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Abstract

Several epitopes in the human melanoma antigens recognized by HLA
A2-restricted CTLs havea relatively low MHC-binding affinity and as a
result may beexpressedat very low densitieson thecell surface,indicating
that these epitopes may not be efficient immunogens. To express these
epitopesat higherdensitiesonthesurfaceof antigen-presentingcellsand
thereforeImprovetheir Immunogenicity,a DNA constructIn which a
eDNA fragment encoding the melanoma epitope MART-1@ or

gp100@,_@ was inserted between sequences encoding the leader and the
HLA@A*0201 protein. Cells transfected with these epltope-HLA fusion
constnicts were recognized by HLA-A2-restricted melanoma-reactive
cTLs specific for the MART-i or gplOOepitope. In addition, tumor
reactiveCTLScouldbeinducedfrom PBMCSof patientswith metastatic
melanoma by in vitro stimulation with HMY-C1R B-cell lines expressing
the MART-i or gplOO epitope-HLA-A0201 fusion protein. These
epitope-HLA fusion constructs may be useful for the development of
Immunotheraplesfor patients with melanoma.

Introduction

A number of human melanoma antigens recognized by T cells have
recently been identified (1â€”3).Although some of the T-cell epitopes
are derived from mutated genes, the majority appear to represent
nonmutated gene products. All of the epitopes identified to date in the
melanocyte lineage proteins, including MART2-1/melanA, gplOO,
tyrosinase, and tyrosinase-related proteins 1 and 2 (TRP1, and TRP2),
are derived from nonmutated genes (1, 2). Many epitopes in MART-i
and gplOO recognized by HLA-A2-restricted melanoma-reactive T
cells, such as MART-12735 and gp100280288, appear to bind to
HLA-A2 with relatively low affinity, suggesting that these epitopes
only represent a small portion of the peptides presented by HLA-A2
on the cell surface (4â€”7,8, 9). Although melanoma-reactive CTLs
could be induced in vitro from the PBMCs of melanoma patients by
stimulation with the epitope peptide, studies carried out with three
distinct peptides derived from gplOO have revealed that the immune
responses could be elicited in only a minority ofpatients' PBMCs, and
these responses could be induced only after four to six stimulations
(10, 11). These peptides contained nondominant anchor residues such
as alanine and threonine at the primary anchor positions, and substi
tution of these amino acids with dominant amino acids such as
leucine, methionine, or valine increased their binding affinity to
HLA-A2 and their immunogenicity (12).

T-cell epitopes have recently been genetically linked to mouse
MHC class I and H molecules (13, 14). Because these recombinant
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MHC molecules only present a single peptide, the density of the
specific peptide-MHC complex can be increased greatly on the cell
surface. These cells expressing the epitope-MHC fusion proteins were
recognized by T cells specific for the epitopes, indicating that the
recombinant proteins maintained a conformation similar to the native
peptide-MHC complex.

In this study, an attempt was made to increase the immunogenicity
of the MART-l2735 and gp100280288 epitopes by generating recom
binant peptide-HLA-A2 fusion constructs in which the peptide coding
region was inserted following the HLA-A2 leader region. This was
followed by a 10-amino acid linker region, which was inserted di
rectly in front of the coding region of the mature HLA-A2 molecule.
Melanoma-reactive CTLs were generated from PBMCs of melanoma
patients by in vitro stimulation with the HMY-C1R B-cell line trans
fected with these melanoma epitope@HLA@A*020lfusion constructs.
These methods may be useful for the development of immunothera
pies using tumor peptides with a low MHC binding affinity or inef
ficient antigen processing.

Materials and Methods

Generationof TILs andMaintenanceof CellLines. Melanoma-reactive
ilL 620, TIL 1143,TIL 1200and TIL 1235 were generated in IL-2 containing
medium as previously described (15). The HMY-C1R B cell line was provided
kindly by Dr. M. Tykocinski (Case Western Reserve University, Cleveland,
OH)andgrownin RPM! 1640supplementedwith 10%fetalbovineserumand
2 mistglutamine. The melanoma cell line SKmel23 was provided kindly by Dr.
T. Boon (LudwigInstituteof CancerResearch,Brussels,Belgium).Melanoma
cell lines 624 mel and 888 mel were established in our laboratory and
maintained in RPM! 1640 containing 10% fetal bovine serum. The monkey
kidney cell line COS-7 was provided kindly by W. Leonard (NIH).

Plasmid Construction and Transfection. A HLA@A*020l cDNA ob
tamed from Dr. W. Biddison (NIH) was cloned into the pcDNA3 plasmid
(Invitrogen) at EcoRI sites. Unique XhoI and N/tel sites were created between

sequences that encode the signal sequence and the mature HLA-A2 protein by

site-directed mutagenesis (Stratagene; Fig. 1). A synthetic oligonucleotide
encoding the MART-127.35or gp1002an288epitope and a 10-aminoacid linker
were added between these XhoI and NheI sites. pcDNA3 plasmids containing
these melanomaepitope-HLA-A2fusion DNAs were transfectedinto COS-7
cells using lipofectamine (Bethesda Research Laboratories) and into HMY
C1RB cells by electroporation.StableB-cell transfectantsexpressingHLA-A2
were sortedby fluorescence-activatedcell sortingand maintainedin medium
containing 1 mg/mI 0418.

In Vitro CTL Induction from PBMCs of Melanoma Patients. Melano

ma-reactive CTLs were induced using stimulation of PBMCs by the HMY
C1R B-cell transfectantsexpressing the melanomaepitope-HLA-A2fusion
protein. PBMCs (3 X 106) from HLA-A2+ patients were coincubated with
3 X l0@irradiated (40,000 rads) HMY-C1R B cells expressing the epitope
HLA@A*020lfusion proteinin 24-well plates in Iscove's medium(Biofluids)
containing 10% human serum type AB (Sigma). One hundred IU/ml IL-2 was
added the next day, and lymphocytes were restimulated weekly with the
irradiated HMY-C1R transfectants added to the harvested responder cells at a

2: 1 stimulators:responders ratio.

Assessmentof AntigenRecognitionby T Cells. 51Crreleasecytotoxic
assays and IFN-'y release assays were performed to detect antigen recognition
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1-CELL INDUCTION BY EPITOPE-MHC CLASS I FUSION PROTEINS

A.

ATG GGC GTC ATG GCG CCC CGA ACC CTC GTC CTG CTA CTC TCG GGG GCT CTG GCC CTG ACC
H A V M A P R T L V L L L S G A L A L T

Signal Sequence

XhoI NheI
CAG ACT CGA GCG GCC GCT GGG ATC GGC ATC CTG ACA GTG GGG GGT TCT GGA GGC GGT GCT
Q TWA A A G I G I L T V G G S G G G A

MART-12735 Epitope Linker

AGC GGT GGG GGC TCT CAC TCC ATG AGG TAT TTC TTC ACA TCC GTG TCC
@G G G S H S M R Y F F T S V S

HLA-A2

B.

ATG GGC GTC ATG GCG CCC CGA ACC CTC GTC CTG CTA CTC TCG GGG GCT CTG GCC CTG ACC
M A V M A P R T L V L L L S G A L A L T

Signal Sequence

XhoI NheI
CAG ACT CGA GCG TAC CTG GAG CCT GGC CCA GTC ACT GCC GGG GGT TCT GGA GGC GGT GCT
Q TWA Y L E P G P V T A G G S G G G A

gp100280288 Epitope Linker

AGC GGT GGG GGC TCT CAC TCC ATG AGG TAT TTC TTC ACA TCC GTG TCC
SG G G S H S M R Y F F T S V S

HLA-A2

Fig. 1. DNA constructs encoding MART@l27_3@,@HLA@A*O2Oland gplOO250_25,@HLA@A*O2Olfusion proteins. The MART-l27_35 (A) or gpl0028@_285epitope (B) and the 10-amino
acid linker were inserted between the signal sequence and the NH2 terminus of the mature HLA@A*02Ol protein. The unique Xhol and NheI sites were created to allow the insertion
of the DNA fragment-encodingepitope and linker.

by T cells as described previously (4, 15). 5tCr-labeled target cells were
incubated with effector cells for 4 h, the radioactivity released into the
supernatant was measured, and percentage of specific cytolytic activity was

calculated. For the recognition of peptides, T2 cells were preincubated with 1
@LM peptide for 2 h at 37Â°C and used as target cells. The IFN-'y release assays

were carriedout by mixing 1 X 10' respondercells and 5 X l0@stimulator
cells in 200 pAof serum-free lymphocyte AIM-V medium (Life Technologies)
containing 20 IU/ml of IL-2. After incubation for 12 h, 100 pJ of supematant
were collected, and the concentration of IFN-'y was determined by ELISA
(R&D Systems, Minneapolis,MN).

Results

The melanoma epitope-HLA-A2 fusion DNA constructs, MART
l27_35@HLA@A*O2Oi, and gpl0O280_288@HLA@A*0201, were created
by inserting synthetic oligonucleotides encoding the MART-127_35 or

@i0O28O_288 epitope into DNA between the leader and the mature

HLA@A*020i coding regions. The C terminus of the epitope was
linked to the N terminus of the HLA@A*O2Olprotein. On the basis of
a previous report (14), a spacer consisting of 10 amino acids with a
gly-gly-gly-gly-ser motif was also placed into DNA between the
region encoding the epitope and the HLA@A*020l as demonstrated in
Fig.1.

To examine whether the antigenic peptide-MHC fusion proteins
could be expressed on the cell surface and be recognized by T cells
specific for the peptides, these fusion proteins were expressed tran
siently in COS-7 cells or stably in HMY-C1R B cells by transfecting
the epitope@HLA@A*0201fusion DNA. High expression of HLA-A2
molecules on the cell surface of transfectants was detected by flow
cytometry using anti-HLA-A2 antibody (BB7.2, PA2. 1, and MA2. 1;
data not shown). Recognition of these transfectants by HLA-A2-
restricted MART-127_35-reactive CTLs (TIL 620, TTh 1143, and TIL
1235) and HLA-A2-restricted gp100280_288-reactive CTLs (TIL
1143) was tested using an IFN-'y release assay. When these transfec
tants were coincubated with TILs, the COS-7 cells and the HMY-C1R
cells transfected with the MART@127_35@HLA@A*O2O1fusion DNA

stimulated IFN--y secretion by the MART-I -reactive TILs (TIL 620,
T11@1143, and TTh 1235) but not by the gplOO-specific CU, ilL
1200. The COS-7 cells and the HMY-C1R cells transfected with the
gp100280_288@HLA@A*020ifusion DNA was recognized by
gp100280288-reactive CTL (TTh I 143) but not by other TILs that did
not react with gp100280_288 (TIL 620, ilL 1200, and IlL 1235; Table
1). These results demonstrated the epitope-specific recognition of

these fusion proteins by melanoma-reactive T cells.
To evaluate the possibility that the epitopes were cleaved from the
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fusion proteins and presented by the HLA-A2 molecules in a conven
tional way, competitive inhibition studies using the influenza matrix
Ml6876 peptide, which has high binding affinity for HLA-A2, were
performed. HMY-C1R cells expressing the MART-127_35-HLA
A*0201 fusion protein or the HLA-A2 HMY-C1R cells pulsed with
the MART-l peptide was incubated for 6 h with the flu M168_76
peptide, and the recognition of these cells by a MART-i-specific

Table I Recognition of epitope-HL4-A2 fusion proteins kv HL4-A2-restricted
melanoma-reactive T!Lc

a TIL 1235 recognizes MART-l27_35. TIL recognizes MART-l27_35 and

gpl002(,@_217.TIL I 143 recognizes MART-l27_35 and gpl0025028,,. TIL 1200 recognizes

gplOO'M_'62.
b 501 mel is a HLA-A2+, MART-I +, and gplOO+ melanoma cell line. 397 mel is a

HLA-A2â€”, MART-I +, and gplOO+ melanoma cell line.
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Table2 ire!uctionofmelanoma reactive CTLfrom PBMCofmelanonza patients using the HMY CJR B cells expressing epitope-HLA-A2fusionproteinsPatient

1Patient 2 Patient3Patient4C'rLs

stimulatedwithHMY-C1RB Cellsexpressingâ€•TargetsA2A2-M9-27A2-09-28OA2A2-M9-27

A2-G9-28O A2 A2-M9-27A2-G9-28OA2A2-M9-27A2-G9-28OIFN-'y

release assay
SKmel23@'0895222IFN-y

release (pg/ml)
795 52 2 3246360112538837624

mel060200463 14 0 189838901932927888
mel00037 0 38 24 563121112T208600

0 0 1200623T2+M9-27'02477001906
27 0 48080047770T2+G9-209'002100

0 0 000300T2+G9@28Oc08000
7 0 07690173022Cytotoxicity

assay% specific lysis (E:T =20:1)SKmel
23â€”2530240 7 0 754326845624mel0510045

3 â€”1 5840â€”16346888mel321â€”22
3 â€”2 58â€”285T21â€”140â€”1
0 2 20036T2+M9-270450356
3 2 8134910T2+G9-2O932235
0 0 72557T2+G9-28040054
2 4 2 565157

enously loaded influenza matrix M 168 76 peptide to M 168-76@
specific CTL than the HMY-C1R expressing the HLA@A*020i
molecule alone (data not shown). These data suggest that HLA
A2-linked MART-127_35 peptide stayed in the groove of the HLA
molecule and prevented loading of the flu Ml peptide. Free
MART-l27_35 peptide, which has relatively low HLA-A2 binding
affinity, should not compete with high binding flu Ml peptide for
HLA-A2 binding. In addition, supernatant from a 2-day culture of
the HMY-C1R expressing the MART-127_35-HLA-A40201 did not
sensitize T2 cells for the recognition by TIL I235, suggesting that
the MART-i peptide was not released into the supernatant (data
not shown).

Because these melanoma epitope@HLA@A*020i fusion proteins
could be expressed on the cell surface and be recognized by
melanoma-specific CTLs, the ability of these fusion proteins to
induce melanoma specific T cells was then evaluated in an in vitro
CTL-induction system. HMY-C1R B cells that expressed B7.l and
B7.2 costimulatory molecules were used as stimulator cells for
CTL induction. PBMCs from four patients with melanoma under
went four weekly stimulations with the HMY-C1R B cell lines
transfected either with the MART-127_35- or gp100280288-HLA
A*020l fusion DNA and were tested for recognition of melanoma
cell lines and T2 cells pulsed with melanoma peptides using
cytotoxicity and IFN-y release assays. All four CTLs induced from
PBMCs stimulated with the HMY-C 1R cells expressing the
MART@l27_35@HLA@A*020lfusion protein recognized HLA-A2+
melanoma cell lines SKmel23 and 624 mel as well as T2 cells
pulsed with the MART-l27_35 peptide, but did not recognize the
HLA-A2â€” melanoma cell line 888 mel or T2 cells pulsed with the
irrelevant gp100209_217 peptide. CTLs induced from two of four
patients with the HMY-C1R cells expressing the gpi00280.288-
HLA@A*020i fusion protein recognized HLA-A2+ melanoma cell
lines as well as T2 cells pulsed with the gp100280_288 peptide. T
cells recovered from cultures stimulated with the HMY-C1R cells
transfected with HLA-A2 did not recognize melanoma cells or the
T2 cells pulsed with either the MART-i or gpiO0 epitope (Table
2). These results demonstrated that the HMY-C1R B cells express
ing the epitope-HLA-A2 fusion proteins efficiently induced mel
anoma-reactive CTLs in vitro from the PBMCs of melanoma
patients.

1-CELL INDUCTIONBY EPITOPE-MHCCLASS I FUSION PROTEINS
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Fig. 2. Recognition by TIL 1235 of HMY-C lR B cells expressing MART-l27_35-
HLA@A*O2Ol or HLA-A2+ HMY-C1R B cells pulsed with MART-127_35 peptide after
incubation with various concentrations of flu M16576 peptide. The competitive inhibition
of presentation of MART-127_35 by flu Mlas76 peptide on both HMY-C1R B cells
expressing MART@l27@5@HLA@A*020l(U) and HLA-A2+ HMY-C1R B cells pulsed
with MART-l2735 peptide (0) were tested. The HLA-A2+ HMY-C1R B cells were
pulsed with 1 @LMof MART-12735 peptide for 2.5 h and washed three times with PBS.
The cells were then incubated with various concentrations of flu Ml peptide for 6 h. The
inhibition of presentation of MART-127.35 by flu Ml peptide to ilL 1235 was evaluated
by IFN-Yrelease.

CTL, TIL 1235, was tested using the IFN-'y secretion assay. Recog
nition of the HMY-CIR cells expressing the MART-l27_35-HLA
A*0201 fusion protein was not inhibited at the range of0.000lâ€”10 p.M
by the flu Ml68_76 peptide. In contrast, recognition of HLA-A2
HMY-C1R cells pulsed with the MART-l2735 peptide was inhibited
at a concentration of the flu M168_76 peptide as low as 0.001 p.M(Fig.
2). In addition, the HMY-C1R cells expressing the MART-l27_35-
HLA.A*020l fusion protein were less efficient in presenting exog

a A2, HLA-A2; A2-M9-27, MART-l27_3@-HLA-A2 fusion; A2-G9-28O, gpl00280@25@-HLA-A2 fusion.

b SKmel 23 and 624 mel are HLA-A2+, MART-I +, and gplo0+ melanoma cell lines. 888 mel is a HLA-A2â€”, MART-l +. and gpl0O+ melanoma cell line.
C M9-27: MART-l27_35, 09-209: gplOO2@,,_217, G9-28O: gplOO2@_2g,.
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T-CELLINDUCTIONBY EPITOPE-MHCCLASS I FUSION PROTEINS

AcknowledgmentsDiscussion

The discovery of melanoma antigens and their epitopes have
opened new opportunities for the induction of tumor reactive T cells
against melanoma in vitro and in vivo. Because many T-cell epitopes
identified in melanoma patients appeared to be unmutated subdomi
nant or cryptic self-determinants with relatively low MHC-binding
affinity or poor antigen processing (7, 8), methods are needed for the
efficient induction of T cells against such self-peptides. Although
melanoma-reactive T cells could be generated using PBMCs or den
dritic cells pulsed with peptides, the loading of tumor epitopes with
low MHC-binding affinity was inefficient because of the presence of
endogenously processed peptides with high MHC-binding affinity in
the groove of MHC class I molecules on the cell surface.

In this study, we have tested the antigenicity and immunogenicity
of melanoma epitopes with relatively low MHC-binding affinities that
were linked covalently to HLA-A2 molecules. Antigen-presenting
cells that expressed this fusion protein were generated by the trans
fection of an epitope-HLA-A2 fusion DNA. This system allowed not
only high levels of expression of epitope-MHC complexes on the cell
surface but also prevented the dissociation of peptides with low
MHC-binding affinity from the groove of MHC molecules.

The design of this fusion protein was based on the three-dimen
sional structure of MHC class I molecules (16, 17). The amino
terminus of the MHC class I molecule is located under the peptide
binding groove composed of the al and cr2 domains. The C terminus
of the peptide is not necessarily buried in the groove of MHC
molecules, because peptides with additional residues at the carboxyl
terminus could still be recognized by T cells (i8). The distance
between the C terminus of the peptide and the amino terminus of the
ai domain of MHC molecules is about 37 A (16, i7). The 10-amino
acid-length spacer in the fusion protein theoretically covers this dis
tance, and the optimal spacer length appeared to be 10 amino acids in
a mouse MHC class 1-peptide fusion protein (14).

To evaluate the immunogenicity of these fusion proteins, HMY
C1R B cells were used as stimulator cells for in vitro CTh induction.
This line expresses B7.i and B7.2 costimulatory molecules, which
may be important for the activation of naive T cells and does not
express endogenous HLA alleles at high density. By stimulation of
PBMCs from HLA-A2+ patients with the HMY-CiR cell line cx
pressing the epitope@HLA@A*0201 fusion protein, CTLs that recog
nized melanoma cells, as well as T2 cells pulsed with the melanoma
peptides, were induced from patient PBMCs. Thus, these fusion
proteins appeared to be good immunogens for the induction of tumor
reactive T cells specific for nonmutated self-peptides. These tumor
epitope-MHC fusion DNAs may be used directly as DNA vaccines or
may be used for the construction of recombinant viral vaccines. The
fusion proteins may also be useful for producing noncellular T-cell
stimulators by coating epitope-MHC fusion proteins on plastic plates
or beads along with j32-microglobulin and adhesion molecules.

We have recently increased the immunogenicity of melanoma
epitopes by replacing amino acids at the primary anchor positions to
the preferred amino acids that lead to increased MHC binding (i2).
The inclusion of these modified melanoma epitopes, instead of the
natural epitopes, in the epitope-fusion proteins may further enhance
the immunogenicity of the epitope-fusion products.

Thus, cells expressing either the MART-i27_35 or gp100280_288-
HLA@A*020l fusion protein could efficiently induce melanoma-reac
tive T cells in vitro. These fusion proteins may be useful for the
development of immunotherapies for patients with melanoma.

We thank Young Li for DNA sequence analysis and Arnold Mixon for
FACS analysis.
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