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Bacteria are being actively investigated as vaccine carriers for inducing or boosting protective immune
responses. In this study, human monocyte-derived dendritic cells (DCs) and normal B cells were compared for
their capacity to present the C fragment of tetanus toxin (TTFC), expressed on the surface of recombinant
Streptococcus gordonii, to specific CD4ⴙ T lymphocytes. DCs were more efficient than B cells at presenting
soluble TTFC and remarkably more capable of presenting bacterium-associated TTFC both in terms of the
amount of antigen required to obtain a given T-cell response and on a per-cell basis. This difference was
associated with a much lower capacity of B cells to endocytose soluble TTFC and phagocytose recombinant S.
gordonii. In addition, S. gordonii induced the phenotypic maturation of DCs but not of B cells. The results thus
indicate that DCs but not B cells play a crucial role in the amplification of class II-restricted immune responses
induced by immunization with recombinant gram-positive bacteria.
the surface of recombinant S. gordonii, to T lymphocytes at
high efficiency, and S. gordonii induces neobiosynthesis and
membrane stabilization of MHC class I and class II molecules
(25). Moreover, human DCs fed with recombinant bacteria
stimulated the specific CD4⫹-T-cell response with much higher
efficiency than did DCs pulsed with soluble antigen. Finally, S.
gordonii provided a potent stimulus for inducing DC maturation and release of chemokines active on T cells (3). In the
present study, DCs and B cells were compared for their capacity to present the C fragment of tetanus toxin (TTFC) expressed on recombinant S. gordonii to CD4⫹ T lymphocytes.

Recent efforts in developing more efficacious vaccine strategies have pointed to the use of bacteria as vectors of heterologous antigens. Bacteria can be easily manipulated at the
genetic level and can be engineered to express the gene product in different forms (11, 21, 26). Alternatively, attenuated
bacteria can serve as carriers for delivering antigen-encoding
DNA to antigen-presenting cells (APCs) (6, 17, 30). These
approaches have been used for inducing protective immune
responses against viral and tumor antigens in mouse models (6,
17, 26). In particular, recombinant strains of Streptococcus gordonii, which is a commensal bacterium of the human oral
cavity, induce both local and systemic antibody responses, as
well as a T-cell response, to viral antigens in both mice and
macaques (7, 15, 16). However, the APCs and the mechanisms
involved in these bacterium-based immunostimulating systems
have been only marginally investigated.
Dendritic cells (DCs) and B lymphocytes show important
differences in their APC functions (1, 19). They differ in the
capacity to endocytose antigens, to cluster with T cells, to
provide proper costimulation, and to secrete regulatory cytokines (2, 5, 9, 13, 28). A number of studies have indeed demonstrated that DCs are much more potent APCs than are
antigen-specific and non-antigen-specific B lymphocytes in the
activation of both naive and memory T cells (2, 4, 9, 14, 20, 27).
Most experiments, however, has been performed using soluble
antigens given in the form of native proteins or immunogenic
peptides, and very few studies have compared the capacity of
DCs and B cells to present particulate or bacterium-associated
antigens (8, 23, 29).
Mouse DCs present a major histocompatibility complex
(MHC) class I-restricted heterologous antigen, expressed on

MATERIALS AND METHODS
Recombinant bacteria. Recombinant S. gordonii expressing TTFC (strain
GP1253) was prepared using the host-vector system GP1221-pSMB55, as described in detail previously (3, 21). Surface expression of TTFC on GP1253 was
achieved using the M6 protein as a fusion partner and monitored by flow
cytometric analysis on whole cells and Western blotting of cell fractions, using
M6- and TTFC-specific rabbit polyclonal antibodies (Abs). The concentration of
TTFC for each bacterium was calculated by densitometric analysis of dot blots of
purified TTFC (Calbiochem, San Diego, Calif.) and the envelope fraction of
bacterial lysate and estimated to be approximately 1,000 molecules/cell, corresponding to 10⫺7 ng of TTFC/CFU (3). S. gordonii strains GP1221 and GP1253
were grown at 37°C in tryptic soy broth without dextrose (Difco, Detroit, Mich.)
and harvested by centrifugation at the end of the exponential phase of growth.
Bacterial cells were then washed and resuspended at 1:500 of the original culture
volume in fresh medium containing 10% glycerol. Aliquots were stored at ⫺80°C
until use.
APCs. DCs were prepared from peripheral blood monocytes of healthy individuals by the method described by Sallusto and Lanzavecchia (27). In brief,
peripheral blood mononuclear cells (PBMC) isolated by standard density gradient centrifugation were further separated on multistep Percoll gradients (Pharmacia, Uppsala, Sweden). Cells from the low-density fraction were recovered
and cultured in RPMI 1640 (Life Technologies, Gaithersburg, Md.) plus 10%
fetal bovine serum (FBS) (HyClone Laboratories, Logan, Utah), 1 mM sodium
pyruvate, 0.1 mM nonessential amino acids, 2 mM L-glutamine, 25 mM HEPES,
100 U of penicillin per ml, 100 g of streptomycin per ml (all from Life Technologies), and 0.05 mM 2-mercaptoethanol (Merck, Darmstadt, Germany) (complete medium) at 37°C under 5% CO2, in the presence of 200 ng of recombinant
human granulocyte-macrophage colony-stimulating factor (Mielogen; ScheringPlough, Milan, Italy) per ml and 200 U of recombinant human interleukin-4
(Genzyme, Cambridge, Mass.) per ml. The medium was changed after 3 days,
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RESULTS
DCs are much more efficient than B cells at presenting a
recombinant class II-restricted antigen expressed on grampositive bacteria. S. gordonii, a gram-positive coccus and a
normal commensal of the human oral cavity, has been used as
the carrier for mucosal delivery of heterologous vaccine antigens in both mice and nonhuman primates (7, 15, 16). In this
study, we used a recombinant strain of S. gordonii (GP1253)
expressing TTFC fused with the M6 protein on the cell surface
and the parental strain GP1221 as the control (3, 21). Two
types of APCs, monocyte-derived DCs (ⱖ95% CD1a⫹ CD14⫺
CD19⫺) and normal B cells (ⱖ95% CD19⫹ CD14⫺ CD1a⫺),
were prepared at high purity and compared for their capacity

FIG. 1. TTFC expressed on recombinant gram-positive bacteria is presented
much more efficiently by DCs than by B cells to specific CD4⫹ T cells. Graded
numbers of autologous DCs (solid circles) or fresh B cells (solid squares) were
treated with 1 g of soluble TTFC per ml or (A) with S. gordonii GP1253 at a
bacterium-to-APC ratio of 50 (corresponding to 5 ng/ml of TTFC) (B) and then
cocultured for 3 days with specific CD4⫹ T cells (clone CP7; 30,000 cells/well).
Open symbols represent T-cell proliferation in the absence of antigen (A) or in
the presence of APCs pulsed with S. gordonii control strain GP1221 (B). Results
are expressed as mean cpm and SD of triplicate cultures. Differences in T-cell
proliferation induced by DC and B cells incubated with GP1253 were statistically
significant (P ⱕ 0.001) at each APC dose. The results of one representative
experiment out of four performed are shown.

to present recombinant TTFC expressed on S. gordonii. As
responder T cells, two TTFC-specific, HLA-DR-restricted Th1
clones (CP7 and ALS4) were used. DCs were more efficient
than nonspecific B cells at presenting soluble TTFC (Fig. 1A),
as shown previously (27). Additionally, the DCs were considerably more potent than the B cells at presenting bacteriumassociated TTFC (Fig. 1B). In fact, to obtain a comparable
T-cell response, 10- and 150-fold fewer APCs were required
using soluble antigen and GP1253, respectively. Figure 1 also
shows that DCs incubated with 1 g of soluble TTFC per ml
(Fig. 1A) induced T-cell proliferation similar to that obtained
with DCs treated with 5 ng of bacterium-associated TTFC per
ml (Fig. 1B), confirming that recombinant bacteria represent a
very effective means of delivering antigens to APCs (3). A
marked difference in the APC efficiency between DCs and B
cells was also measured when a constant number of DCs (1,000
cells/well) and B cells (30,000 cells/well) was tested with increasing doses of antigen (Fig. 2). In particular, DCs could still
activate T cells when pulsed with 1 bacterium/cell whereas B
cells required at least 100 bacteria/cell to give an even smaller
T-cell response. These differences in APC function could not
be attributed to loss of cell viability in the B-cell preparations,
since both DCs and B cells were ⬎90% viable, as shown by
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and on day 6 of culture, the cells were collected and depleted of CD2⫹ and
CD19⫹ cells by using immunomagnetics beads (Dynal, Oslo, Norway). This
procedure gave ⬎97% pure CD1a⫹ CD14⫺ cell preparations. B cells were
separated from PBMC by incubation with anti-CD19-conjugated magnetic beads
followed by the DETACHaBEAD Ab (Dynal). Thereafter, a second incubation
with beads conjugated to anti-CD2⫹ and anti-CD14⫹ monoclonal Abs (MAbs)
was performed. The resulting cell population was ⱖ95% pure CD19⫹. Autologous B-cell lines were generated by standard procedures by incubating PBMC
with supernatant from the Epstein-Barr virus (EBV)-producing marmoset line
B95/8 (Rockville, Md.) in the presence of 2 g of cyclosporin A per ml for 7 to
15 days.
T cells. CD4⫹-T-cell clones specific for TTFC (CP7 and ALS4) were prepared
by limiting dilution of TTFC-specific CD4⫹-T-cell lines generated from PBMC
from two distinct healthy volunteers. Briefly, the nonadherent fraction was further separated in CD4⫹ or CD8⫹ cells by using immunomagnetic beads (Dynal).
CD4⫹ cells were cocultured with irradiated adherent monocytes in the presence
of 1 g of soluble TTFC per ml. After 5 days, cell lines were cloned by limiting
dilution at 1 cell/well in the presence of irradiated 105 feeder cells/well and 1%
phytohemagglutinin. The T-cell clones were CD4⫹ CD8⫺ TCR-␣/␤⫹ TCR-␥/␦⫺
CD28⫹ and secreted high levels of gamma interferon but no interleukin-4 following activation with 1 g of immobilized anti-CD3 (OKT3, immunoglobulin
G1 [IgG1]; Immunotech, Marseille, France) per ml and soluble 1 g of antiCD28 (L293, IgG1; Becton Dickinson, San Jose, Calif.) per ml or in an antigenspecific stimulation assay. TTFC-specific CD4⫹-T-cell clones were strictly MHC
class II dependent, as determined by inhibition studies with anti-HLA-DR MAb
(L243, IgG2a; Becton Dickinson).
Antigen presentation assay. Autologous DCs, B cells, or EBV-B cells were
incubated at 37°C with S. gordonii GP1253, control strain GP1221, or soluble
TTFC in complete medium at the indicated concentrations. After 18 h, APCs
were washed, examined for cell viability by the trypan blue exclusion test, and
cocultured with T cells (2 ⫻ 104 to 3 ⫻ 104 cells/well) in triplicate wells. Cocultures were pulsed with 1 Ci of [3H]thymidine per well on day 2 or 3. Radioactivity was measured in a beta counter (Topcount; Packard Instruments, Groningen, The Netherlands). Results are given as mean counts per minute (cpm) ⫾
standard deviation (SD) of triplicate cultures.
Endocytosis and phagocytosis assays. Endocytosis was quantitated by incubating DCs or B cells with fluorescein isothiocyanate (FITC)-conjugated TTFC
(Calbiochem) at 1 mg/ml. For detection of phagocytosis, bacteria were labeled
using the PKH-26 kit (Sigma Chemical Co., St. Louis, Mo.) as specified by the
manufacturer. The cells were incubated with fluorochrome-conjugated TTFC or
bacteria at 37 or 4°C, and at selected time points, uptake was stopped by adding
cold phosphate-buffered saline containing 2% FBS and 0.01% NaN3. The cells
were then washed four times and finally analyzed by flow cytometry using a
FACScan and Cellquest analysis software (Becton Dickinson, Mountain View,
Calif.). Surface binding values obtained by incubating cells at 4°C were subtracted from the values measured at 37°C.
Immunophenotype of DCs and B cells. After 18 to 48 h of incubation with S.
gordonii strain GP1253, strain GP1221 or medium alone, DCs or B cells were
washed and then stained in phosphate-buffered saline containing 2% FBS and
0.01% NaN3. The following FITC-conjugated MAbs were used: anti-HLA-DR
(L243, IgG2a), anti-CD14 (MP9, IgG2b), anti-CD19 (4G7, IgG1), and antiCD25 (2A3, IgG1) from Becton-Dickinson; anti-CD1a (HI149, IgG1) and antiCD86 (FUN-1, IgG1) from Pharmingen, San Diego, Calif.; anti-CD40 (BB20,
IgG1) from Ylem, Avezzano, Italy; and anti-CD54 (84H10, IgG1) and anti-CD80
(MAB104, IgG1) from Immunotech. Pure anti-CD83 (HB15, IgG2b) and antiMHC class I (W6/32, IgG1) were from Immunotech and Dako (Glostrup, Denmark), respectively. FITC-conjugated anti-mouse Ig F(ab⬘)2 came from Southern
Biotechnology, Birmingham, Ala. In control samples, the MAb was replaced by
matched isotype control mouse Ig (Becton Dickinson). Cells were analyzed with
a FACScan.
Statistical analysis. Wilcoxon’s signed rank test was used (SigmaStat; Jandel,
San Rafael, Calif.) to compare differences in T-cell proliferation, endocytosis,
and phagocytosis. P ⱕ 0.05 were considered significant.
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trypan blue staining, after 18 to 48 h of incubation with either
soluble TTFC or recombinant bacteria (data not shown).
Next, we compared the capacity of DCs and B cells to
present equivalent amounts of antigen in the soluble or bacterium-associated form. Figure 3A shows that B cells pulsed
with 5 ng of soluble TTFC per ml were not capable of inducing
T-cell proliferation whereas B cells incubated with recombinant bacteria at a bacterium-to-B-cell ratio of 50:1 (corresponding to 5 ng of TTFC per ml) induced a significant T-cell
response. In contrast to B cells, DCs pulsed with 5 ng of soluble
TTFC per ml could induce a significant T-lymphocyte proliferation; however, the proliferation was much greater when
DCs were fed with a corresponding dose of bacterium-associated TTFC. These results suggested that recombinant antigen
expressed on bacteria is presented more efficiently than soluble
antigen by both B cells and DCs. Results similar to those
obtained with normal B cells were observed using autologous
EBV-B-cell lines (data not shown).
B cells are less endocytic and phagocytic than DCs and are
not sensitive to gram-positive bacteria in terms of membrane
activation. To identify the reasons why DCs were more efficient than B cells in presenting TTFC, they were compared for
the capacity to take up both soluble antigen and recombinant
bacteria. Cells were incubated at 37°C with FITC-conjugated
TTFC or with PKH-26-labeled bacteria and, at selected time
points, analyzed by flow cytometry. As shown in Fig. 4, B cells
were much less capable than DCs at internalizing TTFC or S.
gordonii, although B cells did uptake up a small amount of
TTFC or a few bacteria, as confirmed by transmission electron
microscopy (results not shown). These results are in agreement
with those of previous studies performed with mouse or human
B-cell lines (13, 28). Next, we wanted to see whether DCs and
B cells were equally sensitive to S. gordonii in terms of cell
activation, and so we examined changes in the expression of
cell membrane molecules following incubation with bacteria.
As shown in Fig. 5, resting B cells (⬎95% CD19⫹) showed a
weaker expression of CD40, CD54, CD80, and CD86 and
MHC class II than did immature DCs. In contrast to DCs, B
cells that were incubated for 18 to 48 h with S. gordonii did not
show significant changes in membrane expression of CD25,
CD40, CD54, CD80, or CD86, although they displayed a modest but consistent induction of MHC molecules. Moreover, no

FIG. 3. Antigen expressed on recombinant bacteria is presented better than
soluble antigen by both DCs and B cells. B cells (20,000 cells/well) (A) or DCs
(5,000 cells/well) (B) were treated with soluble TTFC (5 ng/ml), S. gordonii strain
GP1253 (at a bacterium-to-APC ratio of 50:1, corresponding to 5 ng of TTFC per
ml), or strain GP1221 (at a bacterium-to-APC ratio of 50:1) and then cocultured
for 3 days with specific CD4⫹ T cells (clone ALS4; 30,000 cells/well). Results are
expressed as mean cpm and SD of triplicate cultures. Comparable results were
obtained in three independent experiments. ⴱ, P ⬍ 0.003 compared to DCs not
treated with antigen; ⴱⴱ, P ⬍ 0.0002 compared to B cells or DCs incubated with
control bacteria; ⴱⴱⴱ, P ⬍ 0.0001 compared to B cells treated with recombinant
bacteria.

B-cell proliferative response was observed after treatment with
S. gordonii. Upregulation of selected activation markers
(CD25, CD40, CD54, and HLA-DR) and proliferation were
instead induced when B cells were treated with pokeweed
mitogen or lipopolysaccharide (data not shown). Finally, S.
gordonii promoted high tumor necrosis factor alpha release
from DCs but not from B cells (data not shown). These results
indicated that S. gordonii is a potent inducer of DC but not
B-cell maturation.
DISCUSSION
In this study, we have analyzed the ability of DCs and B
lymphocytes to present an MHC class II-restricted antigen
expressed on recombinant S. gordonii to specific Th1 cells.
Purified populations of DCs and B cells were used to avoid the
influence of contaminating cells. The results indicated that
DCs were markedly more efficient than non-antigen-specific B
cells at phagocytosing bacteria and presenting bacterium-associated TTFC to CD4⫹ T lymphocytes. DCs also displayed a
higher capacity to endocytose soluble TTFC and present soluble antigen to T cells. However, differences between DCs and
B cells in both antigen uptake and T-cell activation were more
prominent when particulate antigen was used rather than sol-
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FIG. 2. DCs are superior to B cells at presenting different doses of recombinant antigen. A fixed number of DCs (solid circles) (1,000 cells/well) or fresh
B cells (solid squares) (30,000 cells/well) was incubated with increasing doses of
S. gordonii GP1253 and then cocultured for 3 days with specific CD4⫹ T cells
(clone CP7; 30,000 cells/well). Open symbols represent T-cell proliferation in the
presence of APCs treated with control strain GP1221. Results are expressed as
mean cpm and SD of triplicate cultures. Similar results were observed in three
independent experiments.
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uble antigen. At any rate, bacterium-associated antigen was
also presented with higher efficiency than soluble antigen by B
cells, indicating that phagocytosis represents a very effective
mechanism for providing antigens to the MHC class II processing pathway in different APC types (8, 12, 31, 32). Moreover, S. gordonii enhanced the expression of presenting and
costimulatory molecules in DCs but not in B cells, suggesting
that recombinant gram-positive bacteria, as well as providing
an effective antigen delivery system, can act as strong adjuvants
by stimulating primarily DC maturation (3). Another important difference between DCs and B cells is that, in contrast to
DCs, B cells have minimal or no ability to produce IL-12 in
response to stimulation with gram-positive bacteria or upon
CD40/CD40L-dependent interaction with T cells (1, 3, 10) and
may therefore favor the differentiation of Th2 rather than Th1
lymphocytes.
DCs have been repeatedly shown to be crucial for activation
of naive T cells and successful immunization in mice, whereas
B cells fail to show significant activity under normal circumstances (2, 4, 9, 14, 20). DCs and B cells perform distinct
functions in the immune system (1, 19, 34). DCs activate T
helper cells, which in turn induce B-cell growth and antibody
production, and thus both DCs and B cells are very important
for antibody responses. In addition, DCs activate and expand
other effector T-cell populations, including cytotoxic T cells

FIG. 5. S. gordonii induces membrane maturation of DCs but not of B cells.
APCs were incubated with S. gordonii at bacterium-to-APC ratio of 50:1 or left
untreated (n.t.). After 48 h, the cells were stained for the indicated membrane
markers and then analyzed by flow cytometry. The numbers indicate the mean
fluorescence intensity adjusted by subtraction of the fluorescence by control
matched-isotype Ab (dotted lines). Similar results were measured in seven independent experiments.

(1). On the other hand, B cells armed with specific Ig on the
cell surface can effectively present antigen to T cells, albeit with
a lower potency than that of DCs, and thus contribute to the
magnitude and diversity of T-cell responses (33). DCs are
strategically located in peripheral tissues for encounters with
bacteria (1), display a broader array of innate recognition systems for bacteria than do B cells (18, 22, 24, 29), have a
different sensitivity to bacterium-induced activation (10), and
are the APCs most relevant for induction of primary immune
responses (1). A major attribute of DCs is that they are mobile
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FIG. 4. B cells display poor endocytic and phagocytic capacities compared to
DCs. DCs (solid circle) or B cells (solid square) were incubated with 1 mg of
FITC-conjugated TTFC per ml (A) or with PKH-26-labeled S. gordonii (bacterium-to-cell ratio, 50:1) (B) at 37°C. At the indicated time points, uptake was
stopped and cells were analyzed by flow cytometry. Data are expressed as mean
fluorescence intensity and SD of data collected from four distinct experiments.
The values measured at 37°C were adjusted by subtraction of those measured at
4°C (open symbols). Differences in both endocytosis and phagocytosis between
DC and B cells were statistically significant (P ⬍ 0.002) at each time points after
time zero.
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APCs, with the capacity to pick up incoming foreign antigens in
the periphery and migrate to lymphoid tissue, thus rendering
the antigens visible to the immune system (1, 34). In conclusion, the results of this study suggest that DCs, but not B cells,
are the target APCs for the vaccination procedures which employ recombinant bacteria.
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