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Melanoma-Reactive Class I-Restricted Cytotoxic T Cell Clones
Are Stimulated by Dendritic Cells Loaded with Synthetic
Peptides, but Fail to Respond to Dendritic Cells Pulsed with
Melanoma-Derived Heat Shock Proteins In Vitro1

Kristina Fleischer,2* Burkhard Schmidt, 2* Wolfgang Kastenmüller,* Dirk H. Busch, †

Ingo Drexler,‡ Gerd Sutter,‡ Michael Heike,§ Christian Peschel,* and Helga Bernhard3*

Immunization with heat shock proteins (hsp) isolated from cancer cells has been shown to induce a protective antitumor response.
The mechanism of hsp-dependent cellular immunity has been attributed to a variety of immunological activities mediated by hsp.
Hsp have been shown to bind antigenic peptides, trim the bound peptides by intrinsic enzymatic activity, improve endocytosis of
the chaperoned peptides by APCs, and enhance the ability of APCs to stimulate peptide-specific T cells. We have investigated the
potential capacity of hsp70 and gp96 to function as a mediator for Ag-specific CTL stimulation in an in vitro model for human
melanoma. Repetitive stimulation of PBLs by autologous DCs loaded with melanoma-derived hsp did not increase the frequency
of T cells directed against immunodominant peptides of melanoma-associated Ags Melan-A and tyrosinase. In contrast, repeated
T cell stimulation with peptide-pulsed DCs enhanced the number of peptide-specific T cells, allowing HLA/peptide multimer-
guided T cell cloning. We succeeded in demonstrating that the established HLA-A2-restricted CTL clones recognized HLA-A2�

APCs exogenously loaded with the respective melanoma peptide as well as melanoma cells processing and presenting these
peptides in the context of HLA-A2. We were not able to show that these melanoma-reactive CTL clones were stimulated by
autologous dendritic cells pulsed with melanoma-derived hsp. These results are discussed with respect to various models for
proving the role of hsp in T cell stimulation and to recent findings that part of the immunological antitumor activities reported
for hsp are independent of the chaperoned peptides.The Journal of Immunology, 2004, 172: 162–169.

S pontaneous regressions of malignant tumors, such as mel-
anoma and renal cell cancer, indicate that an effective tu-
mor-directed immune response may be triggered in some

patients (1, 2). This hypothesis was supported by the detection of
a tumor-specific cellular and humoral response in melanoma pa-
tients (3, 4). However, new technologies have provided evidence
that Ag-specific T cells present at high levels in the blood or in
tumor-draining lymph nodes of melanoma patients have functional
defects (5–7). Different strategies have been developed to restore
the tumor-directed immune responses of patients such as cancer
vaccines and adoptive T cell transfer (for review, see Refs. 8 and
9). The major goal of both approaches is the induction and main-
tenance of an Ag-specific cellular immune response to eliminate
tumor cells.

Vaccination with hsp isolated from cancer cells has been shown
to elicit a tumor-specific immunity (10–12). The specificity of this
immune response has been attributed to peptides associated with
the heat shock protein (hsp)4, such as hsp70 and gp96 glucose-
regulated protein 94 (11, 13). It has been shown that hsp released
from necrotic tumor cells (14) are efficiently taken up via receptor-
mediated endocytosis by APCs (15, 16). Hsp-peptide complexes
internalized via the receptor-mediated pathway gain access to the
HLA class I Ag presentation pathway, yielding re-presentation of
hsp-associated peptides on APC HLA class I molecules (for re-
view, see Ref. 17). In addition to their chaperone function, hsp
have been reported to directly stimulate monocytes and dendritic
cells (DCs) to secrete cytokines and up-regulate HLA and costimu-
latory molecules (18–21). The capacity of hsp to mediate the up-
take and processing of chaperoned peptides by APCs and to di-
rectly activate these APCs is thought to be the key mechanism
responsible for effective priming and cross-priming of tumor-spe-
cific CTLs in vivo (22, 23).

Based on these findings, we investigated the potential recogni-
tion of tumor-derived hsp by human T cells by imitating in vitro
the hypothetically physiological interaction of APCs, peptide-spe-
cific CTLs, and hsp-bound peptide Ags. The melanoma-associated
Ags tyrosinase (Tyr) and Melan-A were used as model Ags to
address this question. Ag-specific CTLs were generated using an
optimized method of stimulating, sorting, cloning, and expanding
CTLs. The established HLA-A2-restricted CTL clones recognized
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the Tyr respective Melan-A peptides exogenously loaded onto au-
tologous DCs as well as endogenously presented by HLA-A2-
matched melanoma cells. In contrast, the established CTL clones
were not able to recognize DCs loaded with hsp70 and gp96, both
isolated from Ag-positive melanoma cells. Moreover, stimulation
of PBLs with hsp-loaded autologous DCs did not result in elevated
numbers of peptide-specific CTLs recognizing Melan-A or Tyr.
However, the failure of Ag-specific T cells to respond to hsp in
vitro does not preclude the concept of hsp as a polyvalent tumor
vaccine in vivo, because complementary or alternative mecha-
nisms might be relevant for hsp-mediated tumor rejection in vivo
(for review, see Ref. 24).

Materials and Methods
Cell lines

The HLA-A*0201� (HLA-A2�), Tyr�, Melan-A� melanoma cell line SK-
MEL29 was provided by L. Old (Memorial Sloan-Kettering Cancer Insti-
tute, New York, NY), and the HLA-A2�, TAP�-deficient cell line T2 by
P. Cresswell (Yale University, New Haven, CT). The HLA-A2� Tyr�

Melan-A� melanoma cell line NW-MEL38, the Tyr� Melan-A� erythroid
leukemia cell line K562, and the B-lymphoblastoid cell lines SK-LCL29
and LCL-Alex-B were a generous gift from A. Knuth and E. Jäger (Kran-
kenhaus Nordwest, Frankfurt, Germany). The HLA-A2�, Tyr�, Melan-A�

melanoma cell line MUC-MEL1 was established from a lymph node me-
tastases derived from a melanoma patient. The Tyr�, Melan-A� LCL-SuHi
was generated by EBV transformation of peripheral blood B cells from an
HLA-A2� healthy donor. LCLs, K562 cells, and T2 cells were cultured in
RPMI 1640. Melanoma cell lines were cultured in DMEM (Life Technol-
ogies, Paisley, Scotland). Media were supplemented with 10% FCS, 100
U/ml penicillin, 100 �g/ml streptomycin, and 2 mM glutamine.

Purification of hsp

The hsp gp96 was purified from melanoma cell line SK-MEL29 and the
autologous cell line SK-LCL29 using a purification method originally de-
scribed for murine gp96 by Srivastava et al. (25), with slight modifications,
as described later by the same group (26). In brief, cell lines were snap
frozen and stored at �80°C. Cell pellets were thawed at 4°C, homogenized
in hypotonic buffer (30 nM NaHCO3 and 0.2 mM PMSF, pH 7.1) by
Dounce homogenization (Kontes, Vineland, NJ), and centrifuged at
100,000 � g. The supernatant was subjected to gradual ammonium sulfate
precipitation. The precipitate at 80% ammonium sulfate was resuspended
and applied to an equilibrated Con A affinity column (Con A-Sepharose;
Pharmacia, Uppsala, Sweden). Glycoproteins were eluted with 10% meth-
yl-�-D-mannopyranoside. Methyl-�-D-mannopyranoside remained in the
eluate to avoid the generation of gp96/Con A complexes. The partially
purified gp96 material was further applied to DEAE anion exchange col-
umn (DEAE-Sephacel; Pharmacia) that had been equilibrated with 0.3 M
NaCl in 5 mM sodium phosphate buffer (pH 7.0), and gp96 was eluted with
0.7 M NaCl in 5 mM sodium phosphate buffer. The buffer of gp96 prep-
aration was exchanged to PBS by ultrafiltration (Biomax-30 kDa and Bi-
omax-50 kDa; Millipore, Bedford, MA), thereby achieving final protein
concentrations of 2 mg/ml.

Hsp70 was isolated from the Melan-A�, Tyr� melanoma cell line SK-
MEL29 and from the Melan-A�, Tyr� erythroid leukemia cell line K652,
as described (27, 28). Briefly, a 100,000 � g supernatant was prepared
from tissue homogenate and applied to Blue Sepharose CL-6B (Amersham
Pharmacia, Uppsala, Sweden) for albumin removal. The eluate was applied
to an ADP-agarose affinity column (Sigma-Aldrich, Taufkirchen, Ger-
many). The ADP-binding protein fraction was eluted with 3 mM ADP and
applied to a DEAE-Sepharose anion-exchange column (Amersham Phar-
macia) that had been equilibrated with 20 mM NaCl buffer in 20 mM
sodium phosphate (pH 7.0). Hsp70 was eluted with 150 mM NaCl in 20
mM sodium phosphate.

The purity of gp96 and hsp70 was checked by SDS-PAGE and immu-
noblotting. The biological activities of gp96 and hsp70 preparations were
confirmed by testing the peptide-binding activity of both hsp, as previously
described (26, 27). Despite these quality controls, it cannot formally rule
out the possibility that associated peptides might be partially removed dur-
ing the purification procedure. Hsp70 purified from Melan-A�, Tyr� mel-
anoma cell line Mel624.38 (29) was kindly provided by R. Issels and E.
Noessner (Ludwig Maximilian University, Munich, Germany) (30).

Flow cytometric analysis

Synthesis of PE-labeled HLA-A2/peptide multimer complexes was per-
formed, as previously described (31, 32). For the detection of Melan-
A27–35-specific T cells, the multimer consisting of the Melan-A26–35A27L
analog (ELAGIGILTV) (33) was used, which has a higher binding affinity
to HLA-A2 and a higher immunogenicity than the natural Melan-A non-
apeptide (AAGIGILTV) (34). The naturally occurring Tyr369–377 peptide
(35) was used for generating multimers to detect HLA-A2-restricted
Tyr369–377-specific CTLs. A total of 1 � 106 T cells was incubated with
PE-labeled HLA-A2/peptide multimer for 45 min on ice in 50 �l buffer
(PBS 1% BSA, pH 7.4). Then anti-CD8 FITC (Caltag Laboratories, Bur-
lingame, CA) was added. After 15 min, the cells were washed three times
and resuspended in buffer with propidium iodide (PI) (2 �g/ml). PI-nega-
tive cells were gated, and frequencies of multimer� CD8� T cells were
determined by using Coulter Epics XL (Beckmann-Coulter, Hialeah, IL).

Multimer-guided cloning and expansion of human melanoma-
reactive CTLs

HLA-A2-restricted Tyr369–377- and Melan-A27–35-specific CTLs were gen-
erated by repetitive stimulation with mature monocyte-derived DCs (36) as
APCs. Mature DCs were incubated with 10 �g/ml Tyr369–377 or Melan-
A27–35 for 2 h at room temperature and then cocultured with autologous
PBMCs in 200 �l/well RPMI 1640 medium supplemented with 100 U/ml
penicillin, 100 �g/ml streptomycin, 2 mM glutamine, and 5% autologous
serum in 96-well round-bottom plates. The medium was further supple-
mented with 5 ng/ml human rIL-7 (BD PharMingen, San Diego, CA) on
day 1, and 20 U/ml human rIL-2 (Chiron Behring, Marburg, Germany) on
day 4. Responding T cells were restimulated with peptide-pulsed DCs at
weekly intervals in the presence of rIL-2 and rIL-7. The stimulator to
responder cell ratio was 1:20 for priming and 1:40 for restimulation. The
Tyr369–377- and the Melan-A27–35-specific CTLs were stained using A2/
Melan-A26–35A27L multimers after three and five stimulations, respec-
tively. The stimulated T cells were resuspended in cold PBS without PI and
filtrated with 30 �m nylon. For sorting, a Moflo cell sorter (Cytomation,
Fort Collins, CO) was used with 25,000 events/s and maximum 1 �. Sorted
CD8� multimer� T cells were directly cloned by limiting dilution, as pre-
viously described (37, 38). In brief, T cells were seeded at 0.3 cell/well in
96-well round-bottom plates with RPMI added with 10% human serum, 30
ng/ml anti CD3 mAb (Okt-3; Janssen, Cilag, Neuss, Germany), 5 � 104/
well allogeneic irradiated (30 Gy) PBMCs, 105 irradiated (80 Gy) LCLs
Alex-B, and 50 U/ml rIL-2. Proliferating CTL clones were screened for
lytic activity in a microcytotoxicity assay using T2 cells pulsed with the
corresponding peptide (Tyr369–377 or Melan-A27–35) or the irrelevant pep-
tide derived from the reverse transcriptase of HIV-1 (ILKEPVHGV)
(HIV476–484). Expansion of peptide-specific CTLs was conducted every 2
wk in the presence of anti-CD3, LCL, PBMCs, and rIL-2, as previously
described (39).

T cell stimulation assay

Immature DCs from HLA-A2� donors were pulsed with 30 �g/ml of
hsp70 or gp96, both derived from Melan-A� melanoma cell line SK-
MEL29. Hsp-pulsed immature DCs were further matured into CD83� DCs
in the presence of cytokines, as previously described (36). Hsp-loaded
mature DCs were then used as APCs for stimulating autologous PBMCs.
As a positive control, PBMCs from the same donor were separately stim-
ulated with DCs loaded with 10 �g/ml of the Melan- A26–35A27L analog
(ELAGIGILTV) (33). Responding T cells were restimulated three times
with hsp-loaded DCs at weekly intervals in the presence of rIL-2 and rIL-7.
Following four rounds of stimulation, CD8� T cells were stained using
A2/Melan-A26–35A27L multimers (see above/below).

Cytotoxicity assay

Cytolytic activity was analyzed, as described previously (40). Immature
DCs were loaded with different concentrations of gp96 or hsp70, both
derived from either Tyr� Melan-A� melanoma cells or Tyr� Melan-A�

nonmelanoma cells. Gp96 was purified from melanoma cell line SK-
MEL29 (Mel-gp96) and from SK-LCL29 (control-gp96); hsp70 was iso-
lated from melanoma cell line Mel624.38 (Mel-hsp70) (provided by E.
Noessner) and from leukemia cell line K562 (control-hsp70). Hsp-pulsed
immature DCs were subsequently matured into CD83� DCs, then labeled
with 51Cr (5 � 105 cells in 100 �l FCS with 100 �Ci/ml) (ICN Biochemi-
cals, Irvine, CA) and used as target cells for CTLs. Peptide-loaded DCs or
T2 cells were first labeled with 51Cr (5 � 105 cells with 100 �Ci/ml) and
then loaded with 10 �g/ml peptide for 1 h at room temperature. Tumor
cells, LCL (106), were labeled with 100 �Ci/ml 51Cr for 1 h at 37°C.
51Cr-labeled target cells were cultured with graded doses of T cells in 200
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�l/well RPMI with 10% FCS in V-bottom 96-well tissue culture plates
(Costar, Cambridge, MA). After 4 h of incubation at 37°C, 100 �l of
supernatant was collected, and radioactivity was measured in a gamma
counter. The percentage of specific 51Cr release was calculated, as de-
scribed (40). SD was generally below 5% of the mean.

ELISA

To detect the IFN-� production by the CTL clones, 2 � 104 T cells/well
were cocultured with either 1 � 104 peptide-loaded T2 cells, peptide- or
hsp-loaded DCs, or melanoma cells in 96-well round-bottom plates at
37°C. Details regarding the source of hsp and the loading procedure of DCs
are described in the cytotoxicity assay paragraph above. After 24 h, su-
pernatants were collected and IFN-� production was determined using a
commercially available ELISA (OptEIA; BD PharMingen).

Results
Peptide-specific cytolytic T cells generated by multimer-guided
cloning recognize melanoma cells, which present endogenously
processed peptides, but do not recognize DCs pulsed with
melanoma-derived hsp

It has been previously shown in a mouse model that peptides
stripped from hsp70 and gp96, which had been isolated from
OVA-transfected cells, were able to stimulate OVA-specific CD8�

T cells in vitro when loaded onto APCs (41). Based on these find-
ings, we asked the question as to whether hsp isolated from mel-
anoma cells are able to stimulate melanoma-reactive human T
cells. Given that melanoma-reactive T cells are only present in low
numbers in the peripheral blood, an improved method was devel-
oped to clone and expand melanoma-reactive T cells. PBLs from
HLA-A2� healthy donors were stimulated with autologous DCs
pulsed with peptides from the melanoma-associated differentiation
Ags Melan-A (Fig. 1) and Tyr (Fig. 2). Following three to five
stimulations, peptide-specific T cells were visualized by fluoro-
chrome-labeled A2/peptide multimers, sorted, and directly cloned
by limiting dilution. Five stimulations of PBMCs with Melan-A27–

35-pulsed DCs increased the frequency of A2/Melan-A26–

35A27L� T cells from �0.01 to 1.23% (Fig. 1, A and B). After
cloning via the multimer-guided cloning technique, T cells from 7
of 240 seeded wells proliferated. These T cell clones were
screened for Melan-A specificity using T2 pulsed with the relevant
or irrelevant peptide as target cells for cytotoxicity analyses (data
not shown). All seven T cell clones displayed a Melan-A27–35-
specific lytic activity and were subsequently expanded. One of the
seven A2/Melan-A multimer� T cell clones, InRi1 (Fig. 1C), was
used for further specificity analyses. CTL clone InRi1 lysed the
melanoma cell line SK-MEL29 expressing Melan-A and HLA-A2
(Fig. 1D). CTL clone InRi1 did not lyse HLA-A2� Melan-A�

melanoma cell line NW-MEL38 or HLA-A2� Melan-A� mela-
noma cell line MUC-MEL1, confirming Melan-A as the recog-
nized Ag and HLA-A2 as the restriction element. Peptide speci-
ficity of CTL clone InRi1 was validated by the lysis of T2 cells
pulsed with the relevant Melan-A peptide, but not with the irrel-
evant HIV peptide (Fig. 1E). In addition, HLA-A2� DCs were
susceptible to CTL-mediated lysis after being loaded with syn-
thetic Melan-A peptide (Fig. 1F). CTL clone InRi1 could be ex-
panded 200- to 250-fold during a culture period of 2 wk. Ag spec-
ificity and lytic activity of the CTL clone InRi1 were retained after
seven rounds of expansion (data not shown).

We next addressed the question as to whether Melan-A-specific
CTL clone InRi1 was able to lyse DCs pulsed with hsp that had
been isolated from Melan-A� melanoma cells. Immature DCs
were pulsed with melanoma-derived gp96 (Mel-gp96) or hsp70
(Mel-hsp70), differentiated into mature DCs, and used as target
cells for CTL-mediated lysis. Melan-A-specific CTL InRi1 did not
lyse DCs following incubation with melanoma-derived gp96 or
hsp70 (Fig. 1, G and H). Data are shown for DCs pulsed with 10

�g/ml gp96 or hsp70. Similar data were obtained for lower con-
centrations of hsp70 respective gp96 (0.01, 0.1, and 1 �g/ml) and
for higher concentration of gp96 (30 �g/ml).

As a second approach, Tyr369–377-specific CTLs were generated
from the HLA-A2� healthy donor BS by repetitive stimulation
with autologous DCs pulsed with the Tyr369–377 peptide (Fig. 2).

FIGURE 1. CTLs obtained by HLA-A2/Melan-A multimer-guided
cloning recognize melanoma cells and Melan-A27–35 peptide-loaded APCs,
but not DCs pulsed with hsp70 or gp96 derived from Melan-A� melanoma.
PBMCs from the HLA-A2� healthy donor InRi were stained with A2/
Melan-A26–35A27L (A–C). Dot plots are shown for CD8 vs A2/peptide
multimer staining. Dot plots are gated on PI-negative PBMCs. The per-
centage of CD8� multimer� T cells gated on PI-negative PBMCs is stated
in the upper right quadrant. A, A low frequency of circulating Melan-A-
specific T cells was detected in peripheral blood. B, The frequency of
multimer� T cells increased after five stimulations with Melan-A27–35-
pulsed autologous DCs. C, Following cloning of CD8� multimer� T cells,
the Ag specificity of expanded CTL clones, such as InRi1, was visualized
by A2/Melan-A multimer staining. Staining of cultured CTL clones did not
reach 100% of CD8� multimer� cells due to remaining feeder cells. Lytic
activity of CTL clone InRi1 was tested in a standard 4-h chromium release
assay. Target cells were melanoma cells and T2 cells or DCs loaded with
synthetic peptides or peptides naturally complexed to hsp (D–H). D, CTL
clone InRi1 lysed the HLA-A2�, Melan-A� SK-MEL29 cells (F); CTL
clone InRi1 did not lyse HLA-A2� Melan-A� melanoma cell line NW-
MEL38 (f), nor HLA-A2� Melan-A� melanoma cell line MUC-MEL1
(Œ). E, CTL clone InRi1 recognized T2 cells loaded with 10 �g/ml of
peptide Melan-A27–35 (F), but not T2 cells pulsed with 10 �g/ml of the
irrelevant peptide HIV476–484 (f) derived from HIV reverse transcriptase.
F, Autologous DCs were lysed by CTL clone InRi1 when loaded with
peptide Melan-A27–35 (F), but not when pulsed with peptide HIV476–484

(f); autologous DCs not loaded with a peptide (Œ) were used as an addi-
tional negative control. G, CTL clone InRi1 did not lyse DCs loaded with
10 �g/ml of gp96 derived from Melan-A� melanoma cell line SK-MEL29
(Mel-gp96) (F); DCs pulsed with 10 �g/ml of gp96 isolated from
Melan-A� LCL (control-gp96) (f) were used as negative control. H, DCs
were not lysed by CTLs InRi1 when loaded with 10 �g/ml hsp70 derived
from Melan-A� melanoma cell line Mel624.38 (Mel-hsp70) (F); DCs
loaded with hsp70 (10 �g/ml) isolated from Melan-A� K562 (f) were
used as negative control (control-hsp70).
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The baseline frequency of CD8� A2/Tyr multimer� T cells was
less than 0.01% of all PBMCs (Fig. 2A). Three stimulations with
peptide-pulsed DCs increased the frequency of A2/Tyr� T cells to
0.4% of all PBMCs. HLA-A2/Tyr� T cells were sorted and seeded
out onto 350 wells. Thirty T cell clones proliferated and were
tested for Tyr-specific lytic activity. Seven of 30 screened CTL
clones specifically lysed T2 cells pulsed with peptide Tyr369–377.
The expanded CTL clones, such as CTL clone BST5, were specific
for Tyr369–377, as demonstrated by fluorochrome-labeled A2/Tyr
multimers (Fig. 2C) and by lysis of peptide-pulsed T2 cells (Fig.
2E). The lysis of the HLA-A2� Tyr� melanoma cell line SK-
MEL29 demonstrates that CTL clone BST5 recognizes endog-
enously processed peptides (Fig. 2D). HLA-A2-restricted, Tyr-
specific CTL clone BST5 did not lyse HLA-A2� Tyr� melanoma
cell line NW-MEL38 and HLA-A2� Tyr� melanoma cell line
MUC-MEL1. CTL clone BST5 lysed DCs loaded with synthetic
peptides (Fig. 2F), but did not lyse DCs pulsed with peptides po-
tentially bound to melanoma-derived gp96 or hsp70 (Fig. 2, G and
H). BST5 clone was expanded eight times, resulting in a 2000-fold

expansion in total without loss of Ag specificity or functionality
(data not shown).

The experiments using gp96-loaded DCs as target cells were
also conducted with melanoma-reactive CTL clones IVS-B and
W1/1 kindly provided by T. Wölfel (Medizinische Klinik Jo-
hannes, Gutenberg-Universitöt, Maine, Germany), The Melan-A-
and Tyr-specific CTL clones were originally established by repet-
itive stimulation with autologous melanoma cells (42, 43). CTL
clone IVS-B (recognizing Tyr) and CTL clone W1/1 (directed
against Melan-A) were both unable to lyse DCs pulsed with Mel-
gp96 (data not shown).

IFN-�-producing melanoma-reactive T cells do not secrete IFN-
� upon stimulation with HLA-A2� DCs pulsed with melanoma-
derived hsp

It has been shown previously that Ag-specific T cells that fail to
lyse the Ag-expressing target cells are still able to specifically
produce cytokines upon stimulation with the same target cells (44).
Based on these findings, we next addressed the question as to
whether the melanoma-specific CTL clones, which did not lyse
Mel-hsp-pulsed DCs, were able to produce IFN-� upon stimulation
with DCs pulsed with Mel-hsp (Fig. 3). Immature DCs were
pulsed with hsp70 or gp96, further matured into CD83� DCs in the
presence of cytokines, and then used as stimulator cells for
Melan-A- or Tyr-specific CTL clones. Coculture of Melan-A-spe-
cific CTL clone InRi1 with HLA-A2� DCs pulsed with Mel-gp96
or Mel-hsp70 did not result in a detectable IFN-� release (Fig. 3A).
Data are shown for DCs loaded with 10 �g/ml gp96 or hsp70.
Similar data were obtained for lower concentrations of hsp70 or
gp96 (0.01, 0.1, and 1 �g/ml) and for 30 �g/ml of gp96. As con-
trols, IFN-� release by CTL clone InRi1 was measured following
coculture with Melan-A27–35-loaded HLA-A2� DCs or T2 cells
(positive control) or HIV476–484-loaded HLA-A2� DCs or T2
cells (negative control). CTLs alone, CTLs cultured in the pres-
ence of nonpulsed DCs, or DCs loaded with hsp isolated from
Melan-A� cells did not secrete any detectable IFN-�. The same
experiments were performed using Tyr-specific T clone BST5 as
effector cells (Fig. 3B). HLA-A2� DCs loaded with various con-
centrations of Mel-gp96 or Mel-hsp70 also failed to sensitize Tyr-
specific CTL clone BST5 to IFN-� production.

To exclude the possibility that the affinity of the human CTL
clones to hsp-bound peptides is too low, the murine high affinity
Tyr369–377-specific CTL line R1A was used as effector cell line.
The HLA-A2-restricted CTL line R1A was generated from an
HLA-A*0201/Kb-Tg mouse following immunization with modi-
fied vaccinia virus Ankara recombinant for human tryrosinase, as
previously described (45). Murine CTL line R1A released IFN-�
upon stimulation with human HLA-A2� Tyr� melanoma cells and
human HLA-A2� DCs when loaded with peptide Tyr369–377 (Fig.
3C). However, Tyr-specific CTL R1A did not secrete IFN-� fol-
lowing stimulation with HLA-A2� DCs loaded with Mel-hsp70.

Frequency of melanoma-reactive HLA/peptide multimer� T cells
does not increase after stimulation with autologous DCs loaded
with melanoma-derived hsp

The failure of hsp-loaded DCs to stimulate established peptide-
specific CTL clones and lines does not exclude their ability to
stimulate a primary Ag-specific T cell response. Therefore, we
were led to the question as to whether the stimulation of PBLs by
autologous DCs loaded with melanoma-derived hsp leads to an
increase in the number of Melan-A-specific T cells. In the periph-
eral blood of an HLA-A2� healthy donor, 0.08% of all circulating
PBMCs was specifically stained with A2/Melan-A multimers (Fig.
4A). The frequency of Melan-A-specific T cells increased to 4.25%

FIGURE 2. Cloning and expansion of Tyr-specific CTLs that lyse en-
dogenously processed peptides and peptide-loaded target cells, but fail to
lyse DCs pulsed with melanoma-derived hsp70 or gp96. PBMCs from
HLA-A2� healthy donor BS were repetitively stimulated with autologous
DCs pulsed with peptide Tyr369–377 and cloned by limiting dilution fol-
lowing multimer-guided sorting. T cells were stained with HLA-A2/
Tyr369–377 multimers before stimulation (A), after three stimulations (B),
and after multimer-guided cloning and expansion (C). All dot plots are
gated on PI-negative PBMCs. D, Tyr369–377-specific CTL clone BST5
lysed the HLA-A2� Tyr� SK-MEL29 cell line (F); CTL clone BST5 did
not lyse HLA-A2� Tyr� melanoma cell line NW-MEL38 (f), nor HLA-
A2� Tyr� melanoma cell line MUC-MEL1 (Œ). E, Peptide specificity was
confirmed by lysis of T2 when loaded with the relevant peptide Tyr369–377

(F), but not when loaded with the irrelevant peptide HIV476–484 (f). F,
HLA-A2� DCs pulsed with Tyr369–377 (F) were lysed, but not DCs loaded
with HIV476–484 (f) or DCs without peptide (Œ). G, CTL clone BST5 did
not lyse DCs pulsed with Mel-gp96 isolated from SK-MEL29 (F) or con-
trol-gp96 derived from SK-LCL29 (f). H, DCs pulsed with Mel-hsp70
isolated from Mel624.38 (F) or control-hsp70 purified from K562 (f)
were also not recognized by BST5.
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of all PBMCs following four stimulations with autologous DCs
pulsed with synthetic peptide Melan-A26–35A27L (Fig. 4B). In
contrast, four stimulations of PBMCs with DCs loaded with mel-
anoma-derived gp96 or hsp70 did not enhance the number of
Melan-A-specific T cells (Fig. 4, C and D). Similar data were
obtained for Tyr369–377-specific T cells (data not shown).

Discussion
In this study, we investigated the ability of melanoma-derived
hsp70 and gp96 to specifically stimulate human CD8� T cells

directed against the melanoma-associated Ags Melan-A and Tyr.
HLA-A2-restricted melanoma-reactive CTL clones were gener-
ated by enriching peptide-specific T cells with HLA-A2/peptide
multimer-guided sorting following the in vitro stimulation of PBLs
with peptide-loaded autologous DCs. Peptide specificity of CTLs
recognizing Tyr369–377 or Melan-A27–35 peptide was documented
by HLA-A2/peptide multimer staining and by the lysis of peptide-
pulsed HLA-A2� target cells. We took advantage of the peptide-
specific lytic activity of these established T cell clones to investi-
gate whether HLA-A2-matched DCs present the relevant peptide
after endocytosis of melanoma-derived hsp70 or gp96. Neither
Tyr- nor Melan-A-specific CTLs were able to lyse DCs incubated
with hsp70 or gp96, both isolated from HLA-A2� Tyr� Melan-A�

melanoma cells. To verify that the established CTL clones were
able to recognize endogenously processed peptides, melanoma
cells were used as target cells in cytotoxicity assays. The peptide-
stimulated Tyr-respective Melan-A-specific CTL clones efficiently
lysed HLA-A2� Tyr� Melan-A� melanoma cells, but not HLA-
A2� Tyr� Melan-A� or HLA-A2� Tyr� Melan-A� melanoma
cells. Moreover, we used established HLA-A2-restricted Tyr- and
Melan-A-specific CTL clones as effector cells, which were gener-
ated by stimulating with autologous melanoma cells (42, 43, 46).
Again, these CTL clones lysed the HLA-A2� Ag-expressing mel-
anoma cells, but not HLA-A2� DCs pulsed with melanoma-de-
rived gp96 (data not shown).

Because cytokine secretion has successfully been used as a mea-
surement for hsp-mediated Ag-specific CTL stimulation in vitro
(30, 47, 48), we next addressed the question as to whether DCs
incubated with melanoma-derived hsp were able to sensitize the
melanoma-reactive T cell clones to IFN-� production. We failed to
demonstrate that human Tyr-specific CTLs released IFN-� upon
stimulation with DCs presenting melanoma-derived hsp70 or
gp96. The ability of CTLs to release IFN-� upon Ag stimulation
was confirmed following coculture with Tyr peptide-pulsed DCs
or Tyr� melanoma cells. Similar results were obtained using the
Melan-A-specific CTLs.

FIGURE 3. Melanoma-reactive, peptide-specific T cells fail to produce
IFN-� following stimulation with DCs pulsed with melanoma-derived hsp.
Melanoma-specific CTLs were cocultured with stimulator cells as indi-
cated (A–C). IFN-� release was determined as a parameter for Ag-specific
CTL activation. Peptide specificity and HLA-A2 restriction were con-
firmed by detecting IFN-� secreted by CTLs upon stimulation with HLA-
A2� APCs loaded with the relevant peptide compared with APCs pulsed
with the irrelevant HIV peptide HIV476–484. As negative controls, CTL-
derived IFN-� was measured in the presence of DCs alone or in the ab-
sence of DCs. HLA-A2� DCs loaded with melanoma-derived hsp or con-
trol hsp were used as stimulator cells for melanoma-specific CTLs. Mel-
gp96 was purified from SK-MEL29, Mel-hsp70 from Mel624.38, control-
gp96 from SK-LCL29, and control hsp70 from K562. A, Melan-A27–35-
specific CTL clone InRi1 did not release IFN-� upon stimulation with DCs
pulsed with gp96 or hsp70 isolated from Melan-A� melanoma cells. B,
Tyr369–377-specific CTL clone BST5 did not secrete IFN-� following co-
culture with DCs pulsed with gp96 or hsp70 derived from Tyr� melanoma
cells. C, The HLA-A2-restricted, Tyr369–377-specific murine CTL R1A,
which had been generated from an HLA-A*0201/Kb-Tg mouse, recognized
the human Tyr� melanoma cell line SK-MEL29 and human HLA-A2�

DCs when loaded with peptide Tyr369–377, but not when loaded with mel-
anoma-derived Mel-gp96 or Mel-hsp70.

FIGURE 4. HLA-A2� DCs loaded with melanoma-derived hsp fail to
induce the proliferation of A2/Melan-A multimer� T cells. Immature DCs
from an HLA-A2� donor were pulsed with 30 �g/ml of melanoma-derived
hsp70 or gp96 and subsequently matured into CD83� DCs. Hsp-loaded
mature DCs were then used as APCs for stimulating autologous PBMCs.
As a positive control, PBMCs from the same donor were separately stim-
ulated with DCs loaded with 10 �g/ml of the Melan-A26–35A27L analog.
T cells were stained with A2/Melan-A26–35A27L multimers before stim-
ulation (A) and after four stimulations (B–D). Melan-A-specific T cell fre-
quency increased after stimulating with autologous DCs loaded with pep-
tide Melan-A26–35A27L (B), but not after stimulating with DCs loaded
with Mel-gp96 (C) or Mel-hsp70 (D), both purified from SK-MEL29. The
numbers in the upper right quadrant represent the percentage of multimer�

CD8� T cells gated on PI-negative PBMCs.
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Melan-A and Tyr are self Ags attributable to induction of central
tolerance and, therefore, the TCR avidity displayed by Melan-A-
and Tyr-specific human T cells might be too low to be stimulated
by Melan-A/Tyr peptides complexed to hsp. However, HLA-A2-
restricted murine CTLs with a high affinity receptor against human
Tyr369–377 (45) were also not able to secrete IFN-� upon stimu-
lation with HLA-A2� DCs presenting hsp70 derived from Tyr�

melanoma.
One explanation for the lack of melanoma-derived hsp to stim-

ulate Melan-A- and Tyr-specific CTLs might be that the amount of
hsp-bound Melan-A- and Tyr-derived peptides is too low for dem-
onstrating cross-presentation in our model. Sufficient cross-presen-
tation may only occur with highly abundant endogenous peptide
Ags. It has been previously shown in a mouse model that peptides
stripped from gp96, which had been isolated from cells infected
with vesicular stomatitis virus (VSV), were able to stimulate VSV-
specific CD8� T cells in vitro when loaded onto APCs (49). Given
the fact that VSV shuts down the synthesis of the host cells’ pro-
tein to enhance the production of virus particles, hsp from VSV-
infected cells might predominantly chaperone VSV-derived pep-
tides, subsequently leading to improved CTL recognition.
Similarly, when using OVA-transfected cells as source for hsp, the
high amount of cellular OVA might contribute to OVA-specific
CTL recognition of peptides stripped from hsp70 and gp96 that
had been isolated from the OVA transfectants (41). The density of
peptides naturally bound to hsp might usually be too low for ef-
fective Ag-specific CTL stimulation. For this reason, different
strategies have been developed to reconstitute hsp peptide com-
plexes in vitro (26, 50–54). The reconstitution of hsp with immu-
nogenic peptides might also improve the ability of hsp to induce an
Ag-specific T cell response in vivo. In our hands, HLA-A2-re-
stricted Melan-A27–35-specific CTL clone 2/9 (42) was specifically
stimulated by gp96 isolated from a Melan-A-negative human B
cell line that had been complexed with peptide Melan-A27–35 (54).

Our observations that melanoma-derived hsp do not stimulate
Tyr- and Melan-A-specific CTLs clearly differ from previous re-
ports that human HLA-A2-restricted CTL clones specific for pep-
tide Melan-A27–35 (48) or Tyr369–377 (30) can be activated by
hsp70-pulsed HLA-A2� APCs. In these experiments, either pe-
ripheral blood monocytes (48) or immature monocyte-derived DCs
with and without TNF-�-induced maturation (30) were used as
APCs. In contrast, we used immature monocyte-derived DCs as
APCs that were incubated with hsp and then matured in the pres-
ence of TNF-�, IL-1�, IL-6, and PGE2. At the time of hsp loading,
immature DCs expressed CD91 (data not shown) known to be a
receptor for efficient uptake of gp96 (16). We have documented the
endocytotic activity of this DC population by showing the suc-
cessful uptake of FITC-dextran (55). In addition, our previous ob-
servation that the type of DCs used in our system can present
recombinant antigenic protein to HLA class II-restricted Ag-spe-
cific T cell clones indicates that these DCs have an intact Ag-
processing capacity (37). In contrast to the CTLs investigated by
Noessner et al. (30), respective Castelli et al. (48), we have inves-
tigated the response of CTL clones that had been raised in a dif-
ferent way. Different CTL clones in the presence of different APC
populations might display divergent response patterns to hsp in
vitro.

Data from several groups demonstrate the induction of an Ag-
specific and nonspecific T cell stimulation by hsp using different
experimental systems (22, 30, 48, 56, 57). These controversial
findings with regard to hsp-mediated T cell stimulation might in
part be explained by the amount of proteins or peptides copurified
with hsp used in the various models. Most recently, Nicchitta and
colleagues have shown that enzymatic and immunogenic activities

reported for gp96 (14, 58) are caused by copurified proteins, so-
called bystander proteins, rather than gp96 itself (59). Trace
amounts of other components present in hsp preparations might
function as adjuvant and, therefore, might help to trigger an Ag-
specific T cell response above a critical threshold. The inability of
melanoma-derived hsp to stimulate Ag-specific T cells in our
model might be due to the removal of bystander proteins during
hsp purification. In addition, we cannot formally rule out the pos-
sibility that certain CTL-recognized peptides also might be re-
moved during hsp isolation. Of note, in our hands, gp96 purified
from several different cell types was not able to stimulate mono-
cytes nor DCs to secrete cytokines, and hsp70 induced a very weak
stimulation compared with hsp60 and inducible hsp72 (27). This
implicates that the ability of purified hsp to activate APCs may
also be dependent on the amount of copurified proteins or polypep-
tides. Based on these findings, it remains unclear whether the ob-
served hsp-mediated Ag-dependent or -independent T cell stimu-
lation might in part be due to proteins copurified with hsp rather
than intrinsic activity of hsp. As an alternative to biochemically
enriched gp96 fractions, a secretory form of gp96 released by
transfected cells could be useful for future experiments, thereby
circumventing the problem of protein contamination (60, 61).

The ability of hsp to induce a primary Ag-specific T cell re-
sponse has been documented in a number of mouse models using
a variety of Ags, such as viral or tumor Ags (for review, see Refs.
17 and 24). To date, all in vitro studies have focused on the hsp-
mediated stimulation of Ag-specific CTLs, which have already
been established by peptide or tumor stimulation (30, 48). In this
study, we established a cellular in vitro system to address the ques-
tion of whether hsp-loaded DCs are able to stimulate a primary
Ag-specific T cell response. Autologous DCs pulsed with mela-
noma hsp70 and gp96 did not induce a primary T cell proliferation
against the immunodominant peptide Melan-A27–35, even though
the baseline frequency of naive Melan-A-specific T cells in the
peripheral blood of healthy donors is high due to degenerated Ag
recognition (62). Similarly, the Tyr-specific T cell frequency spe-
cific for the HLA-A2-binding peptide epitope Tyr369–377 did not
increase when PBLs were stimulated with autologous DCs loaded
with hsp isolated from Tyr� melanoma. Because our experiments
focused only on two HLA-A2-restricted Tyr/Melan-A peptide
epitopes, we cannot rule out the possibility that other Tyr/Melan-
A-derived peptides or other antigenic peptides derived from other
melanoma-associated Ags might be able to be efficiently presented
by DCs loaded with melanoma hsp.

T cell priming is a complex mechanism, which cannot fully be
mimicked in vitro. Therefore, the lack of specific T cell stimulation
against certain Tyr/Melan-A peptide epitopes by DCs loaded with
melanoma-derived hsp in vitro does not preclude the concept of
hsp as an autologous tumor vaccine in vivo. The strength of hsp
peptide complexes might be the immunogenicity in vivo, because
a cascade of immunological reactions might be required to over-
come a certain threshold for inducing a peptide-specific immune
response to hsp-bound peptides. For example, hsp-induced pep-
tide-mediated tumor immunity seems to be dependent on the pres-
ence of NK cells, which are also recruited after hsp immunization
(11). Most recently, Strbo et al. (63) have shown that cross-pre-
sentation of Ags by hsp requires a perforin-dependent positive
feedback loop between NK and DCs for clonal CTL expansion.
The absence of NK cells in our model might be responsible for the
failure of the CTL clones to respond to hsp-loaded DCs in vitro.
This possibility is the subject of active studies in our laboratory. In
an hsp vaccine, the innate immune response possibly contributes
greatly to the hsp-mediated tumor rejection in vivo. Evidence for
peptide Ag-independent tumor elimination induced by hsp vaccine
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has been obtained by several groups demonstrating that hsp-elic-
ited tumor rejection can also occur independent of bound peptides
(60, 64).

The first clinical trials have been initiated to test the immuno-
genicity, toxicity, and efficacy of tumor-derived hsp in cancer pa-
tients (65–67). Vaccination of melanoma patients with melanoma-
derived gp96 resulted in some clinical responses that were
associated with T cell responses against melanoma-associated Ags
(67). These human in vivo data are consistent with in vivo mouse
data showing that the therapy of mice with progressively growing
cancers with gp96 leads to tumor regression and stabilization of
disease in mice (11). Further studies are warranted to dissect the
hsp-mediated activation of innate and adaptive immunity with re-
gard to intrinsic activities of hsp, chaperoned peptides, and by-
stander proteins.
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