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Background: Antigen-specific CD4 T cells are activated by small numbers of antigenic peptide-MHC class II (pMHC-II)
complexes on dendritic cells (DCs).
Results: Newly generated pMHC-II complexes are present in small clusters on the DC surface.
Conclusion: pMHC-II clusters permit efficient T cell activation.
Significance: The appearance of clustered pMHC-II reveals the organization of the T cell antigen receptor ligand on the
DC surface.

Dendritic cells (DCs) function by stimulating naive antigen-
specific CD4T cells to proliferate and secrete a variety of immu-
nomodulatory factors. The ability to activate naiveT cells comes
from the capacity of DCs to internalize, degrade, and express
peptide fragments of antigenic proteins on their surface bound
to MHC class II molecules (MHC-II). Although DCs express
tens of thousands of distinct MHC-II, very small amounts of
specific peptide-MHC-II complexes are required to interact
with and activateT cells.Wenow show that stimulatoryMHC-II
I-Ak-HEL(46–61) complexes that move from intracellular anti-
gen-processing compartments to the plasma membrane are
not randomly distributed on the DC surface. Confocal immu-
nofluorescence microscopy and quantitative immunoelectron
microscopy reveal that themajority of newly generatedMHC-II
I-Ak-HEL(46–61) complexes are expressed in sub-100-nmmicro-
clusters on the DC membrane. These microclusters are stabi-
lized in cholesterol-containing microdomains, and choles-
terol depletion inhibits the stability of these clusters as well as
the ability of the DCs to function as antigen-presenting cells.
These results demonstrate that specific cohorts of peptide-
MHC-II complexes expressed on the DC surface are present
in cholesterol-dependent microclusters and that cluster
integrity is important for antigen-specific naive CD4 T cell
activation by DCs.

Antigen-specific CD4 T cells are stimulated by the engage-
ment of their T cell receptor (TCR)2 with antigen-bearing

MHC class II molecules (MHC-II) present on the surface of
professional antigen-presenting cells (APCs) (1). MHC-II bind
antigenic peptides generated by proteolysis of internalized pro-
teins in intracellular lysosome-like antigen-processing com-
partments in APCs (2). The most relevant APC for stimulating
naive CD4 T cells is the dendritic cell (DC). Following peptide
binding ontoMHC-II, the newly formed peptideMHC-II com-
plexes (pMHC-II) leave these intracellular compartments and
move to the plasma membrane in tubular endosomes (3, 4).
These endosomes dock onto and fuse with the plasma mem-
brane, thereby delivering pMHC-II to the DC surface, where
they potentially interact with pMHC-II-specific TCRs present
on naive CD4 T cells.
MHC-II are constitutively synthesized in resting DCs, and in

these cells, a diverse repertoire of pMHC-II is generated that
reflects the general composition of self-peptides present in
antigen-processing compartments. After endocytosis of a
pathogen that contains a DC-stimulating ligand (such as bacte-
rial lipopolysaccharide (LPS) or double-stranded viral RNA),
the DC transiently up-regulates macropinocytosis (5) and
MHC-II synthesis (6), coordinated processes that likely
poise the DC to generate specific pMHC-II required to acti-
vate antigen-specific T cells. Although this process does
enrich the DC surface with antigen-specific pMHC-II, the
number of specific pMHC-II required to activate CD4 T cells
is generally less than 500 complexes per cell and thus repre-
sents a very small fraction of the total pool of MHC-II on the
DC surface (7, 8).
We have been interested in understanding how APCs

expressing relatively small amounts of specific MHC-II effi-
ciently interact with antigen-specific T cells. We and others
have proposed that the association of distinct proteins with
cholesterol/sphingolipid-rich lipidmicrodomains, termed lipid
rafts, serves to concentrate them in these microdomains and
increases their local density on the cell surface (9, 10). MHC-II
associates with lipid raft membrane microdomains, and we
(and others) have shown that lipid raft association of MHC-II
on the surface of APCs is important for their ability to stimulate
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antigen-specific CD4 T cells (9–12). However, the mechanism
by which small numbers of specific pMHC-II can “find” each
other on the plasma membrane and concentrate in microdo-
mains has remained elusive.
Wenow show that specific pMHC-II generated inDCs arrive

at the plasma membrane in microclusters that are visible by
conventional immunofluorescence microscopy as well as by
immunoelectron microscopy. Perturbation of plasma mem-
branemicrodomains by cholesterol extraction usingmethyl-�-
cyclodextrin (MCD) results in the dissolution of these clusters
and inhibits antigen-specific CD4 T cell proliferation when the
DCs are pulsed with small amounts of antigen but not when
the DCs are pulsed with large amounts of antigen. These data
show that newly formed pMHC-II appear at the DC surface
in microclusters that are stabilized by membrane choles-
terol, thereby allowing the concentration of relatively small
amounts of specific pMHC-II that are required to activate
CD4 T cells.

EXPERIMENTAL PROCEDURES

Cells and Reagents—DCs were obtained by culturing bone
marrow cells from B10.BR mice in GM-CSF (PeproTech) for 6
days using protocols described previously (13). These bone
marrow-derivedDCswere either untreated or pulsedwithHEL
protein antigen (Sigma) for 12 h. At day 7, the antigen was
removed, and the cells were activated by incubation with 1
�g/ml LPS (Sigma) for an additional 12 h. Naive CD4 T cells
from I-Ak-HEL(46–61) complex-specific 3A9 TCR transgenic
mice were obtained from spleen/lymph nodes by negative
selection using a MACS mouse CD4 T cell isolation kit (Milte-
nyi Biotec). All mice were cared for in accordance with
National Institutes of Health guidelines with the approval of
the NCI Animal Care and Use Committee. Two different
I-Ak-HEL(46–61) complex-specific mAbs were used in this
study: mAb Aw3.18.14 (14) was from the American Type
Culture Collection (ATCC), and mAb C4H3 (15) was a gift
from Ron Germain, National Institutes of Health, Bethesda,
MD. The mouse ICAM-1 mAb (clone YN1/1.7.4) was pur-
chased from SouthernBiotech. Sulfo-NHS-biotin was from
Pierce, MCD was from Sigma-Aldrich, Alexa Fluor 488-la-
beled cholera toxin B subunit was fromMolecular Probes, col-
loidal gold-conjugated goat antibodies were from Electron
Microscopy Sciences, and Alexa Fluor-labeled secondary anti-
bodies, Alexa Fluor 546-labeled streptavidin, and CFSE were
from Invitrogen.
Cell Surface Biotinylation and Cholesterol Depletion—

Plasma membrane proteins of DCs were biotinylated on ice
according to procedures described previously (16). To deplete
cholesterol, cells were treated with 10mMMCD inHBSS for 10
min at 37 °C and washed twice in ice-cold HBSS. After choles-
terol depletion, cells were analyzed immediately for total cho-
lesterol content using an Amplex Red Cholesterol Assay kit
(Molecular Probes), stained live (on ice) for confocal immuno-
fluorescencemicroscopy analysis, or fixed with 2% paraformal-
dehyde (PFA) in HBSS prior to culture with antigen-specific
naive CD4 T cells. In some experiments, the MCD-treated and
PFA-fixed cells were assayed for expression of I-Ak-HEL(46–61)
complexes by FACS using mAb C4H3. This mAb was used

because control experiments revealed that mAb Aw3.18.14
was unable to detect I-Ak-HEL(46–61) complexes on PFA-
fixed cells.
Staining and Immunofluorescence Microscopy—HEL- and

LPS-treated DCs were harvested, washed twice in HBSS, and
stained in suspension with unlabeled primary antibodies
(Aw3.18.14 and ICAM-1), appropriate isotype controls (mouse
IgG2b and rat IgG2b), and Alexa Fluor 488-labeled cholera
toxin B subunit for 1 h on ice to prevent macropinocytosis of
antibody. DCs not incubated with HEL were used as the appro-
priate control for AW3.18.14 staining. DCs were washed four
times with HBSS before being fixed with 4% PFA (dissolved in
0.1 M HEPES, pH 7.4) on ice for 30 min. In some experiments,
DCs were biotinylated on ice before being treated with PFA.
Immediately after fixation, free PFA was quenched by washing
the cells twice with 50 mM NH4Cl in HBSS and washing once
withHBSS before stainingwith the appropriateAlexa Fluor 546
goat anti-mouse Ig, Alexa Fluor 546 goat anti-rat Ig, or Alexa
Fluor 546 streptavidin for 30 min at room temperature. Cells
were washed three times with HBSS, incubated for 1 h on poly-
L-lysine-coated coverslips, and mounted with Fluoromount G
(SouthernBiotech). DCs were analyzed by confocal immuno-
fluorescence microscopy using a Zeiss LSM 510 META con-
focal microscope, a 63� oil immersion objective lens (NA
1.4), and a pinhole diameter set to provide an optical slice
thickness of 0.8 �m.
Quantitative analysis of clustering was performed using the

2.5D plot (LUT six-step) provided with the LSM 510 soft-
ware as follows. A “cluster” was arbitrarily defined as a peak
in pixel intensity that rises above the 2,048 (green) intensity
value in the 2.5D plot, into the 2,730 (red) intensity value,
and back down below the 2,048 (green) intensity value (see
Figs. 1, 2, and 4).
Transmission Electron Microscopy—Immature DCs were

incubated in medium containing 1 mg/ml HEL for 12 h and
activated with LPS for 12 h, and surface proteins were biotiny-
lated on ice. Some DCs, instead of being biotinylated, were
stained on ice with mouse mAb Aw3.18.14 to detect I-Ak-
HEL(46–61) complexes. The cells were incubated with either
15-nm colloidal gold-labeled anti-biotin antibody on ice to
visualize total surface protein or 5-nm colloidal gold-labeled
anti-mouse IgG on ice to detect surface I-Ak-HEL(46–61) com-
plexes. The cells were allowed to adhere to Alcian blue-
coated coverslips, and “plasma membrane rips” were pre-
pared by placing each coverslip on a Formvar-coated 300-
mesh copper EM grid and physically separating the
coverslip/grid “sandwich” as described previously (17). EM
grids were analyzed using a JEOL 100CXII transmission
electron microscopy microscope.
Quantitative analysis of clustering was performed as follows.

A cluster of gold particles was defined as containing at least
three particleswith none of the particles separated by a distance
greater than 200 nm. For example, four particles all contained
in a space of 80-nm diameter is defined as a single 80-nm clus-
ter. By contrast, two particles 20 nm apart whose nearest neigh-
bor is 190 nm away represent a single 210-nm cluster, whereas
if the nearest neighbor is 210 nm away, these three particles
would not represent a cluster at all. The diameter of each cluster
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was determined inmultiple images, and the average cluster size
(in nm) was calculated. In addition, the absolute number of
clusters that fell in different diameter ranges (i.e. 61–100 or
101–140 nm) was calculated.
T Cell Proliferation Assays—Immature DCs were treated

with 1 �g/ml or 1 mg/ml HEL for 12 h. The antigen was then
removed, and the cells were activated using 1 �g/ml LPS. The
cells were then left untreated or incubated with MCD in HBSS
for 10 min at 37 °C to extract membrane cholesterol, washed,
and immediately fixedwith 1%PFA inHBSS. Subsequently, and
to quench free PFA, cells were washed twice with HBSS con-
taining 100 mM glycine and resuspended in complete medium.
Purified naive CD4 T cells were labeled with CFSE (5 �M) in
PBS for 8 min at room temperature and washed with complete
medium. PFA-fixed DCs (104 cells) and CFSE-labeled naive T
cells (105 cells) were co-cultured for 2 days, and CFSE dye dilu-
tion was analyzed by FACS using a FACSCalibur flow cytome-
ter. The percentage of CFSE-labeled T cells that underwent
proliferation was calculated by FlowJo software.

RESULTS

Newly Generated pMHC-II Are Expressed on the Surface of
DCs in Discrete Microclusters—The association of MHC-II
with either lipid raft membrane or tetraspanin membrane

microdomains plays an important role in antigen presentation
(9–12, 18). Because MHC-II are directed to lipid raft microdo-
mains in antigen-processing compartments prior to peptide
loading (19), we explored the possibility that lysosomal raft
association and pMHC-II transport to the plasma membrane
results in the delivery of concentrated pMHC-II at the surface
of the antigen-presenting cells in discrete quanta. To address
this question, immature DCs were pulsed with intact HEL pro-
tein antigen and matured for 12 h with LPS to allow for the
generation and transport of newly formed I-Ak-HEL(46–61)
complexes from intracellular antigen-processing compart-
ments out to the plasma membrane (20, 21). These complexes
were detected on livingDCs usingmAbAw3.18.14, an antibody
that shows reactivity with I-Ak-HEL(46–61) complexes (14).We
confirmed that this mAb has exquisite specificity for these
complexes in DC and does not react with endogenous MHC-II
loadedwith other peptides (Fig. 1A). For quantitative analysis of
MHC-II distribution, we used 2.5D plot software providedwith
the Zeiss LSM510 confocal microscope. Clusters were defined
as marker density “peaks” in which surface staining was reach-
ing a high intensity (red step of the 2.5D plot) and was sur-

FIGURE 1. Specific detection of I-Ak-HEL(46 – 61) complexes on the DC sur-
face. Immature DCs were incubated in medium alone (no HEL) or medium
containing 1 mg/ml HEL for 12 h before being activated with LPS for 12 h.
Then, DCs were stained live with mAb Aw3.18.14. A, differential interference
contrast (DIC) image and I-Ak-HEL(46 – 61) (mAb Aw3.18.14) staining of a repre-
sentative cell analyzed by confocal immunofluorescence microscopy. B, con-
focal images in a 0.8-�m-thick optical section were analyzed by 2.5D plot
provided with the Zeiss 510 software. In this analysis, the intensity of each
pixel in the field is plotted in a histogram format. A peak is defined by the
criteria described under “Results.” In the particular image shown, each of the
13 I-Ak-HEL(46 – 61) clusters in the image is indicated.

FIGURE 2. I-Ak-HEL(46 – 61) complexes are clustered on the DC surface.
Immature DCs were incubated in medium containing 1 mg/ml HEL for 12 h,
washed, and activated with LPS for 12 h, and surface proteins were then
biotinylated on ice. Cells were incubated on ice with either Alexa Fluor 564-
labeled avidin or Alexa Fluor 564-labeled cholera toxin to illuminate surface
protein or lipid, respectively. Other cells were stained live with mAb recogniz-
ing I-Ak-HEL(46 – 61) complexes or ICAM-1 as indicated. A, a representative
image and 2.5D plot of each stain is shown. B, the number of peaks visualized
in each 0.8-�m-thick optical section was quantitated. The data shown are the
mean � S.D. from at least 45 individual cells from at least three independent
experiments.
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roundedby low intensity (green stepof the 2.5Dplot; Fig. 1B). By
this definition, the cell shown in Fig. 1B has 13 I-Ak-HEL(46–61)
clusters per 0.8-�m cell section.

The goal of our study is to examine the plasma membrane
distribution of newly arrived I-Ak-HEL(46–61) complexes; how-
ever, the plasmamembrane of DCs is characterized by the pres-
ence of numerous veils andmicrovilli (22) thatmake a “regular”
membrane appear irregular even by confocal microscopy. To
exclude the possibility that high local densities of proteins of
interest were due to their presence in thesemembrane folds, we
also analyzed the distribution of all plasmamembrane proteins
(by biotin labeling the DC surface) as well as plasmamembrane
glycolipid (by staining for the ganglioside GM1). Clusters anal-
ysis revealed that total surface proteins and surface lipids
showed a relatively homogeneous distribution (Fig. 2) with an
average of 4 peaks per 0.8-�m cell section. This “background”
value likely represents the number of membrane veil/microvilli
concentrations present in each confocal section. The distribu-
tion of the cell surface adhesion molecule ICAM-1 (which is
excluded from plasma membrane microdomains (19)) was
comparable with that of total membrane protein or lipid and
was not enriched in clusters (Fig. 2). By contrast, those I-Ak-
HEL(46–61) complexes that had inserted into the plasma mem-
brane during the 12-h activation periodwith LPS had a dramat-
ically clustered phenotype, with an average of nine clusters
observed per cell section. Very similar results were obtainedwhen
HEL-pulsed DCs were activated with LPS for either 12 h or 30 h
(supplemental Fig. 1), revealing that the I-Ak-HEL(46–61) micro-
clusters are relatively stable structures.
We also analyzed the distribution of total biotinylated sur-

face proteins and newly arrived I-Ak-HEL(46–61) complexes on

native plasma membranes of DCs using immunoelectron
microscopy (17). In agreement with our results obtained by
confocal microscopy analysis, colloidal gold-labeled strepta-
vidin revealed a relatively homogeneous distribution of
biotinylated surface proteins on plasma membrane rips of
DCs (Fig. 3A). By contrast, the immunogold labeling with mAb
Aw3.18.14 revealed a distribution of I-Ak-HEL(46–61) com-
plexes that was preferentially in clusters (Fig. 3B).Most of these
clusters showed a diameter between 21 and 100 nm (73% of all
clusters measured) with an average cluster diameter of 81 �
10 nm (Fig. 3C). Furthermore, quantitative analysis of immu-
nogold distribution showed that more than 60% of all I-Ak-
HEL(46–61) complexes resided in �200-nm clusters (Fig. 3D
and supplemental Fig. 2). Taken together, these data demon-
strate that MHC-II are distributed on the surface of DC in
clusters and that newly generated pMHC-II are present on
the plasma membrane in a highly clustered distribution.
Plasma Membrane pMHC-II Clustering Is Cholesterol-

dependent—MHC-II associate with cholesterol-dependent
lipid raft membrane microdomains (23) during intracellular
transport, andwe therefore set out to determinewhether deple-
tion of plasma membrane cholesterol affected the structural
integrity of I-Ak-HEL(46–61) surface clusters. Plasma mem-
brane cholesterol was extracted using methyl-�-cyclodextrin
(MCD), a cyclic carbohydrate that has been shown to remove
cholesterol and disrupt lipid raft integrity (24, 25). HEL-pulsed
and LPS-matured DCs were treated with MCD for 10 min
immediately prior to analysis. Quantitative analysis of plasma
membrane cholesterol content revealed that MCD treatment
reduced surface cholesterol levels by 32 � 4% (Fig. 4A). Cluster
analysis by confocal microscopy revealed that reducing plasma

FIGURE 3. I-Ak-HEL(46 – 61) complexes are present in 80-nm clusters on the DC surface. Immature DCs were incubated in medium containing 1 mg/ml HEL
for 12 h and activated with LPS for 12 h, and surface proteins were biotinylated on ice. The cells were also stained on ice with mouse mAb Aw3.18.14 to detect
I-Ak-HEL(46 – 61) complexes. A, the cells were incubated with 15-nm colloidal gold-labeled anti-biotin antibody to visualize total surface protein. B, the cells were
incubated with 5-nm colloidal gold-labeled anti-mouse Ig to detect surface I-Ak-HEL(46 – 61) complexes. C, the absolute number of clusters observed that had
diameters in the indicated range from four independent experiments was determined. In addition, the mean I-Ak-HEL(46 – 61) cluster size � S.D. from four
different experiments was quantitated as described under “Experimental Procedures.” D, the number of colloidal gold anti-I-Ak-HEL(46 – 61) particles present
within �200-nm clusters was determined and was expressed as a fraction of the total amount of gold particles present in three independent experiments
(�125 total gold particles/experiment).
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membrane cholesterol significantly reduced the clustering of
I-Ak-HEL(46–61) complexes without changing the appearance
of individual clusters (Fig. 4B). It should also be noted that
membrane cholesterol depletion was far from complete under
the experimental conditions used and thatDCs remained viable
in all experiments, and therefore any observed effects likely
underestimate the actual importance of membrane cholesterol
in I-Ak-HEL(46–61) clustering.
Disruption of pMHC-II Clusters Preferentially Inhibits APC

Function under Conditions of Low Antigen Dose—The integrity
of plasma membrane lipid rafts was important for the ability of
B cells and DCs to activate CD4 T cells (9–12). In an attempt to
determine whether cholesterol-dependent clustering of I-Ak-
HEL(46–61) complexes is important for APC function under
conditions in which I-Ak-HEL(46–61) complexes are limiting,
we incubated DCs with different amounts of HEL protein prior
to LPS activation and cholesterol depletion. FACS analysis con-
firmed our previous findings (9) that reducing plasma mem-
brane cholesterol with MCD did not reduce that absolute
amount of I-Ak-HEL(46–61) complexes present on the cell sur-
face (Fig. 5A). MCD treatment had only a modest effect on the
ability ofDCs to induceHEL-specific T cells to proliferatewhen
the DCs were pulsed with a large amount of antigen (Fig. 5, B
andC). By contrast, when theDCswere pulsedwith 1,000 times
less HEL, MCD treatment dramatically inhibited the ability of
the DCs to stimulate the T cells. Taken together, these data
demonstrate that plasma membrane cholesterol depletion dis-
rupts the association of newly generated pMHC-II in mem-
brane clusters and preferentially inhibits the ability of DCs to
stimulate antigen-specific T cells under conditions of limiting
antigen dose.

DISCUSSION

Although APCs such as DCs express large numbers of
MHC-II on their cell surface, the absolute amount of any given
specific pMHC-II expressed on theDC surface is quite small (7,
8, 26). Despite this fact, DCs very efficiently stimulate naive
CD4 T cells. We have previously shown that nascent MHC-II
associate with cholesterol/sphingolipid-rich lipid raftmicrodo-
mains in intracellular antigen-processing compartments (19),
leading us to propose that intracellular peptide binding and
lipid raft association generate quanta of specific pMHC-II that
are locally concentrated and efficiently recognized by TCRs on
antigen-specific CD4 T cells (23). By using an I-Ak-HEL(46–61)-
specific mAb to monitor expression of MHC-II-HEL antigen
complexes, we now show that specific pMHC-II that are gen-
erated intracellularly are deposited on the cell surface after
maturation and are distributed in discrete microclusters on the
DC plasma membrane. Our data are in excellent agreement
with the data of Turley et al. (20) who found that newly gener-
ated pMHC-II appeared clustered on the maturing DC surface
and that these clusters also contained the costimulatory protein

FIGURE 4. Cholesterol depletion reduces I-Ak-HEL(46 – 61) clustering on the
DC surface. DCs pulsed for 12 h with HEL and activated by incubation with
LPS for 12 h were untreated or treated with 10 mM MCD for 10 min at 37 °C.
A, the cholesterol content of the cells (�g of cholesterol/�g of total protein)
after the 10-min incubation was determined, and the mean � S.D. from three
independent experiments is shown. B, the cells were stained on ice with
mAbs recognizing I-Ak-HEL(46 – 61) complexes and analyzed by confocal

immunofluorescence microscopy and 2.5D plot analysis as in Fig. 1. Repre-
sentative images of untreated and MCD-treated DCs are shown. The number
of peaks visualized in each 0.8-�m thick optical section was quantitated. The
data shown are the mean � S.D. from at least 45 individual cells in three
independent experiments.
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CD86. Consistent with the hypothesis that these clusters
arise from the insertion of antigen-processing compart-
ment-derived raft domains into the plasma membrane, we
find that cholesterol sequestration and raft disruption dra-
matically reduce the clustered distribution of pMHC-II on
the plasma membrane of DCs.
The formation of an immunological synapse between an

antigen-specific T cell and an antigen-bearing APC is critical to
efficient T cell activation (1). Our data showing that pMHC-II
microclusters are important for T cell interactions with APCs
fit well with data demonstrating that microclusters of TCRs at
the immunological synapse act as scaffolds for T cell signaling
(27, 28). Indeed, these TCR microclusters eventually coalesce
into the central supramolecular activation cluster ((29)) on the
T cell side of the immunological synapse (27, 28). It is interest-
ing to note that antigen-specific pMHC-II are also concen-
trated at the central supramolecular activation cluster on the
APC (10), and we propose that in analogy with the TCR, the
pMHC-II at the central supramolecular activation cluster arise
from coalescence of specific pMHC-II microclusters driven by
TCR interactions.
The effect of cluster disruption onAPC function is profound,

and cluster-disrupted DCs are poor stimulators of naive anti-
gen-specific CD4 T cells. The disruption of APC function by
cholesterol depletion is not absolute, however, because the
importance for clustering can be overcome if the DCs are
loadedwith a large amount ofHEL protein antigen (which gives
rise to large amounts of I-Ak-HEL(46–61) complexes on the DC
surface). This finding is interpreted quite simply. In cells pos-
sessing large amounts of specific pMHC-II on their surface, the
requirement for local concentration of pMHC-II (in microdo-
mains) is diminished because the absolute density of specific
pMHC-II is great. By contrast, under conditions of low antigen
dose,microclusters are important because the absolute amount
of specific pMHC-II/cell is very low, and it is only by their asso-
ciation with microclusters that a local density of specific
pMHC-II high enough for T cell activation can be achieved.
Unfortunately, due to antibody sensitivity issues, it was not pos-
sible to actually visualize the distribution of the very small
amounts of I-Ak-HEL(46–61) complexes generated under the
conditions of low antigen dose used in this study. Because acti-
vating DCs transiently increase macropinocytosis to increase
foreign antigen uptake (5) and because the initial association of
MHC-II with lipid raft microdomains occurs in antigen-pro-
cessing compartments (19), it is likely that the microclusters
that are deposited in the plasmamembrane of DCs are not only
clustered for more efficient T cell activation but are enriched
forMHC-II-foreign peptide complexes that will enhance T cell
activation even further.

FIGURE 5. Cholesterol depletion preferentially inhibits T cell activation
under conditions of limiting antigen dose. Immature DCs were incubated
in medium containing either 1 mg/ml HEL or 1 �g/ml HEL for 12 h, washed,
and activated with LPS for 12 h. The cells were then untreated or treated with
10 mM MCD for 10 min at 37 °C, washed, and immediately fixed with PFA. A,
the expression of I-Ak-HEL(46 – 61) complexes on the cells was examined by
FACS analysis using the I-Ak-HEL(46 – 61) complex-specific mAb C4H3. The
mean fluorescence intensity of C4H3 staining on MDC-treated cells was

expressed as a percentage of that on untreated cells. The data shown are
the mean � S.D. from three independent experiments. B and C, the ability
of the DCs to induce the proliferation of CFSE-labeled naive HEL-specific
CD4 T cells was determined. B, representative histogram showing CFSE
dilution of naive CD4 T cells after incubation with each DC subset is shown.
C, the effect of MCD on CD4 T cell activation by HEL-loaded DCs treated
was determined and is expressed relative to the extent of T cell prolifera-
tion from untreated DCs. The data shown are the mean � S.D. from five
independent experiments.
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