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Background: The antigen processing compartments in APCs possess a multivesicular morphology.

Results: APCs lacking multivesicular bodies can effectively process and present antigens to T cells.

Conclusion: Multivesicular body integrity is not required for antigen presentation.

Significance: Understanding the nature of antigen processing compartments is important for understanding mechanisms of T

cell activation.

The antigen processing compartments in antigen-presenting
cells (APCs) have well known characteristics of multivesicular
bodies (MVBs). However, the importance of MVB integrity to
APC function remains unknown. In this study, we have altered
the ultrastructure of the MVB by perturbing cholesterol content
genetically through the use of a deletion of the lipid transporter
Niemann-Pick type C1 (NPC1). Immunofluorescence and elec-
tron microscopic analyses reveal that the antigen processing
compartments in NPC1~/~ dendritic cells (DCs) have an abnor-
mal ultrastructure in that the organelles are enlarged and the
intraluminal vesicles are almost completely absent and those
remaining are completely disorganized. MHC-II is restricted to
the limiting membrane of these enlarged MVBs where it colo-
calizes with the peptide editor H2-DM. Curiously, proteolytic
removal of the chaperone protein Invariant chain from MHC-II,
degradation of internalized foreign antigens, and antigenic-
peptide binding to nascent MHC-II are normal in NPC17/~
DCs. Antigen-pulsed NPC1~/~ DCs are able to effectively acti-
vate antigen-specific CD4 T cells in vitro, and immunization of
NPC1~/~ mice reveals surprisingly normal CD4 T cell activa-
tion in vivo. Our data thus reveal that the localization of MHC-II
on the intraluminal vesicles of multivesicular antigen process-
ing compartments is not required for efficient antigen presen-
tation by DCs.

Antigen-presenting cells (APCs)® initiate an immune
response that recognizes and specifically eliminates foreign
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pathogens. Dendritic cells (DCs) are a specialized subset of
APCs that are capable of stimulating immunologically naive T
cells. Stimulation is promoted by the capacity of DCs to endo-
cytose, proteolyze, and display foreign protein antigens (Ags)
on MHC class II (MHC-II) molecules on their cell surfaces.
These MHC-II-Ag complexes bind to their cognate T cell
receptor on the surface of CD4 T cells and elicit a cascade of
activation events following recognition, including T cell prolif-
eration and differentiation into effector cells, B cell-mediated
antibody responses, and the generation of immunological
memory against invading pathogens.

For MHC-II to be loaded with foreign antigenic peptides,
MHC-II must traffic to compartments that contain these
degraded protein fragments. MHC-II transit to these organelles
occurs through interaction with the chaperone protein Invari-
ant chain (li) in the endoplasmic reticulum where Ii serves to
stabilize the MHC-II molecule and inhibit premature Ag bind-
ing to the MHC-II Ag binding groove (1). The MHC-II-Ii com-
plex traffics through the trans-Golgi network and out to the
plasma membrane where it is rapidly internalized into the
endocytic pathway through the recognition of sorting signals in
the cytoplasmic tail of Ii by components of the clathrin-coated
vesicle machinery (2). Newly synthesized Ii-associated MHC-II
moves along the endocytic pathway until it comes to reside
in specialized late endosomal/prelysosomal compartments
referred to as antigen processing compartments. These com-
partments are acidic and contain a wide variety of proteolytic
enzymes that degrade MHC-II-associated li as well as internal-
ized self- and foreign antigens. It is also in this compartment
that the li-derived peptide, termed CLIP, is removed from the
peptide binding groove of MHC-II by the enzymatic activity of
the MHC-II peptide editor H2-DM (1). One particularly
intriguing feature of the antigen processing compartment in
APCs is that they have a multivesicular morphology, consisting
of a large limiting membrane filled with small (50-nm) intralu-
minal vesicles (ILVs). Curiously, whereas H2-DM is localized
primarily (but not exclusively) on the limiting membrane of
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the multivesicular body (MVB), most nascent (peptide-free)
MHC-IIL is present on the ILVs themselves (3). Curiously, FRET
studies have shown that MHC-II/H2-DM interactions occur
only when each molecule is localized on the ILV and perturbing
MVB morphology (by chronic treatment with chloroquine or
infection with Salmonella) inhibits peptide binding to
MHC-II (4).

MVB biogenesis and the formation of ILVs are regulated in
large part by protein-mediated organization of the membrane
lipids lysobisphosphatidic acid and cholesterol to obtain the
membrane curvature required for the inward-budding of the
MVB limiting membrane. In this study we have examined APC
function in mice that possess a genetic defect in MVB lipid
content. Niemann-Pick type C1 (NPC1) is a protein that regu-
lates the egress of cholesterol from late endosomes/lysosomes
(5,6). We now report that the net effect of NPC1 deletion is that
the formation of ILVs in DC MVBs is perturbed. In DCs iso-
lated from NPC1 mutant mice MHC-II localized almost exclu-
sively on the MVB limiting membrane. Surprisingly, the mislo-
calization of MHC-II to the limiting membrane of antigen
processing compartments had little effect on the ability of
MHC-II to bind antigenic peptides and function as stimulators
of naive CD4 T cells, suggesting that localization of MHC-II on
ILVs of MVB is important for a function that is not directly
related to efficient antigen processing and presentation.

EXPERIMENTAL PROCEDURES

Mice and Genotyping—C57BL/6 (H-2") mice were obtained
from Charles Rivers Laboratories (NCI-Frederick Animal Pro-
duction Area, Frederick, MD). B10.BR (H-2¥) and 3A9 TCR
transgenic mice were from Jackson Laboratory. NPC1™/~ mice
ona BALB/c background were obtained from Dr. Robert Erick-
son (University of Arizona, Tucson). NPC1™*/~ mice were back-
crossed onto an H-2" background through standard mating to
C57BL/6 mice and onto an H-2" background through standard
mating with B10.BR mice. NPC1~/~ mice were obtained by
mating heterozygous mice, and NPC1*/"~ littermates were
used as controls in all experiments. Genotyping was performed
as described (6). OTII TCR (CD45.2) transgenic mice were
maintained by interbreeding homozygous mice in our colony,
and OTII TCR transgenic mice on the CD45.1 background
were generated by breeding OTII mice (CD45.2) with B6.SJL
mice (CD45.1).

Cells and Reagents—Mouse DCs were generated by growing
bone marrow cells in medium containing GM-CSF in 6-well
dishes as described previously (7). When indicated, ovalbumin
protein antigen (1 mg/ml) was added on day 5 of culture and
removed by washing on day 6. Lipopolysaccharide (LPS), if pro-
vided, was added to cultures on day 6 at 1 ug/ml to activate cells.

The following antibodies were used in this study: rat anti-
I-AP (M5/114.15.2), rat anti-H2-DM, and rat anti-CD74 (In-1)
were from BD Biosciences. Rabbit anti-I-A «-chain antiserum
was a gift from R. Germain. Rabbit anti-H2 antiserum was a gift
from J. Strominger, and mouse anti-I-AP-CLIP mAb 15G4 was
a gift from A. Rudensky. The rabbit anti-I-A B-chain antiserum
(8) has been described previously. All chemicals were obtained
from Sigma-Aldrich unless noted otherwise.
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Microscopy—DCs were harvested, washed with cold Hanks’
Balanced Salt Solution (Mediatech, Manassas, VA), and then
placed on poly-L-lysine-coated glass coverslips for 20 min at
4 °Cand processed for immunofluorescence microscopy essen-
tially as described previously (9). If stained for cholesterol, cells
were incubated for 90 min at room temperature with 50 ug/ml
filipin complex diluted in PBS prior to mounting. All cells were
visualized using a Zeiss Axiovert 200M confocal microscope
coupled to a LSM510 laser module containing 405 nm/diode,
argon ion, HeNel, and HeNe2 lasers as described previously
(9). For standard electron microscopy, DCs were fixed in para-
formaldehyde/glutaraldehyde/polyvinylpyrrolidone, postfixed
with osmium tetroxide/uranyl acetate, and embedded in EPON
as described previously (10). Ultrathin sections were analyzed
using a JEOL 1200EX transmission electron microscope. For
immunogold labeling studies the cells were fixed in paraformal-
dehyde/polyvinylpyrrolidone in 0.2 M phosphate buffer (pH
7.4) and processed for ultrathin cryosectioning and staining as
described (11).

CD4 T Cell Proliferation Assays—T cells were harvested from
isolated lymph nodes and spleens using a MACS CD4 T Cell
Isolation kit (Miltenyi Biotec, Auburn, CA) and labeled with
CFSE as described previously (8). 4 X 10° CD4 T cells were
mixed with 4 X 10* DCs in a final volume of 200 ul of medium
in 96-well plates, and proliferation was assessed after 72 h. Flow
cytometry was used to assess the percentage of CD4 cells
undergoing division by examining the loss of CFSE signal.

For in vivo T cell proliferation studies, 4 X 10° CFSE-labeled
OTII (CD45.1) cells were adoptively transferred into CD45.2
recipient mice. One day after transfer the mice were immu-
nized intraperitoneally with 1 mg of ovalbumin in alum. After
72 h the mice were sacrificed, spleens were removed, and the
dilution of CFSE dye on CD45.1 CD4 T cells was determined by
FACS analysis.

Flow Cytometry and Cell Sorting—For surface staining, cells
were washed with ice-cold FACS buffer (HBSS containing 2%
FBS) and kept on ice. For intracellular staining, cells were fixed
and permeabilized as described for indirect immunofluores-
cence microscopy before washing with FACS buffer. Cells were
incubated with primary antibody (4 X 10° cells/ml) on ice for 40
min and then washed three times with FACS buffer. Alexa
Fluor 488, 546, or 633-conjugated secondary antibodies were
then incubated with the cells for 40 min on ice and washed three
times with FACS buffer. Cells were either run immediately or
fixed with 0.5% paraformaldehyde overnight at 4 °C and run the
next day.

In some experiments, ovalbumin-pulsed and LPS-stimulated
DCs were stained on ice with phycoerythrin-labeled anti-
MHC-II mAb M5/114.15.2 and MHC-11"'¢" cells were isolated
by cell sorting. The DCs were then counted and mixed with
CFSE-labeled naive OTII CD4 T cells for in vitro T cell prolif-
eration experiments. Control experiments revealed that anti-
MHC-II labeling had little effect on the ability of the DCs to
stimulate OTII T cells. Spleen DCs were isolated on ice using a
MACS CD11c¢™ DC Isolation kit and processed for immuno-
fluorescence microscopy as described above.

Immunoprecipitation and Immunoblot Analysis—MHC-II
and Ii were immunoprecipitated from Triton X-100-solubi-
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lized DCs using mAb M5/114.15.2 and In-1, respectively, and
analyzed by immunoblotting as described previously (12).
Quantitation was performed using a Molecular Dynamics Den-
sitometer and Total Lab software version 2003.03 (Nonlinear
Dynamics, Durham, NC).

RESULTS AND DISCUSSION

Cholesterol Accumulation Alters the Structure of Antigen
Processing Compartments and Causes Mislocalization of
MHC-II to the Limiting Membrane—To examine whether DC
MVB morphology is affected by altered lysosomal lipid content,
we made use of DCs derived from NPC1 ™/~ mice. NPC1 ™/~
DCs were harvested, fixed, and stained with filipin, a fluores-
cent compound that specifically binds to unesterified choles-
terol (13). Confocal microscopy revealed the dramatic accumu-
lation of cholesterol in defined structures in NPC1~/~ DCs
compared with control (NPC1*/7) DCs (Fig. 14). This pheno-
type was observed in all NPC1~/~ DCs examined. These data
agree with previous studies showing that fibroblasts isolated
from NPC1-deficient mice accumulate aberrant levels of lipids,
such as cholesterol and sphingolipids, in late endosomal/lyso-
somal organelles (14, 15). Colocalization studies revealed that
these compartments were late endosomal/lysosomal in nature,
containing the peptide editor H2-DM (Fig. 14) and were signif-
icantly enlarged compared with control DC MVBs (Fig. 1, A and
B). Electron microscopy analysis of endosomal compartments
in NPC1~/~ DCs indicate that cholesterol accumulation gen-
erates a phenotype very similar to that observed in other cell
types (16—18) including (i) the appearance of grossly enlarged
late endosomes (above 2 wm) mostly void of ultrastructurally
normal inner vesicles, (ii) enlargement of late endosomal MVBs
associated with disorganized inner vesicles (if present), and (iii)
increased number of autophago-lysosomes and lysosomes with
a multilamellar morphology which contain an increased num-
ber of compact lamellae embedded in electron-dense accumu-
lated cholesterol (Fig. 1C and supplemental Fig. 1).

Ultrastructural analyses have shown that most MHC-II is
present on the ILVs of MVBs whereas the peptide editor
H2-DM is localized primarily on the MVB-limiting membrane
(3). In wild-type DCs, confocal microscopy revealed that
MHC-II and H2-DM colocalized in the small punctate Ag pro-
cessing compartments present throughout the cytosol of
immature cells (Fig. 1C). Whereas MHC-II did indeed colocal-
ize with H2-DM in NPC1~/~ DCs, both H2-DM and MHC-II
were found to be restricted to the limiting membrane of these
swollen organelles as evidenced by the readily discernible ring
structures (Fig. 1C). Analysis by immunoelectron microscopy
confirmed this finding and revealed an almost complete lack of
intraluminal vesicles of MVB in NPC1 ™/~ DCs and localization
of MHC-II and H2-DM to the limiting membranes of these
structures (supplemental Fig. 2). These results reveal that fail-
ure to maintain the proper lipid balance in MVBs leads to a
change in the ultrastructure of the compartment and an alter-
ation in the localization of MHC-II to the limiting membrane of
these disorganized MVBs.

MVB Integrity Is Not Essential for MHC-II-Peptide Complex
Formation—The characteristic multivesicular morphology of
the MHC-II antigen processing and peptide loading compart-
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FIGURE 1. MVB ultrastructure and MHC-II localization are disturbed in
lipid-overloaded MVBs. A, control or NPC1~/~ DCs were harvested after 7
days of growth in medium and attached to polylysine-coated coverslips prior
to fixation, permeabilization, and staining with filipin to detect unesterified
cholesterol (blue) and a mAb recognizing H2-DM (red). 6 X magnified images
of the indicated regions of the merged image are shown. Scale bar represents
5 wm. B, DCs were fixed and sectioned for electron microscopy. Scale bar
represents 500 nm. C, immature DCs were fixed, permeabilized, and stained
with mAbs recognizing MHC-II (M5/114, green) or H2-DM (red). 6 X magnified
images of the indicated regions of the merged image are shown. Scale bar
represents 5 wm. The extent of colocalization of H2-DM™* red pixels with MHC-
11" green pixels was determined using software provided with the LSM510
confocal microscope.

ments has been proposed to be essential for efficient MHC-I1/
H2-DM interactions and high affinity peptide binding (4).
Because NPC1~/~ DCs possess severely disorganized MVBs,
we began to ask whether cells with perturbed MVB structures
were capable of functioning as APCs in vitro and in vivo. Bone
marrow-derived DCs obtained from NPC1~/~ mice expressed
surface MHC-II when the cells were in the resting (immature)
state, and addition of LPS to these cells resulted in an increase in
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FIGURE 2.NPC1~/~ DCs are activated normally by LPS and generate MHC-
ll-peptide complexes. A, immature or LPS-matured control (blue lines) or
NPC1~/~ (red lines) DCs were monitored by flow cytometry for surface expres-
sion of total surface MHC-II using mAb M5/114. B, LPS-matured control or
NPC1~/~ DCs were harvested and lysed in Triton X-100. Aliquots of the lysates
were incubated with SDS-PAGE sample buffer and were either left at room
temperature for 30 min or boiled for 3 min prior to SDS-PAGE. SDS stable
PMHC-Il complexes (53 kDa), total MHC-Il a-chain (35 kDa), and actin (41 kDa)
were detected by immunoblotting. The total amount of MHC-Il present in
each sample was quantitated by densitometry, normalized to the amount of
actin present in the sample, and expressed as a percentage of total MHC-II
present in control DCs.

MHC-II surface expression like that observed in control DCs
(Fig. 2A and supplemental Fig. 3, A and B). Curiously, the DCs
cultures from NPC1 /" mice routinely contained more
“MHC-II low” cells both before and after maturation with LPS
(supplemental Fig. 3C). As a consequence of this, the total
amount of MHC-II associated with DCs isolated from 10-week-
old NPC1~ /" mice was approximately half that of DCs isolated
from wild-type mice (Fig. 2B). Analysis of these MHC-II mole-
cules revealed that they had bound high affinity peptides, as
evidenced by their SDS stability in SDS-polyacrylamide gels
(19). Thus, whereas NPC1~/~ DCs possess less total MHC-II
than their wild-type controls, the proportion of MHC-II in
these DCs that have bound antigenic peptides is similar to that
in the control DCs, demonstrating that there is no selective
defect in peptide binding to MHC-II in NPC1~/~ DCs whose
MVB are devoid of normal ILV.

Proteolysis Is Unaffected in NPC1~'~ DCs—The ability of
NPC1~/~ DCs to generate SDS stable MHC-II-peptide com-
plexes suggests that MVB integrity is not essential for antigen
proteolysis. To examine this directly, control DCs and
NPC1~/~ DCs were incubated with different amounts of a dye-
quenched form of the model protein antigen OVA, DQ-OVA.
This form of OVA is fluorescent only after proteolytic cleavage.
Quantitative analysis of DQ-OVA fluorescence revealed that
OVA proteolysis was essentially identical in control and
NPC1~/~ DCs (Fig. 3A), showing that proteolytic cleavage of
protein antigens is equally efficient in control and NPC1~/~
DCs.
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FIGURE 3. Antigen uptake and proteolysis as well as li association and
CLIP removal from MHC-Il are normal in NPC1~/~ DCs. A, immature
NPC1*/~ (control, blue) and NPC1~/~ (red) DCs were incubated with the indi-
cated amount of DQ-OVA for 1.5 h at 37 °C. Uptake and degradation were
monitored by flow cytometry. The mean fluorescence intensity of DQ-OVA
taken up and processed in NPC1~/~ DCs was expressed relative to control
DCs. B, mature NPC1*/~ (control) and NPC1~/~ DCs were lysed in Triton
X-100, and immunoprecipitations were performed using isotype control
(IgG2b) and anti-MHC-Il mAb. Portions of each immunoprecipitate were ana-
lyzed by immunoblotting for the presence of intact li or MHC-II B-chain. The
amount of li present in the MHC-llimmunoprecipitate from NPC1~/~ DCs was
expressed as a percentage of li present in control DCs. Error bars, S.D.
C, mature NPC1*/~ (solid lines) and NPC1~/~ DCs (dashed lines) were incu-
bated with the MHC-II-CLIP mAb 15G4, washed, and counterstained with the
pan-MHC-Il mAb M5/114. The stained cells were analyzed by FACS, and cells
in the MHC-Il low and MHC-II high gates were analyzed separately for expres-
sion of total MHC-Il and MHC-II-CLIP complexes.

Antigenic peptides are unable to bind to nascent MHC-II
molecules until the MHC-II-associated li is proteolytically
degraded and the remaining CLIP-fragment of Ii is removed
from the MHC-II peptide binding groove by H2-DM (20).
Analysis of anti-MHC-II immunoprecipitates revealed that

JOURNAL OF BIOLOGICAL CHEMISTRY 24289



Multivesicular Bodies are Not Required for APC Function

A NPC1+- NPC1-- Unsorted DCs
500
4 Unsorted MHC-II high Unsorted ) —NPC1+- [}
80 ig| . MHC-II high ---NPC1-- I
150 = _— 400 - m
60 ' h
£ 8 300 n :'
[ 1 - =
3 40 o g ", :
@ 500 ”, \
] l’
- 50 | |
20 - 100 4 A !
I 1
o Ty T T T o T T YT U 0 YT .‘.J.l »
10° 10! 10° 10° 10* 10 10 10° 10° 10* 10° 10’ 10° 10 1ot
Total MHC-II Total MHC-II CFSE
B NPC1+- NPCA-- MHC-Il high DCs
500
20 4 MHC-II High Sort MHC-II High Sort —NPC1+"
---NPC1--
20 4 400
15
" © 300
g 10 0] § N
o D 290 ] A P
|
5 10 - : \ v In
100 +
\
o T T T T o T T T T 0 T T T T
100 1I0‘ 1(‘]2 10]3 104 100 1‘01 1:]2 10‘3 10‘ '00 10 102 103 10‘
Total MHC-II Total MHC-II CFSE
C, =
K
87
S g, 60
£ g 40
89
8§ %2
NPC1+- NPC1- NPC1+- NPC17-

Unsorted

MHC-II high sorted

FIGURE 4. NPC1~/~ DCs effectively activate antigen-specific naive CD4 T cells in vitro. A and B, immature NPC1"/~ (control) and NPC1~/~ DCs were
incubated with ovalbumin protein, washed, and activated with LPS overnight. The cells were then stained with pan-MHC-Il mAb, and MHC-II high cells were
sorted by FACS. Aliquots of the unsorted cells (A) or isolated MHC-II high cells (B) were analyzed for total MHC-Il expression by FACS and were incubated with
CFSE-labeled naive OTII CD4 T cells at a 1:10 ratio. CFSE dilution was examined 72 h later by FACS analysis. C, the percentage of CFSE-labeled OTII T cells
proliferating more than once when incubated with either unsorted DCs or the isolated MHC-II high DCs was calculated. The data shown are the mean *+ S.D.

(error bars) from three independent experiments.

association of intact Ii with MHC-II is normal in NPC1~/~ DCs
(Fig. 3B). We also analyzed the MHC-II low and MHC-II high
populations in both control and NPC1~/~ DCs to examine the
presence of MHC-II-CLIP complexes in these DCs. Total
MHC-II and MHC-II-CLIP expression on the surface of con-
trol and NPC1~/~ DCs were essentially identical when the
MHC-II low and MHC-II high population were analyzed sepa-
rately (Fig. 3C). Taken together, these data reveal that whereas
genetic deletion of NPC1 profoundly alters MVB morphology
and almost completely eliminates the ILV from the MVB in
DCs, this mutation has no significant effect on antigen proteol-
ysis, Ii binding to MHC-II, the generation of MHC-II CLIP
complexes, and high affinity peptide binding to MHC-II.
NPCI~"~ DCs Function as APCs in Vitro—To determine
whether the profound block in MVB formation and the aber-
rant localization of MHC-II to the MVB limiting membrane
affect APC function, we assessed the ability of NPC1~/~ DCs to
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stimulate Ag-specific T cells. Unsorted bone marrow-derived
DCs from control and NPC1 ™/~ mice were pulsed with intact
OVA protein, and the ability of the cells to stimulate the prolif-
eration of OVA-specific OTII CD4 T cells was determined.
Antigen presentation of OVA peptide requires the activity of
the late endosomal/lysosomal proteinases cathepsin D (21) and
the expression of newly synthesized (and not recycling)
MHC-II (22) and is dependent on the presence of Ii and the
activity of H2-DM in these late endocytic compartments (23).
Unsorted NPC1~/~ DCs were poor stimulators of OTII T cells
compared with control DCs (Fig. 44). However, when MHC-II
high cells isolated by FACS were used as APCs we found no
significant alteration in APC function in NPC1~/~ DCs com-
pared with control DCs (Fig. 4, B and C). A dose-response titra-
tion revealed that NPC1~/~ DCs were as efficient as wild-type
DCs in activating OTII T cells when pulsed with 0.02, 0.10, 0.5,
or 1.0 mg/ml OVA protein antigen (data not shown). Curiously,
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the MHC-II low cells, isolated either from control DCs or
NPC1~/~ DCs, were unable to activate OTII T cells under the
conditions of this assay, revealing that the difference in T cell
proliferation between unsorted control DCsand NPC1~/~ DCs
is due to the difference in the proportion of MHC-II high cells
in the population. The sorted MHC-II high cells obtained from
NPC1~/" mice were also specifically analyzed by immunofluo-
rescence microscopy which confirmed that these cells pos-
sessed enlarged cholesterol-laden MHC-II compartments like
that shown in Fig. 1 (data not shown). NPC1~/~ mice were also
back-crossed onto the H-2* background, and NPC1~/~ DCs
obtained from these mice were just as effective as control DCs
in activating HEL-specific 3A9 CD4 T cells when pulsed with
either high or low dose HEL protein antigen (supplemental Fig.
4). These data show that NPC1~/~ DCs are effective APCs
when one controls for the total amount of MHC-II on their
surface.

APCs from NPCI ’~ Mice Function in Vivo—Because
NPC1 /" DCs were able to function in vitro as effective APCs,
we asked whether APC function in living NPC1~/~ mice was
normal. DCs are the primary stimulators of naive CD4 T cells in
vivo, and therefore antigen-specific CD4 T cell proliferation in
immunized NPC1 ™/~ mice was used as a measure of in vivo
APC activity. To control for the fact that NPC1-deficient CD4
T cells themselves could have altered function, we transferred
purified OVA-specific naive CD4 T cells into either control or
NPC1 /" mice 1 day prior to immunization with OVA protein.
OVA-specific T cells proliferated in NPC1 ™/~ mice to nearly
the same extent as in control mice (Fig. 54). There was rou-
tinely a small (but statistically insignificant) reduction in T cell
proliferation in immunized NPC1 '~ mice; however, this
could be readily explained by the slight reduction in total
CD11c" DCs present in the spleens of NPC1 /"~ mice com-
pared with control mice (Fig. 5B). Importantly, when CD11c™
DCs were isolated from NPC1 ™/~ mice we found that these
DCs also possessed cholesterol-laden intracellular compart-
ments, and some of these compartments still possessed accu-
mulated MHC-II (Fig. 5C). These data thus demonstrate that
the significant alterations in MVB morphology present in DCs
obtained from NPC1 ™/~ mice do not impair antigenic peptide
loading and argue against an important role for multivesicular
morphology in APC function.

MHC-II molecules are primarily localized on the ILV of
MVBs in APCs (3). Whereas the peptide editor H2-DM is local-
ized primarily on the limiting membrane of MVBs, small
amounts of H2-DM are routinely observed on the ILV (3, 24). It
has been proposed that productive interactions of MHC-II and
H2-DM, which are necessary for CLIP removal from MHC-II
and high affinity peptide binding to MHC-II, only occur when
MHC-II and H2-DM interact when each are present on the ILV
of MVB (4). The cholesterol accumulation defect in NPC1 ™/~
DCs results in severe perturbations of MVB morphology, and
there are very few intact MVBs in these cells. Despite this fact,
however, we find that MHC-II/H2-DM interactions are essen-
tially normal when both MHC-II and H2-DM are restricted to
the limiting (outer) membrane of MVBs. These data argue
strongly that the localization of MHC-II to ILV is not essential
for APC function.
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FIGURE 5. NPC1~/~ DCs effectively activate antigen-specific naive CD4 T
cells in vivo. A, CFSE-labeled naive OTII CD4 T cells (CD45.1) were transferred
into NPC17/~ (control) and NPC1~/~ mice (CD45.2) and followed by immu-
nization 24 h later with ovalbumin protein. After 3 days CD45.1" CD4 T cells
from the spleen were isolated, and CFSE dilution was examined by FACS anal-
ysis. B, the absolute number of CD11c"9" MHC-II" DCs present in the spleens
of NPC1*/~ (control) and NPC1~/~ mice was determined b /y FACS analysis.
C, CD11c DCs were isolated from the spleens of NPC1%/~ (control) and
NPC17/~ mice by immunomagnetic purification. Live cells were attached to
polylysine-coated coverslips prior to fixation, permeabilization, and staining
with MHC-Il mAb (M5/114, green) and counterstaining with filipin to detect
unesterified cholesterol (red).

If localization of MHC-II to ILV is not important for APC
function, what then is the reason for this unique distribution
observed in APCs? The ILVs of MVB give rise to the exosomes
that are secreted from cells after fusion of the MVB with the
plasma membrane (25), and antigen-specific T cell engagement
can stimulate release of exosomes from APCs (8). In addition,
the multivesicular nature of the MVB serves to increase the
membrane surface area, allowing for an increased concentra-
tion of membrane proteins in this tightly packed organelle.
Because exosome secretion is not likely to play an important
role in the stimulation of naive CD4 T cells observed here (8),
we propose that the localization of MHC-II to the ILV serves
primarily to package large amounts of this membrane protein
in arestricted space, thereby allowing access of the “functional”
region of MHC-II (the peptide binding groove) to the lumen of
the organelle where antigenic peptides are located.
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