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ABSTRACT Here, we show that bacteria induce de novo
synthesis of both major histocompatability complex (MHC)
class I and II molecules in a mouse dendritic cell culture
system. The neo-biosynthesis of MHC class I molecules is
delayed as compared with that of MHC class II. Furthermore,
bacteria stabilize MHC class I molecules by a 3-fold increase
of their half-life. This has important consequences for the
capacity of dendritic cells to present bacterial antigens in the
draining lymph nodes. In addition, a model antigen, ovalbu-
min, expressed on the surface of recombinant Streptococcus
gordonii is processed and presented on MHC class I molecules.
This presentation is 106 times more efficient than that of
soluble OVA protein. This exogenous pathway of MHC class
I presentation is transporter associated with antigen process-
ing (TAP)-dependent, indicating that there is a transport
from phagolysosome to cytosol in dendritic cells. Thus, bac-
teria are shown to be a potentially useful mean for the correct
delivery of exogenous antigens to be presented efficiently on
MHC class I molecules.

Dendritic cells (DC) are antigen-presenting cells, which are
crucial for generating primary T cell immune responses (1).
They are particularly distributed in tissues that provide an
environmental interface (the skin and mucosal surfaces) and
in lymphoid organs (2), where they act as sentinels for incom-
ing pathogens. Inflammatory signals [tumor necrosis factor
(TNF)-a and interleukin (IL)-1b] as well as bacterial products
[lipopolysaccharide (LPS) and lipoteichoic acid] induce mi-
gration of antigen-loaded DC from peripheral tissues to
secondary lymphoid organs (3, 4). During this migration, DC
mature and up-regulate surface major histocompatability
complex (MHC) II molecules and costimulatory molecules,
thus augmenting their ability to prime T cells. Peptide-pulsed
or viral particle-pulsed DC can trigger both CD41 and CD81

T cell responses in vivo (5–11).
We have previously shown that, similarly to macrophages

(12–16), cloned DC can efficiently process exogenous viral
proteins for class I presentation to cytotoxic T cells (11).
However, soluble proteins are very poorly presented on MHC
class I molecules through a mechanism that is TAP dependent
(17). In contrast, particulate antigens, which enter the cells via
phagocytosis, are processed and presented in association with
MHC class I molecules with much greater efficiency via a
mechanism that is still unknown (11, 18, 19). DC are essential
for priming the immune system to antigens, and because they
are present in tissues that interface the environment, they may

encounter pathogens soon after invasion. In vitro infection of
DC with bacteria results, indeed, in cell activation and in
induced antigen-specific T cell proliferative responses (20–23).

We have previously described a DC culture system that has
enabled us to culture, indefinitely, growth factor-dependent
immature DC (24). These cells represent splenic myeloid DC
because they are granulocyteymacrophage colony-stimulating
factor dependent and lack the expression of CD8a. With this
unique system, DC can be driven to full maturation by using
different stimuli. In this study, we show that living bacteria
induce de novo synthesis of both MHC class I and II molecules.
Interestingly, the neo-biosynthesis of MHC class I molecules is
delayed as compared with that of MHC class II. Furthermore,
bacteria stabilize MHC class I molecules by a 3-fold increase
of their half-life. In addition, a model antigen, ovalbumin,
expressed on the surface of recombinant Streptococcus gordo-
nii, is processed and presented on MHC class I molecules 106

times more efficiently than soluble OVA protein. This exog-
enous pathway of MHC class I presentation is TAP dependent,
indicating that in DC there is a transport from phagolysosome
to cytosol.

MATERIALS AND METHODS
DC and Culture Medium. The D1 culture medium was

IMDM (Sigma) containing 10% heat-inactivated fetal bovine
serum (GIBCO), 100 IUyml penicillin, 100 mgyml streptomy-
cin, 2 mM L-glutamine (all from Sigma), and 50 mM 2-mer-
captoethanol (complete IMDM) with 30% supernatant from
R1 medium (24). Tap12y2 mice bred in a C57BL/6 background
(25) were purchased at Centre de Developpement des Tech-
nique Avancées pour l’expérimentation animale. Tap12y2 DC
were purified from bone marrow after 14 days of culture in
30% R1 medium by positive selection with N418 antibody
(anti-CD11c) coupled to magnetic microbeads, using Mini-
MACS separation columns (all from Miltenyi Biotec, Auburn,
CA). For bacteria-DC incubations, antibiotics were not added
to the complete medium.

Antibodies and Cell Surface Phenotype. The following
monoclonal antibodies were purchased from PharMingen:
H-2Db (28–14-8), CD80/B7.1 (1G10), CD40 (HM40–3),
CD54/ICAM-1 (3E2), IA/Ed (2G9), CD86/B7.2 (GL1),
VLA-4 (PS/2). Phycoerythrin-streptavidin was from Sigma.
Hybridoma 2.4G2 (rat anti-mouse Fcg IIyIII receptor, CD32)
was a kind gift from B. Kyewski (DKFZ, Heidelberg, Germa-
ny). Before labeling experiments, FcR blocking was performed
by incubating cells with 2.4G2 supernatant. Staining was
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carried out according to standard immunofluorescence tech-
niques, and flow cytometry analysis was performed with a
FACScan (Lysis II and Cell Quest software; Becton Dickin-
son).

Bacteria: Construction of Recombinant S. gordonii. The
recombinant strain of S. gordonii, expressing OVA, was con-
structed using the host-vector system GP1221-pSMB55, which
has been described in detail (26) and named GP1252. OVA is
expressed on the bacterial cell surface as a fusion with the M6
streptococcal, which is used as a fusion partner for surface
expression of heterologous antigens in Gram-positive bacteria
(27). The DNA encoding for 339 amino acids of OVA (amino
acids 48–386, GenBank accession no. V00383) was obtained by
PCR using primers CTAGATCTGACAGCACCAGGACAC
and TAAAGCTTTAGGGGAAACACATCTG and cloned
in the insertion vector pSMB55 cut with HindIII and BglII.
Surface expression of the M6-OVA fusion protein in GP1252
was confirmed by immunofluorescence and Western blot of
cell fractions, using M6- and ovalbumin-specific rabbit poly-
clonal antibodies (28).

Preparation of Bacteria for Assays with DC. The wild-type
S. gordonii strain GP204 (29) and the OVA-expressing recom-
binant GP1252 were grown at 37°C in tryptic soy broth without
dextrose (Difco) and harvested by centrifugation at the end of
the exponential phase of growth. Bacterial cells were then
washed and resuspended in fresh medium containing 10%
glycerol at 1:500 of the original culture volume. Aliquots were
stored frozen at 270°C until use.

Cytokine Secretion. D1 cells were incubated at 3 3 105

cellsyml in complete medium and incubated with wild-type S.
gordonii GP204 at a ratio of 10 bacteria to 1 DC. Eighteen
hours later, culture supernatants were collected and tested for
cytokine production by ELISA. IL-1b and IL-6 were tested by
using ELISA kits purchased from Genzyme. TNF-a was
measured with Genzyme mouse TNF-a DuoSeT. IL-10 cap-
ture (JES5–2A5) and detection antibodies (biotinylated
SXC-1) as well as recombinant IL-10 were from PharMingen
and were used in sandwich ELISAs according to manufactur-
er’s instructions. IL-12 capture (a-IL12 p75; 9A5) and detec-
tion (a-IL12 p40; 5C3) antibodies as well as recombinant IL-12
were kindly provided by Dr. D. H. Presky (Hoffman–La-
Roche).

Transmission Electron Microscopy. For times varying be-
tween 30 min and 18 h, DC were incubated at 5 3 105 cellsyml
in DC medium in suspension culture dishes (Corning) with live
or heat-killed S. gordonii (GP204) at a ratio of 10 bacteria to
1 DC. A total of 5 3 105 cells were pelleted at 1200 rpm for
5 min, washed twice with PBS, and fixed in cold 2.5%
glutaraldehyde for 4 h at 4°C. The specimens were prepared for
electron microscopy according to standard protocols (30). In
short, they were post-fixed with reduced osmium, encapsulated
in agar, stained with uranyl acetate and phosphotungstic acid,
and dehydrated in a series of graded ethanolic solutions
finishing with pure acetone before finally being embedded in
Epon 812. Ultrathin sections were cut and placed under 200
mesh standard square copper grids, contrasted with uranyl
acetate and lead citrate, and examined with a Zeiss-type 906
transmission electron microscope.

MHC Class I and II Synthetic Rate. DC were incubated for
times varying between 1 and 36 h with S. gordonii GP204 at a
ratio of 10 bacteria to 1 DC in IMDM with 10% fetal bovine
serum (GIBCO). Cells were labeled with 1 mCiyml [35S]me-
thionineycysteine (Promix, Amersham) for 30 min and then
lysed. Lysates were precleared twice with Zysorbin (Zymed)
and once with protein G-Sepharose (Pharmacia). MHC class
I molecules were immunoprecipitated overnight using a mono-
clonal anti-class I 20.8.4S (ATCC) and protein G-Sepharose,
whereas class II molecules were immunoprecipitated for 2 h
with a rabbit polyclonal anti I-Aa antibody (made against a
peptide corresponding to the entire cytoplasmic tail of I-Aa

chain) and protein G-Sepharose. Immunoprecipitates were
analyzed on 12% (class II) or 10% (class I) SDSyPAGE and
quantified. Quantification was performed either with the
IMAGEQUANT software on a Molecular Dynamics Phospho-
rimager or with the BIO-1D software (Vilber Lourmat, France)
after scanning of the autoradiographs with a video camera.

Half-Lives of MHC Class I and II. DC were incubated in
IMDM with 10% fetal bovine serum (GIBCO) for 18 h in both
the presence and absence of S. gordonii GP204 at a ratio of 10
bacteria to 1 DC. Cells were pulse-labeled for 30 min with 1
mCiyml [35S]methionineycysteine and then chased for differ-
ent periods of time in the presence of an excess of cold
methionine and in the absence of bacteria. The same amount
of cells was lysed, and class I molecules were immunoprecipi-
tated overnight with 20.8.4S-coated protein G-Sepharose,
whereas mature class II molecules were immunoprecipitated
for 2 h with Y3P monoclonal antibody-coated protein G-
Sepharose. Immunoprecipitates were analyzed on 12% (class
II) or 10% (class I) SDSyPAGE and quantified as above.

Antigen Presentation Assay. D1 cells or Tap12y2 DC were
seeded (1 3 104 cellsywell) in flat-bottomed microtiter plates
(Corning) pulsed with wild-type strain GP204, the OVA-
expressing recombinant GP1252, ovalbumin, or SIINFEKL
peptide for different times from 2 to 16 h in IMDM with 0.3%
normal mouse serum supplemented with 2 mM L-glutamine
and 50 mM 2-mercaptoethanol but without antibiotics. Plates
were then washed twice with medium without FCS, and cells
were fixed for 30 s on ice with 0.05% glutaraldehyde in
medium. Unreacted glutaraldehyde was neutralized with 0.1 M
PBSyglycine, and plates were washed for three times with
IMDM with 5% FCS by centrifuging the plates and replacing
the medium. Then, 5 3 104 B3Z (31) T cell hybridoma cells,
which recognize the SIINFEKLyKb complex, were seeded in
a final volume of 200 ml of IMDM with 5% FCS supplemented
with 50 mgyml Gentamycin. IL-2 produced by T cell hybridoma
was quantitated using IL-2-dependent cytotoxic T lymphocyte
(CTL).

RESULTS

Immature Mouse Spleen DC Uptake Bacteria by Conven-
tional Phagocytosis. In this study, we have used the commensal
bacterium S. gordonii because it is part of the normal microbial
f lora of the human oral cavity and has been successfully used
as a vaccine vector for mucosal delivery of vaccine antigens
(27). Indeed, recombinant strains of S. gordonii can colonize
mucosal epithelia and induce both local and systemic antibody
responses (32, 33). In addition to the conventional zipper-type
phagocytosis, DC use coiling phagocytosis to internalize
pathogens such as Borrelia burgdorferi (34). Coiling phagocy-
tosis of bacteria delivers them into the cytosol, where bacterial
antigens can join the endogenous route of MHC class I
presentation (35, 36). To determine how DC internalize S.
gordonii, DC were incubated with live and heat-killed bacteria
at an estimated ratio of 10 bacteria to 1 DC.

S. gordonii was internalized by DC using only conventional
phagocytosis. Just 30 min after infection, some bacteria were
contacting the cell membrane, inducing local thickening of
plasma membrane (Fig. 1A); others had already been inter-
nalized, and at least 20 bacteria could be seen in large
phagosomes. Four hours after infection, bacteria were found,
in a partially degraded form, inside phagolysosomes (Fig. 1 B).
Heat-killed bacteria were phagocytosed in a similar fashion
(data not shown), thus indicating that internalization was not
due to an active bacterial mechanism.

Bacterial Uptake, but Not Latex Beads, Activates DC and
Induces Cytokine Production. We have previously shown that
homogeneous immature growth-factor-dependent long-term
DC line (D1) is induced to full maturation by different
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inflammatory stimuli such as TNF-a or IL-1b (24) and by
bacterial cell products such as LPS or lipotheicholic acid.

Here, we have analyzed phenotypical changes in terms of
cell surface marker modulation with either bacteria or latex
beads, both of which induce phagocytosis. D1 were incubated
for 18 h with either 2-mm latex beads or S. gordonii at a ratio
of 10 bacteria to 1 D1. Fig. 2 shows the FACS profiles of the
analyzed cell surface molecules involved in DC activation and

maturation. Clearly, only after incubation with bacteria, both
MHC class I and II molecules and costimulatory molecules
such as B7.1 (CD80), B7.2 (CD86), and CD40 were strongly
up-regulated on the cell surface. The same feature was ob-
served with adhesion molecules VLA-4 and ICAM-1 (CD54)
(Fig. 2).

To test whether the observed phenotypical maturation was
correlated to a certain pattern of cytokine production, we
measured cytokine release in culture supernatant by ELISA
(Fig. 3). Bacteria-treated D1 cells produced a large amount of
TNF-a and IL-6 (12 and 30 ngyml, respectively) but only a
limited amount of IL-10 (0.2 ngyml) and IL-1b (50 pgyml).
IL-12 p75 level was below the detection limits of 10 pgyml; this
was expected as we and others have previously shown that DC
do not produce significant amounts of IL-12 unless triggered
by MHC class II and CD40 engagement or during T cell
antigen presentation (24, 37, 38). To rule out the possibility
that DC maturation could have been induced through an
autocrine amplification of cytokine production, D1 cells were
incubated with bacteria in the presence of neutralizing anti-
TNF-a antibody. Because IL-6 did not induce DC maturation
(24), anti-IL-6 antibodies were not added. D1 maturation
could be only partly inhibited by anti-TNF-a antibodies,
suggesting that other additional mechanisms are involved in
bacteria-induced maturation (data not shown). Thus, bacteria
can induce DC activation through a still unknown mechanism
that does not operate via TNF-a and that may be mediated by
membrane receptors.

Bacterial Uptake Up-Regulates the Synthesis of MHC Class
I Molecules and Enhances Their Half-Life. We have shown
that bacteria induce up-regulation of cell surface MHC I
molecules. Thereafter, we analyzed whether bacteria-induced
maturation of D1 cells had any effect on MHC class I synthesis
and stability.

D1 cells were incubated for periods of time between 1 and
36 h with S. gordonii wild-type GP204 at a ratio of 10 bacteria
to 1 DC. Cells were then pulse-labeled with [35S]methioniney
cysteine. As shown in Fig. 4A, MHC class I synthesis was
induced very slowly, reaching a peak only after 18 h of
activation. The synthesis was then sustained for several hours.

FIG. 1. DC internalize S. gordonii via conventional phagocytosis.
DC were incubated with bacteria for different time periods at a ratio
of 10 bacteria to 1 DC, then washed and processed for transmission
electron microscopy. (A) Thirty minutes after infection, bacteria were
contacting the cell membrane and inducing local thickening of plasma
membrane (arrows) (magnification, 339,000; bar represents 3.9 mm).
(B) Four hours after infection, bacteria were found in phagolysosomes
in a partially degraded form (arrow) at a magnification of 328,700;
bar 5 2.9 mm.

FIG. 2. Phenotypical maturation of D1 cells. FACS profiles of
surface markers after incubation with S. gordonii at a ratio of 10
bacteria to 1 DC (Left) or latex beads at a ratio of 100 beads to 1 DC
(Right). Histograms represent the following: filled, cells after treat-
ment; open, untreated cells; dashed, isotype controls.

FIG. 3. S. gordonii-treated DC secrete large amounts of inflam-
matory cytokines. Culture supernatants from untreated cells (hatched
bars), S. gordonii-treated D1 (black bars), or R1 culture medium (white
bars) were tested for cytokine release by ELISA. Recombinant
cytokines were used as standards in each ELISA.

Immunology: Rescigno et al. Proc. Natl. Acad. Sci. USA 95 (1998) 5231



The half-life of newly synthesized MHC class I molecules was
also analyzed so as to correlate it with the maturation process.
DC were activated by bacteria for 18 h, which corresponded to
the time of maximum synthesis of class I molecules. Then, they
were pulse-labeled with [35S]methionineycysteine and chased
in an excess of cold methionine, in the absence of the activation
stimulus to mimic the physiological milieu in place when DC
have left the inflamed site. Newly synthesized MHC class I
molecules in immature DC had a very short (3 h) half-life;
however, a 3-fold increase was observed after bacterial acti-
vation (Fig. 4B). This feature is in contrast with a previous
report on human monocyte-derived DC (39). Inflammatory
stimuli, such as LPS, were shown to induce up-regulation of
MHC class I and II synthesis, but class I molecule stabilization
was not observed in human DC (39).

This is evidence for stabilization of MHC class I molecules
in DC after activation with bacteria. Interestingly, bacterial
activation did not change the rate of MHC class I maturation
because the rate of appearance of an endoglycosidase H-
resistant mature form was the same whether bacteria were
present or absent (data not shown).

The Half-Life of MHC II Molecules Is Increased after
Bacterial Encounter. We and others have shown that in vitro
maturation of mouse DC leads to up-regulation of MHC class
II expression (24) and to the enhancement of MHC class II
half-life (40). As expected, bacteria also induced up-regulation
of MHC class II synthesis much more rapidly than with class
I. One hour after bacterial infection, biosynthesis was already
maximal, then it gradually decreased in nearly 20 h (Fig. 5A).
Further, in non-activated cells, newly synthesized MHC class II
molecules had a half-life of about 10 h, and this was increased
2-fold after bacterial activation (Fig. 5B). This result confirms

that stimuli other than spontaneous in vitro activation can
stabilize MHC class II molecules in mouse DC (40).

Foreign Proteins Expressed by Bacteria Can Be Processed
and Presented on MHC Class I Molecules by D1 Cells with
Very High Efficiency As Compared with Soluble Antigens
Delivered Through the Exogenous Pathway. DC were incu-
bated with wild-type S. gordonii (GP204) or with OVA-
expressing recombinant GP1252. It was determined by West-
ern blot analysis that each bacterium expressed an average of
1000 molecules of OVA on the cell surface (not shown).

DC could process and present very efficiently bacterial
antigens on MHC class I as measured by IL-2 production
during antigen presentation using the B3Z hybridoma, which

FIG. 4. Bacterial infection induces de novo synthesis and stabili-
zation of MHC class I molecules. (A) DC were metabolically labeled
before (t 5 0) or at different times (t 5 1–36 h) after bacterial infection.
HCm, heavy chain mature form; HCi, heavy chain immature form; a,
actin; b2 m, b2 microglobulin. The graph shows the quantification by
Phosphorimager of the radioactivity associated with MHC I heavy
chain. A.U., arbitrary units. (B) Stability of MHC I molecules syn-
thesized by untreated cells (Top) or by cells treated for 18 h with
bacteria (Bottom). Cells were biosynthetically labeled and chased for
0–48 h in an excess of cold methionine. Abbreviations are as in A. The
graph represents the quantification by BIO-1D software of the radio-
activity associated with MHC I molecules in treated and untreated DC
chased in the absence of bacteria.

FIG. 5. Bacterial infection induces de novo synthesis and stabili-
zation of MHC class II molecules. (A) DC were metabolically labeled
before (t 5 0) or at different times (t 5 1–36 h) after bacterial infection.
a 1 Ii, alpha chain 1 invariant chain; b, beta chain. The graph shows
the quantification by Phosphorimager of the radioactivity associated
with the a-chains. (B) Stability of mature MHC class II molecules
synthesized by untreated cells (Top) or cells treated for 18 h with
bacteria (Bottom). a, alpha chain; b, beta chain. The graph represents
the quantification by BIO-1D software of the radioactivity associated
with b-chains in DC incubated or not with bacteria and then chased
in the absence of bacteria.

FIG. 6. DC can process bacterial antigens for MHC I presentation
very efficiently. DC were incubated with recombinant OVA-gordonii
(GP1252, E), wild-type gordonii (GP204) 1 exogenous OVA ({), or
OVA alone (F) for 16 h and then washed and fixed. The ratio of
bacteria to DC ranges from 500:1 to 0.3:1. Ratio of 500 bacteria to 1
DC corresponds to 1 mgyml of OVA. IL-2 production by B3Z T cell
hybridoma was measured as [3H]thymidine incorporation by IL-2-
dependent CTL.
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is specific for the SIINFEKL peptide in association with H-2Kb

(Fig. 6). This process required at least 8 h because fixation of
the antigen-presenting cells before 8 h resulted in no antigen
presentation (data not shown). We compared the efficiency of
class I MHC presentation of bacterial OVA with presentation
of soluble OVA (Fig. 6). Clearly, soluble antigens are poorly
presented on MHC class I, whereas a 106-fold increase in
presentation was observed by using OVA-expressing S. gor-
donii (Fig. 6). This increase is not due solely to a bacterial
adjuvant effect on DC activation because in the presence of
wild-type bacteria, presentation of soluble OVA was increased
only 10 times. Thus, the use of bacteria as vectors for antigen
delivery resulted in the correct processing and presentation of
the recombinant protein on MHC class I molecules with high
efficiency.

MHC I Presentation of Bacterial Proteins is TAP-Depen-
dent. To investigate whether loading of bacterial OVA oc-
curred via the classical pathway of MHC class I loading (i.e.,
in a TAP-dependent manner) or via a non-cytosolic pathway
(which is mostly TAP independent), we incubated D1 or
TAP2y2 BM-derived DC with either wild-type or OVA re-
combinant S. gordonii. As shown in Fig. 7 A and B, presentation
of bacterial protein was completely abolished. As a control, the
capacity of TAP2y2 BM-derived DC to present exogenously
generated peptide or soluble OVA was also measured (Fig.
7C).

DISCUSSION

Immature DC accomplish a sentinel function by sampling and
processing encountered antigens and by loading them on MHC
molecules (2). Inflammatory mediators can then induce a
maturation process that triggers migration of DC to secondary
lymphoid organs, where they can present previously captured
and processed antigens and prime T cells (3). The molecular
mechanisms leading to the ‘‘presenting’’ DC phenotype are
mostly unknown. It has already been shown that the form of
antigen is crucial for determining the efficiency of presenta-
tion on MHC class I and class II. The particulate form, which
enters the cells via phagocytosis, has been identified as that
which most powerfully increases antigen presentation function
(11, 18, 19). In this study, we have compared the capacity of
different phagocytosed material to activate DC. We took
advantage of a DC culture system, developed in our laboratory
(24), that enabled us to grow mouse spleen immature DC. This
unique culture system has proven to be very useful for studying
in vitro DC maturation (24).

Here, we have shown that phagocytosis per se is not sufficient
to activate DC and that latex beads, which are rapidly phago-
cytosed by DC, are not able to induce DC maturation. On the
other hand, bacteria are internalized very efficiently by DC,
and they induce both phenotypical and functional maturation.

This was shown by the production of inflammatory cytokines,
such as TNF-a and IL-6 and by up-regulation of MHC and
costimulatory molecules. TNF-a production after bacterial
infection was not responsible for the complete activation of DC
through an autocrine loop, as neutralizing antibodies only
partly inhibited DC maturation. A previous report on human
DC has also shown that Mycobacterium tubercolosis can induce
phenotypical maturation of DC, although in this case
HLA-DR and CD86 molecules were already very highly
expressed, and further modulations could not be detected (20).
This suggested that these DC were not completely immature.

Bacterial activation induces transient de novo synthesis of
MHC class I molecules and an increase of their stability. The
synthesis of MHC class I molecules is delayed when compared
with that of class II molecules. This could be explained by the
need to reduce the chances of presenting self-peptides in
association with MHC class I during a bacterial infection.
Processing and presentation of the bacterial antigens requires
several hours, and 8 h were estimated to be necessary for the
processing and presentation of antigens derived from S. gor-
donii. Thus, delaying MHC class I synthesis so that it begins
very slowly and reaches a peak at 18 h, which coincides with
maximal DC activation, would increase the chances of pre-
senting mostly bacteria-derived peptides. Moreover, the half-
life of newly synthesized MHC class I molecules is increased
3-fold, changing from 3 to 9 h. This is particularly relevant in
view of the recent finding that peptide-pulsed DC were
detected in the draining lymph node 8 h after subcutaneous
injection reaching a peak level at 24 h and then declining at
48 h when antigen-specific T cells were present (41). This
suggests that after T cell priming, DC are rapidly cleared from
the lymph node. Thus, stabilization of MHC class I molecules
resulting in a half-life of 9 h would guarantee that antigen-
loaded DC, which have abandoned the inflamed site to migrate
to the lymph node, could accomplish their final task of
presenting, to naive CTLs, mostly peptides derived from the
processing of proteins of the danger signal. Nevertheless,
stabilization of MHC class I molecules could not lead to
everlasting MHC–peptide complexes because DC should not
be killed by activated CTLs, and this would explain their still
limited half-life. In contrast, the stability of MHC class I
molecules in human (39) was not changed when DC were
treated with bacterial products, such as LPS.

Regarding MHC class II molecules, up-regulation of syn-
thesis is very rapid, reflecting the capacity of DC to present
exogenous captured antigens to CD4 T cells only a few hours
after antigen internalization (39, 42). Bacteria also induce
increased stability of MHC class II molecules, which is in
absolute numbers much higher than that of class I molecules
(17 h instead of 9 h). The high stability of class II molecules as
well as the existence of antigen retention compartments,
recently described for immature DC (42), could account for

FIG. 7. MHC class I presentation of bacterial antigens is TAP dependent. The B3Z hybridoma response to BM-derived TAP2y2 DC (A and
C) or to D1 TAP1/1 (B) incubated with the following is shown: (A and B) OVA-gordonii (GP1252, F) or wild-type gordonii (GP204, E); (C) soluble
OVA (E) or SIINFEKL peptide. (F).
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the ability of DC to present antigens on MHC class II long after
antigen exposure (39, 40). In contrast, MHC class I–peptide
complexes are rapidly degraded. Indeed, MHC class I antigen
presentation was undetectable 48 h after antigen encounter
(data not shown).

Bacteria induce a rapid maturation of DC, and this corre-
lates to the capacity of DC to present antigens on MHC
molecules. The model antigen OVA is presented through the
exogenous pathway of MHC class I presentation with a
106-fold higher efficiency, when expressed on the bacterial wall
as compared with soluble OVA. DC have been already shown
to process and present defined epitopes expressed as bacterial
cytoplasmic fusion proteins (23). However, up to now the
efficiency of presentation has not been compared with that of
the soluble protein. In this report, we have described the
highest efficiency of presentation of exogenous proteins on
MHC I, higher than that described for OVA coupled to beads
(18). This is not due solely to the capacity of bacteria to induce
DC maturation because the co-incubation of wild-type sgor-
donii and soluble OVA increased antigen presentation effi-
ciency by only 10-fold, although one should consider that with
primary T cells that are more sensitive to costimulation, there
may be some differences. Taken as a whole, these results
indicate that for a rational design of new vaccines aimed to
stimulate dendritic cells, bacteria are one of the best candidates
as vectors.

Two mechanisms of exogenous antigen loading of MHC
class I molecules have been described so far. In one pathway,
exogenous antigens gain access to the cytosol and are pre-
sented in a TAP-dependent manner (12, 13, 14, 17). The other
pathway is non-cytosolic, and presentation is mostly TAP
independent (16, 43). In our study, we have shown that
bacterial OVA is processed via a TAP-dependent mechanism,
indicating a classical loading of MHC class I molecules. Acidic
compartments are required for processing of bacterial proteins
(23), indicating that the phagolysosome is an obligatory route.
The molecular nature of putative phagolysosome–cytosol
transporters remains to be elucidated.
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