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We compared the abilities of different Salmonella enterica var. Typhimurium (S. typhimurium) strains
harboring mutations in the genes aroA, aroAD, purA, ompR, htrA, and cya crp to present the heterologous
antigen, C fragment of tetanus toxin, to the mouse immune system. Plasmid pTETtac4, encoding C fragment,
was transferred into the various S. typhimurium mutants, and the levels of antigen expression were found to be
equivalent. After primary oral immunization of BALB/c mice, all attenuated strains were capable of penetrat-
ing the gut epithelium and colonizing the Peyer’s patches and spleens of mice. Of all strains compared, the
DpurA mutant colonized and persisted in the Peyer’s patches at the lowest level, whereas the DhtrA mutant
colonized and persisted in the spleen at the lowest level. The level of specific antibody elicited by the different
strains against either S. typhimurium lipopolysaccharide or tetanus toxoid was strain dependent and did not
directly correlate to the mutants’ ability to colonize the spleen. The level of immunoglobulin G1 (IgG1) and
IgG2a antibody specific for tetanus toxoid was determined in mice immunized with four S. typhimurium
mutants. The level of antigen-specific IgG1 and IgG2a was significantly lower in animals immunized with S.
typhimurium DpurA. Antigen-specific T-cell proliferation assays indicated a degree of variability in the capacity
of some strains to elicit T cells to the heterologous antigen. Cytokine profiles (gamma interferon and inter-
leukin-5) revealed that the four S. typhimurium mutants tested induced a Th1-type immune response. Mice were
challenged with a lethal dose of tetanus toxin 96 days after oral immunization. With the exception of the S.
typhimurium DpurA mutant, all strains elicited a protective immune response. These data indicate that the level
of total Ig specific for the carried antigen, C fragment, does not correlate with the relative invasiveness of the
vector, but it is determined by the carrier mutation and the background of the S. typhimurium strain.

Salmonella typhi is the predominant cause of enteric fever
(17) and is transmissible via ingestion of contaminated food or
water. S. typhi, once ingested, invades from the small bowel
into the reticuloendothelial system, wherein the bacteria rep-
licate in a variety of host cells (11). Live attenuated S. typhi-
murium strains have been studied extensively in the murine
model to obtain insight into the optimal construction of live
rationally attenuated S. typhi vaccines (30). Live attenuated
Salmonella vaccines have been shown to confer better protec-
tion against virulent Salmonella infections than traditional
whole-cell killed vaccines (5, 9). The best-characterized of the
live rationally attenuated salmonellae are those harboring mu-
tations in the prechorismate pathway (15). Prechorismate or
aro mutants do not produce chorismate, an essential interme-
diate in the de novo synthesis of aromatic compounds includ-
ing aromatic amino acids. These S. typhimurium aro mutant
vaccines, as well as inducing protective immunity against viru-
lent Salmonella infection, have been shown to elicit immune
responses to a large number of heterologous antigens from a
range of pathogens (30).

A number of nonaromatic rationally attenuated S. typhi-
murium mutants have been generated and studied in the mu-
rine model, albeit to various degrees. These mutants include
deletions and insertions in genes encoding regulators (cya/crp
and ompR) (6, 8), purine metabolism enzymes (purA and purE)

(23, 26), and a heat shock protease (htrA) (4). Several of these
nonaromatic mutants have been studied for their capacity to
act as vaccine vectors. An S. typhimurium strain that harbors
mutations in the genes cya and crp has been used extensively as
a vaccine vector and for this reason has been included in our
study (7, 16, 28, 31). The genes cya and crp encode adenylate
cyclase and cyclic AMP receptor protein, respectively, which
regulate expression of a number of Salmonella genes. Similarly,
the htrA mutant has been investigated for its ability to carry
heterologous antigens, although to a lesser extent. S. typhi-
murium DhtrA strains harbor a deletion in a serine protease
gene, and their avirulence may be due to their relative inca-
pacity to mount a complete stress response. Chabalgoity et al.
(3) successfully used the htrA mutant as a vaccine vector and
demonstrated protection against herpes simplex virus fol-
lowing immunization of mice with S. typhimurium DhtrA
strains expressing a fusion protein comprising the C frag-
ment of tetanus toxin and the glycoprotein D of herpes
simplex virus.

The antigen selected for our study has been extensively in-
vestigated in aro-attenuated salmonellae. The C fragment of
tetanus toxin (TT) is the immunogenic, nontoxic, binding por-
tion of TT (14). Fairweather et al. (10) reported that two oral
doses of an DaroA S. typhimurium mutant expressing C frag-
ment from the expression plasmid pTETtac4 successfully im-
munized mice against lethal challenge with TT. The aim of this
study was to assess the capacity of a number of isogenic atten-
uated Salmonella strains to act as vaccine vectors by correlating
their ability to elicit immune responses with virulence, as mea-
sured by in vivo invasion and bacterial persistence.
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MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used in this study are
described in Table 1. Five of the six mutant strains studied are isogenic mutants
of S. typhimurium SL1344, whereas one, harboring the cya crp mutation (x4064),
is in the S. typhimurium SR-11 background (Table 1.). S. typhimurium BRD175,
BRD509, BRD578, BRD726, and LB5010 and pTETtac4 (10) were the generous
gift of G. Dougan, Imperial College, London, England, and S. Chatfield and M.
Roberts, Medeva Vaccine Research Unit, Imperial College. S. typhimurium
SL3261 was kindly supplied by B. A. D. Stocker (Stanford University, Palo Alto,
Calif.), and x4064 was supplied by R. Curtiss III (Washington University, St.
Louis, Mo.).

Expression of C fragment by attenuated S. typhimurium strains. Plasmid
pTETtac4 was electroporated into the r2 m1 strain S. typhimurium LB5010 (2)
and then transduced by using bacteriophage P22 (Int2) as previously described
(37) into BRD175, BRD509, BRD578, BRD726, and SL3261. S. typhimurium
x4064 was directly electrotransformed with pTETtac4 (1).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as
described by Laemmli (21) was performed with a 12.5% gel. Western immuno-
blot analyses were carried out by the method of Towbin et al. (35). Rabbit
anti-TT antiserum (Calbiochem, San Diego, Calif.) was diluted at 1/1,000 in
phosphate-buffered saline (PBS). Bound antibody was detected with sheep anti-
rabbit–horseradish peroxidase (HRP) conjugate diluted 1/1,000 (Silenus Labo-
ratories, Hawthorn, Victoria, Australia), and C fragment was visualized by the
chromogen 4-chloro-1-naphthol (Bio-Rad, Hercules, Calif.), with H2O2 as the
substrate.

Immunization of BALB/c mice with attenuated Salmonella strains. Female 6-
to 8-week-old BALB/c mice were obtained from The University of Melbourne,
Department of Microbiology animal facility. For oral immunizations, bacteria
were grown for 24 h without shaking before being resuspended in aliquots of PBS
(200 ml/mouse). Mice were orally immunized via a gastric lavage needle. The
dose given to each mouse was determined by retrospective viable count. Thirty
minutes prior to oral inoculation, mice were administered 100 ml of 10% sodium
bicarbonate to neutralize stomach acidity. For antibody and challenge studies,
mice were immunized on day 0 and were boosted again on day 28. In colonization
studies and in T-cell proliferation and cytokine assays, mice were immunized at
day 0 only.

Isolation of salmonellae from spleens and Peyer’s patches of mice. On days 7,
14, and 21 after oral administration of attenuated Salmonella strains (1 3 1010 to
3 3 1010 bacteria per mouse), mice were killed and their spleens and Peyer’s
patches were removed. Spleens and Peyer’s patches were homogenized in 5 ml of
sterile PBS, using a Stomacher 80 (Seward Medical, London, England) homog-
enizer. The number of salmonellae present in the organs was determined by
viable counting of serial dilutions on Luria-Bertani (LB) agar plates containing
antibiotic selection for the attenuated Salmonella strain with and without ampi-
cillin (75 mg/ml).

Measurement of antibody responses by ELISA. Following oral immunization
on day 0 (7 3 109 to 2 3 1010 bacteria per mouse), mice were bled weekly from
the retro-orbital sinus from days 14 to 56. The titers of antibody present in mouse
sera were determined by using a standard enzyme-linked immunosorbent assay
(ELISA) or a kinetic ELISA (20, 36). Ninety-six-well Maxisorp immunoplates
(Nunc A/S, Kamstrup, Denmark) were coated overnight at 4°C with either S.
typhimurium lipopolysaccharide (LPS; Sigma, St. Louis, Mo.) at a concentration
of 10 mg/ml in PBS or tetanus toxoid (Commonwealth Serum Laboratories Ltd.
[CSL], Melbourne, Victoria, Australia) at a concentration of 2 flocculating
units/ml in carbonate coating buffer) (pH 9.6). In kinetic ELISAs, bound anti-
body was detected with either a sheep anti-mouse immunoglobulin (Ig)–HRP
conjugate (Silenus Laboratories) or an affinity-purified rabbit anti-mouse IgA–
HRP conjugate (ICN Biomedicals, Inc., Costa Mesa, Calif.). To determine IgG1
and IgG2a subclass titers by endpoint ELISA, rabbit anti-mouse IgG1 and IgG2a
antibodies (Dako, Carpinteria, Calif.) were used, and bound antibody was de-
tected with an anti-rabbit Ig–HRP conjugate (Silenus Laboratories). Serum
subclass antibody titer was designated the reciprocal of the dilution of serum that
gave an optical density at 492 nm (OD492) value threefold above the value
obtained for preimmune serum. ELISAs were developed by using Immunopure
OPD (Pierce, Rockford, Ill.), with H2O2 as the substrate.

Production of recombinant C fragment. Recombinant C fragment was pro-
duced in Escherichia coli JM101 and purified by using a polyhistidine affinity tag
located at the carboxy terminus of the protein. Briefly, a DNA sequence encod-

ing a His6 tag was genetically fused to the 39 end of the DNA encoding C
fragment in the expression construct pTETtac115 (22) by PCR amplification.
Mid-log 500-ml cultures of JM101 harboring the expression construct were
grown in LB at 37°C with agitation, and C fragment expression was induced by
the addition of isopropylthiogalactopyranoside. After a 4-h induction, cells were
harvested and resuspended in 20 ml of lysis buffer (2 M urea, 0.1 M sodium
phosphate, 0.01 M Tris-HCl [pH 8.0]). Cell lysis was completed by two passages
through a French press at 1,000 lb/in2. Insoluble proteins were removed by
centrifugation, and the supernatant containing soluble proteins was collected. A
suspension of 50% Ni-nitrilotriacetic acid resin (2 ml; Qiagen, Chatsworth,
Calif.) was added to the soluble protein fraction. Recombinant C fragment was
then bound, washed under denaturing conditions, and eluted by using a pH
gradient essentially as described by the manufacturer (Qiagen). The purified
denatured protein was refolded by gradual dialysis against decreasing concen-
trations of urea and then freeze-dried prior to use. Purity was greater than 95%
as determined by Coomassie blue staining of SDS-polyacrylamide gels.

Cytokine detection and antigen-induced T-cell proliferation. (i) Splenocytes.
Twenty-one days after oral immunization (1 3 1010 to 3 3 1010 bacteria per
mouse), groups of three mice were killed and the spleens were removed. Single-
cell suspensions of splenocytes were prepared by sieving spleens through wire
mesh and washing cells three times in Hanks buffered saline containing 10% fetal
calf serum. Cells were seeded in 48-well trays at a concentration of 5 3 106/ml in
a volume of 0.5 ml of tissue culture medium (RPMI 1640; CSL), 10% fetal calf
serum (Gibco BRL, Gaithersburg, Md.), L-glutamine (2 mM), pyruvate (1 mM),
2-mercaptoethanol (5 3 1025 M) penicilin (100 U/ml), and streptomycin (100
mg/ml). C fragment was added to wells at concentrations of 10 and 1 mg/ml;
media and concanavalin A (ConA; 5 mg/ml) were added to control wells. After
incubation of cells for 42 h (37°C in 5% CO2 in air), supernatants were collected
and used in cytokine ELISAs. Gamma interferon (IFN-g) and interleukin-5
(IL-5) enzyme immunoassays were supplied by CSL and were carried out ac-
cording to the manufacturer’s specifications. The detection limit of the IFN-g
ELISA was .0.014 ng/ml, whereas the detection limit of the IL-5 ELISA was
.0.005 ng/ml.

(ii) Enriched T cells. Twenty-eight days after oral immunization (2.5 3 1010 to
3.5 3 1010 bacteria per mouse), groups of five mice were killed and their spleens
were removed and pooled. Single-cell suspensions of splenocytes were prepared
by sieving spleens through wire mesh. Enriched T-cell suspensions were collected
after passage of splenocytes through nylon wool columns (18). Enriched T cells
were seeded into flat-bottom 96-well tissue culture trays (Nunc A/S) at a con-
centration of 3 3 105 in a volume of 100 ml in tissue culture medium. Gamma-
irradiated (300 rads) syngeneic normal spleen cells were added at a concentra-
tion of 3 3 105 (in 100 ml of tissue culture medium) as a source of antigen-
presenting cells. Recombinant C fragment (0.5 mg) was added to the first well
and was twofold serially diluted across the plate. Control wells contained either
5 mg of ConA (Sigma) per ml or medium alone. Cells were incubated with
antigen for 72 h at 37°C in 5% CO2 in air. Then 1 mCi of tritiated [3H]thymidine
was added to all wells, and cells were incubated for a further 18 h before being
harvested onto glass fiber filters (Packard, Meriden, Conn.). Incorporation of
radioactive label was determined by direct beta counting in a Packard Matrix
9600.

Challenge of immunized mice with TT. Mice were challenged subcutaneously
with TT (batch SS620; CSL) which had been semipurified by ammonium sulfate
precipitation and reconstituted in PBS at a concentration of approximately 500
50% lethal doses (LD50)/ml. Mice were given 200 ml of TT which contained 100
times the murine LD50. Mice were monitored regularly and at the first sign of
paralysis were killed and designated not protected. Mice which showed no sign
of paralysis for over 4 weeks were designated protected against lethal TT chal-
lenge.

Statistical analysis. Unrelated groups of data were compared by using the
unpaired Student t test. When the standard deviations of data groups were
significantly different, the unrelated groups were compared by using the non-
parametric Mann-Whitney test. A probability (P) value of less than 0.05 indi-
cated that the groups were significantly different. To perform statistics on data
groups which contained values below the point of detection for the particular
assay, arbitrary values below the detection point were used. For example, when
statistics were performed on the IgG2a subclass titers in Fig. 6, the points below
the level of detection (100) were arbitrarily assigned values of 50.

RESULTS

Expression of C fragment in S. typhimurium mutants. Plas-
mid pTETtac4 (10) was electrotransformed into S. typhi-
murium LB5010 (2) and transduced from this mutant into five
different S. typhimurium attenuated strains by using Int2 P22
bacteriophage-mediated transduction. One attenuated strain
(x4064) was electrotransformed with pTETtac4. C-fragment
expression in the six S. typhimurium mutant strains, BRD509,
SL3261, BRD726, BRD578, BRD175, and x4064 harboring
pTETtac4, was determined by immunoblotting. Whole-cell

TABLE 1. Attenuated S. typhimurium strains

S. typhimurium
vaccine strain

Wild-type
parent strain

Mutated
gene(s) Source

BRD175 SL1344 purA G. Dougan
BRD509 SL1344 aroA aroD G. Dougan
BRD578 SL1344 ompR G. Dougan
BRD726 SL1344 htrA G. Dougan
SL3261 SL1344 aroA B. A. D. Stocker
x4064 SR-11 cya crp R. Curtiss III
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protein preparations of BRD509(pTETtac4), SL3261(pTET
tac4), BRD726(pTETtac4), BRD578(pTETtac4), BRD175
(pTETtac4), and x4064(pTETtac4) were electrophoresed in
an SDS–12.5% polyacrylamide gel, and the proteins were
transferred to nitrocellulose. A protein of approximately 50
kDa of equivalent intensity was detected in all mutant strains
containing pTETtac4 (Fig. 1), using rabbit polyclonal anti-TT
antiserum, and was absent from the mutant strains alone (data
not shown). The size of C fragment expressed by S. typhi-
murium corresponded to the size of purified commercial C
fragment from Clostridium tetani on a Western immunoblot
(data not shown).

Persistence of the Salmonella mutants in the spleen and
Peyer’s patches. BALB/c mice were orally immunized with
attenuated S. typhimurium expressing C fragment, and the ki-
netics of colonization and persistence of the bacteria in vivo
was investigated. On days 7, 14, and 21, three to four mice from
each group were killed and the numbers of bacteria present in
the spleen (Fig. 2A) and Peyer’s patches (Fig. 2B) were deter-
mined by viable count. pTETtac4 appeared to be stably main-
tained by salmonellae in vivo since the numbers of bacteria
isolated from the spleen and Peyer’s patches were equivalent
on media with and without antibiotic selection for the plasmid.

Some variation was observed in the abilities of the different
mutants to colonize and persist in the spleen (Fig. 2A).
BRD726(pTETtac4), the htrA mutant, was the only strain
which was unable to colonize the spleen of all inoculated mice.
On day 14, the htrA mutant colonized the spleen at a signifi-
cantly lower level than the aroA, aroAD, ompR, and cya crp
mutants (P , 0.05), and by day 21 all BRD726(pTETtac4) cells
had been cleared from the spleen. Even though BRD726
(pTETtac4) was not detectable in the spleen on day 21, it was
still possible to isolate the htrA mutant from the Peyer’s
patches at this time point (Fig. 2B). All mutants were capable
of colonizing the Peyer’s patches; however, the purA mutant
[BRD175(pTETtac4)] was unable to persist in the mice for 21
days (Fig. 2B). BRD175(pTETtac4) colonized the Peyer’s
patches on day 7 at a significantly lower level (10- to 100-fold)
than all other Salmonella mutants tested (P , 0.05). By day 21,
the level of bacteria detected in the Peyer’s patches of purA-
immunized mice was comparatively low (P , 0.05), with all
mice having cleared plasmid-bearing bacteria.

Anti-Salmonella and anti-tetanus toxoid antibody responses
generated in BALB/c mice immunized with S. typhimurium
mutants expressing C fragment. Groups of five BALB/c mice
were immunized orally with attenuated S. typhimurium ex-

pressing C fragment and were similarly boosted on day 28. All
mice were bled weekly from days 14 to 56, and the serum
antibody response was examined by using a kinetic ELISA
against Salmonella LPS and TT (Fig. 3).

LPS-specific serum antibody (total Ig) was detected in all
mice immunized with the six different attenuated S. typhi-
murium strains expressing C fragment (Fig. 3A). In all mice,
the anti-LPS response took 14 days after immunization to
increase, and then the antibody titer peaked either on day 35
or on day 42. On day 35, the ompR mutant induced the highest
(P , 0.05) anti-LPS antibody titer compared with all other S.
typhimurium mutants. The purA mutant induced significantly
lower antibody titers than the ompR mutant on days 28 to 56
(P , 0.05). The htrA mutant which colonized and persisted
poorly in the spleen was still capable of inducing an anti-LPS
response equivalent to that induced by the four other isogenic
mutants, DaroA, DaroAD, DompR, and DpurA, all of which
demonstrated greater splenic persistence. These results sug-
gest that the level of splenic colonization and persistence does
not correlate with the homologous antibody response induced
by the Salmonella carrier.

The levels of antibody induced against the heterologous
antigen C fragment expressed in the six different mutants are
shown in Fig. 3B. Four isogenic mutants, harboring mutations
in aroA, aroAD, ompR, and htrA [SL3261(pTETtac4), BRD509
(pTETtac4), BRD578(pTETtac4), and BRD726(pTETtac4),
respectively], induced a higher level of anti-tetanus toxoid total
Ig than the purA mutant [BRD175(pTETtac4)] (P , 0.05).
This result suggests that the type of attenuating mutation does
affect the strains’ ability to present a heterologous antigen to
the host immune system. The htrA mutant, BRD726(pTETtac4),
which colonized and persisted poorly in the spleen, induced a
higher level of antibody against tetanus toxoid than the purA
mutant [BRD175(pTETtac4)] (P , 0.05), which remained de-
tectable in the spleen on day 21. This observation suggests that
splenic persistence is not essential for the induction of a high
antibody titer against the carried antigen. In addition to induc-
ing the lowest level of antibody against tetanus toxoid (P ,
0.05), the purA mutant [BRD175(pTETtac4)] colonized and
persisted poorly in the Peyer’s patches compared with the
other isogenic mutants. This result indicates that Peyer’s patch
colonization and persistence of the Salmonella carrier may be
necessary to induce a high antibody response against the car-
ried antigen.

Similar levels of LPS-specific IgA antibody were detected in
the sera of mice immunized with all of the isogenic S. typhi-
murium mutants expressing C fragment [SL3261(pTETtac4),
BRD509(pTETtac4), BRD578(pTETtac4), BRD726(pTET
tac4), and BRD175(pTETtac4)], whereas the level of tetanus
toxoid-specific serum IgA antibody detected in mice immu-
nized with the purA mutant expressing C fragment was consid-
erably less than that detected in the serum of all other immu-
nized mice (data not shown).

x4064(pTETtac4) is a nonisogenic mutant harboring dele-
tions in the genes cya and crp of S. typhimurium SR-11. This
strain was capable of inducing a low-level antibody response to
S. typhimurium LPS which was equivalent to the level induced
by the purA mutant (P . 0.05); in contrast, x4064(pTETtac4)
induced a significantly higher anti-tetanus toxoid antibody titer
than the purA mutant expressing C fragment (P , 0.05).

Challenge of mice immunized with S. typhimurium mutants
expressing C fragment with 100 LD50 of tetanus toxin. On day
96, mice that had previously been immunized with S. typhi-
murium mutants expressing C fragment on days 0 and 28 were
challenged with 100 LD50 of TT. Five mice from each group
were challenged subcutaneously with TT and then observed for

FIG. 1. Western blot showing the expression of C fragment by various S.
typhimurium mutants. Cell lysates of S. typhimurium mutants containing pTET
tac4 were subjected to SDS-PAGE, and the proteins were transferred to nitro-
cellulose which was subsequently probed with polyclonal anti-TT antiserum.
Lanes: 1, molecular mass markers (positions are indicated in kilodaltons); 2,
BRD509; 3, SL3261(pTETtac4); 4, BRD509(pTETtac4); 5, BRD726(pTET
tac4); 6, BRD578(pTETtac4); 7, BRD175(pTETtac4); 8, x4064(pTETtac4) (a
nonisogenic mutant).
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signs of paralysis. Four of the five mice immunized with
BRD175(pTETtac4), harboring a mutation in the purA gene,
showed signs of paralysis. Two mice showed paralysis on day 1
after challenge, one showed paralysis on day 2, and one showed

paralysis on day 5. The mice that displayed paralysis upon
challenge corresponded to those animals with the lowest levels
of anti-tetanus toxoid antibody detected in serum at day 56
(Fig. 4).

FIG. 2. Time course of colonization and persistence of spleen and Peyer’s patches. Groups of mice were immunized orally with various S. typhimurium mutants
expressing C fragment: aroA [SL3261(pTETtac4)], aroAD [BRD509(pTETtac4)], ompR [BRD578(pTETtac4)], purA [BRD175(pTETtac4)], htrA [BRD726(pTET
tac4)], and cya crp [x4064(pTETtac4)] strains. Seven, 14, and 21 days later, the mice were killed and the numbers of bacteria present in the spleen (A) and Peyer’s
patches (B) of each animal were determined by isolating bacteria on LB agar (open shapes) or LB agar containing ampicillin (closed shapes). Each point denotes the
number of bacteria isolated from either spleen or Peyer’s patches for one mouse. p, the number of bacteria isolated from the organ is significantly lower than the number
of bacteria isolated from all other immunized mice. The dashed line in each graph represents the level of detection, which is ,5 organisms. #, nonisogenic mutant.
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Anti-tetanus toxoid IgG subclass responses induced in the
serum of BALB/c mice immunized with S. typhimurium mu-
tants expressing C fragment. To further define humoral
responses induced after S. typhimurium immunization, the
titers of serum IgG subclass antibodies, IgG1 and IgG2a spe-
cific for tetanus toxoid, were determined in mice 42 days after
immunization with the six different S. typhimurium mutants
harboring pTETtac4 (Fig. 5). IgG1 antibody specific for
tetanus toxoid was detected in the sera of all mice; how-
ever, the titer of IgG1 detected in mice immunized with
BRD175(pTETtac4) was significantly lower than in all
other immunized mice tested (P , 0.05). Mice immu-
nized with SL3261(pTETtac4), BRD509(pTETtac4), BRD578
(pTETtac4), BRD726(pTETtac4), and x4064(pTETtac4) had
detectable amounts of tetanus toxoid-specific IgG2a in serum
on day 42. IgG2a specific for tetanus toxoid was detected in
only one of five mice immunized with BRD175(pTETtac4).
The subclass analysis revealed that the purA mutant induced a
lower IgG1 and IgG2a antibody response (P , 0.05) than the

five other mutants expressing C fragment, with a predomi-
nance of IgG1 specific for tetanus toxoid.

IFN-g production and T-cell proliferative responses to C
fragment detected in mice immunized with S. typhimurium
mutants expressing C fragment. The inability of the purA
mutant to act efficiently as a vaccine vector and provide pro-
tection against TT challenge led us to investigate whether this
strain was deficient in its ability to induce T cells. The type of
T helper (Th) response was initially assessed by detecting
IFN-g (a Th1 cytokine) or IL-5 (a Th2 cytokine) in superna-
tants of stimulated splenocyte cultures. After stimulation of
splenocytes in vitro with recombinant C fragment, BRD509
(pTETtac4)-immunized mice produced up to 5 ng of IFN-g
per ml, whereas BRD175(pTETtac4), BRD726(pTETtac4),
and x4064(pTETtac4) produced on average 1 ng/ml (Fig. 6A).
Splenocytes from naive mice and mice immunized with
BRD509 alone did not produce detectable levels of IFN-g
upon in vitro stimulation with C fragment (Fig. 6A). IL-5 was
not detected in the supernatants of C fragment-stimulated
splenocyte cultures derived from any Salmonella(pTETtac4)-
immunized mice, naive control mice, or mice immunized with
BRD509 alone (,4.58 pg/ml) (data not shown). However, IL-5
was detected in the supernatants of ConA (5 mg/ml)-stimu-
lated splenocytes from all mice (from 40 to 240 pg/ml) (data
not shown). Antigen-specific production of IFN-g in the ab-
sence of IL-5 suggests all the Salmonella mutants expressing C
fragment induced a Th1-type immune response against the
carried antigen. These results suggest that it is not the type of
Th response that limits the immunogenicity of C fragment
when delivered by the purA mutant, BRD175(pTETtac4).

Analysis of cytokine production by unfractionated spleno-
cytes was extended by examination of the ability of enriched T
cells isolated from immunized mice to proliferate in the pres-
ence of recombinant C fragment. Mice were immunized with
S. typhimurium BRD509(pTETtac4), BRD726(pTETtac4),
BRD175(pTETtac4), and x4064(pTETtac4). The results in
Fig. 6B demonstrate that the four Salmonella mutants differ in
the capacity to elicit C-fragment-specific T cells. Enriched T
cells from the spleens of mice immunized with BRD509
(pTETtac4) displayed the greatest proliferative response to C
fragment, which was at least threefold higher than the response
induced in x4064(pTETtac4)-immunized mice. T cells from

FIG. 3. LPS-specific and tetanus toxoid-specific serum antibody responses.
Groups of mice were immunized orally with various S. typhimurium mutants
expressing C fragment (for identities, see the legend to Fig. 2). Serum samples
were collected at two weekly intervals prior to secondary immunization on day
28; after the boost, sera were collected weekly until day 56. The amounts of S.
typhimurium LPS-specific (A) and tetanus toxoid-specific (B) total Ig present in
serum were determined by using a kinetic ELISA with sera diluted 1/1,000. Each
point represents the mean and standard deviation of sera from five mice. #,
nonisogenic mutant; p, the anti-tetanus toxoid antibody titer detected in the sera
of purA [BRD175(pTETtac4)]-immunized mice is significantly different (P ,
0.05) than the antibody titers detected in all other mice.

FIG. 4. Challenge of immunized mice with TT. The amount of tetanus tox-
oid-specific total Ig in sera from individual mice on day 56 after immunization
with S. typhimurium aroA [SL3261(pTETtac4)] (h), aroAD [BRD509
(pTETtac4)] (E), ompR [BRD578(pTETtac4)] (‚), htrA [BRD726(pTETtac4)]
(¹), purA [BRD175(pTETtac4)] (�), and cya crp [x4064(pTETtac4)] (Š) strains
expressing C fragment, as determined by kinetic ELISA when serum is diluted
1/1,000. The symbols that lie beneath the dashed line denote individual mice that
showed signs of paralysis when challenged on day 96 with 100 LD50 of tetanus
toxin; the symbols that lie above the dashed line denote mice that were protected
against lethal TT challenge. #, nonisogenic mutant.
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BRD726(pTETtac4)- and BRD175(pTETtac4)-immunized mice
proliferated to a lesser extent but nevertheless proliferated
marginally greater than T cells from BRD509-immunized or
naive mice. Enriched T cells from the spleen of mice immu-
nized with BRD509(pTETtac4) also displayed the greatest
proliferative response to S. typhimurium soluble protein, which
was approximately threefold higher than the response induced
in x4064(pTETtac4)-, BRD726(pTETtac4)-, and BRD175
(pTETtac4)-immunized mice (data not shown). The finding
that BRD509(pTETtac4) displayed the strongest proliferative
response specific to C fragment correlates with the ability of
this strain to induce the largest amount of IFN-g from spleno-
cytes isolated at day 21 postimmunization.

DISCUSSION

Insight into the potential of live, rationally attenuated S.
typhi vaccines has been obtained through studies of attenuated
S. typhimurium in the mouse model. While the ability of vari-
ous mutants of S. typhimurium to act efficaciously as live vac-
cines has been intensively investigated in mice, only a limited
number of these mutants have been evaluated as vaccine vec-
tors (10, 28; reviewed in reference 30). This study describes the
comparative ability of different attenuated S. typhimurium
strains to elicit humoral and cellular immune responses against
a heterologous antigen and to S. typhimurium LPS. Our study
shows that S. typhimurium DaroA, DaroAD, DhtrA, DompR, and
Dcya Dcrp mutants can all act efficiently as vaccine vectors for
the delivery of C fragment and induce protective immune
responses against TT challenge. In contrast, the immune re-
sponse to C fragment when delivered by the S. typhimurium
DpurA mutant was not protective. Our findings suggest that an
effective Salmonella vaccine vector is one which efficiently col-
onizes the Peyer’s patches. In contrast, splenic colonization
does not appear to be an essential characteristic. To our knowl-
edge, this is the first study which compares isogenic Salmonella
strains as vaccine vectors.

Wild-type S. typhimurium strains are highly virulent in the
mouse model (27), and this virulence can differ between dif-
ferent wild-type S. typhimurium isolates (6, 8). The virulence of
the wild-type background strain and the type of attenuating
lesion can jointly influence the level of attenuation and immu-
nogenicity of the resultant S. typhimurium mutant strain. The
S. typhimurium mutants assessed in this study had been atten-

FIG. 5. Anti-tetanus toxoid-specific IgG1 and IgG2a antibody. The amount of tetanus toxoid-specific IgG1 and IgG2a present in sera from individual mice on day
42 after immunization with aroA [SL3261(pTETtac4)] (‚), aroAD [BRD509(pTETtac4)] (F), htrA [BRD726(pTETtac4)] ({), purA [BRD175(pTETtac4)] (Œ), ompR
[BRD578(pTETtac4)] (E), and cya crp [x4064(pTETtac4)] (}) strains expressing C fragment was determined by ELISA. Each point represents a serum titer from an
individual mouse. Serum subclass antibody titers were designated the reciprocal of the dilution of specific antibody that gave an OD492 value fivefold above the value
obtained for preimmune sera. p, the anti-tetanus toxoid IgG1 and IgG2a titers detected in the sera of purA [BRD175(pTETtac4)]-immunized mice are significantly
different (P , 0.05) than the IgG1 and IgG2a titers detected in all other mice. The dashed line represents the ELISA limit of detection. #, nonisogenic mutant.

FIG. 6. IFN-g production and T-cell proliferation to recombinant C frag-
ment. C-fragment-specific IFN-g production by splenocytes isolated from mice
21 days after immunization (A) and the proliferative response to C fragment of
T cells isolated from the spleens of mice 28 days after immunization (B) with
attenuated S. typhimurium strains expressing C fragment: aroAD [BRD509
(pTETtac4)], purA [BRD175(pTETtac4)], htrA [BRD726(pTETtac4)], and cya
crp [x4064(pTETtac4)] strains. For IFN-g, the bar represents the mean and
standard deviation of IFN-g production in three mice. For T-cell proliferation,
data are expressed as the mean counts/minute incorporated from triplicate wells
(6 standard deviation) minus the mean counts/minute incorporated from wells
containing medium alone incubated with recombinant C fragment. The negative
control (2ve) mice for each assay were immunized with BRD509 alone. #,
nonisogenic mutant.
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uated by either insertions or deletions in one of two classes of
genes, metabolic (15, 26) and regulatory (6, 8). Five of the six
mutants investigated are isogenic mutants, i.e., constructed in
the same wild-type S. typhimurium strain, SL1344. The cya crp
mutation was constructed in S. typhimurium SR-11. We exam-
ined the Dcya Dcrp mutant since it has been widely studied as
a vaccine vector by a number of different workers (7, 16, 28,
31).

Karem et al. (19) have previously reported on the compar-
ative abilities of two S. typhimurium mutants to act as vaccine
vectors. The two nonisogenic DaroA DaroD and Dcya Dcrp
mutants were constructed in the background strains, SL1344
and SR-11, respectively. It is difficult to attribute vaccine vector
immunogenicity to differences in attenuating mutation, as the
virulence of the wild-type background strain harboring the
mutation influences the virulence and therefore immunogenic-
ity of the strain. The heterologous antigen that was delivered in
these two mutant strains, C fragment, was also expressed from
two different promoters, the nirB promoter and the trc pro-
moter. From this study, it was possible to determine which
vaccine as a whole was more efficacious; however, the differ-
ence in background strain and expression level of the heterol-
ogous antigen made it not possible to attribute the differences
in immunogenicity to the mutation used to attenuate the car-
rier bacterium.

In this study, we compared the levels of organ colonization
and S. typhimurium-specific antibody responses only in Salmo-
nella mutants that harbored the C-fragment expression plas-
mid and did not investigate the Salmonella mutants alone.
Previously, we compared S. typhimurium without a C-fragment
expression plasmid and S. typhimurium with a C-fragment ex-
pression plasmid and found no significant difference in the
numbers of bacteria isolated from organs and no significant
difference in the S. typhimurium-specific antibody responses
(unpublished data). For this reason, the Salmonella mutants
alone (without the C-fragment expression plasmid) were not
further examined here.

This study investigated whether isogenic S. typhimurium mu-
tants, harboring a C-fragment expression plasmid, differed in
the ability to colonize mouse organs. All strains were capable
of invading the Peyer’s patches and the spleen. The Salmonella
mutants were able to translocate from the gut lumen to the
intestinal mucosa and reside in Peyer’s patches, albeit the purA
mutant did so to a lesser extent. The different mutants were
also able to traffic to and/or survive within the spleen, with the
htrA mutant displaying a reduced capacity in this regard. The
inability of the DhtrA mutant to persist in the spleen after oral
inoculation is consistent with previous studies demonstrating
that the DhtrA mutant persisted in the spleens and livers of
mice at a lower level than the DaroA mutant after intravenous
immunization (4). Tacket et al. (33) also reported that S. typhi
mutants harboring deletions in aroC, aroD, and htrA were well
tolerated in human volunteers, were not detected in blood
cultures, and were only transiently found in stool samples. The
addition of the DhtrA mutation to the Daro S. typhi strain
CVD908 lowered the level of reactogenicity while retaining a
potentially protective level of immunogenicity (33, 34).

We have shown, using isogenic mutants, that the type of
mutation used to attenuate the Salmonella strains affects the
vaccine’s immunogenicity, with regard to both the anti-Salmo-
nella antibody response and the antibody response directed
toward a heterologous antigen. The Salmonella DaroA,
DaroAD, DompR, and DhtrA mutants expressing C fragment
induced high levels of anti-tetanus toxoid antibody, whereas
the DpurA mutant induced a significantly lower level. Of the
mutants tested, only the purA mutant could not induce an

antibody response sufficient to afford protection against 100
LD50 of TT. Previous studies have shown that the purA mutant,
when injected intravenously, is unable to induce an immune
response which protects mice against challenge with virulent
salmonellae (26). Interestingly, the purA mutant initially colo-
nized the Peyer’s patches at a level 10- to 100-fold lower than
those of the other S. typhimurium mutants which were capable
of inducing a protective response, and it was cleared from the
Peyer’s patches by day 21. In contrast, the DpurA mutant col-
onized the spleen as well as, or at a higher level than, the other
four isogenic mutant strains studied. In comparison to the
other mutants, the DhtrA mutant colonized and persisted in the
Peyer’s patches at a relatively high level but disseminated to or
survived within the spleen at a comparatively low level. Given
that the DhtrA mutant induced a higher level of antibody to
tetanus toxoid than that elicited by the DpurA mutant, these
observations suggest that splenic colonization is not necessary
for efficient heterologous antigen delivery. Indeed, these re-
sults imply that a higher level of Peyer’s patch colonization and
persistence may be an important characteristic of successful
vaccination with attenuated S. typhimurium. The importance of
Peyer’s patch colonization in induction of specific immune
responses following oral immunization with attenuated S. ty-
phimurium was originally indicated in studies by Galán and
Curtiss (12). S. typhimurium harboring an attenuating mutation
in phoP (of the phoP-phoQ two-component regulatory system)
(24) were able to colonize the Peyer’s patches of orally immu-
nized mice but were relatively deficient in splenic colonization.
In the absence of efficient splenic colonization, this mutant was
nevertheless capable of inducing an immune response which
protected mice from wild-type S. typhimurium challenge (12).

The humoral immune response induced by the S. typhi-
murium mutants was further investigated through determining
the IgG subclass of anti-tetanus toxoid antibody. Karem et al.
(19) found that the anti-tetanus toxoid response in serum of
mice immunized with an DaroA mutant of salmonellae express-
ing C fragment was predominantly IgG2a, suggestive of a Th1
type of immune response (32). Analysis of the subclass of the
IgG antibody specific for tetanus toxoid induced by immuni-
zation with BRD175(pTETtac4) revealed significantly lower
IgG1 and IgG2a titers compared to other isogenic mutants.
Proportionally more tetanus toxoid-specific IgG1 was induced
by the DpurA mutant than IgG2a. The overall amount of anti-
tetanus toxoid antibody induced by the DpurA mutant was
significantly lower than for other isogenic mutants. To deter-
mine whether this resulted from poor T-cell stimulation by the
purA mutant expressing C fragment, the antigen-specific pro-
duction of IFN-g and IL-5 was investigated. All isogenic strains
induced immune splenocytes which, when restimulated in vitro
with recombinant C fragment, produced IFN-g but no detect-
able IL-5. Our findings are indicative of a Th1 response (25)
and are consistent with those of VanCott et al. (38), who
detected high levels of IFN-g but no IL-5 in the spleen and
Peyer’s patch of mice immunized with an aromatic mutant of S.
typhimurium expressing C fragment. The cytokine assays sug-
gest that all strains including purA strains induce a Th1 type of
immune response. The inability of the purA mutant expressing
C fragment to protect mice from TT challenge was thus prob-
ably attributable to the quantitative (i.e., titer) rather than
qualitative (i.e., IgG subclass or Th type) differences in the
response induced and not directly attributable to reduced T-
cell induction since htrA and purA mutants induced similar
levels of IFN-g from splenocytes and proliferative T-cell re-
sponses.

In our study, there was no direct correlation between the
level of anti-Salmonella antibody induced by a particular mu-

738 DUNSTAN ET AL. INFECT. IMMUN.



tant strain and the level of C-fragment antibody elicited. The S.
typhimurium Dcya/Dcrp mutant strain induced high levels of
anti-tetanus toxoid antibodies but a relatively low level of anti-
LPS antibodies. The reasons for this are not obvious but sug-
gest either that the two antigens studied (LPS and C fragment)
are treated independently by the immune system or that dif-
ferent amounts of LPS are made by the strains in vivo. Ade-
nylate cyclase (cya) and cyclic AMP receptor (crp) are required
for the regulation of a large number of genes and operons
which in turn control transport processes and the expression of
flagella, fimbriae, and various outer membrane proteins. The
cya crp mutation is not known to effect LPS biosynthesis, but
given the large number of genes necessary for complete LPS
biogenesis (29) and the global regulatory effects of crp, it is
possible that Dcya crp affects LPS expression in vivo. Recent
studies have shown a role for PhoP and PhoQ in determining
the type of LPS produced by salmonellae and suggest that LPS
biogenesis may not be a constitutive phenomenon (13).

This study demonstrates that the level of total Ig elicited
against a carried antigen does not necessarily correlate with the
ability of the Salmonella strain to colonize and persist in the
spleen but does correlate with the ability of the strain to col-
onize and persist in the Peyer’s patches following oral immu-
nization. The purA mutant expressing C fragment was unable
to colonize and persist in the Peyer’s patches at a high level.
Indeed, four of five mice immunized with this strain were not
protected against lethal challenge with TT. These observations
suggest that the Peyer’s patches are a primary inductive site for
the protective antibody response elicited to C fragment when
delivered orally by attenuated salmonellae. Further studies
into why purA mutants poorly deliver heterologous antigens
may provide insight into what properties are needed to obtain
a more efficient vaccine vector. The ability of a bacterium to act
efficiently as a vaccine vector is determined by the carrier
mutation in conjunction with the background S. typhimurium
strain, as both of these factors determine the ultimate level of
residual virulence and consequently the strains’ immunogenic-
ity. Finally, Salmonella carriers which invade and persist in the
spleen at a low level, such as the DhtrA mutant, can deliver
heterologous antigens to elicit serum Ig to antibody levels
equivalent to that of carriers that colonize the spleen at a
higher level. This may be advantageous in the construction of
S. typhi vaccines where splenic invasion by the bacterium has
been found to be an unwanted side effect of vaccination with
live vaccines.
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