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Antigen presentation to CD4* T lymphocytes requires transport of newly synthesized major
histocompatibility complex (MHC) class II molecules to the endocytic pathway, where peptide
loading occurs. This step is mediated by a signal located in the cytoplasmic tail of the MHC class
II-associated Ii chain, which directs the MHC class 1I-Ii complexes from the trans-Golgi network
(TGN) to endosomes. The subcellular machinery responsible for the specific targeting of MHC
class II molecules to the endocytic pathway, as well as the first compartments these molecules
enter after exit from the TGN, remain unclear. We have designed an original experimental
approach to selectively analyze this step of MHC class II transport. Newly synthesized MHC class
II molecules were caused to accumulate in the Golgi apparatus and TGN by incubating the cells
at 19°C, and early endosomes were functionally inactivated by in vivo cross-linking of transferrin
(Tf) receptor—containing endosomes using Tf-HRP complexes and the HRP-insoluble substrate
diaminobenzidine. Inactivation of Tf-containing endosomes caused a marked delay in Ii chain
degradation, peptide loading, and MHC class II transport to the cell surface. Thus, early endo-
somes appear to be required for delivery of MHC class II molecules to the endocytic pathway.
Under cross-linking conditions, most afli complexes accumulated in tubules and vesicles devoid
of y-adaptin and/or mannose-6-phosphate receptor, suggesting an AP1-independent pathway for
the delivery of newly synthesized MHC class II molecules from the TGN to endosomes.

INTRODUCTION cytic pathway (Cresswell, 1996). Immediately upon delivery

to endosomes, the Ii chain is degraded in a stepwise manner,

Most immune responses are generated after activation of
helper T lymphocytes by antigenic peptides loaded on major
histocompatibility complex (MHC) class II molecules and
displayed at the plasma membrane of antigen-presenting
cells (Cresswell, 1994; Germain, 1994; Watts, 1997). The gen-
eration of antigenic peptides and their association to MHC
class II molecules occur in the endocytic pathway. This
process requires antigen internalization, as well as delivery
of newly synthesized MHC class II molecules to endocytic
compartments (Cresswell, 1994; Germain, 1994; Watts, 1997).
Transport of class II molecules to and from endosomes is
mediated and regulated by the class II associated invariant
chain (Ii) (Cresswell, 1996). In the endoplasmic reticulum
(ER), homotrimers of Ii chain associate with three af het-
erodimers of class II molecules (Cresswell, 1996). A targeting
signal, located in the NH,-terminal cytoplasmic domain of Ii
chain, directs the transport of aB-li complexes to the endo-
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with several Ii chain fragments remaining transiently asso-
ciated with class II molecules (Cresswell, 1996). The ex-
change of these Ii fragments by antigenic peptides is cata-
lyzed by the nonpolymorphic MHC class II molecules
HLA-DM and HLA-DO before transport to the cell surface
(Roche, 1995) (Kropshofer et al., 1997).

In different antigen-presenting cells, specific peptide-load-
ing compartments, called MHC class II compartments
(MIICs) (Peters et al., 1991; Tulp et al., 1994; West et al., 1994)
or class II vesicles (CIIVs) (Amigorena et al., 1994; Pierre et
al., 1997), have been described. MIICs are found in Epstein—
Barr virus (EBV)-transformed human B-lymphocytes, mela-
noma cells, and immature dendritic cells, whereas CIIVs
were described in murine B lymphoma cells and developing
dendritic cells. CIIVs and MIICs represent heterogeneous
sets of multivesicular and multilaminar compartments, re-
lated to endosomes and lysosomes, respectively, and which
may represent consecutive compartments along the endo-
cytic pathway (Kleijmeer et al., 1997). In contrast to MIICs,
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which bear lysosomal markers (such as Lampl and 2) (Pe-
ters et al., 1991, 1995), CIIVs contain low levels of transferrin
receptor (TfR) and mannose 6-phosphate receptor (M6PR)
but are devoid of Lampl and 2 (Amigorena et al., 1994;
Pierre et al., 1996). The distribution of MHC class II mole-
cules between the plasma membrane and endosomal and
lysosomal compartments is correlated with the rate of Ii
chain degradation (Pieters et al., 1991; Brachet et al., 1997;
Pierre et al., 1997).

The intracellular routes of MHC class II molecule trans-
port to peptide-loading compartments are still unclear. In
B-lymphocytes, MHC class II molecules enter endocytic
compartments either directly from the trans-Golgi network
(TGN) or through the cell surface (Neefjes et al., 1990; Peters
et al., 1991; Pieters et al., 1991; Roche et al., 1993; Bénaroch et
al., 1995; Saudrais et al., 1998). In the case of direct TGN to
endosome transport, the compartments to which MHC class
IT molecules are first delivered are not well defined. It was
proposed that afli complexes are directly targeted to mul-
tivesicular MIICs, based on the presence of an intact Ii chain
in these organelles (Neefjes et al., 1990; Peters et al., 1995;
Glickman et al., 1996; Kleijmeer et al., 1997). Yet, in other
studies, afli complexes were transiently detected in TfR-
containing early endosomes before reaching later endocytic
compartments (Cresswell, 1985; Romagnoli et al., 1993; Cas-
tellino and Germain, 1995; Warmerdam ef al., 1996).

Another related controversial issue concerns the cytosolic
machinery involved in sorting of MHC class II molecules in
the TGN (Robinson, 1997). At least two cytosolic complexes
are involved in TGN-endosomal sorting: AP1 and clathrin
determine the transport of M6PR to endosomes, whereas
AP3 was more recently proposed to mediate direct transport
of lysosomal resident proteins to lysosomes (or to the vac-
uole in yeast) (Odorizzi et al., 1998). Whether MHC class II
molecules and the M6PR use the same transport pathway is
still a matter of debate. On one hand, Glickman et al. (1996)
showed that class II molecules can be transported to MIICs
via an M6PR-independent pathway that does not appear to
involve AP-1. In addition, Liu et al. (1998) showed that
blocking clathrin function with a dominant negative mutant
did not affect MHC class II-Ii chain complexes direct deliv-
ery to the endocytic pathway. On the other hand, overex-
pression of Ii chain recruits AP-1 in vitro (Salamero et al.,
1996; Rodionov and Bakke, 1998), indicating that MHC class
II molecules could potentially be transported in AP1-clath-
rin—coated vesicles. However, no evidence for colocalization
between AP1 +y-adaptin or M6PR and MHC class II mole-
cules was reported.

In the present study, we analyzed MHC class II transport
from the TGN to the endocytic pathway in human and
murine B cells. We selectively inactivated Tf-positive early
endosomes in living cells and found that functional Tf-
containing compartments were required for MHC class II
transport to the peptide-loading compartments. These re-
sults indicate that MHC class II molecules are not directly
delivered to late endocytic compartments. In addition, inac-
tivation of early endosomes caused the accumulation of afli
complexes in transport vesicles lacking both M6PR and
y-adaptin, indicating that MHC class II molecules and the
M6PR use independent transport routes from the TGN to
the endocytic pathway.
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MATERIALS AND METHODS
Cells

Experiments on mouse cells were performed using an A20 B lym-
phoma cell line transfected with a cDNA encoding class Il molecules
I-AP and called B4-14 (kindly provided by Avlin Barlow and
Charles Janeway, Yale University, New Haven, CT) and an FcyR-
negative mutant cell line derived from A20 cells and transfected
with a cDNA encoding a chimera composed of the extracytoplasmic
and transmembrane regions of mouse type II Fcy receptors bound to
the cytoplasmic region of mouse IgB chain of the B cell receptor.
This cell line was called A6B9 (Amigorena et al., 1992). Experiments
on human cells were performed using EBV-transformed B-lympho-
cyte cell line Laz-B29 and hybridoma cell line T2bb provided by N.S.
Braunstein (Columbia University, New York, NY) (Eastman et al.,
1996). The Laz-B29 cell line was transfected with the chimeric cDNA
encoding FcyRII-IgB and called Laz-B29 B29. Stable clones were
selected in hygromycin-containing medium and tested as described
(Choquet et al., 1994).

Antibodies

The antibodies used in this work are anti-mouse I-A® MHC class II
molecule mAb Y3P (Janeway et al., 1984), which binds to mature
MHC class II molecules; anti-mouse CD107b (lamp2) mAb (clone
ABL-93; PharMingen, San Diego, CA); anti-mouse TfR (CD71) mAb
(clone C2, PharMingen); anti-mouse Fc receptor mAb 2.4G2 (Unke-
less, 1979); anti-human MHC class II molecule mAb 1243, which
binds to mature class II molecules (Shackelford et al., 1981); anti-
human MHC class II molecule mAb DA6.147 (Guy et al., 1982);
anti-human CD107a (lamp1) mAb (clone H4A3, PharMingen); anti-
human invariant chain mAb PIN1 (Denzin and Cresswell, 1995);
and anti-y-adaptin mAb (Sigma, St. Louis, MO). We also used
several rabbit polyclonal sera directed against HRP molecules (Sig-
ma), human class II molecules (anti-aBDR) (Peters et al., 1991), the
lumenal domain of human invariant chain Ab ICC5 (Morton et al.,
1995), the cytoplasmic tail of mouse I-AP B chain (Théry et al., 1998),
and dinitrophenol (DNP) molecule (kindly provided by Dr. Ira
Mellman, Yale University). The antibody directed against the CI-
MB6PR (46 kDa MPR) was kindly provided by Dr. Kurt von Figura
(University of Gottingen, Gottingen, Germany).

Cross-Linking of Tf Receptor Compartments

Cells were starved for 1.5 h in RPMI 1640 medium supplemented
with 0.1% BSA and then incubated for 2 h at 19°C at 107 cells/ml in
the same medium containing 20 ug/ml human or mouse HRP-Tf
(Pierce, Rockford, IL) and 20 mM HEPES, pH 7.4. To remove the
HRP-Tf bound to the cell surface, the cells were washed in cold PBS
and incubated for 10 min at 0°C with PBS containing 20% FCS.
Inactivation of the TfR-positive compartments was performed by
incubating the cells at 0°C, for 1 h at 107 cells/ml, in the dark, with
diaminobenzidine (fast DAB, Sigma) diluted in 15 ml of Tris-buff-
ered saline (and not 5 ml as suggested by the manufacturer’s in-
structions) and supplemented with 0.01 ul/ml H,O, 30% (a final
concentration of 0.003% H,O,). Under these conditions cell viability
(as measured by trypan blue staining) was not modified (<5%), and
protein synthesis (as assessed by [**S]methionine incorporation)
was not affected (our unpublished results). Control cells were sub-
mitted to the same treatment but were incubated with uncoupled Tf.

Metabolic Labeling and Immunoprecipitation

The experiments were performed as described (Amigorena et al.,
1994). Briefly, the cells were metabolically labeled for 20 min with
[*5S]methionine/cysteine labeling mix at 500 nCi/ml, (Amersham,
Arlington Heights, IL) and chased for various periods. When nec-
essary, the cell surface biotinylation and immunoprecipitation were
performed as described (Amigorena ef al., 1994) and analyzed by
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electrophoresis on SDS-acrylamide gels (12 or 10-15% gradient
acrylamide gels). Immunoprecipitated class II molecules were
loaded with or without previous boiling to detect SDS-resistant
compact dimers that migrate at a molecular mass of 60 kDa and
correspond to mature peptide-loaded class II molecules. When
boiled, the SDS-resistant class II molecules dissociate in « and B
chains. The quantifications were performed using a video camera
(Bio-print system; Vuilbert-Lourmat, Marne la Vallée, France). Op-
tical densitometry was performed using BiolD software (Vilbert-
Lourmat).

Endoglycosidase H Digestion

The cells were metabolically labeled for 10 min, processed for early
endosome inactivation, and chased for various periods. After im-
munoprecipitation, molecules were eluted at 95°C for 10 min with
50 ul of 1% SDS and 1 mM DTT in 50 mM Tris, pH 6.8, and then
digested or not at 30°C overnight with 0.2 U/ml endoglysosidase H
(Oxford GlycoSystem, Abingdon, United Kingdom). Samples were
then analyzed on 12% SDS-PAGE, and the proteins were revealed
by autoradiography.

1251 Protein Labeling

The mAD rat anti-mouse Fc receptors (2.4G2) and DNP-BSA protein
were labeled with '*I-Na (Amersham) using iodobeads (Pierce),
according to the manufacturer’s instructions. Labeled proteins were
separated from free '?°I-Na on a PD 10 column (Amersham). The
percentage of free 12°I was always <5%.

Endocytosis of 2.4G2 mAb

Endocytosis was measured as described (Mellman and Plutner,
1984). Briefly, human Laz-B29 and mouse A6B9 cells were processed
for inactivation of the TfR-containing compartments, washed, and
incubated with iodinated 2.4G2 for 30 min at 0°C. After two addi-
tional washes, the cells were incubated at 37°C for various periods.
The mAb bound to the cell surface was removed by a 3-min acid
wash in 0.5 M acetic acid and 50 mM NaCl, pH 2.9, on ice. Cell-
associated radioactivity was measured after neutralization with 100
mM Tris, pH 7.4.

Degradation of >°I-DNP-BSA

Degradation of DNP-BSA complexed with anti-DNP antibodies and
internalized via FcR was measured as described (Mellman and
Plutner, 1984). Briefly, mouse A6B9 cells were processed for the
inactivation of TfR compartments and incubated with immune com-
plexes (ICs; 10 ug/ml '>°I-DNP-BSA and 20 ug/ml rabbit anti-DNP
antibodies) at 4°C for 1.5 h. IC internalization was achieved by
incubating the cells for 15 min at 37°C. After two washes in cold
culture medium, cells were incubated at 37°C for various periods.
Degradation of DNP-BSA was estimated by measuring the soluble
radioactivity in 20% trichloroacetic acid (TCA).

Electron Microscopy

DAB Cytochemistry. After internalization of Tf-HRP, cells were
fixed with a mixture of 2% paraformaldehyde and 1% glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.4. Cells were postfixed for 2 h
in 0.5% OsO, and 1.25% ferrocyanure in distilled water at 4°C in the
dark, dehydrated in ethanol, and embedded in Epon. Ultrathin
sections were contrasted with Reynolds buffer for 2 min and viewed
in a Philips (Eindoven, The Netherlands) CM120 transmission elec-
tron microscope.

Ultracryomicrotomy. Cells were fixed for 1 h with 2% paraformal-
dehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4,
processed for ultracryomicrotomy, and immunogold labeled as de-
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scribed (Raposo et al., 1997). All the antibodies were visualized with
protein A-gold conjugates (purchased from ]J.W. Slot, Utrecht Uni-
versity, Utrecht, The Netherlands). For quantification of immuno-
gold labeling, the number of gold particles labeling particular struc-
tures or the number of labeled compartments was counted directly
under the electron microscope. In each case 40-50 cell profiles were
analyzed from two independent experiments.

RESULTS

To analyze the pathway of MHC class II transport from
endosomes to the endocytic pathway, we designed an orig-
inal experimental approach based on 1) the accumulation of
new MHC class II molecules in the early exocytic pathway
by incubation of the cells at 19°C, to synchronize subsequent
MHC class II transport steps; and 2) the functional inactiva-
tion of early endosomes using Tf-HRP conjugates and the
HRP-insoluble substrate DAB. Because the distribution and
localization of MHC class Il molecules in human and murine
B cells are distinct (MIICs and CIIVs, respectively), we de-
cided to analyze the effect of early endosome inactivation in
both cell systems in parallel.

Intracellular Accumulation of MHC Class 11
Molecules at 19°C

We first analyzed the effect of a 19°C incubation on MHC
class II processing and transport to the cell surface. Mouse
B4.14 cells were metabolically labeled for 20 min, chased for
60 min at 19°C, and shifted to 37°C for various periods. After
cell surface biotinylation and lysis, class II molecules were
immunoprecipitated with Y3P, an mAb that recognizes ma-
ture, Ii chain-free MHC class II molecules. The immunopre-
cipitated molecules were analyzed on SDS-PAGE without
boiling to detect SDS-resistant compact forms (“C”), which
migrate at a molecular mass of 60 kDa and correspond to
peptide-loaded aB-dimers (Germain and Hendrix, 1991).

As shown in Figure 1, after a 20-min pulse, few MHC class
II molecules are detected with the Y3P mAb. In control cells,
pulsed and chased at 37°C, mature SDS-stable complexes are
generated within 60 min after the chase (Total). After a
120-min chase, the entire bulk of processed MHC class II
molecules is present at the cell surface (Total and Surface).
Incubating the cells at 19°C strongly inhibited the processing
of class II molecules: after 60 min of 19°C chase, the amount
of aff complexes immunoprecipitable by Y3P was very low,
and this did not change with an additional 120 min of 19°C
chase. Moreover, no newly synthesized class II molecules
were detected at the cell surface, indicating that during the
19°C incubation the MHC class II molecules were retained
intracellularly. Similar results were obtained with human
Laz-B29 cells (see below), in which no of8 peptide dimers are
detected after 2 h of 19°C chase (our unpublished results).

We then analyzed the compartments where af-li com-
plexes accumulate after incubation at 19°C for 2 h in B-EBV
cells. Ultrathin cryosections were double immunogold la-
beled with anti-HLA-DR and anti-Ii chain (ICC5) antibodies
and analyzed by immunoelectron microscopy. As shown in
Figure 2A, abundant Ii chain-associated MHC class II mol-
ecules were observed in the Golgi apparatus. This accumu-
lation was evident in most cells.

When localized by immunoelectron microscopy, abun-
dant Ii chain—associated MHC class II molecules were de-
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Figure 1. Incubation at 19°C reversibly blocks MHC class II mol-
ecule maturation. B4-14 cells were pulsed for 20 min with [**S]me-
thionine and chased at 19°C for 60 min (1st through 7th lanes) or for
180 min (8th lane) and shifted to 37°C for the indicated times.
Positive control cells (1st, 9th, and 10th lanes) were directly chased
at 37°C for the indicated times. After cell lysis, I-A® molecules were
immunoprecipitated with the Y3P mAb. The samples were not
boiled before SDS-PAGE analysis. Labeled class II molecules were
not detected after the 20-min pulse (1st lane) because the Y3P mAb
used for immunoprecipitation does not detect immature o dim-
mers complexed with intact Ii chain.

tected in the ER and Golgi stacks in both human (Figure 2A)
and murine B cells (our unpublished results). Moreover,
after a 10-min pulse at 37°C and a 2-h chase at 19°C, most
apBli complexes were still sensitive to endoglucosaminidase
H (endo H) (our unpublished results). Thus, aBli complexes
accumulated in the ER and Golgi apparatus at 19°C. When
shifted to 37°C, class II molecules acquire endo H resistance
with the same kinetics as control cells that were directly
chased at 37°C (our unpublished results).

Transport of Class II Molecules upon

Shifting to 37°C

We next analyzed the transport pathway of class II mole-
cules between the TGN and endocytic compartments using
the 19°C block and shifting to 37°C. As shown in Figure 1,
when shifted to 37°C, af8 dimers matured into SDS-stable
“C” forms within 30—60 min and required 30 min more to
reach the plasma membrane. These kinetics of maturation
and transport of class II molecules to the cell surface ob-
served upon shifting to 37°C are similar to those of control
cells that were pulsed and chased at 37°C and to our previ-
ously published results (Brachet et al., 1997; Théry et al.,
1998). Similar results were obtained using human EBV-B
cells, in which mature MHC class II molecules appeared at
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the cell surface within 2 h of shifting to 37°C (which is the
normal delay required for class II molecule processing in
these cells; our unpublished data).

We examined the distribution of MHC class II and Ii chain
in cells chased for 45 min at 37°C after the 19°C block. In
approximately half of cells, labeling was still detected in the
Golgi. Interestingly, a significant amount of Ii chain and
class IT molecules was detected in small vesicles and tubules
closely apposed to the Golgi apparatus (Figure 2B) and, to a
greater extent, in compartments morphologically similar to
early endosomes (they display an electron-lucent bulk and
very few internal vesicles; Figure 2, B and C). In control cells,
these structures did not stain for HLA-DR or Ii (our unpub-
lished results) (Peters ef al., 1995).

In B-EBV cells, transport from the TGN to endocytic com-
partments does not occur via the plasma membrane, because
<5% of the apli complexes can be detected in pulse—chase
experiments with surface biotinylation using the mAb
DAG6147 (Saudrais et al., 1998; our unpublished results). This
amount remained unchanged when the cells had been incu-
bated at 19°C for 2 h and shifted to 37°C (our unpublished
results). Thus, the afli complexes found in early endosomal-
like compartments after the 19°C block and a 45-min chase at
37°C are most likely directly derived from the TGN. Alto-
gether, these results suggest that afli complexes accumu-
lated in the Golgi apparatus at 19°C were transported to
early endosomes upon shifting to 37°C, in all likelihood en
route to later endocytic compartments.

Inactivation of Early Endosomes: Intracellular
Localization of Tf-HRP Complexes

To investigate the putative functions of early endosomes in
the transport of afli complexes from the TGN to peptide-
loading compartments, we attempted to inactivate in vivo
Tf-positive compartments using Tf coupled to HRP and its
polymerizable substrate DAB. Internalization of HRP-Tf was
performed for 2 h at 19°C in both human and murine B cells.
When incubated at this temperature, the cells still internal-
ized external components and slowly recycled them to the
plasma membrane, but transport of internalized molecules
from early to late endosomes was inhibited (our unpub-
lished results). Thus, internalizing HRP-Tf at 19°C specifi-
cally loaded early endosomes with HRP and induced the
accumulation of MHC class II molecules in the ER and Golgi
stacks.

The intracellular localization of HRP-Tf complexes was
determined by DAB cytochemistry before ultrathin section-
ing of Epon-embedded cells. As shown in Figure 3, in both
B4-14 and Laz-B29 cells, DAB precipitates were detected in
tubulovesicular structures with typical morphology of early
endocytic compartments (Marsh et al., 1986; Hopkins et al.,
1990; Gruenberg and Maxfield, 1995). Note that HRP was
detected neither in the Golgi apparatus nor in multivesicular
endosomes (Figure 3). Not all early endosomes were filled
with DAB precipitates (Figure 3B). However, the proportion
of such empty early compartments was low compared with
the DAB-positive ones.

To evaluate the proportion of MHC class II-containing
compartments that also contained HRP, the compartments
where Tf-HRP accumulates after a 2-h incubation at 19°C in
mouse B lymphoma and human B-EBV cells were analyzed
qualitatively and quantitatively by immunogold labeling on
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Figure 2. Immunogold localiza-
tion of aB-Ii complexes after 2 h of
19°C incubation and upon shifting
to 37°C. Ultrathin cryosections of
Laz cells were immunogold la-
beled with an anti-a-DR rabbit
serum (PAG-10) and a rabbit Ab
directed against the C-terminal do-
main of the Ii chain (ICC5) (PAG-
15). (A) Laz cells incubated at 19°C
for 2h. Intense labeling is observed
for the Ii chain (PAG 15) and MHC
class II (PAG 10) in the Golgi ap-
paratus. (B and C) Cells incubated
at 19°C for 2 h and then shifted to
37°C for 45 min with Ii chain (PAG
15) and MHC class II (PAG 10) are
visualized in electron-lucent vesi-
cles and tubules apposed to the
Golgi apparatus (B) as well as in
endosomes (C). Bar, 100 nm.

ultrathin cryosections. In human cells, class II molecules
were present at the cell surface and accumulated in multive-
sicular and multilaminar compartments as previously de-
scribed (Peters et al., 1995; Kleijmeer et al., 1997). As depicted
in Table 1, a quantitative analysis revealed that only 8% of
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these class II compartments also contained HRP. Most
HRP-Tf was detected in tubulovesicular structures, often
localized near the plasma membrane, which morphologi-
cally resemble early endosomes. Only 17% of these compart-
ments also contained MHC class II molecules (Table 1). In
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Figure 3. Morphology of the HRP-containing compartments. Cells that had internalized HRP-Tf for 2 h at 19°C were processed for HRP
detection using DAB and H,0, and embedded in Epon. Ultrathin sections were then analyzed by electron microscopy. (A and B) B4.14 cells.
(C and D) Laz cells. DAB reaction precipitates are observed in tubulovesicular structures. Bar, 500 nm.

mouse B4-14 cells, class II molecules were predominantly
localized at the plasma membrane and present intracellu-
larly in tubulovesicular structures already described (Bra-
chet et al., 1997), with 25% of these structures being accessi-
ble to HRP (Table 1). However, the majority of HRP-Tf was
found in MHC class II-negative tubulovesicular compart-
ments resembling early endosomes. In both cell types,
HRP-Tf was absent from Lampl-positive compartments
(our unpublished results).

These results show that after 2 h of internalization at 19°C,
the bulk of Tf-HRP was localized in early endosomes and
inefficiently reached later endocytic compartments. Impor-
tantly, even after 2 h of internalization, little Tf-HRP was
found in MHC class II-containing compartments under
these conditions.
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In Vivo Cross-Linking of Early Endosomes

To inactivate early endosomes, the cells were incubated
for 2 h with HRP-Tf at 19°C. Tf-HRP-loaded compart-
ments were then inactivated with DAB, an HRP substrate
that polymerises in the presence of H,O, and inhibits the
budding and fusion properties of the compartments in
which it accumulates (Futter et al., 1996; Pond and Watts,
1997). Inactivation of early endosomes should not affect
internalization from the plasma membrane, but it is ex-
pected to block transport to lysosomes and protein deg-
radation. To test these two transport steps, we used mu-
rine B lymphoma cells expressing recombinant FcyRIIb2
(A6B9 cells), which we have previously shown to mediate
efficient ligand internalization and degradation (Amigo-
rena ef al., 1992).
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Table 1. Distribution of HRP and class II molecules in Laz and B4.14 cells incubated for 2 h at 19°C in the presence of HRP-Tf

Laz-B29 B4.14
Multivesicular and
multilamellar Early endocytic Multivesicular Early endocytic
Molecule compartments compartments compartments compartments
MHC class II (%) 83 17 84.5 155
HRP (%) 8 92 222 77.8

Ultrathin cryosections were immunogold labeled with the anti-a-DR Ab (PAG-10; Laz cells) or with the anti-class Il mAb M5.114 (PAG-10;
B4.14 cells) and with the anti-HRP Ab (PAG-15). Early or late endosomal structures containing either one of the labeled molecules or both
were counted, and the distribution of the two markers in each type of compartment was determined. In each case, 50 cell profiles were

analyzed.

The ability of A6B9 cells to internalize iodinated anti-
FcyRIIb2 (2.4G2) was measured first. As shown in Figure
4A, the internalization of 2.4G2 mAb was rapid and reached
a plateau of 60-70% internalized radioactivity after 20 min
of incubation at 37°C. This process was not affected by DAB
cross-linking of early endosomes (Figure 4A). We obtained
similar results in human EBV-B cells expressing recombi-
nant FcyRIIb2-B29 cytoplasmic tail chimeras (Laz-B29 cells)
(our unpublished data). Thus, inactivation of early endo-
somes had no effect on receptor-mediated endocytosis.

We then measured the effect of early endosomes cross-
linking on degradation of ligands internalized by FcyRIIb2.
Because the 2.4G2 mADb is particularly resistant to proteoly-
sis, we used iodinated DNP-BSA coupled with rabbit anti-
DNP antibodies (ICs), which bind Fc receptors and are much
more sensitive to proteolysis (Mellman and Plutner, 1984).
After inactivation of early endosomes, the ICs were inter-
nalized for 15 min, the cells were incubated at 37°C for
various times, and the percentage of TCA-soluble radioac-
tivity present in the culture medium was measured. The
degradation of BSA was inhibited by 40-50% by the inacti-
vation of early endosomes (Figure 4B), suggesting that trans-
port of internalized ligands to lysosomes was delayed.

Transport of Newly Synthesized Transmembrane
Proteins from the ER to the Golgi Apparatus and to
the Plasma Membrane

To control the integrity of the protein secretion machinery in
the cross-linked cells, we first investigated the effect of early
endosomes cross-linking on ER to Golgi transport, as de-
tected by the acquisition of resistance of newly synthesized
proteins to endo H digestion. Laz-B29 cells were pulsed and
chased for various periods before immunoprecipitation of
TfR. The precipitates were then treated with endoglycosilase
H, which digests high mannose residues before, but not
after, Golgi processing. As shown in Figure 5A, the kinetic
and efficacy of appearance of endo H-resistant TfR were not
modified by early endosome inactivation. Similar results
were obtained in mouse B4-14 cells (our unpublished re-
sults) and with MHC class I and II molecules in both human
and mouse cells (our unpublished results). Therefore, early
endosome cross-linking does not affect protein export from
the ER.

We next investigated the kinetic transport to the cell sur-
face of MHC class I molecules, which are known to be
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Figure 4. Early endosome inactivation has no effect on ligand
internalization but reduces their degradation. A6B9 cells were pro-
cessed for early endosome inactivation. Control cells were submit-
ted to the same treatment as cross-linked cells but were incubated
with non—-HRP-coupled Tf before testing FcyRIIb2-mediated ligand
internalization and degradation. (A) '?°I-2.4G2 kinetics of internal-
ization in both control (black circles) and cross-linked cells (black
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mined by measuring the percentage of 20% TCA-soluble radioac-
tivity. Each result shows the average obtained with four indepen-
dent experiments.
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Figure 5. Early endosome inactivation has no effect on the secre-
tory pathway. Laz-B29 (A) or B4.14 (B) cells pulsed for 20 min with
[*°S]methionine were processed (cross-link) or not (control) for early
endosome inactivation and chased at 37°C for the indicated times.
(A) TfR was immunoprecipitated and treated or not treated with
endo H before analysis on SDS-PAGE. (B) After each chase period,
the cell surface was biotinylated, and MHC class I molecules were
immunoprecipitated. Cell surface MHC class I molecules were iso-
lated using streptavidin-agarose. Samples were then boiled and
analyzed on SDS-PAGE. Early endosome cross-linking has no effect
on ER to Golgi to plasma membrane transport.

directly targeted from the TGN to the cell surface (Neefjes et
al., 1990). Cells were pulsed, processed to inactivate early
endosomes, and chased for various periods at 37°C. After
cell surface biotinylation, the cells were lysed, and total and
surface MHC class I molecules were immunoprecipitated
and analyzed on SDS-PAGE. As shown in Figure 5B, MHC
class I molecules in control cells matured within 60-120 min
of the chase and were very rapidly transported to the plasma
membrane. We did not detect any significant difference in
the kinetics of MHC class I maturation and cell surface
delivery when early endosomes were cross-linked (Figure
5B). Similar results were obtained in Laz-B29 cells (our un-
published data). Altogether, these result show that cross-
linking of early endosomes did not affect the secretory path-
way.

MHC Class II Peptide Loading and Cell Surface
Transport

To evaluate the role of early endosomes in the maturation
and transport of MHC class II molecules, cells were pulsed
and processed (or not) to inactivate early endosomes before
chasing for various periods. Cell surface molecules were
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biotinylated before lysis, and MHC class II molecules were
immunoprecipitated. In murine B4.14 cells, samples were
analyzed on SDS-PAGE without boiling to detect the SDS-
resistant compact dimers, which migrate at a molecular
mass of 60 kDa and correspond to peptide-loaded «of-
dimers. As shown in Figure 6A, no SDS-stable dimers (C)
were observed at time 0 both in control and cross-linked
cells. This confirms that, during the 19°C incubation, the
processing of newly synthesized class II molecules was
blocked. In control cells, SDS-stable dimers (C) were gener-
ated within 30-60 min of chase at 37°C (Figure 6A, upper
panels). In cross-linked cells, the generation of SDS-stable of3
dimers was reproducibly delayed by 60-90 min and re-
duced by >50% compared with non—cross-linked cells (Fig-
ure 6A, upper panels).

Similar results were obtained with human B-EBV cells. In
these cells, SDS-stable a8 dimers were difficult to visualize.
We therefore used the mAb 1.243, which detects exclusively
mature i chain-free o8 dimers. As shown in Figure 6B, class
IT molecules in control cells were processed within 1-2 h of
the chase and reached a plateau between 2 and 4 h. After 2 h
of chase, the amount of mature class II molecules in cross-
linked cells was ~30% of that precipitated in control cells,
indicating that the processing of class II molecules was also
delayed by 60-90 min in B-EBV cells.

Transport of mature MHC class II molecules to the plasma
membrane was also affected by the cross-linking in both
murine and human cells. In B4.14 cells, ap-peptide com-
plexes were transported to the plasma membrane within 30
min and accumulated at the cell surface (Figure 6A, lower
left panel). Inactivation of early endosomes strongly delayed
transport of MHC class II molecules to the plasma mem-
brane (Figure 6A, lower right panel). Delivery of MHC class
IT molecules was also severely impaired (Figure 6A, lower
panels). Quantification of the gels revealed that 89% of the
total SDS-stable class II dimers are at the cell surface after a
4-h chase in untreated cells, whereas only 60% of the total
SDS-stable dimers are at the cell surface in cross-linked cells.
In Laz-B29 cells, early endosome inactivation had the same
impact on transport of class II molecules to the cell surface
(Figure 6B, lower panel). In control cells, the af-peptide
complexes generated after 2 h needed an additional 2 h to
reach the plasma membrane. Upon inactivation of early
endosomes, we detected almost no processed class II mole-
cules at the cell surface, despite their presence in the cells.
These results suggest that early endosomes may also be
involved in MHC class II bulk transport to the cell surface,
although functional T cell assays indicated that transport of
a particular T cell epitope is not (Pond and Watts, 1997).

MHC class 1II final maturation requires the removal of the
Ii chain peptide CLIP and its replacement by an antigenic
peptide, a step that is mediated by HLA-DM molecules
(Fling et al., 1994; Denzin and Cresswell, 1995; Roche, 1995).
Because the inactivation of early endosomes partially inhib-
ited the degradation of internalized ligands, the observed
inhibition of peptide loading onto MHC class II could also
be an indirect consequence of the effect of early endosome
inactivation on the delivery or generation of antigenic pep-
tides. We tested this possibility using the HLA-DM-negative
T2 cells expressing IAP molecules. Indeed, it has previously
been shown that in the absence of HLA-DM, IAP molecules
are loaded exclusively with the Ii chain-derived peptide
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Figure 6. Early endosome inactivation delays MHC class II mole-
cule maturation and transport to the cell surface. Cells were pro-
cessed as for Figure 5. MHC class II molecules were immunopre-
cipitated with the Y3P mAb in B4.14 and T2bb cells and with the
L243 mAD in Laz cells. (A) B4.14 cells; the samples were not boiled
before SDS-PAGE analysis to detect the compact mature forms of
class II molecules. (B) Laz cells; because the 1243 mAb strongly
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Figure 7. Early endosome inactivation strongly delays the degra-
dation of a3 dimer-associated Ii chain. B4.14 cells were processed as
for Figure 6. After cell lysis, class II molecules were immunopre-
cipitated with a rabbit anti-class II serum that has a strong affinity
for immature af dimers. Samples were boiled before SDS-PAGE
analysis. Upper panel, autoradiography after a short exposure of the
gel (4 d). Lower panel, longer exposure of the same gel (2 wk).

CLIP, which remains associated with IAP molecules after Ii
degradation (Denzin et al., 1994). IAP-expressing T2 cells
were processed as for Figure 6, and IA® molecules were
immunoprecipitated. As shown in Figure 6C, in control
cells, mature MHC class II molecules were detected after a
2-h chase and accumulate within 6 h. Early endosome cross-
linking totally abolished the appearance of mature «f3
dimers within 6 h of chase (Figure 6C). Therefore, even
though MHC class II maturation in these cells is indepen-
dent of antigenic peptides and HLA-DM, early endosome
ablation inhibited maturation, indicating that this effect of
the cross-linking is due to a direct interference with MHC
class II intracellular transport.

Effect of Early Endosome Inactivation on Ii Chain
Degradation

The results presented thus far suggest that early endosomes
are the site of entry of Ii chain-associated a8 dimers in the
endocytic pathway. If this was the case, then cross-linking of
Tf-containing compartments should prevent or delay deliv-
ery of MHC class II to endosomes, delaying Ii chain degra-

Figure 6. (cont). associates with the class II molecules, samples
were boiled before analysis to dissociate class II-L.243 aggregates.
No class II molecules are detected before 1 h of chase in control cells
and 2 h in cross-linked cells, because 1.243 mAb does not detect
immature «afB-Ii complexes. (C) T2bb cells; samples were boiled
before analysis.

2899



V. Brachet et al.

B o7

v

2 200 1

Q

i~

W

[b]

> 150 1

(A

a5

-

L g0

t

=

ﬁ 50-1
[Vl

M6PR
M6PR/T
Ti

Figure 8. Immunogold localization of
Ti chain in cross-linked cells. Laz cells
were incubated at 19°C for 2 h in the
presence of Tf-HRP and processed for
early endosomes inactivation as before.
The cells were then chased at 37°C for 45
min to induce accumulation of MHC
class II in compartments en route to the
endocytic pathway. Ultrathin cryosec-
tions were immunogold labeled with
the anti-Ii chain Ab ICC5 (PAG15) and
with the anti-y-adaptin mAb (PAG10;
upper panel) or with the anti-46-kDa
M6PR Ab (PAGI10; lower panel). Upper
panel, note that the Ii-positive vesicles
(PAG 15) are distinct from the y-adaptin
(PAG 10)-labeled vesicles. Lower panel,
the vesicles and tubulovesicular struc-
tures (inset) labeled with the anti-li an-
tibody are not labeled with the anti-46-
kDa M6PR antibody. Bar, 200 nm.

dation. To test this possibility, B4.14 cells were processed as  is presented in Figure 7, upper panel. Most of the MHC class
for Figure 4, and class II molecules were precipitated with  II-associated Ii chain in control cells is degraded within 2 h
rabbit anti-MHC class II polyclonal antibodies (which very  of chase. Early endosome cross-linking strongly delayed i
efficiently bind to Ii chain-associated class II molecules) and chain degradation (Figure 7, upper panel). A longer expo-
analyzed on SDS-PAGE. A short exposure of the gel to film  sure of the gel (Figure 7, lower panel) shows that in control

2900 Molecular Biology of the Cell



cells, the Ii chain degradation product li-p10 appears within
60 min of the chase. In early endosome cross-linked cells,
li-p10 generation was delayed by 1 h. Therefore, early en-
dosome inactivation delayed Ii chain degradation, indicat-
ing that delivery of MHC class II to the endocytic pathway
requires functional early endosomes.

Tansport of af3-Ii Complexes from the TGN to the
Endocytic Pathway

When early endosomes were inactivated, the arrival of MHC
class II molecules to endosomes was delayed, presumably
because putative transport vesicles delivering Ii chain-asso-
ciated MHC class II molecules from the TGN may not fuse
with the cross-linked early endosomes any longer. To inves-
tigate this possibility, B-EBV cells were processed for early
endosome inactivation as before and further incubated for
45 min at 37°C to allow MHC class II transport out of the
TGN and accumulation in transport intermediates. Then
ultrathin cryosections of these cells were immunogold la-
beled and analyzed qualitatively and quantitatively at the
electron microscopic level. As already shown in Figure 2B, in
cells incubated at 19°C for 2 h and then at 37°C for 45 min,
Ii chain is detected in vesicles and tubules near the Golgi
apparatus. As shown in Figure 8A, in cross-linked cells Ii
chain also accumulates in vesicles and tubules in the TGN
region. The number of Ii chain-positive vesicles per cell was
quantified (see MATERIALS AND METHODS) in untreated
cells, in cells incubated at 19°C for 2 h and then at 37°C for
45 min, or in cells treated in the same way but whose early
endosomes had been inactivated after the 19°C incubation.
Incubation at 19°C increased the number of li-positive ves-
icles by threefold (an average of one Ii chain-positive vesicle
per cell vs. three in 19°C-treated cells). Endosome cross-
linking followed by a 45-min chase caused a further two- to
threefold increase (five Ii chain-positive vesicles per cell).

To characterize these vesicles, sections of cells cross-linked
and incubated at 37°C for 45 min were double immunogold
labeled with anti-Ii chain antibody and either anti-y-adaptin
antibodies (AP1; Figure 8A, upper panel) or anti-M6PR an-
tibodies (Figure 8A, lower panel).

These structures were devoid of y-adaptin (Figure 8A,
upper panel). Quantification of the gold labeling (see MA-
TERIALS AND METHODS) in untreated, 19°C-treated, and
cross-linked (and 37°C chased) cells revealed that 20, 18, and
21%, respectively, of the Ii chain-positive vesicles were also
labeled with the anti-y adaptin antibody. Importantly, the
y-adaptin-positive vesicles were only faintly labeled by the
anti-li antibodies (one gold particle per vesicle), whereas the
vesicles that contained more Ii chain (two or more gold
particles per vesicle) were y-adaptin negative. These results
suggest that MHC class II and Ii chains are sorted at the
TGN by an APl-independent mechanism. However, be-
cause li chain-positive vesicles may have lost their coat, we
next analyzed the presence of the small MPR (46 kDa), a
membrane receptor sorted by the AP1 pathway. As shown
in Figure 8A, lower panel, MPR and Ii chain antibodies
labeled different vesicular structures in cells cross-linked
and chased at 37°C. Quantification of the labeling is shown
in Figure 8B. Only 8% of the M6PR-positive vesicles con-
tained the Ii chain, confirming that MHC class II-Ii chain
complexes do not use the AP1 pathway to exit the TGN. The
Ii chain-positive vesicles were not labeled by anti-8 cop
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antibodies, indicating that they are not implicated in intra-
Golgi transport (our unpublished results). Therefore, most Ii
chain was found in vesicles and tubules different from those
involved in the AP1-M6PR pathway, suggesting that trans-
port of MHC class II from the TGN to the endosomes uses
another pathway. These results are consistent with the re-
sults of Glickman et al. (1996) and Liu et al. (1998), who
showed that MHC class II transport is independent of AP1
and clathrin.

DISCUSSION

We present functional and morphological results indicating
that 1) Tf-positive compartments represent the site of entry
of MHC class II molecules into the endocytic pathway; and
2) exit of Ii chain-associated MHC class IT molecules from the
TGN does not occur by AP1-clathrin—coated buds and ves-
icles.

Early endosome inactivation was achieved by loading of
the cells with Tf-HRP complexes. Loading was performed at
19°C, a temperature at which transport from early to late
endosomes is inefficient. As a result, selective accumulation
of Tf-HRP in early parts of the endocytic pathway was
obtained. In vivo cross-linking of early endosomes was then
induced by treating the cells with DAB (an HRP insoluble
substrate) in the presence of H,O,. Although indispensable
for the cross-linking reaction, H,O, is also toxic for the cells.
Only at extremely low H,O, concentrations (0.003%) could
we obtain cross-linking of early endosomes in the absence of
detectable cellular toxicity. Under these conditions, protein
synthesis and translocation into the ER (our unpublished
results), transport from the ER to the Golgi apparatus (Fig-
ure 5) and from the Golgi to the plasma membrane (Figure
5), and internalization (Figure 4) were not affected, indicat-
ing that the treatment was not toxic to the cells.

The selectivity of the cross-linking for Tf-positive com-
partments was established by showing that inactivation of
early endosomes did not affect receptor-mediated ligand
internalization, whereas transport of internalized proteins to
lysosomes was delayed. Using a similar approach, Futter et
al. (1996) obtained selective cross-linking of lysosomes, as
did Pond and Watts (1997) for Tf-positive endosomes. In
both cases, cross-linking of the compartments in living cells
was selective and resulted in the block of the fusogenic
properties of the compartments.

We show that under conditions of selective early endo-
some cross-linking, maturation of MHC class II molecules
and i chain degradation were delayed. Ii chain is extremely
sensitive to degradation and is believed to undergo proteo-
lytic cleavage as soon as it reaches endosomes (Cresswell,
1996). The delay in its degradation after early endosome
inactivation suggests that Tf-positive compartments, as op-
posed to late multivesicular compartments, represent the
first site of MHC class II entry into the endocytic pathway.
Early endosomes receive membrane compounds from two
main origins: the plasma membrane and the TGN (Gruen-
berg and Maxfield, 1995). In murine B lymphoma cells and
human EBV-transformed B cells, <5% of newly synthesized
MHC class II molecules pass through the plasma membrane
en route to peptide-loading compartments (Roche et al.,
1993). We checked that after early endosome cross-linking
the proportion of MHC class II molecules that transit
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through the plasma membrane does not increase. Therefore,
the delay in Ii chain degradation must reflect a delay in
transport of newly synthesized MHC class II molecules from
the TGN to early endosomes.

This possibility is in accord with several reports showing
that MHC class II and Ii chains colocalize with TfR before
being transferred to later endocytic compartments (Cress-
well, 1985; Pieters et al., 1991, Romagnoli ef al., 1993; Cas-
tellino and Germain, 1995; Warmerdam et al., 1996). How-
ever, in these studies, the immediate origin of these MHC
class II molecules (plasma membrane or TGN) was unclear,
because the proportion of MHC class II molecules passing
through the plasma membrane was not always determined.
In normal spleen B-lymphocytes, TfR-positive early endo-
somes contain MHC class II molecules (Castellino and Ger-
main, 1995), but also in this study it was unclear whether
these molecules arose from the TGN or the plasma mem-
brane.

In human EBV-B lymphocytes, virtually no MHC class II
is found in TfR-positive early endosomes (Peters ef al., 1995).
In mouse B lymphoma cells and human EBV-B lymphocytes,
a detailed immunoelectron microscopy analysis showed re-
cently that Ii chain-associated MHC class II molecules accu-
mulate in an intermediate population of multivesicular en-
dosomes, which are negative for TfR (Kleijmeer et al., 1997).
These authors proposed that this particular endosome pop-
ulation represents the first site of MHC class II entry into the
endocytic pathway. Our results suggest that MHC class II
molecules actually enter the endocytic pathway before mul-
tivesicular MHC class II-positive late endosomes. The ab-
sence of staining for MHC class II and Ii chain in early
endosomes probably results from the very short time of
residence of membrane proteins in early endocytic compart-
ments (Gruenberg and Maxfield, 1995). Nevertheless, we
cannot exclude the possibility that low amounts of Tf-HRP,
which may have escaped immunodetection, actually reach
and partially inactivate late endosomes. This is, however,
quite unlikely, because the detection of HRP is very sensitive
and does not reveal any HRP in multivesicular compart-
ments.

Early endosome inactivation also provided further insight
into the pathway of MHC class II transport out of the TGN,
which, until now, remained elusive. It was recently shown
that the Ii chain cytosolic tail may recruit y-adaptin in vitro,
suggesting that MHC class II molecules use the AP1/M6PR
pathway of transport to endosomes (Salamero et al., 1996,
Rodionov and Bakke, 1998). However, these in vitro exper-
iments failed to demonstrate y-adaptin recruitment in the
TGN, rather than endosomes, in which AP1 is also known to
operate (Mallard et al., 1999). In addition, despite extensive
analysis, very little colocalization between MHC class II or Ii
chain and y-adaptin in the TGN is found by electron micros-
copy. Furthermore, morphological analysis in M6PR-nega-
tive cells (I cell disease), led to the conclusion that MHC class
II may exit the TGN through non-y-adaptin-mediated
transport (Glickman et al., 1996). However, the absence of
colocalization of MHC class II with M6PR and y-adaptin
may also be due to the development of alternative TGN to
endosome pathways in both I cell disease and early endo-
some cross-linked cells. In the latter case, it is also possible
that, despite their localization to the TGN region of the
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cytoplasm, the vesicles that accumulate in cross-linked cells
are not directly derived from the TGN.

In any case, our results strongly support the possibility
previously proposed by others (Glickman et al., 1996; Liu et
al., 1998) that most apli complexes do not use the AP1
pathway to reach the endocytic pathway. Upon early endo-
some inactivation, Ii chain degradation was delayed (prob-
ably reflecting a delay in delivery to early endosomes), and
Ii chain-associated MHC class II molecules accumulated in
M6PR-, y-adaptin-negative vesicles. The association of the
functional and morphological data strongly indicates that
these vesicles mediate transport from the TGN to endo-
somes. MHC class II accumulation in these vesicles was
probably not an artifactual consequence of the cross-linking,
because it only affects post-TGN transport events. The ves-
icles in which Ii chain accumulated after cross-linking did
not label for B-cop (our unpublished results), indicating that
they are not Golgi transport vesicles.

However, we cannot exclude the possibility that MHC
class II accumulation in the TGN (by the 19°C incubation)
causes overloading of the vy adaptin pathway and accumu-
lation in these vesicles. The fact that the kinetics of Ii deg-
radation and peptide loading observed after reincubation of
the cells at 37°C was normal argues against this hypothesis,
however. In addition, M6PR-negative vesicles stained more
strongly for Ii chain than the M6PR-positive ones, which is
also inconsistent with the possibility of overloading of the
AP1 pathway.

Taken together, our results indicate that most MHC class
IT molecules are not transported from the TGN to endo-
somes by the M6PR-AP1 pathway. Another pathway for the
transport from the TGN to endosomes, which uses a novel
family of adaptor molecules, AP3, has been described. How-
ever, although the overall level of AP3 immunodetection in
B cells was very low, the Ii chain-positive vesicles that
accumulated after early endosome cross-linking did not la-
bel for AP3 (our unpublished results). Because we may not
exclude that these vesicles have already lost their coats, the
involvement of AP3 in MHC class II sorting in the TGN
needs to be examined in further detail.
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