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We analyzed the CD4 T-cell immunodominance of the response to a model antigen (Ag), MalE, when
delivered by an attenuated strain of Salmonella enterica serovar Typhimurium (SL3261*pMalE). Compared to
purified MalE Ag administered with adjuvant, the mapping of the peptide-specific proliferative responses
showed qualitative differences when we used the Salmonella vehicle. We observed the disappearance of one out
of eight MalE peptides’ T-cell reactivity upon SL3261*pMalE immunization, but this phenomenon was
probably due to a low level of T-cell priming, since it could be overcome by further immunization. The most
striking effect of SL3261*pMalE administration was the activation and stimulation of new MalE peptide-
specific T-cell responses that were silent after administration of purified Ag with adjuvant. Ag presentation
assays performed with MalE-specific T-cell hybridomas showed that infection of Ag-presenting cells by this
intracellular attenuated bacterium did not affect the processing and presentation of the different MalE
peptides by major histocompatibility complex (MHC) class II molecules and therefore did not account for
immunodominance modulation. Thus, immunodominance of the T-cell response to microorganisms is gov-
erned not only by the frequency of the available T-cell repertoire or the processing steps in Ag-presenting cells
that lead to MHC presentation but also by other parameters probably related to the infectious process and to
the bacterial products. Our results indicate that, upon infection by a microorganism, the specificity of the T-cell
response induced against its Ags can be much more effective than with purified Ags and that it cannot

completely be mimicked by purified Ags administered with adjuvant.

CD4™ T cells recognize peptides presented by major histo-
compatibility complex (MHC) class II molecules. Class II mol-
ecules are mainly specialized to present peptides derived from
an exogenous antigen (Ag) internalized by Ag-presenting cells
(APC), such as dendritic cells (DC) and macrophages (M)
(16). After uptake, Ags are proteolytically degraded into pep-
tides in the endocytic route. Peptides resulting from this pro-
cess are loaded on newly synthesized class I molecules under
the control of DM chaperones (47), in specialized prelysoso-
mal compartments enriched in class II molecules (44, 56, 60).
In these compartments the formation of sodium dodecyl sul-
fate-stable peptide-class II molecule complexes (49) leads to
their presentation at the plasma membrane. In addition to
synthesis, recycling in early endosomes enables mature class II
molecules to acquire processed peptides in these compart-
ments (41, 63). As a result of these Ag processing events and
of T-cell repertoire shaping in the thymus, the T-cell response
mainly focuses on a few determinants among the potential
T-cell determinants contained into the primary structure of a
protein Ag (1). This immunodominance phenomenon has
been extensively studied mainly with purified proteins admin-
istered in adjuvants (51), but little is known about the rules that
govern the selection of immunodominant T-cell epitopes in
response to live microorganisms (37).

T-cell immunity to intracellular bacteria has to deal with the
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interaction between bacteria and host APC, namely, DC and
Md, that are involved in Ag presentation to T cells, which in
turn feed back APC for pathogen clearance. Uptake of bacte-
ria by APC is performed by phagocytosis mediated by Fc re-
ceptors, complement receptors, or any receptors for the com-
ponents of the bacterial membrane (57). Actin polymerization
in the contact region leads to engulfment of bacteria and for-
mation of phagosomes. Maturation of phagosomes to phagoly-
sosomes enables in most cases the destruction of internalized
microorganisms. However, some intracellular bacteria can al-
ter phagosome maturation and its microbicidal properties to
create a propitious environment for their survival and replica-
tion. For instance, Salmonella enterica serovar Typhimurium
enhances acidification of phagosomes (46), whereas Mycobac-
terium avium prevents a pH decrease (52). Consequently, en-
docytic resident bacteria can modulate class II molecule traf-
ficking and proteolytic degradation of bacterial Ag and
therefore might affect the repertoire of epitopes displayed for
T-cell activation. More generally, many mechanisms of immu-
nological escape have been characterized for viruses (4), bac-
teria (59), or parasites (10) that interfere with the MHC class
I or class II pathways and therefore impair the elicitation of a
T-cell immune response.

Originally, attenuated strains of serovar Typhimurium were
a model for typhoid vaccination (21), but they have since been
widely developed as a vehicle for the delivery of pathogen-
derived Ags in order to induce immunity against various mi-
croorganisms (20, 42, 55, 62). Moreover, recombinant, homol-
ogous, attenuated serovar Typhi strains have been subjected to
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clinical evaluation (18, 26, 54). Salmonellae are facultative
intracellular bacteria which can survive in Md¢ within a
phagolysosome distinct from the degradative pathway (45).
However, in vitro, Salmonella can deliver Ag in either the
MHC class I or class II pathway of M¢ and DC (38, 53).
Indeed, such attenuated Salmonella can efficiently deliver het-
erologous Ag to induce a Th1 immune response (22), as well as
cytotoxic T-lymphocyte responses in vivo (2, 14, 20).

We studied the immunodominance of the CD4" T-cell re-
sponse to a model Ag, Escherichia coli MalE protein, expressed
by an attenuated aroA strain of serovar Typhimurium with a
deletion of its own malE gene (SL3261*) by examining the
ability of the Salmonella-APC interaction to modulate the pre-
sentation of immunogenic peptides by class II molecules. Com-
parison of proliferative responses to MalE peptides after im-
munization with purified MalE in adjuvant or with live
SL3261* bacteria expressing MalE (SL3261*pMalE) shows
that Salmonella Ag delivery induces a broadened epitope-spe-
cific response. In vitro and ex vivo presentation assays indi-
cated that the modulation of Ag processing events is not re-
sponsible for this epitope modulation but that the epitope
modulation rather involves the level of activation of APC.

MATERIALS AND METHODS

Mice and cell lines. Six- to ten-week-old female C57BL/6 (H-2") inbred mice
(IFFA Credo, L’Arbresles, France) were used in all experiments. Hypoxanthine-
aminopterin-thymidine (HAT)-sensitive A20 and BW5147 (o B7) cell lines
were given by J.-G. Guillet (Institut Cochin de Genetique Moleculaire, Paris,
France). L (I-4°) is a fibroblast line transfected with MHC class IT I-4° genes and
was kindly given by M. Viguier (ICGM). LB27.4 (H-2) is a B lymphoma line.
LB27.4pMalE corresponds to the LB27.4 cell line transfected with the E. coli
malE gene (7). The granulocyte-M¢ colony-stimulating factor-secreting J558 cell
line was obtained from P. Marche (CEA, Grenoble, France).

Peptides and MalE protein. Based on the sequence of MalE (12), a complete
set of 385 overlapping 15-mer peptides was synthesized on polyethylene pins
according to standard PEPSCAN procedures (17, 58). The final peptides were
released from their support under basic conditions and contained a free amino
terminus and an amidated C terminus. In addition to this mg scale synthesis,
selected regions of the MalE sequence were synthesized at 20 mg scale according
to standard synthesis procedures for peptides using Wang resin (p-alkoxybenzyl-
alcohol resin; Bachem, Dubendorf, Switzerland), resulting in peptides with free
amino and carboxy termini. The MalE protein was purified by affinity chroma-
tography from E. coli strain ED9 (pPD1) as described previously (31). Purified
MalE protein was concentrated by ammonium sulfate precipitation, resuspended
in phosphate-buffered saline (PBS), and desalted on Sephadex G25 (Pharmacia
Inc.) in PBS. The concentration of the protein was determined by UV absor-
bance.

Bacterial strains and growth conditions. The SL3261* strain (previously re-
ported as SL3261AMalE) was derived from the aro4 serovar Typhimurium strain
SL3261 (21) (a gift from B. A. D. Stocker) by introducing a deletion in the
serovar Typhimurium malE gene as previously described (30). The E. coli malE
gene was expressed constitutively on a multicopy plasmid derived from pBR322
under the control of the ptac promoter, leading to SL3261*pMalE. The MalE
protein produced by these bacteria was quantitated using a monoclonal antibody
(MAD), 56.5, directed against E. coli MalE (unpublished data). SL3261*pMalE
expressed 15.7 ng of E. coli MalE per 10° bacteria. For immunization, bacteria
were cultured for 16 h at 37°C, without shaking, in a closed bottle of L broth (33)
containing 100 pg of ampicillin per ml. Bacteria were collected by centrifugation
and resuspended in PBS at the required concentration. Bacteria were prepared
on the day of immunization, and the concentration was estimated by the optical
density of the suspension at 600 nm (1 optical density unit = 5 X 10® bacteria/
ml). The viable count and the plasmid stability were confirmed by plating suitable
dilutions on L agar plates with or without 100 g of ampicillin/ml.

T-cell proliferation assay. Mice were immunized subcutaneously (s.c.) or in-
traperitoneally (i.p.) with the purified MalE protein in adjuvant or i.p. with 107
bacteria. Draining inguinal lymph nodes (LN) or the spleen was removed, and
single-cell suspensions were prepared and cultured in HL-1 medium (Hycor
Biomedical Inc., Irvine, Calif.) with 2 mM L-glutamine. A total of 10° LN
cells/well were plated onto 96-well microtiter plates (TPP, Trasadingen, Switzer-
land) in duplicate or triplicate with Ag. After 3 days at 37°C, cells were pulsed for
18 h with [*H]thymidine (NEN, Boston, Mass.). Incorporated radioactivity was
measured by scintillation counting. Results were expressed as mean counts per
minute (or change in counts per minute [Acpm] when variations in background
proliferation between groups were more than twofold) from duplicate or tripli-
cate culture wells. Results are representative of two or three experiments.
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Generation of T-cell hybridomas. Mice were immunized s.c. with 10 ug of the
MalE protein emulsified in CFA (Sigma, St. Louis, Mo.). Seven days later, LN
were removed, and a single-cell suspension was prepared and cultured in com-
plete medium used in T-cell proliferation assays with 10 wg of MalE per ml.
Three days later, viable lymphocytes were isolated by fractionation with Ficoll
(Seromed, Berlin, Germany) and fused with an equal number of BW5147
(o~ B ) myeloma cells using 0.5 ml of polyethylene glycol 1500 (50%; Boehringer
GmbH, Mannheim, Germany). The cell suspension was brought to a final vol-
ume of 40 ml with RPMI 1640 (Seromed) supplemented with 20% fetal calf
serum, 5 X 107> M 2-mercaptoethanol, 2 mM glutamine, and antibiotics. After
incubation for at least 2 h at 37°C, feeder HAT-sensitive A20 cells were added to
a final concentration of 103/ml. Then cells were plated onto 96-well flat-bottomed
microtiter plates with 100 pl/well. Sixteen hours later, 20 wl of 6X HAT (Boehr-
inger) was added to each well. Hybridomas appeared 7 to 15 days later and were
assayed for peptide-specific reactivity. For screening, T-cell hybridomas were
expanded to near confluence in 24-well plates. Then 100-pl aliquots of resus-
pended cultures from 1-ml wells were added to L (I-4”) APC pulsed with 25 pM
MalE or with 5 uM concentrations of the following MalE peptides: p100-114,
p120-134, p151-165, p207-221, p221-235, p262-276, p296-310, and p341-370.
Hybridomas for each peptide specificity were selected.

For p40-54-specific T-cell hybridomas, T lymphocytes were primed in vivo and
then restimulated in vitro with the p40-54 peptide before fusion. Screening was
performed with the following APC: (i) LB27.4 cells transfected with the E. coli
MalE gene, (ii) LB27.4 cells with 25 pM MalE, and (iii) L (I-4") cells with 5 pM
p40-54. Hybridomas responding to these different APC were further used in the
study. The production of interleukin-2 (IL-2) was measured using CTLL cells as
described below.

In vitro Ag presentation assay. Peritoneal exudate cells (PEC) were obtained
after washing the peritoneal cavities of C57BL/6 mice injected 4 days before with
2 ml of thioglycolate (Sanofi Diagnostics Pasteur, Marne La Coquette, France).
PEC were incubated for 1 h at 37°C, and then plastic adherent cells were used as
APC. DC were prepared from C57BL/6 mice mainly as described previously (25).
After appropriate depletion steps, bone marrow cells were cultured with a su-
pernatant from J558 cells expressing granulocyte-Md colony-stimulating factor
for 5 days. About 70% of the cells were DC as determined using anti-CD11c
MADb (HL-3 clone; Pharmingen, San Diego, Calif.), while remaining cells were
granulocytes (anti-Gr-1 MAb [RB6-8C5 clone]; Pharmingen) that do not express
MHC class IT molecules. These cells were used as APC. For two to four hours,
2 X 10° PEC or DC were incubated with the MalE protein or with bacteria, and
cells were washed twice before fixation with 0.05% glutaraldehyde. In some
experiments, PEC were first treated with brefeldin A (BFA; Sigma) or with
cytochalasin B (CCB; Sigma). A total of 10° T-cell hybridomas were added to
these APC for 24 h, and then 100-pl aliquots of supernatants were cultured with
10* cells of the IL-2-dependent CTLL cell line. Two days later, [°H]thymidine
(0.3 nCifwell; AS = 1 Ci/mmol) was added, and the cells were harvested 18 h
later with an automated cell harvester. Incorporated thymidine was detected by
scintillation counting.

Ex vivo Ag presentation assay. Mice were immunized s.c. with MalE in adju-
vant, and 2 to 5 days later, LN cells were recovered. T cells were depleted from
the cell suspension by incubation for 30 min at 37°C with anti-Thy1.2 MAb (clone
30H12 from the American Type Culture Collection) mixed with complement
prepared from guinea pig serum (bioMerieux SA, Marcy I’Etoile, France). Cells
were then left untreated or fixed with 0.05% glutaraldehyde. After two washes,
serial dilution of cells in complete medium were plated, and then 10 T-cell
hybridomas were added to these APC for 24 h. IL-2 content in the culture was
determined as described above.

ELISPOT. MalE-specific gamma interferon (IFN-y)-secreting cells were mea-
sured by enzyme-linked immunospot assay (ELISPOT). Whole spleen cells from
individual immunized mice were recovered, and serial cell dilutions in complete
RPMI medium were plated in ester-cellulose bottom plates (Millipore, St. Quen-
tin en Yvelines, France) previously coated with 4 g of a capture antibody
specific for IFN-y per ml (clone R4-6A2; Pharmingen). Cells were incubated at
37°C for 48 h in the presence of Ag and tested in duplicate. Afterward, cells were
removed by washing the plates twice with H,O-Tween (0.05%) and five times
with PBS-Tween (0.05%), and then biotinylated anti-mouse IFN-y (clone
XMG1.2; Pharmingen) was added at 4 pg/ml and incubated for 3 h at room
temperature (RT). After extensive washing in PBS-fetal calf serum (0.05%),
streptavidin-alkaline phosphatase was added for 3 h at RT. We then added under
100 wl of 5-bromo-4-chloro-3-indolylphosphate—tetrazolium salts substrate (Sig-
ma) and incubated it at RT until blue spots developed. The frequency of IFN-
y-secreting cells was determined by dividing the number of spots counted in each
well by the total number of spleen cells plated at a given dilution. The results are
expressed as the number of specific cells secreting IFN-y in response to the
restimulating peptide.

RESULTS

Characterization of class Il-restricted T-cell response to
MalE in C57BL/6 mice. To map the dominant CD4" T-cell
determinants of the MalE protein, we used a set of 15-amino-
acid-long synthetic peptides that walk over the MalE protein
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FIG. 1. Mapping of the dominant T-cell determinants of the MalE protein in C57BL/6 mice. C57BL/6 mice were primed s.c. with 10 pg of MalE protein emulsified
in CFA. Ten days later, LN cells were stimulated in vitro with overlapping 15-mer peptides (6.5 uM concentration) covering the entire MalE sequence in a single amino
acid step, which is referred as the NH,-terminal amino acid of each peptide. Proliferation was determined by *H incorporation on day 4.

sequence with a single amino acid step. C57BL/6 mice were
immunized with 10 wg of MalE protein in CFA, and prolifer-
ation of LN cells from these mice was determined after in vitro
stimulation with MalE synthetic peptides. As shown in Fig. 1,
eight nonoverlapping T-cell epitopes were characterized in

C57BL/6 mice and were defined by their minimal core se-
quences as 105-111, 124-130, 154-161, 208-218, 226-232, 266~
273, 298-305, and 343-350. T-cell hybridomas specific for these
eight epitopes (see Fig. 2A for response of these T-cell hybrid-
omas to MalE) were produced using MalE-primed LN T cells,
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FIG. 2. Stimulation of MalE-specific T-cell hybridomas using SL3261*pMalE. (A) PEC were incubated for 2 h with either 100 g of purified MalE protein per ml,
107 SL3261*pMalE bacteria per ml, or 107 control SL.3261* bacteria per ml and were then fixed with glutaraldehyde. These APC were used to stimulate the different
MalE-specific T-cell hybridomas with the indicated specificity. (B and C) PEC were first incubated with or without 10 uM CCB. Serial dilutions of purified MalE protein
or SL3261*pMalE were then added for 2 h. Fixed PEC were then cultured with the KRM.E3 T-cell hybridoma. The IL-2 content in the 24-h supernatant was measured

using the CTLL cell line.
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showing that these epitopes represent dominant T-cell deter-
minants. All these T-cell determinants were presented to T
cells by the I-4” molecule since C57BL/6 mice express only this
unique MHC class II restriction element. That was further
confirmed using an [-4” transfected cell line as APC to stim-
ulate these T-cell hybridomas in the presence of these MalE
peptides (data not shown).

In vitro and in vivo analysis of the specificity of the T-cell
response induced against MalE delivered by aro4 serovar Ty-
phimurium. We first looked at the ability of APC infected with
SL3261* expressing the MalE Ag to process and present the
different MalE determinants to T cells in vitro. As shown in
Fig. 2A, all the different T-cell hybridomas raised against the
purified MalE protein were efficiently stimulated by PEC in-
cubated with SL3261*pMalE or the MalE protein but not by
PEC incubated with the control, SL3261*. However, one can
notice that the HRM.H7 T-cell hybridoma that is specific for
MalE (154-161) was poorly stimulated by SL.3261*pMalE. The
stimulation of these T-cell hybridomas was inhibited by CCB in
the case of SL3261*pMalE but not in the case of soluble MalE
protein, as illustrated in Fig. 2B and C for the KRM.E3 T-cell
hybridoma. This indicates that phagocytosis of bacteria is a
prerequisite for MalE presentation by the APC and that pre-
sentation is not due to soluble material released by the bacte-
ria. These results also indicate that the APC-Salmonella inter-
action does not modify the processing and presentation by
MHC class II molecules of the recombinant MalE Ag and
therefore should not alter the subsequent T-cell response. To
verify this, we next analyzed the MalE-specific T-cell response
induced by SL3261*pMalE. We selected peptides p100-114,
p120-134, p151-165, p207-221, p221-235, p262-276, p296—
310, and p341-355 among the different MalE peptides to fur-
ther study these T-cell determinants, since each one contains a
single core sequence and strongly stimulates proliferative re-
sponses to itself (data not shown). C57BL/6 mice were immu-
nized twice i.p. on days 0 and 21 with SL3261*pMalE or the
SL.3261* control. Three to four weeks later, spleen cells were
restimulated in vitro with the different MalE synthetic peptides
(Fig. 3A). Analysis of the peptide specificity of this T-cell
response showed that an efficient priming is induced for p100—
114, p120-134, p151-165, p207-221, p221-235, p296-310, and
p341-355 (seven out of the eight T-cell determinants in Fig. 1)
but not for p262-276 or the negative control, p239-253. To
further confirm this observation, Salmonella-primed spleen
cells were restimulated with overlapping 15-mer peptides span-
ning the entire MalE sequence but pooled by 12 consecutive
peptides (Fig. 3B).

Strikingly, significant proliferative responses were observed
for 14 peptide pools, whereas only 9 correspond to the MalE
T-cell epitopes depicted in Fig. 1. Among the five newly reac-
tive peptide pools, 35-60 and 323-348 were further character-
ized by fine mapping, showing that they correspond in prolif-
eration assays to 42-52 and 332-338 T-cell sequences,
respectively (data not shown). As shown in Fig. 3A, after
SL3261*pMalE immunization, a very efficient T-cell prolifer-
ative response was induced for these two T-cell epitopes using
the p40-54 and the p330-344 peptides. These results seem to
indicate that immunization with SL.3261*pMalE broadens the
spectrum of MalE-specific T-cell responses compared to puri-
fied MalE administered in adjuvant. However, no proliferative
response to pools 251-276 and 263-288 (Fig. 3B) was ob-
served, confirming the lack of detectable T-cell response to the
266-273 T-cell determinant (p262-276) (Fig. 3A). It should be
mentioned that this modification of T-cell repertoire specific-
ities using Salmonella versus Ag in adjuvant does not influence
the level of antibody responses, as members of our group
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FIG. 3. Analysis of the MalE-specific T-cell repertoire stimulated in vivo by
SL3261*pMalE. C57BL/6 mice (two per group) were i.p. immunized on days 0
and 21 with 10° SL3261*pMalE or control SL3261* bacteria. Spleen cells from
each group were pooled and were stimulated in vitro with the indicated Ag. (A)
Indicated MalE synthetic peptides were tested individually at 10 uM, purified
MalE was tested at 0.25 uM, and SL3261* extract was tested at a dilution
corresponding to 10° bacteria/ml. (B) Series of 12 peptides were pooled (2 pM
concentration of each peptide) and tested for reactivity. The peptide pools are
referred to as the sequence encompassed by peptide series. Proliferation was
determined by *H incorporation on day 4. Asterisks indicate positive prolifera-
tive responses corresponding to those depicted in Fig. 1.

previously showed that the MalE-specific antibody was identi-
cal in both cases (13).

The appearance of new T-cell reactivities in SL.3261*pMalE-
primed mice is not tuned by Ag-processing steps in infected
APC. In order to investigate if the appearance of new T-cell
reactivities could result from the modification of processing
steps in infected APC, we produced specific T-cell hybridomas
using the p40-54 synthetic peptide. The minimal core se-
quence of MalE recognized by a typical T-cell hybridoma,
53Cl, is depicted in Fig. 4A and is defined by amino acids 44
to 50. Figure 4B shows the in vitro stimulation of the 53C1
T-cell hybridoma by C57BL/6-derived PEC incubated with
SL3261*pMalE or the control, SL3261*. In these conditions,
SL3261*pMalE, but not SL3261%, stimulated the p40-54-spe-
cific T-cell hybridoma, confirming in vivo results on the ability
of SL3261*pMalE-infected mice to elicit a p40-54-specific T-
cell response. Figure 4C shows that the presentation of the
p40-54 T-cell epitope using SL3261*pMalE was dependent
upon Salmonella phagocytosis since it was inhibited by CCB.
Unexpectedly, when purified MalE was used as Ag, it also
stimulated the p40-54-specific T-cell hybridoma 53CI1. It
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FIG. 4. Stimulation of p40-54-specific T-cell hybridoma by purified MalE or
SL3261*pMalE. (A) The 53C1 T-cell hybridoma was stimulated by a 10-uM
concentration of synthetic peptides corresponding to residues 35 to 60 from
MalE in the presence of an I-4” transfected L cell. (B) PEC were incubated for
2 h with SL3261*pMalE or SL3261*. After fixation these cells were used to
stimulate the 53C1 T-cell hybridoma. (C) PEC were incubated with 10 pg of
MalE per ml or with 10° SL3261*pMalE bacteria per ml alone, with 10 uM BFA,
or with 10 uM CCB. The IL-2 content in the 24-h supernatant was measured
using the CTLL cell line.

should be noted that only 1 out of 14 p40-54-specific T-cell
hybridomas tested was not stimulated by the MalE protein
(data not shown), indicating that the in vitro processing and
presentation of the p40-54 T-cell epitope from the purified
MalE protein represent a general phenomenon. The sensitivity
of the p40-54 T-cell epitope to BFA following Salmonella
delivery of MalE (Fig. 4C), as well as for the other MalE T-cell
epitopes (data not shown), demonstrates that its production
uses the classical class II pathway involving nascent class II
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molecules. This result was further confirmed using PEC de-
rived from invariant chain-deficient mice, which were unable to
present the different MalE T-cell epitopes to specific T-cell
hybridomas following SL3261*pMalE infection (data not
shown).

Following immunization with MalE in adjuvant, we were
unable to detect any proliferative response to p40-54 (Fig. 1
and 5A), whereas immunization with p40-54 efficiently primed
specific T cells (Fig. 5A). As shown in Fig. 4C, T-cell hybrid-
omas specific for p40-54 were efficiently stimulated by APC
pulsed with purified MalE, showing that efficient processing
can occur at least in vitro. To clearly demonstrate that the lack
of in vivo stimulation of p40-54-specific T cells by MalE did
not result from deficient processing, we isolated APC from LN
after immunization of mice with purified MalE in adjuvant.
These in vivo-pulsed APC were directly used to stimulate the
53C1 (specific for p40-54) and the ORMC?7.9 (specific for
p221-235) T-cell hybridomas (Fig. 5B, C, and D). Under these
conditions, both T-cell hybridomas were efficiently stimulated,
showing that MHC class II molecules display the immunodom-
inant p221-235 T-cell epitope, as well as the cryptic p40-54
T-cell epitope. The MalE Ag dose required for ex vivo detec-
tion of peptide-MHC complexes formed in vivo was identical
for both T-cell epitopes (Fig. 5C and D). Altogether, these
results suggest that the modification of intracellular processing
events in Salmonella-infected APC is not responsible for the
presentation of the p40-54 T-cell epitope, since processing and
presentation of p40-54 T-cell epitope are achieved in vitro and
in vivo with the purified MalE protein.

Epitope modulation cannot be explained by discrepancies in
epitope processing efficiency of purified MalE and
SL3261*pMalE. Since it is clear that processing capabilities of
infected APC do not account for the discrepancies observed in
vivo in the T-cell response, we asked whether the efficiency of
the MHC presentation of the different T-cell epitopes could be
related to this phenomenon. Ag dose response assays show
that the amount of MalE expressed by SL3261*pMalE and
necessary to stimulate the ORMC?7.9 T-cell hybridoma specific
for the immunodominant p221-235 T-cell epitope was 100-fold
lower than the amount of purified MalE protein required when
PEC were used as APC (Fig. 6A). This calculation is based on
the initial amount of MalE per bacterium but does not take
into account de novo synthesis of MalE by the bacteria within
the APC. The relative increase of MHC presentation for p221-
235 was similarly observed with SL.3261*pMalE-infected APC
for the new p40-54 T-cell epitope (Fig. 6B) as well as for the
p262-276 T-cell epitope, which is not immunogenic upon
SL3261*pMalE infection (Fig. 6C). Identical results were ob-
tained when DC were used as APC (Fig. 6D, E, and F), show-
ing that DC and M¢ are both able to efficiently process and
present MalE T-cell epitopes after Salmonella delivery. Alto-
gether, these results indicate that processing events do not
contribute to the modulation of T-cell responses observed in
vivo.

The route of immunization does not account for broadening
of MalE T-cell reactivities induced by SL3261*pMalE. Since
the discrepancies of MalE epitope-specific T-cell responses
could be due to the experimental conditions used for monitor-
ing the T-cell responses to purified MalE administered in ad-
juvant and to MalE delivered by live SL3261*pMalE, we ana-
lyzed the influence of the route of immunization on this
phenomenon. Purified MalE in CFA was injected s.c., whereas
live SL3261*pMalE was injected i.p., and the subsequent T-cell
response was analyzed, respectively, in the LN and the spleen.
In other words, differences in recruitment of T cells and APC
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FIG. 5. The crypticity of p40-54 following immunization with purified MalE in adjuvant is not due to inefficient processing in vivo. (A) Mice were s.c. immunized
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D) Indicated doses of MalE were injected together with IFA.

in the spleen and in the LN could contribute to the modulation
of the MalE-specific T-cell reactivities.

To address this issue, we compared the T-cell response in-
duced by purified MalE protein administered in adjuvant by
following the same experimental procedure used to analyze the
response to MalE delivered by attenuated Salmonella.
C57BL/6 mice were immunized i.p. with SL3261*pMalE or
with purified MalE in alum on days 0 and 21. Three weeks
later, the proliferative response to different MalE peptides was
monitored in the spleen (Fig. 7A). Under these conditions, as
previously shown, specific proliferative responses to the p221-
235 and p40-54 peptides were observed after SL3261*pMalE
immunization, whereas no response to p262-276 was induced.
In contrast, after i.p. immunization with purified MalE in ad-
juvant, positive proliferative responses were observed for the
p221-235 and p262-276 peptides but not for p40-54. This
pattern of response was not dependent on the number and
route of immunization, the Ag dosage, or the adjuvant used.
Virtually identical results were obtained after one (Fig. 1) or
two (days 0 and 21 [data not shown]) s.c. injections of 10 or 100
g of purified MalE in Freund’s adjuvant as well as after three
i.p. injections (days 0, 21, and 42) of 100 ng of MalE in alum
(data not shown).

The T-cell proliferative response to MalE peptides after
SL3261*pMalE immunization gives a qualitative picture of the
specific immune response induced. To analyze quantitatively
the initial profile of the in vivo T-cell priming, C57BL/6 mice
were intravenously injected with a single dose of SL3261*pMalE

that allowed the detection of cytokine-producing cells after
peptide restimulation, even though we could not efficiently
detect proliferative responses (data not shown). We monitored
the secretion of IFN-y by cells after SL3261*pMalE immuni-
zation, since we previously showed that the proliferative re-
sponse of CD4" T cells to the MalE protein induced by
SL3261*pMalE was associated with production of IL-2 and
IFN-v, but not production of IL-4 and IL-5 (30). As shown in
Fig. 7B, 3 and 4 weeks after SL3261*pMalE administration, we
were able to detect IFN-y-secreting cells specific for the
p40-64 and the p221-235 peptides but not for the p262-276
peptide (frequency < 10~°). These data confirm that immuni-
zation with SL3261*pMalE leads to a very efficient priming of
p40-54-specific T cells, since as many as 15,000 IFN-y-secret-
ing cells per spleen were detected for this determinant after a
single immunization. Altogether, these results show that the
difference in MalE-specific T-cell responses between purified
MalE and SL3261*pMalE is not related to the route of immu-
nization but rather to the use of the Salmonella delivery vector.

Unresponsiveness to MalE 262-276 is overcome by a mul-
tiple-immunization scheme. In the basic immunization
scheme, two i.p. injections of SL3261*pMalE at days 0 and 21
are required to induce an efficient MalE specific proliferative
response (30). Therefore, we examined whether the modula-
tion of MalE epitope-specific T-cell responses was dependent
upon the number of immunizations using the i.p. route. As
shown in Fig. 8A, a very weak proliferative response specific
for MalE, p221-235, or Salmonella extracts was induced after
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24-h supernatant was measured using the CTLL cell line.

a single immunization with SL3261*pMalE. After a second
immunization performed 21 days later, we observed a strong
response to the p221-235 and p40-54 peptides but not to the
p262-276 peptide (Fig. 8B). Therefore, we tested whether this
unresponsiveness could be overcome by further immunization.
C57BL/6 mice were immunized i.p. on days 0, 21, and 42, and
then the specific proliferative response to the MalE peptides
was examined in individual mice. Figure 8C shows that, under
these conditions, two mice out of five were able to produce an
efficient p262-276-specific response and two others exhibited a
very weak response, whereas the response to p40-54 and p221-
235 was still high in all mice. This result shows that the priming
of p262-276-specific T cells is not totally impaired. However, it
occurs at a much lower level with SL3261*pMalE than with
purified MalE in adjuvant, in agreement with the capacity of
SL3261*pMalE-infected APC to stimulate a p262-276-specific
T-cell hybridoma.

In summary, priming with SL.3261*pMalE leads to one ma-
jor effect: the efficient stimulation of a larger peptide-specific
T-cell repertoire which is accompanied by poor T-cell priming
for one peptide specificity that can be overcome by hyperim-
munization with SL3261*pMalE.

Fully activated APC are able to prime p40-54-specific T
cells regardless of the formulation of the Ag. Finally, we in-
vestigated whether fully activated APC pulsed in vitro with Ag
were able to overcome epitope modulation in MalE-specific
T-cell priming in vivo. Since PEC were able to stimulate all
types of MalE-specific T-cell hybridomas when either
SL3261*pMalE or free soluble MalE was used, we determined

whether these cells would be able to prime any type of
MalE-specific T cells. Thioglycolate-induced PEC, containing
more than 85% Md (with a fully competent APC phenotype
[Mac-1"gh T-APtiem CD40" CD56" B7.1" B7.2"] [data not
shown]), were pulsed in vitro for 4 h with SL3261*pMalE or
SL3261%. Cells were washed to remove free bacteria and i.p.
injected in C57BL/6 mice. Peptide-specific proliferative re-
sponses measured 2 weeks later in the spleen showed that
MalE-specific T cells were primed for the p40-54, p221-235,
and p262-276 determinants (Fig. 9). Likewise, when PEC
pulsed with free soluble MalE, alone or together with Salmo-
nella lipopolysaccharide, were injected, all these peptide-spe-
cific proliferative responses were also observed. Therefore, in
agreement with T-cell hybridoma stimulation assays, when
fully activated APC are used, no modulation in the specificity
of T-cell activation is induced for the different MalE T-cell
epitope regardless of the form of the Ag formulation. These
results strongly suggest that the modulation in the epitope
specificity of the response to MalE results from discrepancies
in the activation or maturation state of APC. In other words,
adjuvants and Salmonella infection will differ in the activation
signals delivered to APC, leading to distinct cosignaling for
T-cell activation.

DISCUSSION

In the present study, we investigated the MHC class II-
restricted response to the MalE model Ag delivered by an
attenuated aroA strain of serovar Typhimurium (SL3261%). We
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number of positive CD4™ T cells per spleen obtained in two individual mice.

found that this Salmonella vehicle modulates the epitope spec-
ificity of the T-cell repertoire stimulated against the MalE Ag
compared to that found while using purified MalE with clas-
sical adjuvants. The major effect observed in immunodomi-
nance modulation is the broadening of the T-cell epitope re-
sponse to MalE after live SL3261*pMalE immunization, as
measured by the proliferative response of spleen cells. This
extension of peptidic reactivity was unexpected since as many
as eight T-cell epitopes were already characterized using the
purified MalE protein.

The modulation of the immunodominance of the T-cell re-
sponse using bacteria or a vaccine vehicle was recently re-
ported in three other studies, but all used Mycobacterium tu-
berculosis (3,9, 64). In all cases, the bacteria stimulated a T-cell
epitope repertoire similar to that stimulated by other antigenic
preparations. In the study published by Anderton et al. (3), the
number of hsp65-specific T-cell epitopes presented using killed

M. tuberculosis was less than that obtained with the use of
recombinant hsp65 due to Ag processing efficiency. Indeed, the
stimulation of T-cell clones with these two different hsp65
preparations indicated that the amount of Ag in the M. tuber-
culosis preparation was too low to enable the presentation of
poorly immunogenic epitopes.

In this regard, it can be noted that in our study, the amount
of MalE Ag delivered by live SL3261*pMalE at the time of
immunization was 50- to 500-fold less than the amount of
purified MalE used with adjuvant. However, given that we
were unable to determine MalE production in infected ani-
mals, we cannot exclude the possibility that the amount of Ag
delivered by the bacteria is much greater, despite the fact that
the AroA™ attenuated Salmonella strain has limited replica-
tion capacity in vivo. Two other studies examined the CD4 and
CDS8 T-cell responses induced after M. tuberculosis infection
and after DNA vaccination for 38-kDa Ag (64) and Ag85A (9).
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For Ag85A, the M. tuberculosis immunization induced a nar-
row epitope specificity compared to DNA immunization,
whereas for 38-kDa Ag the epitope number was identical but
with only two overlapping specificities between the two immu-
nization schemes. We can also add that mice immunized with
Mycobacterium bovis BCG expressing recombinant MalE dis-
play the same antigenic T-cell response pattern to MalE as
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These cells were then i.p. injected in mice. Two weeks later, spleen cells were
restimulated with MalE, p221-235, p40-54, or p262-276. Proliferation was de-
termined by *H incorporation on day 4.
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elicited by administration of purified MalE in adjuvant (X. Jiao
and R. Lo-Man, unpublished data).

The MHC class II pathway for presentation of Salmonella-
delivered Ag is sensitive to chloroquine and BFA and there-
fore has the same characteristics as the pathway for soluble
exogenous protein Ag (61). However, several recent reports
indicated that two different class II pathways can be involved in
the presentation of different epitopes belonging to the same
antigenic molecule (41, 63). Indeed, some determinants are
presented by a recycling pool of mature MHC class II mole-
cules in an early endocytic compartment (BFA insensitive),
whereas others are presented by BFA-sensitive nascent class IT
molecules, probably depending on their sensitivity to protease
degradation. Here we were unable to see any difference in
processing requirements for the different MalE T-cell epitopes
using SL3261*pMalE. Another concern is the amount of MalE
Ag necessary to obtain the same level of presentation for
SL3261*pMalE and purified MalE. The processing and pre-
sentation efficiency was increased about 100-fold using
SL3261*pMalE, to the same extent for all MalE T-cell
epitopes.

The bactericidal role of M¢ makes them a privileged reser-
voir for bacterial Ag, but the key role of DC in initiating the
T-cell response raises the question of the role of M¢ in Ag
presentation of bacteria and in the associated T-cell response,
even though it was postulated that M¢ might also be able to
prime naive T cells (48). T-cell priming following immuniza-
tion with purified Ag in adjuvant was clearly demonstrated to
be mediated by DC (19). If M¢ play a crucial role when
bacteria are the Ag vehicle, then it could be postulated that the
immune modulation we observed is due to the superior pro-
cessing capabilities of M¢ to those of DC. However, in vitro
presentation studies show that M¢ as well as DC were able to
present the different T-cell epitopes to corresponding T-cell
hybridomas, demonstrating that no difference exists between
these two APC types in processing MalE delivered by
SL3261*pMalE. This finding is in agreement with previous
reports showing that DC are fully competent in vitro for Ag
presentation of bacteria (24) and in particular of Salmonella
(53). Nevertheless, Ag processing capabilities of APC can be
modulated by cytokines (15, 27). Recently, IL-6 was shown to
decrease endosomal and lysosomal pH, enabling the process-
ing and presentation of hen egg lysozyme-derived cryptic T-cell
epitopes to T-cell hybridomas (11). Moreover, in this case, the
in vitro presentation of cryptic T-cell epitopes was associated
with priming for new T-cell specificities in vivo when IL-6-
treated and Ag-pulsed DC were injected. Salmonella infection
of cells also leads to the acidification of the bacterium-contain-
ing phagosome (46), but in our model no processing difference
was observed in vitro between the purified MalE protein and
SL3261*pMalE. Nevertheless, our data support the idea that
processing events do not account for the modulation of T-cell
responses we observed in vivo with purified MalE and MalE
delivered by Salmonella. Therefore, the epitope modulation
induced with SL3261*pMalE is likelier associated with a more
general effect of the Salmonella vehicle on the level or pheno-
type of the T-cell activation.

Indeed, purified Ags mixed with alum or CFA lead to a ThO
or a mixed Th1-Th2 response (8, 50). By contrast, the induc-
tion of a strong Thl response following immunization with
Salmonella vaccine strains expressing foreign Ags is nicely il-
lustrated in the leishmania model, where the Th1-Th2 balance
is critical for protection (62). Indeed, the IL-12 burst following
serovar Typhimurium infection (6, 40) promotes Thl re-
sponses (23) that contribute to the elimination of the bacteria
through IFN-vy production. Therefore, our explanation for our
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results is that purified MalE in adjuvant induces a low and
undetectable proliferative response to some MalE epitopes
due to a lower lymphokine production associated with the
adjuvant stimulation. In contrast, following SL3261*pMalE
immunization, these weak T-cell reactivities are strongly en-
hanced towards a Th1-like proliferative response as a result of
IL-12 induced by APC infection. The threshold of activation or
differentiation of T cells is under the control of the peptide-
MHC complex density, which varies from one peptide to an-
other depending on its affinity for a given MHC molecule (28,
35, 36, 39). Likewise, the costimulatory activity required for
T-cell activation is dependent on the T-cell ligand density and
is further enhanced by locally produced lymphokines, such as
IL-12 (34). Thus, a higher IL-12 production level (maybe in
association with other lymphokines, such as IL-18) will lead to
MHC-restricted stimulation of T cells requiring higher activa-
tion and differentiation thresholds. Therefore, qualitative and
quantitative variations in the lymphokine environment in re-
sponse to the infection process or to the adjuvant would lead to
discrepancies in the T-cell response to different immunogenic
epitopes displayed by the same APC. We propose that in the
case of the Salmonella delivery system and under our experi-
mental conditions, all these costimulatory activities reach a
sufficient level to give all the MalE peptides available on APC
the capacity to activate the corresponding T-cell repertoire.

This model could also fit well with results from studies show-
ing the modulation of the T-cell epitope repertoire when com-
paring T-cell response induced by M. tuberculosis infection and
by DNA vaccination (9, 64). Indeed, DNA induces a strong
Thl response (5, 29, 32) and therefore could promote low
peptide-specific T-cell responses. In contrast, T-cell responses
induced by mycobacteria can develop into a Thl or a mixed
Th1-Th2 cytokine profile depending on the bacterial dose (43).
This suggests that the balance of lymphokines which are pro-
duced (for instance, IL-12 versus IL-10 and IL-4) depending
on the infection level (and probably depending on the bacterial
products) modulates the activation and differentiation thresh-
olds of T cells. In this respect, attenuated Salmonella seems to
be a versatile and powerful vehicle for stimulating a large
MHC class II-restricted response, although the results we ob-
tained after parenteral administration of the Salmonella vac-
cine remain to be confirmed by studies using the natural route
of infection, i.e., after oral administration.

In conclusion, the epitope modulation observed in delivery
of our model Ag by an attenuated strain of serovar Typhi-
murium emphasizes the key role played by the antigenic for-
mulation in inducing efficient immune responses. What is true
for a live attenuated bacterial vaccine strain might also be true
for a pathogenic bacterium, and therefore tuning of T-cell
immunodominance to such microorganisms could in some
cases be associated with an impaired immunity. Moreover, for
vaccine design, the use of purified Ag may not be always
suitable for any pathogen if dealing with immunodominance
modulation.
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