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Abstract Dendritic cells (DCs) are one of the most po-
tent antigen-presenting cells (APCs) capable of activat-
ing immune responses. Different forms of tumor
antigens have been used to load DCs to initiate tumor-
specific immune responses. Heat shock proteins (HSPs)
are considered natural adjuvants which have the ability
to chaperone peptides associated with them presented
efficiently by interaction with professional APCs
through specific receptors. In the present study, we used
HSP, gp96-peptide complexes, derived from human
hepatocellular carcinoma (HCC) cells as antigens for
pulsing DCs. We found that gp96-peptide complexes
derived from HCC cells induced the maturation of DCs
by enhancing expression of human leukocyte antigen
class II, CD80, CD86, CD40, and CD83. The matured
DCs stimulated a high level of autologous T cell pro-
liferation and induced HCC specific cytotoxic T lym-
phocytes, which specifically killed HCC cells by a major
histocompatability complex (MHC) class I restricted
mechanism. These findings demonstrate that DCs pulsed
with gp96-peptide complexes derived from HCC cells
are effective in activating specific T cell responses against
HCC cells.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most
common malignant diseases in China, and it rarely re-
sponds to conventional treatment such as surgery,
radiation or chemotherapy [23, 35]. Although encour-
aging advances have been made in the past few decades,
there are still many difficulties in treating patients with
advanced stage HCC and in preventing recurrence and
metastasis [23]. The ability of tumors to escape from
immune surveillance contributes to their uncontrolled
growth, recurrence and metastasis [25]. Immunotherapy,
which tends to stimulate tumor-specific immune re-
sponses, is an active, positive and promising antitumor
therapeutic method.

Heat shock proteins (HSPs) are important chaper-
ones which include many members and are ubiqui-
tously expressed at a basal level but are specifically
induced in response to various stress conditions such
as heat, anoxia and metabolic stress. HSPs mediate a
range of essential housekeeping and cytoprotective
functions [27, 28]. In recent years, studies have dem-
onstrated that HSP-peptide complexes extracted from
tumor cells can elicit specific antitumor immune
responses against the tumor from which they are
derived. The observed immunogenicity of HSP prep-
arations is derived from the antigenic peptides chap-
eroned by HSPs [9, 20, 21, 33, 38]. Studies concerning
the mechanism of the immunogenicity of these HSP-
peptide complexes have shown that HSPs transfer
antigenic peptides to professional antigen-presenting
cells (APCs), such as dendritic cells (DCs), through
receptors and channel them into the MHC class I
antigen-presenting pathway, to activate antigen-specific
T cells [2, 7, 10, 30, 31, 36]. HSPs can also elicit
cytokine production by, and adhesion molecule
expression of, a range of cell types, and they can de-
liver maturation signals to APCs through receptor-
mediated interactions [2, 14, 28]. These functions
suggest that HSPs could be immunoregulatory agents
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with potent and widely applicable therapeutic uses.
HSP-peptide complexes from tumors are potent sour-
ces of tumor antigens, including both identified and
unidentified tumor-associated antigens, which are able
to be presented by professional APCs with high effi-
ciency through the interaction of HSPs and their
receptors.

Dendritic cells are extremely efficient APCs, capable
of inducing both primary and secondary immune re-
sponses. DCs express MHC class I, class II, costimu-
latory and adhesion molecules which are necessary for
stimulation of naı̈ve T cell populations. These cells
reside in an immature state in nonlymphoid tissues,
where they efficiently capture and process antigens.
After antigen uptake, they migrate to the secondary
lymphoid tissues where they mature and stimulate T
cells with decreased antigen-processing ability and en-
hanced expression of MHC and costimulatory mole-
cules [4, 6, 19]. Studies have shown that DCs-based
vaccines can induce potent antitumor immunity [15].
Various strategies have been developed to introduce
tumor-specific antigens into DCs and thereby to gen-
erate cytotoxic T lymphocyte (CTL) responses against
malignant cells. DCs pulsed with tumor-associated
antigens or transduced with tumor-specific genes have
led to the induction of antitumor immunity, but such
strategies are restricted to identified tumor-associated
antigens in the context of the particular human leu-
kocyte antigen (HLA) subclass and the necessary co-
stimulatory molecules [11]. Approaches designed to
circumvent such restrictions include loading of DCs
with tumor-cell lysates, peptides eluted from tumor-cell
membranes, or tumor-cell RNA, as well as fusion of
DCs with tumor cells [3, 18, 44]. Such strategies can
induce antitumor immunity against multiple tumor
antigens, including both identified and unidentified
antigens.

In the present study, we used DCs pulsed with
human HSP, gp96-peptide complexes, derived from
human HCC cell line SMMC-7721 to activate autol-
ogous T cells. The results showed that DCs pulsed
with the gp96-peptide complexes were functionally
active in stimulating autologous T cell proliferation
and inducing SMMC-7721 specific CTLs. The CTLs
were directed against tumor-specific antigens and
exhibited MHC class I restricted cytotoxicity. The
gp96-peptide complexes also induced the maturation of
DCs by enhancing expression of HLA class II, CD80,
CD86, CD83 and CD40. Our results indicate that the
specific immunogenic peptides, complexed by human
HSP, gp96, were presented to T cells effectively by
DCs. Our current research studied a potentially effi-
cient immunotherapeutic approach which used DCs
pulsed with human HSP, gp96-peptide complexes. We
found the complexes were able to induce multiple
antitumor immune responses without the need for
prior identification of tumor-associated antigens. These
findings could provide a rationale for HSP-based
vaccination against human HCC.

Materials and methods

Culture of cell lines

Human HCC SMMC-7721 [16] and BEL-7402 [43] cell
lines, and NK cell sensitive cell line K562 were cultured
in RPMI 1640 medium(Gibco-BRL, CA, USA) sup-
plemented with 10% heat-inactivated fetal calf serum
(FCS) (HyClone, UT, USA), 2 mM L-glutamine (Gibco-
BRL), 100 units/ml penicillin G, 100 lg/ml streptomy-
cin and 250 ng/ml amphotericin B (Gibco-BRL) and
incubated in 5% CO2 at 37�C.

Preparation of DCs and T cells

The DCs were generated as described with some modi-
fications [18, 39]. Briefly, peripheral blood mononuclear
cells (PBMCs) were isolated from healthy donors (Beij-
ing Red Cross Blood Center, China) by Ficoll-Hypaque
(1.077 g, Shang Hai Heng Xin Co., China) density gra-
dient centrifugation and cultured in RPMI 1640 medium
containing 10% FCS for 2 h. The nonadherent cells
were removed for isolation of T cells and the adherent
cells were cultured for 6 days in RPMI 1640 medium
containing 10% FCS, 1,000 units/ml hGM-CSF (Biosea
Biotechnology Co., China) and 500 units/ml hIL-4
(Peprotech Inc., NJ, USA). Culture medium and cyto-
kines were refreshed every other day. DCs were har-
vested from the nonadherent and loosely adherent cells.

T cells were purified by nylon wool column (Poly-
sciences Inc., Warrington, USA) from nonadherent cells
according to manufacturer’s instructions. Briefly, non-
adherent cells were resuspended in RPMI 1640 medium
containing 10% FCS and added to the prepared nylon
wool column. After incubating for 1 h at 37�C, the
nonadherent cells, which contained mainly T cells, were
collected by washing with RPMI 1640 medium con-
taining 10% FCS.

Purification of gp96-peptide complexes from Human
HCC SMMC-7721

The method for purification of human gp96 was as de-
scribed with some modifications [32, 34]. In brief,
SMMC-7721 tumor cells were harvested by culturing
tumor cells in roller bottles and then 10 g tumor cells were
suspended in 40 ml (four volumes) of 30 mM sodium
bicarbonate, pH 7.0, and lysed by Dounce homogeniza-
tion. The homogenate was centrifuged at 100,000 g for
90 min at 4�C and the supernatant obtained. After two
steps of ammonium sulfate precipitation, 50% saturation
followed by 80% saturation, the precipitate was solubi-
lized and subjected to column chromatography using
affinity chromatography Con A Sepharose, Sephadex
G25 for buffer exchange, and ion-exchange chromato-
graphy with DEAE-Sepharose (all from Amersham
Pharmacia Biotech, NJ, USA). To further purify the
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gp96-peptide complexes, the eluted proteins were sub-
jected to AKTAFPLC system (Amersham Pharmacia
Biotech, NJ, USA) using ion-exchange chromatography
HiTrap Q followed by gel filtration chromatography
Superdex 75. The obtained proteins were then identified
by 12% reducing SDS-PAGE followed by silver staining
and immunoblotting with anti-human gp96 antibody
(Medical& Biological Laboratories, Japan). Fractions
containing gp96 as the major protein were stored at
�20�C and used for additional experiments. Protein
concentration was determined by Bio-Rad protein assay
(Bio-Rad Laboratories, Inc., CA, USA). Endotoxin level
in the preparations was determined by limulus amebocyte
lysate (LAL) assay (Ocean Biologicals Co., China). The
contamination level of Con A in the fractions was tested
by immunoblotting with anti-Con A antibody (Vector
Laboratories, Inc., Burlingame, USA) and ConA protein
was used as a positive control.

Expression and purification of human gp96 from E.coli

Human gp96 expression vector pET30a-gp96 (kindly
provided by Professor Tian Bo) was constructed by
inserting the complete coding sequence of human gp96
into prokaryotic expression vector pET30a. The re-
combinant human gp96 was expressed in E. coli as His-
tagged protein and purified with affinity chromatography
Ni-NTA agarose (Novagen, Scotland, UK) followed by
ion-exchange chromatography DEAE-Sepharose. The
eluted proteins were further purified with AKTAFPLC

system using ion-exchange chromatography HiTrap Q
followed by gel filtration chromatography Superdex 75.
The purified proteins were identified by reducing 12%
SDS-PAGE followed by silver staining. Endotoxin level
in the preparations was determined by LAL assay.

T cell proliferation assay

The DCs were pulsed with the gp96-peptide complexes
purified from SMMC-7721 cells at 37�C for 4 h and then
harvested followed by washing with PBS. Autologous T
cells isolated by nylon wool column were then cocultured
with DCs in 96-well flat bottom culture plate (NUNC,
Roskilde, Denmark). Proliferation was determined after
5 days by uptake of tritiated thymidine (Amersham
Pharmacia Biotech, Buckinghamshire, England) mea-
sured at 18 h after a pulse of 1 lCi per well.

In vitro cytotoxicity test

The DCs were pulsed with the gp96-peptide complexes
purified from SMMC-7721 cells or recombinant human
gp96 isolated from E. coli at 37�C for 4 h. After washing
with PBS, DCs were then cocultured with autologous T
cells isolated by nylon wool column for 7–10 days in the
presence of 20 units/ml human IL-2 (Kexing Co., China)
in 24-well culture plate (NUNC, Roskilde, Denmark).

The stimulated T cells were harvested with Ficoll-Hyp-
aque density gradient centrifugation to remove the dead
cell debris and used as effector cells in theCTL assay using
LDH cytotoxicity detection kit (Roche, Indianapolis,
USA). SMMC-7721, BEL-7402, K562 and autologous
DCs pulsed with or without human gp96-peptide com-
plexes were used as target cells in the assay. Briefly, target
cells and effector cells were resuspended in assay medium
(RPMI 1640 with 1%BSA), and then target cells (104 cells
per well) were cocultured with effector cells at different
ratios in 96-well round bottom culture plate (NUNC,
Roskilde,Denmark) at 37�C. In the indicated experiment,
target cells were preincubated with anti-MHC class I
antibody (W6/32, PharMingen, San Diego, USA) for
30 min at 37�C before being cocultured with effector cells
to test if the cytotoxicity wasMHCclass I restricted.After
5 h of incubation, the culture plates were centrifuged and
the supernantant (100 ll per well) was transferred to an-
other ELISA plate (NUNC, Roskilde, Denmark). Hun-
dred microliter per well LDH detection mixture was then
added and incubated in the dark for 30 min at room
temperature. After adding 50 ll stop solution per well,
the absorbance of the samples was measured by ELISA
reader (Bio-Rad Laboratories, Inc. CA, USA) at 490 nm
with 630 nm as reference wavelength. The spontaneous
release of LDHby target cells or effector cells was assessed
by incubation of target cells in the absence of effector cells
and vice versa. The maximum release of LDH was
determined by incubation of target cells in 1% Triton X-
100 in assay medium. The percentage of specific cell
mediated cytotoxicity was determined by the following
equation: specific cytotoxicity (%) = [(effector&target
mixture-effector spontaneous-target spontaneous)/
(maximum-target spontaneous)]x100.

Flow cytometry

The DCs pulsed with human gp96-peptide complexes or
unpulsed DCs were washed with cold PBS and incu-
bated with murine antibodies directed against HLA–
DR, CD80, CD86, CD83, CD40 (all from PharMingen),
for 1 h on ice. After washing with cold PBS, the cells
were incubated with FITC conjugated with goat anti-
mouse IgG (Zymed Laboratories, Inc., South San
Francisco, USA) for 30 min on ice. The cells were then
washed with cold PBS and fixed with 2% paraformal-
dehyde. The fluorescence intensity was analyzed by
FACS Calibur and the CellQuest software (Becton
Dickinson, NJ, USA).

Results

Purification of gp96-peptide complexes from Human
HCC SMMC-7721 and expression of recombinant
human gp96 from E. coli

Gp96-peptide complexes were purified from cultured
HCC cell line SMMC-7721 cells as described in
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‘‘Materials and methods’’. The purified protein was
identified by reducing SDS-PAGE followed by silver
staining and immunoblotting with human gp96 specific
antibody. The result indicated that the protein obtained
after purification was approximately 96 kDa (Fig. 1a)
and was recognized by anti-human gp96 antibody
(Fig. 1b), demonstrating that the eluted protein was
human gp96. The purity of the gp96-peptide complex
preparation was >99% as estimated by silver stained
SDS-PAGE; no other stained bands could be observed
on the gel. The endotoxin level in the preparations was
lower than 0.03 Eu/lg of the gp96-peptide complexes
as determined by LAL assay. To test if there was
contaminating Con A in the preparations, the obtained
proteins were immunoblotted with a Con A-specific
antibody (Vector Laboratories). As shown in Fig. 1c,
in contrast to the positive control of Con A protein,
the gp96-peptide complexes were not recognized by the
anti-Con A antibody, indicating that the contamination
level of Con A was below the testing limit of
immunoblotting.

The recombinant human gp96 was expressed in the
form of soluble protein and purified from E. coli. The
purity of recombinant gp96 preparation was >99% as
estimated by silver stained SDS-PAGE (data not shown)
and the endotoxin level was lower than 0.03 Eu/lg of
recombinant gp96 as determined by LAL assay.

DCs pulsed with gp96-peptide complexes derived
from SMMC-7721 cells stimulate autologous T cell
proliferation

To determine if DCs pulsed with gp96-peptide com-
plexes derived from SMMC-7721 cells were effective in
stimulating autologous T cell proliferation, the autolo-
gous T cells, isolated by nylon wool column from non-
adherent PBMCs of healthy donors, were cocultured
with DCs, which had been incubated with human gp96-
peptide complexes for 4 h at 37�C. After a 5-day co-
culture, the T cell proliferation was tested by the uptake
of tritiated thymidine. As a control, the T cells were used
alone or were cocultured with unpulsed DCs. The results
showed that DCs pulsed with the gp96-peptide com-
plexes had huge T cell simulation activity and by con-
trast, unpulsed DCs had very little stimulatory effect on
autologous T cells. As shown in Fig. 2, T cells cocul-
tured with autologous DCs pulsed with the gp96-peptide
complexes at the ratio of T/DC: 10/1 proliferated ten-
fold compared with those cultured with unpulsed DCs
and up to 14 times more than those cultured alone.
Increasing the ratio of DCs:T cells in coculture rapidly
enhanced the T cell proliferation. When the ratio of
DCs:T cells was 1/3, T cells cocultured with unpulsed
DCs proliferated to some extent, although at much
lower rate than DCs pulsed with gp96-peptide

Fig. 1 Purification of gp96-
peptide complexes from human
HCC cell line SMMC-7721.
a 12% reducing SDS-PAGE
analysis of purified gp96-
peptide complexes with silver
staining. Gp96-peptide
complexes were isolated from
SMMC-7721 cells as described
in Materials and methods;
b immunoblotting analysis of
purified gp96-peptide
complexes. Gp96-peptide
complexes were identified by
anti- human gp96 antibody.
Lane 1 represents the protein
molecular marker and lane 2
represents human gp96-peptide
complexes; c analysis of Con A
contamination level in human
gp96-peptide complexes by
immunoblotting. Lane 1
represents the protein molecular
marker, lane 2 represents
positive control of Con A
protein (10 ng) and lane 3
represents human gp96-peptide
complexes (2 lg)
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complexes. This proliferation may have resulted from
the immunogenicity of FCS, as we used FCS instead of
human serum to culture DCs. But T cells cocultured
with unpulsed DCs could not kill SMMC-7721 cells,
whereas those cultured with the DCs pulsed with human
gp96-peptide complexes could (as shown below). These
findings indicate that DCs pulsed with human gp96-
peptide complexes are capable of efficiently stimulating
autologous T cell proliferation.

DCs pulsed with gp96-peptide complexes derived from
SMMC-7721 cells induce antitumor CTLs specific for
SMMC-7721

To demonstrate if DCs pulsed with gp96-peptide com-
plexes derived from SMMC-7721 cells could induce
specific antitumor CTLs, autologous T cells isolated by
nylon wool column were cocultured with pulsed DCs for
7–10 days in the presence of 20 units/ml human IL-2
and then the T cells were isolated for cytotoxicity testing.
As a control, the T cells were cultured alone or cocul-
tured with unpulsed DCs. The cytotoxicity results
showed that T cells cocultured with DCs pulsed with the

gp96-peptide complexes exhibited a high level of lysis
against SMMC-7721 cells (Fig. 3a). In contrast, T cells
cultured alone or cocultured with unpulsed DCs failed
to kill SMMC-7721 cells (Fig. 3a). Also, T cells stimu-
lated by DCs pulsed with higher concentrations of hu-
man gp96-peptide complexes generated higher
cytotoxicity against SMMC-7721 cells (Fig. 3b). To test
if the lysis was due to the presence of NK cells, the NK
cell sensitive cell line K562 was used as a target cell. T
cells stimulated with DCs pulsed with human gp96-
peptide complexes showed very little cytotoxicity against
K562; the cytotoxicity was much lower than that against
SMMC-7721 (Fig. 3c). The result indicated that it was
not NK cells that killed SMMC-7721 cells but rather
CTLs.

To test if the cytotoxicity was specific to SMMC-7721
and was MHC class I restricted, HCC cell lines SMMC-
7721 and BEL-7402 (both of which are MHC class I and
human gp96 antigen positive) were used as target cells
and were preincubated with anti-MHC class I antibody.
As shown in Fig. 3d, the cytotoxicity against SMMC-
7721 was much higher than that against BEL-7402.
Preincubation of SMMC-7721 cells with anti-MHC
class I antibody resulted in the abrogation of tumor cell
lysis, however, the anti-MHC class I antibody had little,
if any effect on lysis of BEL-7402. The result indicated
that the cytotoxicity against SMMC-7721 cells was
MHC class I restricted and, therefore, due to CD8+ T
cells directed against tumor-specific antigens. In addi-
tion, the weak lysis against K562 (Fig. 3c) and
BEL-7402 (Fig. 3d) as well as the strong lysis against
SMMC-7721 indicated that the specific killing activity of
the CTLs was specific to the tumor antigen derived from
SMMC-7721.

To exclude the possibility that the SMMC-7721 spe-
cific cytotoxicity was due to allogeneic response, autol-
ogous DCs pulsed with human gp96-peptide complexes
or unpulsed were used as target cells in CTL assay. As
shown in Fig. 3e, the CTLs induced by DCs pulsed with
human gp96-peptide complexes exhibited significant
cytotoxicity against DCs pulsed with gp96-peptide
complexes which expressed tumor antigens on their
surface, whereas there was quite little cytotoxicity
against unpulsed DCs. This result confirmed that the
cytotoxicity against SMMC-7721 was a tumor-specific
response rather than an allogeneic response.

To further address the specificity of the generated
CTLs against SMMC-7721, DCs were pulsed with re-
combinant human gp96, which did not possess SMMC-
7721 tumor-specific antigen, was expressed in E. coli as a
soluble protein, and was purified by a set of chroma-
tography as described in Materials and methods. As
shown in Fig. 3f, T cells cocultured with these DCs
pulsed with recombinant human gp96 exhibited very
little cytotoxicity against SMMC-7721 cells. The cyto-
toxicity was significantly lower than that of T cells
stimulated with DCs pulsed with human gp96-peptide
complexes derived from SMMC-7721 cells. This result
showed that DCs pulsed with recombinant human gp96,

Fig. 2 DCs pulsed with gp96-peptide complexes derived from
SMMC-7721 cells stimulated autologous T cell proliferation. DCs
were incubated with 40 lg/ml gp96-peptide complexes derived
from SMMC-7721 for 4 h at 37�C and cocultured with autologous
T cells at different ratios for 5 days, and then tritiated thymidine
was added and thymidine incorporation was measured 18 h later.
1 · 105 T cells were cocultured with 1 · 104 or 3.3 · 104 autolo-
gous DCs, pulsed with gp96-peptide complexes (indicated as gp96
stimulation) or unpulsed (indicated as DC control), or by
themselves (indicated as T control) per well. The results are
expressed as mean ± SD and each value represents the mean of
three replicates
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which did not possess SMMC-7721 associated antigens,
could not induce SMMC-7721 specific CTLs, whereas
DCs pulsed with human gp96-peptide complexes which
possessed SMMC-7721 tumor-associated antigens
could, demonstrating that the generated CTLs were
specific to the SMMC-7721 associated antigens.

From the high and specific cytotoxicity of CTLs
against SMMC-7721, it can be concluded that the
tumor-specific antigens chaperoned by human gp96 have
been functionally presented through the interaction of
human gp96 with DCs. These findings demonstrate that
DCs pulsed with human gp96-peptide complexes are

very effective in inducing CTLs specific to SMMC-7721
cells from which the human gp96-peptide complexes are
purified.

Gp96-peptide complexes derived from SMMC-7721 cells
induce maturation of human DCs

To study the effect of gp96-peptide complexes derived
from SMMC-7721 cells on DCs, immature DCs gener-
ated by culturing human PBMC in the presence of
hGM-CSF and hIL-4 for 6 days, were incubated with
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human gp96-peptide complexes for 4 h at 37�C and then
cultured for 48 h. The expression level of HLA-DR,
CD80, CD86, CD83 and CD40 was determined by flow
cytometry. As shown in Fig. 4, human gp96-peptide
complexes increased expression of HLA-DR, costimu-
latory molecules CD80 and CD86, and maturation
markers CD83 and CD40. This result showed that hu-
man gp96-peptide complexes induced maturation of
DCs. The maturation effect of human gp96-peptide
complexes on DCs suggests that they are strong DC
activators.

Discussion

Cancer has become one of the most common causes of
death in industrialized societies [23]. But it is difficult to
cure cancer completely using conventional treatment
such as surgery, radiation or chemotherapy. New ther-
apies are urgently needed.Immunotherapy, which seeks
to eliminate tumor cells by activating the patient’s im-
mune system, is a new and potentially effective approach
for treatment of cancer.

The majority of human tumors are antigenic and not
immunogenic [27]. The poor immunogenicity of tumors
is believed to derive from the ability of tumor cells to

escape immune surveillance through different mecha-
nisms such as deleting or down-regulating MHC
expression, losing tumor antigens by mutation, not
expressing costimulatory molecules, producing immune-
inhibitory molecules or deficiency in antigen processing
and presentation [17, 27]. During the antitumor immune
responses, T cells play a central role. Activating tumor-
specific CTLs is the key step in antitumor immuno-
therapy. T cell activation requires two signals. Signal
one is generated when TCR interacts with the MHC-
peptide complex and signal two is provided by costim-
ulatory molecules which are expressed by professional
APCs. Most tumors do not express costimulatory mol-
ecules and thus fail to activate tumor-specific T lym-
phocytes [13]. The HCC cell line SMMC-7721 does not
express costimulatory molecules, such as CD80 or CD86
(data not shown). It is therefore critical to find a way to
present HCC antigens together with costimulatory
molecules in order to stimulate HCC specific CTLs.

The DCs are potent APCs capable of initiating both
primary and secondary immune responses. The potency
of DCs derives from their expression of MHC class I,
MHC class II, costimulatory and adhesion molecules
that cause antigens to be presented efficiently [6, 19].
Tumor immunotherapy using DCs pulsed with tumor
antigens has been widely studied in vitro and in vivo.
The source of antigen used to load DCs directly affects
the efficiency of such tumor vaccines. Because of the
instability of tumor cells and the HLA haplotype
restriction for certain tumor epitopes, it is ideal to use

Fig. 4 Gp96-peptide complexes derived from SMMC-7721 cells
induced maturation of human DCs. DCs were incubated with
40 lg/ml gp96-peptide complexes derived from SMMC-7721 cells
for 4 h at 37�C, and cultured for 48 h. The DCs were then
harvested and analyzed for expression of the indicated surface
molecules using FACS analysis. The percentages shown were
positive for the indicated surface markers. The results are expressed
as mean ± SD and each value represents the mean of three
replicates

Fig. 3 DCs pulsed with gp96-peptide complexes derived from
SMMC-7721 cells induced antitumor CTLs specific for SMMC-
7721. 2 · 105 DCs, which had been pulsed with gp96-peptide
complexes derived from SMMC-7721 or E. coli for 4 h at 37�C,
were cocultured with 1 · 106 autologous T cells for 7–10 days in
the presence of 20 units/ml human IL-2 in each well of 24-well
culture plate. The stimulated T cells were harvested and the
cytotoxicity was determined by testing LDH release. a DCs were
incubated with 40 lg/ml gp96-peptide complexes and then used as
stimulators for autologous T cells, and SMMC-7721 cells were used
as target cells. DCs pulsed with human gp96-peptide complexes
were indicated as gp96 stimulation, unpulsed DCs indicated as DC
control, and T cells cultured by themselves indicated as T control.
b DCs were incubated with different concentrations of human
gp96-peptide complexes and then used as stimulators for autolo-
gous T cells, and SMMC-7721 cells were used as target cells; c DCs
were incubated with 30 lg/ml human gp96-peptide complexes and
then used as stimulators for autologous T cells, and SMMC-7721
cells or NK sensitive cell line K562 cells were used as target cells;
d DCs were incubated with 30 lg/ml human gp96-peptide com-
plexes and then used as stimulators for autologous T cells, and
SMMC-7721 cells or another HCC cell line BEL-7402 cells were
used as target cells. The target cells were also preincubated with an
anti-MHC class I antibody (W6/32; 1:50 dilution) and assayed for
lysis, indicated as SMMC-7721/blocked or BEL-7402/blocked, and
lysis for the target cells without preincubation with anti-MHC class
I antibody were indicated as SMMC-7721/nonblocked or BEL-
7402/nonblocked. e DCs were incubated with 30 lg/ml human
gp96-peptide complexes and then used as stimulators for autolo-
gous T cells, and autologous DCs pulsed with human gp96-peptide
complexes or unpulsed DCs were used as target cells. The ratio of
effector: target was 10. f DCs were incubated with 40 lg/ml gp96-
peptide complexes derived from SMMC-7721 cells or recombinant
human gp96 isolated from E. coli and then used as stimulators for
autologous T cells, and SMMC-7721 cells were used as target cells.
The results are expressed as mean ± SD and each value represents
the mean of three replicates

b
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multiple epitopes as the antigen source for pulsing DCs.
This approach can stimulate multiple immune responses
against both identified and unidentified tumor-specific
antigens.

In the present study, we used HSP, gp96-peptide
complexes derived from human HCC cells as the source
of antigen to load DCs. Gp96 plays an essential role in
protein metabolism and exerts stimulatory activities on
innate and adaptive immunity. Studies have shown that
vaccination with tumor-derived gp96-peptide complexes
induces specific immune responses to the tumors from
which the complexes are derived [20, 24, 29, 38, 42]. The
ability of gp96 to interact with APCs through specific
receptors and to chaperone its bound peptides to be
efficiently presented contributes to the high immunoge-
nicity of gp96-peptide complexes [16, 35]. Gp96-peptide
complexes are comprised of different tumor antigens,
including both identified and unidentified antigens, and
can effectively present the tumor peptides together with
costimulatory molecules when loaded onto DCs. The
roles of gp96 as chaperone and natural adjuvant make
gp96-peptide complexes derived from tumor cells a very
potent antigen source for loading DCs.

We demonstrated that DCs pulsed with gp96-peptide
complexes derived from human HCC cell line SMMC-
7721 stimulated significant autologous T cell prolifera-
tion, whereas unpulsed DCs had little stimulatory effect
because T cells were tolerant toward self-antigens ex-
pressed by DCs (Fig. 2). More importantly, we proved
both the efficiency and specificity of DCs pulsed with
human gp96-peptide complexes for inducing CTLs
against tumor cells from which these gp96-peptide
complexes were derived (Fig. 3). Our results showed that
the cytotoxicity against SMMC-7721 cells was not due
to the presence of NK cells but to CTLs, because NK
sensitive cell line K562 could not be killed (Fig. 3c). In
addition, we tested the phenotype of the cytotoxic cells
using T cell lineage marker, CD3, NK cell lineage
marker, CD56, NK-T cell lineage marker, CD56+CD3,
and monocyte lineage marker, CD14 by flow cytometry
(data not shown). The result showed that most of the
cytotoxic cells were T cells (89.38%), only a very few
were NK cells (4.56%), NK-T cells (4.78%) or other
cells (1.28%), and there were even fewer monocytes.
Also, we demonstrated that the generated CTLs exhib-
ited specific cytotoxicity toward SMMC-7721 cells but
not toward BEL-7402 cells and that the cytotoxicity was
MHC class I restricted (Fig. 3d). From the low cyto-
toxicity to BEL-7402 cells and high cytotoxicity toward
SMMC-7721 cells, it can be deduced that the generated
CTLs were directed to SMMC-7721 specific antigens but
not to their shared antigens. Furthermore, we excluded
the possibility that the induced antitumor response was
an allogeneic response (Fig. 3e). As previously reported
[25, 26, 41], we used autologous DCs pulsed or unpulsed
with human gp96-peptide complexes as targets in CTL
assay. Our results showed that the generated CTLs
exhibited significant cytotoxicity against autologous
pulsed DCs, but little lysis against unpulsed DCs, indi-

cating that the CTLs were directed against tumor-spe-
cific antigens rather than alloantigens. This result also
demonstrated that DCs took up human gp96-peptide
complexes, and then processed and presented tumor-
specific antigens in MHC class I pathway, making them
available for CTL recognition. In addition to showing
target cell specificity of the generated CTLs, we also
demonstrated the specificity of antigen source for puls-
ing DCs (Fig. 3f). The result showed that only DCs
pulsed with tumor antigen positive human gp96-peptide
complexes could induce tumor-cell-specific CTLs. Taken
together, our results indicated that the SMMC-7721
specific antigens associated with gp96 are functionally
presented through the interaction of human gp96 and
DCs. It has been postulated that activation of APCs by
gp96 is responsible for the subsequent CTL responses.
Our data showed that human gp96-peptide complexes
had been taken up by DCs which led to their activation,
and the activated DCs then stimulated SMMC-7721
specific CTLs.

Previous studies have shown that HSPs can induce
the maturation of DCs [5, 8, 14, 30]. Our data showed
that gp96-peptide complexes derived from HCC cell line
SMMC-7721 induced maturation of allogeneic DCs,
enhancing the expression of HLA class II, costimulatory
molecules CD80 and CD86, and maturation makers,
CD83 and CD40. Unlike our results, one study reported
that mouse gp96-peptide complexes did not induce in-
creased expression of CD40 and CD80 [8]. The different
results may be owing to the different sources of gp96-
peptide complexes, as they used normal mouse liver,
whereas we used human tumor cells for isolating gp96-
peptide complexes. The effect of human gp96-peptide
complexes on DCs implies that these complexes are
capable of directly stimulating DCs to increase their
surface expression of HLA and costimulatory molecules.
The matured DCs can then present antigens and prime
immune responses with high activity.

Our data also showed that human gp96-peptide
complexes were capable of inducing CTLs across MHC
barriers. MHC matching between SMMC-7721 cells
used as source of gp96-peptide complexes and the
responding T cells was not required, suggesting that the
peptides complexed by human gp96 were not restricted
to the MHC haplotype of the donor cells. Such result is
consistent with previous reports [12], and provides an-
other example indicating that gp96-peptide complexes
can elicit CTLs responses via ‘‘cross-priming’’ [1, 35, 36].

In conclusion, our data shows that gp96-peptide
complexes derived from human HCC cell line SMMC-
7721, are a very potent antigen source for loading and
activating DCs across MHC barriers. The activated DCs
are able to efficiently stimulate SMMC-7721 specific
CTLs, indicating that DCs, pulsed with gp96-peptide
complexes derived from human tumor cells, could be
used as potential vaccines in antitumor immunotherapy.
Our present findings offer a new kind of antitumor
immunotherapeutic strategy—pulsing DCs with gp96-
peptide complexes derived from human tumor
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cells—which is able to activate multiple CTLs efficiently
without the need for identifying tumor-specific antigens.
In the present study, we used allogeneic rather than
autologous tumor cells to isolate gp96-peptide com-
plexes for pulsing DCs derived from healthy donors. We
hope to apply this approach to HCC patients in future
research.
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