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Live Attenuated Salmonella Vaccines Displaying Regulated Delayed
Lysis and Delayed Antigen Synthesis To Confer Protection against
Mycobacterium tuberculosis
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Live recombinant attenuated Salmonella vaccine (RASV) strains have great potential to induce protective immunity against My-
cobacterium tuberculosis by delivering M. tuberculosis antigens. Recently, we reported that, in orally immunized mice, RASV
strains delivering the M. tuberculosis early secreted antigenic target 6-kDa (ESAT-6) protein and culture filtrate protein 10 (CFP-
10) antigens via the Salmonella type I1I secretion system (SopE amino-terminal region residues 1 to 80 with two copies of ESAT-6
and one copy of CFP-10 [SopEy,s,-E2C]) afforded protection against aerosol challenge with M. tuberculosis. Here, we con-
structed and evaluated an improved Salmonella vaccine against M. tuberculosis. We constructed translational fusions for the
synthesis of two copies of ESAT-6 plus CFP-10 fused to the OmpC signal sequence (OmpCgs-E2C) and amino acids 44 to 338 of
antigen 85A (Ag85A,,,) flanked by the signal sequence (SS) and C-terminal peptide (CT) of B-lactamase (Blags-Ag85A,,,-Blar)
to enable delivery via the Salmonella type II secretion system. The genes expressing these proteins were cloned as an operon tran-
scribed from P, into isogenic Asd*/MurA* pYA3681 lysis vector derivatives with different replication origins (pBR, p15A,
pSC101), resulting in pYA4890, pYA4891, and pYA4892 for SopEys,-E2C/Ag85A,,,, synthesis and pYA4893 and pYA4894 for
OmpCgs-E2C/Ag85A,,,, synthesis. Mice orally immunized with the RASV x11021 strain engineered to display regulated delayed
lysis and regulated delayed antigen synthesis in vivo and harboring pYA4891, pYA4893, or pYA4894 elicited significantly greater
humoral and cellular immune responses, and the RASV x11021 strain afforded a greater degree of protection against M. tuber-
culosis aerosol challenge in mice than RASVs harboring any other Asd*/MurA+ lysis plasmid and immunization with M. bovis

BCG, demonstrating that RASV strains displaying regulated delayed lysis with delayed antigen synthesis resulted in highly im-
munogenic delivery vectors for oral vaccination against M. tuberculosis infection.

Tuberculosis (TB) is one of the three major infectious diseases,
along with AIDS and malaria, that are serious global health
threats. Approximately 8 million new cases of TB are diagnosed
every year throughout the world, and approximately 2 million
people die of this disease each year (72). Although there are anti-
biotics for effectively treating TB, strains of Mycobacterium tuber-
culosis resistant to multiple drugs are increasing annually, com-
promising our ability to treat TB (5). The only available vaccine,
an attenuated strain of Mycobacterium bovis Bacille Calmette-
Guérin (BCG), is effective in preventing serious complications of
TB in infants and small children, but this vaccine does not confer
long-lasting immunity to infection (6, 29, 69), its efficacy in pre-
venting TB in adults is variable, and the vaccine can cause dissem-
inated disease in immunocompromised individuals (64).

Recombinant attenuated Salmonella vaccines (RASVs) offer an at-
tractive alternative to BCG and its recombinant derivatives for delivering
M. tuberculosis antigens to elicit long-lasting protective immunity.

Oral administration of Salmonella results in colonization of the
Peyer’s patches via M cells in mammalian intestinal tracts and
colonization of the mesenteric lymph nodes, liver, and spleen,
resulting in the generation of a range of humoral and cellular
immune responses against Salmonella at local and distal sites (15).
Live attenuated Salmonella strains have been especially useful as
carrier systems for delivery of recombinant heterologous antigens
from bacterial, parasitic, viral, and tumor sources (15, 50). The R.
Curtiss group has designed and developed a series of systems to
increase the safety, efficacy, tolerability, immunogenicity, and
utility of Salmonella for delivery of recombinant heterologous an-
tigens (reviewed in reference 24). For example, balanced-lethal
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host-vector systems that have been generated on the basis of com-
plementation of chromosomal deletions of genes such as asdA or
murA in the RASVs eliminate the need for drug resistance markers
in these vaccine strains (20, 24, 31, 43, 57). The asdA and murA
genes encode enzymes involved in the biosynthesis of the bacterial
cell wall (8, 13), and the asdA deletion imposes an obligate re-
quirement for diaminopimelic acid (DAP) in noncomplemented
mutant strains. Curtiss et al. (22), Kong et al. (46), and Wang et al.
(71) have also developed RASVs that, in vivo, display regulated
delayed attenuation (22), regulated delayed antigen synthesis
(71), and regulated delayed lysis (46), to aid in the induction of
high levels of immunogenicity. The genetic mechanisms that
make possible these particular phenotypes have been generated by
inclusion of a collection of defined deletion or deletion-insertion
mutations in specific genes implicated in either the metabolism or
virulence of Salmonella that eliminate their gene products or reg-
ulate their expression by replacing their original promoters with
the tightly arabinose-regulated araC Py, activator promoter
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FIG 1 Regulated delayed lysis and regulated delayed synthesis of heterologous antigens. (A) Arabinose-regulated araC Py, activator promoter. In the presence
of arabinose, the AraC protein changes its conformation and forms a dimer that binds the I, and I, sites, and then Crp and RNA polymerase bind the complex
and activate the transcription of the araBAD genes. (B) In the absence of arabinose, two distal AraC molecules interact and one of them binds the O2 site and the
other the I, site, which generates a DNA loop that represses the transcription from the araC Py, promoter. (C) In the RASV strains with regulated delayed lysis
and synthesis of heterologous antigens, in the presence of arabinose, the transcription of the genes under the araC Py, |, promoter is induced on the chromosome
and on the plasmid, for the biosynthesis of the cell wall and the synthesis of the repressor proteins C2 and Lacl. LacI negatively represses the expression from the
P,,.promoter. (D) In the animal tissues, arabinose is not available, and the synthesized proteins are diluted during each cell division, resulting in the synthesis of

the heterologous antigens and bacterial cell lysis.

(Fig. 1A and B) (22, 24, 46). Regulated delayed in vivo synthesis of
protective heterologous antigens has been engineered to enhance
immune responses by reducing the adverse effects of high-level
heterologous antigen synthesis on Salmonella growth at the time
of vaccination. This system is based on the presence of a chromo-
somal lactose repressor gene (lacl) under the transcriptional con-
trol of the arabinose-regulated araC Py ,, promoter by the inclu-
sion of the ArelA198::araC Py,p lacl TT deletion-insertion
mutation (where P stands for promoter and TT stands for tran-
scriptional terminator). Lacl negatively regulates the expression
from P,,. that drives the synthesis of heterologous antigens (Fig.
1C) (2). In animal tissues, where arabinose is unavailable, the
concentration of Lacl decreases with each bacterial cell division,
thus allowing increased antigen synthesis (Fig. 1D) (reviewed in
reference 24). Strategies to achieve regulated delayed in vivo atten-
uation have been previously described (20, 21, 22, 24, 25, 49).
The regulated delayed lysis system has been engineered in Sal-
monella to release protective heterologous antigens and confer
biological containment (46). It consists of two components. The
first component is the RASV strain, which contains the
AasdA27:TT araC Ppap 2 deletion-insertion mutation for
the elimination of DAP synthesis and the AP,,,,..,5::TT araC Py,
murA deletion-insertion mutation for arabinose-regulated ex-
pression of the murA gene. The murA gene encodes the first en-

816 iai.asm.org

zyme in muramic acid synthesis. Both DAP and muramic acid are
required for synthesis of peptidoglycan in the bacterial cell wall.
The bacteriophage P22 C2 repressor protein is also synthesized in
the presence of arabinose to repress the transcription from the P22
Py promoter (Fig. 1C) (66). The second component of this lysis
system is the Asd-positive (Asd*)/MurA-positive (Asd*/MurA+)
lysis plasmid vector pYA3681. It carries the nucleotide sequences
of the Shine-Dalgarno (SD)-GTG-asdA and SD-GTG-murA genes
with GTG start codons to reduce the translation efficiency of the
asd and murA genes on multicopy plasmids (46). These genes are
in an operon that is under the transcriptional control of the tightly
regulated araC Py, activator-promoter. Downstream from this
operon and in the opposite direction is the C2-repressible P22 Py
promoter, which in the absence of C2 synthesizes antisense asd
and murA mRNAs to block translation of any residual asd and
murA mRNA made in the absence of arabinose (Fig. 1C and D)
(46). The growth of these mutant strains in the presence of arabi-
nose leads to synthesis of Asd, MurA, and C2, which enable syn-
thesis of peptidoglycan. After oral vaccination, these bacteria are
able to colonize the effector lymphoid tissues to levels similar to
those seen with the wild-type strain, prior to the decrease in the
Asd, MurA, and C2 levels during cell division, because transcrip-
tion from the Py, promoter ceases in vivo due to the absence of
available arabinose in the host (Fig. 1D) (46). The inability of the
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RASV strain to synthesize Asd and MurA in vivo results in lysis
with release of the previously synthesized heterologous protective
antigens for better processing and presentation to the host im-
mune system (46).

Mucosal immunity induced by oral vaccination with Salmo-
nella vaccines is also effective in protecting the surfaces in the lung
due to the networks of the mucosal immune system (37). Further-
more, live recombinant Salmonella vaccines induce gamma inter-
feron (IFN-v) and tumor necrosis factor alpha (TNF-«) to aug-
ment the Th1 immune responses that are important in controlling
infections and preventing diseases caused by intracellular patho-
gens such as M. tuberculosis (26, 52).

Among the T-cell antigens that have been reported to be protec-
tive against M. tuberculosis infection are the early secreted antigenic
target 6-kDa (ESAT-6) protein and culture filtrate protein 10 (CFP-
10) (3,55, 60) and the antigen 85 (Ag85) complex, which includes the
structurally related and secreted Ag85A, Ag85B, and Ag85C proteins
(28, 41, 51). ESAT-6 and CFP-10 are virulence factors that are re-
stricted to the organisms within the M. tuberculosis complex, while
the Ag85 complex is conserved among mycobacterial species. These
antigens are immunodominant in early phases of M. tuberculosis in-
fection in mice. ESAT-6, Ag85A, and Ag85B possess multiple T-cell
epitopes that are recognized by T cells of human TB patients with
different HLA haplotypes, inducing stimulation of B- and T-cell pro-
liferation and IFN-+y production (48, 61).

In this study, we designed and constructed RASVs displaying
regulated delayed synthesis of antigens and the delayed lysis phe-
notype to deliver protective mycobacterial antigens into mice to
evaluate the following: (i) the efficacy of oral immunization of
mice with RASV strains synthesizing M. tuberculosis Ag85A alone
or in combination with ESAT-6 and CFP-10 against aerosol chal-
lenge with M. tuberculosis; (ii) the efficient delivery and immuno-
genicity of Ag85A flanked in frame by the signal sequence and
carboxy-terminal region of the B-lactamase (Blags and Blacr, re-
spectively) protein and ESAT-6 and CFP-10 fused to the OmpC
signal sequence (both of these signal sequences allow the chimeric
proteins to be secreted via the Salmonella type 11 secretion system
[T2SS]); (iii) the delivery and immunogenicity of the Blags-Ag85-
Blar protein in combination with ESAT-6 and CFP-10 fused to
the SopE effector protein when the latter chimeric protein is trans-
located into the mammalian cell cytoplasm via the type III secre-
tion system (T3SS); (iv) the effect of the copy number of isogenic
Asd*/MurA* plasmids (producing ESAT-6, CFP-10, and
Ag85A), each containing a different replication origin such as pBR
(9), p15A (18), or pSC101 (16), on immunogenicity and protec-
tion against aerosol challenge with M. tuberculosis; (v) the hu-
moral and cellular immune responses elicited by combinations of
the chimeric proteins delivered by the RASVs following oral im-
munization of mice; and (vi) the immunogenicity in vivo of RASV
strain x11021 displaying regulated delayed lysis (with Asd*/
MurA™ lysis plasmids) compared to that of RASV strain x9879
displaying regulated delayed attenuation and constitutively ex-
pressing fbpA to produce Ag85A.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains and plas-
mids used in this study are listed in Table 1. Luria-Bertani (LB) broth (7)
supplemented with 0.05% arabinose or supplemented with 0.2% arabinose
and 0.2% mannose was used to grow the Salmonella strains for the immuni-
zation assays. LB broth, LB agar (1.5% agar), LB agar supplemented with
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0.2% arabinose and 0.2% mannose, or MacConkey agar (Difco) was used for
propagation and plating of Salmonella. For the growth of noncomplemented
AasdA strains and plasmid stability tests, 50 pug/ml DAP was added to the
growth medium (57). Middlebrook 7H9 broth and Middlebrook 7H11 agar
(Difco) supplemented with 10% oleic acid-albumin-dextrose-catalase en-
richment were used to grow M. tuberculosis.

DNA procedures. DNA manipulations were carried out using stan-
dard procedures (63). Plasmid DNA was isolated using a QIAprep Spin
miniprep kit (Qiagen Inc., Valencia, CA). Restriction enzymes were used
as recommended by the manufacturer (New England BioLabs, Ipswich,
MA). Plasmid constructs were verified by DNA sequencing (Arizona State
University facilities).

Construction of plasmids pYA3817 and pYA3932. A DNA fragment
containing the nucleotide sequence of the fbpA gene (Rv3804c), encoding
the Ag85A protein, was PCR amplified from M. tuberculosis H37Rv chro-
mosomal DNA. The PCR product of 1,111 bp was digested with Xbal and
EcoRI and cloned into Xbal-EcoRI-digested pBK-CMV (Stratagene) to
generate pYA3817. To optimize the expression of fbpA in Salmonella,
PYA3817 was used as the template to replace 24 codons of fpA with the
codons most frequently found in Salmonella using a QuikChange site-
directed mutagenesis kit (Stratagene) with appropriate primers. fbpA
codons 62 (TCC to TCT), 63 (CGG to CGT), 66 (TTG to CTG), 88 (AGT
to AGC), 94 (CCC to CCG), 136 (TCA to TCT), 145 (CCC to CCG), 173
(AGG to CGT), 177 (CCC to CCG), 179 (GGA to GGT), 200 (CCC to
CCG), 207 (GGA to GGT), 213 (TTG to CTG), 215 (CCC to CCG), 221
(CCC to CCG), 255 (TTG to CTG), 258 (GGG to GGT), 294 (CGG to
CGT), 336 (CCC to CCG), 240 (CGG to CGT), 346 (CCC to CCG), 349
(GGG to GGT), 250 (CCC to CCG), and 252 (CCC to CCG) were substi-
tuted. The resulting recombinant plasmid containing all of the optimized
sequences of fopA was named pYA3932 (Table 1).

Construction of Asd* plasmid pYA3941. A 900-bp DNA fragment
containing the nucleotide sequence of codon-optimized M. tuberculosis
fbpA, encoding amino acid residues 44 to 338 of the mature Ag85A pro-
tein, was PCR amplified from pYA3932. This PCR product was digested
with EcoRI and Sall and was cloned into EcoRI-Sall-digested pYA3620 to
generate pYA3941. Plasmid pYA3620 is an Asd* vector containing the
PBR replication origin (ori) and P,,. to drive the expression of the gene of
interest, which is flanked by the signal sequence (SS) and carboxy-
terminal region (CT) of the B-lactamase gene in order to direct the secre-
tion of the resulting protein into the periplasm and supernatant (25).
Thus, plasmid pYA3941 carries the nucleotide sequence blags-fUpA,q,-
blacr (where fbpA,,, is the gene encoding recombinant Ag85A from
amino acids 44 to 338 [Ag85A,,,]). Both B-lactamase regions are required
for the efficient secretion of the recombinant protein (12, 47).

Construction of Asd*/MurA lysis vectors pYA4890, pYA4891, and
PYA4892 for expression of sopEy,s,-esxA-esxA-esxB/blagg-fbpA,q,-
blacr. An 1,135-bp DNA fragment containing the nucleotide sequence of
s0pE80-esxA-esxA-esxB, an operon fusion encoding the chimeric protein
formed with the SopE secretion and translocation signal sequence in
amino acids 1 to 80 (SopEys,), two copies of the ESAT-6 protein, and one
copy of the CFP-10 protein (SopEy,g,-E2C) was PCR amplified from
pYA4257 (42). The PCR product was digested with Ncol and Xmal and
cloned into pYA3681 digested with the same enzymes (46). Plasmid
pYA3681 is an Asd*/MurA™ lysis expression vector containing the pBR
origin of replication (or7). The plasmid obtained was digested with NotI
and Xmal, and an 1,120-bp NotI-Xmal-digested DNA fragment carrying
the nucleotide sequence of blags-fbpA,o,-blac (PCR amplified from
pYA3941) was cloned into the plasmid to generate pYA4890 (Table 1).
Plasmid pYA4890 contains the sopEy,s,-esxA-esxA-esxB and SD sequence
blags-fbpA,g,-blacy in an operon transcribed from the P, promoter.
This operon, without P,,, was released from pYA4890 by digestion
with Ncol and Xmal and subcloned into isogenic Asd*/MurA™* lysis
vectors pYA4589 (p15A ori) and pYA4595 (pSC101 ori), which were
digested with the same enzymes, generating pYA4891 and pYA4892,
respectively (Table 1).
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TABLE 1 Strains and plasmids used in this work

Strain or plasmid

Derived, relevant genotype, or characteristic?

Source or reference

Escherichia coli

X6212 AasdA4 43
X7213 F=supE42 A= T3" thi-1 thr-1 leuB6 supE44 tonA21 fhuA21 lacY1 recAl RP4 2-Tc:Mu 22
(Apir) AasdA4 A(zhf-2::Tn10)
LMG194 F~ AlacX74 galE thi rpsL AphoA (Pvull) Aara714 leu::Tn10 Invitrogen
Salmonella enterica serovar
Typhimurium
Xx9879 AasdA33 AP 0pq 176 TT araC Py,p, pho AP, 5,52 TT araC Py, crp AaraBAD23 42
x11021 AP azsi TT araC Py, murA AasdA27:TT araC Py, 2 AaraBAD23 A(gmd-fcl)-26 This study
Apmi-2426 ArelA198::TT araC Py,p, lacl
Mpycobacterium
M. tuberculosis H37Rv ATCC 25618
M. bovis BCG Pasteur ATCC 35734
Plasmids
Suicide vectors
PYA3546 pDMS197 Apmi-2426 25
pYA3629 pPMEG-375 A(gmd-fcl)-26 25
pYA4064 PRE112 ArelA198::TT araC Py, lacl 34
pYA4138 pRE112 AasdA27::TT araC Py, 2 34
pYA4280 pRE112 A(araC Py, p)-5::Py araBAD 23
pYA4343 PRE112 AP,),,pq;76:TT araC Py,p, phoPQ 22
PYA4686 PRE112 AP, 25 TT araC Py, murA Laboratory stock
Asd™ plasmids
pYA3342 asdA™* vaccine vector, pBR ori 43
PYA3620 asdA™ expression vector, P, pBR ori blags-bla-T2SS signal sequence based 44
pYA3941 PYA3620 blags-fbpA,o, (optimized)-blac This study
Asd*/MurA* lysis plasmids
pYA3681 asdA murA , expression vector, P,.. pBR ori araC* Py, SD-GTG-asdA SD-GTG-murA 46
P22 Py antisense mRNA
pYA4890 PYA3681 sopEy,s0-esxA-esxA-esxB/(SD) blags-fbpA,q4-blacr pBR ori This study
pYA4893 PYA3681 ompCgg-esxA-esxA-esxB/(SD) blags-fbpA,q4-blacr pBR ori This study
pYA4589 asdA™ murA™ expression vector, P, p15A ori araC* Py, SD-GTG-asdA SD-GTG- This study
murA P22 Py antisense mRNA
pYA4891 PYA4589 s0pE,50-esxA-esxA-esxB/(SD) blags-fopA,e,-blacr p15A ori This study
pYA4892 PYA4595 sopEy50-esxA-esxA-esxB/(SD) blags-fopA,o,-blac pSC101 ori This study
pYA4894 PYA4589 ompCqg-esxA-esxA-esxB/(SD) blasg-fbpA,o,-blacr p15A ori This study
pYA4595 asdA™ murA* expression vector, P,.. pSC101 ori araC* Py, SD-GTG-asdA SD-GTG- This study
murA P22 Py antisense mRNA
pBK-CMYV and its derivatives
pBK-CMV Km, cloning vector Stratagene
pYA3817 pBK-CMYV fbpA This study
PYA3932 pBK-CMV fbpA optimized This study
Plasmids expressing 6 X His-tagged
recombinant proteins
pYA3814 pBAD/His(B), 6 X His-Ag85A This study
PMRLB7 Amp', pET23+ ESAT-6-6XHis NIH-TB vaccine

@ In the descriptions of the genotypes, TT is transcription terminator, P stands for promoter, and the subscripted number refers to a composite deletion and insertion of the

indicated gene. Amp*, ampicillin resistance; Km?*, kanamycin resistance.

Construction of Asd*/MurA™ lysis vectors pYA4893 and pYA4894
for expression of ompCgg-esxA-esxA-esxB/blagg-fopA,qo,-blacr. A 97-bp
DNA fragment encoding the Salmonella ompC signal sequence (ompCsg)
flanked with sticky NcoIl-Xmal ends was obtained by annealing two comple-
mentary single-stranded 97-b oligonucleotides, pPSOC-F1 and pPSOC-RI.
The 97-bp Ncol-Xmal synthetic DNA was cloned into Ncol-Xmal-digested
PYA3342 (39). Plasmid pYA3342 is an Asd ™ expression vector with P, and
PBR ori (Table 1). The resulting plasmid was digested with EcoRI and Xmal,
and a 906-bp DNA fragment containing the esxA-esxA-esxB fused genes (PCR
amplified from pYA4257) and digested with the same enzymes was cloned
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into the plasmid. The resulting plasmid was digested with NotI and Xmal,
and the 1,120-bp NotI-Xmal-digested DNA fragment encoding blags-
fUpA,o,-blar was cloned into it. This plasmid was digested with Ncol and
Xmal to release the 2,255-bp DNA fragment containing the ompCgg-esxA-
esxA-esxB and SD blags-fbpA,,-blacr sequences, which were subcloned into
the isogenic plasmids pYA3681 (pBR ori) and pYA4589 (p15A ori) to generate
pYA4893 and pYA4894, respectively.

Construction of pYA3814 producing histidine-tagged Ag85A pro-
tein. For production of the recombinant 6 X His-tagged Ag85A protein
(Hisg-Ag85A), a 950-bp DNA fragment containing the nucleotide se-
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quence of the fipA gene without its signal peptide was PCR amplified
from M. tuberculosis H37Rv chromosomal DNA. The PCR product was
digested with BglII and EcoRI and cloned into the BglII-EcoRI-digested
pBAD/His(B) vector (Invitrogen) to obtain pYA3814 (Table 1).

Construction and phenotypic characterization of RASV strains. The
RASV strains used in this study, such as Y9879 (42) and x11021, were
designed to allow regulated delayed attenuation in vivo and regulated
delayed lysis in vivo, respectively. Briefly, suicide vectors were used to
construct strain 11021 containing the nucleotide sequences designed to
delete specific genes or introduce defined deletion-insertion mutations
with modified promoter (P), SD, and start codon sequences (Table 1).
RASV strain construction and characterization were performed as de-
scribed previously (22, 34, 46, 49, 67, 71). Maps of the deletions and
deletion-insertion mutations have been described previously for
A(gmd-fcl)-26, Apmi-2426, ArelA198::araC Py, p, lacI TT, and Aasd27::TT
araC Py ap ¢2 (49).

Determination of plasmid stability. Stability of the recombinant
plasmids was determined for approximately 50 generations of bacterial
growth in LB medium under selective and nonselective (presence of DAP)
conditions as described previously (22, 32, 57, 67).

Growth conditions for synthesis of recombinant M. tuberculosis
Ag85A protein. Escherichia coli strain LMG194 (Invitrogen) transformed
with pYA3814 (His,-Ag85A) was grown in minimal salts medium (19)
supplemented with 0.2% (vol/vol) glycerol, 2% Casamino Acids, 50
pg/ml thiamine, and 100 pwg/ml ampicillin at 37°C to an optical density at
600 nm (ODy,) of 0.5, and production of the recombinant His,-Ag85A
protein was induced with 0.05% arabinose for 5 h.

Antigen preparation. His,-Ag85A protein was purified by nickel-
nitrilotriacetic acid (Ni-NTA) agarose chromatography under native con-
ditions. Expression and purification of the recombinant His.—ESAT-6
protein have been described previously (42). The purified recombinant
protein His,-Ag85A was used for production of polyclonal rabbit antisera.
For recombinant proteins used in enzyme-linked immunosorbent assays
(ELISAs) and enzyme-linked immunospot (ELISPOT) assays, endotoxins
were removed from the Ni-NTA-purified proteins using Detoxi-Gel
endotoxin-removing gels (Pierce, Rockford, IL). The endotoxin content
in the recombinant proteins was determined with the Limulus amebocyte
lysate assay (Cambrex Bio Science Walkersville, Inc., Walkersville, MD),
which was used according to the manufacturer’s instructions. The
amount of endotoxin detected was <0.01 endotoxin unit (EU) per ug of
recombinant protein. The Salmonella outer membrane proteins (SOMPs)
were obtained from Salmonella enterica serovar Typhimurium strain
X4746, using the sonication and Triton X-100 extraction procedure de-
scribed elsewhere (43, 53).

Analysis of synthesis and secretion of the recombinant proteins. To
analyze the synthesis of recombinant Ag85A,,,, cultures of S. Typhimu-
rium x9879 transformed with pYA3941 (blags-fbpA,o,-bla-) were grown
to an ODy, of 0.8 in LB broth supplemented with 0.05% arabinose. For
whole-cell lysates, 50 ul of culture was centrifuged and the pellet was
resuspended with 10 ul of phosphate-buffered saline (PBS) and 15 ul of
lithium dodecyl sulfate (LDS) sample buffer (Invitrogen). For the isola-
tion of proteins released into the culture supernatant, 1 ml of supernatant
was filtered using a 0.22-um-pore-size filter (Corning Gilbert Inc., Glen-
dale, AZ) and precipitated with 10% trichloroacetic acid (TCA). The pel-
let obtained by centrifugation was resuspended in 50 ul of LDS sample
buffer. Then, 25 ul of each sample was boiled for 5 min, analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
on 4 to 20% gels (Bio-Rad), and immunoblotted. To analyze the produc-
tion and secretion of the recombinant proteins by S. Typhimurium
x11021 strains independently harboring each Asd*/MurA™ lysis plasmid
(pYA4890, pYA4891, and pYA4892, which synthesize the DNA construct
that encodes the chimeric protein ESAT-6-ESAT-6—-CFP-10 [E2C] fused
to Salmonella SopE protein amino acids [aa] 1 to 80 [SopEyg]
[SopEy50-E2C], SopEys0-E2C/Ag85A,,, or pYA4893 and pYA4894,
which synthesize OmpCqgs-E2C/Ag85A,,,,), cultures were grown at 37°C
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to an ODg, of 0.8 in LB broth supplemented with 0.2% arabinose and
0.2% mannose. Parallel cultures were grown to an OD, of 0.5 in LB
broth supplemented with 0.2% arabinose and 0.2% mannose. Then, the
cultures were washed once with LB broth, the ODy,, was adjusted to 0.5 in
prewarmed LB broth supplemented with 1 mM isopropyl-B-p-
thiogalactopyranoside (IPTG), and the cultures were grown to an OD,
of 0.8. Whole-cell lysates and supernatant fractions were obtained and
analyzed as described above for strain y9879(pYA3941).

Immunoblotting. The recombinant proteins were identified by im-
munoblotting using rabbit anti-Ag85A (generated in this study) and anti-
ESAT-6 sera (42), followed by alkaline phosphatase-conjugated goat anti-
rabbit IgG (Sigma). All of these antibodies were used at a 1:5,000 dilution.

Immunization of mice. Female 6- to 7-week-old C57BL/6 mice were
purchased from Charles River Laboratories (Wilmington, MA). The Ari-
zona State University Animal Care and Use Committee approved all ani-
mal procedures. Mice were acclimated for 7 days before starting the ex-
periments. A group of 6 mice was vaccinated subcutaneously with a single
dose of 5 X 10 4 CFU of M. bovis BCG at day 0. For immunization with
attenuated recombinant Salmonella strains, mice were deprived of food
and water for 6 h before oral immunization. Cultures of Salmonella strains
X9879(pYA3620) vector control and x9879(pYA3941) were grown at
37°C to an ODy, of 0.8 in LB broth with 0.05% arabinose. Cultures of S.
Typhimurium x11021(pYA3681) vector control, x11021(pYA4890),
x11021(pYA4891), x11021(pYA4892), x11021(pYA4893), and x11021
(pYA4894) were grown at 37°C to an ODg, of 0.8 in LB broth supple-
mented with 0.2% arabinose and 0.2% mannose. The cultures were cen-
trifuged at room temperature (4,000 X g for 15 min), and the pellet was
resuspended in 1 ml of buffered saline containing 0.01% gelatin (BSG)
(19). Dilutions of the vaccine strains were plated onto LB agar plates
(0.29% arabinose, 0.2% mannose) to determine bacterial titers. Groups of
12 mice were orally inoculated with 20 ul of BSG containing 1X 10° CFU
of the individual RASVs on days 0, 7, and 49, and another group of 12 mice
received 20 ul of BSG on the same days. Water and food were returned to
the mice 30 min after immunization. Blood samples were obtained by
submandibular vein puncture 2 days before vaccination and at days
21 and 65 after the first vaccination with recombinant strains
X9879(pYA3620) and x9879(pYA3941) or at day 77 after the first vacci-
nation with recombinant strain 11021 transformed independently with
each Asd*/MurA™ lysis vector derivative. Blood was centrifuged at
4,000 X g for 5 min, and the serum was removed and stored at —70°C until use.

Aerosol challenge with virulent M. tuberculosis. To assess the pro-
tective efficacy of the recombinant Salmonella vaccine strains against M.
tuberculosis infection, groups of 5 to 6 immunized mice or those vacci-
nated with the M. bovis BCG strain or with the control group fed BSG were
infected at 4 weeks after the last immunization (day 77) with an estimated
inhaled dose of 100 CFU of M. tuberculosis H37Rv per lung, delivered by
aerosol in an inhalation exposure system (Glas-Col LLC, Terre Haute,
IN). The mice were euthanized at 6 weeks after challenge, and the lungs
and the spleen were aseptically collected. Bacterial load in the lungs and
spleens was determined by serial dilutions of individual whole-organ
homogenates in sterile PBS. Serial dilutions of the samples were plated in
duplicate on Middlebrook 7H11 agar supplemented with 10% oleic acid-
albumin-dextrose-catalase enrichment. Colonies were counted after 4
weeks of incubation at 37°C. In this study, protection is defined as a
bacterial tissue load that is statistically significantly lower than the bacte-
rial load in the BSG control group.

ELISA. Total IgG, IgG2b, and IgG1 antibody titers against Ag85A and
IgG responses to ESAT-6, CFP-10, and SOMPs from vaccinated mice and
controls were determined by ELISA. Nunc Immunoplate Maxisorb F96
plates (Nalge Nunc, Rochester, NY) were coated with purified Ag85A at
0.5 pg/well, ESAT-6 or CFP-10 at 1 ug/well, or SOMPs at 0.5 ug/well
suspended in 0.05 M carbonate-bicarbonate buffer, pH 9.6. Sera obtained
from the same experimental group were pooled and serially diluted by
2-fold dilutions from an initial dilution of 1:200 in PBS. ELISAs were
performed in triplicate, as described previously (42). Endpoint titers were
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expressed as the last sample dilution with an absorbance of 0.1 OD unit
above that for the negative controls after 1 h of incubation.

Evaluation of cytokine-secreting cell numbers in the spleen. The
ELISPOT assay was performed using the ELISPOT assay kits (mouse
IFN-v, TNF-q, interleukin-2 [IL-2], and IL-4 ELISPOT assay sets; eBio-
science) according to the manufacturer’s instructions, to enumerate the
IFN-v,TNF-a, IL-2, and IL-4 cytokine-secreting cells in the spleens of
immunized and naive mice. ELISPOT assays were conducted 3 weeks after
the last immunization with the pool of spleens from three mice from the
same group; these assays were also done in triplicate. Spleen cells from all
groups of mice were incubated with the recombinant antigen at 1 ug/well
or culture medium at 37°C in a humidified (5% CO,-in-air) incubator.
Splenocytes from mice immunized with Salmonella strains x9879
(pYA3620) and x9879(pYA3941) were incubated for 24 h (for IFN-vy- and
TNE-a-secreting cells) or 48 h (for IL-2- and IL-14-secreting cells), while
the spleen cells from mice immunized with the Salmonella x11021 strains
harboring independently each of the Asd*/MurA™ lysis vector derivatives
were incubated for 40 h (for IFN-v- and TNF-a-secreting cells) or 66 h
(for IL-2- and IL-14-secreting cells). The spots were counted using an
automated ELISPOT assay plate reader (CTL analyzers; Cellular Technol-
ogy Ltd., Cleveland, OH).

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism software (GraphPad Software, San Diego, CA). Differences in
antibody responses, cytokine secretion levels measured by ELISPOT as-
say, and bacterial loads in the lungs and spleen between groups were
determined by one-way analysis of variance (ANOVA), followed by
Tukey’s multiple-comparison test. Differences with P values of <0.05
were considered significant at the 95% confidence interval.

RESULTS

Synthesis and secretion of Ag85A,,, by RASV strain x9879
(PYA3941). RASV strain 9879 displays regulated delayed atten-
uation. The construction of this strain was described previously
(42). Strain x9879 contains the AP ,,pq; 76 TT araC Py, phoPQ
deletion-insertion mutation for the induction of phoPQ expres-
sion in the presence of arabinose. Cultures of x9879 transformed
with either pYA3620 (control plasmid) or pYA3941 (synthesizing
Blagg-Ag85A,0,-Blacy, referred to as Ag85A,,, throughout this
study) were grown at 37°C to an ODg, of 0.8 in LB medium with
0.05% arabinose. The protein profile of this RASV strain showed
that Ag85A,,, had an unprocessed form of 38 kDa and a mature
form of 36 kDa (the expected sizes for Blagg-Ag85A,,,-Blacr) that
reacted specifically with anti-Ag85A polyclonal antibody in
whole-cell lysates assayed by immunoblotting (Fig. 2). Only the
36-kDa protein band was observed in the culture supernatant
fraction (Fig. 2), indicating that the signal sequence and carboxy-
terminal region of B-lactamase allowed efficient secretion of the
Ag85A,,, protein.

Asd*/MurA™ lysis vectors for synthesis and delivery of M.
tuberculosis antigens. Two groups of Asd"/MurA ™ recombinant
lysis vectors were constructed to determine the effects of plasmid
copy number on the synthesis, secretion, and release by lysis of M.
tuberculosis antigens in RASV strains and to determine the corre-
lation between antigen dose and protective immunity against vir-
ulent M. tuberculosis aerosol challenge. The first group of plas-
mids, pYA4890 (pBR ori), pYA4891 (p15A ori), and pYA4892
(pSC101 ori), carried the DNA construct that encodes the chime-
ric protein ESAT-6-ESAT-6—CFP-10 (E2C) fused to Salmonella
SopE protein aa 1 to 80 (SopEy.s0) (SOpEnso-E2C), so that it can
be secreted and translocated into the host cell cytoplasm via the
Salmonella T3SS. The second group of plasmids, pYA4893 (pBR
ori) and pYA4894 (pl5A ori), was constructed to synthesize the
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FIG 2 Synthesis of Ag85A,,, in RASV strain x9879. Immunoblot of whole-
cell lysates (total extract) and supernatant fraction (20X concentrated) of
X9879(pYA3941) synthesizing M. tuberculosis Ag85A,,, protein. RASV strains
were grown as described in Materials and Methods. The total extract and
supernatant fractions were separated by SDS-PAGE and immunoblotted with
rabbit polyclonal anti-Ag85A antibody to detect Ag85A,,,. The numbers at the
left of the blot are molecular masses. The unprocessed form of Ag85A (Blagg-
Ag85A,4,-Blacp) is indicated by the arrow, and the mature form (Ag85A,,,) is
shown by the asterisk; these forms have the expected molecular masses of 38
kDa and 36 kDa, respectively. Lanes: 1, molecular mass markers (MM); 2,
Y9879(pYA3941).

Anti - Ag85A

fusion protein OmpC signal sequence (ompCgs) fused to ESAT-
6—ESAT-6—CFP-10 (OmpCgs-E2C). The OmpC signal sequence
facilitates the transport of the recombinant proteins to the bacte-
rial periplasmic space via the type II secretion system (T2SS) and,
subsequently, into the extracellular milieu. Each recombinant
plasmid also contained the blags-fbpA,q,-blac nucleotide se-
quences to produce the recombinant fusion protein Blagg-
Ag85A,,,-Blacy that is exported to the periplasmic space of the
bacterium due to the B-lactamase signal sequence (type II secre-
tion). This fusion was placed downstream of the ESAT-6 and
CFP-10 fusion constructs described above and in Materials and
Methods.

Synthesis and secretion of recombinant chimeric proteins
SopEys0-E2C, OmpCgs-E2C, and Ag85A,,, by Salmonella
strain x11021. S. enterica serovar Typhimurium 11021 was de-
signed to display regulated delayed antigen synthesis and regu-
lated delayed lysis in vivo in combination with Asd*/MurA™ lysis
expression vectors. Cultures of x11021 strains independently con-
taining each of the Asd*/MurA™ lysis plasmids were grown and
processed for detection of proteins by immunoblotting. Cell ex-
tracts of strains containing the pBR ori vector pYA4890 or
pYA4893 produced two proteins with approximate molecular
masses of 38 kDa and 36 kDa, corresponding to the unprocessed
and mature forms of Ag85A,,, protein, respectively, in the whole-
cell lysates (Fig. 3A, lanes 3 and 6) and as a single 36-kDa protein
in the supernatant (data not shown). However, Ag85A,,,, was de-
tected only as a 36-kDa protein in the whole-cell lysates of x11021
containing the low-copy-number plasmids pYA4891 (p15A ori),
pYA4892 (pSC101 ori), and pYA4894 (p15A ori) (Fig. 3A, lanes 4,
5,and 7). When the 11021 cells were grown with 1 mM IPTG in
the medium, the Ag85A,,, protein was detected as two bands of 38
kDa and 36 kDa in whole-cell lysates (Fig. 3B, lanes 3 to 7) and as
aband of 36 kDa in the supernatants (Fig. 3C, lanes 3 to 7). These
results indicated that the copy number of the recombinant lysis
vectors governed the amount of recombinant Ag85A,,,, produced
in the vaccine strain. Smaller amounts of protein were observed in
cells grown in LB medium with 0.2% arabinose, and the higher
levels of the Ag85A,,,, protein were observed when induced with 1
mM IPTG.

Synthesis of the SopEy,so-E2C fusion proteins (T3SS depen-
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FIG 3 Synthesis of Ag85A,,, in RASV strain x11021. Immunoblot of whole-cell lysates and supernatant fractions (20X concentrated) of 11021 strains
containing plasmids producing Ag85A,,,. (A) Strains were grown in LB broth with 0.2% arabinose, to repress chimeric protein synthesis. (B and C) Strains were
grown in LB broth with 1 mM IPTG, to induce a maximal chimeric protein synthesis. Total extracts and supernatant fractions were separated by SDS-PAGE and
immunoblotted with rabbit polyclonal anti-Ag85A antibody. The numbers at the left of the blots are molecular masses. The unprocessed protein is indicated by
the arrows, and the mature form is shown by the asterisks; these forms have expected molecular masses of 38 kDa and 36 kDa, respectively. Lanes: 1, molecular
mass markers (MM); 2, RASV x11021(pYA3681) vector control; 3, y11021(pYA4890 [SopEys0-E2C/Blagg-Ag85A,4,-Blacr, pBR ori]); 4, x11021(pYA4891
[SopEngo-E2C/Blags-Ag85A,0,-Blacy, p15A ori]); 5, x11021(pYA4892 [SopEy,se-E2C/Blags-Ag85A,0,-Blac, pSCI101 ori]); 6, x11021(pYA4893 [OmpCgs-
E2C/Blags-Ag85A,44-Blacr, pBR ori]); 7, 11021 (pYA4894 [OmpCgs-E2C/Blags-Ag85A,0,-Blacr, p15A ori]).

dent) from pYA4890, pYA4891, and pYA4892 was detected by  dent) from pYA4893 and pYA4894 was confirmed by the presence
immunoblotting as a breakdown product of approximately 32  of bands of approximately 34 kDa and 32 kDa (detected using
kDa that reacted specifically with anti-ESAT-6 polyclonal anti- anti-ESAT-6 polyclonal antibody) that correspond to the unpro-
body in the whole-cell lysates from cultures grown in LB medium  cessed and mature forms of the protein in the whole-cell lysates,
with 0.2% arabinose (Fig. 4A, lanes 3 to 5) and was also detectedas  respectively (Fig. 4A and B, lanes 6 and 7), and in the supernatants
a band of 40.6 kDa, along with its hydrolysis products of 35 kDa  asaband of 32 kDa (Fig. 4C, lanes 6 and 7) from cultures grown in
and 32 kDa, in whole-cell lysates (Fig. 4B, lanes 3 to 5) and super- LB medium with 0.2% arabinose or 1 mM IPTG. The amounts of
natants (Fig. 4C, lanes 3 to 5) of cultures grown in the presence of  both chimeric proteins, SOpEyg,-E2C and OmpCgs-E2C, were
1 mM IPTG. reduced in LB medium with 0.2% arabinose and elevated after

Synthesis of the OmpCgs-E2C fusion protein (T2SS depen-  induction with 1 mM IPTG, as observed with the recombinant
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FIG 4 Synthesis of SopEys,-E2C or OmpCgq-E2C in RASV strain x11021. Immunoblot of whole-cell lysates and supernatant fractions of 11021 strains
harboring Asd* lysis plasmids and producing SopE-E2C or OmpC-E2C. Strains were grown as described in the legend to Fig. 2A to C. Total extracts and
supernatant fractions were separated by SDS-PAGE and immunoblotted using rabbit polyclonal anti-ESAT-6 antibody to detect SOpEygo-E2C or OmpCqgq-E2C.
PBR ori is high copy number, p15A ori is low copy number, and pSC101 ori is very low copy number. The numbers at the left of the blot are molecular masses.
Squares, SopE80-E2C chimeric protein (expected molecular mass, 34 kDa); circles, SopE80-E2C chimeric protein breakdown products (expected molecular
masses, 35 kDa and 32 kDa, respectively); arrows, unprocessed OmpCgyq-E2C (expected molecular mass, 34 kDa); asterisks, the mature form of OmpCgg-E2C
(expected molecular mass 32 kDa). Lanes: 1, molecular mass markers (MM); 2, RASV x11021(pYA3681) vector control; 3, x11021(pYA4890 [SopEys0-E2C/
Blags-Ag85A,4,-Blacr, pBR ori]); 4, x11021(pYA4891 [SopEyso-E2C/Blags-Ag85A,9,-Blacr, p15A ori]); 5, x11021(pYA4892 [SopEy50-E2C/Blags-Ag85A,4,-
Blacp, pSC101 ori]); 6, x11021(pYA4893 [OmpCgs-E2C/Blags-Ag85A,44-Blacr, pBR ori]); 7, x11021(pYA4894 [OmpCgy-E2C/Blags-Ag85A,4,-Blac, p15A
ori]).
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Ag85A,,, grown under similar conditions. These results showed
that synthesis of the recombinant antigens was efficiently regu-
lated in Salmonella x11021 harboring the Asd*/MurA™ lysis vec-
tors during growth in broth cultures.

Plasmid stability. All plasmids were 100% stable in 9879 and
x11021 throughout 50 generations of growth under both selective
and nonselective conditions (data not shown).

Serum IgG titers in mice immunized with recombinant S.
Typhimurium vaccines. Sera from groups of C57BL/6 mice orally
immunized with Salmonella strain 9879 carrying pYA3941 (pro-
ducing Ag85A,,,) or control plasmid pYA3620 or with buffered
saline (BSG control) were obtained at days 21 and 65 after the first
immunization to analyze serum IgG responses by ELISA. Sera
from groups of mice orally immunized with Salmonella strains
x11021 carrying pYA4890, pYA4891, or pYA4892 (producing
SopEns0-E2C/Ag85,04), pYA4893 or pYA4894 (producing
OmpCgys-E2C/Ag85A,,,,), control plasmid pYA3681, or BSG were
obtained at day 77 after the first immunization to analyze serum
IgG responses.

IgG antibody responses to Ag85A. Slightly higher serum IgG
titers against Ag85A,,, were detected in mice vaccinated with
Xx9879(pYA3941) at 21 days and significantly higher titers were
detected at 65 days (P < 0.001) compared to the titers in mice
receiving BSG alone or the control strain, y9879(pYA3620) (Fig.
5A). All mice immunized with the 11021 strains harboring
Asd*/MurA™ lysis plasmids synthesizing Ag85A,,, produced sig-
nificantly higher anti-Ag85A IgG responses at day 77 than either
mice immunized with the x11021(pYA3681) vector control or
mice receiving BSG (P < 0.001) (Fig. 5B). Mice immunized with
x11021(pYA4894 [pl15A ori]) synthesizing OmpCge-E2C/
Ag85A,,, proteins elicited the highest level of IgG anti-Ag85A
(endpoint titer, 33,000) compared to those elicited by mice im-
munized with either x11021(pYA4893 [pBR ori]) (endpoint titer,
7,000) or x11021 synthesizing SopEygo-E2C/Ag85A,,, from
pYA4890, pYA4891, and pYA4892 (endpoint titers, between 7,000
and 16,000) (P < 0.001).

When the effect of plasmid copy number was compared among
x11021 strains synthesizing SopEy,so-E2C/Ag85A,4,, mice im-
munized with x11021(pYA4891 [p15A ori]) elicited a significantly
higher IgG response to Ag85A (P < 0.001) than mice immunized
with either x11021(pYA4890 [pBR ori]) or x11021(pYA4892
[pSC101 ori]). Interestingly, in mice vaccinated simultaneously
with two strains, x11021(pYA4892 [pSC101 ori]) synthesizing
SopEns0-E2C/Ag85A,,5, and x11021(pYA4894 [pl5A ori]) syn-
thesizing OmpCqgg-2EC/Ag85A,4,, the serum anti-Ag85A IgG ti-
ters decreased significantly compared to the levels in mice immu-
nized with y11021(pYA4894) alone (P < 0.001) (Fig. 5B). No
such difference was observed in the case of ESAT-6 (Fig. 5C).
These results suggested that higher anti-Ag85A IgG titers were
induced in mice immunized with the regulated delayed lysis strain
x11021 carrying Ag85A,9, Asd*/MurA™* lysis plasmids (pYA4890
to pYA4894), which is designed to deliver the antigen by both
protein secretion and lysis of the vaccine strain, compared to the
levels induced by x9879(pYA3941) displaying regulated delayed
attenuation, which delivers the antigen only by secretion. These
results demonstrated that y11021 carrying either Ag85A,,, plas-
mid pYA4890 or pYA4892, with high-copy-number pBR ori and
low-copy-number pSC101 ori, respectively, induced lower hu-
moral immune responses to Ag85A in the immunized mice than
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mice immunized with x11021 carrying the p15A ori plasmids
pYA4891 and pYA4894.

IgG antibody responses to ESAT-6. Sera from the first group
of mice immunized with 11021 producing the recombinant pro-
teins SopEyg0-E2C/Ag85A,,, were analyzed on day 77. Anti-
ESAT-6 total IgG titers in mice immunized with x11021
(pYA4890), x11021(pYA4891), or x11021(pYA4892) were signif-
icantly higher than those measured in mice vaccinated with
x11021(pYA3681) harboring the vector alone as a control or given
BSG (P < 0.01 for pYA4890; P < 0.001 for pYA4891 and
pYA4892) (Fig. 5C).

The effect of antigen dose (due to differences in plasmid copy
number) was different for ESAT-6 than for Ag85A. Anti-ESAT-6
IgG titers in sera of mice immunized with x11021(pYA4892
[pSC101 ori]) were significantly higher than the titers observed in
mice immunized with x11021(pYA4890 [pBR ori]) or x11021
(pYA4891 [pl5A ori]) (pYA4892 < pYA4891 [P < 0.01];
pYA4891 < pYA4890 [P < 0.01]) (Fig. 5C). In the second group
of mice immunized with x11021(pYA4893) or x11021(pYA4894)
producing the recombinant proteins OmpCgs-E2C/Ag85A 5, and
analyzed similarly, both vaccine strains induced significantly
higher IgG titers than the x11021(pYA3681) vector control or
BSG alone (pYA4893, P < 0.01; pYA4894, P < 0.001). The levels
of serum anti-ESAT-6 IgG in mice immunized with x11021
(pYA4894 [p15A ori]) or mice immunized simultaneously with
the two strains x11021(pYA4892) and x11021(pYA4894) were
highest compared to the levels observed in mice immunized with
x11021 harboring any of the other Asd*/MurA™* lysis vectors
(P < 0.001) (Fig. 5C). As observed with Ag85A,,,,
x11021(pYA4894 [p15A ori]) induced the highest levels of anti-
ESAT-6 IgG in vaccinated mice (Fig. 5C).

IgG antibody responses to CFP-10. Mice immunized with
x11021(pYA4892 [pSC101 ori]) elicited the highest levels of anti-
CFP-10 IgG compared to mice immunized with the
x11021(pYA3681) vector control or preimmune serum (P <
0.001; Fig. 5D). The effect of antigen dose (due to differences in
plasmid copy number) for CFP-10 was similar to that observed
with ESAT-6. The anti-CFP-10 IgG titers observed in sera of mice
immunized with x11021(pYA4892) were significantly higher than
the titers observed in mice immunized with y11021(pYA4890
[pBR ori]) or x11021(pYA4891 [pl5A ori]) (P < 0.05), although
mice immunized with the last two RASVs produced similar anti-
CFP-10 titers (Fig. 5D). In the second group of mice immunized
with x11021(pYA4893 [pBR ori]) or x11021(pYA4894 [pl15A
ori]), producing the recombinant protein OmpCgs-E2C/
Ag85A,,,, only x11021(pYA4894) induced significantly higher
anti-CFP-10 titers than the vector control x11021(pYA3681) or
preimmune serum (P < 0.001). The level of anti-CFP-10 IgG was
significantly higher in mice immunized with x11021(pYA4894)
than mice immunized simultaneously with x11021(pYA4892)
and x11021(pYA4894) (P < 0.01; Fig. 5D).

IgG immune responses to SOMPs. Serum IgG titers against
SOMPs were detected in all mice vaccinated with either
X9879(pYA3941) or x11021 carrying chimeric protein Asd*/
MurA™ lysis plasmids or the control plasmids (pYA3620 [Asd*]
or pYA3681 [Asd*/MurA™ lysis]) at 21 days (after the first vacci-
nation) and increased by days 65 and 77 (Fig. 6A and B). The
anti-SOMP IgG levels in mice immunized with the x9879
(pYA3620) vector control at 21 and 65 days were higher than the
levels observed in the x9879(pYA3941)-immunized mice (P <
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FIG 5 Anti-Ag85A and anti-ESAT-6 serum IgG in mice. C57BL/6 mice were orally immunized at days 0, 7, and 49 with 1 X 10° CFU of RASV strain 9879
harboring either pYA3620 (vector control) or its derivative, pYA3941 (synthesizing the Blags-Ag85A,,,-Blacy protein), or RASV strain x11021 independently
harboring Asd */MurA ™ plasmids: pYA3681 (vector control) or the isogenic pBR, p15A, and pSC101 ori plasmids pYA4890, pYA4891, and pYA4892, respectively
(synthesizing the SopEyg,-E2C/Blags-Ag85A,4,-Blacr protein), or harboring the isogenic pBR or p15A ori plasmids pYA4893 and pYA4894, respectively
(synthesizing OmpCgs-E2C/Blags-Ag85A,4,-Blac), or were immunized simultaneously with both x11021(pYA4892) and x11021(pYA4894). The anti-Ag85A
IgG titers in preimmune serum (PI) and in serum from immunized mice at 21 and 65 days (d) or at 77 days after the first immunization were measured by ELISA.
(A) Serum IgG total response to Ag85A. s, P << 0.001 for comparison with mice immunized with vector control strain y11021(pYA3620), BSG-dosed mice, or
preimmune serum. (B) Serum IgG total response to Ag85A. #::x, P < 0.001 for comparison with mice immunized with vector control strain y11021(pYA3681),
BSG-dosed mice, or preimmune serum; P < 0.001 for comparison of mice immunized with y11021(pYA4894) versus mice immunized with y11021(pYA4890),
x11021(pYA491), x11021(pYA4892), and x11021(pYA4893); and P < 0.001 for comparison of mice immunized with x11021(pYA4891) versus mice immu-
nized with x11021(pYA4890). (C) Serum IgG total response to ESAT-6. s, P < 0.001, and **, P < 0.01, for comparison of mice immunized with the vector
control strain, BSG-dosed mice, or preimmune serum; **, P < 0.01 for comparison of mice immunized with x11021(pYA4892) versus x11021(pYA4891) and
P < 0.01 for comparison of mice immunized with y11021(pYA4891) versus x11021(pYA4890); #=x, P < 0.001 for comparison of mice immunized with
x11021(pYA4894) versus mice immunized with y11021(pYA4890), x11021(pYA4891), x11021(pYA4892), and x11021(pYA4893). D Serum IgG total response
to CFP-10. sk, P < 0.001; #*, P < 0.01; *, P < 0.05 for comparison of mice immunized with the vector control strains. *, P < 0.05 for comparison of mice
immunized with x11021(pYA4892) versus x11021(pYA4890) or x11021(pYA4891); *, P < 0.05 for comparison of mice immunized with x11021(pYA4894)
versus x11021(pYA4892 + pYA4894). The data represent endpoints of antibodies in pooled sera from 6 mice immunized at the indicated time after immuni-
zation. Error bars represent variations between duplicate wells. The statistical significance was calculated by one-way ANOVA and Tukey’s posttest.

0.05 and P < 0.01, respectively), which could be due to the meta-

undergoing lysis, since its immunogenic capabilities were superior
bolic burden imposed by the high level of Ag85A,,, synthesis in

to those observed with x9879(pYA3941).

Xx9879(pYA3941). No such difference was observed in mice im-
munized with ¥11021 harboring the Asd*/MurA* lysis vector
derivatives (Fig. 6B). These data suggest that RASV strain 11021
complemented with the Asd*/MurA™" lysis plasmids is able to
invade and survive in the lymphoid tissues of the vaccinated mice
for a time sufficient to stimulate a robust immune response before
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IgG antibody subclass responses to Ag85A. The immune re-
sponses induced by x9879 synthesizing Ag85A.,,, from pYA3941 and
x11021 synthesizing Ag85A,,, from the Asd*/MurA™ lysis plasmids
were further examined by measuring the levels of IgG isotype sub-
classes IgG1 and IgG2b both in preimmune serum and at days 21, 65,
or 77 after the first vaccination. Serum IgG2b titers to Ag85A were
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FIG 6 Anti-SOMP total serum IgG and anti-Ag85A IgG2b and IgG1 in serum in mice. C57BL/6 mice were orally immunized at days 0, 7, and 49 with 1 X 10°
CFU of x9879 harboring either pYA3620 (control) or pYA3941 (specifying the Blags-Ag85A,4,-Blacr protein) or with 1 X 10° CFU of 11021 harboring either
PYA3681 (lysis vector control) or the isogenic lysis plasmids pYA4890 (pBR ori), pYA4891 (p15A ori), and pYA4892 (pSC101 ori), each specifying SOpEyso-
E2C/Blags-Ag85A,4,-Bla, as well as pYA4893 (pBR ori) and pYA4894 (p15A ori), each synthesizing OmpCqgs-E2C/Blagg-Ag85A,4,-Blac, or were immunized
simultaneously with both y11021(pYA4892) and x11021(pYA4894). The anti-Ag85A IgG2b and IgGl1 titers and anti-SOMP titers in preimmune serum (PI) and
in immunized mice at 21, 65, and 77 days after the first immunization were measured by ELISA. (A and B) Total serum IgG responses to SOMPs. s, P < 0.001,
#%, P < 0.01,and *, P < 0.05, for comparison with mice immunized with the vector control strain, BSG-dosed mice, or preimmune serum. (C and D) Subclasses
IgG2 and IgGl in serum against Ag85A. The data represent endpoints of antibodies in pooled sera from 6 mice immunized at the indicated time after
immunization. Error bars represent variations between duplicate wells. The statistical significance was calculated by one-way ANOVA and Tukey’s posttest.

higher than the IgG1 titers at 21, 65, or 77 days (Fig. 6C and D). These
data indicate that x11021 synthesizing Ag85A,,, predominantly in-
duced Th1-type immune responses in immunized mice. Anti-Ag85A
IgGl and IgG2b antibodies were barely detected in sera obtained
from mice vaccinated with control strains or in preimmune serum
(data not shown), confirming that the immune responses were stim-
ulated by the antigen and not by the delivery vector.

Cytokine production in mice orally immunized with S. Ty-
phimurium x9879(pYA3941). Three weeks after the last immu-
nization, lymphocytes were isolated from spleens from each group
of vaccinated mice as well as control groups of mice, to compare
the stimulation of the proinflammatory Thl cytokines IFN-vy,
TNF-q, and IL-2 and the anti-inflammatory Th2 cytokine IL-4
(65). The lymphocytes were stimulated with 1 ug/well of recom-
binant Ag85A or medium as described in Materials and Methods.
Significantly higher numbers of Ag85A-specific IFN-vy, TNF-q,
and IL-2 spot-forming units (SFU) were detected from mice im-
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munized with S. Typhimurium x9879(pYA3941) synthesizing
Ag85A,,, (P < 0.001) than mice that received BSG (control) (Fig.
7 Ato C). Only the TNF-a and IL-4 levels were significantly higher
in the immunized mice (P < 0.05), although we do not consider
these to be biologically significant. This splenic lymphocyte activ-
ity observed in mice immunized with x9879(pYA3941) is a con-
sequence of the ability of live Salmonella vaccine strains to induce
cell-mediated immunity with IFN-y-dominant immune re-
sponses, in addition to humoral immunity (52).

Cytokine production in mice orally immunized with S. Ty-
phimurium x11021 synthesizing ESAT-6—CFP-10-Ag85A chi-
meric proteins. Splenic lymphocytes from mice immunized with
x11021 harboring independently each of the lysis vectors synthe-
sizing either recombinant SopEy,s,-E2C/Ag85A,4, or OmpCqg-
2EC/Ag85A,4, produced significantly larger amounts of Ag85A-
specific IFN-vy-secreting cells than mice that received BSG
(control) (P < 0.001 for x11021 carrying pYA4890; P < 0.01 for
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FIG 7 Antigen-specific stimulation of cytokine responses in lymphocytes from mice vaccinated with Salmonella y9879(pYA3620) or x9879pYA3941. Antigen-
specific IFN-vy (A), TNF-a (B), IL-2 (C), and IL-4 (D) cytokine-forming lymphocytes were determined by ELISPOT assay. C57BL/6 mice were orally immunized
with x9879(pYA3941) specifying Blagg-Ag85A,,-Bla.r or the x9879(pYA3620) vector control or were BSG dosed at days 0, 21, and 49. Three weeks after the last
immunization, spleen cells from three mice per group were harvested and pooled. The pool of spleen cells from the same group of mice was analyzed in triplicate.
Cells were restimulated for 24 h (for IFN-vy- and TNF-a-secreting cells) or 48 h (for IL-2- and IL-14-secreting cells) with 1 ug/well of recombinant Ag85A or
medium for ELISPOT assays. The results are presented as number of ELISPOTs per million lymphocytes minus background number of ELISPOT's from unpulsed
mock controls. ###, P < 0.001 for comparison of mice immunized with y9879(pYA3941) or with x9879(pYA3620) and BSG group for Ag85A-specific IFN-vy-,
TNF-a-, and IL-2-secreting cells; *, P < 0.05 for comparison of the mice immunized with x9879(pYA3941) and mice immunized with x9879(pYA3620) for
Ag85A-specific TNF-a-secreting cells and P < 0.05 for comparison of mice immunized with x9879(pYA3941) and BSG group for Ag85A-specific IL-4-secreting
cells. Error bars represent variations between triplicate wells. The statistical significance was calculated by one-way ANOVA and Tukey’s posttest.

pYA4891; and P < 0.05 for pYA4892, pYA4893, or pYA4894) (Fig.
8A). Lymphocytes from mice immunized with x11021(pYA4890)
or x11021(pYA4891) or mice immunized simultaneously with
both x¥11021(pYA4892) and x11021(pYA4894) produced signifi-
cantly larger amounts of Ag85A-specific IFN-vy-secreting cells
than lymphocytes from mice vaccinated with the x11021
(pYA3681) vector control (P < 0.05 for x11021 carrying
PYA4890; P < 0.05 for pYA4891; and P < 0.001 for pYA4892 and
pYA4894) (Fig. 8A).

In the case of Ag85A-specific TNF-a- and IL-2-secreting cells,
the numbers were significantly higher in mice immunized with
x11021 harboring independently each lysis plasmid than in the
mice that received BSG (control) (P < 0.001) (Fig. 8B and C).
However, only the splenocytes from mice vaccinated with either
x11021(pYA4890) or simultaneously with both x11021
(pYA4892) and x11021(pYA4894) produced significantly larger
amounts of Ag85A-specific TNF-a-secreting cells than spleno-
cytes from mice vaccinated with the x11021(pYA3681) vector
control (P < 0.05 for y11021 harboring pYA4890 and P < 0.01 for
pYA4892 and pYA4894; Fig. 8B). The number of Ag85A-specific
IFN-v, TNF-q, and IL-2 SFU from splenocytes from mice vacci-
nated with either x11021(pYA4893 [pBR ori]) or x11021
(pYA4894 [p15A ori]) synthesizing OmpCgs-E2C/Ag85A,,, was
significantly higher than the number of SFU from cells producing
these cytokines from mice that received BSG (control) (P < 0.05
for IFN-y SFU; P < 0.001 for TNF-« SFU; and P < 0.001 for IL-2
SFU). The number of Ag85A-specific IFN-vy, TNF-q, and IL-2
SFU from splenocytes of mice vaccinated with x11021(pYA4894)
was slightly higher than the number from cells producing these
cytokines from mice vaccinated with y11021(pYA4893). The
number of Ag85A-specific IFN-y, TNF-q, and IL-2 SFU from
lymphocytes of mice vaccinated simultaneously with x11021
(pYA4892) and x11021(pYA4894) was significantly higher than
the number of cells producing these cytokines from mice vacci-
nated with either x11021(pYA4892) or x11021(pYA4894) alone
(P < 0.01 for IFN-vy; P < 0.01 for TNF-q; and P < 0.01 for IL-2).
These data suggested a synergistic effect of both vaccine strains in
the induction of the T-cell immune responses.

The numbers of Ag85A-specific IL-4 SFU from splenocytes of
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mice vaccinated with the x11021(pYA3681) vector control,
x11021(pYA4890), or x11021(pYA4892) or simultaneously with
x11021(pYA4892) and x11021(pYA4894) were significantly
higher than the numbers from cells producing IL-4 from mice that
received BSG (control) (P < 0.001; Fig. 8D), while the numbers of
Ag85A-specific IL-4 SFU from splenocytes of mice vaccinated
with either x11021(pYA4891) or x11021(pYA4894) were only
slightly higher than those observed in mice that received BSG
(control) (P < 0.05; Fig. 8D). Together, these results indicated
that a dominant Th1 immune response, characterized by the se-
cretion of IFN-vy, TNF-q, and IL-2, was induced in most of the
mice immunized with y11021 harboring any of the Asd*/MurA*
lysis plasmids, while the anti-inflammatory Th2 cytokine IL-4 was
also stimulated in mice immunized with the x11021(pYA3681)
vector control, x11021(pYA4892 [pSC101 ori]), and 11021
(pYA4890 [pBR ori]).

In contrast to the stimulation of cytokines by splenocytes from
mice immunized with 11021 harboring any Asd*/MurA™ lysis
expression plasmid, the SOpEy50-E2C or OmpCgs-E2C chimeric
proteins induced barely detectable ESAT-6-specific or CFP-10-
specific IFN-vy-, TNF-a-, IL-2-, or IL-4 secreting cells (data not
shown).

Evaluation of protective immunity. To examine the protec-
tive efficacy of Salmonella vaccines against M. tuberculosis infec-
tion, groups of orally immunized C57BL/6 mice were challenged
with virulent M. tuberculosis H37Rv as indicated in Materials and
Methods. Six mice per group were euthanized 6 weeks after chal-
lenge, and the protective efficacy of the vaccines was measured by
the enumeration of M. tuberculosis CFU in the lungs and spleens.
The mice immunized with the regulated delayed attenuation
strain x9879(pYA3941) synthesizing Ag85A,,, showed a signifi-
cant reduction in the number of CFU of M. tuberculosis in lungs
and spleen in comparison with the BSG-dosed mice (P < 0.05 and
P < 0.001, respectively). The number of CFU in the lungs and
spleens of mice immunized with x9879(pYA3941) were nearly at
the same level as those observed in mice immunized with M. bovis
BCG (Fig. 9A and B). The group of mice immunized with the
X9879(pYA3620) vector control also showed a moderate reduc-
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FIG 8 Antigen-specific stimulation of cytokine responses in spleen cells from mice vaccinated with RASV x11021 harboring either Asd*/MurA™ lysis plasmid
PYA3681 (vector control) or plasmids pYA4890, pYA4891, and pYA4892 (specifying synthesis of SOpEy-E2C/Blags-Ag85A,,,-Blac1) or harboring plasmids
PYA4893 and pYA4894 (specifying synthesis of OmpCqgs-E2C/Blags-Ag85A,0,-Blacr), or were immunized simultaneously with both x11021(pYA4892) and
x11021(pYA4894). Ag85A-specific IFN-vy (A), TNF-a (B), IL-2 (C), and IL-4 (D) cytokine-forming lymphocytes were detected by ELISPOT assay. C57BL/6 mice
were orally immunized with the Salmonella vaccine strains or BSG dosed at days 0, 21, and 49. Three weeks after the last immunization, spleen cells from three
mice per group were harvested and pooled. Cells were restimulated for 40 h (for IFN-vy- and TNF-a-secreting cells) or 66 h (for IL-2- and IL-14-secreting
cells) with 1 ug/well of recombinant Ag85A or medium for ELISPOT assays. The results are presented as the number of ELISPOTSs per million lymphocytes
minus background number of ELISPOTSs from unpulsed mock controls. *, P < 0.05, and ##:*, P < 0.001, for comparison of BSG-dosed mice. (A) For
Ag85A-specific IFN-vy secreting cells, *, P < 0.05 for comparison of mice immunized with either x11021(pYA4890) or x11021(pYA4891) and mice
immunized with x11021(pYA3681); #, P < 0.01 for comparison of mice immunized with both y11021(pYA4892) and x11021(pYA4894) versus mice immunized with
x11021(pYA4894); ##x, P < 0.001 for comparison of mice immunized with both strains y11021(pYA4892) and x11021(pYA4894) versus mice immunized with
x11021(pYA3681). (B) For Ag85A-specific TNF-a-secreting cells; *, P < 0.05 for comparison of mice immunized with x11021(pYA4890) and
mice immunized with x11021(pYA4892) or x11021(pYA3681); #*, P < 0.01 for comparison of mice immunized with both x11021(pYA4892) and
x11021(pYA4894) versus mice immunized with y11021(pYA4894) or x11021(pYA3681). (C) For Ag85A-specific IL-2-secreting cells, #:, P < 0.01 for compar-
ison of mice immunized with both x11021(pYA4892) and x11021(pYA4894) versus mice immunized with y11021(pYA4894). (D) For Ag85A-specific IL-4-
secreting cells; *, P < 0.05 for comparison of mice immunized with xY11021(pYA3681) and mice immunized with x11021(pYA4890) and P < 0.05 for
comparison of mice immunized with y11021(pYA4890) and mice immunized with y11021(pYA4891); #*x, P < 0.001 for comparison of mice immunized with
both strains x11021(pYA4892) and y11021(pYA4894) versus mice immunized with x1102(pYA4894). Error bars represent variations between triplicate wells.
The statistical significance was calculated by one-way ANOVA and Tukey’s posttest.

tion in the number of CFU in lungs and spleens in comparison
with the BSG-dosed mice.

ori]) and x11021(pYA4894 [pl5A ori]) synthesizing OmpCqq-
E2C/Ag85A,4, showed a significant reduction in the number of

In the groups of mice immunized with the regulated delayed lysis
strain 11021 independently harboring each of the Asd*/MurA™ ly-
sis plasmids (pYA4890, pYA4891, and pYA4892) synthesizing the
chimeric proteins SOpEyg,-E2C/Ag85A,,,, a significant reduction in
the number of M. tuberculosis CFU in lungs was observed with
x11021(pYA4891 [pl5A ori]) (P < 0.001) and x11021(pYA4890
[pBR ori]) (P < 0.01) compared to the BSG-dosed mice (Fig. 10A).
The number of CFU in the spleens was also significantly reduced in
mice immunized with x11021(pYA4891) and x11021(pYA4890)
compared to the BSG-dosed group (P < 0.05). No protection was
observed in either the lungs or spleens of mice immunized with
x11021(pYA4892 [pSC101 ori]) (Fig. 10A and B).

The groups of mice immunized with y11021(pYA4893 [pBR

826 iai.asm.org

CFU in the lungs compared to the BSG-dosed group (P < 0.001).
In the spleens, a moderate reduction in the number of CFU was
observed in mice immunized with x¥11021(pYA4893) and a sig-
nificant reduction was obtained in mice vaccinated with 11021
(pYA4894) compared to the BSG-dosed mice (P < 0.05). The
mice immunized simultaneously with both strains x11021
(pYA4892) and x11021(pYA4894) showed a significant reduction
in the number of CFU in the lungs and spleens compared to the
BSG-dosed mice (P < 0.01 for lungs and P < 0.05 for spleens).
However, the protection against the virulent M. tuberculosis ob-
served in these mice immunized with both strains was not higher
than the protection conferred in mice vaccinated only with strain
Xx11021(pYA4894).

Infection and Immunity
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FIG 9 RASV x9879(pYA3941) confers significant protection against myco-
bacterial infection. C57BL/6 mice were orally immunized with 9879
(pYA3941), specifying synthesis of Blagg-Ag85A,4,-Blacy, the x9879
(pYA3620) vector control, or BSG at days 0, 21, and 49. One group of mice was
immunized subcutaneously with M. bovis BCG at day 0. All mice were chal-
lenged with M. tuberculosis by aerosol 4 weeks after the last immunization and
euthanized 6 weeks later, to determine the bacterial loads in the lungs (A) and
spleens (B) in each group of mice. *, P < 0.05, **, P < 0.01, and *#*, P < 0.001,
for significance of vaccinated groups compared with mice that received BSG as
a control.

The protection generated in the lungs of mice immunized with
x11021(pYA4891), x11021(pYA4894), and x11021(pYA4893)
was better than the protection conferred in mice immunized with
M. bovis BCG, while the protection generated in the lungs of mice
immunized with either x11021(pYA4890) alone or simultane-
ously with x11021(pYA4892) and x11021(pYA4894) was approx-
imately same as that in mice immunized with M. bovis BCG, sug-
gesting that our first-generation RASV-based M. tuberculosis
vaccines delivering only 3 different protective antigens were
highly effective.

Mice immunized with x11021(pYA4890), x11021(pYA4891), or
x11021(pYA4894) or simultaneously with y11021(pYA4892) and
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x11021(pYA4894) showed approximately the same level of pro-
tection in spleens as those immunized with M. bovis BCG (Fig. 10).

DISCUSSION

Tuberculosis is an infectious disease that is treatable using the
available chemotherapeutic agents. However, the drugs are some-
times not effective due to patient noncompliance with the recom-
mended treatment regimen or because disease is caused by
antibiotic-resistant strains of M. tuberculosis. Use of the M. bovis
BCG vaccine to prevent TB is controversial since its protective
efficacy is variable, immunity is not long lasting (effective only in
childhood), and the vaccine is not routinely used in some coun-
tries (for example, the United States). Several strategies have been
developed to improve the efficacy of the BCG vaccine or to gen-
erate new vaccines that induce protective humoral and cell-
mediated immunity against M. tuberculosis infection, including
the use of live attenuated bacteria such as Salmonella for delivery
of protective M. tuberculosis antigens. Delivery of recombinant
Salmonella vaccines by oral, intranasal, intravenous, and intraper-
itoneal routes stimulates mucosal immunity with production of
secretory IgA in all mucosal tissues and all secretory glands, pri-
marily due to the cross-communication within the mucosal im-
mune system (37). The antibody responses induced in mice im-
munized with Salmonella vaccines may contribute to the control
of M. tuberculosis infection since there are IgG and IgA antibodies
present in the mucosal secretions of the lower respiratory tract
(10). Although M. tuberculosis is primarily an intracellular patho-
gen, there is also an extracellular phase in its infectious cycle.
There are studies that show the importance of antibody responses
against M. tuberculosis in controlling the infection (33, 35, 70).
Therefore, oral immunization with Salmonella vaccine vectors
may be effective in protecting mucosal surfaces such as those of
the lungs. In addition, live recombinant Salmonella vaccines in-
duce Th-1 cytokines IFN-vy and TNF-a, which are important in
controlling infections and preventing diseases caused by intracel-
lular pathogens such as M. tuberculosis (17, 30, 68).
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FIG 10 RASV 11021 harboring the Asd*/MurA™* lysis plasmids confers significant protection against mycobacterial infection. C57BL/6 mice were orally
immunized with the y11021(pYA3681) vector control or with 11021 harboring each of isogenic plasmids pYA4891, pYA4892, and pYA4893 (synthesizing
SopEngo-E2C/Blags-Ag85A,0,-Blacr) as well as either pYA4890 or pYA4894 (synthesizing OmpCgg-E2C/Blagg-Ag85A,4,-Blar); were immunized simultane-
ously with both x11021(pYA4892) and x11021(pYA4894); or were BSG dosed at days 0, 7, and 49. One group of mice was immunized subcutaneously with M.
bovis BCG at day 0. All mice were challenged with M. tuberculosis by aerosol 4 weeks after the last immunization and euthanized 6 weeks later, to determine M.
tuberculosisloads in the lungs (A) and spleens (B) of each group of mice. *, P < 0.05, #*, P < 0.01, and s, P < 0.001, for significance in numbers of CFU between

vaccinated and BSG-dosed mice.
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Kong et al. have developed an Asd*/MurA™ balanced-lethal
host-vector lysis system for complementation of the lethal chro-
mosomal deletion of both the asd and murA genes in RASV strains
(46). This system ensures the stability of plasmid vectors produc-
ing protective antigens in vivo after immunization of animal hosts
and eliminates the use of drug resistance markers. Furthermore,
RASV strains have been constructed that are phenotypically sim-
ilar to wild-type Salmonella at the time of oral vaccination but
display (i) regulated delayed attenuation (22), (ii) regulated de-
layed synthesis of recombinant antigens (71), and (iii) regulated
delayed lysis to release protective antigens and confer complete
biological containment, after colonizing the host (46).

In this study, we evaluated the protective efficacy of two RASV
strains that, in vivo, exhibit regulated delayed attenuation (x9879)
and regulated delayed lysis (}11021). Each of these strains pro-
duces secreted M. tuberculosis proteins such as Ag85A,,, alone or
Ag85A,,, produced with either SopEy.s,-E2C or OmpCgs-E2C
(in x¥11021) and delivers these protective antigens to the host im-
mune system to elicit protective immunity against M. tuberculosis
infection. Antigens Ag85A, ESAT-6, and CFP-10 are effective as
subunit vaccines (3, 39), and vaccines expressing these antigens
alone or together afford protection against M. fuberculosis infec-
tion (38, 45, 54).

Secreted antigenic proteins are generally more effective in in-
ducing protective immunity against intracellular pathogens than
proteins that remain in the cell cytosol. Therefore, we constructed
RASVs producing chimeric proteins such as Bla-Ag85A,,, and
OmpCgs-E2C that are efficiently exported to the periplasm and
subsequently to the outside of the bacterial cell via the T2SS, while
the chimeric protein SopEyg,-E2C is efficiently secreted to the
supernatant and translocated to eukaryotic cell cytoplasm via the
T3SS (42; this study).

Moreover, the level of recombinant antigen synthesis directly
influences the quality of the immune response induced (14) since
high expression of heterologous genes on plasmids can generate a
metabolic burden that overattenuates the Salmonella vaccine
strains, resulting in impaired colonization and either a lack of or
decreased immunogenicity. Therefore, we controlled the amount
of heterologous antigen synthesis in RASV by two ways: first, us-
ing balanced-lethal Asd*/MurA™* plasmids that carry the myco-
bacterial genes fused to T2SS or T3SS effector sequences, with
their transcription under the control of the P,,. promoter, whose
activity is in turn controlled by the chromosomal arabinose-
regulated lacl gene in the Salmonella vaccine strain y11021. The
second control is through the use of isogenic Asd*/MurA™* ex-
pression plasmids with different replication origins, such as pBR,
p15A, and pSC101 for high-, low-, and very-low-copy-number
plasmids, respectively, to carry the nucleotide sequences encoding
the mycobacterial chimeric proteins. The Asd* pYA3941 plasmid
and all of the Asd*/MurA™ lysis plasmid derivatives constructed
in this study are stable (100%) in RASV strains for over 50 gener-
ations of growth in the presence of DAP, independent of their
copy number.

We further extended our study to determine the ability of our
RASV strains to induce both humoral and cellular immune re-
sponses. We detected anti-Ag85A IgG titers in mice orally vacci-
nated with RASV strain 9879(pYA3941) or x11021 indepen-
dently harboring each constructed Asd*/MurA™ lysis vector
producing and delivering Ag85A,,,,. Higher anti-Ag85A IgG titers
were obtained in mice immunized with the x11021 strains har-

828 iai.asm.org

boring the Asd*/MurA™ lysis vectors producing Ag85A,,,, than in
mice immunized with x9879(pYA3941). These data suggest that
Salmonella vaccines displaying regulated delayed lysis were supe-
rior in inducing IgG antibody production in vaccinated mice
compared to RASVs that had only attenuating mutations. Inter-
estingly, among the vaccine strains harboring isogenic plasmids
with different replication origins, we observed that the anti-
Ag58A IgG titers were influenced by the copy number of the plas-
mids, obtaining the highest titers with plasmids containing the
p15A ori (x11021 harboring pYA4894 or pYA4891).

Anti-ESAT-6 IgG titers were detected in all mice vaccinated
with 11021 harboring the Asd*/MurA™ lysis vector derivatives
expressing and delivering either the SopEy,-E2C or OmpCgs-
E2C chimeric proteins. Similar to the pattern of humoral re-
sponses to Ag85A, the antibody response against ESAT-6 was in-
versely related to the copy number of the plasmids, suggesting that
a metabolic burden was imposed on the RASV by the synthesis of
the protective antigens. A similar observation has been described
previously, where the immune response to antigens delivered by
Salmonella Typhi vaccines was improved when the ClyA-PA83
antigen was expressed from low-copy-number plasmids (pSC101
ori), which induced the highest antibody responses (32). In this
study, the highest anti-ESAT-6 IgG titers were observed in the
mice vaccinated with x11021(pYA4894 [p15A ori]) alone or in
mice vaccinated simultaneously with both y11021(pYA4894) and
x11021(pYA4892 [pSC101 ori]). In addition to the copy number
of the plasmid, the OmpC signal peptide also positively influenced
the humoral response, since the OmpCgg-E2C chimeric proteins
were more effective in eliciting higher antibody titers than the
SopEyso-E2C chimeric proteins.

The IgG responses to CFP-10 in immunized mice were similar
to the patterns observed with ESAT-6. Induction of anti-CFP-10
IgG was also inversely related to the copy number of the plasmid,
although the highest titers were seen in mice vaccinated with
x11021(pYA4892 [pSC101 ori]). Mice immunized with x11021
(pYA4894 [p15A ori]) had the second highest titer of anti-CFP
IgG, suggesting that the OmpC signal sequence in the OmpCgs-
E2C chimeric protein produced by y11021(pYA4894) did not in-
crease the humoral response to CFP-10 as it appeared to do for
both ESAT-6 and Ag85A (Fig. 5B and C). It is unclear why this
difference occurred.

Analysis of the IgG subclasses showed higher levels of anti-
Ag85A IgG2b antibodies than IgGl titers, which is typical for a
Th1 response. The switch between secretion of IgG2b or IgG1 is
determined by the differential production of cytokines; thus, the
stimulation of IgG2b production is dependent on IFN-vy produc-
tion. Th1l-type immune responses were observed in all mice im-
munized with either strain 9879 or x11021 delivering M. tuber-
culosis chimeric proteins. These results are in agreement with the
T-cell response that was characterized by Ag85A-specific secretion
of IFN-v, TNF-q, and IL-2, which are more favorable for a pro-
tective immune response against M. tuberculosis. The secretion of
Ag85A,4,-specific cytokines was higher in the mice vaccinated
with Salmonella vaccine strain 11021 harboring Asd*/MurA*
lysis plasmids delivering Ag85A,,, and displaying regulated de-
layed lysis than in the mice vaccinated with Salmonella strain
Xx9879 harboring the Asd* pYA3941 plasmid. Interestingly, the
induction of Ag85A-specific secretion of IFN-vy, TNF-¢, and IL-2
in vaccinated mice was directly related to the copy number of the
plasmids producing SopEyso-E2C/Ag85A,,, chimeric proteins
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(pYA4890, pYA4891, and pYA4892) but not those pro-
ducing OmpCqgs-E2C/Ag85A,,, chimeric proteins (pYA4893 and
pYA4894), where a slightly greater cytokine production was ob-
served in mice vaccinated with x11021(pYA4894) than mice vac-
cinated with x11021(pYA4893). These results suggest that, in
mice orally vaccinated with Salmonella vaccines secreting the
combined chimeric proteins Ag85A,,, and SopEy.50-E2C, there is
better stimulation of the Thl-associated cytokines. The highest
induction of IFN-vy production was observed in mice vaccinated
with both RASV strains y11021(pYA4892 [p15A ori]) synthesiz-
ing SopEys0-E2C/Ag85A,,, and x11021(pYA4894 [pl5A ori])
synthesizing OmpCgg-E2C/Ag85A,,,, indicating a synergistic ef-
fect of both vaccines in the enhancement of the T-cell immune
response.

Significant increases in production of the IL-4 cytokine and
low or moderate levels of IFN-+y were detected in mice vaccinated
with the x11021(pYA3681) vector control and with 11021
(pYA4892). It has been reported that significant production of the
Th2-associated IL-4 cytokine is related to failure to control M.
tuberculosis infections (58, 62). Consistent with these reports,
mice immunized with the RASV x11021(pYA4892) strain showed
no protection against M. tuberculosis challenge.

In mice orally vaccinated with the RASV strain x9879(pYA4257)
synthesizing SopEys,-E2C and displaying regulated delayed at-
tenuation, we previously detected induction of a significant in-
crease in the number of ESAT-6-specific IFN-y- and TNF-a-
secreting T cells in mouse spleens 1 week after the last
immunization (42). However, here, neither ESAT-6-specific nor
CFP-10-specific T-lymphocyte activity was observed in mice
orally vaccinated with x11021 delivering either SopEyg,-E2C/
Ag85A,,, or OmpCgs-E2C/Ag85A,,,, chimeric proteins. In this
study, the ESAT-6-specific and CFP-10-specific stimulation of
T-cell responses was analyzed at 3 weeks after the last immuniza-
tion. If the stimulation of ESAT-6- and CFP-10-specific
T-lymphocyte activity occurs at 1 week postboost and rapidly de-
clines, as has been reported (4), this needs to be further investi-
gated. Other studies have determined that vaccination with the
ESAT-6 protein results in low immunogenicity and requires a
strong adjuvant to prime specific immune responses (11). More-
over, secretion of ESAT-6 alone or as a fusion protein with Ag85B
delivered by recombinant BCG induces weakened T-cell re-
sponses or completely diminishes T-cell responses, respectively
(59). If the absence of ESAT-6-specific and CFP-10-specific stim-
ulation of T-cell responses (or dominant Ag85A immune re-
sponses) is the result of competition between both Ag85A,,, and
SopEns0-E2C or OmpCgys-E2C, resulting in a dominant Ag85A
immune response over the response to ESAT-6 and/or CFP-10,
remains to be determined.

In spite of the lack of ESAT-6- and CFP-10-specific T-cell ac-
tivity observed in mice vaccinated with the Salmonella vaccines
synthesizing SOpEyso-E2C/Ag85A,4, or OmpCgs-E2C/Ag85A,,
at the specific times assessed, we cannot rule out the possibility
that the antibody responses against ESAT-6, CFP-10, and Ag85A
may also play a role in the induction of T-cell activity. In addition
to the role of serum antibodies in classical opsonization, phago-
cytosis, and killing of pathogens, there exist an interdependence
and synergy between humoral and cell-mediated immunity (1). B
cells are necessary for rapid T-cell activation via Fc receptors (FcR)
by an FcR-dependent antibody-enhanced uptake, processing, and
presentation of pathogen-derived antigens by FcR-bearing
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antigen-presenting cells (36, 40, 56). The enhanced uptake of BCG
coated with antimycobacterial antibodies by dendritic cells and
the subsequent processing of these bacteria, resulting in the pro-
liferation of mycobacterium-specific CD4* and CD8" T cells se-
creting IFN-v, support the role of specific antimycobacterial an-
tibodies in the uptake of bacteria via Fc receptors by professional
antigen-presenting cells for the activation of T cells (27).

The mycobacterial loads were significantly reduced in both the
lungs and spleens of mice vaccinated with the monovalent Salmo-
nella strain x9879(pYA3941) and with the trivalent Salmonella
vaccine 11021 harboring the Asd*/MurA™ lysis plasmids and
displaying the regulated delayed lysis phenotype. Among the tri-
valent vaccines, those harboring pYA4891, pYA4893, and
pYA4894 were the most effective in conferring protection in the
lungs against aerosol challenge with M. tuberculosis, and this level
of protection was slightly better than that afforded by BCG. On the
other hand, mice immunized with strain y11021(pYA4890) or
with both x11021(pYA4892) and x11021(pYA4894) achieved a
protection in the lungs comparable to that generated with BCG. In
contrast, in the spleens of vaccinated mice, the reduction in num-
ber of CFU was similar to that observed with BCG, with the ex-
ception of the reduction caused by strains y11021(pYA4893) and
x11021(pYA4892), which did not afford significant protection.

All the observations made in the present study indicate that
there is a requirement for an optimum level of synthesis of the
protective antigens to induce a robust immune response and pro-
tection against M. tuberculosis, without impairing the capability of
the live Salmonella vaccine to colonize the host lymphoid tissues.
In this work, this was achieved by employing low-copy-number
Asd*/MurA™ lysis vectors containing the p15A ori to produce
secreted recombinant antigens. Thus, the trivalent Salmonella
vaccine harboring either of the Asd*/MurA™ lysis plasmids with
the p15A ori and expressing SOpEy50-E2C/Ag85A,,5, or OmpCgs-
E2C/Ag85A,44, pYA4891 and pYA4894, respectively, afforded the
most effective protection against M. tuberculosis challenge in
orally immunized mice.

Our results show the efficacy of the Salmonella/Asd*/MurA*
lysis system for delivery of mycobacterial antigens to confer pro-
tection against M. tuberculosis infection and encourage further
development of improved vaccines based on the Salmonella/
Asd*/MurA™ lysis system to prevent M. tuberculosis infection.
Since BCG is used in many countries to immunize infants, it is
likely that an RASV-M. tuberculosis vaccine would be used as a
boosting immunization in BCG-vaccinated individuals. Thus, in
future experiments, we will explore the use of improved RASV-M.
tuberculosis vaccines in prime-boost immunization regimens with
BCG as the priming vaccine. In such experiments, antigens other
than ESAT-6 and CFP-10 will be included, since the genes encod-
ing these antigens are absent from the BCG genome. Alternatively,
prime-boost vaccination strategies using RASV-M. tuberculosis
vaccines with subunit vaccines with the same antigens will also be
assessed.
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