B) induced by heat-
treated 624.38-MEL (filled bars) and SK-MEL23 (empty bars).
Melanoma cells were exposed to 41.8°C/120 min or 45°C/22 min
and harvested after 4, 24, 48 and 72 h of recovery at 37°C. Viable cells
were co-cultured with the CTL clones TyrF8 (A) and A42 (B). Results of
a stimulator to effector cell ratio of 5 : 1 are shown. Similar results were
obtained at a ratio of 2.5 : 1 (data not shown). IFN-y secretion by TyrF8
and A42 are expressed as percentage of IFN-y secretion relative to
control cells grown at 37°C (absolute values of IFN-y at 37°C were 477
+ 50 pg ml~" for TyrF8 and 1606 + 100 pg mi~" for A42 stimulated with
624.38-MEL; 768 = 168 pg mi~" for TyrF8 and 1496 + 209 pg mi~" for
A42 stimulated with SK-MEL23). Values represent the mean = SD of
six independent experiments for the time points 24, 48 and 72 h and of
two independent experiments for the time point 4 h of recovery at
37°C. *P < 0.05, **P < 0.01. Similar IFN-y secretion profiles were
found for WM266-4 and WM115 (data not shown).
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and mimic those achieved during clinical hyperthermia
treatment of tumors. We specifically evaluated the time-
temperature-dependent effects on tumor antigen expression,
processing and presentation by MHC class | and on the
recognition of heat-treated cells by antigen-specific cytotoxic T
cells. This study thereby addresses the concern that heat shock
treatment of tumor cells may reduce the presence of tumor
antigens, due to heat shock-related reduced transcription,
translation or protein degradation (47, 48), enabling tumor cells
to escape immune recognition and immune surveillance. It is
already known that during the progression of malignant
melanoma, changes in antigenic profile occur, with concordant
loss of multiple melanocyte differentiation proteins (53).

Our study demonstrates for the first time that during the heat
shock response, tyrosinase protein and mRNA levels disso-
ciate with a significant increase in tyrosinase protein and a
parallel decrease in its transcripts. This was not observed for
Melan-A/MART-1, indicating that the response pattern can
differ for individual proteins. Interestingly, tyrosinase-specific
T-cell recognition did not correlate with changes in antigen pro-
tein level. Furthermore, the kinetics and the degree of induction
of HSP70, as well as the degree of dissociation between
tyrosinase protein and tyrosinase mRNA levels, correlated with
the severity of the initial stress, demonstrating that the two dif-
ferent thermal doses have differential long-term biological effects,
even though they result in the same clonogenic survival ability.

Since tyrosinase protein levels did not correlate with its
transcript levels, we reasoned that the mechanism by which
tyrosinase protein could increase was a heat-dependent
decrease in the degradation rate. Tyrosinase resides in the
endoplasmic reticulum (ER) for extended time to complete the
extensive glycosylation process. Through retrograde trans-
location from the ER into the cytoplasm it becomes a target for
proteasome-dependent proteolytic degradation (54, 55). It is
known that heat shock blocks the translocation of proteins
from the ER into the cytosol. This will result in ER retention and
reduced degradation (56), providing an explanation for the
increased tyrosinase level that we observed. Our results also
suggest that a thermal dose above the breakpoint temperature
increases the magnitude of ER retention and the levels of
tyrosinase protein. Melan-A/MART-1 is a small protein without
glycosylation and thus has a short retention time in the ER. Itis
therefore conceivable that it is less sensitive to heat-induced
inhibition of retrograde ER/cytosol translocation. This could be
an explanation why we did not observe protein accumulation
following heat treatment.

At the transcriptional level, it is known that severe heat shock
blocks RNA splicing and represses normal transcription (57),
correlating with our observed reduction in transcript levels
after 15 and 24 h of recovery after heating melanoma cells to
45°C for 22 min. After a mild heat shock, RNA splicing is
protected and mature mRNA accumulates (57), which was
reflected by the unaltered level of tyrosinase transcripts after
a heat shock of 41.8°C/120 min (Fig. 3B). Surprisingly, we did
not find changes in mRNA and protein levels for Melan-A/
MART-1 (Fig. 3A) and HLA-A2. This indicates that not all genes
are affected equally. The differences may reflect a selection of
those housekeeping genes and constitutively expressed
genes that are essential for cell survival and may impact on
antigen dominance within the cell.
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The heat-induced quantitative changes of surface expres-
sion of MHC class | and the HLA-A2 allotype were also
a function of the initial thermal dose and the time of recovery.
Previous studies demonstrated an increase in MHC class |
surface expression 24 and 48 h after a heat shock of 43°C/60
min (cytostatic, sub-lethal) (26) and after 5 days at 39°C (58).
We found heat-induced increase in surface expression of
MHC class | and HLA-A2 in two (624.38-MEL and SK-MEL23)
of four melanoma cell lines. The increase was immunologically
relevant for antigen presentation and T-cell stimulation only in
the cell line that had low starting levels (SK-MEL23) of HLA-A2.
Reduction in HLA-A2 observed for 624.38-MEL translated into
a reduced capacity to stimulate T cells, as was observed
previously by others (31, 59). The transient nature of the
decrease, however, has not been described to date.

In the B16 mouse model, Wells et al. (60) correlated the
augmentation of MHC class | with the level of HSP70 and they
observed better antigen presentation. Our results did not show
a correlation between heat-induced HSP70 over-expression
and increase in MHC class | or HLA-A2 surface expression or
antigen presentation. One explanation could be the different
basal level of HSP70 in human and mouse cells. Indeed, human
tumor cells such as our melanoma cell lines express high levels
of HSP70 already at 37°C (61). Thus, HSP70, if required for
antigen presentation, might not be a limiting factor in human
tumor cells. In the murine system, induced over-expression of
HSP70 after transfection may generate B16 cell clones with
higher class | expression and better CTL susceptibility.

In studying the capability of tumor cells to stimulate the
tyrosinase-specific CTL clone, it was observed that the
response pattern was determined by the combination of
HLA-A2 and tyrosinase mRNA, supporting the notion that the
expression level of melanoma-associated antigens is a signifi-
cant co-factor in addition to MHC class | in determining
antigen presentation (62). For tyrosinase, mRNA levels, and
not protein levels, impacted on antigen presentation. The
observation of tyrosinase antigen presentation and the re-
cently published studies on MUC-1 (63) support the defective
ribosomal products (DRiPs) hypothesis (64, 65). According to
Yewdell et al. (64), antigenic peptides may not derive from
native proteins and thereby they are not proportional to the
relative abundance of the corresponding protein. The DRIP
hypothesis and the results from tyrosinase and MUC-1 (63)
suggest that caution should be taken when evaluating the
protein level of a given antigen as a marker to predict immune
recognition. In the case of Melan-A/MART-1, our data are
indecisive regarding the DRIP postulate, since changes were
observed neither at the protein nor at the transcript level and
the marginal changes in Melan-A/MART-1-specific T-cell
stimulation were best correlated to changes in HLA-A2 surface
expression.

Finally, addressing the time and temperature dependency
of antigen expression on immune recognition, our study may
have importance for the clinical application of hyperthermia.
Our observations demonstrate that elevated temperatures
induce a pleiotropy of changes, including changes on antigen
expression and HLA surface expression that are relevant for
immune effector mechanisms. Nevertheless, over time tumor
cells maintain immunological homeostasis and remain sus-
ceptible to immune effector cells.
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Abbreviations

CHAPS 3-((3-cholamidopropyl)dimethylammonio)-1-
propanesulfonate

DRiP defective ribosomal product

ER endoplasmic reticulum

HSC70 constitutively expressed heat shock protein cognate 70
(M, 73 kDa)

hsp heat shock protein

HSP70 heat shock protein 70 (M, 72 kDa)

MART-1 melanoma antigen recognized by T cells-1

PBL peripheral blood lymphocyte

PE plating efficiency

RT-PCR reverse transcription PCR

SF survival fraction

TID thermal isoeffect dose
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