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ABSTRACT

ÃŸ2-Microglobulin (ÃŸ2-/u)gene-null human melanoma FO-1 cells display

lower reactivity with mili III \ class I monoclonal antibodies (mAb) fol
lowing transfection with a wild-type mouse /Â¡r/<gene (referred to as
FO-1C cells) than following transfection with a wild-type human |>r/'
gene (referred to as FO-1H cells). Furthermore, binding assays with a
panel of anti-HLA class I mAb detected higher reactivity of FO-1C cells
with mAb TP25.99 than with mAb CR1-S63, CR10-215, CR11-115, TP67,
and W6/32 but similar reactivity of FO-1H cells with all the mAb tested.
While mAb TP25.99 recognizes a determinant expressed on ÃŸ2-/i-freeand
ÃŸ2-/i-associated HLA class I heavy chains, the remaining mAb recognize
determinants expressed only on ÃŸ2-p-associated HLA class I heavy chains.
The differential effects of mouse and human ÃŸ2-juon the reactivity with
anti-HLA class I mAb of FO-1 cells reflect more than one mechanism.

Besides abnormalities in the processing of HLA class I heavy chains
associated with mouse (i..-/u. this molecular complex appears to be unstable
on the plasma membrane of FO-1 cells.

To analyze the interaction of mouse /{>-/<with HLA-A and -B antigens,
the HLA phenotype of FO-1 cells was determined, using a combination of
isoelectric focusing analysis of antigens immunoprecipitated from radio-

labeled cells with mAb to monomorphic determinants of HLA class I
antigens, binding assays with a limited number of mAb recognizing HLA
class I allospecificities, and sequence-specific oligonucleotide probe typing.
Although association with mouse ÃŸ2-fidoes not cause marked differences
in the expression of HLA-A25 and -B8 antigens on the cell surface of FO-1

cells, it causes a selective reduction in the expression of determinants
recognized by anti-HLA-A mAb F4/72 and VF19-LL67 and by anti-HLA
class I mAb W6/32 on HLA-A25 allospecificities. The differential effect of
the association with mouse /!.-// on the antigenic profile of HLA-A25 and
-B8 antigens may reflect the different characteristics of the amino acids at

residue 12, which interact with residue 33 of />r/i. The latter residue is the
only one to differ between human and mouse ÃŸ2-/iin the stretch of amino

acids interacting with the a, and a2 domains of HLA class I heavy chains.
The present results indicate that caution should be exercised in the use of
HLA class I heavy chains associated with mouse ÃŸ2-/uto analyze peptide

presentation to cytotoxic T cells and of transgenic mice to establish animal
models of HLA-linked diseases.

INTRODUCTION

HLA class I antigens consist of a polymorphic heavy chain (a M,
41,000-45,000 glycopolypeptide) noncovalently associated with
ÃŸ2-(Li3(an invariant M, 12,000 polypeptide). Association with ÃŸ2-ju,is

required for efficient transport and expression of HLA class I heavy
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chains on cell membrane and for peptide binding (1-3). Furthermore,
association with ÃŸ2-/Mmodulates the antigenic profile of HLA class I

heavy chains. To the best of our knowledge, all but two (4, 5) anti
bodies elicited to ÃŸ2-/j,-associatedHLA class I heavy chains do not
react with ÃŸ2-fj.-freeHLA class I heavy chains. Conversely, it is a
general experience that antibodies elicited to ÃŸ2-ju.-freeHLA class I
heavy chains do not react with ÃŸ2-/j.-associatedHLA class I heavy

chains (6, 7).
The structural characteristics of ÃŸ2-/i have been maintained

throughout phylogenetic evolution, because human and mouse ÃŸ2-;n

display only 30% amino acid sequence divergence, distributed
throughout the mature polypeptide (8). This structural homology ac
counts for the ability of mouse ÃŸ2-ju.to associate with HLA class I

heavy chains and to support their transport and expression on the cell
surface. However, analysis of HLA class I allospecificities expressed
by mouse cells transfected with the corresponding genes has shown
that the cells may display changes in their reactivity patterns with
mAb and/or may display a low level of expression (9-12). The latter

findings are likely to be caused by the structural differences between
human and mouse ÃŸ2-/x,since in a recent study ÃŸ2-ju,gene-null FO-1
melanoma cells were found to display reduced reactivity with anti-
HLA class I mAb following transfection with a wild-type mouse ÃŸ2-ju.
gene (13). Furthermore, the results of the experiments with FO-1 cells

argue against the interference of other gene products which regulate
the assembly of allelic HLA class I heavy chains with mouse ÃŸ2-ju.
(14) and/or competition for endogenous ÃŸ2-jain mouse cells as alter

native mechanisms underlying the reduced cell surface expression of
mouse ÃŸ2-/j.-associatedHLA class I antigens.

Whether the low reactivity with anti-HLA class I mAb of FO-1 cells
transfected with a wild-type mouse ÃŸ2-/u.gene reflects reduced cell

surface expression of HLA class I molecules and/or a change in
expression of the determinants recognized by the anti-HLA class I
mAb tested and whether mouse ÃŸ2-/nhas different effects on the gene
products of HLA-A and -B loci is not known. Therefore, in the present
study we have analyzed the expression of the gene products of HLA-A
and -B loci and their antigenic profiles in FO-1 melanoma cells
transfected with wild-type mouse and human ÃŸ2-jugenes. This infor

mation will also determine the validity of studies performed with HLA
class I heavy chains associated with mouse ÃŸ2-/J.to analyze peptide

presentation to cytotoxic T lymphocytes, to generate mAb to HLA
class I allospecificities, and to establish models of HLA-linked dis

eases in transgenic mice (for review, see Ref. 15). Furthermore, to
analyze the interaction of mouse ÃŸ2-/nwith distinct HLA class I
allospecificities, we have determined the HLA phenotype of FO-1

cells utilizing a combination of IEF analysis of HLA antigens immu
noprecipitated from FO-1 transfectant cells, binding assays with mAb

recognizing HLA allospecificities, and SSOP typing.

MATERIALS AND METHODS

Cell Lines. The melanoma cell line FO-1 (16) and the FO-1 cell lines
transfected with pSV2neo alone (FO-1 neo) (16), mouse ÃŸ2-/j.gene and
pSV2neo (FO-1C) (16), or human ÃŸ,->xgene and pSV2nco (FO-1H) (13) were
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cultured in Dulbecco's modified Eagle's medium (GIBCO Laboratories, Grand

Island, NY) supplemented with 10% fetal bovine serum and antibiotics.
mAb and Conventional Antisera. mAb CR1-S63, CR10-215, CR11-115,

TP67, and W6/32 to monomorphic determinants expressed on ÃŸ2-/x-associated
HLA class I heavy chains (17-19), mAb TP25.99 to a determinant expressed
on both ÃŸ2-/j,-associated and ÃŸ2-;j.-freeHLA class I heavy chains (5), anti-
HLA-B mAb H2-89-1 and Q6/64 (20, 21), anti-HLA-Awl9, -B, and -C mAb
4E (22), anti-HLA-B8 mAb P8.1 (23), anti-ÃŸ^-free HLA class I heavy chain
mAb HC-10 (7), anti-human ÃŸ2-/xmAb NAMB-1 (17), and anti-mouse ÃŸ2-/J.
mAb S 19.8 (24) were developed as described. Anti-HLA-A mAb F4/72 and
VF19-LL67 were elicited with phytohemagglutinin-activated peripheral blood

T cells and with IFN-y-treated cultured SK-OV-3 human ovarian carcinoma
cells, respectively. Anti-HLA-B mAb SA24/23 was elicited with cultured

Epstein-Barr virus-transformed B cells. The specificity of the latter three mAb

was characterized with a combination of serological and immunochemical
assays. mAb were used as ascites or culture supernatants. mAb were purified
from ascitic fluid by sequential precipitation with caprylic acid and ammonium
sulfate as described (25). mAb were radiolabeled with I25I using the lodogen

method (26).
Purified rabbit anti-mouse immunoglobulin antibodies were purchased from

Jackson ImmunoResearch Laboratories (West Grove, PA). FITC-GAM were

purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN).
Cytokine. Recombinant human IFN-y was obtained from Hoffmann La

Roche Inc. (Nutley, NJ).
cDNA Probes and Oligonucleotides. The HLA-B7 cDNA probe (27) was

obtained from Dr. S. M. Weissman, Yale University School of Medicine (New
Haven, CT), and the HLA-A- and HLA-B-specific cDNA probes pHLA-2a.l
and pHLA-1.1 (28) were obtained from Dr. H. T. Orr, University of Minnesota,

School of Medicine (Minneapolis, MN). cDNA probes were radiolabeled with
[a-32P]dCTP (>600() Ci/mmol; Amersham Corp., Arlington Heights, IL) by
random priming (29) to a specific activity of IO8 cpm//j,g. The oligonucleotide
5'-TAGAAGACCAGTCCTTGCTGAA-3' (referred to as MH), corresponding

to an exon 2 region identical in human and mouse ÃŸ2-/ĝenes, was constructed

on a BioSearch Cyclone DNA synthesizer (MilliGen/Biosearch, Burlington,
MA). HLA-A locus-specific 5' primer (5'-GACGCCGCGAGCCAGAGGAT-
3') corresponding to codons 39-44 in exon 2, 3' primer (5'-TGCAGC-
GTCTCCTTCCCGTT-3') complementary to codons 174-179 in exon 3 of

HLA class I heavy chains, and Oligonucleotides complementary to specific
sequences of HLA-A 1, -A25, and/or -A26 alÃeles,referred to as SSOP, were

purchased from Oligos Etc. Inc. (Ridgefield, CT). Oligonucleotides were ra
diolabeled with [y-32P]ATP (>5000 Ci/mmol; Amersham) in the presence of

T4 polynucleotidc kinase (Bethesda Research Laboratories, Gaithersburg,
MD).

Serological Assays. IIP was performed by incubating cells (1 x 10'') with
an excess of the appropriate mAb for 45 min at 4Â°C,with occasional shaking.

Following washing with cold PBS containing 0.02% sodium azidc, cells were
incubated with FITC-GAM for 45 min at 4Â°C.Cells were then washed twice

with PBS-azide, fixed in 3% formaldehyde, and analyzed by cytofluorometry

on a FACS Analyzer (Becton Dickinson, Mountain View, CA). The nonspecific
fluorescence was determined with cells incubated with FITC-GAM alone.

Results are expressed as log fluorescence intensity.
Binding assays with radiolabeled mAb were performed as described else

where (30). Results of binding assays were converted into Scatchard plots to
determine KÂ¡,and the number of binding sites/cell. KÂ¿was determined from the
slope of the straight line plot, and the number of binding sites/cell was obtained
from the intercept on the jr-axis.

Immunochemical Methods. Radiolabeling of cells with I25I (Amersham)
utilizing the lactoperoxidase method (31) or with [-15S]methionine (>1000

Ci/mmol; Amersham), solubilization with 1% Nonidet P-40 or 0.5% Triton
X-114, indirect immunoprecipitation, SDS-PAGE, and two-dimensional gel
electrophoresis (IEF in the first dimension and SDS-PAGE in the second

dimension) were performed as described (16, 32, 33). Ampholines (Pharmacia
LKB Biotechnology AB, Bromma, Sweden) of pH 3.5-10.0, pH 5.0-7.0, and
pH 6.0-8.0 were used in the ratio of 4:3:3. One-dimensional IEF for HLA class

I typing was performed as described (33), utilizing HLA class I antigens treated
with neuraminidase type VIII (200 milliunits/sample) and a vertical slab gel
apparatus. Gels were processed for fluorography as described (34).

Northern Blot Analysis. Total RNA extraction, electrophoresis, blotting,
hybridization, and autoradiography were performed as described elsewhere
(16). Blots were reused after the probes had been removed by incubation in a

solution containing 0.1 X standard saline citrate (1 X = 0.15 Msodium cholride,
0.015 M sodium citrate, pH 7.0) and 0.1% SDS at 98Â°Cfor 10 min. The

temperature for hybridization with Oligonucleotides was calculated utilizing
the formula 7d = 4(G + C) + 2(A + C) - 5Â°C.After prehybridization for 2-3

h, filters were probed with MH oligonucleotide in prehybridization solution for
4 h. Following three washes with IX standard saline citrate, 0.1% SDS, for 1
h at the hybridization temperature, blots were dried and autoradiographed at
-70Â°C for 3 days using XAR-5 film (Eastman Kodak, Rochester, NY) and an

intensifying screen (DuPont Co., Wilmington, DE).
Oligonucleotide Typing by SSOP. Oligonucleotide typing of HLA-A an

tigens was performed as described (35). Genomic DNA was prepared from
FO-1, FO-1C, and FO-1H cells (2 X IO5 cells) and from 50 pii of whole blood

from HLA-typed donors by the cell lysis method using Tween-20 followed by

proteinase K digestion (36). The DNA fragments of HLA-A alÃeleswhich

included exon 2, intron 2, and exon 3 were amplified by Taq DNA polymerase
in the presence of HLA-A locus-specific 5' and 3' primers, using PCR. Am

plification was performed using a DNA Thermal Cycler (Perkin-Elmer Cetus,
Norwalk, CT) for 30 cycles. A cycle profile consisted of 1 min at 96Â°Cfor
denaturation, 20 s at 60Â°C for annealing, and 1 min at 72Â°C for primer
extension. In the first cycle DNA was denatured at 94Â°Cfor 5 min. After the
last cycle, all samples were incubated for an additional 5 min at 72Â°Cto ensure

the completion of the final extension step. An aliquot of each PCR product was
analyzed by 1% agarose gel electrophoresis, to monitor the extent of amplifi
cation and contamination. One (Â¿Iof each PCR product was applied to a nylon
membrane using an eight-channel syringe. Membranes were soaked for 5 min

in denaturation buffer containing 0.4 N NaOH and for 10 min in neutralizing
buffer containing 10X standard saline-phosphate-EDTA (IX is LSmNaCl, 0.1

M NaH2POj, 10 HIMEDTA). After drying on 3 MM filter paper, membranes
were baked at 80Â°Cfor 1 h in a vacuum oven. Prehybridization was performed
at 46Â°Cfor 1 h in hybridization buffer (50 mM Tris-HCI, pH 8.0, 3 MTMAC,
2 mm EDTA, 5X Denhardt's solution, 0.1% SDS, 100 u.g/ml herring sperm
DNA). All 12P-labeled SSOP were hybridized with membranes at 46Â°Cfor 2

h, since hybridization was performed in the presence of TMAC (37) utilizing
probes which were all 15 bases long. After hybridization, membranes were
rinsed twice in 2X standard saline-phosphate-EDTA, 0.1% SDS, at room
temperature for 10 min. Also, membranes were washed in 50 mMTris-HCI, pH

8.0, 3 MTMAC, 2 mm EDTA, 0.1% SDS, for 10 min at room temperature and
for 10 min at 50Â°C.Membranes were then exposed to Kodak X-AR film at
-70Â°C for up to 16 h, with two intensifying screens.

RESULTS

Lower Reactivity of FO-1C Cells than of FO-1H Cells with
Anti-HLA Class I mAb. FO-1C cells, which express HLA class I
antigens following transfection with a mouse ÃŸi-ju-gene, were stained
in IIP to a lesser extent by anti-HLA class I mAb TP25.99 and W6/32
than were FO-1H cells, which express HLA class I antigens following
transfection with a human ÃŸ2-Mgene (Fig. 1). Following a 48-h
incubation at 37Â°Cwith IFN-y (100 units/ml), the reactivity of mAb

TP25.99 with FO-1C cells was markedly increased, while that of mAb
W6/32 was only weakly enhanced. The reactivity of IFN-y-treated
FO-1H cells with mAb TP25.99 and W6/32 was increased to similar
extents. To quantitate the differences in the reactivity of FO-1 C and
FO-1H cells with the two anti-HLA class I mAb, a Scatchard plot
analysis of the binding of 125I-mAb TP25.99 and 125I-mAb W6/32 to

IFN-y-treated and control FO-1 C and FO-1H cells was performed

(Table 1). This analysis, consistent with the results of IIP staining,
demonstrated that the number of mAb TP25.99 molecules bound by
control and IFN-y-treated FO-1 C cells was 24.5 and 43.5% of the
number of mAb TP25.99 molecules bound by control and IFN-y-
treated FO-1H cells. The number of mAb W6/32 molecules bound by
control and IFN-y-treated FO-1 C cells was about 14% of the number
of mAb W6/32 molecules bound by FO-1H cells. The number of
binding sites for mAb TP25.99 was 3-fold more than that for mAb
W6/32 on control and IFN-y-treated FO-1C cells but was only 1.7-
fold more on control FO-1H cells and was similar to that for mAb
W6/32 on IFN-y-treated FO-1H cells. The Ka values of mAb TP25.99
for control and IFN-y-treated FO-1 C and FO-1H cells were similar;
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Fig. 1. Expression and modulation by IFN-y of HLA class I antigens on FO-1 cells
transfcctcd with a wild-type mouse (FO-1C) or human (FO-1H) ÃŸi-/j,gene. Cells were
incubated a! 37Â°Cwith human recombinant IFN-y (100 units/ml) for 48 h. Control cells
were incubated under the same experimental conditions without IFN-y. After cells were
detached from the flasks with PBS containing 1 HIMEDTA and were washed with Hanks'

balanced salt solution, they were incubated with mAb W6/32 to a determinant expressed
by ÃŸi-fi-associated HLA class I heavy chains, with mAb TP25.99 to a determinant
expressed by ÃŸ;-(i-associated and ÃŸ2-u.-frccHLA class I heavy chains, with anti-human
ÃŸ^-fi mAb NAMB-1, or with anti-mouse ÃŸ2-ÃŸmAb SI9.8. Following washing with
PBS-azide, cells were stained with FITC-GAM. The nonspecific fluorescence represents
cells treated with FITC-GAM alone. Fluorescence was determined on a FACS Analyzer

(Becton Dickinson).

Table 1 Characteristics of Ihe binding of anli-HLA class I mAb TP25.W and W6I32 to
FO-IC and FO-IH melanoma cells

FO-1C and FO-1H cells were incubated for 72 h at 37Â°Cwith IFN-y (final concen

tration, 1000 units/ml). Control cells were incubated under the same experimental con
ditions without IFN-y. Cells (1 X 10s) were mixed with serial dilutions of I25l-labeled

mAb in a l(X)-(il total volume of PBS containing 0.5% bovine serum albumin, in %-well
V-bottomed microtiter plates. Radioactivity hound to cells was counted in a gamma-
counter (LKB-12f>l; LKB-Wallac. TÃ¼rkin.Finland) after unbound radioactivity had been
removed by washing. Nonspecific binding was measured in the presence of a > 100-fold

excess of unlabeled mAb. Results were plotted in the form of the linear regression
transformation of the law of mass equilibrium (38).

mAbTP25.99Cell

lineFO-ICFO-IHNo.

ofmoleculesbound/cell

IFN-y (X10-5)"(2.95r+

13.4012.00+

30.80K.,

X10gM-1)'11.151.280.911.29mAb

W6/32No.

ofmoleculesbound/cell

(X10*5)1.084.207.4029.60Kt(X109M~')0.250.590.540.53

" Number of binding sites/cell was obtained from the intercept on the jt-axis.
'' The Kâ€žwas determined from the slope of the straight line plot.
c The data shown are the mean values of triplicates from two experiments. The SD are

the Ka of mAb W6/32 for FO-IH cells was higher than that for FO-1 C
cells, but the values were similar for IFN-y-treated FO-1 C and FO-IH

cells (Table 1).
Because of the differential reactivity with mAb TP25.99 and W6/

32, FO-IC and FO-IH cells were tested in IIF with mAb CR1-S63,
CR10-215, CR11-115, and TP67, which recognize monomorphic

determinants of HLA class I antigens (Table 2). The four mAb stained
control and IFN-y-treated FO-IH cells strongly. In contrast, the four
mAb did not stain or stained weakly FO-IC cells but stained moder
ately FO-IC cells which had been incubated with IFN-y (100 units/

ml) for 48 h.
The differential reactivity with mAb TP25.99 and W6/32 of FO-IC

and FO-IH cells prompted us to analyze the expression of ÃŸ2-;u-free

HLA class I heavy chains by the two transfectants, since mAb
TP25.99 recognizes a determinant expressed on ÃŸ2-/j,-freeand ÃŸ2-/x-
associated HLA class I heavy chains (5). FO-IC cells displayed a
slightly lower reactivity with anti-ÃŸ2-ju,-freeHLA class I heavy chain
mAb HC-10 than did FO-IH cells. Following a 48-h incubation with
IFN-y (100 units/ml) FO-IC and FO-IH cells displayed similar reac
tivities with mAb HC-10 (Fig. 2). These findings, in conjunction with

the reduced expression of ÃŸ,-/j.-boundHLA class I heavy chains on
FO-IC cells, may reflect greater dissociation of mouse ÃŸ2-jxfrom the

HLA class I molecular complex on the cell membrane.
Expression of Mouse and Human (!rÂ¿uand HLA Class I Heavy

Chain mRNA in FO-IC and FO-IH Cells. To exclude the possi
bility that differences in relative expression of HLA class I antigens by
control and IFN-y-treated FO-IC and FO-IH cells reflected differ

ences in the expression of the transfected genes, or differential induc
tion of the ÃŸ2-/xgeneexpression in FO-IC and FO-IH cells by IFN-y,
the level of mRNA for ÃŸ2-jo,was measured using a synthetic oligo-
nucleotide which hybridizes to both human and mouse ÃŸ2-jxmRNA.
As shown in Fig. 3, IFN-y was equally effective at enhancing the
levels of ÃŸ2-nmRNA in FO-IC and FO-IH cells, although the base
level of mouse ÃŸ2-jJ.mRNA in FO-IC cells was slightly lower than
that of human ÃŸ2-jamRNA in FO-IH cells. The steady state IFN-y-

induced levels of HLA class I heavy chain mRNA were similar in each
transfectant (Fig. 3).

Differential Serological Reactivity of FO-IC and FO-IH Cells
with Anti-HLA-A and Anti-HLA-B mAb. To determine whether
the low reactivity of FO-IC cells with anti-HLA class I mAb reflected

Table 2 Differential reactivity of anti-HLA class I mAb with control and IFN-y-treated
FO-IC and FO-IH cells

FO-IC cells and FO-IH cells were incubated for 48 h at 37Â°Cwith IFN-y (final

concentration, 100 units/ml) ( + IFN-y). Control cells were incubated under the same
experimental conditions without IFN-y (-IFN-y). Cells were incubated with an excess of
each mAb for 45 min at 4"C, with occasional shaking. Cells were then washed with cold

PBS containing 0.02% sodium azide and were incubated with FITC-GAM for 45 min at
4Â°C.Cells were washed twice with PBS-azide and fixed in 3% formaldehyde prior to

analysis.

Positive cells (%)

FO-IC cells FO-IH cells

mAbCR1-S63

CR 10-2 15
CR11-115
TP67
Control''-IFN-y52.2

(4.3)"

63.9 (4.3)
44.8 (4.2)
18.5(4.1)
9.0 (4.2)-HFN-y96.1

(13.1)
95.2(19.7)
96.5(10.9)
96.2(12.4)

6.2 (4.9)-IFN-y98.7

(66.6)
99.0 (76.3)
98.6 (52.2)
95.0(15.9)
20.2 (4.1)-HFN-y98.7(191.6)

98.9(231.6)
99.5(127.6)
97.9 (80.5)
11.2 (4.0)

" Values in parentheses represent mean channel fluorescence determined on a FACS

Analyzer (Bccton-Dickinson).
'' Control indicates cells which were treated with the secondary antibody (FITC-GAM)

alone.

-IFN-Y +IFN-Y

v
0

mfib

HC-10

TP25.QO

Log Fluorescence Intensity

Fig. 2. Expression of ÃŸ2-(i-freeHLA class I antigens on FO-IC and FO-IH cells.
FO-1C(- â€¢¿�â€¢¿�â€¢¿�)and FO-IH ( ) cells were incubated with lFN-y( 100 units/ml) at 37Â°C

for 48 h. Control cells were incubated under the same experimental conditions without
IFN-y. After cells were detached from the tlasks with PBS containing 1 mw EDTA and
were washed with Hanks' balanced salt solution, they were incubated with anti-ÃŸ;>-u,-frce

HLA class I heavy chain mAb HC-10 and mAb TP25.99 to a determinant expressed by
ÃŸ2-/i-freeand ÃŸ2-u,-associatedHLA class I heavy chains. Following washing with PBS-
azide, cells were stained with FITC-GAM. Fluorescence was determined on a FACS
Analyzer (Becton Dickinson). The nonspecific fluorescence represents cells incubated
with FITC-GAM alone ( ).
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Heavy Cha In Â»HÂ»
Human B2m Gene - + --- + --

Mouse B2m Gene + - - + -

pSV2neo + + +-+ + +-

Fig. 3. Expression and modulation by IFN--y of ÃŸ:-n and HLA class I heavy chain
mRNA in FO-1C and FO-1H cells. FO-1C. FO-1H. FO-1. and FO-lneo cells were
incubated at 37Â°Gwith IFN-y ( KM)untis/ml) for 4S h. Control cells were incubated under

the sameexperimental conditions hut without IFN-y. Total cellular RNA (20 u.g) was size
fractionated on a lr/r agarosc gel containing 2.2 M formaldehyde and was transferred to
nitrocellulose membranes. 12P-labcled oligonuclcotide probe MH and ':P-labeled
H1.A-B7 cf)NA probe were used for hybridization to mouse and human ÃŸ:-/imRNA and
HLA class I heavy chain mRNA. respectively.

reduced expression of both HLA-A and -B antigens or a selective
reduction in the expression of the gene products of the HLA-A or -B
loci, the reactivity of FO-1 C cells with anti-HI.A-A and anti-HLA-B
mAh in IIP was tested and compared with that of FO-1 H cells (Fig. 4).
The anti-HLA-B mAh H2-89-1, 06/64, and SA24/23 stained both
IFN-y-treated and control FO-1 C and FO-1 H cells; the intensity of
staining of FO-1 H cells was brighter than that of FO-1 C cells. In
contrast, the anti-HLA-A mAb F4/72 stained neither IFN-y-treated
nor control FO-1 C cells but stained both IFN-y-treated and control
FO-1H cells. The anti-HLA-A mAb VF19-LL67 did not stain FO-1C
cells and stained only 16% of FO-1 H cells with low intensity. Fur
thermore, the latter mAb stained 55% of IFN-y-treated FO-1 C cells
with low intensity and 95% of IFN-y-treated FO-1 H cells with high
intensity. These results indicate that IFN-y-treated FO-1 C cells ex
press the gene products of both HLA-A and -B loci. The association
with mouse ÃŸ;.- ĉhanges the antigenic profile of HLA-A molecules.

To determine whether the differential reactivity of FO-1 C cells with
anti-HLA-A and anti-HLA-B mAb was caused by differences in the
transcription of HLA-A and -B genes, the steady state levels of mRNA
for HLA-A and HLA-B antigens in FO-1 C cells were compared. The
intensities of the components hybridizing with 12P-labeled probes

pHLA-2a.l and pHLA-1.1 were similar, indicating that the HLA-A
and -B genes are transcribed at similar levels (data not shown).

Level of HLA-A and -B Heavy Chain Expression by FO-1 C and
FO-1H Cells. To determine whether the differential reactivity of
FO-1 C cells with anti-HLA-A and anti-HLA-B mAb reflected differ
ences in the expression of HLA-A and HLA-B heavy chains or of the
determinants recognized by the mAb used, HLA-A and HLA-B heavy
chains were immunoprecipitated from [vsS|methionine- and '-5I-la-

beled FO-1C melanoma cells with the anti-mouse ÃŸ;>-jumAb S19.8
and analyzed by two-dimensional gel electrophoresis. For comparison
purposes. HLA-A and HLA-B heavy chains were also immunopre
cipitated with the anti-human ÃŸ^-jtxmAb NAMB-1 from [^S]methio-
nine- and I2sl-labeled FO-1 H cells and analyzed by two-dimensional

gel electrophoresis. Representative results are shown in Fig. 5. The
intensities of the basic spots which represent the gene products of the
HLA-A loci were higher than those of the acidic spots which represent
the gene products of the HLA-B loci, especially when FO-1 C cells

were used as an antigen source (Fig. 5, a and c). but intensities were
similar when both IFN-y-treated FO-1 C and FO-1 H cells were used as

an antigen source (Fig. 5, h and d). These results indicate that the
differential reactivity of FO-1 C cells with anti-HLA-A and anti-
HLA-B mAb reflects a lack or reduction of expression of the deter
minants recognized by the anti-HLA-A mAb tested.

HLA Class I Phenotype of FO-1 Cells. To identify the HLA class

I allospecificity with lacking or low expression of the determinants
defined by anti-HLA-A mAb F4/72 and VF19-LL67, the HLA class I
phenotype of FO-1 cells was determined. Since the complement-

dependent cytotoxic assay is not a reliable procedure for HLA typing
of cells in long term culture, the HLA class I phenotype of FO-1 cells
was determined by IFF. To facilitate the analysis, IFN-y-treated
FO-1 C and FO-1 H cells, which express an increased level of HLA

class I antigens, were used as an antigen source. The electrophoretic
pattern of HLA class I heavy chains isolated from FO-1 C and FO-1 H
cells is compatible with the presence of HLA-A1, HLA-A25, or
HLA-A26 alloantigens. The electrophoretic pattern of HLA-B heavy
chains was compatible with the presence of HLA-B8 antigens (Fig. 6).

It is noteworthy that the intensity of the components corresponding to
the gene products of HLA-A loci immunoprecipitated by mAb W6/32
from FO-1 C cells was markedly lower than that of the molecules
immunoprecipitated from FO-1 H cells. In contrast, the intensity of the
HLA-B alloantigens immunoprecipitated from FO-1 C cells by mAb
W6/32 was only slightly lower than that of those from FO-1 H cells;
the intensities of HLA-B antigens immunoprecipitated from FO-1 C
and FO-1 H cells by mAb 4E were similar (Fig. 5). The expression of
HLA-B8 antigens by FO-1 C and FO-1 H cells was confirmed by IIF
staining with the anti-HLA-B8 mAb P8.1. mAb with the appropriate
specificity to discriminate between HLA-A 1, -A25, and -A26 antigens
were not available to us. Therefore, FO-1 cells were typed by SSOP
analysis. All the probes complementary to HLA-A25 alÃele,to both
HLA-A25 and -A26 alÃeles,and to both HLA-A1 and -A25 alÃeles
hybridized to DNA amplified by PCR from FO-1, FO-1C, and FO-1 H
cells, while probes complementary to HLA-A 1 and/or -A26 alÃelesdid
not (Table 3). Therefore, FO-1, FO-1C, and FO-1H cells express
HLA-A25 and -B8 specificities.

- IFN-y + IFN-Y mflb

F4/72

VFI9-LL67

H2-88-I

08/64

SR24/23

Log Fluorescance Intensity

Fig. 4. Differential reactivities of FO-1C and FO-1H cells with anti-HLA-A and anti-
HLA-B mAb. FO-1 (Â«).FO-lC(h). and FO-1H (c) cells were incubated with IFN-y (100
units/ml) al 37Â°Cfor 48 h. Control cells were incubated under the same experimental

conditions without IFN-y. After cells were detached from the flasks with PBS containing
I mM EDTA and were washed with Hanks" balanced salt solution, they were incubated

with anti-HI.A-A mAb F4/72 and VF19-LL67 and anti-HLA-B mAb H2-X9-1. Ofi/64.
and SA24/23. Following washing with PBS-azide. cells were stained with FITC-GAM.
Fluorescence was determined on a FACS Analyzer (Becton Dickinson).
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lEF

Fig. 5. Two-dimensional gel electrophoresis

analysis of HLA class I antigens expressed by
FO-1C and FO-1H cells. FO-1C (a and fc) and
FO-IH (r and d) cells were incubated with IFN--y
(100 units/ml) at 37Â°Cfor 48 h (b and d). Control

cells (a and c) were incubated under the same ex
perimental conditions but without IFN-y, and cells
were then surface labeled with '-5I using the lac-
toperoxidase method (31). Lysates from FO-1C
cells were immunoprecipitated with anti-mouse
ÃŸ2-fimAb S 19.8 (a and h). Lysates from FO-IH
cells were immunoprecipitated with anti-human
ÃŸi-p.mAb NAMB-1 (c and d). 1EF was from right

to left (acidic to basic) in the first dimension, and
SDS-PAGE was from lop to bottom in the second
dimension on 10% polyacrylamide gels. A, HLA-
A-related spots; B. HLA-B-related spots. Arrow

heads, human

a

DISCUSSION

Transfection with a wild-type human or mouse ÃŸ2-/xgene induces
HLA class I antigen expression by FO-1 melanoma cells, which do not

express these antigens because of a structural abnormality of their
endogenous ÃŸ2-|ugene(s) (16). The level of HLA class I antigens, as

indicated by the extent of binding of mAb recognizing monomorphic
determinants of HLA class I antigens and by the intensity of compo
nents corresponding to HLA class I heavy chains immunoprecipitated
by anti-mouse and anti-human ÃŸ2-ju,mAb, is markedly higher in FO-1
cells transfected with a human ÃŸ2-/Ligene than in FO-1 cells trans-
fected with a mouse ÃŸ2-/xgene. This difference is likely to reflect

more than one mechanism. Besides abnormalities in the processing of
HLA class I heavy chains by mouse ÃŸ2-ju,transfectant FO-1 cells (13),
the recently described dissociation of ÃŸ2-fj,from major histocompat-
ibility complex class I heavy chains on mouse EL4 and RAM-S cells
(39) suggests that mouse ÃŸ2-/xdissociates from the HLA class I

molecular complex inserted in the cell membrane because of the low
stability of the complex formed by HLA class I heavy chains bound to
mouse ÃŸ2-pi-This possibility is supported by the following lines of

evidence. The cell surface expression of HLA class I antigens by
mouse ÃŸ2-fAtransfectant FO-1 cells is increased by incubation at
30Â°C,which has been shown to enhance the stability on the cell

membrane of mouse ÃŸ2-/ji-associatedHLA class I heavy chains (13).
Furthermore, FO-1C and FO-IH cells react to similar extents with
anti-ÃŸ,-/x-free HLA class I heavy chain mAb HC-10, although FO-IH
cells display higher reactivity with mAb reacting with ÃŸ2-/j,-associated
HLA class I heavy chains. The expression of ÃŸ2-/x-freeHLA class I
heavy chains can also account for the higher reactivity of FO-1 C cells
with mAb TP25.99 than with mAb CR1-S63, CR10-215, CR11-115,

TP67, and W6/32. While the latter five mAb recognize determinants
expressed only on ÃŸ2-ju.-associatedHLA class I heavy chains (17-19,

40), mAb TP25.99 recognizes a determinant which is expressed on
both ÃŸ2-/j,-associatedHLA-A, -B, and -C heavy chains and ÃŸ2-/j,-free
HLA-B and -C heavy chains (5). The reduced stability of the complex

CM
n

LU CD LU

CVJ
n
co

human

R25-

B8-

Fig. 6. Analysis by one-dimensional IEF gel electrophoresis of HLA class I allospeci-
ficities immunoprecipitated from FO-IC and FO-IH cells. Following a 48-h incubation
with IFN-y (1(K) units/ml), FO-IC and FO-IH cells (5 X 10ft) were metabolically labeled
with [^Sjmethionine. Labeled cells were lysed with 0.5% Triton X-114 and cellular
lysates were mixed with 0.5% Nonidet P-40. HLA class I antigens were immunoprecipi
tated with anti-HLA-B and -C mAb 4E and with anti-HLA class I mAb W6/32. Isolated
HLA class I antigens were treated with neuraminidase and analyzed by one-dimensional

IEF gel electrophoresis using a vertical slab gel apparatus. The gel was then processed for
fluorography.
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Table 3 Sequence-specific oligonucleotide probes for HLA-A1, -A25, and -A26 typing

Probe-aÃ¯

domain62RN76AN77S78RÂ«2

domain11401I4R131

R144Q149T150V152EI5AWI63R166DGAmino

acid
sequenceDRNTRDRANLESLRILRIALYQQDAGYRQDRSWTAQITQRWETAHEAVHAAHEAEEQWRAEGRCVVDGLRHLA''

Niirlentirle sequenceFfl-1(5'-3r)
Al A25 A26cellsrGACCGGAACACACGG

+ ++GACCGAGCGAACCTG

++GAGAGCCTGCGGATC

++TGCGGATCGCGCTCC

++TACCAGCAGGACGCC

+ ++GGGTACCGGCAGGAC

+CGCTCTTGGACCGCG

+ + ++AGATCACCCAGCGCA

+ ++TGGGAGACGGCCCAT

+ ++GAGGCGGTCCATGCG

+GCCCATGAGGCGGAG
+ -f+GAGCAGTGGAGAGCC

+ ++GAGGGCCGGTGCGTG
+ + ++GTGGACGGGCTCCGC

+

" The probe designation indicates the position number in the amino acid sequence and the symbol of the amino acid residue that discriminates distinct HLA-A alÃeles.
h Complementarity of the nucleotide sequence of the probe to that of the indicated HLA-A alÃelesis shown.
r Hybridization in the dot blot assay of the indicated probes with DNA amplified from FO-1 cells is shown.

formed by HLA class I heavy chains bound to mouse ÃŸ2-/xmay reflect
the difference between human and mouse ÃŸ2-/xin the polarity of one

of the amino acids interacting with the a, and a2 domains of HLA
class I heavy chains (41). Residue 33 is the hydrophobic (nonpolar)
amino acid proline in mouse ÃŸ2-/xbut the hydrophilic (polar) amino
acid serine in human ÃŸ2-M(8). An alternative but not exclusive

mechanism is represented by the reduced efficiency of the binding of
peptides to the mouse ÃŸ2-pi-HLAclass I heavy chain complex, since

expression of this complex was increased by incubation of cells at low
temperature (13). Incubation of cells at low temperature has been
shown to increase the expression of empty major histocompatibility
complex class I molecules (42).

The present study has also shown a differential effect of the asso
ciation with mouse ÃŸ2-fion the antigenic profile of HLA-A25 and -B8
allospecificities. HLA-B8 heavy chains associated with mouse ÃŸ2-/M
display only moderately lower reactivity, compared with HLA-B8
heavy chains associated with human ÃŸ2-/x,with anti-HLA-B mAb
H2-89-1, Q6/64, and SA24/23 and with anti-HLA class I mAb W6/32.
In contrast, HLA-A25 heavy chains associated with mouse ÃŸ2-p.dis
play no or very low reactivity with anti-HLA-A mAb F4/72 and
VF19-LL67 and with anti-HLA class I mAb W6/32. The latter results
parallel the lacking or markedly low reactivity of anti-HLA-A3 mAb
X1.23 with HLA-A3 antigens and of mAb W6/32 with HLA-A3, -B7,
and -Cw3 antigens expressed by mouse cells transfected with the

corresponding HLA class I genes (10, 11). The differential ability of
HLA-A25 and -B8 allospecificities to tolerate the structural differ
ences between mouse and human ÃŸ2-/xmay reflect the different char

acteristics of valine and methionine, which are present at residue 12 of
the heavy chains of these two allospecificities (43). Residue 12 inter
acts with residue 33 of ÃŸ2-|t(41). The latter residue is the only one
that differs between human and mouse ÃŸ2-/xin the stretch of amino

acids which interact with the a, and a2 domains of HLA class I heavy
chains (8, 41). This mechanism is supported by the reduction in the
expression of the determinant defined by mAb W6/32 on the HLA-
A3, -B7 and -Cw3 allospecificities when they are associated with
mouse ÃŸ2-/i.Like HLA-A25 allospecificities, HLA-A3, -B7, and
-Cw3 allospecificities express valine at position 12 (43). Furthermore,

the recent information about the mapping of the determinants recog
nized by mAb CR1-S63, CR10-215, CR11-115, TP67, and W6/32
(20) indicates that association with mouse ÃŸ2-;u.may change the

expression of determinants located on a2 and a3 domains of HLA
class I heavy chains. Whether these changes have any effect on
peptide presentation and/or CDS binding is not known at the present
time.

Interest in the characterization of HLA allospecificities expressed
by malignant cells has been stimulated by at least two experimental
findings. Malignant transformation of cells may be frequently asso
ciated with changes in their HLA phenotypes (for review, see Ref. 44).
These changes may affect the interaction of tumor cells with the host
immune system and the clinical course of the disease (for review, see
Ref. 45). Additional impetus to analyze the HLA phenotype of tumor
cells has been provided by the growing interest in the use of cytotoxic
T cells recognizing tumor-associated antigens to develop immuno-

therapy of malignant diseases, since the success of these therapeutic
approaches requires expression of the restricting HLA class I allo
specificities by tumor cells (for review, see Refs. 46). However, char
acterization of the HLA phenotype of cultured cells as well as of
malignant cells isolated from surgically removed lesions has been
hampered by their abnormal susceptibility to complement-dependent
lysis, which reduces the usefulness of the widely used complement-

dependent cytotoxic assay to identify HLA allospecificities on tumor
cells. Furthermore, HLA phenotyping by absorption is restricted to a
few allospecificities, since most of the available anti-HLA alloantisera

are not suitable for this technique because of the low titer and/or
affinity of anti-HLA alloantibodies. The present study has shown that

a combination of binding assays with the limited number of available
mAb recognizing HLA allospecificities, IEF of HLA molecules im-
munoprecipitated from 12SI-labeled tumor cells with a mAb recogniz

ing a monomorphic determinant shared by the gene products of
HLA-A, -B, and -C loci, and oligonucleotide hybridization may over

come the limitations imposed by the previously used techniques.
Furthermore, the three methods we have used complement each other,
so that their combination provides reliable information about the HLA
phenotype of tumor cells. In contrast, each of the three methods
individually is not suitable to identify the HLA allospecificities ex
pressed on the membranes of tumor cells. The usefulness of the
binding assay with mAb for HLA typing of tumor cells is restricted to
a limited number of HLA allospecificities, since the number of mAb
specific for HLA alloantigens is still small. Furthermore, the IEF
typing technique does not have the discriminatory power to identify
all the serologically defined HLA allospecificities, since some of them
have very similar if not identical electrophoretic patterns, as shown in
this study. The typing techniques based on the nucleotide sequences
encoding the polymorphic polypeptides of HLA antigens have been
used to only a limited extent, to assess their practical usefulness (35,
47). At any rate, a major limitation of DNA-based typing techniques

is represented by their inability to determine whether the HLA allo
specificities encoded within a tumor cell are expressed on its plasma
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membrane. The latter information contributes to determining whether
HLA class I allospecificities fulfill their function to bind peptides
intracellularly and transport them to the cell surface, where antigenic
peptide presentation to CD8+ T lymphocytes can occur.
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