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Dendritic cell-based (DC-based) immunotherapy represents a promising approach to the prevention
and treatment of many diseases, including cancer, but current strategies have met with only limited
success in clinical and preclinical studies. Previous studies have demonstrated that a TAT peptide
derived from the HIV TAT protein has the ability to transduce peptides or proteins into various cells.
Here, we describe the use of TAT-mediated delivery of T cell peptides into DCs to prolong antigen
presentation and enhance T cell responses. While immunization of mice with DCs pulsed with an
antigenic peptide derived from the human TRP2 protein generated partial protective immunity
against B16 tumor, immunization with DCs loaded with a TAT-TRP2 peptide resulted in complete
protective immunity, as well as significant inhibition of lung metastases in a 3-day tumor model.
Although both DC/TRP2 and DC/TAT-TRP2 immunization increased the number of TRP2-specif-
ic CD8" T cells detected by K*/TRP2 tetramers, T cell activity elicited by DC/TAT-TRP2 was three- to
tenfold higher than that induced by DC/TRP2. Furthermore, both CD4* and CD8"* T cells were
required for antitumor immunity demonstrated by experiments with antibody depletion of subsets
of T cells, as well as with various knockout mice. These results suggest that a TAT-mediated antigen

delivery system may have important clinical applications for cancer therapy.
J. Clin. Invest. 109:1463-1470 (2002). d0i:10.1172/JC1200215399.

Introduction

Identification of tumor antigens has provided new
opportunities for the development of effective cancer
therapy (1). Dendritic cell-based (DC-based) im-
munotherapy represents a promising approach, since
DCs are potent professional antigen-presenting cells
capable of initiating host immune responses against
cancer and infectious and autoimmune diseases (2).
Mature DCs pulsed with model antigens such as oval-
bumin (OVA) and B-galactosidase (B-gal) peptides have
proven effective in enhancing antitumor immunity
against tumor cells expressing the same antigen (3-5).
However, clinical and animal studies using mature
DCs pulsed with tumor-associated self-antigens or
peptides showed little success in the inhibition of
tumor growth for the treatment of cancer (6-10).
Although many factors could be responsible for this
failure, one of the most important factors may result
from the short-life of MHC class I/peptide complexes
on the DC surface. Substitution of favorable key pep-
tide residues enhances affinity of MHC/peptides or
stability of the T cell receptor of a T cell specific for
MHC/peptide complexes, and this enhancement has
correlated with improved T cell responses and antitu-
mor activity both in vitro and in vivo (11-13). In addi-
tion, DCs transduced with adenovirus or retrovirus

encoding a tumor antigen have also enhanced antitu-
mor immunity (14, 15).

We hypothesized that the intracellular delivery of a
self-peptide into mature DCs by a cell-penetrating pep-
tide (CPP) may allow DCs to process and present the
internalized peptides to T cells by newly synthesized
MHC class I molecules for an extended time. Several
CPPs have been identified from proteins, including the
Tat protein of HIV (16), the VP22 protein of herpes
simplex virus (17, 18), and FGF (19, 20). Among them,
the 11-mer TAT peptide (YGRKKRRQRRR) has been
well studied for the transduction of biologically active
proteins into cells both in vitro and in vivo (21-24).
However, the effectiveness of antitumor immunity
elicited by DCs loaded with TAT-self-peptide has not
been demonstrated in animal tumor models. Since the
majority of tumor antigens are self-antigens (1, 25),
evaluation of DCs loaded with TAT-TRP2 should pro-
vide critical information for its application for the
treatment of cancer.

In this study, we describe the use of TAT peptide
(YGRKKRRQRRR) covalently fused to a TRP2 peptide
(SVYDFFVWL) for intracellular delivery to allow DCs
to continuously present MHC/peptide to T cells for an
extended time. We show that immunization of DCs
loaded with the TAT-TRP2 peptide resulted in com-
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plete protection of mice from subsequent B16 tumor
challenge, as well as in significant inhibition of lung
metastases in a 3-day tumor model. Both CD4* and
CD8" T cells were required for generating antitumor
immunity using either antibody depletion of a subset
of T cells or various knockout (KO) mice. These stud-
ies indicate that TAT-mediated antigen delivery into
DCs could significantly enhance antitumor immune
responses. Thus, this approach may improve the clini-
cal outcome of DC-based cancer therapy.

Methods
Cell lines. B16 is a pigmented mouse melanoma cell line
of C57BL/6 (B6) origin. EL4 is a lymphoma cell line.
These cell lines were maintained at 37°C and 5% CO,
in RPMI 1640 supplemented with 10% heat-inactivat-
ed FBS, 2 mM glutamine, 100 U/ml penicillin, 100
lg/ml streptomycin (Biofluids Inc., Rockville, Mary-
land, USA), and 2.5 mg/ml of Fungizone (Life Tech-
nologies Inc., Gaithersburg, Maryland, USA). I-AP cells
were established by transfecting plasmid DNAs encod-
ing murine [-AP (ot and B chains) into HEK293 cells.
I-Ab-positive 293 cells were cloned by a limiting dilu-
tion method, and screened by anti-I-AP antibody.
Peptides. The TRP2 peptide used in this study is a
nine-amino acid sequence (SYVDFFVWL), derived from
the TRP2 protein (26, 27). Control H2-Kb-restricted
peptide was 3-gal (DAPIYTNV). The TAT peptide used
in this study is an 11-mer (YGRKKRRQRRR). TAT-
TRP2 (YGRKKRRQRSRRYVDFFVWL), TAT-ESO
(YGRKKRRQRRRASGPGGGAPR), TAT-B-gal (YGRK-
KRRQRRRDAPIYTNV), ES-TRP2 (MRYMILGLLAL-
AAVCSASYVDFFVWL), and ES-OVA (MRYMILGL-
LALAAVCSASIINFEKL) peptides were synthesized and
purified by HPLC. All peptides were dissolved in
DMSO, and diluted in PBS for final concentrations.
DC preparation. Mouse DCs were derived from B6
bone marrow using murine IL-4 and GM-CSF, as
described previously (28). Briefly, bone marrow was
obtained from tibia and femurs by flushing them with
media. After lysis of red blood cells, cells were resus-
pended at 106 cells in RPMI 1640 supplemented with
5% FBS, L-glutamine (2 mM), penicillin/streptomycin
(50 U/ml), 10% nonessential amino acids, and 50 mM
2-mercaptoethanol plus 1000 U/ml of recombinant
GM-CSF and 1000 U/ml of IL-4 (Peprotech Inc.,
Rocky Hill, New Jersey, USA). Five milliliters of cells
were then plated per well in six-well plates and incu-
bated at 37°C, 5% CO,. Fresh medium supplemented
with GM-CSF and IL-4 was added on days 2 and 4, and
all loosely adherent cells on day 6 were transferred to
10-cm Petri dishes. Nonadherent cells were harvested
and pulsed for 1 hour at 37°C with peptides in Opti-
MEM media (GIBCO BRL; Life Technologies Inc.),
washed three times with PBS, and used for mouse
injections (3 X 105 cells intravenously per mouse).
Flow cytometry analysis. DCs were stained with either
fluorescein (FITC)-conjugated antibodies against
murine I-AP, CD80, and CD86 or R-phycoerythrin-con-

jugated (R-PE-conjugated) antibodies against CD3,
NK, and B220, respectively. For double staining, DCs
were stained with FITC-conjugated anti-I-A, anti-
CD80, or anti-CD86 antibodies, and then stained with
PE-conjugated anti-CD11c antibody. FITC-conjugat-
ed and PE-conjugated isotype control antibodies were
used to stain DCs as a control. Double staining of DCs
with anti-NK or anti-B220 followed by anti-CD3 anti-
bodies was used to determine the contamination of
DCs with NK, T, and B cells. Cells were analyzed on a
flow cytometer (FACScan; Becton Dickinson Immuno-
cytometry Systems, San Jose, California, USA).

Tetramer analysis. K°/TRP2 tetramers were obtained
from Beckman Coulter Inc. (Miami, Florida, USA). Sin-
gle suspended cells were prepared from the spleens of
the immunized mice, and stained with anti-CD8-FITC
antibody. After three washes with PBS, 10 ul of
K®/TRP2 tetramer was added to the tube containing
100 pl of freshly isolated T cells, mixed gently, and
incubated for 30 minutes at room temperature. After
three washes with PBS, T cells were resuspended in 500
ml of PBS/0.5% PFA and were ready for FACS analysis.

Mice and tumor treatment. Six- to eight-week-old female
B6, CD4 KO, CD8 KO, and class I and II KO mice were
purchased from the National Cancer Institute (NIH),
Taconic (Germantown, New York, USA), or The Jackson
Laboratory (Bar Harbor, Maine, USA), and maintained
in a pathogen-free mouse facility at Baylor College of
Medicine. The CD4 KO and CD8 KO mice were
obtained after backcross to B6 mice for more than ten
generations. For the 3-day tumor model, all mice were
injected intravenously through the tail vein with 3 x 10°
B16 melanoma cells. After 3 days, mice were injected
intravenously with 3 X 10° peptide-loaded DCs. Four-
teen days later, lungs were removed and metastases enu-
merated in a blinded fashion. For the prevention model,
tumor challenge was performed 14 days after immu-
nization with DC/peptides. Two weeks later, mice were
sacrificed, all lobes of both lungs were dissected, and
metastases were counted. For antibody depletion, 200
lg of anti-CD4 (GK1.5), anti-CD8 (2.43), or control
antibodies in 500 pl of PBS were injected intraperi-
toneally into each mouse on the day before tumor chal-
lenge, followed by three injections on days 1, 3, and 10
after tumor injection. Depletion of CD4* or CD8" T
cells was determined by FACS analysis.

T cell stimulation with peptides in vitro and T cell activity
assays. 2 X 106 splenocytes freshly prepared from the
immunized mice (two per group) were grown in 24-
well plates with RPMI 1640/5% mouse serum (without
IL-2). Peptides were added to wells to a final concen-
tration of 10 UM. T cell cultures were incubated for 6
days. For T cell assay, EL4 and 293I-AP cells were
pulsed with 10 uM of each peptide for 2 hours at
37°C. Following three washes with RPMI 1640 con-
taining 5% mouse serum and glutamine, 1 X 10° target
cells were cocultured with T cells (2 X 10%) in RPMI
containing 5% mouse serum, glutamine, and IL-2 (120
IU/ml) for 18 hours at 37°C and 5% CO,. All cell
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culture supernatants were harvested after overnight
incubation and stored at -20°C until use. Murine
IFN-vy or GM-CSF release was determined with ELISA
kits (Endogen Inc., Woburn, Massachusetts, USA)
according to the manufacturer’s instructions.

Results

TAT-mediated intracellular delivery of TRP2 into DCs for
eliciting protective immunity. Both human and murine
TRP2 proteins were recently identified as tumor anti-
gens recognized by CD8* T cells (26, 29). Of particular
interest, human HLA-A2-restricted TRP2 peptide
(SVYDFFVWL) is identical to murine peptide present-
ed by KP molecules (27), representing an ideal human
tumor antigen to be tested in animal models. In addi-
tion, combination therapy of B16-GM-CSF tumor
vaccine with cytotoxic T lymphocyte antigen-4 block-
ade revealed that CD8* T cells from the treated mice
recognized the TRP2 peptide, but did not respond to
other tumor antigens such as TRP1/gp75, tyrosinase,
or MART-1 (30), suggesting that TRP2 is a dominant
tumor rejection antigen. However, several attempts
using TRP2 peptide, DNA, or adenovirus containing
murine TRP2 failed to demonstrate the effective
induction of protective or therapeutic immunity
against B16 tumor (31-33). Multiple immunization
with DCs pulsed with TRP2 or DNA immunization
with a xenogeneic form of TRP2 (human TRP2) gen-
erated partial protective immunity (9, 33). It appeared
that cytotoxic T lymphocytes (CTLs) detected in vitro
after vaccination were not sufficient to inhibit tumor
growth (31). We have obtained similar results using
DCs pulsed with the TRP2 peptide to immunize mice
(data not shown). The limited capacity of DC/peptide
vaccination to induce effective T cell responses may be
due to the relatively short half-life of surface
MHC/peptide complexes (34). We reasoned that intra-
cellular delivery of the TRP2 peptide into DCs by a
peptide (YGRKKRRQRRR) from HIV Tat protein,
which has been shown to efficiently deliver both pep-
tides and proteins into cells in vitro and in vivo
(21-24), would provide continuous supplies of peptide
to be processed and presented by newly synthesized
MHC class I molecules on the DC surface for T cell
activation, thus leading to potent antitumor immuni-
ty. Incubation of DCs with the TAT-TRP2-FITC pep-
tide resulted in transduction of 100% of cells (data not
shown), which was in agreement with previous find-
ings showing that a TAT-B-gal fusion protein was
capable of efficiently delivering peptides or proteins
into different types of cells (21, 22).

To test whether mature DCs loaded with the TAT-
TRP2 peptide could generate potent protective immu-
nity against B16 tumor, we prepared mature DCs from
bone marrow of B6 mice in the presence of GM-CSF
and IL-4. The phenotype of MHC class II and costimu-
latory molecules of mature DCs is shown in Figure la.
After incubation of DCs with TRP2, TAT-TRP2, TAT-
ESO, ES-TRP2, and ES-OVA peptides, B6 mice were

immunized by intravenous injection of 3 X 105 mature
DC/peptides, and boosted with DC/peptide once 2
weeks after the first vaccination. The endoplasmic retic-
ulum insertion signal sequence (ES) was reported to
enhance T cell responses when fused to OVA as a mini-
gene or to MART-1 peptide (35, 36). For direct compar-
ison, ES-TRP2 was included in our experiments, while
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Figure 1

Intracellular delivery of TRP2 peptide into DCs for the generation
of potent antitumor immunity. (a) Surface phenotype of DCs gen-
erated from bone marrow of B6 mice. DCs were stained with
FITC-conjugated anti-I-A, anti-CD80, anti-CD86, or other anti-
bodies, followed by staining with PE-conjugated anti-CD11c, and
analyzed by flow cytometry. The frequency of double positive
staining for CD11c and I-A, CD80, or CD86 was over 65%, while
staining for CD3, B220, and NK1.1 was negative. (b) Immuniza-
tion of mice with mature DCs pulsed with TAT-TRP2 generates
protective immunity. B6 mice were immunized with DCs loaded
with each indicated peptide; this was followed two weeks later by
intravenous injection of B16 tumor cells. The number of lung
metastases was counted after 14 days of B16 tumor challenge.
Mean numbers (n = 8 per group) of lung metastases + SEM are
presented. Statistical significance of differences between the con-
trol group and testing groups: *P < 0.05; **P < 0.0007. Spl,
splenocytes. (c) Mice were immunized with DCs loaded with gp70
(control peptide), TRP2, and TAT-TRP2 peptides twice and were
then challenged with B16 tumor cells. Animal survival was moni-
tored up to 60 days after tumor challenge. Two independent
experiments (n = 5 per group in experiment 1 and n = 10 per group
in experiment 2) are shown. The survival advantage of the groups
receiving DC/TAT-TRP2 treatment over the control groups receiv-
ing DC/gp70 or TAT-B-gal is statistically significant (P < 0.001),
as determined by the log rank test.
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peptide-loaded DCs. Inhibition of tumor growth by DC/TAT-TRP2
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DCs/TAT-TRP2 did not reduce the number of lung metastases.
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TAT-ESO and ES-OVA were used as control peptides.
Two weeks after the last immunization, mice were chal-
lenged with 3 x 105 B16 tumor cells. Lungs of mice were
harvested and lung pulmonary metastases counted
after 2 weeks of tumor challenge. Mice immunized with
DC/TAT-TRP2 were completely protected from tumor
challenge (P < 0.0007), while mice immunized with DC
alone or DC/control peptides developed lung metas-
tases (Figure 1b). Immunization with ES-TRP2 pro-
duced partial protection of mice from B16 tumor chal-
lenge at a level similar to that of mice that received
DC/TRP2 vaccine (P < 0.05), suggesting that the ES
sequence did not enhance antitumor immunity. Subse-
quent experiments showed that a single injection of
DC/TAT-TRP2 was sufficient to generate complete pro-
tective immunity against B16 tumor, whereas other
treatments were ineffective in protecting mice from
tumor challenge (data not shown).

To test whether DC/TAT-TRP2 immunization could
prolong the survival of mice after B16 tumor challenge,
we immunized mice with DC/control peptides (gp70 or
TAT-B-gal), DC/TPR2, and DC/TAT-TRP2, twice. Two
weeks after the last immunization, mice were chal-
lenged with B16, and the surviving mice were moni-
tored for 60 days. As shown in Figure 1c, the survival
rate in mice immunized with DC/TAT-TRP2 was sig-
nificantly improved in two independent experiments as
compared with that in mice receiving DC/control pep-
tide or DC/TRP2 peptides (P < 0.001). Although

DC/TRP2 slightly prolonged survival, all mice died
before day 54. By contrast, 30-60% of the mice that
received DC/TAT-TRP2 vaccine remained alive at day
60. Taken together, these results clearly indicate that
TAT-mediated intracellular peptide delivery consider-
ably enhances protective immunity against B16 tumor.

Therapeutic immunity against B16 tumor. We next tested
whether immunization with DCs loaded with TAT-
TRP2 could generate immune responses strong
enough to inhibit B16 tumor in a 3-day tumor model.
Three days after intravenous injection of B16 tumor
cells (3 x 105 cells per mouse), the animals were immu-
nized with a single intravenous injection of DCs loaded
with various peptides. Lungs were harvested and lung
metastases were counted on day 18. Mice immunized
with DC/TRP2, TAT-ESO, ES-TRP2, and ES-OVA pep-
tides failed to reduce the number of lung metastases
compared with the control group immunized with
DC/PBS (Figure 2). Immunization of mice with
DC/TAT-TRP2, however, significantly reduced the
number of lung metastases (P < 0.05). Immunization
with spleen cells pulsed with TAT-TRP2 did not show
any inhibitory effect on tumor growth, indicating that
effective immunization requires mature DCs as well as
TAT-TRP2. DCs pulsed with the 11-mer TAT peptide
plus the TRP2 peptide or with irrelevant peptide-TRP2
did not elicit any antitumor immunity against B16
tumor (data not shown).

TRP2-specific CD8* T cells confer protective immunity. To
test whether T cell activity was correlated with
enhanced antitumor immunity, we immunized B6
mice with DCs/peptides and evaluated T cell response
from the splenocytes of the immunized mice. Previous
studies showed that at least two or three immuniza-
tions with DC/TRP2 were required for inducing pro-
tective immunity against B16 tumor cells (9, 37), while
one immunization with DC/TAT-TRP2 was sufficient
for providing the protection of mice from tumor chal-
lenge. Thus, we evaluated T cell responses after one as
well as two immunizations. Splenocytes were harvest-
ed from the immunized mice and stimulated in vitro
with the same peptide used for vaccination for 6 days.
We found that after one immunization, TRP2-specif-
ic T cell activity was readily detected in the mice
immunized with DC/TAT-TRP2, but not in those
immunized with DC/TRP2 (Figure 3a). EL4 cells
pulsed with TAT-B-gal were used as a control for the
specificity of T cell recognition.

After two immunizations, TRP2-specific as well as
B16 tumor-reactive T cells were detected in the mice
immunized with either DC/TRP2 or DC/TAT-TRP2.
However, T cell recognition for EL4/TRP2 and B16
tumor cells in the DC/TAT-TRP2 group was at least ten-
and threefold better than that in the DC/TRP2 vaccine
group, respectively. No T cell activity was detected
against MHC class I-matched EL4 cells alone, or pulsed
with TAT-B-gal peptide. In addition, although T cells
from the DC/TAT-TRP2-immunized mice could not
respond to 293I-AP cells expressing murine MHC class
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II molecule (murine class I K> molecule-negative), or
2931I-AP cells pulsed with TRP2 or TAT-[B-gal peptides,
they were capable of recognizing 293I-AP cells pulsed
with the TAT-TRP2 peptide (Figure 3b), suggesting the
existence of I-AP-restricted CD4* T cell activity. CD4* T
cell activity was retained even after the depletion of
CD8* T cells (data not shown). This may explain why T
cell activity against EL4 cells pulsed with the TAT-TRP2
peptide was higher than that against EL4 pulsed with

with DC/TAT-TRP2 rejected tumor growth after tumor
challenge. After treatment with the control antibody,
they retained the ability to inhibit tumor growth. How-
ever, the groups of mice receiving either anti-CD8 or
anti-CD4 antibody showed a strikingly diminished
protection from tumor challenge (Figure 5a), resulting
in an increase in the number of lung metastases.

To further confirm the role of CD4" T cells in antitu-
mor immunity, we also immunized wild-type, CD4 KO,

and CD8 KO mice with TAT-TRP2-loaded DCs. DCs
used for immunization were generated from wild-type

the TRP2 peptide (Figure 3b). No T cell activity was
detected against EL4/TAT-TRP2 target cells from the
mice immunized with DC/TRP2 (data not shown).

To further evaluate TRP2-specific T cells in fresh

splenocytes from the immunized mice, we prepared 5
suspensions of single spleen cells and stained them o
with anti-CD8" FITC-conjugated antibody and PE con- =
jugated KP/TRP2 tetramers. As shown in Figure 4, = Untreated mice
while the background staining for CD8* and K*/TRP2 5
tetramers in untreated mice was only 0.46%, results for -
double positive staining of TRP2-specific CD8" T cells 2
in DC/TRP2 and DC/TAT-TRP2 vaccination groups -
were 3.65% and 2.49%, respectively. Thus, these T cells 2
appear responsible for the T cell activity detected in y =)
vitro, although the percentage of such TRP2-specific T &y Immunized
cells in the DC/TRP2 mice was not correlated with T T T with DC/TRP2
cell activity detected in vitro (Figure 3b), suggesting a 5 2
possible functional defect or unresponsiveness of T =3
cells from the mice immunized with DC/TRP2. This 10° 10" 10% 10° 10
may account, in part if not entirely, for the weak immu- =)
nity against B16 tumor cells. >
CD4* T cells are required for the enbanced antitumor immu- " . _
nity. It has been reported that a lack of CD4* T cell = Immunized with
- DC/TAT-TRP2
response may lead to weak CD8* T cell responses or =
even unresponsiveness against tumor cells (38-41). To X

10° 10" 102 10° 10*
—»  Anti-CD8-FITC

test whether CD4* T cells are required for protective
immunity in vivo, CD4* or CD8" T cells were depleted
in mice previously immunized with DC/TAT-TRP2
peptide with specific antibodies against CD4 or CD8
molecules. Anti-CD4, anti-CDS8, or control antibodies
were injected intraperitoneally on the day before B16
tumor challenge, followed by three injections on days
1, 3, and 10 after tumor injection. Mice immunized

Figure 4

Characterization of TRP2-specific CD8* T cells in spleens. Spleno-
cytes were stained with anti-CD8 FITC-conjugated antibody and
Kb/TRP2 tetramers. Naive mice were used as controls for the back-
ground staining. Numbers in the upper right quadrants represent the
percentage of TRP2-specific CD8" T cells in total splenocytes.
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CD4* and CD8* T cells are required for antitumor immunity. (a) B6 mice were immu-
nized with DC/TAT-TRP2. Mice were treated with anti-CD4, anti-CD8, and control anti-
bodies on the day before tumor challenge, followed by three injections on days 1, 3, and
10 after tumor injection. Mice immunized with PBS, DC/PBS, and DC/TAT-[-gal were
used as control groups for tumor injection and specificity. Lung metastases were count-
ed in each group (n = 5). Similar results were obtained in three repeated experiments.
(b) B6, CD4 KO, and CD8 KO mice were immunized with DC/TAT-TRP2, and then chal-
lenged with B16 tumor cells. DC/PBS was used as a control (n = 5 per group). The num-
ber of lung metastases was counted after 14 days of tumor challenge and plotted as
mean numbers of lung metastases. (c) DCs were prepared from class | KO, class Il KO,
and B6 mice, pulsed with the TAT-TRP2 peptide, and used for immunization of B6 mice.
DC/PBS was used as a negative control group. Nonimmunized KO mice failed to pro-
duce protective immunity against tumor challenge. The experimental procedure for
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tumor challenge was the same as shown above.
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B6 mice and expressed both class I and class II mole-
cules. The wild-type B6 mice immunized with DC/PBS
and DC/TAT-TRP2 were used as negative and positive
controls, respectively. As expected, B6 mice immunized
with DC/PBS failed to reject tumor challenge, while
those vaccinated with DC/TAT-TRP2 showed com-
pletely inhibited tumor growth (Figure 5b). By contrast,
CD4 KO and CD8 KO mice receiving the DC/TAT-
TRP2 vaccine could not eliminate B16 tumor, resulting
in an increase in the number of lung metastases in both
groups. These results suggest that both CD4* and CD8*
T cells are required for antitumor immunity.

We also generated DCs from MHC class I KO, class
II KO, and B6 (wild-type) mice and pulsed them with
the TAT-TRP2 peptide. DCs derived from MHC class I
KO mice could present MHC class II/peptide, but not
class I/peptide complexes on the cell surface, while
DCs from class II KO mice could present class I/pep-
tide complexes only. B6 mice were immunized with
class I KO-derived DC/TAT-TRP2, class II KO-derived
DC/TAT-TRP2, or B6-derived DC/TAT-TRP2. Two
weeks later, the immunized mice were challenged with
B16 tumor cells. As shown in Figure Sc, neither MHC
class I nor class I KO DC/TAT-TRP2 could reject B16
tumor. By contrast, immunization with B6 DC/TAT-
TRP2 resulted in tumor rejection. These results fur-
ther suggest that stimulation of either CD4* or CD8*
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subsets of T cells is insufficient to
eliminate B16 tumor.

Discussion

Presentation of self-antigens on the
DC surface may be limited by the
rapid turnover of MHC class I mole-
cules or the binding affinity of pep-
tides to MHC class I molecules (42).
Thus, prolonged presentation of
MHC/peptide complexes appears to
be essential for the induction of effec-
tive antitumor immunity. In this
study, we demonstrated that TAT-
mediated peptide delivery
enhance the efficacy of cancer im-
munotherapy. Although the mecha-
nism of peptide penetration across a
lipid bilayer is not clear, the TAT pep-
tide or its fusion proteins can rapidly
and efficiently enter into cells at 4°C
and are independent of receptor- or
endosome-mediated endocytosis (43).
Interestingly, TAT-mediated delivery
somehow works more efficiently in
the form of peptides or fusion pro-
teins than in a DNA fusion construct,
while VP22 is significantly less effec-
tive when used in the form of purified
fusion proteins compared with VP22
DNA fusion constructs (43, 44).
Because TAT-tumor peptides can be
chemically made in large quantities and the amino
acid sequences of many T cell peptides, including
MHC class I- and class II- restricted peptides, are
known, delivery of these peptides into DCs offers a
new way to enhance antitumor immune responses. A
previous report showed that immunization with
DC/OVA protein conjugated with a nine-amino acid
TAT peptide enhanced CTL responses at a level com-
parable to that achieved with DC/OVA peptide, butin
vivo antitumor activity was not assessed in the study
(45). We report here that DC/TAT-TRP2 immuniza-
tion generates potent antitumor immunity against
poorly immunogenic B16 tumor cells in an animal
model. Although TAT fusion proteins may provide a
superior antigen source because they contain multiple
T cell epitopes, their use is limited by the need to
obtain a large amount of the purified fusion proteins.
Any residual contamination by bacterial proteins may
cause undesirable immune responses. Possibly, the
TAT peptide may affect the maturation of DCs. To
evaluate this possibility, we incubated immature DCs
with TRP2 or TAT-TRP2 for 2 hours and then ana-
lyzed expression levels of MHC class I, MHC class II,
B7.1,B7.2,CD11c, and CD40 by FACS. No significant
difference in expression level for maturation markers
was found after TRP2 and TAT-TRP2 incubations
(data not shown).
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Previous studies showed a discrepancy between T cell
activity detected in vitro and antitumor activity in vivo
in animal models (9, 31, 33, 37) as well as in cancer
patients (7, 12, 46). We attempted to enhance our abili-
ty to analyze T cell responses by class I/peptide tetramer
staining and in vitro stimulation of T cells with murine
serum-containing (instead of FCS-containing) medi-
um. We found that although 2.5-3.5% of TRP2-specific
CD8" T cells were detected in DC/TRP2 and DC/TAT-
TRP2 vaccination groups, CD8* T cells in the DC/TRP2
group failed to produce a large amount of IFN-y after
exposure to TRP2 peptide or B16 tumor cells compared
with T cells induced by DC/TAT-TRP2 vaccination, sug-
gesting that these T cells exhibit functional defect or
unresponsiveness (Figures 3 and 4). Preliminary analy-
sis of lymph nodes did not reveal a significant difference
between groups receiving DC/TRP2 and DC/TAT-TRP2
(data not shown). Potent T cell activity elicited by
DC/TAT-TRP2 appears responsible for antitumor activ-
ity in vivo. Similarly, although antigen-specific T cells
increased as determined by tetramer staining in cancer
patients after peptide vaccination, these tyrosinase-spe-
cific T cells show little or no cytolytic activity against
peptide-pulsed target cells or tumor cells and fail to pro-
duce cytokines (47).

The functional defects of T cells in the DC/TRP2
group may result from a lack of CD4* T cell response.
Interestingly, a weak CD4* T cell activity was detected
in the mice vaccinated with DC/TAT-TRP2 (Figure 3),
suggesting that CD4* T cells specific for 293I-A°/TAT-
TRP2 might play a role in preventing the unrespon-
siveness of TRP2-specific CD8* T cells. Data from
CD4 KO and CD8 KO mice as well as mice with anti-
body depletion of subsets of T cells further support
the notion that CD4* T cells are critical for potent
antitumor immunity (Figure 5). More importantly,
stimulation of either CD4* or CD8* T cells alone by
class I KO-derived or class II KO-derived DCs failed
to reject B16 tumor (Figure Sc). Previous studies also
showed that CD4* T cells are required for an antitu-
mor effect in vivo elicited by both TRP1 and TRP2
DNA or by protein vaccination (25, 32, 33). Under-
standing of the mechanism by which CD4* T cells
play a role in antitumor immunity is critical for devel-
oping more effective vaccines against cancer and
requires further investigation (48). Finally, it was
reported that carryover T helper epitopes from FBS
may enhance T cell response (49). In addition, both
tumor-specific and -nonspecific (unrelated) T helper
peptides could provide critical help for eliciting CTL
immunity (50). We are currently investigating
whether T cell responses could be further augmented
by incorporating tumor-related MHC class II peptide
from tumor antigens such as NY-ESO-1 and class
I-restricted TRP2 peptide into vaccine regimens.
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