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The human Melan-AyMART-1 gene encodes an HLA-A2-restricted
peptide epitope recognized by melanoma-reactive CD81 cytotoxic
T lymphocytes. Here we report that this gene also encodes at least
one HLA-DR4-presented peptide recognized by CD41 T cells. The
Melan-AyMART-151–73 peptide was able to induce the in vitro
expansion of specific CD41 T cells derived from normal DR41

donors or from DR41 patients with melanoma when pulsed onto
autologous dendritic cells. CD41 responder T cells specifically
produced IFN-g in response to, and also lysed, T2.DR4 cells pulsed
with the Melan-AyMART-151–73 peptide and DR41 melanoma tar-
get cells naturally expressing the Melan-AyMART-1 gene product.
Interestingly, CD41 T cell immunoreactivity against the Melan-Ay
MART-151–73 peptide typically coexisted with a high frequency of
anti-Melan-AyMART-127–35 reactive CD81 T cells in freshly isolated
blood harvested from HLA-A21yDR41 patients with melanoma.
Taken together, these data support the use of this Melan-Ay
MART-1 DR4-restricted melanoma epitope in future immunother-
apeutic trials designed to generate, augment, and quantitate
specific CD41 T cell responses against melanoma in vivo.

A lthough numerous class I-restricted tumor-associated
epitopes recognized by melanoma-specific CD81 T cells

have been identified, few class II-restricted melanoma epitopes
recognized by CD41 T cells have been reported thus far. In
particular, CD41 T cells recognizing tumor epitopes derived
from the tyrosinase, gp100, triosephosphate isomerase, CDC27,
LDLR-FUT, and the MAGE-3 gene products have been iden-
tified only recently (1–8).

Despite accumulating evidence that CD41 T cells play critical
roles in the induction and maintenance of anti-tumor responses
(9, 10), the true benefit of CD41 T cells in regulating anti-tumor
immunity in humans remains poorly defined. We focused our
studies on an evaluation of anti-tumor CD41 T cell responses in
long-lived patients who have remained disease-free after therapy
for multiple relapses of metastatic melanoma.

We have identified a DR4-restricted Melan-AyMART-1-
derived peptide (where MART-1 is a melanoma antigen recog-
nized by T lymphocytes-1) by using a peptide-binding algorithm
(11, 12) in conjunction with functional screening assays imple-
menting melanoma-reactive CD41 T cells derived from normal
donors or long-lived patients with melanoma. These CD41 T
cells specifically produced IFN-g in response to, and lysed, DR41

antigen-presenting cells pulsed with the Melan-AyMART-151–73
peptide and the autologous DR41, Melan-AyMART-11 mela-
noma cell line. Overall, six of 10 HLA-DR41 melanoma patients
evaluated displayed significant frequencies of circulating CD41

effector T cells reactive against the Melan-AyMART-151–73
peptide. Collectively, these findings support the use of the
Melan-AyMART-151–73 peptide or analogues derived from this
sequence as a melanoma vaccine component in future immu-
notherapeutic protocols.

Materials and Methods
Cell Lines, Media, and Antibodies. Patient UPCI-MEL 136 has
survived 9 years after distant metastasis of melanoma and is
currently disease-free after therapy for multiple relapses. The
UPCI-MEL 136.1 cell line was derived in 1989 from a metastatic
lymph node. Patient UPCI-MEL 136 has been genotyped HLA-
A02011, -DRB1*04011. Nine additional American Joint Commit-
tee on Cancer stage IIb-III HLA-DR41 melanoma patients, with
no evidence of disease at the time of analysis (MM1–MM7,
VMM18, and VMM 21), also were evaluated in this study. Among
these, four were genotyped HLA-DRB1*0401, three HLA-
DRB1*0404, one HLA-DRB1*0408, and one as HLA-DR41 of an
indeterminate subtype. HLA-DR4 genotyping was performed by
using a commercial DR4 typing panel of PCR primers according to
the manufacturer’s instructions (Dynal, Oslo). Six of the 10 DR41

patients were also HLA-A02011. These patients underwent mul-
tiple therapies, including chemotherapy, radiation, IFN-a2b, and for
patient MM1, immunotherapy with IV injection of dendritic cells
(DC) pulsed with tyrosinase369–377D, MART-127–35, and gp 100280–
288 peptides. The T2.DR4 cell line (kindly provided by Janice Blum,
University of Indiana, Indianapolis) was generated through trans-
fection of HLA-DRB1*0401 cDNA into T2 cells (17). The T2.DR4
cell line is HLA-DM deficient, making its cell surface DRB1*0401
complexes receptive to loading by exogenous peptides. All cell lines
were cultured in RPMI medium 1640 (GIBCOyBRL) supple-
mented with 10% FCS, L-arginine (116 mgyliter), L-asparagine (36
mgyliter), and L-glutamine (216 mgyliter). The HB55 and HB95
hybridomas, secreting the L243 anti-HLA-DR (class II) mAb and
the W6y32 anti-HLA-A,B,C (class I) mAb, respectively, were
purchased from the American Type Culture Collection.

Synthesis of Melan-AyMART-1 HLA-DRB1*0401 Binding Peptides. Pep-
tides were synthesized by using standard fluorenylmethoxycar-
bonyl chemistry by the University of Pittsburgh Peptide Synthe-
sis Facility (shared resource), were .90% pure as indicated by
analytical HPLC and were validated by MS. Lyophilized peptides
were dissolved in PBSy10% DMSO at a concentration of 2
mgyml and stored at 220°C until use. Synthesis of Melan-Ay
MART-1 peptides was based on the sequence of a Melan-Ay
MART-1 gene published by Coulie et al. (13) (GenBank acces-
sion no. U06654).

HLA-DR Binding Assay. The peptide binding determinations were
performed as described (14).

Abbreviations: DC, dendritic cells; ELISPOT, enzyme-linked immunospot; MART-1, mela-
noma antigen recognized by T lymphocytes-1; PBMC, peripheral blood mononuclear cells.
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Induction of CD41 T Cells. Peripheral blood mononuclear cells
(PBMC) were isolated by density centrifugation on Ficoll-Hypaque
gradients (LSM, Organon-Teknika) and used to prepare mature
DC using the procedure of Jonuleit et al. (15) with minor modifi-
cations. PBMC were resuspended at 107yml in AIM-V medium
(Life Technologies, Grand Island, NY) and were incubated for 90
min in 75-cm2 tissue culture flasks (37°C, 5% CO2). Nonadherent
(T cell-enriched) cells were gently washed out with Hanks’ balanced
salt solution and subsequently frozen. The plastic adherent cells
were cultured in 10 ml of AIM-V medium supplemented with 1,000
unitsyml of recombinant human granulocyteymacrophage colony-
stimulating factor (rhGM-CSF) and 1,000 unitsyml of recombinant
human IL-4 (Schering-Plough). Six days later, the culture medium
was replaced with AIM-V supplemented with 1,000 unitsyml of
rhGM-CSF and 1,000 unitsyml of recombinant human IL-4, 1,000
unitsyml of recombinant human IL-6 (Sandoz Pharmaceutical), 10
ngyml of recombinant human tumor necrosis factor a (R & D
Systems), and 10 ngyml of IL-1b (R & D Systems). Mature DC were
harvested on day 8, centrifuged, frozen, or used to stimulate
autologous T cells. The stimulator cells were resuspended in
AIM-V at 106yml supplemented with peptide Melan-Ay
MART-151–73 (10 mgyml) and incubated for 4 h at 37°C. The
peptide-pulsed DC then were irradiated at 50 Gy and washed and
resuspended in culture medium (Iscove’s medium supplemented
with 10% human serum, L-arginine, L-asparagine, L-glutamine).
Autologous CD41 T cells were positively isolated from PBMC with
immunomagnetic beads (Miltenyi Biotech, Bergisch Gladbach,
Germany) and added (106) to the peptide-pulsed DC (2 3 105) in
a final volume of 2 ml of culture medium (24-well tissue culture
plate) along with 1,000 unitsyml of IL-6 and 10 ngyml of IL-12
(Genetics Institute, Cambridge, MA). On day 7 and weekly there-
after, the lymphocytes were restimulated with autologous irradiated
DC pulsed with the Melan-AyMART-151–73 peptide in culture
medium supplemented with 10 unitsyml of IL-2 and 5 ngyml of IL-7
(Genzyme). The stimulated CD41 T cells were analyzed for
specificity in enzyme-linked immunospot (ELISPOT) assays at day
18 and then every 10 days after the most recent stimulation.

Chromium-Release Assay. Cytolytic activity was measured as de-
scribed (16). Melanoma cells were treated for 48 h with 50 unitsyml
of recombinant human IFN-g before chromium-release assay.

ELISPOT for IFN-g. The IFN-g secretion by T cells was assessed by
ELISPOT assays, and spot numbersyspot sizes were automati-
cally determined with the use of computer-assisted video image
analysis as described (17).

Results
Selection and Identification of Putative Melan-AyMART-1-Encoded
Peptides Binding to HLA-DRB1*0401. We initially focused our atten-
tion on the immunodominant Melan-AyMART-1 melanosomal
protein as a potential source of CD41 T cell epitopes by using the
long-lived, disease-free melanoma patient UPCI-MEL 136 as a
responder. The autologous UPCI-MEL 136.1 melanoma cell line
expresses the Melan-AyMART-1 protein, and this patient dis-
played a high frequency of peripheral CD81 T cells reactive against
the HLA-A2-presented Melan-AyMART-127–35 peptide (Fig. 1).
Because this patient was genotyped DRB1*04011, and given the
availability of numerous DRB1*04011 targets against which the
reactivity of CD41 T cells could be readily screened (including
EBV-B cell lines and the T2.DR4), we targeted our analysis to
potential DR4-binding peptides.

The Melan-AyMART-1 protein sequence was obtained from
the GenBank and analyzed for HLA-DR4 binding-peptides by
using a neural network algorithm (11, 12). High-scoring 9-aa
long ‘‘core’’ peptide sequences were typically extended by 3 aa
on either flank by using the corresponding genomic sequences
and synthesized. Alternatively, if multiple high-scoring se-

quences overlapped, a single extended sequence encompassing
the overlaps and 2- to 3-aa terminal extensions was synthesized.
Overall, six peptides of 15–23 aa in length were chosen for
subsequent analyses.

A competitive binding assay (14) was performed to provide an
index of peptide affinity for the HLA-DRB1*0401 and HLA-
DRB1*0404 class II alleles. Under appropriate stoichiometric
conditions, the concentration of an unlabeled test peptide
capable of inhibiting 50% of the binding (IC50) of a reference
peptide to the purified DRB1*0401 (DRw4) and DRB1*0404
(DRw14) represents a reasonable approximation of the affinity
of the peptide-HLA class II interaction (Kd). Among the six
potential DR4-restricted Melan-AyMART-1 epitopes, three
were found to bind purified DRB1*0401 molecules in the 3- to
12-mM range (Melan-AyMART-143–57, Melan-AyMART-151–73,
and Melan-AyMART-1102–116), whereas the remaining three
peptides were categorized as nonbinders (i.e., IC50 . 30 mM)
(Table 1). Of note, although the ability of a given peptide to bind
to the HLA-DRB1*0401 and HLA-DRB1*0404 molecules was
generally similar, some quantitative differences were noted.

The Melan-AyMART-151–73 Peptide Is Recognized by CD41 T Cells from
Patient UPCI-MEL 136. The IFN-g ELISPOT assay was used to
analyze the reactivity of freshly isolated peripheral blood CD41

T cells derived from patient UPCI-MEL 136 against T2.DR4
cells pulsed with each of the six potential DR4-restricted Melan-
AyMART-1 melanoma peptides. Based on the binding data
provided in Table 1, we focused our analysis on the Melan-Ay
MART-143–57, Melan-AyMART-151–73 and Melan-AyMART-
1102–116 peptides in this DRB1*04011 responder. We observed
frequencies as high as 25y105 CD41 T cells reacting against the
Melan-AyMART-151–73 in PBMC obtained in 1998 from this

Fig. 1. Recognition of the Melan-AyMART-127–35 and Melan-AyMART-151–73

peptides by CD81 or CD41 T cells, respectively, derived from peripheral blood
of patient UPCI-MEL 136. CD81 and CD41 T cells were isolated from cryopre-
served PBMC of patient UPCI-MEL 136 collected in 1989 and 1998, seeded at
105 per well, and tested for reactivity against, respectively, T2 cells pulsed with
the Melan-AyMART-127–35 peptide or T2.DR4 cells pulsed with the Melan-Ay
MART-151–73 peptide. After a culture period of 20 h at 37°C, IFN-g spots were
developed and counted by computer-assisted video image analysis. Each bar
represents the mean spot number of triplicates 6 SD with 105 CD81 T cells
(screened against T2 or T2 1 Melan-AyMART-127–35 peptide) or CD41 T cells
(screened against T2.DR4 or T2.DR4 1 Melan-AyMART-151–73 peptide) initially
seeded per well. T2 cells pulsed with HLA-A2-restricted peptides (including
tyrosinase1–9 and tyrosinase369–377D) or T2.DR4 cells pulsed with HLA-DR4-
restricted peptides (including tyrosinase56–70, gp10044–59, gp100167–189, Melan-
AyMART-143–57, or Melan-AyMART-1102–116) also were tested in this assay: no
immunoreactivity against these peptides could be detected (data not shown).
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long-lived patient with melanoma (Fig. 1). Interestingly, no
immunoreactivity against the Melan-AyMART-151–73 was de-
tectable in PBMC obtained in 1989 at the time of therapy.
Furthermore, no CD41 T cell reactivity was observed against any
other known or putative DR4-binding peptides analyzed (in-
cluding tyrosinase56–70, gp10044–57, or Melan-AyMART-143–57
and Melan-AyMART-1102–116) (data not shown). This high-
frequency Melan-AyMART-151–73-specific CD41 T cell re-
sponse was observed in the presence of a high-frequency CD81

T cell response to the same antigen (i.e., the HLA-A2-presented
Melan-AyMART-127–35 peptide).

Induction of Melan-AyMART-151–73-Specific CD41 T Cells Derived from
Normal Donors. In an independent series of in vitro experiments,
we ‘‘primed’’ CD41 T cells from a DRB1*04011 normal donor
against the potential DR4-binding peptides predicted through
the MHC binding algorithm. ‘‘Mature’’ DC were incubated with
each of the six different peptides (1 mgyml), irradiated, and used
to stimulate autologous CD41 T cells (previously isolated from
the peripheral blood, as described in Materials and Methods). The
individual responder cell cultures then were restimulated on a
weekly basis with irradiated autologous mature DC loaded with
the corresponding peptide used in the primary stimulation. After
at least two restimulations, the immunoreactivity of the CD41 T
cell cultures was analyzed in IFN-g ELISPOT assays. CD41 T
cells that were stimulated with the Melan-AyMART-151–73
peptide specifically recognized T2.DR4 cells pulsed with the
immunogenizing peptide (Fig. 2). These CD41 T cells also
displayed reactivity against the HLA-DR4-matched melanoma
cell line UPCI-MEL 136.1, that was inhibited by addition of
anti-HLA-DR mAb (L243) but not anti-HLA-A,B,C mAb (W6y
32) to ELISPOT wells. No IFN-g spots were produced by T cells
cultured with T2.DR4 cells pulsed with irrelevant peptides (i.e.,
gp100167–189) or by UPCI-MEL 136.1 cells or T2.DR4 cells in the
absence of added CD41 T cells (data not shown).

Induction of CD41 T Cells Derived from Melanoma Patient UPCI-MEL
136 Recognizing the Melan-AyMART-151–73 Peptide. Mature DC de-
rived from patient UPCI-MEL 136 were pulsed with 1 mgyml of
Melan-AyMART-151–73 peptide and used to stimulate autolo-
gous CD41 T cells in vitro. After five rounds of weekly stimu-
lation with irradiated autologous mature DC incubated with
Melan-AyMART-151–73 peptide, the immunoreactivity of the
CD41 T cells was analyzed in IFN-g ELISPOT assays. As shown
in Fig. 3, responder CD41 T cells specifically recognized T2.DR4
cells incubated with the Melan-AyMART-151–73 peptide and the
autologous HLA-DR41 melanoma cell line UPCI-MEL 136.1 in
a class II-restricted manner (i.e., reactivity was blocked by the
addition of anti-HLA-DR class II mAb L243 but not anti-HLA-
A,B,C class I mAb W6y32; Fig. 3 and data not shown). No IFN-g

spots were produced by UPCI-MEL 136.1 cells or T2.DR4 cells
in the absence of added CD41 T cells (data not shown).

An analysis of the potential cytolytic specificity of the re-
sponder CD41 T cells were performed by using standard 51Cr-
release assays. These effector CD41 T cells were able to kill the
autologous DR41 melanoma cell line in an HLA class II-
restricted manner (Fig. 4). Although specific lysis of radiolabeled
UPCI-MEL 136.1 cells was not inhibited significantly by addition
of cold, nonpeptide-pulsed T2.DR4 target cells (cold-to-hot
target ratio 5 50y1), addition of cold T2.DR4 target cells
preloaded with the Melan-AyMART-151–73 peptide blocked lysis
of UPCI-MEL 136.1 cells by 44% (Fig. 4).

Subsequently, the ability of these CD41 T cells to lyse T2.DR4
cells, preincubated with various concentrations of the Melan-
AyMART-151–73 peptide, was evaluated to determine the pep-
tide-dose ‘‘threshold’’ for effector T cell recognition. Both
cytotoxic and ELISPOT assays provided similar information

Fig. 2. Recognition of the Melan-AyMART-151–73 peptide and UPCI-MEL
136.1 cell line by CD41T cells of an HLA-DRB1*0401 normal donor. CD41 T cells
from an HLA-DRB1*0401 donor underwent three rounds of in vitro stimula-
tion with autologous DC pulsed with the Melan-AyMART-151–73 peptide as
described in Materials and Methods. Ten thousand of the resulting responder
CD41 T cells were incubated in a 20-h IFN-g ELISPOT assay in the presence of
T2.DR4 cells pulsed with the Melan-AyMART-151–73 peptide or gp100167–189

peptide (1 mgyml), UPCI-MEL 136.1 cells 1y2 anti-HLA-DR antibodies (L243),
or UPCI-MEL 136.1 cells 1y2 anti-HLA-A,B,C antibodies (W6y32). IFN-g spots
were developed and counted by computer-assisted video image analysis. Each
bar represents the mean spot number of triplicates 6 SD with 104 CD41 T cells
initially seeded per well. We show the data of one representative experiment
of six performed. * indicate significant results, i.e., P , 0.05. The mean values
of experimental and background counts were compared by using Student’s
unpaired t test.

Table 1. Binding capacity of Melan-AyMART-1 peptides for HLA-DRB1*0401 and DRB1*0404

Melan-AyMART-1 peptide:
amino acid positions Sequence

Algorithm
score, 0–10

Binding capacity, IC50, nM

DRB1*0401 DRB1*0404

16–37 GHGHSYTTAEEAAGIGILTVIL 3 .30,000 27,000
27–40 AAGIGILTVILGVL 2 .30,000 83
29–50 GIGILTVILGVLLLIGCWYCRR 5 .30,000 13,991
43–57 IGCWYCRRRNGYRAL 3 11,912 17,726
51–73 RNGYRALMDKSLHVGTQCALTRR 3 3,268 4,682
102–116 PAYEKLSAEQSPPPY 5 3,043 .30,000

Peptide sequences are provided using single-letter amino acid designations. Peptide-binding algorithm (11, 12)
scores for the highest-scoring embedded 9-mer sequences (underlined) are indicated for each peptide evaluated.
Binding capacity was estimated in a competitive fashion against the non-natural YARFQSQTTLKQKT reference
peptide as indicated in Materials and Methods and ref. 14.
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(Fig. 5), suggesting that half-maximal stimulation of Melan-Ay
MART-151–73 peptide-reactive CD41 T cells required peptide
‘‘loading’’ concentrations between 30 and 50 nM.

Immunoreactivity of CD41 T Cells Freshly Isolated from the Peripheral
Blood of HLA-DR41 Melanoma Patients Against the Melan-AyMART-
151–73 Peptide. We used the IFN-g ELISPOT assay to analyze
freshly isolated CD41 T cells obtained from the peripheral blood
of a series of DR41 melanoma patients. In six of 10 patients

(including patient UPCI-MEL136), we observed significantly
elevated frequencies of CD41 ‘‘memory’’ T cells reactive against
the Melan-AyMART-151–73 peptide (Fig. 6). Three melanoma
patients (MM1, MM7, and UPCI-MEL 136) showed high reac-
tivity i.e., from 25 to 100 spots per 105 CD41 T above the
background (number of spots obtained with T2.DR4 cell alone
as targets), and the remaining three (MM3, MM5, and MM6)
had weak reactivity, i.e., from 12 to 18 spots per 105 CD41 T cells
above the background. Of these six responders, four are
DRB1*04011, one is DRB1*04081, and one is an indeterminant
DR4 subtype. In control assays, all five HLA-DRB1*04011

normal donors failed to exhibit detectable CD41 T cell reactivity
against the Melan-AyMART-151–73 peptide or against other
DR4-binding peptides, including the control gp10044–57 and
tyrosinase56–70 epitopes.

Coordinate Recognition of Melan-A.MART-1 Peptides by Both CD41

and CD81 T Cells Frequently Is Observed in HLA-DR41yA21 Patients
with Melanoma. Of the 10 HLA-DR41 patients evaluated in the
current study, seven were also HLA-A02011. Of these seven
HLA-DR41yA21 patients, six displayed elevated frequencies of
CD41 T cells to the Melan-AyMART-151–73 peptide (as com-
pared with control normal donors, Fig. 6). Five of these six CD41

T cell responders also displayed significantly elevated frequen-
cies of CD81 T cells reactive against the Melan-AyMART-127–35
peptide (data not shown).

Discussion
Our schema for ‘‘helper T cell epitope’’ identification involved
the identification of putative DR4-binding peptides by using a
neural network algorithm, assessment of deduced synthetic
peptide-binding in solid-state HLA-DR4 binding assays, and
evaluation of the ability of these peptides to elicit melanoma-
specific CD41 T cell responses in vitro. Using this approach, we
have identified a MHC class II-presented melanoma epitope
derived from the melanocyte differentiation antigen Melan-Ay
MART-1 that is recognized by CD41 T cells obtained from
long-term survivor patients with melanoma. This epitope is
immunogenic in vitro and promotes the expansion of CD41 T
cells capable of autologous HLA-DR41 melanoma cells that
constitutively express the Melan-AyMART-1 protein. In six of
10 HLA-DR41 patients with melanoma that were analyzed in
this study, elevated PBMC frequencies of CD41 T cells reactive
against the Melan-AyMART-151–73 peptide could be readily
identified. In the HLA-A21yDR41 patients, these CD41 T cell
responses frequently (in 5y6 cases) coexisted with high frequen-
cies of anti-Melan-AyMART-127–35 CD81 T cells. No significant
anti-Melan-AyMART-1 CD81 T cell responses were observed
in these 10 patients in the absence of detectable anti-Melan-Ay
MART-1 CD41 T cell responses. The single immunogenic
peptide identified in this study (i.e., Melan-AyMART-151–73) is
the second-best DRB1*0401 binder evaluated (Table 1), al-
though this level of binding would be considered intermediate to
weak (14).

CD41 T cells recognizing the Melan-AyMART-151–73 peptide
specifically secreted the T helper 1-type cytokine IFN-g (but not
the T helper 2-type cytokine IL-5, data not shown) in response
to, and mediated the lysis of, peptide-pulsed DR41 nonmela-
noma target cells and HLA-DR41 melanoma cells. Specific
recognition of melanoma targets could be effectively blocked by
anti-HLA-DR mAb or by nonradiolabeled HLA-DR41 target
cells pulsed with the Melan-AyMART-151–73 peptide. Further-
more, HLA-DR41 target cells that lacked expression of the
Melan-AyMART-1 gene product were not recognized. These
results may suggest a potentially direct anti-tumor cytolytic
effector role for the CD41 T cells against autologous Melan-
AyMART-11 melanoma cells that express class II molecules at
their surface. Although the lytic activity of anti-melanoma CD41

Fig. 3. Recognition of the Melan-AyMART-1 51–73 peptide and UPCI-MEL
136.1 cell line by CD41T cells in patient UPCI-MEL 136. CD41 T cells were
isolated from the peripheral blood of patient UPCI-MEL 136 and stimulated in
vitro with autologous DC pulsed with the Melan-AyMART-1 peptide as de-
scribed in Materials and Methods. Ten thousand CD41 T, obtained after five
rounds of in vitro stimulation, were incubated in a 20-h IFN-g ELISPOT assay in
the presence of T2.DR4 cells pulsed with the Melan-AyMART-151–73 peptide (1
mgyml), UPCI-MEL 136.1 cells 1y2 anti-HLA-DR antibodies (L243), or UPCI-MEL
136.1 cells 1y2 anti-HLA-A,B,C antibodies (W6y32, data not shown). Data
from one representative experiment of six performed is depicted. * indicate
significant results, i.e., P , 0.05. The mean values of experimental and back-
ground counts were compared by using Student’s unpaired t test.

Fig. 4. Lysis of the autologous melanoma UPCI-MEL 136.1 cells by anti-
Melan-AyMART-151–73 CD41 T cells derived from patient UPCI-MEL 136. CD41

T cells were derived from the patient UPCI-MEL 136 after three rounds of in
vitro stimulation with autologous DC pulsed with the Melan-AyMART-151–73

peptide, as previously described. The melanoma cells were preincubated for
48 h with IFN-g before the lysis assay to up-regulate HLA-DR4 expression.
T2.DR4 cells or Melan-AyMART-151–73 pulsed T2.DR4 (50,000ywell) were added
as cold-target inhibitors to suppress lysis. Chromium release was measured
after 4 h. We show the data from one representative experiment of three
performed. The effector-to-labeled target ratio was 60:1.
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T cells has been previously reported (18–20), only one melano-
ma-associated epitope has been demonstrated to be capable of
stimulating a lytic CD41 T cell response: the MAGE-3281–295

peptide presented by DR11 (3).
Half-maximal CD41 T effector cell stimulation requires pep-

tide concentrations of 30–50 nM. This finding is in striking
contrast with the results obtained by others, where DR4-
restricted tyrosinase epitopes require peptide concentrations of
at least 10 mM for half-maximal stimulation (8). However, our
results are in the range of values recently reported for CD41 T

cell recognition of the HLA-DR13-restricted MAGE-3114–127

and HLA-DRB1*0101-restricted mutated triosephosphate
isomerase epitopes (2, 5).

Interestingly, the repeatedly in vitro restimulated anti-Melan-
AyMART-151–73 CD41 T cells appear to preferentially recog-
nize the autologous melanoma cells versus peptide-pulsed
T2.DR4 cells. This finding may suggest that the naturally pre-
sented immunogenic peptide presented at the surface of mela-
noma cells may vary from our analyzed synthetic Melan-Ay
MART-151–73 peptide (i.e., in length or posttranslational mod-

Fig. 5. Sensitivity of anti-Melan-AyMART-151–73 peptide-reactive CD41 T cells derived from patient UPCI-MEL 136. Peptide-dose dependence. The CD41 T cells
were derived from patient UPCI-MEL 136 after five rounds of in vitro stimulation with autologous DC pulsed with the Melan-AyMART-151–73 peptide as previously
described. T2.DR4 cells were radiolabeled, pulsed with different concentrations of the Melan-AyMART151–73 peptide, and used as target cells in a 4h 51Cr-release
assay (A). Alternatively, unlabeled T2.DR4 cells were similarly pulsed with the Melan-AyMART151–73 peptide and incubated in the presence of the CD41 T cells
in a 20-h IFN-g ELISPOT assay (B). The data represent the average of triplicate cultures 6 SD. Dotted lines represent the background level, i.e., mean of triplicate
determinations 6 SD of CD41 T cells in the presence of unpulsed T2.DR4 target cells. The data were obtained from one representative experiment of three
performed, with comparable results observed in each assay.

Fig. 6. Basal CD41 T cell recognition of the Melan-AyMART-151–73 peptide in 10 HLA-DR41 patients with melanoma. CD41 T cells were isolated from
cryopreserved PBMC of 10 DR41 melanoma patients (A) or five DR41 normal donors (B), seeded at 105 per well in duplicate, and tested for reactivity against T2.DR4
cells pulsed with the Melan-AyMART-151–73 peptide or unpulsed T2.DR4 cells, respectively. After a culture period of 20 h at 37°C, IFN-g spots were developed and
counted by computer-assisted video image analysis. Each symbol represents the spot number observed in one individual well of the ELISPOT assay with 105 CD41

T cells initially seeded per well. Each circle represents the spot number obtained in the presence of unpulsed T2.DR4 cells (E) or Melan-AyMART-151–73-pulsed
T2.DR4 cells (F), respectively. Of note, the T cell responses directed against unpulsed T2.DR4 cells displayed significant donor variations, consistent with responder
T cell recognition of Epstein–Barr virus-derived epitopes expressed by T2.DR4 cells, as reported (17). The data were obtained from one representative experiment
of two performed, with comparable results observed in both assays.
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ification of the genomic sequence). Although this aspect does
not diminish the potential clinical utility of the immunogenic
Melan-AyMART-1 51–73 epitope, we are intrigued by these
possibilities and will use biochemical techniques to isolate and
sequence the natural DR4-binding peptide(s) from the mela-
noma cells recognized by our Melan-AyMART-151–73-specific
CD41 T cells (21).

The Melan-AyMART-1 molecule therefore is the source of
naturally processed and presented epitopes capable of stimulat-
ing both CD81 and CD41 T cell responses in vivo that might be
important for the development of immunity directed against
tumors or antigen-presenting cells expressing both MHC class I-
and class II-restricted epitopes derived from melanoma-
associated antigens. Of interest, the CD81 and CD41 T cell
responses identified in this study have been confined to a limited
number of long-lived patients who are disease-free more than 2
years after therapeutic intervention. This may suggest an im-
portant role for anti-tumor CD41 T cell responses in the
favorable clinical outcome of these melanoma patients. This
attractive hypothesis will require a comprehensive analysis of a
larger series of patients in prospective studies. This may ulti-
mately allow us to better understand the true benefit of devel-
oping specific anti-melanoma CD41 T cell responses in vivo and
provide a validated surrogate marker for therapeutic immunity.

Our findings add a candidate epitope to be included in future
peptide-vaccine trials. Given the role of the CD41 T cells in
maintaining CD81 T cell responses and the potential direct
anti-tumor effector function of CD41 T cells, it will be important
to broaden clinical strategies to target the in vivo induction of
both tumor-specific CD41 T cells and CD81 T cells. This could
be most readily accomplished by vaccination with protein or
multivalent peptides including class I- and class II-restricted

epitopes (i.e., the Melan-AyMART-127–35 and Melan-Ay
MART-151–73 peptides) in patients with melanoma.

A significant number of patients with melanoma would be
relevant for such peptide vaccination. Melan-AyMART-1 is
expressed by '90% of metastatic melanoma lesions and has
been shown to play a dominant role in HLA-A02011 melanoma
patients in inducing a strong CD81 T cell response (22, 23).
Although nearly 18% of American Caucasians express the
HLA-DR4 allele (24), we have observed an HLA-DR4 allele
frequency of 34% (15y44) in a recent serological assessment of
melanoma patients treated at the University of Pittsburgh
Cancer Institute (J.M.K., unpublished work). Because the
DRB1*0401, DRB1*0404, and DRB1*0408 subtypes evaluated
in this study are expressed by approximately 80% of the DR41

population (24), and these subtypes have similar peptide binding
preferences (refs. 25–28, Table 1), the Melan-AyMART-151–73
peptide likely will prove clinically relevant in 13–24% of Cau-
casian melanoma patients. Recent studies also demonstrate that
HLA-DR4 molecules are part of a larger HLA class II supertype
(14), including several common DR types. Identification of a
broadly cross-presented epitope would clearly expand the po-
tential population coverage (14).
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