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SUMMARY

Polarization and segregation of the T-cell receptor (TCR) and integrins upon productive

cytotoxic T-lymphocyte (CTL) target cell encounters are well documented. Much less is known

about the redistribution of major histocompatibility complex class I (MHC-I) and intercellular

adhesion molecule-1 (ICAM-1) proteins on target cells interacting with CTLs. Here we show

that human leucocyte antigen-A2 (HLA-A2) MHC-I and ICAM-1 are physically associated

and recovered from both the raft fraction and the fraction of soluble membranes of target cells.

Conjugation of target cells with surrogate CTLs, i.e. polystyrene beads loaded with antibodies

specific for HLA-A2 and ICAM-1, induced the accumulation of membrane rafts, and beads

loaded with ICAM-1-specific antibodies caused the selective recruitment of HLA-A2 MHC-I at

the contact area of the target cells. Disruption of raft integrity on target cells led to a release of

HLA-A2 and ICAM-1 from the raft fraction, abatement of HLA-A2 polarization, and

diminished the ability of target cells bearing viral peptides to induce a Ca2+ flux in virus-specific

CTLs. These data suggest that productive engagement of ICAM-1 on target cells facilitates the

polarization of MHC-I at the CTL–target cell interface, augmenting presentation of cognate

peptide–MHC (pMHC) complexes to CTLs. We propose that ICAM-1–MHC-I association on

the cell membrane is a mechanism that enhances the linkage between antigen recognition and

early immunological synapse formation.
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INTRODUCTION

Normally, activation of T cells requires productive

engagement of the T-cell receptor (TCR) and integrins
by cognate peptide–major histocompatibility complex
(pMHC) complexes and adhesion molecules displayed on

target cells and antigen-presenting cells (APC), respect-
ively. While antigen-induced redistribution of the TCR
and integrins on T cells has been well documented and is

thought to be important for T-cell activation,1,2 much less
is known about the behaviour of MHC and adhesion

molecules on the surface of target cells and APC. Previous
experiments, based on the lateral diffusion of cell-surface
MHC, suggest that these molecules are organized in

clusters.3,4 In addition, fluorescence resonance energy
transfer measurements have shown that MHC molecules
are in close vicinity to intercellular adhesion molecule-1
(ICAM-1) and CD25 molecules and form large-scale

clusters.5 It has also been shown that MHC class II
(MHC-II) molecules can be detected in isolated membrane
rafts and that disruption of the rafts on live APC results in

less efficient antigen presentation to MHC-II-restricted
CD4+ T cells.6,7

Here, we have shown that MHC-I and ICAM-1 can be

co-immunoprecipitated from the raft fraction as well as
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from the detergent-soluble fraction of cell lysates. Quanti-
tative analysis revealed that 50% of cell-surface human
leucocyte antigen-A2 (HLA-A2) and 17% of ICAM-1
molecules were raft-associated. Conjugation of target cells

with polystyrene beads coated with anti-ICAM-1 and anti-
HLA-A2 immunoglobulins resulted in raft accumulation at
the target cell–bead interface. In addition, beads loaded

with only anti-ICAM-1 immunoglobulin induced HLA-A2
migration to the contact area of target cells, and vice versa.
Ligation of HLA-A2 or ICAM-1 by specific monoclonal

antibodies (mAbs) led to an increase of HLA-A2–ICAM-1
association in rafts and recruitment of Src family protein
tyrosine kinases. Disruption of raft integrity on target cells

resulted in a significant loss of MHC-I and ICAM-1 from
the raft membrane fraction, abolished the polarization of
target cells conjugated with the beads, and impaired the
ability of these cells to present viral peptides to virus-specific

cytotoxic T lymphocytes (CTL). Based on these data, we
propose that specific engagement of MHC-I and ICAM-1
in rafts leads to the accumulation of rafts and MHC-I–

ICAM-1 assemblies at the target cell–CTL interface,
resulting in an augmented antigen presentation to CTL.

MATERIALS AND METHODS

Cells
Human clone 68A62 of CD8+ CTL [specific for the human
immunodeficiency virus (HIV) reverse transcriptase-derived

peptide ILKEPVHGV (IV9)8] was maintained in culture, as
described previously.9 A CD8+ CTL clone, CER43, which
recognizes the GILGFVFTL (GL9) peptide from the mat-

rix protein of influenza virus,10 was kindly provided by
Dr Antonio Lanzavecchia (Institute for Research in Bio-
medicine, Bellinzona, Switzerland) and was maintained in

culture, as previously described.11

The Epstein–Barr virus (EBV)-transformed B-cell line,
JY (HLA-A2, B7, Cw7), was grown in RPMI-1640

containing 10% fetal calf serum, 10 mm HEPES, 2 mm

l-glutamine, 100 U ⁄ml penicillin, 100 lg ⁄ml streptomycin
and 50 lm b-mercaptoethanol (R10).

Antibodies and proteins
The following mAbs were used: PA2.1 (specific for the a2
helix of HLA-A2), a gift of Dr Herman Eisen (Massachu-
setts Institute of Technology, Cambridge, MA); HCA2
(specific for denatured HLA-A2 chain), kindly provided by
Dr Jacques Neefjes (The Netherlands Cancer Institute,

Amsterdam, The Netherlands); CL203 (specific to the
fourth domain of ICAM-1), a gift from Dr Soldano
Ferrone (Roswell Park Cancer Institute, Buffalo, NY);12

HB9580 (specific for the second domain of ICAM-1) and
HB-55 (anti-HLA-DR) [American Type Culture Collection
(ATCC); Manassas, VA]; anti-CD45RA (Lab Vision

Corporation, Fremont, CA); phycoerythrin-conjugated
anti-CD45 (Pharmingen, San Diego, CA); and 236–15375
(anti-transferrin receptor, TFR; antibody is not phyco-

erythrin labelled) (Molecular Probes, Eugene, OR),
respectively. Purified rabbit polyclonal antibodies (sc-18)
that recognize multiple members of the Src family kinases

(c-Src p60, Yes p62, Fyn p59, Fgr p55) were from Santa
Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor
488-labelled or biotinylated monovalent B subunit of
cholera toxin (CTB), streptavidin Alexa Fluor 488 conju-

gate and Alexa Fluor 488-labelled F(ab¢)2 fragment of goat
anti-mouse immunoglobulin G (IgG) were obtained from
Molecular Probes. Polyclonal mouse antibodies from

normal mouse serum, and mAbs, were purified by affinity
chromatography on a Protein A or a Protein G column.

Isolation of membrane rafts and their characterization
Rafts were separated from non-raft membrane fractions,
as previously described.13 Briefly, JY cells (108) were wa-

shed with chilled MBS buffer (150 mm NaCl, 20 mm MES,
pH 6Æ5) and resuspended in 700 ll of ice-cold lysis buffer
[MBS containing 1% Triton-X-100, 5 mm iodoacetamide,

1 mm phenylmethylsulphonyl fluoride (PMSF), 10 mm

NaF, 1 mm Na3VO4] followed by 30 min of incubation on
ice. The lysate was homogenized with 20 strokes of a

loose-fit Dounce homogenizer and incubated for a further
30 min, as described above. Nuclei and cytoskeletal
elements were removed by centrifugation (2000 g) for
15 min at 4�. The supernatant was then mixed with an

equal volume of chilled 90% sucrose in MBS (w ⁄v), placed
on the bottom of the centrifuge tube and overlaid with
6Æ0 ml of 30% sucrose and 4Æ0 ml of 5% sucrose in MBS.

The tubes were spun for 16–18 hr at 39 000 r.p.m. in an
SW41 rotor at 4�. Fractions (» 1 ml) were collected from
the top of the gradient. In some experiments, cells were

pretreated with methyl-b-cyclodextrin (MCD) (Sigma, St
Louis, MO) prior to lysis, as described below.

The identity of raft-containing fractions was confirmed

by the presence of GM1 ganglioside, signalling proteins of
the Src family kinases and the absence of CD45. To detect
GM1, an equivalent amount of protein from every fraction
was applied to nitrocellulose membranes; the membranes

were then blocked with 5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) containing 0Æ1% Tween-20
(PBST) and developed with biotinylated CTB followed by

streptavidin-peroxidase (Roche Applied Science, Indiana-
polis, IN) and enhanced chemiluminescence (ECL). CD45
and Src family kinases were detected byWestern blotting, as

described below.

Cell-surface biotinylation

JY cells were biotinylated on ice, prior to lysis, to specif-
ically label cell-surface proteins. The cells (108) were washed
twice with ice-cold PBS (137 mm NaCl, 3Æ5 mm KCl,

10 mm sodium phosphate buffer, pH 7Æ4) and incubated for
30 min at 4� in 2 ml of 1 mg ⁄ml sulfosuccinimidyl-6-(bio-
tinamido)hexanoate(sulfo-NHS-LC-biotin) (Pierce, Rock-
ford, IL). The cells were washed a further three times

in ice-cold PBS containing 20 mm glycine to quench the
biotinylation reaction.

ICAM-1 and HLA-A2 cross-linking
Cross-linking of ICAM-1 and HLA-A2 was performed, as

previously described,14,15 with some modifications. JY
cells (5–10 · 105 ⁄ml) were washed, resuspended in fresh

� 2004 Blackwell Publishing Ltd, Immunology, 113, 460–471

MHC class I–ICAM-1 association 461



R10 medium at a density of 2 · 107 ⁄ml, and incubated
with HB9580 or PA2.1 mAb (both 10 lg ⁄ml) at 4� for
30 min. Then, they were spun down, the pellet was
resuspended in R10 medium containing 5 lg ⁄ml goat

anti-mouse immunoglobulin (Vector Laboratories, Bur-
lingame, CA), and the cells were incubated for a further
15 min at 37�. An equal amount of control cells was

treated with polyclonal mouse antibodies (10 lg ⁄ml) fol-
lowed by goat anti-mouse immunoglobulin or CTB

(10 lg ⁄ml) and rabbit polyclonal anti-CT antiserum

(1 : 1000) (Sigma) under the same experimental condi-
tions. The cells were washed twice in cold MBS buffer and
processed for separation of rafts and soluble membrane

fractions, as described above.

Immunoprecipitation and Western blot analysis

Immunoprecipitation was performed, as described previ-
ously,16,17 with some modifications. Triton-X-100 was
added to the raft fraction and diluted 1 : 3 with the sol-

uble membrane fraction to a final concentration of » 1Æ0%.
The samples were precleared with biotin-blocked strept-
avidin-agarose (Pierce) for 1 hr at 4�. The resulting
supernatants were combined with either biotinylated

HB9580 mAb or biotinylated PA2.1 mAb and incubated
with end-to-end rotation for 3 hr at 4� followed by the
addition of streptavidin-agarose for 1 hr under the

same conditions. In the case of analysis of biotinylated
cell-surface proteins, streptavidin-agarose was added
directly to equal volumes of individual fractions. The

beads were washed three times with lysis buffer, twice with
MBS, and proteins bound to the beads were eluted by
boiling in 50 ll of 2 · Laemmli sample buffer (with or

without b2-mercaptoethanol) and separated from the
beads by centrifugation. The specificity of immunopre-
cipitation was confirmed with an isotype-matched control
antibody. Eluted proteins, or equal volumes of individual

fractions derived from sucrose density gradients, were
separated by sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE), transferred to nitrocellulose

membrane (Micron Separations Inc., Westboro, MA) and
probed with specific antibody followed by peroxidase-
conjugated secondary reagent and ECL. The membranes

were developed with Kodak BioMax MR-2 film (Kodak,
Rochester, NY) at different time-points, and the amount
of protein was quantified by scanning densitometry using
a Personal Densitometer SI (Molecular Dynamics Inc.,

Sunnyvale, CA) and imagequant software. Scans of
multiple exposures were obtained to ensure that the results
fell into the linear range.

Analysis of target cell–bead conjugates
Aldehyde sulphate latex 10-lm particles (Interfacial

Dynamics Corporation, Portland, OR) were first coated
with purified horse anti-mouse immunoglobulins (Vector
Laboratories) overnight in 0Æ1 m MES buffer. The washed

beads (107) were then incubated with 10 lg ⁄ml specific
mAb, in a 100-ll volume, for 2 hr at room temperature
prior to conjugation with JY cells. In some experiments,

primary antibodies were directly absorbed to carboxylated

polystyrene beads (10 lm; Polysciences, Warrington, PA)
by incubating the antibodies (at 200–500 lg ⁄ml) with the
beads for 2 hr at room temperature in borate buffer. Beads
were blocked with 100 mm glycine in PBS and stored at

4� in 1% BSA ⁄PBS. Antibody absorption was verified by
flow cytometry. JY cells (2 · 106) were washed and
resuspended in 100 ll of 0Æ1% BSA in Dulbecco’s PBS

containing Ca2+ ⁄Mg2+. Beads and JY cells were mixed at
a ratio of 5 : 1, briefly spun down in round-bottom plates
at 300 g, and incubated at 37� for 30 min in waterbath. In

experiments involving raft polarization, JY cells were
labelled with CTB Alexa Fluor 488 conjugate (50 lg ⁄ml)
for 30 min at room temperature prior to conjugation with

beads. Conjugates were transferred to poly-l-lysine-coated
slides; the slides were fixed, stained with fluorochrome-
labelled specific antibody and analysed by fluorescence
microscopy. Images were collected using a Quantix

charged-coupled device camera (with a Kodak 1401E chip)
attached to a Zeiss Axiovert 200 inverted microscope with
a Zeiss Plan-Apo 63 · 1Æ40 NA objective and metamorph

software (Universal Imaging Inc., Downingtown, PA).
Recruitment of fluorescence-labelled rafts and other cell-
surface molecules to the target cell–bead interface was

quantified based on the ratio of mean pixel intensity at the
contact area and the perimeter of the remaining cell
membrane. JY cells were scored, as polarized, if the ratio
of intensity of staining in the area contacting the bead was

greater than 1Æ4. At least 50 target cell–bead conjugates
were analysed in three independent experiments in each
group.

Measurements of antigen-induced Ca2+ flux in CTLs

Prior to the assay, CTLs were loaded with the ratiometric
calcium indicator, Fura-2 AM (Molecular Probes),
according to the manufacturer’s instructions. In brief, CTL
were washed three times in R10, resuspended at 107 cells per

ml, and then loaded with Fura-2 (final concentration 2 lm)
for 30 min at 37�. The cells were then washed twice and
further incubated for 30 min at 37� to allow complete

de-esterification of intracellular Fura-2 AM ester. At this
stage, CTLs were washed with Hanks’ balanced salt
solution (HBSS) containing 1 mm CaCl2, 0Æ1 mm MgCl2,

5 mm glucose18 and 0Æ025% fatty acid-free BSA (FFBSA)
(Sigma), resuspended at a cell density of 3–5 · 107 ⁄ml and
stored prior to each experiment.

HLA-A2+ JY target cells were washed and resus-

pended at 5–10 · 106 cells per ml in PBS containing 1%
FFBSA, and loaded with IV9 or GL9 peptides, at
various concentrations, for 60 min at 37�. To extract

cholesterol from cell membranes, MCD was added to a
final concentration of 10 mm for the last 20 min of the
incubation with peptide. To replete cholesterol, after

MCD treatment the cells were incubated for 30 min at
37� in 5 mm cholesterol-loaded MCD containing 1%
FFBSA. The cells were then washed twice with a large

volume of cold FFBSA-HBSS, their density was adjusted
to 3–5 · 107 per ml, and they were stored on ice prior to
each experiment. In some experiments, raft disruption
was induced by filipin III (Sigma) at 7Æ6 lm for the last
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15 min of incubation with peptide. To restore raft
structure, the cells were washed free of filipin and further
incubated in the presence of RPMI containing 20% fetal
bovine serum19 and 1Æ8 lm brefeldin A for 2 hr at 37�
prior to the assay. Src family kinases in JY cells were
inhibited by the selective inhibitor, 4-amino-5-(4-methyl-
phenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP1) (Bio-

mol, Plymouth Meeting, PA),20 at 10 lm, added for the
last 20 min of incubation with peptide. Control cells were
incubated under the same experimental conditions, but

without drugs.
To ensure stability of pMHC complexes on target cells,

corresponding peptide concentrations were maintained

during all steps. The conditions for MCD and filipin
treatment were selected after preliminary experiments,
establishing that these conditions did not lead to cell death,
as measured by Trypan Blue exclusion.

A total of 3 · 106 CTLs and an equal number
(3 · 106) of target cells were preheated in a waterbath for
2 min at 37� with gentle mixing and combined in an

Eppendorf tube in a 200-ll volume, spun down for
5 seconds at 300 g, then incubated for 1 min at room
temperature (22–25�). The cell pellet was dispersed with

two up-and-down strokes of a pipetteman, and the cell
conjugates were transferred to the temperature-stabilized
(at 37�) cuvette of a fluorescence spectrometer LS50
(Perkin-Elmer, Wellesley, MA). Measurements of minimal

and maximal Ca2+ release were made in the presence of
5 mm EGTA and Triton-X-100 (0Æ05%), respectively. The
fluorescence was excited at either 340 nm (Ca2+-bound

fluorochrome) or 380 nm (free fluorochrome) and meas-
ured at 510 nm. The ratio of the fluorescence intensities,
i.e. F.I.340 ⁄F.I.380 was determined. From this ratio, the

level of intracellular Ca2+ was calculated using fl data

manager software (Perkin-Elmer).
To quantify the amount of CTL-target conjugates in

the presence or absence of MCD, the target cells and
CTLs were prepared and combined as described above.
After incubation for 2–3 min, the cell suspension was
transferred to 12-mm poly-l-lysine-coated glass slips. The

cells were allowed to adhere for a further 3 min, fixed for
15 min with 3Æ7% formaldehyde and stained with fluo-
rescein isothiocyanate (FITC)-labelled anti-CD8 mAb

(Beckman-Coulter, Fullerton, CA). The efficiency of con-
jugate formation was determined as the percentage of
CD8+ cells that formed conjugates with JY cells. At least

500 CD8+ cells were counted in each experiment. The
presence of JY cells in the conjugates was established by
bright-field microscopy.

Flow cytometry
Approximately 5 · 105 cells, in 100 ll of PBS containing 1%
BSA, were incubated in the presence of PA2.1 (5 lg ⁄ml) or
HB9580 (5 lg ⁄ml) mAbs for 30 min on ice, washed three
times with chilled BSA ⁄PBS, and stained with FITC-labelled
goat anti-mouse Ab (Pharmingen), at a 1 : 100 dilution, for
30 min on ice. The cells were then washed free of unreacted
antibodies and analysed on an MCL ⁄XL automated
analytical cytometer (Beckman-Coulter Inc.).

RESULTS

MHC-I and ICAM-1 are co-purified with membrane rafts

and the soluble membrane fraction isolated from

cell lysates

It is well established that CTL adhesion to the target cell
precedes the reaction between the TCR and cognate
pMHC21,22 and subsequent formation of the immuno-

logical synapse at the CTL–target cell interface.23,24 In
addition, engagement of MHC and ICAM-1 molecules
can initiate intracellular signalling in APC15,25–29 and

leads to actin cytoskeleton polarization.30 These data led
us to hypothesize that cell-surface MHC-I and ICAM-1
may utilize rafts as a signalling platform, and their

engagement with counter-receptors on CTL initiates
intracellular events that result in the accumulation of
MHC and adhesion molecules at the CTL–target cell
interface, thus enhancing the antigen presentation to

CTL. To test this hypothesis, we first probed the ‘protein
cargo’ of the raft and soluble membrane fractions, iso-
lated from lysates of JY cells on sucrose density gradi-

ents, by blotting with anti-ICAM-1 and anti-HLA-A2
mAbs (Fig. 1a). The raft fraction, which was concentra-
ted as a visible ring at the 5% ⁄30% interface of the

gradient, is characterized by lower density, as opposed to
the bulk of solubilized membranes at the bottom of the
gradient. The gradient was separated into 11 fractions.
The raft-containing material was found in fractions 4, 5

and 6, which were marked by the presence of GM1
ganglioside31 and Src kinases, and by the absence of
CD45, which is preferentially excluded from rafts. Both

ICAM-1 and HLA-A2 were recovered from raft-
containing fractions. Treatment of JY cells with MCD,
which extracts cholesterol from the membrane, prior to

cell lysis, resulted in a significant decrease (by 59%) of
HLA-A2 and, to a lesser extent, of ICAM-1 (by 40%)
and Src kinases (by 55%) in these fractions. The MCD

treatment had a minimal effect on cell viability (more
then 88% of the cells were Trypan Blue negative) and
could not account for the loss of HLA-A2 and ICAM-1
in the raft fractions of MCD-treated cells.

Considerable amounts of HLA-A2 and ICAM-1 were
also found at the bottom of the gradient in fractions 10
and 11 (see Fig. 1a), indicating that a significant amount

of raft-excluded HLA-A2 and ICAM-1 were derived from
the detergent-soluble phase of outer and inner mem-
branes. This is consistent with the previous finding that

the density of MHC-I on inner membranes is relatively
high.32

To determine the fraction of raft-included HLA-A2
and ICAM-1 on the cell membrane, the cell surface

was biotinylated prior to lysis. The labelled HLA-A2
and ICAM-1 molecules were immunoprecipitated with
streptavidin–agarose beads from individual fractions of

the sucrose gradient, and the amount of HLA-A2 and
ICAM-1 was quantified as described above (see Fig. 1b).
While » 50% of cell-surface HLA-A2 were raft-associ-

ated, the fraction of cell-surface ICAM-1 in rafts
amounted to 17%.
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ICAM-1 molecules are physically associated with HLA-A2

To further define the relationship between HLA-A2 and
ICAM-1, we investigated whether ICAM-1 molecules are
associated with HLA-A2. To test this, we immunoprecip-

itated ICAM-1 from isolated fractions of rafts and soluble
membranes (see above) at 4� and blotted the immuno-
precipitates with anti-HLA-A2 mAb. We found that
HLA-A2 was indeed co-immunoprecipitated with ICAM-1

from both fractions (Fig. 2a). Conversely, ICAM-1 mole-
cules were co-immunoprecipitated with raft-included and
raft-excluded HLA-A2 under the same conditions

(Fig. 2b). These data suggest that MHC-I and ICAM-1
are associated in both detergent-soluble and detergent-
insoluble membranes, and that the MHC-I–ICAM-1

interactions are not necessarily supported by the structure
of rafts. Consistent with this, we have found that exposure
of isolated rafts to 1% N-octylglucoside, conditions in
which raft integrity is no longer preserved,33,34 led to only

an insignificant decrease of the amount of co-immuno-
precipitated HLA-A2 and ICAM-1 (Fig. 2a,b).

As the density of HLA-A2 and ICAM-1 on JY cells is

7 · 105 (ref. 8) and 2 · 105 (T. Lebedeva and Y. Sykulev,
unpublished) molecules per cell, respectively, there is an
excess of HLA-A2 over ICAM-1 in both rafts and

soluble membranes. Thus, only a fraction of HLA-A2
may be associated with ICAM-1. Whether the ICAM-1–
HLA-A2 association is direct or indirect remains to be

established.
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Figure 1. Major histocompatibility complex class I (MHC-I) and

intercellular adhesion molecule-1 (ICAM-1) molecules were

recovered from membrane rafts isolated from intact JY cells. (a)

Either intact or methyl-b-cyclodextrin (MCD)-treated JY cells were

lysed in the presence of 1% Triton-X-100 at 4� and fractionated on

a 45% ⁄30% ⁄5% sucrose density gradient. Equal portions (vol-

umes) of individual fractions were separated by sodium dodecyl

sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) and

further analysed by immunoblotting with anti-CD45, anti-Src

(SRC2), anti-HLA-A2 (HCA2) or anti-ICAM-1 (CL203) mono-

clonal antibodies (mAbs). GM1 ganglioside was detected by dot-

blot using the biotinylated monovalent B subunit of cholera toxin

(CTB). Raft-containing (low-density) fractions (i.e. fractions 4–6)

were enriched for Src family kinases and GM1. The high-density,

but not the low-density fractions contained CD45, which is pref-

erentially excluded from rafts. Pretreatment of JY cells with MCD

resulted in a significant decrease of Src kinases, HLA-A2 and

ICAM-1 in raft fractions (see the table at the foot of the figure).

(b) JY cells were biotinylated on ice prior to treatment with Triton-

X-100 and subsequent sucrose density-gradient fractionation.

Biotinylated cell-surface proteins were immunoprecipitated from

equal aliquots of each fraction with streptavidin-agarose, and

eluted proteins were analysed by immunoblotting with anti-HLA-

A2 and anti-ICAM-1 mAbs. The percentage of raft-associated

HLA-A2 and ICAM-1 recovered from the cell surface or from the

total cell lysate is shown in the table and represents an average of

three to seven independent experiments.
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Figure 2. Intercellular adhesion molecule-1 (ICAM-1) is

co-immunoprecipitated with human leucocyte antigen-A2 (HLA-

A2) from the fraction of isolated rafts. Both ICAM-1 and HLA-A2

were found in immunoprecipitates isolated with anti-ICAM-1

(a) or anti-HLA-A2 (b) monoclonal antibodies (mAbs) from raft

fractions and soluble membrane fractions. A slightly decreased

amount of ICAM-1 and HLA-A2 was co-immunoprecipitated

from the fraction of rafts exposed to 1% N-octylglucoside (N-OG).

The amount of co-immunoprecipitated ICAM-1 and HLA-A2

from the soluble fraction in the presence or absence of N-octyl-

glucoside was similar (data not shown). Results are representative

of three to five independent experiments.
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HLA-A2 and rafts are recruited to the interface between

the target cell and surrogate CTL

To investigate partitioning of MHC-I and ICAM-1 mole-
cules on the surface of target cells that productively interact

with CTL, we utilized polysterene beads loaded with anti-
ICAM-1 or anti-HLA-A2 mAb, separately or in combina-
tion, as surrogate CTL. This permits exclusion of the

influence of active redistribution of TCR and lymphocyte
function-associated antigen-1 (LFA-1) on the T-cell sur-
face2,35 and allows examination of the reorganization of

MHC-I, ICAM-1 and membrane rafts on target cells in-
duced by their productive engagement.

When JY cells were conjugated with beads bearing anti-

HLA-A2 and anti-ICAM-1 mAb, raft polarization towards
the target cell–bead interface was observed in 70% of the
conjugates (Fig. 3a, Table 1). The relative enrichment of
raft-associated fluorescence intensity at the interface was

found to be 2Æ27 ± 0Æ67. The polarization of rafts was also
induced by beads coated with either anti-HLA-A2 or anti-
ICAM-1 immunoglobulin, albeit less frequently, i.e. in 47%

and 42% of the conjugates, respectively. In contrast, target
cells conjugated with beads carrying antibodies to TFR,
which is mainly excluded from the raft fraction, did not

polarize rafts in 71% of all conjugates observed (Fig. 3b,
Table 1). Similarly, no raft polarization was observed
in 69% of the conjugates containing beads covered with
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Figure 3. Rearrangement of cell-surface molecules in response to

surrogate cells. Human leucocyte antigen-A2 (HLA-A2) ⁄ inter-
cellular adhesion molecule-1 (ICAM-1)-mediated raft redistribu-

tion to the JY cell–bead interface. JY cells were prelabelled with the

monovalent B subunit of cholera toxin (CTB), which was coupled

to Alexa Fluor 488, and conjugated to anti-mouse beads coated

with anti-HLA-A2 and anti-ICAM-1 mAb, singly or in combina-

tion. GM1 ganglioside-associated fluorescence initially had an

uneven, low-intensity distribution on the outer membrane. After

30 min of contact, the mean fluorescence pixel intensity increased

at the interface zone owing to lipid raft redistribution on the JY cell

membrane. Raft polarization to the cell–bead interface was ob-

served in 70% of conjugates containing beads coated with anti-

HLA-A2 ⁄anti-ICAM-1 (a, middle panel); raft polarization was not

evident in 71% of the conjugates containing anti-transferrin

receptor (TFR)-loaded beads (b, middle panel). Conjugate forma-

tion between JY cells and beads was confirmed by visible light

microscopy (a and b, left panels). To better appreciate changes in

fluorescence intensity caused by raft accumulation at the interface,

images were represented in pseudocolor mode (a and b, right

panels). The palette of pseudocolor intensity is shown at the very

right, in arbitrary units ranging from 0 to 255. The fluorescence

intensity at the cell membrane was plotted as a function of the

distance around the cell perimeter (a and b, lower diagrams).

The bold vertical lines indicate the location of the contact area. The

value of 1 lm is equivalent to approximately 10 pixels. (c) ICAM-1

ligation with anti-ICAM-1-coated beads induced HLA-A2 migra-

tion to the cell–bead interface (74% of conjugates). The redistri-

bution of the TFR (d) was not evident, i.e. 89% of the conjugates

showed the TFR to be excluded from the target cell–bead interface.

The pseudocolor palette and the dependence of the fluorescence

intensity on the distance around the cell perimeter are as in (a). The

scale bar is equal to 10 lm on all images.
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anti-CD45 mAb. There were no conjugates formed in re-
sponse to beads loaded with mouse isotype-matched
immunoglobulin, indicating that the formation of target
cell–bead conjugates was specific. Importantly, beads coa-

ted with anti-ICAM-1 mAb alone induced not only raft
polarization, but also migration of HLA-A2 to the interface
at a frequency of 74% (Fig. 3c, Table 2). The average

HLA-A2-associated intensity at the contact area appeared
to be 1Æ58 ± 0Æ26 relative units. Anti-HLA-A2 beads also
induce polarization of ICAM-1, but to a lesser extent, in

57% of the conjugates (data not shown). In contrast, TFR
was almost completely excluded from the interface in 89%
of the conjugates and had a uniform distribution over the

cell membrane (Fig. 3d, Table 2). MHC class II and CD45
molecules were not polarized in 88% and 92% of the
conjugates, respectively.

We then examined whether the ICAM-1-mediated

HLA-A2 recruitment on target cells required intact mem-
brane rafts and the activity of Src kinases. We have found
that the HLA-A2 polarization on target cells induced by

anti-ICAM-1 beads was strongly affected by the destruction
of rafts with the cholesterol-targeting drug MCD, resulting
in a significantly lower amount of the conjugates with

polarized HLA-A2, i.e. 31% versus 74% conjugates with
intact cells (Table 2). The effect of cholesterol depletion
with MCD was specific, because treatment of the target
cells with cholesterol-loaded MCD did not have any effect

on the recruitment of HLA-A2 to the area of the target cells
contacting the beads. Treatment of target cells with PP1,
which inhibits Src kinases, had a similar effect, namely, the

percentage of conjugates with polarized HLA-A2 was
decreased from 74% to 44% (Table 2).

These experiments showed that the accumulation of
rafts and HLA-A2 ⁄ICAM-1 at the target cell–CTL inter-

face is not necessarily governed by molecular segregation
on CTL, but requires coalescence of intact membrane rafts
harbouring active Src kinases.

ICAM-1 and HLA-A2 cross-linking leads to an increased

association between these molecules and the recruitment

of Src kinases

To further investigate the molecular events induced by
productive engagement of ICAM-1 and HLA-A2, we

examined whether MHC-I or ICAM-1 engagement would
initiate the redistribution of these molecules between sol-
uble and insoluble membrane fractions, as well as the
recruitment of Src kinases. To achieve this, we treated JY

cells with anti-HLA-A2 or anti-ICAM-1 immunoglobulin
followed by anti-mouse immunoglobulin prior to lysis.
ICAM-1 and HLA-A2 were then immunoprecipitated from

isolated rafts and soluble membranes, and their association
with Src kinases and with each other was analysed by
Western blotting. In control experiments, cells were treated

with polyclonal mouse immunoglobulin followed by
anti-mouse immunoglobulin. As shown in Fig. 4(a,b), the
amount of Src kinases co-immunoprecipitated with raft-
included ICAM-1 or HLA-A2 was significantly increased

after their specific cross-linking, while the total amount of
Src kinases in the raft fraction isolated from cells with
cross-linked ICAM-1 or HLA-A2 did not change (Fig. 4c).

The increase in the amount of co-immunoprecipitated Src
induced by ICAM-1 cross-linking was somewhat larger
than after cross-linking with anti-HLA-A2. No Src kin-

ases were co-immunoprecipitated with either MHC-I or
ICAM-1 from soluble membrane fractions (data not
shown). Cross-linking of either ICAM-1 or HLA-A2 also

led to an increased association between these molecules
without their additional recruitment into rafts (Fig. 4a,b).

The cross-linking of membrane receptors may lead to
their recruitment into rafts and raft coalescence.36,37 This

increases the probability that signalling proteins will inter-
act with raft-associated receptors. To determine whether
raft aggregation, independently of ICAM-1 and ⁄or MHC-I

Table 1. Rafts polarization induced by beads bearing monoclonal

antibodies (mAbs) to various cell-surface receptors

Bead type

Rafts polarization

(% ± SD)

Anti-ICAM-1 ⁄anti-HLA-A2 70 ± 8

Anti-ICAM-1 42 ± 6

Anti-HLA-A2 47 ± 6

Anti-TFR 29 ± 8

Anti-CD45 31 ± 5

HLA-A2, human leucocyte antigen-A2; ICAM-1, intercellular adhesion

molecule-1; SD, standard deviation; TFR, transferrin receptor.

Table 2. Effect of methyl-b-cyclodextrin (MCD) and 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP1) on the

polarization of human leucocyte antigen-A2 (HLA-A2) and other receptors on the surface of target cells induced by beads loaded with

anti-intercellular adhesion molecule-1 (ICAM-1) monoclonal antibody (mAb)

Bead type Treatment

Polarization (% ± SD)

ICAM-1 HLA-A2 HLA-DR TFR CD45

None 80 ± 6* 74 ± 7 12 ± 2 11 ± 2 8 ± 3

Anti-ICAM-1 +MCD ND 31 ± 8 ND ND ND

+PP1 ND 44 ± 5 ND ND ND

*Cell-surface ICAM-1 was stained with biotinylated CL203 mAb recognizing domain 4 of ICAM-1 molecules, while the beads were loaded with

HB9580 mAb specific for domain 2 of ICAM-1.

ND, not determined; SD, standard deviation; TFR, transferrin receptor.
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engagement, could increase the association of these mole-
cules with Src kinases, we induced raft coalescence with
monovalent CTB, followed by cross-linking with anti-CTB

immunoglobulin, and measured the amount of Src kinases

associated with ICAM-1 and HLA-A2. As evident from the
results presented in Fig. 4, non-specific raft cross-linking
with CTB did not lead to an increase in the association of

Src kinases with either ICAM-1 or HLA-A2 molecules,

indicating that the recruitment of signalling proteins to
ICAM-1 and HLA-A2 required their specific engagement.

These data show that ICAM-1 or HLA-A2 cross-linking
not only promotes the association of these molecules

in rafts, but also leads to the specific recruitment of Src
kinases to HLA-A2–ICAM-1 assemblies.

Treatment of target cells with MCD or an inhibitor of Src

kinases impairs their ability to present viral peptides to CTL

To determine how the release of MHC-I and ICAM-1

molecules from membrane rafts on target cells affected
antigen presentation to CTL, we analysed the effect of
MCD treatment on the presentation of viral peptides by

HLA-A2+ JY target cells to virus-specific CTL. JY cells,
pulsed with either IV9 or GL9 at various concentrations,
were mixed with HIV- or Flu-specific CTL, respectively,
and the level of intracellular Ca2+ in the CTL was meas-

ured to quantify the antigen-induced T-cell response. The
induced Ca2+ flux was peptide specific and its magnitude
was dependent on peptide concentration. Concentrations

above 10)6 m did not result in a further increase in the
magnitude of the response, and the response was still reli-
ably detectable at 10)8 m (Fig. 5a,b, left panel). GL9-pulsed

(Fig. 5a, right panel) or IV9-pulsed (Fig. 5b, right panel)
JY cells treated with MCD were less potent at inducing
Ca2+ flux in CER43 and 68A62 CTL, respectively. The
viability of MCD-treated target cells was very similar to

that of untreated cells, as determined by Trypan Blue
exclusion (the fraction of Trypan Blue-positive cells did not
exceed 12%). More importantly, repletion of cholesterol

with cholesterol-loaded MCD restored the potency of JY
cells to present peptide (Fig. 5a,b). The effect of MCD
treatment was more profound at a lower peptide concen-

tration (up to 80% at 10)8 m) than at a higher peptide
concentration (» 25–35% at 10)6 m) (Fig. 5a,b). It is
essential to note that treatment with MCD did not alter the

level of surface HLA-A2 and ICAM-1 on JY cells, as
established by flow cytometry of the treated and untreated
cells (Fig. 5c). Care was taken to remove traces of the drug
from the culture supernatant by extensive washing of the

treated target cells and to prevent, thereby, any influence of
the drug on the activity of the CTL. In fact, no difference
was found between CTL responses in the medium collected

after the last wash of MCD-treated target cells and of those
in the fresh medium (data not shown). Very similar data
were produced with the cholesterol-binding drug filipin III,

which disrupts caveolae and rafts on various cell types by
a different mechanism.38,39 Similarly to MCD, the filipin
effect was more profound at lower peptide concentrations

than at higher peptide concentrations, and was reversed
after extensive washing of filipin-treated cells and further
incubation in the presence of RPMI containing 20% fetal
bovine serum (data not shown).

We then determined how the activity of Src kinases in
target cells influenced the presentation of viral peptides to
CTL. We studied the effect of PP1 treatment, which blocks

Src kinase activity, on the ability of target cells (sensitized
with various peptide concentrations) to induce Ca2+ flux in
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Anti-Src kinase

Anti-Src kinase
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(b)

(a)

Anti-Src kinase

Figure 4. Cross-linking of intercellular adhesion molecule-1

(ICAM-1) and human leucocyte antigen-A2 (HLA-A2) leads to the

recruitment of Src kinases and increases the ICAM-1–HLA-A2

association within rafts. JY cells were incubated for 30 min at 4� in
the presence of the monovalent B subunit of cholera toxin (CTB)

(10 lg ⁄ml, lane 1), polyclonal mouse antibodies (10 lg ⁄ml, lane 2),

anti-ICAM-1 monoclonal antibody (mAb) HB9580 (10 lg ⁄ml,

lane 3), or anti-HLA-A2 mAb PA2.1 (10 lg ⁄ml, lane 4), followed

by cross-linking with either rabbit anti-CTB antiserum (1 : 1000

dilution) or goat anti-mouse immunoglobulin, (5 lg ⁄ml) for

15 min at 37�. Raft-associated ICAM-1 or HLA-A2 were

immunoprecipitated, and the eluted material was analysed by

Western blot with anti-Src, anti-HLA-A2 and anti-ICAM-1

immunoglobulins. Cross-linking of ICAM-1 or HLA-A2, but not

cross-linking with CTB, led to an increase of ICAM-1–HLA-A2

association. An increase in the amount of Src kinases immuno-

precipitated with anti-HLA-A2 (a) or anti-ICAM-1 (b) mAbs, in

response to ICAM-1 (lane 3) or HLA-A2 (lane 4) cross-linking,

was also observed. At the same time, the cross-linking did not

change the amount of raft-associated HLA-A2 (a), ICAM-1 (b) or

Src kinases (c). The results are representative of three independent

experiments.
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CTL, essentially as described above. Excess PP1 was thor-
oughly removed to exclude inactivation of Src kinases in
CTL. We have found that PP1 treatment of target cells
impairs the presentation of viral peptide to CTL (Fig. 5d).

Similarly to MCD treatment, the effect of PP1 was more
pronounced at limited peptide concentrations.

As LFA-1–ICAM-1 interactions mediate the adhesion

of CTL to target cells, we wished to determine whether drug
treatment of target cells affects conjugate formation
between these cells and CTL. By counting CTL–target cell

conjugates, we found that 38 and 33% of CD8+ CTL form
conjugates with target cells loaded with cognate peptide
(GL9) at 10)6 and 10)7 m, respectively. Only 8% of the

same CTL were conjugated with target cells loaded with
irrelevant peptide (IV9) at 10)5 m. This is consistent with a
previously observed frequency of conjugates between
CD8+ and target cells sensitized at saturated concentra-

tions of cognate peptide.23 MCD treatment did not change
the percentage of specific conjugates: we observed 39% of
CD8+ CTL conjugated with MCD-treated target cells at

10)6 m of cognate peptide and 32% at 10)7 m. Similarly,
PP1 treatment did not have any effect on CTL–target cell
conjugate formation.

We conclude that the disruption of raft integrity, which
leads to a release of MHC-I and ICAM-1 from rafts or the
inactivation of Src kinases, does not affect the formation of
CTL-target conjugates, but diminishes the efficacy of anti-

gen presentation by target cells to CTL, especially at a
limited density of cognate peptides.

DISCUSSION

CTL recognize pMHC complexes displayed on the surface
of target cells. The magnitude of the CTL response depends

on the number of cognate pMHC complexes on target
cells.40–42 However, it is becoming increasingly evident that
the distribution of pMHCs on the cell surface, and their

interaction with other membrane proteins, may contribute
to the effectiveness of pMHC presentation to CTL.43

Here we show that » 50% of cell-surface HLA-A2
molecules can be recovered from the raft membrane frac-

tion of the lymphoblastoid cell line, JY. Previously, it has
been demonstrated that 50% of MHC class II molecules on
the surface of transformed B cells are also raft-associated.6

Thus, the accumulation in membrane rafts is probably a
common property of MHC proteins. In addition, we have
found that a fraction of raft-included MHC-I are associated

with ICAM-1. Unexpectedly, we have also discovered that
MHC-I and ICAM-1 interact in a soluble membrane frac-
tion, questioning a possible role for the raft environment in

supporting an MHC-I–ICAM)1 association. In fact, under
the conditions that do not preserve raft integrity, MHC-I–
ICAM)1 interactions were still detectable. As soluble
analogues of MHC-I and ICAM-1, lacking intracellular

and transmembrane domains, did not co-immunopreci-
pitate with each other (T. Lebedeva and Y. Sykulev,
unpublished), their ectodomains probably do not promote

their interactions. It appears therefore thatMHC-I–ICAM-1
oligomerization at the cell surface and the presence of
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Figure 5. The sensitivity of the cytotoxic T lymphocyte (CTL)

response to peptide-sensitized target cells depends on raft integrity

and activity of Src kinases. Changes in an intracellular Ca2+ level

in the Flu-specific (CER43) or human immunodeficiency virus

(HIV)-specific (68A62) CTL (a and b, left panels), in response to

JY cells pulsed with various concentrations of cognate peptide, i.e.

GL9 or IV9, respectively, are shown. Peptide concentrations above

10)6 m did not result in a further increase in the magnitude of the

response; the response was still reliably detectable at 10)8 m.

Treatment of JY target cells, bearing cognate peptide epitopes, with

methyl-b-cyclodextrin (MCD) impaired the ability of these cells to

induce Ca2+ flux in CTL (a and b, right panels). The ability of JY

cells to induce Ca2+ flux was restored after further incubation of

MCD-treated cells with cholesterol-loaded MCD (MCD + Ch).

The MCD effect was more pronounced at a lower peptide con-

centration. Treatment of JY cells with MCD (c) did not change the

level of HLA-A2 or ICAM-1 expression on these cells. Histograms

from fluorescence-activated cell sorter (FACS) analysis of the JY

cells before (solid grey line) and after (dotted black line) treatment

with MCD are shown. (d) Inhibition of Src family kinase-mediated

signalling with 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazol-

o[3,4-d]pyrimidine (PP1) also impaired the ability of JY cells to

stimulate Ca2+ influx in 68A62 CTL (d, left panel) and CER43

CTL (d, right panel). The MCD and PP1 effects were more pro-

nounced at a lower peptide concentration. The concentration of

intracellular Ca2+ shown represents an average of at least three

independent measurements.
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MHC-I–ICAM-1 assemblies in rafts are not linked. How
these assemblies are recruited to rafts is presently unclear.

The existence of MHC-I–ICAM-1 assemblies is consis-
tent with the notion that MHC molecules are clustered on

the cell surface.3,44–46 It has been proposed that MHC
clustering facilitates antigen recognition by T cells.6,7,43,47,48

Indeed, several cognate pMHCs in a cluster could pro-

ductively bring together engaged TCR molecules, a condi-
tion essential for triggering T-cell activation. As self-pMHC
complexes can also be recognized by the TCR, the presence

of even a single agonist pMHC42 in a cluster may initiate a
T-cell response. The data presented here indicate that initial
recognition events lead to the redistribution of rafts and

raft-associated MHC-I–ICAM-1 assemblies that further
enhance antigen presentation.

Using polysterene beads bearing anti-ICAM-1 and anti-
HLA-A2 mAbs as surrogate CTL, we have found that the

conjugation of target cells with these beads stimulates raft
polarization to the contact area of the target cells. More-
over, beads coated with anti-ICAM-1 alone caused the

accumulation of HLA-A2 at the target cell–bead interface,
which required preservation of raft integrity and the
activity of Src kinases. The polarization of target cells

induced by anti-HLA-A2 beads was much less profound,
suggesting that ligation of MHC-I molecules alone is less
effective in polarizing target cells. Thus, productive
engagement of ICAM-1 leads not only to the recruitment of

these molecules to the contact area, but also facilitates
HLA-A2 accumulation at the CTL–target cell contact.
Interestingly, anti-ICAM-1 beads did not induce polariza-

tion of DR MHC-II protein. At the same time, earlier
engagement of ICAM-1 on APC conjugated with live
T cells initiates the accumulation of both ICAM-1 and

MHC-II at the site of T cell–APC contact.1,7,35,49 This
suggests that the mechanisms of MHC-I and MHC-II
accumulation at the contact surface are not identical, and

that ICAM-1 probably plays a dissimilar role in the redis-
tribution of these molecules. These differences are consis-
tent with the different kinetics of immunological synapse
formation by CD8+ and CD4+ T cells.1,2,23,24,50

Membrane rafts are known to harbour signalling pro-
teins51 and to function as a signalling platform for various
cell-surface receptors. This raises the possibility that the

engagement of raft-included MHC-I and ICAM-1 can ini-
tiate intracellular signalling, which leads to the concomitant
migration of rafts and MHC-I–ICAM-1 assemblies to the

area of initial target cell–CTL contact. In support of this
possibility, we have shown that raft-included, but not raft-
excluded, MHC-I and ICAM-1 are co-purified with Src
kinases and that the cross-linking of these molecules with

specific antibodies leads to their increased association in
rafts and the additional recruitment of Src kinases. Similar
effects have been observed in other cell types that could

serve as target cells for CTL. For instance, antibody-
mediated cross-linking of ICAM-1 on brain endothelial
cells induces its partitioning into raft fractions and ICAM-1

co-immunoprecipitation with Src kinases.52 The recruit-
ment of Src kinases is indicative of the triggering of
intracellular signalling. The significance of such signalling is

demonstrated in the experiments in which disruption of raft
integrity or blocking of Src kinase activities decreased the
ability of target cells to present viral peptides to CTL,
especially at lower peptide abundance.

The foregoing considerations allow us to propose that
while MHC-I clustering facilitates the initial identification
of a small number of agonist pMHC by CTL, antigen

presentation can then be further augmented by ICAM-1-
mediated signalling, resulting in raft coalescence. Such a
mechanism ensures the rapid delivery of sufficient amounts

of raft-associated MHC-I and ICAM-1 molecules to the
CTL–target cell interface and provides the linkage between
antigen recognition and early immunological synapse for-

mation.24 The above mechanisms may play an important
role in the identification and destruction of target cells with
a low abundance of virus- and tumour-specific peptides by
CTL.53,54
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