








panel). On the contrary, no humoral response against Tat was
detected in mice immunized with 1 �g of Tat toxoid. When
alum was added to Tat, low antibody titers were observed (3 of
10 mice) (Fig. 2B, center panel). After the second boost, all
mice immunized with CyaA-E5-Tat (5 of 5) (Fig. 2B, lower
panel) were responding with a statistical median of antibody
titers around log 4.5, whereas a lower antibody response was
obtained with mice immunized with 1 �g of Tat toxoid (Fig.
2B, lower panel). A humoral response comparable to that
observed with CyaA-E5-Tat alone was obtained when mice
were immunized with 10 �g of Tat toxoid with or without alum
(Fig. 2B, lower panel). These results demonstrated that Tat
delivery by the CyaA vector significantly increased the anti-Tat
humoral response compared with the Tat toxoid protein. To
reach the same level of response, a 20-fold-higher dose of Tat
toxoid protein (10 �g) was needed.

Finally, we analyzed the anti-Tat IgG response after intra-
dermal (i.d.) administration of CyaA-E5-Tat in the dermis of
the ear of mice. Indeed, the skin represents a barrier that has
an efficient immune surveillance system, which includes Lang-
erhans cells and DCs expressing a high density of CD11b (2).
Thus, targeting DCs with CyaA-E5-Tat, by the i.d. route, may
produce a more efficient immune response. BALB/c mice were

immunized i.d. at days 0, 20, and 40 with CyaA-E5 (10 �g),
CyaA-E5-Tat (10 �g), or Tat toxoid (10 �g). Mice were bled at
days 19, 28, and 48, and sera were analyzed for the specific
anti-Tat antibody response by ELISA. A strong humoral re-
sponse was induced when CyaA-E5-Tat was injected i.d. even
after a single injection (Fig. 2C, upper panel). The antibody
titers were further increased after the first and second boosts,
reaching a plateau with a statistical median around log 5 (Fig.
2C, center and lower panels). On the contrary, the i.d. injection
of a high dose of Tat toxoid (10 �g) failed to induce compa-
rable antibody responses even after two boosts (Fig. 2C, center
and lower panels). Thus, immunization with CyaA-E5-Tat by
the i.d. route undoubtedly optimized the immune response.

To evaluate the persistence of the humoral response in-
duced by CyaA-E5-Tat compared to Tat toxoid, mice were
immunized on days 0, 20, and 40 by the s.c. route with CyaA-
E5-Tat (10 �g) alone or with Tat toxoid (10 �g) in presence of
alum. Mice immunized with CyaA-E5 served as negative con-
trols. The mice were bled 6 months after the second boost, and
these sera were analyzed by ELISA for the presence of specific
anti-Tat IgG antibodies. As shown in Fig. 2D, mice immunized
with either CyaA-E5-Tat or Tat toxoid maintained a high an-
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FIG. 2. CyaA-E5-Tat elicits a strong and long-lasting anti-HIV-Tat humoral response. BALB/c mice were immunized at days 0, 20, and 40 i.p.
with 10 �g of CyaA-E5 or CyaA-E5-Tat (A); s.c. with CyaA-E5 (10 �g), CyaA-E5-Tat (10 �g), or Tat toxoid (1 �g or 10 �g) in the presence or
absence of alum (B); or i.d. with 10 �g of CyaA-E5, CyaA-E5-Tat, or Tat toxoid (C). Upper, center, and lower panels show, respectively, anti-Tat
IgG antibody responses of sera from mice bled at days 19 (priming), 28 (first boost), and 48 (second boost) for panels A, B, and C. To analyze
the long-lasting anti-Tat humoral responses, BALB/c mice immunized s.c. at days 0, 20, and 40 with 10 �g of CyaA-E5 or CyaA-E5-Tat or 10 �g
of Tat toxoid in alum were bled 6 months (day [D] 180) after the last boost and sera were analyzed for specific anti-Tat IgG antibody responses
(D). Between 5 and 10 individual sera were analyzed for each group of mice (each point corresponds to 1 mouse). Horizontal bars represent the
median responses of each group. Results are representative of four independent experiments.
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tibody titer (around log 4.5), demonstrating the persistence of
the humoral immune response.

Mapping of epitopes recognized by the anti-Tat antibodies
induced by CyaA-E5-Tat immunization. Epitope mapping was
then performed to determine the B-cell epitope(s) recognized
by the anti-Tat antibodies induced by CyaA-E5-Tat immuni-
zation compared to those induced by Tat toxoid. This analysis
was performed on mouse sera obtained after the second boost
following immunization protocols described in the legend to
Fig. 2. The Tat peptide containing amino acids 1 to 20 was
recognized by all sera from mice immunized either with CyaA-
E5-Tat or Tat toxoid (with or without alum), independent of
the route of immunization (Table 1). The Tat peptide contain-
ing amino acids 46 to 65 was also recognized by some of the
mice immunized with CyaA-Tat or Tat toxoid (with or without
alum) (Table 1). Particularly, immunization of mice with
CyaA-E5-Tat by the i.p. or i.d route led to the induction of
antibodies that recognized this peptide. The s.c. immunization

also induced antibodies against this epitope but only after
long-term immunization, at day 180. When mice were immu-
nized s.c. with Tat toxoid with or without alum, antibodies
against the Tat peptide containing amino acids 46 to 65 were
detected at day 48 (with alum, 4 of 5 mice; without alum, 3 of
5 mice). The presence of antibodies against this epitope was
still observed at day 180 (4 of 5 mice). Finally, the Tat peptide
containing amino acids 73 to 86 was only recognized by mice
immunized with Tat toxoid (with or without alum) (Table 1).
In particular, antibodies against this epitope were detectable,
at day 180, in all mice immunized s.c. with Tat toxoid in the
presence of alum. However, the reactivity to this peptide was
weaker than that observed for Tat peptides containing amino
acids 1 to 20 and amino acids 46 to 65.

CyaA-E5-Tat induces neutralizing anti-HIV Tat immune re-
sponse. We then tested the capacity of sera from the vacci-
nated groups of mice to neutralize the transactivating capacity
of Tat on P4 cells. In these cells, the transactivating activity of

TABLE 1. Comparaison of the epitopes recognized by anti-Tat antibodies induced by CyaA-E5-Tat and Tat toxoid

Immunization protocol
Response to Tat peptides containing amino acidsa:

1–20 21–40 36–50 46–65 56–70 65–80 73–86

3� CyaA-E5-Tat (10�g, i.p.) 3.0 —b — 3.8 — — —
3.0 — — 3.2 — — —
4.2 — — 4.4 — — —
4.0 — — 3.9 — — —
4.0 — — 5.4 — — —

3� CyaA-E5-Tat (10 �g, s.c.) 5.6 — — 3.8 — — —
2.6 — — — — — —
5.5 — — — — — —
4.2 — — — — — —
4.2 — — — — — —

3� Tat toxoid (10 �g, s.c.) 4.6 — — 2.7 — — —
4.2 — — 2.9 — — —
4.2 — — — — — —
4.5 — — 3.4 — — 3.0
5.1 — — — — — —

3� Tat toxoid (10 �g) � alum (s.c.) 4.1 — — — — — —
5.2 — — 3.1 — — 3.0
4.6 — — 4.2 — — —
4.4 — — 4.2 — — 2.5
4.1 — — 3.1 — — —

3� CyaA-E5-Tat (10 �g, i.d.) 4.9 — — 2.8 — — —
4.1 — — 4.0 — — —
3.6 — — 2.6 — — —
5.4 — — 3.3 — — —
5.6 — — 3.4 — — —

3� Tat toxoid (10 �g, i.d.) 4.6 — — — — — —
3.9 — — — — — —
4.2 — — — — — —
4.9 — — 4.1 — — —
4.1 — — 4.1 — — 2.8

3� CyaA-E5-Tat (10 �g, s.c.) (day, �180) 4.7 — — 3.1 — — —
5.2 — — 3.9 — — —
4.8 — — 3.6 — — —
3.8 — — 3.5 — — —
3.7 — — 3.6 — — —

3� Tat toxoid (10 �g) � alum (s.c.) (day, �180) 4.3 — — 3.7 — — 2.5
3.8 — — 3.8 — — 2.6
4.4 — — 5.0 — — 2.5
5.3 — — 3.6 — — 3.0
2.3 — — — — — 2.5

a The sera of five mice per group were collected and tested for their response to the indicated Tat peptides. The results are expressed as individual Tat peptide-specific
IgG titers (log).

b —, no Tat peptide-specific IgG antibodies were detectable.
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the Tat protein can be detected by the expression of the Esch-
erichia coli lacZ gene that is under the control of the HIV LTR.
P4 cells were incubated with recombinant Tat in the presence
of diluted sera from the immunized mice as described in Ma-
terials and Methods. The results are expressed as percentages
of inhibition of �-Gal production reflecting neutralization of
Tat activity. The nonspecific neutralizing activity was deter-
mined using sera either from naive mice or from mice immu-
nized with CyaA-E5 in the presence or absence of alum. It
represented between 5% and 27% of the Tat activity (Table 2).
Sera from mice immunized with CyaA-E5-Tat neutralized be-
tween 50% and 89% of Tat activity in a dose-dependent man-
ner. The neutralizing activity of sera from mice immunized
with an equivalent amount of the Tat toxoid protein (1 �g) was
much lower (Table 2). A noticeable neutralizing activity was
also observed following i.d. immunization with CyaA-E5-Tat
(89%) and after the first boost (Table 2). On the contrary, sera
from mice vaccinated i.d. with 10 �g of Tat toxoid induced a
lower Tat neutralizing activity even after two boosts (57 to
70%) (Table 2). The Tat neutralizing capacity of sera from
mice that received CyaA-E5-Tat was still detectable 6 months
after the last boost (Table 2). Consequently, the capacity of
sera obtained from mice immunized with CyaA-E5-Tat to neu-
tralize in vitro the Tat transactivating activity (Table 2) corre-
lates with the strong anti-Tat humoral response (Fig. 2).

Immunization with CyaA-E5-Tat triggers a long-lasting
Th1-polarized response. To characterize the immune polariza-
tion of the responses induced by CyaA-E5-Tat, we analyzed
the distribution of the subclasses of the anti-Tat IgG antibod-
ies. The mice immunized with either CyaA-E5-Tat or Tat tox-
oid by the i.p. or s.c. routes produced IgG1, IgG2a, and IgG2b
antibody subclasses, showing no dominant isotype (Fig. 3A and
B). When immunized by the i.d. route, the mice receiving
CyaA-E5-Tat produced IgG1, IgG2a, and IgG2b antibodies,
whereas the mice immunized with Tat toxoid induced only

IgG1 antibody responses, suggesting a Th2 polarization (Fig.
3C). We also assessed the distribution of the subclasses of IgG
in the sera obtained from mice receiving three doses of 10 �g
of CyaA-E5, CyaA-E5-Tat, or Tat toxoid in alum 6 months
after the last boost. As shown in Fig. 3D, mice immunized with
either CyaA-E5-Tat or Tat toxoid still showed IgG1, IgG2a,
and IgG2b antibodies. However, interestingly, the IgG1/IgG2a
ratio observed in mice immunized with CyaA-E5-Tat is con-
sistent with a Th1 polarization. In contrast, at 6 months, the
IgG1 subclass was the prevalent isotype in mice vaccinated
with Tat toxoid, suggesting a Th2-dominant immune response
(Fig. 3B, C, and D).

As cytokines play an important role in T-cell polarization,
IFN-� and IL-5 production was then measured in the super-
natant from spleen cells activated in vitro. BALB/c mice were
immunized at days 0, 20, and 40, and at days 28 and 48, their
spleens were removed and a single-cell suspension was pre-
pared. IFN-� and IL-5 secretion was assessed following in vitro
activation with 10 �g of the helper peptide containing amino
acids 46 to 65 of the Tat protein (40). As shown in Fig. 4,
spleen cells from mice immunized with CyaA-E5-Tat produced
IFN-� (Fig. 4A and C) but no detectable IL-5 (Fig. 4B and D).
The specificity of this response was assessed by the lack of
IFN-� production by activated spleen cells from mice immu-
nized with CyaA-E5. Thus, these results indicate that mice
immunized with CyaA-E5-Tat developed a Th1-polarized re-
sponse. In contrast, the splenocytes from mice immunized with
either 1 or 10 �g of Tat toxoid in the presence or absence of
alum produced both IFN-� and IL-5. This demonstrates that
immunization with Tat toxoid led to a polarization of the
immune response toward the Th2 type. Cytokine production
was also analyzed 2 and 9 months after immunization with
three doses of either CyaA-E5-Tat (10 �g) or Tat toxoid (10
�g) in alum. In mice immunized with CyaA-E5-Tat, spleen
cells activated in vitro by the peptide containing amino acids 46
to 65 of the Tat protein produced IFN-� but no IL-5, indicating
a Th1 memory cell polarization (Fig. 5). In contrast, in mice
immunized with Tat toxoid in alum, IL-5 was the most preva-
lent cytokine produced by spleen cells, implying a Th2 memory
cell polarization (Fig. 5).

Immunization with CyaA-E5-Tat elicits HIV-Tat-specific
IFN-�-producing CD8� T cells, independently of CD4� T-cell
help. To determine ex vivo the frequencies of Tat-specific
IFN-�-producing T cells, we used a pool of overlapping
nonamer peptides of Tat (amino acids 26 to 34, 31 to 39, 36 to
44, and 41 to 49) or a pool of two longer peptides of Tat (amino
acids 11 to 24 and 21 to 40) that are known to be targets for
CTL in BALB/c mice (49). Mice were immunized intraperito-
neally twice with 50 �g of CyaA-E5 or CyaA-E5-Tat in alum as
previously described as optimal for CTL generation (26, 28,
59) or with 10 �g of Tat toxoid (26, 28, 59). Seven days later,
spleen cells from immunized mice were stimulated in vitro with
the pools of peptides (10 �g/ml of each peptide). The number
of spleen cells producing IFN-� was determined by enzyme-
linked immunospot assay. Figure 6 shows that both pools of
CTL peptide were able to stimulate IFN-�-producing cells in
mice immunized with CyaA-E5-Tat. In contrast, rare IFN-�-
producing cells were detected in mice immunized with Tat
toxoid in alum (Fig. 6, median value). As expected, the low

TABLE 2. Tat neutralization activity of sera from mice immunized
with CyaA-E5, CyaA-E5-Tat, or Tat toxoid

Serum immunization protocol

% Inhibition of �-Gal-production
on daya

48 180

1/20
dilution

1/40
dilution

1/20
dilution

1/40
dilution

None (naive) 16 5
3� CyaA-E5 (i.p.) 27 16
3� CyaA-E5 � alum (i.p.) 18 13
3� CyaA-E5-Tat (i.p.) 74 52
3� CyaA-E5 (10 �g, s.c.) 25 19 18 15
3� CyaA-E5-Tat (10 �g, s.c.) 68 50 63 47
3� Tat toxoid (1 �g) � alum (s.c.) 39 25
3� Tat toxoid (10 �g) � alum (s.c.) 73 57 63 40
2� CyaA-E5 (i.d.) 27 13
2� CyaA-E5-Tat (i.d.) 89 64
2� Tat toxoid (10 �g, i.d.) 59 48
3� CyaA-E5 (i.d.) 32 27
3� CyaA-E5-Tat (i.d.) 83 64
3� Tat toxoid (10 �g, i.d.) 70 57

a The sera of five mice per group were collected at the indicated days, pooled,
and tested in the neutralization assay. The results are expressed as percentages
of inhibition of the �-Gal production that reflects the neutralization of the Tat
activity.
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frequency of IFN-�-producing cells obtained after immuniza-
tion with CyaA-E5 indicates the specificity of the response.

To evaluate the contribution of CD4� and CD8� T cells to
the induction of specific IFN-�-producing cells, we depleted
either CD4� or CD8� T cells in vivo. Mice were i.p. immu-
nized at days 0 and 20 with CyaA-E5 or CyaA-E5-Tat, and an
in vivo depletion of CD4� or CD8� T cells was carried out by
i.p. injections of rat anti-CD4 or anti-CD8 MAbs on days 28,
29, and 30. Groups of mice receiving control isotype MAbs
served as controls. At day 37, spleen cells from immunized
mice were stimulated in vitro with the pools of CTL Tat pep-
tides, with the MHC class II-restricted Tat peptide containing
amino acids 46 to 65 or with Tat toxoid (10 �g/ml of each
peptide or protein). In mice treated with control isotype
MAbs, all peptides were capable of stimulating IFN-�-produc-
ing cells after CyaA-E5-Tat immunization (Fig. 7A). In con-
trast, only the pools of CTL Tat peptides could stimulate
IFN-�-producing cells in the absence of CD4� T cells (Fig.

7B). This confirmed the capacity of CyaA to induce CD8�

T-cell immune responses as previously described (16, 26–28,
39, 45, 59). As expected, the Tat epitope containing amino
acids 46 to 65 and the Tat toxoid still induced IFN-�-producing
cells after depletion of CD8� T cells (Fig. 7C).

In the perspective of a therapeutic vaccination, we tested
whether CyaA-E5-Tat could generate Tat-specific CD8� T
cells in the absence of CD4� T cells. To address this issue,
mice were immunized i.p. at days 0 and 20 with CyaA-E5 or
CyaA-E5-Tat concomitantly with an in vivo depletion of CD4�

T cells by i.p. injections of rat anti-CD4 MAbs on days �1,
0,�1, 19, 20, and 21. The mice treated with isotype MAbs
served as controls. At day 28, spleen cells from immunized
mice were stimulated in vitro either with the pools of CTL Tat
peptides or with the MHC class II-restricted Tat peptide con-
taining amino acids 46 to 65 or with Tat toxoid. As expected,
Fig. 7D shows that all peptides were able to stimulate IFN-�-
producing cells in mice treated with isotype MAbs and immu-

FIG. 3. Analysis of IgG isotypes in mice immunized with CyaA-E5-Tat. BALB/c mice were immunized i.p. (A), s.c. (B and D), or i.d. (C) as
mentioned in the legend to Fig. 2. Mice were bled at day 48 (A, B, and C) or 180 (D), and sera were analyzed for the specific anti-Tat IgG isotype
(IgG1, IgG2a, IgG2b, or IgG3) antibody response by ELISA. Five individual sera were analyzed for each group of mice (each point corresponds
to 1 mouse). Horizontal bars represent the median responses of each group. Results are representative of four independent experiments.
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nized wiht CyaA-E5-Tat. In CD4-depleted mice, the pool of
four nonamers (Tat containing amino acids 26 to 34, 31 to 39,
36 to 44, or 41 to 49) still induced Tat-specific IFN-�-producing
CD8� T cells (median value or around 10) (Fig. 7E). The
number of spots obtained with these mice is comparable to that
obtained with mice treated with the isotype MAbs, indicating
that CD4� T cells did not contribute significantly to the induc-
tion of the CD8� T-cell response. Taken together, our data
demonstrate that immunization with CyaA-E5-Tat can trigger
CD8� T-cell responses in the absence of CD4� T cells. These
observations may be of critical importance in the context of a
therapeutic vaccination of patients with a low frequency of
CD4� T cells.

DISCUSSION

Several studies have shown that specific anti-HIV-Tat hu-
moral and cellular immune responses in AIDS patients corre-
lated with nonprogression of the viral infection (1, 55, 56, 68,
73). In preclinical studies, the use of vaccines based on native
Tat improved both humoral and cellular anti-Tat immune re-
sponses (7, 9–11, 49). Nevertheless, due to the possible side
effects of Tat (14, 53, 69, 70, 72), administration of active Tat
to patients might pose serious safety concerns. Chemically
modified Tat-based vaccines have been proposed as an attrac-
tive option (18, 52, 67). However, immunization of macaques

FIG. 4. The HIV-Tat T-cell response induced by CyaA-E5-Tat is
Th1 polarized. BALB/c mice were immunized s.c. at days 0, 20, and 40
as described in the legend to Fig. 2B. At day 28 (first boost) and 48
(second boost), spleens were removed and a single-cell suspension was
prepared. Cells were activated in vitro with 10 �g of Tat peptide
containing amino acids 46 to 65, and 72 h later, IFN-� and IL-5
production were analyzed in culture supernatants by ELISA. Results
are expressed as the concentration of IFN-� and IL-5 released in the
supernatant from duplicate wells. Backgrounds obtained with nonac-
tivated spleen cells were subtracted. Horizontal bars represent the
median responses of each group (each point corresponds to one
mouse). Left panels: concentration of IFN-� (A) and IL-5 (B) at day
28 (5 mice per group). Right panels: concentration of IFN-� (C) and
IL-5 (D) at day 48 (5 mice per group). Data are representative of four
independent experiments.

FIG. 5. CyaA-E5-Tat induces long-lasting anti-HIV-Tat cellular re-
sponses. BALB/c mice (5 per group) were immunized s.c. at days 0, 20,
and 40 with 10 �g of CyaA-E5 or CyaA-E5-Tat or 10 �g of Tat toxoid
in alum. At day 60 or 270 after the last boost, spleens were removed
and a single-cell suspension was prepared. Cells were activated in vitro
with 10 �g of Tat peptide containing amino acids 46 to 65, and 72 h
later, IFN-� and IL-5 production were analyzed in culture superna-
tants by ELISA. Horizontal bars represent the median responses of
each group composed of five individual mice (each point corresponds
to 1 mouse). Results are representative of two independent experi-
ments.

FIG. 6. CyaA-E5-Tat generates HIV-Tat-specific IFN-�-producing
cells. BALB/c mice were immunized i.p. at days 0 and 20 with CyaA-E5
(50 �g), CyaA-E5-Tat (50 �g), or Tat toxoid (10 �g) in alum. Seven
days later, spleen cells were stimulated in vitro for 36 h with a pool of
overlapping nonamer peptides of HIV-Tat (amino acids 26 to 34, 31 to
39, 36 to 44, or 41 to 49) or with a pool of two longer peptides of
HIV-Tat (amino acids 11 to 24 or 21 to 40) in the presence of synge-
neic irradiated spleen cells. The results are expressed as numbers of
SFC per 106 cells. Horizontal bars represent the median responses of
each group (each point corresponds to 1 mouse). Data are the cumu-
lative results from five independent experiments.
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with Tat toxoid concomitantly with an adjuvant only attenu-
ated disease (52).

To design a safe and efficient Tat-based vaccine, we have
developed a new delivery system using the CyaA vector that
targets DCs via the CD11b/CD18 expressed on their mem-
brane (28, 38, 61). Particularly, the CyaA vector can deliver
CD8� and/or CD4� epitopes to DCs that in turn lead to CTL
and/or Th priming via the MHC class I and II presentation
pathways (16, 27, 28, 39, 45, 47). In experimental models, the
CyaA vector induces protection against viruses and tumors via
CD8� T-cell priming (26, 59). Other new delivery systems that
target DCs are currently developed, such as conjugates of
antigen to anti-DEC-205 antibodies. Immunization of mice
with anti-DEC-205 antibodies coupled to ovalbumin delivered

this antigen to DCs and induced strong and specific T-cell
responses (6). However, so far, whether antigen delivery to
DCs could also induce or potentiate humoral responses has
not been analyzed. Our study is the first to demonstrate that
this type of strategy, here based on the CyaA vector, can
induce both T-cell responses and neutralizing antibodies
against antigen delivered to DC.

The CyaA vector carrying Tat shared similar binding ability
with CyaA-E5, indicating that the insertion of Tat between
residues 224 and 225 of the catalytic domain of CyaA does not
alter its interaction with CD11b. This is consistent with our
recent data demonstrating that the catalytic domain of CyaA is
not involved in the binding to CD11b-expressing cells. More
precisely, we located the interacting domain of CyaA in the

FIG. 7. Immunization by CyaA-E5-Tat induced T-helper-independent HIV-Tat-specific IFN-�-producing CD8� T cells. BALB/c mice were
immunized i.p. at days 0 and 20 with CyaA-E5 (50 �g) or CyaA-E5-Tat (50 �g) in alum. In vivo depletion of CD4� or CD8� T cells was carried
out by i.p. injections of rat anti-CD4, anti-CD8, or control isotype MAbs on days 28, 29, and 30 (A, B, and C) or on days �1, 0,�1, 19, 20, and
21 (D and E). Depletion of CD4� or CD8� T cells was �95% after treatment with the appropriate MAb (data not shown). At day 37 (A, B, and
C) or day 28 (D and E), spleen cells from immunized mice were stimulated in vitro with the pools of CTL HIV-Tat peptides, with the MHC class
II-restricted HIV-Tat peptide (containing amino acids 46 to 65), or with Tat toxoid (10 �g/ml of each peptide) in the presence of syngeneic
irradiated spleen cells. The results are expressed as numbers of SFC per 106 cells. Horizontal bars represent the median responses of each group
(each point corresponds to 1 mouse). Data are the cumulative results from four independent experiments.
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glycine/aspartate-rich repeat region (20). The present result
suggests that the insertion of Tat in the catalytic domain of the
CyaA vector does not affect DC targeting.

Importantly, when inserted into the CyaA vector, the Tat
protein displayed no more transactivating activity. This may be
due to altered conformation, degradation, or impaired migra-
tion into the nucleus of the Tat protein that, consequently,
precludes Tat-LTR interaction. We also demonstrated that
CyaA-E5-Tat is not toxic to BM-DCs. Thus, the well-estab-
lished characterization, binding, and biological properties of
CyaA toxoid render it an attractive safe vaccine candidate. In
this study, we observed that two i.p. or i.d. injections of CyaA-
E5-Tat without adjuvant were sufficient to generate strong
specific anti-Tat humoral responses that exhibited potent Tat
neutralizing capacities. This could be explained by the fact that
the CyaA vector targets mostly CD11b� DCs that are critical
APCs for the induction of an immune response. The essential
role of DCs in humoral response directly or via T-cell priming
has been well documented (5, 19, 30, 42, 43, 54, 65). The
efficient humoral response observed after i.d. immunization
with CyaA-E5-Tat may be due to the targeting of Langerhans
cells and DCs. These cell populations located in the dermis
expressed a high density of CD11b and have been shown to
migrate to draining lymph nodes after sensitization (2). From
a clinical point of view, immunization with CyaA-E5-Tat by the
i.d. route may, thus, constitute a pertinent approach.

We also showed that three s.c. immunizations with Tat tox-
oid in the presence or absence of adjuvant failed to induce a
humoral response comparable to that observed with CyaA-E5-
Tat when an equivalent amount of Tat was used. A similar
response was obtained by the s.c. route only when a 20-times-
higher amount of Tat toxoid was utilized. Moreover, i.d. im-
munization with 10 �g of Tat toxoid can reach neither the level
of antibody titers nor the neutralizing capacity obtained in
mice vaccinated with CyaA-E5-Tat. It should also be pointed
out that CyaA-E5-Tat induces antibodies against B-cell
epitopes that are crucial for the activity of the Tat protein.
Indeed, the peptides containing amino acids 1 to 20 and 46 to
65 of the Tat sequence are recognized by sera from mice
immunized with CyaA-E5-Tat. These two B-cell epitopes, pre-
viously identified in BALB/c mice (7, 8, 11), are also recog-
nized by monkey and human sera (46, 64, 66). Interestingly,
anti-Tat antibodies against the N-terminal activation domain
(amino acids 1 to 20) and the basic region (amino acids 46 to
65) of the Tat protein prevent the HIV-1 Tat transactivating
capacity as well as HIV-1 replication and infection (8, 15, 50).
Taken together, our results show that immunization with Tat
delivered by the CyaA vector without adjuvant induces a high
Tat-specific antibody production, demonstrating its capacity to
be an efficient vector to generate a long-lasting and neutraliz-
ing humoral response. Th1 cellular responses play a key role in
protection against pathogens, whereas Th2 polarization in-
creases susceptibility (reviewed in reference 51). Particularly, a
switch from the Th1 to the Th2 type in the immune polariza-
tion is observed during HIV infection (4, 12, 13). Thus, the
induction of Th1-polarized immune responses might be a key
aspect to the development of prophylactic or therapeutic vac-
cines against HIV. Both IgG isotype and cytokine patterns
clearly showed that CyaA-E5-Tat induces a Th1-polarized cel-
lular response, as observed with other recombinant CyaAs (17,

60). In contrast, the Tat toxoid administrated with or without
alum leads to a polarization of the immune response toward
the Th2 type. These results suggest that the polarization is
independent of the antigen inserted in the CyaA vector, which
is an important observation in view of the development of
CyaA as an antigen delivery system.

In addition, we showed that CyaA-E5-Tat can also generate
IFN-�-producing cells using pools of peptides of Tat that were
known to be targets for CTL in BALB/c mice in the context of
mucosal vaccination (7, 49). In contrast, two vaccinations with
Tat toxoid in alum did not result in a statistically significant
stimulation of Tat-specific IFN-�-producing cells. The deple-
tion of CD4� T cells after CyaA-E5-Tat vaccination confirmed
the capacity of CyaA to induce CD8� T-cell immune responses
as previously described (16, 26–28, 39, 45, 59). Finally, we
demonstrated that CyaA-E5-Tat vaccination induces Tat-spe-
cific CD8� T cells in the absence of CD4� T-cell responses.
This could have important implications for the development of
a therapeutic vaccination strategy in immunocompromised pa-
tients.

Recently, we showed that strong and long-lasting melanoma-
specific cellular responses could be induced in HHD mice
expressing the human HLA�0201 class I molecule, demon-
strating that the CyaA vector can deliver epitopes in associa-
tion with human MHC molecules that is the condition for the
use of this vector in humans (16). Furthermore, in contrast to
traditional vaccination, our results were mostly obtained with-
out using adjuvant, which reinforces the integration of toxoid
CyaA in the design of various vaccines. In the present study, we
also proved that CyaA-E5-Tat is capable of eliciting a signifi-
cant humoral and cellular mediated response superior to the
responses obtained with Tat toxoid in the presence of adjuvant.
In developing countries, HIV infection is spreading at a high
rate, requiring an effective, safe, and low-cost vaccine against
AIDS. A vaccine based on Tat delivered by toxoid CyaA that
elicits a broad, neutralizing, and long-lasting immune response
might thus represent an attractive possibility.
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