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A monoclonal antibody specific for the empty conformation of class
II MHC molecules revealed the presence of abundant empty molecules
on the surface of spleen- and bone marrow-derived dendritic cells
(DC) among various types of antigen-presenting cells. The empty class
II MHC molecules are developmentally regulated and expressed
predominantly on immature DC. They can capture peptide antigens
directly from the extracellular medium and present bound peptides to
antigen-specific T lymphocytes. The ability of the empty cell-surface
class II MHC proteins to bind peptides and present them to T cells
without intracellular processing can serve to extend the spectrum of
antigens able to be presented by DC, consistent with their role as
sentinels in the immune system.

MHC class II molecules bind peptides derived from proteins
that have entered the endocytic pathway and present them at

the cell surface for interaction with CD41 T cells (1). MHC class
II molecules are constitutively expressed by B cells, macrophages,
and dendritic cells (DC), the ‘‘professional’’ antigen-presenting cells
of the immune system, and their expression can be induced on many
other cell types by treatment with IFN-g. Pathways for intracellular
assembly and folding of class II MHC proteins, for proteolytic
processing of antigens, and for peptide loading onto class II MHC
proteins, have been characterized in detail (2). In B cells, nascent
class II MHC ab heterodimers rapidly associate in the endoplasmic
reticulum with the invariant chain (Ii) chaperonin protein (3, 4).
MHC-Ii complexes transport to early endosomal compartments
under the influence of a dileucine sorting signal on the Ii cytoplas-
mic tail (3), either directly from the trans-Golgi network or alter-
nately after transient expression on the cell membrane and rapid
internalization (5). MHC-Ii complexes traverse the endocytic path-
way from early to late endosomes and finally into lysosomes (6). In
these compartments, bound Ii is degraded by cathepsins and other
endosomal proteases, leaving a small fragment (CLIP) bound in the
MHC peptide-binding groove (7, 8). The CLIP fragment is ex-
changed for peptides generated in the endosome as a result of
proteolytic degradation, in a process catalyzed by the endosomal-
resident peptide exchange factor DM (9). Finally, MHC-peptide
complexes are transported to the B-cell surface. MHC molecules
that have not received peptide are functionally inactivated, retained
within the cell, and degraded (10). Another pathway for antigen
loading has been observed that is independent of Ii and CLIP. Class
II MHC molecules carry a leucine motif in the cytoplasmic region
of the b chain (11), and MHC-peptide complexes can be recycled
from the cell surface back into the endosomes for antigen loading
by peptide exchange (12).

These pathways for MHC trafficking and antigen loading have
been characterized mostly in B cells and used as general models for
class II-mediated antigen processing and presentation in other cell
types. However, several recent studies have reported profound
differences in the regulation and trafficking of class II MHC
molecules in DC relative to B cells. Class II MHC expression in all
cell types is regulated by the class II transcription transactivator
(CIITA) and the transcription factor complex RFX. CIITA is
differentially expressed in DC and B cells, leading to differential
regulation of MHC synthesis (13). Moreover, in transgenic mice
deficient in CIITA (14, 15) or RFX5 (16), residual class II expres-

sion can still be observed in DC but not in B cells. Differences in
MHC intracellular transport also have been reported for DC
relative to B cells. In DC from mice deficient in Ii, normal levels of
cell-surface class II MHC are expressed, whereas in B cells,
expression is significantly reduced (17). In DC, the majority of
nascent class II MHC-Ii complexes transport to the cell surface en
route to endocytic compartments, whereas in B cells this is a minor
pathway (6). Finally, class II MHC can access a nonacidic early
endosomal compartment used for antigen storage in DC that has
not been observed in B cells (18).

These findings begin to provide some explanations for the
different antigen presentation functions of B cells and DC and in
particular for the key role played by DC in priming the immune
response and in presenting antigen to naı̈ve T cells. In this report,
we present evidence for an extracellular antigen-loading and -pre-
sentation pathway that appears to be active in DC, in addition to
pathways characterized in B cells. We find that immature DC
express abundant empty class II MHC molecules on their cell
surface, and that such molecules are able to collect peptide antigen
from the extracellular milieu for presentation to T cells. These
molecules may participate in the unique antigen presentation
functions of DC.

Methods
Recombinant MHC Molecules. MHC proteins were produced by
baculovirus-mediated expression in Sf9 insect cells. For HLA-DR1,
soluble extracellular domains and full-length membrane glycopro-
teins were produced as described (19). For IAs, DNA fragments
encoding signal sequence and extracellular domains IAsa (ED-
DIEA . . . SELTET) and IAsb (GDSETL . . . ESARSK) subunits
were amplified by PCR and cloned into pFastBac1 (GIBCOyBRL)
to produce recombinant bacmids used to transfect Sf9 cells. Re-
combinant baculovirus clones were isolated and used to infect Sf9
cells in Sf900 medium (GIBCOyBRL), as described for HLA-DR1
(19). Flow cytometry experiments were performed 5 days after
infection. In some experiments, 10 mM peptide was added to the
medium 3 days after infection, as noted. An alternate expression
system was used for production of empty or peptide-loaded DR1 in
Escherichia coli (20). Briefly, HLA-DR1 extracellular domains were
expressed individually as insoluble inclusion bodies, isolated by
denaturing ion exchange chromatography, and refolded in vitro with
or without peptide, as described (20).

Flow Cytometry. Primary antibodies used in cytometry, mouse
monoclonals Y3P (anti-IAs,u,f) (10, 21), 10–2.16 (anti-IAs,k,u,f) (10,
21), 10–3.6.2 (anti-IAs,k) (22), KL-304 (anti-IAs,k,u,f b 57–68) (23),
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11–5.2 (anti-IAk) (24), MK-S4 (anti-IAs) (25), hamster monoclonal
CD 11c (26), and rat monoclonal DEC-205 (27) were produced in
hybridomas (American Type Culture Collection) and purified by
ammonium sulfate precipitation and protein A or protein G
chromatography (28). Purified mouse monoclonal antibodies
MRC-OX3 and MRC-OX6 (anti-IA) (29) were purchased from
Serotech, and species- and isotype-matched control monoclonal
antibodies from PharMingen. For flow cytometry, cells were incu-
bated on ice with saturating amounts of primary antibody for 30 min
in PBS (150 mM NaCly10 mM Na-phosphatey12 mM NaN3, pH
7.2) containing 1 mgyml BSA, and then washed, incubated with
fluorescein- or phycoerythrin-conjugated (Fab9)2 secondary anti-
body (Jackson ImmunoResearch) that had been preabsorbed with
normal serum, washed again, and analyzed immediately by using a
FACscalibur flow cytometer (Becton Dickinson). Fluorescence
values were converted to numbers of receptors per cell by using
calibrated flow cytometry beads (QIFIKit, Dako). In some exper-
iments, Fcg receptor binding was blocked by preincubation with 1
mg of rat monoclonal antibody CD16yCD32 (PharMingen).

Cell Culture. Mouse strains SJLyJ (IAs), B10.S (IAs), B10.BR (IAk),
C3H (IAk), PLyJ (IAu), and B10.M (IAf) were obtained from
Jackson (Bar Harbor, ME). MHC class II2/2 mice (30) were
obtained from J. Strominger, Harvard University. Splenic DC were
derived by selective attachment and negative antibody selection as
previously described (31), and were maintained in DMEM supple-
mented with 5% fetal bovine serumy2 mM glutamineynonessential
amino acidsy1 mM sodium pyruvatey20 mM Hepes buffer (cD-
MEM). Cultures were supplemented with 10 ngyml mouse recom-
binant granulocyte–macrophage colony-stimulating factor (GM-
CSF) (R&D Systems) every 4 d. Under these conditions, most cells
had the phenotype of intermediate DC, although mature DC were
observed. The fraction of mature DC increased with time in culture.
Similar staining results were obtained with fresh noncultured DC
isolated from spleen by BSA gradients (28). Bone marrow DC were
established by ex vivo differentiation of precursor cells as described
(28). Cultures were maintained in cDMEM supplemented every 2
days with 10 ngyml GM-CSF. B cells, T cells, and granulocytes were
removed by using rat monoclonal antibodies (PharMingen) B220y
CD45R, CD90.1yThy 1.1, CD90.2yThy 1.2, and Ly6GGR-1yRB6–
8C5, in conjunction with magnetic beads coated with sheep anti-rat
IgG (Dynal, Great Neck, NY), first on initial isolation from bone
marrow and again immediately before staining. To obtain mature
bone marrow-derived DC, cells were collected, washed, and sub-
cultured for 1–2 days in the absence of GM-CSF. In some exper-
iments, subcultured DC were further differentiated by treatment
with 100 unitsyml mouse recombinant tumor necrosis factor a
(TNFa) (PharMingen) for 1–2 d. Splenic and peritoneal B cells and
macrophages were obtained by adherence and negative selection
protocols (28). In some experiments (Fig. 3 and Fig. 5 D and E), B
cells and macrophages were treated with 15 ngyml (bacterial)
lipopolysaccharide for 48 hr to increase MHC class II expression to
levels comparable to those of DC.

KL304-Binding and Specificity Assays. Peptide analogs of the KL-304
epitope (AEYYNKQYLEQT) (23) were synthesized with fluore-
nylmethoxycarbonyl (Fmoc) protection and purified by reverse-
phase chromatography by using standard methods. KL-304 epitope
mapping was performed by competitive ELISA by using immobi-
lized IAsb and various concentrations of epitope analog peptides.
A sandwich ELISA assay (20) was used for determination of the
relative binding of empty and peptide-loaded HLA-DR1 from E.
coli, with immobilized KL-304 for antigen capture, and rabbit
anti-DR1 serum with peroxidase-labeled goat anti-rabbit serum for
antigen detection. For plasmon resonance, the Fab fragment of
KL-304 was prepared by papain digestion (28) and was coupled to
a CM5 chip (Pharmacia Biosensor) through amine groups by using
N-hydroxysuccinimide and N-ethyl-N9-(3-dimethylaminopropyl)-

carbodiimide. Attempts to couple the intact antibody through
amine groups resulted in loss of activity. Samples were applied to
KL-304 and control (no antibody) flowcells at 5 mlymin in PBS with
0.005% P20 surfactant, and for each sample the control trace was
subtracted from the KL-304 trace.

Cell-Surface Peptide-Binding Assay. IA binding peptides PLP [139–
151] (HSLGKWLGHPDKF) (32), AchR [148–162] (IWTY-
DGTKVSISPES) (33), MBP [1–11] (AcASQYRPSQRHG] (34),
HEL [48–62] (DGSTDYGILQINSRW) (35), control peptides
PLP[35–50] (GHEALTGTEKLIETYF) (32), OVA [323–336]
(ISQAVHAAHAEINE), and HLA-DR1 binding peptides
HA[306–318] (PKYVKQNTLKLAT) (36), YAK (AAYAAA-
AAAKAAA) (37), Min 4 (Ac-YRAL-NH2) (37), and CLIP
(KMRMATPLLMQALPM) (38), were synthesized with Fmoc
protection and purified by reverse-phase chromatography by
using standard methods. For fluorescent labeling, peptides were
prepared with a 13-residue N-terminal linker, «GGGGSCRR-
GGGGS-, where « is amino-caproic acid, and labeled at the N
terminus by using 10-fold molar excess FITC in 1:1 dimethyl-
formamideyN-methylmorpholine before side-chain deprotec-
tion. For binding assays, cells were washed, incubated with
various peptide concentrations in PBS containing 1% BSA for 2
hr at 37°C, and washed three times before determination of
bound peptide by flow cytometry.

T-Cell Proliferation. A T-cell line (SP11) restricted by IAs and
specific for PLP [139–151] was raised and maintained as described
(39). For assay of antigen-specific T-cell activation, 5 3 104 irradi-
ated splenic DC or 5 3 105 irradiated splenic B cells were incubated
with different concentrations of antigenic peptide PLP [139–151]
(0.08–50 mgyml) and 1 3 105 SP11 T cells, at 37°C and 5% CO2,
with [3H]thymidine (1 mCi) added after 48 hr of culture and
incorporated radioactivity determined as described (28). For anti-
body inhibition, 1 mgywell of MRC-OX6, KL-304, or isotype-
matched (IgGg1or IgGg2b) control antibodies were added during the
initial incubation with antigen.

Results
KL-304 Specifically Binds Empty MHC Molecules. In studies of recom-
binant expression of class II MHC molecules in insect cells, we used
the monoclonal antibody KL-304 (23), which had been raised to a
peptide epitope (b58–69) found as part of a highly polymorphic
region of the antigen-binding site of the murine class II MHC
protein IAs (Fig. 1A). (In humans, this region is relatively con-
served.) KL-304 recognizes a recombinant form of IAs produced in
baculovirus-infected insect cells but does not bind to native IAs on
the surface of B cells (Fig. 1B). This behavior is unusual, because
other antibodies tested reacted preferentially with the native pro-
tein or did not discriminate (Fig. 1B; L.S. and L.J.S., unpublished
results). Antibody binding required expression of both IAs a and b
subunits but was abrogated by addition to the culture medium of a
peptide PLP [139–151], known to bind specifically to IAs (32) (Fig.
1C). Insect cells are deficient in loading endogenous peptide onto
heterologously expressed class II MHC proteins (19), and we
suspected that KL-304 might preferentially react with MHC mol-
ecules that had not acquired peptide.

The human class II MHC molecule HLA-DR1 can be prepared
in well-characterized empty and peptide-loaded forms (19, 20) and
could provide a test of the hypothesis that KL-304 is specific for the
empty MHC protein. Peptide-mapping experiments (Fig. 1D) show
that the KL-304 epitope is discontinuous. The key epitope residues
in IAs (YY-K-YL) are substantially conserved in HLA-DR1
(YW– – –K-LL), with the substitutions Y-.W and Y-.L not
substantially affecting binding (Fig. 1D). HLA-DR1 has a two-
residue insertion in the epitope region relative to IAs, but crystal
structures show that the insertion forms a bulge without altering the
helical register (36, 40, 41). KL-304 reacts with HLA-DR1 ex-
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pressed in insect cells (Fig. 2A). As with IAs, KL-304 reactivity with
HLA-DR1 required both a and b subunits and was abrogated by
peptide binding (Fig. 2A).

To establish that KL-304 reactivity was specific for empty MHC
molecules and not for MHC complexes carrying peptides adventi-
tiously derived from endogenous insect cell or serum proteins, we
used recombinant soluble HLA-DR1 produced as individual sub-
units in E. coli and folded in vitro in the absence (Fig. 2B, lanes 1,
2) or presence (lanes 3, 4) of peptide (20). The folded peptide-free
HLA-DR1 from E. coli showed strong KL-304 reactivity as assayed
by sandwich ELISA (Fig. 2C) and plasmon resonance (Fig. 2D). We
tested several peptide complexes of HLA-DR1 for binding to
KL-304, including those of the tight-binding antigenic peptide HA
(Kd ' 1028 M), the polyalanine analogue YAK (Kd ' 1027 M), the
weakly binding minimal tetrameric peptide MIN4 (Kd ' 1025 M),
and the invariant chain fragment CLIP (Kd ' 1028 M) (37). None
of these peptide complexes exhibited significant binding to KL-304
(Fig. 2B). Thus, KL-304 appears to be specific for the empty MHC
protein, most likely by sensing a conformational change that has

been reported to occur in class II MHC proteins on peptide binding
(37, 42, 43).

Empty MHC Molecules Are Expressed on the Surface of Immature DC.
We used KL-304 to investigate expression of empty class II MHC
proteins on the surface of various professional antigen-presenting
cells using primary cell cultures from IAs mice. Splenic B cells,
peritoneal B cells, splenic macrophages, and peritoneal macro-
phages all expressed little or no empty class II MHC protein at the
cell surface, as detected by KL-304 (Table 1, Fig. 3 D and E). All
of these cells expressed substantial amounts of class II MHC-
peptide complexes as detected by the IA-specific monoclonal
antibodies 10–2.16, Y3P, and 11–5.2. In marked contrast, DC
isolated from spleen or derived from bone-marrow precursors
expressed high levels of empty cell-surface class II MHC, as
detected by KL-304 (Table 1, Fig. 3 A–C). DC from mice carrying
IAk, IAu, and IAf alleles, which contain the KL-304 epitope
sequence, also were able to bind KL-304 (Table 1). DC from mice
carrying noncrossreactive MHC alleles IAd and IAb or from class
II knockout mice (30) did not react with KL-304. Thus, both splenic
and bone-marrow derived DC, but not other antigen-presenting
cells, react specifically with KL-304 and appear to express substan-
tial amounts of empty cell-surface class II MHC molecules. We
cannot exclude the possibility that B cells and macrophages express
empty class II MHC molecules in a conformation not recognized
by KL-304 or in a short-lived state not detected by our assays.

The fraction of the total cell-surface MHC in the empty KL-
304-reactive form varied with the DC developmental state. Bone
marrow-derived DC can be obtained in various developmental
states depending on the time of culture and GM-CSF treatment
(44). Higher expression levels of empty class II MHC proteins were
observed for more immature DC obtained by culture in GM-CSF,

Fig. 1. KL-304 reactivity with IAs from human and insect cells. (A) The KL-304
epitope (23) (Lower Right, shaded) on a ribbon diagram of the class II MHC
peptide-binding site (36). (B) Flow cytometry of IAs/d B cells (B-cell lymphoma LS
102.9) or IAs-expressing insect cells (Sf9yIAs), by using control and MHC-specific
antibodies, as indicated (Left). KL-304 preferentially stains recombinant insect
cells, as compared with B cells. Y3P, MRC OX3, and other antibodies tested
(10–2.16, MRC OX6, 10–3.6.2, MK-S4; not shown) preferentially stain B cells or do
not discriminate. (C) Flow cytometry by using KL-304 of insect cells expressing
individual IAs subunits a, b, or both, with or without antigenic peptide PLP[139–
151] treatment. Only the empty ab complex binds KL-304. (D) KL-304 epitope
mapping. Substitutions of the IAs sequence shown in bold, with asterisks indicat-
ing positions of key residues.

Fig. 2. KL-304 specifically recognizes empty HLA-DR1. (A) Flow cytometry of
insect cells expressing HLA-DR1, as in Fig. 1C, with or without HA peptide treat-
ment. (B) SDSyPAGE of empty soluble HLA-DR1 produced in E. coli (sHLA-DR1)
and the HLA-DR1-HA peptide complex (1HA), with samples boiled (1) or not (2)
before loading. Subunit dissociation without boiling indicates the lack of asso-
ciated peptides (19, 20). (C) Sandwich ELISA by using immobilized KL-304 to
detect binding to empty soluble HLA-DR1 (open circles) and to various peptide
complexes (MIN4,hatchedsquares;HA, solidcircles;YAK, solid squares;CLIP, solid
diamonds). Soluble HLA-DR1 showed no binding to heat-denatured KL-304 (x),
nonspecific antibody (1), or BSA (open triangle). (D) Plasmon resonance by using
immobilized KL-304 Fab, for empty HLA-DR1 (Top) or peptide-loaded HLA-DR1
(Bottom).
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and lower levels were observed for more mature DC, obtained by
culture with TNFa, which induces DC maturation (Fig. 3 A–C).
Y3P expression varied reciprocally with DC maturation state.
Splenic DC, which comprise a mixture of intermediate develop-
mental states, expressed an intermediate level of KL-304 reactive
class II MHC molecules (Fig. 4A). Using the splenic DC, we
confirmed that KL-304 reactivity was blocked by peptide binding,
as observed for IAs from insect cells. After addition of antigenic
peptide PLP [139–151] to the culture medium, the level of empty
cell-surface MHC decreased (Fig. 4A), with a concomitant increase
in level of the peptide-loaded form as detected with the complex-
specific antibody Y3P (Fig. 4B). Nonbinding control peptide PLP

[35–50] had no effect on KL-304 or Y3P surface expression (not
shown). Confocal microscopy of splenic DC confirmed the devel-
opmental regulation of empty MHC class II expression. KL-304
reactivity to splenic DC (Fig. 4C) was associated with several
immature and intermediate phenotypes (31, 44, 45), whereas Y3P
reactivity (Fig. 4D) was mostly associated with the more mature sea
urchin-like phenotype previously correlated with the high levels of
class II MHC surface expression (31, 44, 45).

Empty Cell Surface MHC Class II Proteins Are Functional in Antigen
Binding. To investigate the functional capacity of the empty class II
MHC expressed on the surface of DC, we performed peptide-
binding experiments with a fluorescein-labeled version of the
antigenic peptide PLP[139–151]. Cells were treated with sodium
azide (12 mM) to prevent endocytosis and other energy-requiring
processes, washed, and then incubated with peptide in a 2-hr
binding assay. Immature DC efficiently bound added antigenic
peptide PLP[139–151], whereas control peptide PLP[35–50] did
not bind, as shown by flow cytometry (Fig. 5A). Cell-surface peptide
binding varied with DC developmental state, with more immature
DC exhibiting more peptide-binding activity (Fig. 5 A–C). Peptide-
binding levels were low for B cells (Fig. 5D) and macrophages (Fig.

Fig. 3. Immature DC express empty cell-surface class II MHC molecules. Flow
cytometry of various professional antigen-presenting cells by using antibodies
KL-304 (shaded), Y3P (unshaded), and control IgG (light shading), for bone
marrow-derived DC in various developmental states (A–C), B-cell blasts (D), or
macrophages (E). The relative amount of KL-304 to Y3P staining varies with
developmental state for bone marrow-derived DC. KL-304 (Y3P) staining corre-
sponds to the following numbers of molecules per cell: DC 1 GM-CSF, 259,000
(38,000); DC-GM-CSF, 243,000 (304,000); DC-GM-CSF 1 TNF, ,3,600 (.470,000);
B cells ,6,000 (.470,000), macrophages 19,000 (428,000).

Fig. 4. Splenic DC express empty class II MHC inhibited by peptide binding (A
and B) Flow cytometry of splenic DC either untreated (np, shaded) or preincu-
bated with PLP [139–151] peptide (1p, unshaded) by using antibodies KL-304 (F)
or Y3P (G). Control IgG staining shown with light shading. (C–E) Fluorescence
microscopy of splenic DC labeled with KL-304 (C) Y3P (D), or control antibody (E).

Table 1. Empty and peptide-loaded cell-surface class II MHC molecules on antigen-presenting cells

Cell type/Source Haplotype KL-304* 10-2.16* Y3P* 11-5.2* Control IG*†

B cells
Splenic s 2 (4) 87 (21) 86 (20) — 2 (4)
Splenic k 2 (4) 98 (20) — 84 (21) 3 (5)
Peritoneal s 2 (5) 83 (22) 82 (20) — 2 (1)
L.S.102.9‡ syd 1 (6) 90 (58) 96 (45) — 2 (1)

Macrophages
Splenic s 8 (5) 94 (24) 91 (22) — 2 (2)
Splenic k 6 (4) 92 (25) — 93 (26) 3 (3)
Peritoneal s 5 (2) 27 (28) 24 (27) — 2 (2)
Peritoneal k 3 (2) 35 (23) — 30 (25) 3 (2)

Dendritic cells
Splenic s 93 (57) 95 (330) 94 (340) — 3 (4)
Splenic k 98 (89) 97 (540) — 98 (771) 3 (8)
Bone marrow s 90 (44) 90 (58) 90 (55) — 2 (3)
Bone marrow k 90 (36) 59 (48) — 67 (45) 2 (2)
Splenic u 89 (99) 91 (279) 93 (393) — 3 (8)
Splenic f 83 (45) 83 (57) 87 (84) — 2 (1)
Splenic MHC II0/0 8 (4) — 7 (6) — 10 (5)

*Percentage of cells staining positively for the indicated antibody, with mean fluorescence intensity in parentheses.
†Average values for isotype matched control antibodies.
‡B-cell lymphoma.
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5E), consistent with previous studies showing inefficient cell-
surface peptide binding to B cells (46, 47). In these experiments, B
cells and macrophages were treated with (bacterial) lipopolysac-
charide to up-regulate surface expression to levels comparable to
those of the DC. Untreated B cells and macrophages also showed
minimal peptide-binding activity (not shown). These results indi-
cate that empty IAs on the surface of DC has retained its specific
peptide-binding function.

We investigated the binding of antigenic peptides to other class
II MHC allotypes in addition to IAs. Peptides restricted to IAb and
IAk bound efficiently to DC but not B cells from mice carrying these
MHC haplotypes (Fig. 5 F–H). In each case, peptide binding to DC
was concentration dependent and specific for the appropriate
peptide. For IAk, empty cell-surface MHC molecules had been
detected by KL-304 (Table 1), and the peptide-binding results
suggest that the empty IAk is functional in specific binding. For IAb,
the sequence varies from that of IAs and IAk in the KL-304 epitope
region (23), and the presence of empty molecules on the DC surface
cannot be established by using KL-304 binding. The high level of
peptide binding observed for IAb on DC relative to B cells suggests
that IAb, as well as IAs and IAk, is present at least partially as empty
molecules on the DC surface.

Empty Cell-Surface MHC Class II Molecules Are Functional in T-Cell
Activation. To test whether the empty class II molecules on the DC
surface were functional in antigen presentation to T cells, we used

a T-cell line specific for IAs bound to PLP [139–151] and measured
T-cell proliferation in response to peptide-loaded IAs splenic DC
and B cells. At all antigen concentrations tested, DC were more
efficient in inducing T-cell proliferation than were B cells (Fig. 6,
circles, note different scales). DC are particularly potent antigen-
presenting cells, and their increased ability relative to B cells in
stimulating T-cell proliferation in this assay likely is because of
increased costimulatory capacity as well as increased peptide
loading. To evaluate the contribution to T-cell activation of MHC-
peptide complexes derived from the empty cell-surface IAs, we
incubated the antigen-presenting cells during the T-cell assay with
antibodies that bind empty IAs (KL-304) or both empty and
peptide-loaded forms (MRC-OX6). Antibody KL-304, specific for
empty IAs, reduced T-cell activation by DC but not by B cells (Fig.
6, squares). Antibody MRC-OX6, which binds both empty and
peptide-loaded IA, substantially blocked T-cell activation by both
DC and B cells (Fig. 6, triangles). An isotype-matched control
antibody had no significant effect on blocking T-cell proliferation
(Fig. 6, open circles). These results show that the empty KL-304-
reactive cell-surface IAs molecules are able to present bound
peptide antigen to T cells, and that they contribute substantially to
the activity of DC in presenting peptides derived from the extra-
cellular medium.

Discussion
An antibody specific for the peptide-free conformation of class
II MHC molecules revealed that immature DC can express a
substantial fraction of their cell-surface class II MHC molecules
in an empty peptide-receptive state. The empty molecules were
detected on splenic and bone-marrow-derived DC. They appear
to be fully active in specific peptide binding and can take up
antigen directly from the extracellular medium. Bound antigens
can be presented to T cells. The presence of such empty MHC
class II molecules on the surface of DC was unexpected, because
previous work in B cells suggested that MHC class II molecules
that do not acquire peptide are retained intracellularly and
degraded (21, 48). However, we note that empty class II MHC
proteins are stable at physiological temperature (37, 49), unlike
empty class I MHC proteins (49–51), and that class II MHC
proteins can be produced in an empty or functionally empty form
in several insect and mammalian cell lines (19, 52, 53). Thus, the
intracellular retention of empty molecules observed in B cells
may be caused by B-cell-specific mechanism rather than an
intrinsic instability of empty class II MHC proteins.

Mice deficient in the class II-associated Ii chaperone have
revealed different requirements for surface expression of MHC
class II molecules in DC and B cells. In the absence of invariant
chain, IA ab heterodimers assemble but do not associate with

Fig. 5. Peptide binding by empty cell-surface class II MHC molecules. (A–E)
Peptide binding to cell-surface IAs on bone marrow-derived DC in various devel-
opmental states (A–C), B-cell blasts (D), or macrophages (E), by using 100 mM
fluorescent antigenic peptide PLP[139–151] (shaded) or control peptide PLP[39–
50] (unshaded), detected by flow cytometry. Proportion of cells staining positive
for surface peptide binding: DC (1GM-CSF) 99%, mature DC (2GM-CSF) 81%, DC
(2GM-CSF, 1TNF) 29%, macrophages 23%, B-cell blasts 21%. (F–H) Concentra-
tion dependence of antigenic peptide binding to splenic DC (filled circles) and
B-cell blasts (filled squares) and of control peptide binding to splenic DC (open
circles). (F) PLP[139–151] binding to DC and B cells from SJL (IAs) mice with
nonbinding control peptide PLP[39–50], (G) HEL[48–62] binding to B10.Br (IAk)
cells with control peptide OVA[323–336], and (H) AchR[148–162] binding to
C57yBl6 (IAb) cells with control peptide MBP[1–11].

Fig. 6. Inhibition of DC-stimulated T-cell proliferation by KL-304 antigen-
specific presentation to an IAs-restricted T-cell line by DC (A) or B cells (B) loaded
with various concentrations of PLP[139–151], in the absence of antibody (open
circles) or the presence of antibodies KL-304 (squares, specific for empty IAs),MRC
OX6 (triangles, binds both empty and peptide-loaded IA), or nonspecific Y6P
control IgG (circles). T-cell proliferation was measured by [3H]thymidine incorpo-
ration.
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peptide in the endoplasmic reticulum (ER) (48), and are found in
a floppy (54) or peptide-receptive (55) state. In B cells, the IA is
retained in the ER, but in DC it is expressed at the cell surface (17).
This Ii-independent pathway could provide a possible model for
trafficking of empty molecules to the DC surface. Another possible
source for the empty class II MHC could be nascent MHC-Ii
complexes that traffic to the cell surface rather than directly to
endosomes, in a pathway reported to be particularly prominent in
DC (56). Some of these molecules could release Ii or its proteolytic
fragments at the surface to become the empty molecules observed
here. In this regard, it has been reported that DC can express
significant levels of cell-surface DM (57, 58, 66), which could help
catalyze the release of Ii.

The empty cell-surface class II MHC molecules observed here
could function as antigen receptors for DC. If so, the developmental
regulation of expression of the empty molecules would be consistent
with the role of immature DC in collecting antigen for storage and
subsequent presentation to T cells. Several mechanisms for a
physiological role of the empty cell-surface class II MHC molecules
can be envisioned. Similarly to previously identified DC endocytic
receptors such as the mannose (59) and Fc (60) receptors and
DEC-205 (27), empty class II MHC molecules might serve as
antigen-specific endocytic receptors. Class II MHC proteins have
been shown to bind large protein fragments and even intact proteins
(61, 62) and could bind unfolded or partially digested proteins that
might be present at sites of inflammation and cell lysis with
subsequent endocytosis and transport to a proteolytic compartment

for further processing. In this respect, the empty molecules could
function in a surface recycling pathway, as previously described for
peptide loaded class II. This recycling pathway is active in both B
cells and DC, appears to be independent of Ii synthesis (63), and has
been shown to be fully active in delivering antigenic protein to
endocytic compartments and back to the surface (12).

In an alternative mechanism, empty cell-surface class II MHC
molecules could bind peptide antigens at the cell surface. In this
mode, empty MHC molecules could capture peptide antigens
directly from the extracellular milieu and present them to T cells
without internalization or further processing. Such peptides could
be generated at sites of inflammation by the proteolytic activities of
macrophages and granulocytes or released as a result of cell lysis.
DC themselves have been reported to express extracellular proteo-
lytic activity that could contribute to antigen processing (64, 65, 66).
This pathway could be extremely useful to the sentinel function of
DC and would serve to broaden the peptide repertoire by preserv-
ing antigenic peptides that might otherwise be terminally degraded
in the extremely proteolytic endosomalylysosomal environment.
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