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Abstract
MHC class I antigen expression is necessary for CD8+ T-cell-mediated recognition of tumors.
Recently, several mechanisms leading to loss or decreased expression of MHC antigens on the tumor
cell surface have been described that may account for tumor escape from immune recognition. It is
yet unknown whether tumor recognition by CTL occurs at a threshold amount of MHC molecules
or correlates with the level of HLA-allele expression. In this study, a model was developed in which
clones derived from the 624-MEL melanoma cell line and expressing varying amounts of HLA-A2
molecules were lysed in a standard 51Cr release assay by an HLA-A2-restricted CTL clone (A42) or
a bulk culture of tumor-infiltrating lymphocytes. The A42 clone and the tumor-infiltrating
lymphocyte culture were characterized previously as specifically recognizing the melanoma antigen
MART-127–35 peptide. A marked heterogeneity in the susceptibility to lysis by A42 was observed
in tumor clones and was not due to heterogeneous expression of MART-1 by the clones or loss of
accessory molecules involved in the lymphocyte-target interaction. Lysis by A42 and by the tumor-
infiltrating lymphocyte culture significantly correlated with the level of HLA-A2 expression,
evaluated as mean channel number of fluorescence by flow cytometry (P < 0.001). Transfection of
an HLA-A2-negative clone (624.28) with the HLA-A2.1 gene produced a panel of clones expressing
different levels of HLA-A2, the lysis of which was highly correlated with the expression of HLA-
A2 (P < 0.001). The addition of exogenous MART-127–35 peptide enhanced lysis of clones expressing
intermediate amounts of HLA-A2 but did not affect clones with high expression. These data suggest
that the number of HLA molecules present on the surface of tumor cells can quantitatively affect
their lysis by CTL in situations with borderline amounts of peptide and/or MHC.

INTRODUCTION
The expression of MHC antigens is necessary for tumor recognition by CTLs (1-3). Although
the level of surface expression of MHC antigens on tumor cells has been studied extensively
(4-16), most studies have limited the analysis to the monomorphic component of HLA (5),
leading to an underestimation of the frequency of locus and allele-specific aberrations of
expression. Only recently, thanks to the development of locus- and allele-specific mAbs, we
and others could describe several mechanisms leading to loss of expression of HLA class I
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antigens or to their down-regulation (13-19). Indeed, in addition to the loss of expression of
all MHC class I antigens due to faulty expression of β2-microglobulin (13-16), allele-specific
loss has been detected in vivo (20). In vitro studies have shown that losses of variable portions
of genomic DNA in the short arm of chromosome 6 frequently cause allele (17)- or haplotype
(18)-specific loss of expression in tumor cell lines. Furthermore, expression of MHC antigens,
when detectable, was noted to be variable due to locus- or allele-specific down-regulation
(18,19). Despite the extensive analysis of potential mechanisms for MHC loss in tumor cells,
the majority of the studies have evaluated MHC expression on tumor cells as an all-or-none
phenomenon, paying little attention to the amount of expression of specific HLA alleles. In
this study, we questioned whether to understand the complex interactions between MHC class-
I-restricted tumor specific CTL and their targets, researchers may have to pay attention to
quantitative differences in HLA antigen expression.

It has been shown that a small fraction of the total number of MHC class I-peptide complexes
expressed on the cell surface is necessary to sensitize a target cell for lysis by CTLs (21). In
the antiviral immune response, this may be relatively easy to achieve, since viral proteins are
overexpressed during viral replication. However, peptides derived from self proteins are likely
to be less vigorously expressed while they have to compete with more than 1000 other peptides
for a specific MHC allele (22). Therefore, not all possible endogenous epitopes can be presented
with a density sufficient for recognition by CTL (23), and tolerance may be allowed in spite
of the presence, in the same organism, of a CTL population specific for that epitope/MHC
complex (24). Recently described epitopes recognized by autologous anti-melanoma CTL are
products of self proteins expressed in melanoma cells and, frequently, in epithelial melanocytes
(25-30). These peptides may be expressed in variable quantities and have a different affinity
for different HLA alleles (28). Although approximately 90% of melanoma cell lines have
detectable amounts of a specific HLA allele (18), the level of allele-specific expression, as
detected by fluorescent cell sorter (FACS3) analysis, may vary greatly (18,19). Because of the
highly competitive characteristics of MHC-peptide binding (24,31), variations in MHC
molecule expression may significantly affect recognition of self antigenic peptides by MHC-
restricted CTLs. This may be particularly important for poorly immunogenic human tumors
in which a combination of a low level of peptide production, variable affinity of the peptide
for MHC allele, and reduced expression of the allele may switch the capability of a specific
CTL to recognize tumor cells on and off.

In this study, we present a model that allowed us to analyze the susceptibility of cells expressing
various amounts of HLA-A2 molecules to lysis by CTL. A CD8+ T-cell clone and a CTL line,
both recognizing the MART-1 melanoma antigen in the context of HLA-A2, were used as the
effector cells (32). In this model, recognition of melanoma targets was not based on a threshold
expression of HLA antigens but instead on variations in the level of expression of HLA on the
cell surface, in a range commonly seen among different melanoma cell lines, and was highly
correlated with lysis by CTL in a continuous fashion. This in vitro model suggests that future
studies of MHC antigen expression on tumor cells in vitro or in vivo should take into account
not simply whether a specific MHC allele is expressed but also the amount of its expression.
Partial reduction of the level of allele expression may also represent an additional mechanism
for immune escape of tumor cells.

3The abbreviations used are: FACS, fluorescence-activated cell sorter; CM, complete medium; E:T, effector-to-target ratio; rIFN-γ,
recombinant IFN-γ, MCN, mean channel number; TIL, tumor-infiltrating lymphocytes; MARF, fluorescein-conjugated mouse anti-rat
IgG; ICAM-1, intracellular adhesion molecule-1.
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MATERIALS AND METHODS
HLA Typing of Patients' Lymphocytes and Tumor Lines

The original HLA phenotypes of patients were established on peripheral blood lymphocytes
using the Amos modified microcytotoxicity test (33). Expression of HLA molecules on the
surface of relevant clones of 624 MEL was tested as described previously (34) by using
monoclonal trays for the microcytotoxicity test (One Lambda, Canoga Park, CA) after culturing
cell lines in the presence or absence of rIFN-γ (specific activity, 1 × 107 viral inhibition units/
mg; Sigma Chemical Co., St. Louis, MO) at the dose of 500 units/ml for 48 h. This dosage
schedule allowed maximal up-regulation of HLA in all cell lines tested in previous studies
(18) and is routinely recommended for typing of cell lines at our institution.

TIL Culture and TIL Clone
The bulk culture 1088 TIL recognizes MART-1-expressing targets in a HLA-A2 restricted
fashion (27). The CD8+ T-cell clone A42 was established from a 31-day bulk TIL culture from
patient 501 by limiting dilution in the presence of 120 Cetus units/ml interleukin 2 (Cetus-
Oncology Division, Chiron Corp., Emeryville, CA), irradiated (10,000 rads) autologous EBV-
B cells (104 cells/well), irradiated (30,000 rads) autologous tumor cells (103 cells/well) and
pooled allogeneic PBL from three donors (total 3 × 104 cells/well; Ref. 26). This clone
recognizes the immunodominant nonamer peptide MART-127–35 (AAGIGILTV)of the
MART-1 human melanoma antigen as well as two decamer peptides (MART-126–35 and
MART-127–36), which contain the MART-127–35 sequence plus an additional amino acid,
either at the NH2 (glutamic acid) or at the COOH terminus (isoleucine), as described previously
(27). The A42 clone was maintained in culture by weekly restimulation with autologous tumor
cells and interleukin 2.

624-MEL and Clones
The 624-MEL melanoma cell line was derived from a metastatic lesion. The tumor lines were
maintained in monolayer culture in CM consisting of RPMI 1640 (Biofluids, Rockville, MD)
supplemented with 0.03% glutamine, 100 units/ml penicillin (both from NIH media unit), 0.5
μg/ml amphotericin B (Flow Laboratories, McLean, VA), and 10% heat-inactivated FCS
(Biofluids) as described previously (18). When relevant, to induce expression of HLA class I
antigens, cells were also incubated for 48 h in CM containing recombinant rIFN-γ at the dose
of 500 units/ml. Clones from 624-MEL were obtained at passage 35 by limiting dilution in
microtiter plates. Clones used for bioassay were grown from 0.3 cells/well dilutions.

Flow Cytometric Analysis
Surface Expression of HLA or Other Markers—To examine MHC antigen expression,
all cultured cells were harvested as described previously using a technique that has no effect
on the detection of HLA class I molecules by FACS analysis (18,19). When cultures were
approximately 70% confluent, cells were incubated for 5 min with 0.05% trypsin and 0.02%
EDTA (Biofluids, Rockville, MD) at 37°C; washed twice in ice-cold HBSS free of Ca2+,
Mg+ +, and phenol red, with 5% heat inactivated FCS (Biofluids), and with 0.2% sodium azide
(FACS buffer); and incubated for 45 min at 4°C with 20 μl of the appropriate mAb. Staining
was performed with 20 μl (50 μg/ml) of the appropriate FITC-conjugated secondary antibody
for 45 min at 4°C. Fluorescence was analyzed by a FACScan (Becton Dickinson, San Jose,
CA) by the same operator (A. M.) throughout the duration of the study to allow maximal
standardization of the results. Nonviable cells were gated out with propidium iodide. FACS
data are presented as MCN of fluorescence or percent positivity, as appropriate. FACS
positivity was defined as the percentage of cells with a MCN above the 97th percentile of the
staining of the negative control sample (FITC-secondary antibody alone). Ten thousand events
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were acquired for each individual analysis. FACS analyses were performed, when relevant,
within 0–5 days from the evaluation of lysability by the A42 clone. Comparisons of MCN
among different clones discussed in this study refer to data obtained within the same
experiment. Comparisons were never made among different experiments.

Intracellular Expression of the MART-1 Gene Product—Expression was analyzed
with a routine protocol for staining of intracellular epitopes. Cells were harvested and counted;
washed twice in ice-cold HBSS free of Ca2+, Mg+ +, and phenol red; and fixed with 1%
paraformaldehyde (Sigma) in HBSS for 20 min at room temperature. Then cells were washed
three times at room temperature in HBSS containing 0.1% saponin (Sigma). The first antibody
was then added in 0.1% saponin/FACS buffer, and cells were incubated at room temperature
for 1 h. After washing twice with FACS buffer, the relevant second antibody was added, and
a second incubation was performed at room temperature for at least 1 h. Cells were then washed
twice and run through the FACS scanner.

Antibodies
The following primary mAbs were used: W6/32 (Sera Labs, Westbury, NY) (mouse IgG2a)
reacting with a monomorphic determinant on the HLA class I molecules (Ref. 35; 20 μg/ml);
IVA12 (100 μg/ml; IgG1; ATCC HB 145) reacting against HLA class II antigens (36); MA2.1
(IgG1) recognizing HLA-A2; and B17 was used at a concentration of 20 μg/ml (37). MB40.2
(anti HLA-B7; B40; 20 μg/ml) mouse IgG mAb was purchased from Incstar Corp. (Stillwater,
MN). 277-HA1 (anti-HLA-B14) mouse IgM mAb was purchased from One Lambda and used
undiluted. The following mAbs were purified from hybridoma supernatants (Lofstrand Co.,
Gaithersburg, MD): GAP A3 mAb (mouse IgG2ak) specific for HLA-A3 (38); and mAb SFR8-
B6 (rat IgG2b) directed against the HLA-Bw6 super-specificity (39). These mAbs were used
at a concentration of 10 μg/ml. Anti-human β2-microglobulin mouse IgG1 mAb was purchased
from Boehringer Mannheim Co. (Indianapolis, IN) and used at a concentration of 10 μg/ml.
Anti-human ICAM-1 mouse IgG2a mAb was obtained from Endogen, Inc. (Boston, MA) and
used at a concentration of 20 μg/ml. Anti-human costimulatory molecule B7/BB-1(CD28)
mouse IgG1 mAb was purchased from Becton Dickinson and used undiluted. Secondary
antibodies for FACS included: FITC-conjugated goat anti-mouse IgG1, IgG2a, IgG2b, and
IgG3 (Becton Dickinson, San Jose, CA) at a concentration of 50 μg/ml; FITC-conjugated goat
anti-mouse IgM (μ chain specific; Jackson Immune Research, Inc. West Grove, PA) at a
dilution of 1:20; and FITC-conjugated mouse anti-rat IgG2b,3b, F(ab′)2 fragment-specific
(MARF; Jackson Immune Research) at a dilution of 1:30. For analysis of expression of
MART-1 antigen, a polyvalent serum obtained from a rabbit immunized with MART-1 protein
was used. The anti-MART-1 and the preimmunization serum from the same rabbit were
Na2SO4 fractionated and used at a final dilution of 1:160. The specificity of this serum was
tested by extensive analysis of cell lines or strains of nonmelanocytic origin including breast,
colon, prostate, and cervical carcinoma cell line and a melanoma cell line (A 375) not
expressing MART-1 by Northern blot and reverse transcription-PCR (29). None of these lines
stained with this serum in the experimental conditions described. As a secondary antibody,
FITC-conjugated goat anti-rabbit IgG (Jackson Immune Research) was used at a dilution of
1:10. As a further positive control for the intracellular staining technique HMB45 (anti-
GP-100), mouse mAb was used (Enzo Diagnostics, New York, NY) at a dilution of 1:10 in
otherwise identical conditions. This antibody is specific for cells of melanocytic lineage, and
most melanoma cell lines express detectable amounts of the correspondent antigenic
determinant. As a negative control for HMB45, an isotype-matched murine IgG was used, and
FITC-conjugated goat anti-mouse IgG (50 μg/ml) was used as a secondary antibody. Both anti-
MART-1 serum and HMB45 mAb did not stain viable cells, suggesting that they do not
recognize epitopes included among the relevant peptides present on the cell surface.
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5lCr Release Assay
Cytotoxicity was measured by 51Cr release assay as described previously (40). Effector cells
were prepared by harvesting CTL cultures and lymphokine-activated killer cells, resuspending
them in CM, and plating at different E:T ratios in 96-well, U-bottomed plates (Costar). One
hundred mCi of 51Cr were added per ml of target cell suspension; the mixture was incubated
for 2 h at 37°C and then washed three times in HBSS, suspended in CM, and 5 × 103 cells were
added to each well. Targets and effectors were centrifuged at 500 rpm for 5 min, then incubated
for 4 h at 37°C. The supernatant samples were harvested by using the Skatron apparatus
(Skatron, Sterling, VA) and were counted in a gamma counter. The percentage of lysis was
calculated as follows:

% lysis = Experimental cpm − spontaneous cpm
Maximal cpm − spontaneous cpm × 100

In some experiments, an attempt was made to enhance the lysis of tumor targets by pulsing the
cell lines with 1 μg/ml of MART-127–35 peptide for 2 h at 37°C.

Stable Transfection of the HLA-A2.1 Gene into the 624.28 MEL Clone
To test whether restoration of surface expression of HLA-A2 was sufficient to restore
recognition of the 624.28 HLA-A2-negative clone by A42, the pcDNA3-HLA-A2.1 plasmid
(Invitrogen, San Diego, CA) was transfected by the modified calcium phosphate method
(Stratagene, La Jolla, CA) as described previously (41). Briefly, 2 × 105 exponentially growing
melanoma cells were cultured in a 60-mm dish for 16 h in DMEM + 10% FCS. Twenty μg of
pcDNA-HLA-A2.1 were added and incubated for 20 min at room temperature in CaCl2, N,N-
bis-(2-hydroxyethyl)-2-aminoethane-sulfonic acid, and buffered saline solution. This DNA
precipitate mixture was added to melanoma cell cultures and incubated for 6 to 16 h at 37°C
in a 3 to 5% CO2, incubator. After incubation, cells were washed, medium was replaced, and
G418 (Geneticin; GIBCO-BRL, Grand Island, NY) at a final concentration of 500 μg/ml was
added for selection of transfectants. Transfection efficiency was 10−5 to 2 × 10−4. Individual
tumor cells were isolated and grown as clones using the limiting dilution technique. Individual
clones were then screened for HLA-A2 allele expression by FACS analysis using MA2.1 mAb.
Each transduced line had very homogeneous expression of HLA-A2 antigens, suggesting that
clonal populations were indeed obtained.

Northern Blot Analysis of Expression of the MART-1 Melanoma Antigen
Different clones of 624-MEL were tested by Northern blot analysis for expression of the
MART-1 antigen. Total RNA was isolated with the guanidine isothiocyanate-cesium chloride
centrifugation method. Ten to 20 μg of RNA per lane were subjected to electrophoresis through
a 1% agarose-formaldehyde gel and transferred into a nylon membrane (Duralon-UV
membranes; Stratagene). The SalI-digested fragment containing the full-length cDNA from
the MART-1 and the β-actin cDNA (Clontech) were labeled by random priming and used as
a probe. Hybridizations were performed at 68°C in Quikhyb rapid hybridization solution
(Stratagene), and filters were then washed two times for 30 min with 2X SSC-0.1% SDS at
60°C for 15 min and once with 0.1X SSC at 60°C for 30 min (1× SSC = 150 μM NaCl + 15
μM Na citrate, pH 7.0). The filters were then autoradiographed in a standard fashion.

PCR
Extraction of genomic DNA was performed by the salting out method, and after ethanol
precipitation, the DNA pellet was reconstituted in distilled H2O at a final concentration of 40
μg/ml. PCR amplification of HLA-A alleles was done using a modification of the technique
reported by Browning et al. (17). PCR primers were selected according to heterologous
sequences within the second exon of the class I gene or within the following intron. Specifically
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for the PCR conditions used in this study, the selected HLA-A2 upstream coding primer was
5′-GTG GAT AGA GCA GGA GGG T-3′, and the downstream noncoding primer was 5′-CCA
AGA GCG CAG GTC CTC T-3′, yielding an expected fragment of 487 bp. Other primers for
typing of HLA-A were kindly provided by Dr. Michael Browning (University of Oxford,
Oxford, United Kingdom). Internal control primers specific for the adenomatous polyposis
gene were upstream for the coding region 5′-ATG ATG TTG ACC TTT CCA GGG-3′ and
downstream for the noncoding region 5′-ATT GTG TAA CTT TTC ATC AGT TGC-3′ (256-
bp fragment; Ref. 42). These primers were synthesized by Lofstrand. PCR reactions contained
1X PCR II buffer (Perkin-Elmer), 0.15 mM magnesium chloride, 200 μM of each
deoxynucleotide triphopshate, 0.2 μM of each primer, 200 ng of genomic DNA, and 1.0 unit of
Taq DNA polymerase (Amplitaq; Perkin-Elmer). The amplifications were done in a Perkin-
Elmer model 9600 thermal cycler. DNA denaturation was performed by heating the solution
at 95°C for 3 min (1 cycle); then DNA amplification was performed in 30 cycles using constant
denaturation conditions (95°C for 30 s), varying annealing temperatures (cycles 1–10, 65°C
for 50 s; cycles 11–20, 63°C for 50 s; and cycles 21–30, 60°C for 50 s) and constant extension
conditions (72°C for 50 s). The amplified DNA was loaded on a 2% agarose gel and then run
for 90 min at 150 V. Gels were visualized under UV illumination and documented by
photography. PCR for HLA class II was performed using a routine procedure as described
previously (18).

Statistical Analysis
Correlation analysis comparing different variables against lysis of target cells in a 51Cr release
assay was performed using a simple regression model. MCN data were always compared within
the same experiment. Lysis of targets by 5lCr release assay in different conditions was
compared by two-tailed Student's t test.

RESULTS
HLA Phenotype of Clone A42 and 624-MEL

The HLA phenotype was tested on patient peripheral blood lymphocytes. Clone A42 was
generated from patient 501, whose HLA phenotype corresponded to HLA-A2, 24, -B18, 35, -
Cw4, 7, -DR5, -DQ3, -DRw52. TIL 1088 were generated from a patient whose HLA phenotype
corresponded to HLA-A1, 2, -B8, 44, -Cw5. Patient 624 phenotype corresponded to HLA-A2,
3, -B7, 14, -Cw7, -DR7, -DQ2, -DRw53. The patients were, therefore, totally mismatched
except for HLA-A2 and HLA-Cw7. However, the tumor line 624-MEL does not
constitutionally express any of the HLA-B, HLA-C, or class II alleles as determined by FACS
or complement mediated cytotoxicity as described previously (18,19). In the absence of
stimulation with rIFN-γ, the only restriction elements in common between the effector cells
(A42 and 1088 TIL) and the 624-MEL target cell was HLA-A2.

Heterogeneous HLA-A2 Expression in 624-MEL Clones
The original bulk melanoma line 624-MEL was noted by FACS analysis with MA2.1 mAb to
contain a mixed population of tumor cell clones with a broad range of expression of HLA-A2
molecules (Fig. 1, first row). Consequently, to obtain tumor cell clones with a different
expression of HLA-A2, 624-MEL was cloned in limiting dilution conditions. The clones
obtained in this fashion were then screened for HLA-A expression by FACS analysis using
MA2.1 mAb. Expression of HLA-A2 and HLA-A3 molecules on the cell surface of these
clones is presented in Table 1. Although the expression of HLA-A3 was comparable (MCN
range, 65 to 130), a wide distribution in the expression of HLA-A2 was noted among the
different clones (MCN range, 10–247). In spite of this wide range of expression of HLA-A2
antigens, all clones, with the exception of 624.28, were more than 90% positive for HLA-A2.
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To further analyze the pattern of reduction or loss of allele expression of the clones, more
detailed phenotypic analysis of HLA-A alleles under standard culture conditions, and HLA-B
alleles after stimulation with rIFN-γ, was performed on selected clones. Examples of the
phenotypic analyses of three representative 624-MEL clones are shown in Fig. 1. Expression
of HLA-A3 was not significantly different in the melanoma clones tested; clone 624.28 totally
lost expression of HLA-A2 (Fig. 1, second row), clone 624.23 showed intermediate expression
(Fig. 1, third row), and clone 624.38 had the highest amount of surface expression (Fig. 1,
fourth row). Expression of HLA-A2 was not enhanced by stimulation with rIFN-γ in any of
the clones tested (data not shown). HLA-B7 and HLA-B14 were not detectable under standard
culture conditions, as often seen in melanoma cell lines (18), but their expression was elicited
with rIFN-γ that generated a similar pattern in all 624-MEL clones. HLA class II molecules
were not detectable by FACS under routine culture conditions in any of the clones tested but
were similarly elicited in all clones with rIFN-γ. Loss of HLA-A2 expression in clone 624–28
by FACS was consistent with complement-mediated cytotoxicity using both the Amos
modified method (three multiparous sera per allele) and monoclonal trays (two mAbs for each
allele). Therefore, loss of HLA-A2 surface expression was confirmed using a total of six
independent reagents against HLA-A2 (data not shown). No difference in expression of HLA-
A3 or other HLA class I or II was noted between 624.28 and the original 624 MEL by FACS
(Fig. 1) and complement-mediated cytotoxicity (data not shown).

PCR reaction amplified the HLA-A2-specific, 487-bp fragment in both 624.28 and 624.38
melanoma clones, while no amplification was noted of HLA-A2 and HLA-A3, respectively,
from DU-145 (HLA-A3, 33) and LN-CAP (HLA-A1, 2) prostatic cancer lines (Fig. 2).
Similarly, analysis of the HLA class II genomic DNA for the two clones showed an identical
pattern with both lines being DRβ1 0401, 0701, DQβ1 0201, 0301, and DRβ4 0101. Thus, the
lack of surface expression of HLA-A2 observed in 624.28 was not due to loss of a large genomic
unit of DNA encompassing a full haplotype as described previously for other lines (18). These
data, however, do not exclude deletion of other exons and/or introns within the HLA-A2 gene
that might be responsible for loss of expression of the HLA-A2 allele on the surface of 624.28.

Role of the Level of HLA-A2 Expression in Determining the Susceptibility of 624-MEL Clones
to A42 CTL

624-MEL clones were then tested for lysis by A42 CTL. This is an HLA-A2-restricted,
melanoma-specific CTL clone shown previously to recognize the melanoma/melanocyte-
specific antigen MART-1 (26) and more precisely the HLA-A0201 binding peptide
MART-127–35 (27). Lysis of different representative clones of 624-MEL by A42 CTL at 20:1
E:T ratio is presented in Table 1. Similar results were obtained with E:T ratios of 5:1 (Fig. 3).
A marked heterogeneity in the susceptibility to lysis by A42 was observed. Lysis ranged from
0 to 89% lysis, in a 4-h 51Cr release assay, at an E:T ratio of 20:1. Clone 624.28 (HLA-A2
negative) was not recognized by A42 CTL but still was lysed by MHC-unrestricted LAK cells
(Table 1). A total of 60 clones of 624-MEL were tested; lysis of these clones was quite
heterogeneous, but no other CTL-resistant (0% lysis) clone could be identified (data not
shown).

The different sensitivity to lysis by A42 could have been due to several mechanisms including:
(a) differential expression of the MART-1 antigen; (b) heterogeneous expression of HLA
molecules; (c) loss of other accessory molecules involved in lymphocyte-target interaction
(43,44); or (d) a combination of the above. Thus, the expression of adhesion molecules, and
the expression of different components of the HLA class I molecule, including the
monomorphic region recognized by the mAb W6/32 and β2-microglobulin, were analyzed by
flow cytometry in 624-MEL clones. Expression was evaluated in a semiquantitative fashion
by analyzing the MCN of fluorescence at the time when the lysis assay was performed. As
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shown in Table 1, no correlation between lysis by A42 CTL and the level of the expression on
624-MEL clones of HLA class I, β2-microglobulin, or ICAM-1 was identified (Ps shown in
Table 1) The expression of B7 costimulatory molecule was not analyzed at the clonal level
since the bulk 624-MEL line was totally negative for this antigen by FACS analysis (data not
shown). However, a correlation was noted between the level of surface expression of HLA-
A2 antigens as detected by MA2.1 mAb (37) and lysis by A42. In addition to clone 624.28,
whose total loss of HLA-A2 expression could account for its resistance to lysis, clones with
intermediate susceptibility to lysis (19–41% at 20:1 E:T ratio) expressed an intermediate
amount of HLA-A2 (MCN range, between 35 and 96), and clones highly susceptible (52–89%)
expressed a high level of HLA-A2 (119–247 MCN). The correlation between HLA-A2
expression and lysis of the clones by A42, analyzed with a simple linear regression model, was
highly significant, as shown in Fig. 3 (r = 0.97, P < 0.001 for 20:1 E:T; r = 0.95, P < 0.001 for
5:1 E:T). These data suggested that the level of surface expression of an HLA class I allele
may play a critical role in influencing the susceptibility of target cells to the lysis by HLA class
I-restricted CTL.

To rule out the possibility that heterogeneous amounts of expression of the antigen recognized
by the effectors used in this study (MART-1) could be coincidentally associated with
expression of HLA-A2 and possibly be responsible for the heterogeneous sensitivity to lysis
of the different 624-MEL clones, the expression of MART-1 mRNA was evaluated by Northern
blot in some representative clones (Fig. 4). Neither obvious semiquantitative difference in the
level of MART-1 expression among clones nor correlation with lysability by A42 was
observed. Ratios of Beta-plate counts (MART-1 versus β-actin) were in a close range between
4.5 and 5.9. In an effort to analyze the intracellular expression of the MART-1 protein, a
polyvalent rabbit serum immunized against MART-1 was used for testing by FACS analysis
after permeabilization of paraformaldehyde-fixed melanoma cells with saponin (Table 2).
Expression of MART-1 as detected with this polyvalent serum was somewhat heterogeneous
among the representative 624-MEL clones tested, but the amount of expression did not
correlate with lysis (P > 0.1).

Restoration of Surface Expression of HLA-A2 Molecules in 624.28 Quantitatively Correlates
with Recognition of MART-1 Antigen by A42 CTL

Although the 624-MEL clones described above were derived from the same bulk culture, the
correlation between the level of expression of HLA-A2 and lysis could have been due to known
or unknown mechanism(s) other than the level of expression of the HLA allele or the MART-1
antigen. In order to create a model in which the only potential variable was the level of
expression of HLA-A2, clone 624.28 (HLA-A2 negative) was stably transfected with the HLA-
A2.1 gene to promote expression of HLA-A2. The transfected line was selected in G418 and
subcloned. Clones were then screened for different expression of HLA-A2 by FACS analysis.
A panel of twelve 624.28 subclones expressing different levels of HLA-A2.1 could be obtained
and tested for lysability by A42 CTL (Table 3). HLA-A2.1 transfection did not significantly
modify MART-1 mRNA expression (two representative subclones are shown in Table 2) or
the expression of ICAM-1, HLA class I, and β2-microglobulin (data not shown). As for the
parental line, the 624.28 subclones showing an intermediate expression of HLA-A2.1 (MCN,
43–102) were characterized by intermediate sensitivity to lysis by A42 CTL (28 and 41% at
E:T of 20:1), while the subclones expressing higher levels of HLA-A2.1 (MCN< 283–478)
showed a significantly higher susceptibility to lysis (62–83%). As expected, subclones lacking
surface expression of HLA-A2.1 maintained their CTL resistance. A significant direct
correlation was noted between the expression of HLA-A2 (expressed as MCN) and lysis in
a 51Cr release assay by A42 CTL (r = 0.93, P < 0.001 at 20:1 E:T; r = 0.92, P < 0.001 for 5:1
E:T). In order to evaluate whether this phenomenon could be limited to a clonal population,
we analyzed the same parameters in a lytic assay using as effectors a bulk TIL line from a
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different patient (Table 3). Lysis of the different melanoma clones by 1088 TIL also highly
correlated with expression of HLA-A2 (P < 0.001 for both E:T ratios tested). Thus,
heterogeneous expression of an HLA class I allele on target cells could influence their lysis by
HLA class I-restricted CTL.

Saturation of HLA-A2.1 Binding Sites with Exogenous MART-127–35 Peptide and Modification
of CTL Recognition

The absolute number of MHC-peptide complexes required for triggering CTL activity has been
estimated at around 200 (21), but the amount of MHC molecules needed to achieve that
threshold is much higher (21,22) and depends, in part, on the level of peptide available for
binding (22,23). By increasing the amount of MART-127–35 peptide available for binding, it
may thus be possible to enhance the susceptibility of clones with intermediate expression of
HLA-A2 to CTL lysis by increasing the total number of HLA-peptide complexes.

To test this hypothesis, the number of MHC-peptide complexes was artificially increased by
the addition of exogenous MART-127–35 peptide. Six representative 624.28, HLA-A2.1-
transduced subclones with heterogeneous expression of HLA-A2.1 were tested for lysability
by A42 CTL under standard conditions and after a 2-h pulse with 1 μg/ml (approximately 1
μM) MART-127–35 peptide (Fig. 5). In the presence of exogenous peptide, lysis was significantly
enhanced in subclones expressing intermediate amounts of HLA-A2.1 molecules, whereas a
plateau of maximal lysis was observed for the subclones with high HLA-A2.1 expression,
either in the absence or in the presence of MART-127–35 peptide. These data showed that the
concentration of endogenous peptide may become a limiting factor when the expression of the
restricting HLA class I antigen is low or intermediate. Clone 28.22, which was HLA-A2.1
negative, was not susceptible to CTL lysis, even after peptide pulsing. Since it has been reported
that the addition of exogenous peptide may artificially enhance the expression of HLA-A2
molecules in cell lines, such as T2 cells, with defects of the antigen presentation machinery
(45), expression of HLA-A2 was compared by FACS in the absence and presence of pulsing
with MART-127–35 peptide. No up-regulation of HLA-A2 surface expression was caused by
peptide pulsing (data not shown), showing that the enhancement of lysis observed in this
experiment was not simply due to increased expression of HLA-A2 molecules on the cell
surface. Furthermore, the enhancement of sensitivity to CTL lysis observed in 624-MEL clones
with intermediate expression of HLA-A2 after pulse with exogenous peptide suggested that,
at least in these experimental conditions, in the presence of saturating concentrations of
antigenic peptide, the amount of allele-specific expression of HLA-A molecules is no longer
a limiting factor for CTL recognition.

DISCUSSION
Although extensively investigated (4-16), expression of HLA antigens on tumor cells has
almost uniformly been described as an all-or-none phenomenon, and little attention has been
paid to the amount of expression and its relevance for in vitro as well as in vivo studies.
Expression of MHC antigens is necessary for tumor recognition by CTL (1-3), the function of
which is restricted in an allele-specific fashion. Most studies, however, have analyzed MHC
expression on tumors using mAbs directed against monomorphic components of the HLA
molecule (5). This leads to the underestimation of aberrations of expression of HLA, since all
MHC class I alleles had to be lost before these antibodies could detect any abnormality.
Recently, with the development of locus- and allele-specific mAbs as well as molecular
techniques for the analysis of HLA, we and others could describe several mechanisms leading
to aberrations of expression of HLA class I antigens (13-19), including total loss of MHC class
I due to faulty β2-microglobulin (13-16) and allele-specific loss (17,18,20). Furthermore,
expression of MHC antigens, when detectable, may be variable due to locus- or allele-specific
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down-regulation (18,19). In this study, we show that, in cell lines expressing a determined
HLA allele, the amount of surface expression of that allele significantly affects their lysability
by HLA class I-restricted CTL.

Since most melanoma antigens, including MART-1/MelanA, are self molecules also expressed
on the normal counterpart (25-30,46), the relationship between tumor and immune system can
be viewed as an autoimmune phenomenon in which a balance between recognition of self and
tolerance may influence the final outcome in vivo. In natural conditions, endogenous peptides
compete with more than 1000 other peptides for binding to specific HLA alleles (22).
Therefore, not all proteins are expressed in sufficient amounts to give origin to peptides
expressed on the cell surface with the density required for CTL recognition (23). Endogenous
epitope/MHC complexes not expressed in a sufficient level may allow self tolerance in spite
of the presence, in the same organism, of a CTL population specific for that epitope/MHC
complex (24), as it may be for the MART-1 gene product.

It is often cited that a threshold of 200 MHC class I-peptide complexes is required to sensitize
a target cell for lysis by CTLs (21). However, a much larger number of MHC and antigen
molecules may be necessary to achieve this threshold. Indeed, this number is dependent on a
number of factors influencing the binding of the peptide to a particular HLA allele. These
include the amino acid sequence of the peptide in relation to the binding groove of the HLA
allele (32,47-51) and the relative amount of peptide available for binding (21-23). The
theoretical question, therefore, arises as to whether the level of expression of a specific HLA
class I allele may also influence tumor recognition by CTL and potentially offer a selective
advantage in vivo to tumor cells expressing fewer MHC antigens.

In this study, an in vitro model was developed to answer this question by analyzing the ability
of a CD8+ T-cell clone or CTL line specifically recognizing an immunodominant peptide of
the melanoma antigen (MART-1) in the context of HLA-A2 restriction element (32). As a
target, clones derived from a melanoma line expressing MART-1 but varying amounts of HLA-
A2 molecules were used. Contrary to previously described mechanisms (14,15,17,18,52,53),
the “fading” of expression of HLA-A2 in 624-MEL represented a gradual event not due to
defects of antigen presentation (54) or posttranslational (55) abnormalities since HLA-A2
expression and CTL recognition were reinstituted in 624.28 after transduction of the HLA-
A2.1 gene. The data obtained with 624-MEL clones showed a strong correlation between
expression of HLA-A2 antigens and efficiency of lysis by anti-MART-127–35 CTL, either at
the bulk or clonal level. This association seemed causative, since the same correlation was
noted in subclones of 624.28 (HLA-A2 negative) expressing different amounts of HLA-A2
after transduction with the HLA A2.1 gene.

The crucial role of the level of allele expression on tumor sensitivity to CTL lysis observed in
this model suggests that only a limited percentage of MHC molecules is bearing the relevant
peptide MART-127–35. These results are in agreement with previous data showing that
endogenous peptides are not naturally recognized because insufficient binding to MHC can
sensitize T cells if added exogenously (24). It is possible, therefore, that at some “borderline”
levels of antigen expression, the amount of HLA allele available becomes the determining
factor, particularly in situations of low or intermediate affinity between peptide and HLA
molecule, as is the case for MART-127–35 (28). In fact, when we tested different 624.28 clones
in saturating conditions of exogenous MART-127–35 peptide, lysis of clones with lower
expression of HLA-A2 molecules was greatly enhanced by the exogenous addition of peptide
and matched the lysis observed in the high-expressing clones. However, lysis of clones
expressing higher levels of HLA-A2 was not affected by the addition of peptide.

Rivoltini et al. Page 10

Cancer Res. Author manuscript; available in PMC 2008 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The phenomenon described in this study may represent an additional mechanism potentially
used by tumors to escape from immune recognition (56,57). Adoptive therapy with melanoma-
specific TIL can cause regression of metastases (3), and CD8+ MHC class I-restricted CTL
represents a powerful component of this immune response (1-3,25-30). Although many other
mechanisms may play a significant role in the sensitivity of tumor cells to CTL lysis (56,57),
the correlation between the level of surface expression of HLA-peptide complexes and
efficiency of lysis by tumor-specific CTLs could have important implications for studies of
tumor immunology. Analysis of heterogeneity of expression of HLA molecules may help
explain resistance of tumors to therapy with HLA-restricted CTL. In a purely theoretical model,
this efficiency depends on the intratumoral ratio between effector and target cells and the rate
in which tumor targets are lysed. Ideally, for a clinical perception of tumor shrinkage
(response), CTL should recognize and kill target cells at a rate faster than the tumor cells divide.
Since immunotherapy with TILs is an event of limited duration and the E:T ratio achieved in
vivo may not be as favorable as in in vitro, the efficiency by which CTL can kill their targets
may become extremely important in vivo. Modulation of expression of endogenous proteins
with 5′ deoxyazacytidine (58) or of HLA molecules by cytokines such as the interferons may
enhance the recognition of tumor cells in vitro (59) or in vivo (60) during the immunotherapy
of cancer. Finally, it is possible that MHC molecules genetically attached to a single peptide
may overcome the low expression of MHC-peptide complexes on the tumor cell surface (61)
and provide a potent immunogen in protocols of vaccine therapy.
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Fig. 1.
Flow cytometric analysis of allele-specific surface expression of HLA antigens in
representative clones of 624-MEL. Data are presented as MCN of fluorescence. The following
mAbs were used: MA2.1, anti-HLA-A2 and B17 (37); MB40.2, anti-HLA-B7, B40; 277-HA1,
anti-HLA-B14; GAP A-3. anti-HLA-A3 (38). The original bulk culture (624-MEL) was HLA-
A2, A3, -B7, B14 positive (first row) expressing the A loci in standard culture conditions (first
two columns) and the B alleles only under stimulation with 500 units/ml of rIFN-γ for 48 h
(last two columns). Clone 626.28 totally lost expression of HLA-A2 (second row), clone 624.23
has intermediate expression of HLA-A2 (third row), and clone 624.38 expresses the highest
amount of HLA-A2 molecules on its cell surface (fourth row).
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Fig. 2.
Analysis of HLA-A genomic DNA in 624.28 and 624.38 clones of 624-MEL (HLA-A2, 3).
Allele-specific amplification was done as described in the text (17,18), using genomic DNA
from the two clones and two relevant controls: DU-145 (HLA-A3, 33) and LN-CAP (HLA-
A1, 2) prostatic cancer lines (data not shown). Included in each PCR reaction was an internal
control primer that gave rise to a 256-bp fragment (42).
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Fig. 3.
Correlation between the level of expression of HLA-A2 surface antigens in clones of 624-MEL
and lysis by an HLA-A2-restricted CTL clone A42 recognizing the melanoma
MART-127–35 peptide. Cytotoxicity was measured in a standard 4-h 51Cr release assay as
described previously (40). The percent lysis was calculated (see “Materials and Methods”).
Data are presented at 20:1 (○) and 5:1 (●) E:T ratio. To simplify the analysis, a simple linear
correlation was assumed for this range of lytic activity and HLA-A2 allele expression. The
level of expression is described in a semiquantitative fashion by analyzing the MCN of
fluorescence within the same experiment.
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Fig. 4.
Expression of MART-1 mRNA in representative clones of 624-MEL as analyzed by Northern
blot. The level of expression of the melanoma antigen MART-1 is semiquantitatively compared
(10 to 20 μg of total RNA per lane) with a Sal/I-digested fragment containing the full-length
cDNA from the MART-1 and the β-actin cDNA probe (Clontech). Although variable among
the different clones, the level of expression does not correlate with their sensitivity to lysis by
A42 CTL. Melanoma line A 375 represents a MART-1-negative control as already described
(29).
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Fig. 5.
Enhancement of lysis of 624.28 clones by exogenous addition of the MART-127–35 peptide.
624.28 clones were incubated with the MART 127–35 peptide (▲) before testing. As controls
unpulsed, clones were used as targets in the 51Cr release assay (■). In these experimental
conditions, lysis is enhanced in the clones expressing an intermediate amount of HLA-A2
molecules to a plateau corresponding to the maximum lysis for the clones with the highest
expression in the absence or presence of pulsing with peptide. Lysis of subclone 28A.22, which
does not express HLA-A2, is not affected by pulsing with peptide. For all data points, lysis is
expressed at 20:1 (left) and 5:1 (right) E:T ratio. Numbers in parentheses, MCN of HLA-A2
expression.
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Table 2
Intracellular expression of MART-1 and GP100 melanoma antigens in representative clones of 624-MEL

Clone no.
MART-1
(MCN)a GP100

  1 254 297
  9 109 175
 16 87 139
 23 85 198
 26 119 137
 28 62 189
 30 193 319
 38 231 274
Sub-clones of 624.28 transduced with HLA-A2.1 gene
 28.A5 108 143
 28.A43 91 142
Control cell linesb
 Wa Fib 28 25
 MCF-7 18 25
 A-375 18 11

a
MCN of unstained controls were <10. Intracellular expression of MART-1 and GP100 proteins as detected by FACS analysis in 1% paraformaldehyde-

fixed 624-MEL clones (see “Materials and Methods”). Linear regression between lysis by A42 clone (see Table 1) and expression of MART-1 was not
significant.

b
Control cell lines included a fibroblast cell line (WaFib), a breast cancer cell line (MCF-7), and a melanoma cell line (A375) not expressing the MART-1

and GP100 antigens, as assessed by reverse transcription-PCR (29).
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Table 3
Expression of HLA-A2 by subclones of 624.28-MEL after stable transfection of the HLA-A2.1 gene: correlation
with lysis by CTL

% of lysisa

Clone no.
HLA-A2
(MCN)b

1088 TIL
E:T = 40 (10):1

A42
E:T = 20 (5):1

Original clone
 624-28  5  0 (1)  −1 (−1)
624.28 HLA-A2.1-transfected clones
 28.48  3  0 (−2) −2 (−1)
 28.22  6  0 (0)  1 (0)
 28.45  43 19 (11) 28 (26)
 28.26  65 25 (6) 34 (20)
 28.17 101 37 (9) 34 (16)
 28.46 102 29 (10) 41 (30)
 28.43 283 50 (22) 72 (61)
 28.24 307 54 (24) 69 (58)
 28.11 336 51 (28) 62 (62)
 28.5 355 52 (22) 82 (66)
 28.15 365 53 (16) 69 (61)
 28.28 478 54 (21) 79 (62)

a
Results of a 51Cr release assay. Linear regression between lysis and expression of HLA-A2 was P < 0.001 for either E:T ratio for both CTLs (1088 TIL

and A42 clone).

b
MCNs of unstained controls were <10.
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