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Recombinant attenuated Salmonella vaccines (RASVs) have been used extensively to express and deliver
heterologous antigens to host mucosal tissues. Immune responses can be enhanced greatly when the antigen
is secreted to the periplasm or extracellular compartment. The most common method for accomplishing this
is by fusion of the antigen to a secretion signal sequence. Finding an optimal signal sequence is typically done
empirically. To facilitate this process, we constructed a series of plasmid expression vectors, each containing
a different type II signal sequence. We evaluated the utilities of these vectors by fusing two different antigens,
the �-helix domains of pneumococcal surface protein A (PspA) and pneumococcal surface protein C (PspC),
to the signal sequences of �-lactamase (bla SS), ompA, and phoA and the signal sequence and C-terminal
peptide of �-lactamase (bla SS�CT) on Asd� plasmids under the control of the Ptrc promoter. Strains were
characterized for level of expression, subcellular antigen location, and the capacity to elicit antigen-specific
immune responses and protection against challenge with Streptococcus pneumoniae in mice. The immune
responses to each protein differed depending on the signal sequence used. Strains carrying the bla SS-pspA and
bla SS�CT-pspC fusions yielded the largest amounts of secreted PspA and PspC, respectively, and induced the
highest serum IgG titers, although all fusion proteins tested induced some level of antigen-specific IgG
response. Consistent with the serum antibody responses, RASVs expressing the bla SS-pspA and bla SS�CT-
pspC fusions induced the greatest protection against S. pneumoniae challenge.

Attenuated mutants of Salmonella enterica serovar Typhi
and Salmonella enterica serovar Typhimurium have been ex-
tensively studied as multivalent vectors expressing more than
50 different bacterial, viral, and protozoan antigens in preclin-
ical and clinical trials (14, 15, 19, 21, 58). Recombinant atten-
uated Salmonella vaccines (RASVs) administered orally can
colonize the gut-associated lymphoid tissue (GALT) and the
secondary lymphatic tissues, including the liver and spleen, and
elicit mucosal, humoral, and cellular immune responses against
S. enterica and heterologous antigens during infection of the
mouse (14, 19).

A number of factors may affect the immune response to
protective antigens, including the abilities of vaccine strains to
invade and colonize the host GALT, the stability of the plas-
mid expression system, and the antigen subcellular location
(14, 19, 38). High-level expression of protective antigens by
RASV strains often imposes an energy demand that decreases
growth, fitness, and the ability to colonize lymphoid tissues,
resulting in further attenuation and a reduction in immunoge-
nicity (7, 14, 51). Means, such as regulated delayed in vivo
antigen synthesis, have been developed to enhance the abilities
of vaccine strains to efficiently invade and colonize GALT after
oral immunization (7, 18, 51, 64). Another strategy for improv-

ing the immune response is to deliver heterologous antigens
either secreted into the extracellular environment or displayed
on the vaccine carrier surface. Such approaches are based on
observations that antigens localized on the surfaces of Salmo-
nella cells or extracellularly secreted produce greatly enhanced
immune responses and protection (30, 31, 38, 41). In addition,
secretion of heterologous antigens by RASV may decrease the
toxicity of the protein to the bacterial vector, facilitate bacterial
growth and antigen uptake by antigen-presenting cells, and
continuously stimulate the host immune system during the
colonization of lymphatic tissues by S. enterica, so as to en-
hance the immune response against the heterologous antigens
(25, 58).

Previous studies have shown that PspA fused to a �-lacta-
mase signal sequence (bla SS-pspA) can be transferred to the
periplasmic space via the type II secretion system (T2SS) and
subsequently released to the outside medium. This elicited
higher PspA-specific immune responses than expression of the
protein without a signal sequence and resulted in protection
against virulent pneumococcal challenge (38, 39). In gram-
negative bacteria, signal peptides of the T2SS play an impor-
tant role in protein translocation and secretion. The T2SS
involves a two-step process in which a preprotein containing a
signal sequence is exported via the Sec pathway and processed
into the mature protein in the periplasm (9, 10). A number of
signal sequences, including outer membrane protein A
(OmpA) (62), alkaline phosphatase (PhoA) (42), and murein
lipoprotein (Lpp), have been used for efficient production and
secretion of recombinant proteins in Escherichia coli. OmpA is
an outer membrane protein, and its signal sequence (ompA SS)
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has been successfully used to direct the secretion of many
recombinant proteins, including staphylokinase, thermoalkali-
philic lipase, Manduca diuresin, scFv antibody, 20-kDa human
growth hormone, and peptide (9, 47, 50, 62). Fusions to the
signal sequence of the E. coli periplasmic protein PhoA (phoA
SS) have been reported to direct the secretion of recombinant
human C-reactive protein, mouse endostatin, and human cy-
tochrome P4501A1 in E. coli (20, 36, 67). �-Lactamase, en-
coded by the ampicillin resistance gene bla, is a well-charac-
terized periplasmic protein in gram-negative bacteria. The
translocation of �-lactamase depends on the presence of the
�-lactamase signal sequence (bla SS) composed of the N-ter-

minal 23 amino acid (aa) residues (37). Evidence obtained
from previous studies confirms that the signal sequence plus an
additional 12 aa of the mature �-lactamase is required to
translocate �-lactamase through the cytoplasmic membrane of
gram-negative bacteria (60). It has also been reported that, in
addition to the N-terminal sequence, the C-terminal 21 aa
residues of mature �-lactamase are important for efficient
periplasmic secretion (45).

Streptococcus pneumoniae, a gram-positive human pathogen,
causes serious health problems, including community-acquired
pneumonia, otitis media, meningitis, and bacteremia, in per-
sons of all ages. S. pneumoniae is a leading agent of childhood
pneumonia worldwide, resulting in about 3 million deaths per
year (28). Pneumococcal surface protein A (PspA) and pneu-
mococcal surface protein C (PspC) have been considered
pneumococcal subunit vaccine candidates. PspA and PspC/Hic
are expressed in all clinically isolated pneumococcal strains (6,
32, 34). Immune responses to PspA and PspC can protect mice
against virulent S. pneumoniae challenge (3–6, 38, 39, 48).

To date, there is no general rule for selecting the optimal
signal sequence for a given protein antigen, as different signal
sequences may differ in their efficiency at directing secretion of
a given fusion protein. Finding the best signal sequence must
be done empirically using a trial-and-error approach (9). In
this paper, we describe four expression vectors, each encoding
a different export signal sequence, and their use in constructing
fusions to two antigens, PspA and PspC, expressed in an
RASV engineered for delayed antigen expression (64). We
evaluated each strain for level of antigen production, subcel-
lular location, induction of immune responses, and protection
in mice.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1 and Table 2,
respectively. The amino acids and cleavage sites of signal sequences bla SS (37),
ompA SS (62), phoA SS (42), and bla SS�CT (45) are listed in Table 3. E. coli
and serovar Typhimurium cultures were grown at 37°C in LB broth or on LB agar

TABLE 1. Bacterial strains used in this study

Strain Relevant characteristic(s)
Derivation

or
reference

E. coli
�6212 F� �� �80 �(lacZYA-argF)

endA1 recA1 hsdR17 deoR
thi-1 glnV44 gyrA96 relA1
�asdA4

17

�289 F� �� glnV42 T3r 13
BL21(DE3) F� ompT hsdSB(rB

� mB
�) dcm

gal (DE3)
Novagen

S. enterica serovar
Typhimurium

�8914 �pabA1516 �pabB232 �asdA16 69
�9241 �8914�relA198::araC PBAD lacI

TT �araBAD23
This study

�4700 �(galE-uwrB)-1005 63

S. pneumoniae
WU2 Wild-type virulent, encapsulated

type 3
5

D39 Wild-type virulent, encapsulated
type 2

46

L81905 Wild-type virulent, encapsulated
type 4

6

TABLE 2. Plasmids used in this study

Plasmid Relevant characteristic(s) Derivation or reference

pIN-III-ompA Secretion vector with ompA signal sequence 50
TOPO-TA Commercial vector for TA cloning Invitrogen
pYA3342 Asd� expression vector Ptrc promoter pBRori 39
pYA3493 Asd� vector bla SS-based secretion periplasmic plasmid pBRori 39
pYA3620 Asd� vector bla SS�CT-based secretion periplasmic plasmid pBRori 14
pYA3744 1.2-kb DNA encoding the �-helical region of PspC (aa 4–404) in pYA4106 This study
pYA3802 0.8-kb DNA encoding the �-helical region of PspA (aa 3–285) in pYA3620 This study
pYA4028 1.2-kb DNA encoding the �-helical region of PspC (aa 4–404) in pYA3493 This study
pYA4088 0.8-kb DNA encoding the �-helical region of PspA (aa 3–285) in pYA3493 This study
pYA4096 His-tagged PspC (aa 4–404) in pET28a This study
pYA4098 1.5-kb DNA encoding the codon-optimized �-helical and proline-rich regions of

PspC (aa 4–477) in TOPO vector
This study

pYA4102 Asd� vector ompA SS-based plasmid pBRori This study
pYA4106 Asd� vector phoA SS-based plasmid pBRori This study
pYA4202 1.2-kb DNA encoding the �-helical region of PspC (aa 4–404) in pYA4102 This study
pYA4266 0.8-kb DNA encoding the �-helical region of PspA (aa 3–285) in pYA4102 This study
pYA4267 0.8-kb DNA encoding the �-helical region of PspA (aa 3–285) in pYA4106 This study
pYA4269 1.2-kb DNA encoding the �-helical region of PspC (aa 4–404) in pYA3620 This study
pYA4270 1.2-kb DNA encoding the �-helical region of PspC (aa 4–404) in pYA3342 This study
UAB055 �-helical region of PspA (aa 1–302) in pET20b 3
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plates (1). When required, antibiotics were added to culture media at the fol-
lowing concentrations: ampicillin, 100 	g/ml; kanamycin, 50 	g/ml; and tetracy-
cline, 12.5 	g/ml. Diaminopimelic acid (DAP) was added (50 	g/ml) for the
growth of Asd� strains (24). Isopropyl-�-D-thiogalactopyranoside (IPTG; 1 mM)
and arabinose were added to media as indicated. S. pneumoniae strains WU2,
D39, and L81905 were cultured on brain heart infusion agar containing 5% sheep
blood or in Todd-Hewitt broth plus 0.5% yeast extract in an anaerobic container
(5).

Vector construction. DNA manipulations were carried out as described by
Sambrook et al. (53). Transformation of E. coli and S. enterica was done by
electroporation (Bio-Rad, Hercules, CA). Transformants containing Asd� plas-
mids were selected on LB agar plates without DAP. Only clones containing
the recombinant plasmids were able to grow under these conditions (17, 24). The
primers used in this paper are listed in Table 4. A 92-bp DNA fragment of the
ompA SS gene was PCR amplified from the pIN-III-ompA plasmid template by
using primers P1 and P2. The PCR-amplified fragment included the N terminus-
encoding region of ompA from the ATG start codon, through the signal sequence
(encoding 24 aa), to the region encoding the N-terminal end of mature OmpA
(27). The 92-bp PCR product was digested with BspHI and EcoRI enzymes and
cloned into the NcoI site (compatible with the BspHI site) and the EcoRI site of
the Asd� vector pYA3342, resulting in plasmid pYA4102 (Fig. 1). In a similar
fashion, a 105-bp DNA fragment of the phoA signal sequence (40) was amplified
by PCR from E. coli K-12 strain �289, using primers P3 and P4. The PCR-
amplified fragment included the N terminus-encoding region of phoA from the
ATG start codon, through the signal sequence (encoding 28 aa), to the region
encoding the N terminus end of mature PhoA. The PCR product was digested
with BspHI and EcoRI enzymes and cloned into the NcoI site and the EcoRI site
of the Asd� vector pYA3342, resulting in plasmid pYA4106 (Fig. 1).

Construction of plasmids expressing PspA and PspC fusion proteins. The
template DNA for pspA cloning was plasmid pYA4088 (Table 2), which contains
a copy of pspA encoding aa 3 to 285 of the mature PspA protein from S.
pneumoniae RX1. Codons of the pspA gene have been optimized for expression
in S. enterica, specifically those encoding aa 4 (CCC to CCG), aa 25 (GCG to
GCT), aa 59 (CTA to CTG), aa 79 (CTA to CTG), aa 97 (ATA to ATC), aa 115
(CGA to CGT), aa 126 (GCT to GCG), aa 146 (CTA to CTG), aa 187 (AGA to

CGT), aa 188 (CTA to CTG), and aa 223 (CTA to CTG). All pspA constructs
were engineered to carry a TAA stop codon after codon 285 of the pspA coding
sequence except bla SS�CT-pspA. PCR product 1 (primers P5 and P6), digested
with EcoRI and HindIII enzymes, was cloned into the NcoI and HindIII sites of
pYA4102, resulting in pYA4266. PCR product 2 (primers P5 and P7), digested
with EcoRI and PstI enzymes, was cloned into the EcoRI and PstI sites of
pYA3620, resulting in pYA3802. PCR product 3 (primers P8 and P6), digested
with BamHI and HindIII enzymes, was cloned into the BamHI and HindIII sites
of pYA4106, resulting in pYA4267.

A DNA fragment encoding aa 4 to 477 of the mature PspC protein from S.
pneumoniae L81905 was PCR amplified from the bacterial genome and cloned
into pTOPO-TA (Invitrogen, Carlsbad, CA). Codons of the pspC gene were
optimized for expression in S. enterica to yield plasmid pYA4098 (Table 2),
specifically those encoding aa 5 (GGA to GGC), aa 6 (CTA to CTG), aa 14
(AGG to CGC), aa 23 (GGA to GGC), aa 33 (CGA to CGC), aa 37 (AGG to
CGC), aa 47 (ATA to ATC), aa 59 (CGA to CGC), aa 66 (CTA to CTG), aa 77
(ATA to ATC), aa 82 (ATA to ATC), aa 88 (CGA to CGC), aa 129 (GGA to
GGC), aa 192 (CGA to CGC), aa 213 (AGG to CGC), aa 230 (CGA to CGC),
aa 231 (AGA to CGC), aa 244 (CGG to CGC), aa 247 (CGA to CGC), aa
251(GGA to GGC), aa 253 (CTA to CTG), aa 337 (CTA to CTG), aa 346 (CGA
to CGC), aa 367 (AGG to CGC), and aa 384 (CGA to CGC). A 1,203-bp DNA
fragment encoding codon-optimized aa 4 to 404 of mature PspC was prepared
and introduced into the signal sequence plasmids as follows. Note that during
each PCR, a TAA stop codon was introduced into the DNA sequence after the
region encoding aa 404, except with bla SS�CT-pspC. PCR product 4 (primers
P9 and P10), digested with EcoRI and SalI enzymes, was cloned into the EcoRI
and SalI sites of pYA3493, resulting in pYA4028. PCR product 5 (primers P9
and P11), digested with EcoRI and PstI enzymes, was cloned into the EcoRI and
PstI sites of pYA3620, resulting in pYA4269. PCR product 6 (primers P12 and
P13), digested with XmaI and PstI enzymes, was cloned into the XmaI and PstI
sites of pYA4106, resulting in pYA3744. PCR product 7 (primers P14 and P15),
digested with EcoRI and PstI enzymes, was cloned into the EcoRI and PstI sites
of pYA4102, resulting in pYA4202. PCR product 8 (primers P16 and P13),
digested with NcoI and PstI enzymes, was cloned into the NcoI and PstI sites of
pYA3342, resulting in pYA4270. Nucleotide sequencing reactions were per-

TABLE 3. Sequences for bla SS, bla SS-CT, ompA SS, and phoA SS and their fusions to pspA and pspC

Signal sequence
(no. of amino

acids)
DNA sequence in expression plasmid or corresponding amino acid(s)a Reference

bla SS (36) ATG AGT ATT CAA CAT TTC CGT GTC GCC CTT ATT CCC TTT TTT GCG 37
M S I Q H F R V A L I P F F A
GCA TTT TGC CTT CCT GTT TTT GCT CAC CCA GAA ACG CTG GTG AAA
A F C L P V F A H P E T L V K
GTA AAA GAT GCT GAA TTC (EcoRI 
pspA or pspC�)
V K D A 1 E F

bla SS�CT (59) ATG AGT ATT CAA CAT TTC CGT GTC GCC CTT ATT CCC TTT TTT GCG GCA TTT TGC 45
M S I Q H F R V A L I P F F A A F C
CTT CCT GTT TTT GCT CAC CCA GAA ACG CTG GTG AAA GTA AAA GAT GCT GAA
L P V F A H P E T L V K V K D A 1 E
TTC (EcoRI 
pspA or pspC�)
F
(PstI) CTG CAG GCA ACT ATG GAT GAA CGA AAT AGA CAG ATC GCT GAG ATA GGT GCC TCA

L R A T M D E R N R Q I A E I G A S
CTG ATT AAG CAT TGG TAA AAG CTT (HindIII)
L I K H W

ompA SS (24) ATG AAA AAG ACA GCT ATC GCG ATT GCA GTG GCA CTG GCT GGT TTC GCT 47
M K K T A I A I A V A L A G F A
ACC GTA GCG CAG GCC GCG GAA TTC (EcoRI 
pspA or pspC�)
T V A Q A A 1 E F

phoA SS (28) ATG AAA CAA AGC ACT ATT GCA CTG GCA CTG CTG CCG CTG CTG TTT 40
M K Q S T I A L A L L P L L F
ACC CCT GTG ACC AAA GCC CGT ACC CCA GAA ATG AAC CCG GGG ATC C (BamH 
pspA or
pspC�)

T P V T K A 1 R T P E M N P G I

a The predicted cleavage site of each signal sequence is indicated by an arrowhead. Restriction sites (underlined) are defined in parentheses.
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formed by the sequencing laboratory at Arizona State University, using ABI
Prism fluorescent BigDye terminators according to the instructions of the man-
ufacturer (PE Biosystems, Norwalk, CT).

SDS-PAGE and immunoblot analyses. To evaluate PspA and PspC expression
as a function of arabinose concentration, cells were grown in LB medium con-
taining 0.05% or 0.2% added arabinose as indicated. Cells were grown in me-
dium containing 1 mM IPTG as an additional control. When the cultures were
grown to an optical density at 600 nm (OD600) of 0.8 (about 5 � 108 CFU/ml),
1 ml from each culture was centrifuged, suspended in 100 	l of phosphate-
buffered saline (PBS; pH 7.4), and mixed with 100 	l 2� sodium dodecyl sulfate
(SDS) loading buffer (39). Protein samples were boiled for 10 min, and then 10
	l was loaded onto a 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and electrophoresed. Samples were transferred to nitrocellulose membranes.
The membranes were blocked with 5% skim milk in PBS and incubated with
rabbit polyclonal antibodies specific for PspA or PspC or antibody specific for
GroEL (Sigma, St. Louis, MO) for 1 h at 37°C. Then, the plates were washed
with PBS-Tween 20 three times. The PspA- and PspC-specific antibodies came
from rabbits immunized with His-PspA derived from S. pneumoniae RX1 (3) or
His-PspC derived from S. pneumoniae L81905 purified from pYA4096 expressed
in BL21(DE3). Then, alkaline phosphatase-conjugated goat anti-rabbit immu-
noglobulin G (IgG) (Southern Biotech, Birmingham, AL) was added in PBS-
milk. Immunoreactive bands were detected by the addition of nitroblue tetrazo-
lium–5-bromo-4-chloro-3-indolylphosphate (BCIP) (Sigma, St. Louis, MO). The
reaction was stopped after 5 min by washing with several large volumes of
deionized water.

Salmonella subcellular fractionation. Periplasmic fractions were prepared by a
modification of the lysozyme-osmotic shock method (23, 65) as previously de-
scribed (39). Cultures were grown in LB to an OD600 of 0.6 and centrifuged. The
supernatant fluid was saved for analysis of secreted proteins. Equal volumes of
periplasmic, cytoplasmic, and supernatant fractions and total lysate samples were
separated by SDS-PAGE for Western blot analysis. Salmonella outer membrane
proteins (SOMPs) were prepared from serovar Typhimurium �4700 cells (63)
grown in LB broth without galactose for analysis by an enzyme-linked immu-
nosorbent assay (ELISA). The use of SOMPs obtained from �4700 grown in the
absence of galactose precludes O-antigen contamination.

Immunization of mice. Mice were kept 1 week after arrival to acclimate them
to our animal facility before immunization. Each group of 8 or 10 inbred 7-week-
old female BALB/c mice (Charles River Laboratories, Wilmington, MA) was
deprived of food and water for 6 h before oral immunization. The recombinant
serovar Typhimurium strains �9241 (pYA4088), �9241 (pYA3802), �9241
(pYA4266), �9241 (pYA4267), �9241 (pYA4028), �9241 (pYA4269), �9241
(pYA3744), �9241 (pYA4202), and �9241 (pYA4270) were grown in LB with
0.2% arabinose to an OD600 of 0.8. The cultures were centrifuged at 4,000 � g
at room temperature and suspended in buffered saline containing 0.01% gelatin
(BSG) (12) to give a final concentration of 5 � 1010 CFU/ml. Twenty microliters
(1 � 109 CFU) of the concentrated bacteria was orally administered. Serovar
Typhimurium �9241 (pYA3493) was used as the vector control. Food and water
were returned to the mice 30 min after immunization. Blood was drawn by cheek
pouch bleeding at 2-week intervals. Following centrifugation at 4,000 � g for 5
min, the serum was removed from the whole blood and stored at �70°C. Vaginal
washes were collected in 50 	l BSG and stored at �20°C (71).

Pneumococcal challenge. To assess the ability of the Salmonella PspA vaccine
to protect immunized mice against S. pneumoniae, 2 � 104 CFU S. pneumoniae
WU2 (100 50% lethal doses [LD50]) in 100 	l of BSG were administered by
intraperitoneal (i.p.) injection 6 weeks after primary immunization (39, 48). To
assess the protective efficacy of the Salmonella PspC vaccine, 4 � 103 CFU S.
pneumoniae D39 (10 LD50) in 100 	l of BSG were administered i.p. 8 weeks after
primary immunization (46).

ELISA. IgG, IgG1, IgG2a, and IgA responses against SOMPs, PspA, and PspC
in mouse sera were determined by ELISA (68). His-tagged PspA (3) or His-
tagged PspC was purified from UAB055 or pYA4096 expressed in BL21 (DE3),
respectively. Endotoxins were removed by Detoxi-Gel endotoxin removal col-
umns (Pierce, Rockford, IL). Polystyrene 96-well flat-bottom microtiter plates
(Dynatech Laboratories Inc., Chantilly, VA) were coated with 100 ng/well of
each antigen, suspended in sodium carbonate-bicarbonate buffer (pH 9.6). The
coated plates were incubated overnight at 4°C. Free binding sites were blocked
with PBS-0.1% Tween 20 containing 1% bovine serum albumin. Immune mouse
sera were serially diluted from an initial dilution of 1:1,000. The vaginal washes
were serially diluted from an initial dilution of 1:10. A 100-	l volume of diluted
sample was added to duplicate wells and incubated for 1 h at 37°C. Plates were
treated with biotinylated goat anti-mouse IgG, IgG1, IgG2a, or IgA (Southern
Biotechnology Inc., Birmingham, AL). Wells were developed with streptavidin-
horseradish peroxidase conjugate (Invitrogen, Carlsbad, CA), followed by 2,2
-
azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) (Sigma). Color devel-
opment (absorbance) was recorded at 405 nm using an automated ELISA plate
reader (model EL311SX; Biotek, Winooski, VT). Endpoint titers were expressed
as the reciprocal log2 values of the last positive sample dilution. Absorbance
readings two times higher than preimmune serum baseline values were consid-
ered indicative of positive reactions.

ELISPOT assay. To assess the numbers of antigen-specific T-cell cytokines
gamma interferon (IFN-�) and interleukin 4 (IL-4), an enzyme-linked immuno-
spot (ELISPOT) assay was performed (68). Spleen cells from two mice per group
were pooled for this assay. Single-cell suspensions were prepared from the spleen
by mechanical dissociation. Splenic mononuclear cells (1 � 107/ml) were resus-
pended in complete medium: RPMI 1640 (Invitrogen Life Technologies, Carls-
bad, CA) containing 10% fetal bovine serum (Atlanta Biologicals), 10 mM
HEPES buffer, 10 mM nonessential amino acids, 10 mM sodium pyruvate, and
100 U/ml penicillin plus 100 	g/ml streptomycin. Ninety-six-well nitrocellulose
plates (Millititer HA; Millipore Corp., Bedford, MA) were used for the assay.
The plates were coated with either anti-mouse IFN-� or IL-4 and incubated
overnight at 37°C in 5% CO2. The plates were washed and blocked with 10%
fetal calf serum-RPMI 1640 for 1 h. The blocking solution was discarded. Then,
1 � 106 splenic cells in 10% fetal calf serum-RPMI 1640 were added to each well.
Lymphocytes were stimulated with 5 	g/ml His-PspA or 5 	g/ml His-PspC in the
presence of 10 U/ml mouse IL-2 (PeproTech) for 1 day at 37°C in 5% CO2.
Concanavalin A (ConA) (5 	g/ml; Sigma) was used as a positive control for
cytokine stimulation. Following overnight incubation, the plates were washed
sequentially three times each with PBS and PBS-0.05% Tween 20. Goat-anti

TABLE 4. Primers used in this study

Primer purpose
and name Gene Sequence

Cloning ompA
SS and
phoA SS

P1 ompA SS 5
-TCATGAAAAAGACAGCTATCG
CGATTGCA-3


P2 ompA SS 5
-ACGGAATTCAGCGGCCTGCGC
TACGGTAGCGAAACC-3


P3 phoA SS 5
-TCATGAAACAAAGCACTATTG
CACTGGCA-3


P4 phoA SS 5
-ACGGATCCCCGGGTTCATTTCT
GGGGTACGGGC-3


Cloning pspA
P5 pspA 5
-GGAATTCTCTCCCGTAGCCAGT

CAGTCT-3

P6 pspA 5
-TTCAAGCTTATTATGCTTTCTT

AAGGTCAGCTT-3

P7 pspA 5
-TTCCTGCAGATTATGCTTTCTT

AAGGTCAGCTT-3

P8 pspA 5
-CATGGATCCGTTCTCCCGTAGC

CAGTCAGTCT-3


Cloning pspC
P9 pspC 5
-ACGAATTCGAAGGCCTGCCAA

GTACCACTTCTTC-3

P10 pspC 5
-GCTGGTCGACCTATTATTTTTC

TTTAACTTTATC-3

P11 pspC 5
-GCTCTGCAGTTTTTCTTTAACT

TTATC-3

P12 pspC 5
-ATACCCGGGGGAAGGCCTGCC

AAGTACCAC-3

P13 pspC 5
-GCTCTGCAGCTATTATTTTTTT

CTTTAACTTTATC-3

P14 pspC 5
-GATGAATTCGAAGGCCTGCCA

AGTACCACT-3

P15 pspC 5
-CGAGGATCCATTATTTTTCTTT

AACTTTATCTTC-3

P16 pspC 5
-ATGCCATGGAAGGCCTGCCAA

GTACCACTTCTTC-3
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mouse IFN-� and IL-4 were diluted in PBS-0.05% Tween 20 containing 1%
bovine serum albumin and added to plates. The plates were treated with heavy-
chain-specific, horseradish peroxidase-conjugated anti-goat antibodies (Southern
Biotechnology Associates). The wells were washed three times and developed
using an AEC (3-amino-9-ethylcarbazole) kit (Vector Laboratories). The plates
were incubated at room temperature for 15 to 20 min and washed with water, and
blots were counted by using an ELISPOT automatic plate counter (CTL Ana-
lyzers; Cellular Technology Ltd., Cleveland, OH).

Statistical analysis. An analysis of variance (SPSS Software), followed by an
application of Tukey’s method, was used to evaluate differences in antibody titer
and cytokine-forming cell (CFC) response, discerned to 95% confidence inter-
vals. The Kaplan-Meier method (GraphPad Prism; GraphPad Software) was
applied to obtain the survival fractions following i.p. challenge of orally immu-
nized mice (68). By use of the Mantel-Haenszel log-rank test, the P value for
statistical differences between groups surviving pneumococcal challenges and
Salmonella-vaccinated groups or PBS controls was discerned at the 95% confi-
dence interval.

RESULTS

Construction of expression plasmids with different signal
sequences. To evaluate the effects of the signal sequence on
antigen expression and immunogenicity, we developed a set of
four plasmid expression vectors from the same parent plasmid,
pYA3342 (Table 2), so that all were identical except for the
specific signal sequence. The four vector plasmids carry the Ptrc

promoter, the asd� gene, the 5ST1T2 transcriptional termina-
tor, and the pBR origin of replication. Plasmids pYA3493 (bla
SS) and pYA3620 (bla SS�CT) have been described by Kang
et al. (39) and Curtiss et al. (14), respectively. Plasmids
pYA4102 and pYA4106 carry the signal sequences from ompA

(ompA SS) and phoA (phoA SS), respectively (Fig. 1). Both
pYA4102 and pYA4106 were stably maintained for 50 or more
generations in serovar Typhimurium asd hosts grown in the
presence or absence of DAP.

Construction of plasmids carrying pspA and pspC fusions to
bla SS, bla SS�CT, ompA SS, and phoA SS. We are interested
in developing vaccines for the prevention of diseases caused by
S. pneumoniae. Therefore, we chose as test antigens the highly
immunogenic �-helical region of pspA encoding aa residues 3
to 285 (849 bp; 283 aa) of the mature PspA/Rx1 protein (588
aa) and pspC sequences encoding aa residues 4 to 404 (1,203
bp; 401 aa) of the mature PspC/L81905 protein (516 aa). We
constructed in-frame fusions of both antigens to all of the
signal sequences described above. All of the fusions were con-
firmed by DNA sequencing.

The amount of PspA antigen produced in serovar Typhi-
murium �9241 harboring pYA4088, pYA3802, pYA4267, and
pYA4266 was evaluated by Western blot analysis (Fig. 2A).
Salmonella strains carrying the two bla SS fusions to pspA
produced more antigen than the ompA and phoA fusions, al-
though bla SS-pspA (pYA4088) produced slightly more than
bla SS�CT (pYA3802). Two bands were observed in Western
blots of protein from the strains carrying pYA4267 (phoA
SS-pspA) and pYA4266 (ompA SS-pspA), indicating that the
signal sequences were cleaved during secretion. There was no
indication that either of the two bla fusion proteins was pro-
cessed in this way.

FIG. 1. Asd� secretion vectors pYA4102 and pYA4106. The �35, �10, and Shine-Dalgarno (SD) Ptrc sequences are indicated, and the
translation start codon is in boldface. An arrow within the sequence indicates the signal peptidase cleavage site. Unique restriction enzyme sites
in the multicloning site are indicated. 5ST1T2 is a transcriptional terminator. (A) ompA SS vector pYA4102. The map of pYA4102 and the
nucleotide sequences of the Ptrc promoter region and multicloning sites are shown. (B) phoA SS vector pYA4106. The map of pYA4106 and
the nucleotide sequences of the Ptrc promoter region and multicloning sites are shown.
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The amount of PspC antigen produced in serovar Typhi-
murium �9241 harboring pYA4028, pYA4269, pYA3744,
pYA4202 and a control plasmid, pYA4270, which encodes
cytoplasmically expressed PspC, was evaluated by Western blot
analysis (Fig. 2B). Results showed that in this case, the strain
carrying the bla SS�CT-pspC fusion protein (pYA4269) pro-
duced more antigen than the others, nearly twofold more than
the bla SS-pspC fusion strain and threefold more than the
ompA SS-pspC fusion strain. There was no indication that any
of the signal sequences were cleaved. There was a small
amount of a breakdown product in lanes 1, 2, and 3 in Fig. 2B,
but those products are too small to represent the mature form
of PspC. PspC without a signal sequence (pYA4270) was
poorly expressed, producing nearly 20-fold less protein than
the bla SS�CT-pspC fusion. Therefore, we conclude that for
these two antigens, different signal sequences or the lack
thereof (in the case of PspC) can influence the amount of a
protein expressed by S. enterica.

Expression of PspA and PspC in Salmonella strain �9241 is
regulated by arabinose. The attenuated serovar Typhimurium
strain used in this study, �9241, has been designed for delayed
antigen expression (64). The construction and utility of this
system will be described in a future publication (S. Wang, Y.
Li, and R. Curtiss III, unpublished results). Briefly, this strain
expresses LacI from the PBAD promoter such that LacI syn-
thesis is regulated by arabinose availability (Table 1). The Ptrc

promoter in our plasmid constructs is repressed by LacI.
Therefore, when arabinose is added to the growth medium,
LacI is produced, inhibiting transcription from the Ptrc pro-
moter, leading to decreased antigen synthesis. Upon oral im-
munization of a mouse, the Salmonella vaccine colonizes the
GALT, an environment with little or no arabinose (Wei Kong,
unpublished results). As a result of growth in an arabinose-
poor environment, LacI production will decrease and antigen
expression will increase.

To evaluate PspA or PspC expression as a function of
arabinose concentration, cells were grown in LB medium con-
taining various concentrations of added arabinose. Note that
there are trace amounts of arabinose in the yeast extract used
to prepare the medium, approximately 0.0034% (Keith
Ameiss, personal communication). As an additional control,

cells were also grown in the presence of 1 mM IPTG. When
IPTG is added to the medium, it diffuses into the cell, where it
binds to the LacI repressor, causing a conformational change
that decreases its affinity for lacO. Thus, PspA should be max-
imally expressed from the Ptrc promoter in the presence of
IPTG, regardless of the arabinose concentration. Antigen lev-
els in cells were evaluated by Western blot analysis. The results
showed that the expression levels of all of the PspA and PspC
fusions were repressed in the presence of added arabinose, as
expected (Fig. 3). The levels of PspA and PspC expression
were similar in LB broth with and without IPTG, indicating
that the amount of arabinose normally present in LB was not
sufficient to lead to Ptrc repression in our system. The PspA
and PspC expression levels were similar for 0.2% and 0.05%
arabinose in all groups, indicating that 0.05% arabinose was
sufficient to cause the maximum level of Ptrc repression achiev-
able in our system.

Subcellular localization of PspA and PspC in S. enterica. To
examine the effects of signal sequences on the secretion of
PspA and PspC, subcellular fractions from each strain, includ-
ing cytoplasm, periplasm, and culture supernatant fractions,
were prepared. PspA or PspC was detected in the periplasmic
and culture supernatant fractions of all vaccine strains, indi-
cating that all the signal sequences can facilitate the secretion
of PspA and PspC protein (Fig. 4).

Both bla fusions to PspA were more efficiently secreted to
the periplasm than the ompA or phoA fusion (Fig. 4A), with
the bla SS fusion being slightly more effective than the bla
SS�CT fusion. In all cases, only minor amounts (5 to 10%) of
PspA fusion protein were secreted into the supernatant. As
mentioned above, the ompA and phoA fusion proteins appear
as two bands in whole-cell extracts, suggesting signal sequence
cleavage during secretion. This appears to be the case, as only
the lower-molecular-weight band is present in the periplasm
and supernatant fractions. It is interesting to note that these
two proteins, while cleaved, were not as efficiently secreted as
the uncleaved bla fusions.

In contrast to the PspA results, bla SS was the least efficient
at directing PspC secretion to the periplasm (Fig. 4B), al-
though this was compensated for somewhat by the amount of
antigen directed to the supernatant. The bla SS�CT sequence

FIG. 2. Different PspA and PspC fusion proteins expressed in S. enterica. The pspA (A) and pspC (B) genes were fused to four different T2SS
signal sequences (bla SS, bla SS�CT, ompA SS, and phoA SS) and transformed to serovar Typhimurium �9241. Cells were grown in LB broth at
37°C to an OD600 of 0.8 and Western blot analyses performed on whole cells. Densitometry analyses of immunoreactive bands were evaluated by
Quantity One software, and the relative density is shown below each blot. GroEL is used as a marker to indicate loading of the same amount of
protein sample in each lane. These experiments were performed three times, with similar results.
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was the most efficient overall, as there was a greater percentage
of antigen directed to the supernatant with this fusion, result-
ing in 60% of the protein being secreted out of the cytoplasm.
The other two signal sequences had roughly the same effi-
ciency, with approximately 50% of the fusion protein secreted.

Without any signal sequence, PspC was found only in the
cytoplasm (data not shown).

GroEL, a cytoplasmic protein, was used as a marker for cell
lysis (2, 29). We did not see any leakage of GroEL out of the
cytoplasm, indicating that the PspA and PspC proteins de-

FIG. 3. Expression levels of PspA and PspC fusion proteins are regulated by arabinose concentration. The pspA and pspC genes were fused to
bla SS, bla SS�CT, ompA SS, and phoA SS and expressed in serovar Typhimurium �9241. Serovar Typhimurium strains were cultured in LB broth
with or without arabinose or IPTG. GroEL was used as a standardization marker. The lanes indicate media containing different concentrations
of arabinose. Lane 1, LB Broth with 1 mM IPTG; lane 2, LB broth alone; lane 3, LB broth with 0.05% arabinose; lane 4, LB broth with 0.2%
arabinose.

FIG. 4. Subcellular location analyses of PspA and PspC fusion protein expressed in serovar Typhimurium. Total cell lysates and subcellular
fractions, including cytoplasm, periplasm, and supernatant fractions, were prepared from serovar Typhimurium �9241 harboring different SS-pspA
(A) or SS-pspC (B) fusions. Cells were grown in LB broth at 37°C as described in Materials and Methods. Fractions equivalent to 25-	l volumes
of the culture at an OD600 of 0.6 were evaluated by immunoblotting with PspA-specific (A) or PspC-specific (B) polyclonal rabbit antibody. GroEL
was used as a cytoplasmic marker for fractionation. Standards are indicated to the left. M, protein ladders; T, total cell lysate; P, periplasm fraction;
C, cytoplasm fraction; S, supernatant fraction. Densitometry analyses of immunoreactive bands were evaluated by Quantity One software, and the
relative density is shown below each blot. Results are representative of three experiments.
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tected in the periplasmic fraction and culture supernatant fluid
were actively secreted and not present as a result of nonspecific
membrane leaking or cell lysis.

Immune responses in mice after oral immunization with the
recombinant serovar Typhimurium vaccines. To investigate
the influences of the different T2SSs delivered by RASV on the
immunogenicities of PspA and PspC, we orally inoculated
groups of BALB/c mice with a single dose of serovar Typhi-
murium �9241 carrying one of the fusion protein plasmids. We
did not observe any signs of disease in the immunized mice
during the entire experimental period, confirming that the
vaccine strains are avirulent.

Serum IgG responses to PspA and SOMPs from immunized
mice were measured by ELISA (Fig. 5). IgG responses to PspA
were observed after 2 weeks postimmunization and increased
over time. Maximal anti-SOMP IgG and anti-PspA IgG levels
were detected at 6 weeks postimmunization, similar to previ-
ous results (39). �9241 (pYA4088; bla SS-pspA) reached the
highest anti-PspA IgG endpoint titer of 214.4 at week 6, com-
pared to the other three signal sequence groups (P � 0.03). No
anti-PspA IgG was detected in sera obtained from mice im-
munized with the vector control or PBS. The anti-SOMP IgG
responses in all groups, including the vector control, were

similar in both kinetics and titer and were not significantly
different (P � 0.05). These results indicate that the bla SS-pspA
fusion protein was the most effective immunogen when deliv-
ered by our RASV.

Immune responses to PspC were investigated (Fig. 5) in
groups of mice immunized with a single dose of one of the
PspC fusion strains. IgG responses were determined for 8
weeks postimmunization. All groups developed serum re-
sponses against PspC and SOMPs. Maximal anti-PspC IgG and
anti-SOMP IgG levels were detected at 6 weeks postimmuni-
zation for all signal sequence groups. The anti-PspC IgG serum
response elicited by �9241 (pYA4269; bla SS�CT-pspC)
peaked at 6 weeks, with a titer of 213.6, which was significantly
higher than the titers observed in the other groups (P � 0.001)
(Fig. 5).

When PspC was delivered without a signal sequence, anti-
PspC titers were significantly lower than those for any of the
signal sequence groups at 6 weeks postimmunization (P �
0.01). No anti-PspC IgG was detected in sera obtained from
mice immunized with the vector control. The anti-SOMP IgG
responses in all strains, including vector controls, were similar
in both kinetics and levels, and there were no significant dif-
ferences between groups (P � 0.05). As seen above with PspA,

FIG. 5. Kinetic analysis of anti-PspA, anti-PspC, and anti-SOMP serum IgG responses in mice. Mice were orally immunized with 1 � 109 CFU
of serovar Typhimurium �9241 harboring the indicated SS-pspA or SS-pspC fusions. The IgG titers were determined biweekly by ELISA. The
numbers listed below the x axis indicate weeks after immunization. (A) Statistical differences in IgG titer were evaluated at 6 weeks after
immunization. *, P � 0.03 for comparison with all other vaccine groups; **, P � 0.05 for comparison with ompA SS-pspA and phoA SS-pspA groups.
All vaccine groups were significantly different from the vector and PBS controls (P � 0.05). (B) There were no significant differences in anti-SOMP
serum IgG titers at week 6 between groups (P � 0.05). (C) Statistical significances were determined at week 6. *, P � 0.001 for comparison with
all other vaccine groups; **, P � 0.01 for comparison with all other vaccine groups. All vaccine groups were significantly different from the vector
and PBS controls (P � 0.05). (D) There were no significant differences in anti-SOMPs serum IgG titers between vaccine groups and vector controls
at week 6 (P � 0.05). Titers are the log2 geometric mean titers � standard deviations for eight mice.
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these results show that the magnitude of serum IgG response
is influenced by the particular signal sequence to which an
antigen is fused.

IgG isotype analyses and IFN-� and IL-4 T-cell cytokine
assay. The immune responses to PspA and PspC were further
examined by measuring the levels of IgG isotype subclasses
IgG2a and IgG1 at 6 weeks after immunization. Th1 helper
cells direct cell-mediated immunity and promote IgG class
switching to IgG2a, and Th2 cells provide potent help for
B-cell antibody production and promote IgG class switching to
IgG1 (49, 57). Dominant Th1-type immune responses were
observed for PspA and PspC in all vaccine strains (Fig. 6). The
IgG2a titers for PspA and PspC were much higher than the
IgG1 titers at 6 weeks, indicating that the Salmonella vaccines
induced a strong cellular immune response against PspA and
PspC. Dominant Th1 responses were also observed for the
SOMP antigens in all strains, including vector controls (data
not shown).

T-lymphocyte function was evaluated by examining produc-
tion of antigen-specific T-cell cytokines at 6 weeks after immu-
nization. Th1 immune responses are associated with the pro-
duction of cytokines, such as IFN-� and tumor necrosis factor
alpha, by T cells. Th2 immune responses produce more cyto-
kines, such as IL-4 (49, 58). CFCs were assessed by a cytokine
ELISPOT assay of spleen cells derived from Salmonella-im-

munized BALB/c mice. Lymphocytes were stimulated for 1 day
with 5 	g/ml of recombinant PspA or PspC. ConA was used as
a positive control for IFN-� and IL-4 stimulation, and RPMI
1640 medium was used as a negative control.

Strong antigen-specific T-lymphocyte activity was detected
in all mice immunized with the PspA- and PspC-expressing
RASV strains (Fig. 7). All the vaccine strains induced signifi-
cantly higher antigen-specific IFN-� and IL-4 cytokine-forming
T cells than the vector and PBS controls (P � 0.01). The
numbers of IFN-�-specific CFCs from mice immunized with

FIG. 7. T-lymphocyte function in mice immunized with serovar Ty-
phimurium �9241 harboring different SS-pspA (A) or SS-pspC (B) fu-
sions. Antigen-specific IFN-� and IL-4 cytokine-forming T cells were
determined by an ELISPOT assay of spleen cells derived from Salmo-
nella PspA or PspC-immunized BALB/c mice at 6 weeks after immu-
nization. (A) All vaccine groups were significantly different from the
pYA3493 and PBS controls (P � 0.05). Different letters (a, P � 0.01;
b, P � 0.05) indicate significant differences in numbers of CFCs be-
tween vaccine groups at week 6. Groups that share letters are not
significantly different (c, P � 0.05). (B) All vaccine groups were sig-
nificantly different from the vector and PBS controls (P � 0.01). The
asterisk indicates a significant difference in numbers of CFCs between
the bla SS�CT-pspC vaccine group and other groups at week 6 (P �
0.01). Depicted are the mean numbers of CFCs/1 � 106 lymphocytes �
standard errors of the means. ConA and RPMI 1640 media were used
as positive and negative controls, respectively, for IFN-� and IL-4
stimulation.

FIG. 6. Serum IgG2a and IgG1 responses to PspA (A) and PspC
(B) in mice. The IgG2a and IgG1 titers were determined for BALB/c
mice orally immunized with 1 � 109 CFU of serovar Typhimurium
�9241 harboring different SS-pspA and SS-pspC fusions at 6 weeks
after immunization. Values are the geometric mean titers � standard
deviations for eight mice.
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Salmonella PspA and Salmonella PspC strains were higher than
the numbers of IL-4-specific CFCs.

RASV expressing bla SS-pspA induced the highest numbers
of IFN-�-specific CFCs (398 CFCs/106 cells) and IL-4-produc-
ing CFCs (36 CFCs/106 cells) at week 6. There was no signif-
icant difference in IFN-�- and IL-4-specific CFC between mice
immunized with bla SS-pspA- and bla SS�CT-pspA-expressing
strains (P � 0.05), but both of these strains were more effective
at eliciting CFCs than the RASV strains expressing ompA
SS-pspA and phoA SS-pspA (P � 0.05).

S. enterica expressing bla SS�CT-pspC induced significantly
more IFN-� CFCs (398 CFCs/106 cells) and IL-4 CFCs (36
CFCs/106 cells) than the other Salmonella PspC strains (P �
0.05). But there were no significant differences between the
remaining strains (P � 0.05). Overall, all of the immunized
mice produced fewer IL-4-producing cells than IFN-�-produc-
ing cells, indicating that a Th1 immune response was dominant

for all the vaccine strains, consistent with our results from the
serum IgG analysis.

Mucosal immune responses. Mucosal immunity acts as the
primary immune defense against natural infection by S. pneu-
moniae (66, 70). IgA responses to PspA and PspC in the vag-
inal fluids of immunized mice were detected by ELISA. All the
Salmonella SS-pspA vaccines elicited anti-PspA IgA in vaginal
washes (Fig. 8). Both of the bla fusions (bla SS�CT-pspA and
bla SS-pspA) elicited similar IgA responses at week 4, and their
titers were significantly higher than those of the phoA SS-pspA
and ompA SS-pspA vaccinates (P � 0.05). All the Salmonella
SS-pspC vaccines elicited anti-PspC IgA in vaginal washes (Fig.
8). However, bla SS�CT-pspC induced the highest IgA re-
sponses at week 6 (P � 0.05). These data indicate that the
specific leader sequence can dramatically influence the muco-
sal immune response elicited against Salmonella-delivered an-
tigens.

Evaluation of protective immunity. To ascertain whether the
secretion signal sequences affected protective efficacy, we eval-
uated the abilities of PspA- and PspC-expressing RASVs to
protect mice against pneumococcal infection in a sepsis model.
BALB/c mice orally immunized with the PspA vaccine strains
were challenged i.p. with 100 LD50 of S. pneumoniae WU2. All
of the PspA vaccines provided significant protection against
pneumococcal challenge compared with vector and PBS con-
trols (Fig. 9). �9241 (pYA4088; bla SS-pspA) provided the
greatest efficacy compared with the control groups (P � 0.002),
with 62.5% survival, while the remaining strains all provided
about the same level of protection as the controls (P � 0.01),
with 37.5 to 42.8% survival. The differences between vaccinate
groups were not statistically significant (P � 0.05). Vaccination
also increased the mean survival time until death compared to
the levels for the controls. None of the mice immunized with
the vector control strain were protected. Our results showed
that the bla SS-pspA fusion provided the greatest efficacy, con-
sistent with the immune response data.

Because the pspC gene of S. pneumoniae WU2 is unrelated
to the pspC expressed in our vaccine strains, vaccinated mice

FIG. 8. Mucosal IgA responses to PspA or PspC in vaginal secre-
tions. BALB/c mice were orally immunized with S. enterica expressing
PspA or PspC signal sequence fusion proteins. IgA endpoint titers in
vaginal washes were measured by ELISA at the indicated time after
immunization. The numbers listed below the x axis indicate weeks after
immunization. Statistical significance was determined at week 4 (A) or
week 6 (B). (A) Anti-PspA IgA responses. The asterisk indicates a
significant difference from ompA SS and phoA SS groups (P � 0.05).
(B) Anti-PspC IgA responses. The asterisk indicates that the bla
SS�CT-pspC group was significantly different from other vaccine
groups (P � 0.05). Titers are the geometric mean titers � standard
deviations for eight mice.

FIG. 9. Oral immunization of BALB/c mice with Salmonella PspA
vaccines confers protection against S. pneumoniae challenge. BALB/c
mice were orally immunized with 1 � 109 CFU of serovar Typhi-
murium strain �9241 harboring different SS-pspA fusions. Mice were
challenged i.p. with approximately 2 � 104 CFU of virulent S. pneu-
moniae WU2 (100 LD50) at week 6 after immunization. Mortality was
monitored for 3 weeks after pneumococcal challenge. All vaccine
groups were significantly different from the pYA3493 and PBS controls
(*, P � 0.002; **, P � 0.01). There were no significant differences
between vaccine groups (P � 0.05).

3250 XIN ET AL. INFECT. IMMUN.



were challenged with 10 LD50 of S. pneumoniae strain D39 (6,
46). All vaccinates were partially protected against pneumo-
coccal challenge (Fig. 10). Strain �9241 (pYA4269) expressing
the Bla SS�CT-PspC fusion protein showed significantly
greater protection against challenge than the other vaccine
strains and the control groups (P � 0.05). Mice vaccinated with
the other vaccine strains were partially protected, but these
results were not significantly different from those for the con-
trol group (P � 0.05). None of the mice immunized with the
vector control strains survived after challenge. Taken together,
these results showed that the RASV expressing the Bla
SS�CT-PspC fusion was superior to the other constructs, as
judged by induction of serum and mucosal antibody responses,
stimulation of CFCs, and protection against virulent pneumo-
coccal challenge. As was the case with the PspA vaccines,
protection results are correlated with the immune response
data; the vaccine that induced the highest antigen-specific ti-
ters provided the best protection against challenge.

DISCUSSION

Successful delivery of protein antigens for vaccination pur-
poses requires presentation in an optimal form and to suitable
compartments of the host immune system. Some observations
indicate that enveloped and secreted proteins are highly im-
munogenic and more readily interact with antigen-presenting
cells because of their subcellular locations (58). In the devel-
opment of attenuated Salmonella-based multivalent vaccines, a
preferable system would have a recombinant antigen secreted
from the cytoplasm (26, 43, 58).

A number of secretion systems have been utilized to secrete
heterologous antigens in Salmonella vaccines. Gram-negative
bacteria have evolved five different secretion systems, types I,
II, III, IV, and V, to secrete proteins to the external environ-
ment, with the type II system being the most prevalent (2, 10).
The E. coli �-hemolysin type I secretion system has been used

in several Salmonella-based live vaccines to secrete antigens of
bacterial, viral, and parasitic origins and has shown promising
results in different animal models (25, 26). Type III secretion
systems have been used for delivery into the major histocom-
patibility complex class I (MHC-I)-restricted antigen-process-
ing pathway by attenuated Salmonella vaccines to elicit CD8�

T-cell responses (8, 44). Pneumococcal surface protein A
(PspA) fusion with the type II secretion signal sequence Bla SS
elicited higher PspA-specific immune responses than synthesis
of the protein without the signal sequence and protected mice
against virulent S. pneumoniae challenge (38). Interestingly,
the greatest degree of protection was observed after vaccina-
tion with recombinant vaccine carriers when the heterologous
antigens were secreted; it was either low or absent when the
corresponding antigens remained in the cytoplasmic compart-
ment (30, 31).

In this work, we performed a direct comparison of four T2SS
signal sequences with two different protein antigens, PspA and
PspC, evaluating the protein expression, immunogenicity, and
efficacy observed when these antigens were expressed in
RASV. The strain carrying pYA4088 (bla SS-pspA) produced
more PspA than the other fusion plasmids and secreted more
PspA into the periplasmic fraction than strains expressing the
ompA SS and phoA SS fusions, indicating that bla SS is more
efficient at directing PspA secretion than other signal se-
quences. The addition of the C-terminal end of bla (bla
SS�CT) did not have much effect on PspA secretion (Fig. 2).
Although there was less PspA in the periplasm than with the
bla SS fusion, this was compensated for by the additional frac-
tion of protein in the supernatant. In the case of PspC, how-
ever, the inclusion of the C-terminal end of bla did have an
effect. The Salmonella strain carrying the bla SS�CT-pspC
fusion showed the highest levels of protein expression and
secretion, with approximately 60% of the protein being se-
creted to either the periplasm or the supernatant. PspC ex-
pression was drastically reduced when the protein was cloned
without a signal sequence.

There are many advantages to directing protein antigens to
the periplasm. It is generally believed that secreted proteins,
particularly those that are surface exposed in their native
states, will be correctly folded in periplasm space (35, 61), so
the immune responses directed against these proteins are more
likely to include relevant conformational epitopes. In addition,
it has been shown that the stability of proteins can be affected
by the cellular compartment in which they are located (61).
Heterologous N-terminal signal sequences are often used in
recombinant gene expression for the purpose of achieving
translocation of the protein of interest, typically leading to
increases in the expression levels of these proteins in E. coli
(52, 56). The reason for this may be that the N-terminal se-
quence is important for stabilizing mRNA secondary structure
or for enhancing translation initiation (56). Moreover, it has
been reported that the codon immediately following the trans-
lation initiation codon (ATG) can have strong effects on trans-
lation initiation efficiency in E. coli, but this positive effect was
highly sensitive to sequence alterations in the upstream ribo-
some binding site region (56, 59). The presence of an AAA
(Lys) codon at position �2 has been shown to enhance protein
expression. However, despite the facts that ompA SS and phoA
SS in our constructions carry the AAA triplet (Lys) and the bla

FIG. 10. Salmonella PspC vaccines confer protection against S.
pneumoniae challenge to orally immunized BALB/c mice. BALB/c
mice were orally immunized with 1 � 109 CFU of Salmonella strain
�9241 harboring different SS-pspC fusions. Mice were challenged i.p.
with approximately 4 � 103 CFU of virulent S. pneumoniae D39 (10
LD50) at week 8 after immunization. Mortality was monitored for 3
weeks after pneumococcal challenge. Mice vaccinated with strain
�9241(pYA4029; bla SS�CT-pspC) showed significant protection
against challenge compared to those vaccinated with other vaccine
strains and the pYA3493 and PBS controls (*, P � 0.05). Other
vaccine strains were not significantly different from controls (P � 0.05).
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SS does not (AGT at position �2), all constructs appear to
make comparable amounts of their respective fusion proteins
(Fig. 2), indicating that other factors are influencing protein
expression. Nevertheless, it may be possible to increase expres-
sion of the bla SS constructs by modifying the second codon to
AAA. In any case, these results support our hypothesis that in
the absence of additional information, finding the optimal sig-
nal sequence for a given antigen is an empirical process re-
quiring a trial-and-error approach.

In our constructs, most of the secreted protein was directed
to the periplasm, with only a fraction directed to the superna-
tant (Fig. 4). This result was not surprising for bla SS and phoA
SS, since these signal sequences were derived from periplasmic
proteins. These results showed that type II signal sequences
are efficient in the translocation step from the cytoplasm to the
periplasm. It is not clear how these antigens are transported
from the periplasm to the outside medium. However, it has
been shown that �-lactamase can be packaged in membrane
vesicles and exported into the extracellular medium by Pseudo-
monas aeruginosa (11). Therefore, this seems to be a likely
explanation for our results. Some studies have indicated that
antigens secreted into the extracellular milieu, such as HlyA
and the Bacillus anthracis protective antigen-ClyA fusion pro-
tein, are highly immunogenic. So it is possible that improving
the secretion of protein from the periplasm to outside the cell
could be of benefit in inducing the immune response. This
possibility will also be addressed in future studies.

All four PspA-expressing RASV strains were able to induce
strong serum IgG responses in immunized mice after a single
oral dose (Fig. 5). pYA4088 (bla SS-pspA) induced a slightly
higher response at all times, but the difference was not statis-
tically significant until week 6 (P � 0.05). Although the
amounts of secreted Bla SS-PspA and Bla SS�CT-PspA fusion
proteins were similar, there was a significant difference in their
induced antibody titers and a small difference in protective
efficacy. The reason for these differences is not clear. However,
it is possible that the addition of the bla C-terminal sequence
resulted in the misfolding of one or more conformational
epitopes in PspA.

In the development of pneumococcal vaccines, IgG isotype
switching to a mixed or Th2-type humoral immune response,
along with a mucosal IgA response, is preferred to prevent
colonization of S. pneumoniae in the respiratory tract (pneu-
monia) or ear mucosa (otitis media) (66, 70). Previous studies
have found a mixed Th1/Th2-type immune response for PspA
fused with bla SS (39). In this study, a strong Th1-type immune
response was observed based on the antibody subtype IgG2a/
IgG1 ratios and antigen-specific T-cell cytokines IFN-� and
IL-4. One reason for this difference in results may be that the
strain that we used, �9241, has a different mode of attenuation
than the strain used in the previous study, �8501 (hisG �crp-28
�asd16) (39), and different modes of attenuation can influence
the immune response (22). An additional factor may be related
to the timing of antigen expression. Salmonella bacteria nor-
mally survive within the phagosomal compartments of antigen-
presenting cells; secretion of antigens mainly targets them into
the MHC-II antigen-processing pathway. PspA or PspC ex-
pression in �9241 was initially low because the inoculum was
grown in the presence of arabinose, whereas expression in
strain �8501 was constitutive during growth. Therefore, there

may not have been adequate levels of PspA or PspC secreted
early during infection to trigger an MHC-II response. Antigen
produced inside host cells would be primarily processed by the
MHC-I pathway. But PspA or PspC could be presented by
both MHC-II and MHC-I molecules in the �8501 vaccine
because PspA or PspC secretion would occur at every step
during infection.

Mucosal immunity acts as a primary defense against natural
infection by S. pneumoniae (66, 70). One clear advantage of
antigen delivery by S. enterica is the stimulation of mucosal
immunity (16, 21, 33, 54, 55). In keeping with our expectations,
we found that our strains were able to induce strong mucosal
responses against PspA and PspC (Fig. 8). Despite the fact that
the mice were challenged i.p., there was a correlation between
the level of mucosal IgA and the degree of protection. More
importantly, we found that the induction of mucosal IgA was
influenced by the signal sequence, with the bla SS and bla
SS�CT fusions inducing the strongest responses. These mu-
cosal responses should play an even bigger role in immunity
against natural pneumococcal challenge, which occurs at the
mucosal surface.

There were slight variations in expression results between
the two antigens with regard to the signal sequences. The bla
SS-pspA fusion was expressed at a higher level than the bla
SS�CT-pspA fusion, while the opposite results were observed
with PspC (Fig. 2). Although the differences in expression
between fusions were less that twofold in both cases, the im-
pacts on expression were different. For PspA, both fusions
provided significant protection (Fig. 9), while in the case of
PspC, only the bla SS�CT-pspC fusion was efficacious (Fig.
10). The differences in protection were also correlated with the
anti-PspA and anti-PspC titers. Taken together, our data show
that in both cases, the construct that produced the highest level
of antigen expression induced the highest antigen-specific titer
and the greatest protective efficacy. In addition, the optimal
fusion sequence was different for each antigen, indicating that
individual antigens should be tested empirically to determine
the signal sequence that will yield the optimal results. The
amount of antigen expression could serve as a reasonable in-
dicator of which fusion partner is best, although it is likely that
other parameters, such as growth rate and mode of attenuation
(22), could also influence the immunogenicity.
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