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Lipopolysaccharide (LPS), composed of lipid A, core, and O-antigen, is a major virulence factor of Salmo-
nella enterica serovar Typhimurium, with lipid A being a major stimulator to induce the proinflammatory
response via the Toll-like receptor 4 (TLR4)-MD2-CD14 pathway. While Salmonella msbB mutants lacking the
myristate chain in lipid A were investigated widely as an anticancer vaccine, inclusion of the msbB mutation
in a Salmonella vaccine to deliver heterologous antigens has not yet been investigated. We introduced the msbB
mutation alone or in combination with mutations in other lipid A acyl chain modification genes encoding PagL,
PagP, and LpxR into wild-type S. enferica serovar Typhimurium. The msbB mutation reduced virulence, while
the pagL, pagP, and IpxR mutations did not affect virulence in the msbB mutant background when administered
orally to BALB/c mice. Also, all mutants exhibited sensitivity to polymyxin B but did not display sensitivity to
deoxycholate. LPS derived from msbB mutants induced less inflammatory responses in human Mono Mac 6
and murine macrophage RAW264.7 cells in vitro. However, an msbB mutant did not decrease the induction of
inflammatory responses in mice compared to the levels induced by the wild-type strain, whereas an msbB pagP
mutant induced less inflammatory responses in vivo. The mutations were moved to an attenuated Salmonella
vaccine strain to evaluate their effects on immunogenicity. Lipid A modification caused by the msbB mutation
alone and in combination with pagL, pagP, and I[pxR mutations led to higher IgA production in the vaginal tract
but still retained the same IgG titer level in serum to PspA, a test antigen from Streptococcus pneumoniae, and
to outer membrane proteins (OMPs) from Salmonella.

Salmonella spp. can infect both humans and animals, result-
ing in two primary clinical manifestations: enteric (typhoid)
fever and gastroenteritis. Key virulence factors include type I1I
secretion systems (T3SS) that export Salmonella effector pro-
teins into host cells and surface structures such as fimbriae and
lipopolysaccharide (LPS) (1, 23, 64). LPS provides Salmonella
cells with a protective barrier, shielding them from a number of
host defenses, including bile salts, hydrophobic antibiotics, and
complement. LPS consists of three covalently linked compo-
nents: lipid A, core oligosaccharide, and O-antigen polysaccha-
ride. Lipid A anchors LPS into the asymmetric outer mem-
brane and is essential for outer membrane barrier function and
cell viability. Lipid A is also the endotoxic component of LPS.
Salmonella lipid A is a B-1',6-linked disaccharide of glucosa-
mine, with phosphates at the 1 and 4’ positions and acylated at
the 2, 3, 2', and 3’ positions with R-3-hydroxymyristic acid
(3-OH C,,:0) (Fig. 1A). The structure is further acylated with
secondary laurate (C,,:0) and myristate (C,,:0) chains in acy-
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loxyacyl linkage at the 2’ and 3’ positions by HtrB (LpxL) and
MsbB (WaaN, LpxM), respectively (45).

Lipid A containing two phosphate groups and six acyl chains
that are 12 to 14 carbons in length is the most efficient in
activating proinflammatory responses through the Toll-like re-
ceptor 4 (TLR4)-MD2-CD14 pathway, while lipid As with
fewer acyl chains, such as tetra- or penta-acylated lipid A
species, have significantly diminished immunostimulatory ac-
tivity (5). Salmonella has evolved to modify lipid A further by
the addition of small molecules, such as phosphoethanolamine
(pEtN) moieties or 4-amino-4-deoxy-L-arabinose (L-Ara4N),
or variations in the fatty acid chains to modulate host innate
immunity and enhance its survival in different microenviron-
ment niches (17, 18, 47, 59). Three enzymes, Pagl, PagP, and
LpxR, that direct lipid A acyl chain modifications have been
described in Salmonella (18, 47, 59). PagL catalyzes the re-
moval of a single R-3-hydroxymyristate chain at position 3 of
lipid A (59), PagP catalyzes the addition of a phospholipid-
derived palmitate chain to the hydroxyl of the R-3-hydroxymyr-
istate chain at position 2 of lipid A (3, 18), and LpxR is a
3’-0-deacylase that removes the 3’-acyloxyacyl moiety from
lipid A (47). The expression of pagL and pagP is regulated by
the two-component regulatory system PhoP-PhoQ, while the
regulation of IpxR remains to be elucidated (17, 47, 59). Lipid
A from wild-type Salmonella growing inside RAW264.7 cells, a
mouse-derived macrophage cell line, is heavily modified with
L-Ara4N, pEtN, 2-hydroxymyristate, and palmitate (14). How-
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FIG. 1. Lipid A structures and ESI-MS of the Salmonella enterica serovar Typhimurium wild-type and msbB mutants. (A) Covalent modifi-
cations of Salmonella lipid A. LpxR and PagL catalyze the removal of the 3’-acyloxyacyl and the 3-hydroxymyristoyl chains from lipid A,
respectively, although these modifications are not seen under laboratory growth conditions. The lipid A species can be identified by ESI-MS in the
negative ion mode, with unmodified lipid A as the [M-2H]*>~ peak at m/z 897.60. Various modifications shift the peak at the indicated m/z values.
The addition of palmitate to position 2 of the R-3-hydroxymyristoyl chain catalyzed by PagP is indicated in blue. Other covalent lipid A
modifications include the hydroxylation of the 3’ secondary myristoyl chain by LpxO, the addition of L-Ara4N to the 4’ phosphate by ArnT, and
the addition of pEtN to the position 1 phosphate by EptA(PmrC). (B) Covalent modifications of lipid A in the msbB mutant. The known covalent
modifications of lipid A are indicated. The msbB mutant makes a lipid A species that is fully penta-acylated lipid A, as shown by the [M-2H]*~
peak at m/z 792.55. The addition of palmitate (C,) to position 2 of the R-3-hydroxymyristoyl chain catalyzed by PagP shifts the lipid A [M-2H]*~
peak by m/z +119.115. The addition of L-Ara4N to the 4’ phosphate catalyzed by ArnT shifts the lipid A [M-2H]*~ peak by m/z +65.529. The
addition of pEtN to the 1-phosphate, catalyzed by EptA(PmrC), shifts the MS peak by m/z +61.505. (C) Lipid A profiles from ESI-MS analysis
of x8573 (AmsbB48), x9908 (AmsbB48 ApagP8), x11065 (AmsbB48 ApagL7 ApagPS8 AlpxR9), and wild-type x3761 grown in LB medium at 37°C.

N-arab, L-Ara4N.

ever, the structure and activity of lipid A in vivo during host
infection is unknown.

Salmonella enterica serovar Typhimurium and other Gram-
negative bacteria are capable of releasing LPS during in vitro
and in vivo growth. LPS release is significantly enhanced during
lysis of S. enterica serovar Typhimurium following exposure to
antibiotics or human serum (9, 13). In Escherichia coli or S.
enterica serovar Typhimurium infection, lipid A but not other
bacterial components (i.e., peptidoglycan, lipopeptides, flagel-
lin, and CpG DNA motifs) is responsible for Gram-negative
sepsis and dysregulation of cytokine synthesis in mice (11, 49).

Compared to the wild-type Salmonella strain, an msbB mu-
tant lacking a myristate chain exhibits severe growth defects in
LB medium and sensitivity to bile salts (MacConkey medium)
and to EGTA-containing medium, but compensatory suppres-

sors such as somA mutation can restore resistance to bile (36);
msbB mutants are also more sensitive to CO,, acidic pH, and
high osmolarity than wild-type strains (26). The most interest-
ing phenotype conferred by an msbB mutation is the simulta-
neous reduction in virulence and endotoxic activity, which
serves to increase the safety of vaccine candidates for antican-
cer treatments and other purposes (27, 32, 33, 55). Overex-
pression of Pagl, PagP, or LpxR in the msbB mutant leads to
unique lipid A structures which are different from those pro-
duced by the wild-type Salmonella and the msbB mutant (Fig.
1B). The classical bisphosphorylated, hexa-acylated lipid A
species from Escherichia coli are able to activate the proinflam-
matory response via the TLR4-MD2-CD14 pathway, while the
tetra- or penta-acylated lipid A species significantly diminishes
immunostimulatory activity as an antagonist in human cells (5).
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TABLE 1. Strains and plasmids used in this work

Strain or plasmid

Description

Source (reference)

Plasmids
pRE112 sacB mobRP4 R6K ori Cm" (10)
pYA4284 pagL7 deletion pRE112
pYA4288 pagP8 deletion pRE112
pYA4287 IpxR9 deletion pRE112
pYA4876 PagP promoter inserted into pGOA1193 pGOA1193 (42)
pYA3493 Plasmid Asd™; pBRori B-lactamase signal sequence-based periplasmic (25)
secretion plasmid
pYA4088 852-bp DNA encoding the a-helical region of PspA from amino acid (62)
3 to 285 in pYA3493
. enterica serovar Typhimurium
strains
x3761 Wild type, UK-1 (19)
x8573 AmsbB48 x3761 (15)
x11165 AmsbB48 Apagl.7 x8573
x9908 AmsbB48 ApagP8 x8573
x9949 AmsbB48 AlpxR9 x8573
x11065 AmsbB48 Apagl.7 ApagP8 AlpxR9 x3761
x11164 AmsbB48 AarnT6 x8573
Vaccine strains
x9241 ApabA1516 ApabB232 AasdA16 AaraBAD23 ArelA198::araC Pyay, lacl TT (62)
Xx9278 ApabA1516 ApabB232 AasdA16 AaraBAD23 ArelA198::araC x9241
Pgap lacl TT AmsbB48
x11318 Apagl7 x9278
x9848 ApagP8 x9278
Xx9850 AlpxR9 x9278
x11088 ApagL7 ApagP8 AlpxR9 x9278
E. coli strains
X7232 (DHS5a N pir, MGN-026e) endAI hsdR17 (v~ my ") glnV44 thi-1 recAl gyrA relAl A(lacZYA- (50)
argF)U169 \pir deoR [$80dlac A(lacZ)M15]
X7213 (MGN-617) thi-1 thr-1 leuB6 ginV44 fhuA21 lacYl recA1 RP4-2-Tc::Mu Npir AasdA4 (50)
Azhf-2::Tnl0
S. pneumoniae WU2 Wild type, virulent, encapsulated type 3 (6)

However, the penta-acylated lipid A species in msbB mutants
still has the full ability to stimulate TLR4-MD2-CD14 from the
mouse, while the tetra- or tri-acylated lipid As diminish its
immunostimulatory activity (51). Whether the enzymes en-
coded by pagL, pagP, and IpxR are functioning in vivo to modify
the lipid A is unknown. If Pagl,, PagP, and LpxR were func-
tioning in vivo in the msbB mutant, it would produce tri-, tetra-,
penta-, or hexa-acylated or mixed lipid A structures, which
would display different abilities to activate the TLR4-MD2-
CD14 pathway. Each lipid A species would be expected to
induce innate immunity to various degrees. Therefore, dele-
tion of pagl, pagP, and/or IpxR in the msbB mutant back-
ground will enable us to distinguish the effects of these genes
on innate immunity.

In this work, we systematically analyzed the effect of an
AmsbB deletion mutation alone or in combination with ApagL,
ApagP, and AlpxR mutations on virulence and immunogenicity
in mice. Our findings indicate that the lipid A structures af-
fected innate and adaptive immunity and provide information
useful for developing new attenuated Salmonella vaccines.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. S. enterica serovar Typhimurium
cultures were routinely grown at 37°C in LB broth (2) or in N minimal medium

(54), supplemented with 0.1% Casamino Acids, 38 mM glycerol, pH 5.8, 10 pM
MgCl, or pH 7.7, 10 mM MgCl,, or on LB agar. LB-0 medium consists of LB
without NaCl and 6.5 mM EGTA (Sigma, St. Louis). A 350 mM stock of EGTA
at pH 8.0 (adjusted with NaOH) was dissolved and then autoclaved. EGTA was
added to the LB-0 medium after autoclaving. MacConkey agar base (Difco) was
used to prepare galactose MacConkey agar containing 1% galactose. Diami-
nopimelic acid (DAP) was added (50 wg/ml) for the growth of Aasd strains (38).
LB agar containing 5% sucrose was used for sacB gene-based counterselection in
allelic exchange experiments. Streptococcus pneumoniae WU?2 was cultured on
brain heart infusion agar containing 5% sheep blood or in Todd-Hewitt broth
plus 0.5% yeast extract. Morpholinepropanesulfonic acid (MOPS) minimal me-
dium (40) with/without 10 pg/ml p-aminobenzoic acid was used to confirm the
phenotype of ApabA ApabB mutants.

Mutant strain construction. DNA manipulations were carried out as de-
scribed previously (52). Transformation of E. coli and Salmonella enterica was
performed by electroporation. Transformants were selected on LB agar plates
containing appropriate antibiotics. Selection for Asd" plasmids was done on LB
agar plates.

S. enterica serovar Typhimurium AmsbB48 mutant x8573 (15) was conjugated
with E. coli strain x7213 harboring suicide vector pYA4284, pYA4288, or
pYA4287 (30) to generate double mutant strain x11165 (AmsbB48 ApagL7),
Xx9908 (AmsbB48 ApagP8), or x9949 (AmsbB48 AlpxR9), respectively. Strain
x11065 (AmsbB48 Apagl7 ApagP8 AlpxR9) was generated by the sequential
introduction of each mutation. All mutations were confirmed by PCR and DNA
sequence analysis. Mutations were introduced into S. enterica serovar Typhimu-
rium strain x9241 using the same strategy and methods.

The presence of the ApabA1516 and ApabB232 mutations in strain x9241 and
its derivatives was verified by the inability of the strains to grow in MOPS
minimal medium without p-aminobenzoate. The presence of the Aasd416 mu-
tation was confirmed by inability to grow in medium without DAP and by PCR.
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The AaraBAD23 mutation was verified by a white colony phenotype when the
strains were streaked onto MacConkey agar supplemented with 1% arabinose
and also by PCR. LPS profiles of Salmonella strains were examined on silver-
stained SDS-PAGE gels using previously described methods (22).

Extraction of lipid A from Salmonella. Each strain was grown, harvested, and
washed in LB or N minimal medium as described above. Each cell pellet was
extracted with 120 ml of a single-phase Bligh-Dyer mixture (4). After 60 min at
room temperature, the mixture was subjected to centrifugation (4,000 X g for 20
min). The resulting cell debris pellet was extracted two times with 120 ml of a
single-phase Bligh-Dyer mixture. The final insoluble residue, which contains
lipopolysaccharide, was subjected to hydrolysis at 100°C in 25 mM sodium ace-
tate buffer, pH 4.5, in the presence of 1% SDS to cleave the 3-deoxy-p-manno-
oct-2-ulosonic acid (Kdo)-lipid A linkage (7). The released lipid A molecular
species were extracted with a two-phase Bligh-Dyer system (4) by adding appro-
priate amounts of chloroform and methanol. The lower phase was saved, and the
upper phase was washed once with a pre-equilibrated acidic lower phase. The
pooled lower phases were dried under a stream of N,. The isolated lipid A was
redissolved in chloroform-methanol (4:1, vol/vol). A portion of the sample was
subjected to mass spectrometry (MS) analysis (30).

ESI-MS of lipid preparations. All mass spectra were acquired on a QSTAR
XL quadrupole time-of-flight tandem mass spectrometer (ABI/MDS-Sciex, To-
ronto, Canada) equipped with an electrospray ionization (ESI) source. Spectra
were acquired in the negative ion mode and typically were the summation of 60
scans from 200 to 2,000 atomic mass units. For MS analysis, the lipid A or mild
alkali-stable lipid preparations were dissolved in 200 wl of chloroform-methanol
(4:1, volfvol) or chloroform-methanol (2:1, vol/vol). Typically, 20 wl of this
material was further diluted into 200 pl of chloroform-methanol (1:1, vol/vol)
containing 1% piperidine and immediately infused into the ion source at 5 to 10
pl/min. The negative ion ESI-MS was carried out at —4,200 V. In the tandem MS
(MS-MS) mode, collision-induced dissociation tandem mass spectra were ob-
tained using collision energy of —80 V (laboratory frame of energy). Nitrogen
was used as the collision gas. Data acquisition and analysis were performed using
Analyst QS software (30).

MIC test. The MICs of deoxycholate (DOC) and polymyxin B for various
Salmonella strains were determined in 96-well tissue culture plates (61). Two-
fold serial dilutions of the bile salt deoxycholate (0.1 to 50 mg/ml) and of
polymyxin B (0.1 to 10 pg/ml) were made across the plates. Bacteria were grown
to an optical density at 600 nm (ODy) of 0.8 to 0.9 in LB medium and washed
in phosphate-buffered saline (PBS). Cells were diluted to 1 X 10° to 1 X 10° CFU
in LB medium, 100-pl amounts of the cell suspensions were added to each well
containing the proper antimicrobial substance, and the plate was incubated
overnight at 37°C. The optical density of each culture was determined with a
conventional enzyme-linked immunosorbent assay plate reader (model Spectra-
Max M2e; Molecular Devices, Sunnyvale, CA). The threshold of inhibition was
0.1 at ODg. Assays were repeated three times.

B-Galactosidase assay. Strains were statically cultured overnight at 37°C in
medium at pH 5.8 or pH 7.7 with 10 uM or 10 mM Mg?*. The next day, bacteria
were diluted 1:10 into the same medium and cultured at 180 rpm and 37°C for
about 5 h. The levels of B-galactosidase were determined in triplicate using the
method described by Miller (35). The means and standard deviations of the
results for the triplicate samples were determined.

LPS purification and concentration determination. For tissue culture exper-
iments, LPS was prepared from 20 ml of bacterial culture with TRI (total RNA
isolation) reagent (Sigma) as described previously (63). To remove trace protein,
the samples were repurified using the deoxycholate-phenol method (21). LPS
preparations were quantitated using the Kdo method according to reference 41.

Cell line culture and LPS stimulation. The murine macrophage cell line
RAW264.7 (ATCC, Rockville, MD) was maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, San Diego, CA) supplemented with 10%
fetal bovine serum (FBS), 100 wg/ml gentamicin, and 100 pg/ml penicillin. The
human monocytic leukemia cell line Mono Mac 6 (MMG6) (Lonza, Braunschweig,
Germany) was cultured in RPMI 1640 containing sodium bicarbonate (2 g/liter),
insulin (10 wg/ml), oxalacetic acid (1 mM), 100 wg/ml gentamicin, 100 pg/ml
penicillin, 2 mM glutamine, nonessential amino acids for minimum essential
medium (MEM; 1%, vol/vol), sodium pyruvate (1 mM), folic acid (40 pg/ml),
and 15% FBS. Cells were seeded in 96-well microtiter plates (2.5 X 10%/well) in
150 pl of the above-described medium and incubated at 37°C with 5% CO.,.
After 6 h, various dilutions of LPS to be tested for pyrogenicity were added in a
16-pl volume and the incubation continued. After 24 h, culture supernatants
were collected, freed of contaminating cells by centrifugation, and stored at
—80°C until determination of cytokine content. All experiments were performed
three times.

INFECT. IMMUN.

Cytokine assay. Cytokine concentrations were determined using the Bio-Plex
protein array system (Bio-Rad) according to the manufacturer’s recommenda-
tions. Cytokine-specific-antibody-coated beads were combined with serum sam-
ples diluted with specific serum dilution buffer (Bio-Rad) or cell culture super-
nates diluted with cell culture medium for 30 min with continuous shaking. The
beads were washed 3 times with 100 pl wash buffer to remove unbound protein
and then incubated with biotinylated cytokine-specific detection antibody for 30
min with continuous shaking. The beads were washed three times and incubated
with streptavidin-phycoerythrin for 10 min. The beads were washed three times
in washing buffer and resuspended in 125 pl assay buffer, and the constituents of
each well of the microtiter plate were drawn up into the flow-based Bio-Plex
suspension array system. Cytokine concentrations were automatically calculated
by Bio-Plex Manager software by using a standard curve derived from a recom-
binant cytokine standard. Two readings were made on each bead set.

Determination of virulence in mice. The Arizona State University Institutional
Animal Care and Use Committee approved all animal procedures. Seven-week-
old female BALB/c mice were obtained from the Charles River Laboratories
(Wilmington, MA). Mice were acclimated for 7 days after arrival before the
experiments were started.

For determination of the 50% lethality dose (LDs), bacteria were grown
statically overnight at 37°C in LB, diluted 1:50 into fresh LB medium, and grown
with aeration (180 rpm) at 37°C. When the cultures reached an ODj, of 0.8 to
0.9, they were harvested by centrifugation at 3,452 X g at room temperature,
washed once, and normalized to the required inoculum density in buffered saline
with gelatin (BSG) by adjusting the suspension to the appropriate ODg, value.
Groups of five mice each were infected orally with 20 pl containing various doses
of S. enterica serovar Typhimurium x3761 or its derivatives, ranging from 1 X 10°
CFU to 1 X 10° CFU. Oral infections were performed using a 20-ul pipette.
Animals were observed for 4 weeks postinfection, and deaths were recorded
daily. Surviving mice in some groups were challenged with 1 X 10° CFU of
wild-type strain x3761. Animals were observed for 4 weeks postinfection and
deaths were recorded daily.

To evaluate colonization, mice were orally inoculated with 20 ul of BSG
containing 1 X 10° CFU of each strain. At days 3 and 6 after inoculation, 3 to 11
animals per group were euthanized. Spleen and liver samples were collected.
Each sample was homogenized in BSG at a final volume of 1 ml. Dilutions of
107" to 107° (depending on the tissue) were plated onto MacConkey and LB
agar to determine the number of viable bacteria. Twenty colonies from each
animal were randomly selected to confirm genotypic markers by PCR.

Immunogenicity of vaccine strains in mice. Recombinant attenuated Salmo-
nella vaccine (RASV) strains were grown statically overnight in LB broth with
0.1% arabinose at 37°C. The following day, 2 ml of the overnight culture was
inoculated into 100 ml of LB broth with 0.1% arabinose and grown with
aeration at 37°C to an ODg, of 0.8 to 0.9. Cells were harvested by centri-
fugation at 3,452 X g for 15 min at room temperature, and the pellet was
resuspended in 1 ml of BSG. Mice were orally inoculated with 20 pl of BSG
containing 1 X 10° CFU of each strain on day 0 and boosted 5 weeks later with
the same dose of the same strain. Blood was obtained by mandibular vein
puncture at biweekly intervals. Following centrifugation, the serum was removed
from the whole blood and stored at —20°C. This experiment was performed
twice; 5 mice per group were involved in the first experiment, and 5 to 8 mice per
group were used in the second experiment. The results from both experiments
were similar and have been pooled for analysis.

ELISA. Recombinant PspA (rPspA) protein was purified as described previ-
ously (25). S. enterica serovar Typhimurium LPS was obtained from Sigma. The
rPspA clone was a kind gift from Susan Hollingshead at the University of
Alabama at Birmingham. Enzyme-linked immunosorbent assay (ELISA) was
used to assay serum antibodies against S. enterica serovar Typhimurium LPS,
rPspA, and whole-cell bacterial suspensions (1 X 10° CFU/ml) as previously
described (31). Color development (absorbance) was recorded at 405 nm using
an automated ELISA plate reader (model SpectraMax M2e; Molecular Devices,
Sunnyvale, CA). Absorbance readings 0.1 higher than PBS control values were
considered positive reactions.

Pneumococcal challenge. We assessed the protective efficacy of attenuated
Salmonella strains expressing pspA at week 8 by intraperitoneal challenge of
immunized mice with 2 X 10* CFU of S. pneumoniae WU2 in 200 .l of BSG (39).
The LDy, of S. pneumoniae WU2 in BALB/c mice was 2 X 10> CFU by intra-
peritoneal administration (data not shown). Challenged mice were monitored
daily for 30 days.

Statistical analysis. Numerical data are expressed as means = standard errors
of the means (SEM). Two-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test were used to evaluate differences in an-
tibody titer data. One-way ANOVA followed by Dunnett’s multiple comparison
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FIG. 2. Lipopolysaccharide profiles and -galactosidase activities driven by P,,p of the wild-type x3761 and its isogenic mutants. (A) Lipo-
polysaccharide profiles of x3761 (wild-type UK-1, 1st and 7th lanes) and x8573 (AmsbB48), x11165 (AmsbB48 Apagl.7), x9908 (AmsbB48 ApagPS8),
Xx9949 (AmsbB48 AlpxR9), and x11065 (AmsbB48 ApagL7 ApagP8 AlpxR9). (B) B-Galactosidase activities were determined in the wild-type (x3761)
and the msbB mutant (x8573). Bacteria were grown for 6 h in N medium under the conditions indicated in the key. *, P < 0.05 compared with
x3761. B-Galactosidase activities for the wild-type and the AmsbB mutant strains without the lacZ reporter plasmid were <0.8.

test was used to evaluate serum resistance levels, the proliferation of mutants,
cytokine levels, and colonization for multiple comparisons among groups. The
LDs, was estimated using a probit analysis based on the XLSTAT. The Kaplan-
Meier method was used for survival, and differences were analyzed by the
log-rank sum test. All analyses were performed using GraphPad PRISM 5.0. A
P value of <0.05 was considered statistically significant.

RESULTS

Lipid A structures in the msbB mutant and its derivatives.
To investigate the lipid A structures from the AmsbB mutant
and the AmsbB mutant coupled with other mutations, we iso-
lated lipid A from the AmsbB mutant strain x8573, mutant
x9908 (AmsbB ApagP), mutant x11065 (AmsbB48 Apagl7
ApagP8 AlpxR9), and the wild-type strain x3761 grown in LB
broth and in minimal medium at pH 5.8 and 10 pM Mg*",
conditions that activate the PhoPQ and PmrAB systems, and
deduced their structures from the ESI-MS spectra.

In LB medium or in pH 7.7 minimal medium with 10 mM
Mg?*, the lipid A from the wild-type strain contains predom-
inantly hexa-acylated lipid A (Fig. 1C, [M-2H]*" species with
m/z 897.60), and minor lipid A species, including hexa-acylated
lipid A with L-Arad4N (m/z 963) and with C,, (m/z 1,016.7),
consistent with a previous report (30). The lipid A for the msbB
mutant strain x8573 contained two major peaks, the penta-
acylated lipid A (Fig. 1C, [M-2H]*>~ species with m/z 792.5)
and the penta-acylated lipid A with C,4 (m/z 911.5), and some
minor peaks, including the penta-acylated lipid A with a single
L-Ara4N (m/z 858), a double L-AradN (m/z 923.5), and C,q
combined with L-Ara4N (m/z 977); the penta-acylated lipid A
with a pEtN addition was not observed in the AmsbB mutant in
LB medium. PagP adds a C,4 group to penta-acylated lipid A
(Fig. 1B and C), although typically not all the lipid A molecules
in the population are modified. To evaluate the effect of
these proteins in a AmsbB genetic background, we intro-

duced a ApagP deletion mutation into x8573, yielding strain
x9908 (Table 1). The lipid A from this msbB pagP double
mutant was evaluated by ESI-MS, and we found that the
peak for C,, addition disappeared when pagP was deleted,
as expected (Fig. 1C).

When cells were grown in minimal medium at pH 5.8 with 10
uM Mg>*, the lipid A extracted from the msbB mutant x8573
was heavily decorated with C,4, L-Ara4N, and pEtN. The lipid
As isolated from the msbB pagP double mutant were similarly
decorated with L-Ara4N and pEtN (see Fig. S1 in the supple-
mental material). As expected, the msbB pagP double mutant
lost the ability to add C,, to penta-acylated lipid A in low-pH
and Mg”>* minimal medium (see Fig. S1 in the supplemental
material), consistent with the results in LB medium.

Pagl and LpxR are deacylation enzymes, both of which have
the potential to deacylate the acyl chains from lipid A (Fig. 1A
and B). We did not observe peaks consistent with the action of
PaglL or LpxR in x11165 (AmsbB48 ApagL7) and x9949
(AmsbB48 AlpxR9) under conditions of either LB medium or N
medium with low pH and Mg®" (data not shown). x11065
(AmsbB48 ApagL7 ApagP8 AlpxR9) generated the same lipid A
structures as x9908 (AmsbB48 ApagP8) in N medium or LB
broth (Fig. 1C).

Phenotypic evaluation of the msbB mutant strain and its
derivatives. All of the mutant strains’ growth rates were similar
to that of the UK-1 parent strain in LB broth and in N medium
(data not shown). The O-antigen phenotypes from the differ-
ent mutants were determined by silver staining (Fig. 2A). The
wild-type and mutant strains exhibited differences in O-antigen
patterns and intensity of staining. These differences were prob-
ably the result of differences in lipid A structure due to the lack
of the myristated acyl chain or the addition of a palmitoylated
acyl chain. The wild-type strain x3761 produced an O-antigen
ladder with a series of double bands, due to the production of
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two prominent lipid A structures: hepta-acylated (modified by
PagP) and hexa-acylated (not modified by PagP) lipid A in LB
medium. The AmsbB mutant, lacking one myristate group on
its lipid A, produced an LPS pattern reflecting a mixture of
faster-migrating penta-acylated and hexa-acylated species. The
LPS profiles of the wild-type x3761, the msbB mutant x8573,
and the msbB pagP mutant x9908 are consistent with the
mass spectrometry results obtained from the lipid A (Fig. 1C
and 2A).

Deletion of msbB was reported to result in a 2-fold increase
in the palmitoylated (C,,) lipid A molecules compared to the
lipid As of the wild-type MsbB™ strain (27). We observed a
similar increase in our AmsbB mutant (Fig. 1C). To investigate
this result further, we constructed a P, p::lacZ fusion to de-
termine whether the increase in palmitoylation in the AmsbB
mutants correlated with an increase in pagP expression (see
Fig. S3 in the supplemental material). We measured the levels
of B-galactosidase activity in both wild-type and AmsbB back-
grounds under a variety of growth conditions (Fig. 2B). Our
results showed a 3-fold increase in expression from the pagP
promoter when cells were grown under non-phoPQ-inducing
conditions (pH 7.7, 10 mM Mg>"). Interestingly, under any
conditions associated with phoPQ activation, there was no dif-
ference in B-galactosidase expression from P between the
two strains.

The ApaglL AmsbB and AlpxR AmsbB double mutants pro-
duced the same LPS profile as the single AmsbB mutant (Fig.
2A, 2nd lane). The AmsbB ApagP double mutant produced
only a single penta-acylated lipid A structure, consistent with
the fact that PagP is responsible for the observed double band-
ing pattern in the PagP™" strains. Furthermore, the msbB mu-
tant was susceptible to infection with bacteriophage P22, which
requires O-antigen for binding to the bacterial surface (data
not shown), confirming that the alteration to lipid A had not
affected its ability to synthesize LPS molecules, consistent with
the LPS pattern on the SDS-PAGE gel (Fig. 2A).

A previous report indicated that msbB mutants exhibited
marked sensitivity to EGTA and MacConkey medium and
grew more slowly than the wild-type parent (36). We tested our
mutants and did not observe any growth defect or sensitivity to
EGTA or MacConkey medium (data not shown). In addition,
we evaluated the sensitivities of the AmsbB mutants to deoxy-
cholate (DOC), a representative bile salt, and polymyxin B by
measuring the MIC to each compound (Table 2). The msbB
mutants were highly sensitive to polymyxin B, consistent with
previous reports (37, 58). The msbB mutants exhibited the
same sensitivity to bile as wild-type UK-1, which is consistent
with the results on MacConkey plates. LPS structure can also
affect motility (56), which could affect bacterial virulence.
However, we found no difference in swimming motility among
our mutant strains (Table 2).

The msbB mutant and its isogenic derivatives retain high
virulence in mice. To evaluate the virulence of the msbB mu-
tants, we determined their LD, in BALB/c mice (Table 2). All
strains had reduced virulence, with LDs,s from 1.4 X 10° to
7 X 10° CFU (Table 2). The wild-type strain x3761 was the
most highly virulent among all the strains, with an LDy, of
1.3 X 10* CFU, which is consistent with our previous obser-
vations (28, 29). The msbB mutants had 10-fold higher LD,s
than the wild-type strain x3761 (15), and all mutant strains had

pagP

INFECT. IMMUN.

TABLE 2. MICs of antibiotic substances and swimming motility
and virulence of S. enterica serovar Typhimurium
strain x3761 and its derivatives

. MIC (mg/ml) Motility ~ LDs
Strain Genotype - S0
o DOC* Polymyxin B (mm)”  (CFU)
x8573  AmsbB48 6.25 <0.032 415+25 45%x10°
x11165 AmsbB48 Apagl7 6.25 <0.032 42 +2 7 X 10°
X9908  AmsbB48 ApagP8  6.25 <0.032 32+2 24X10°
Xx9949  AmsbB48 AlpxR9 3.1 <0.032 385*25 14x10°
x11065 AmsbB48 Apagl7 6.25 <0.032 36+1 14X%X10°

ApagP8 AlpxR9

x3761  Wild-type UK1 6.25 0.59 40505 1.3x10*
“ DOC, deoxycholate (bile salt).
? Colony diameter in mm after 7 h of growth on the LB agar plate.

¢ The data are based on probit analysis.

oral LDs,s no more than 50-fold higher than that of x3761
(Table 2). The msbB mutation attenuated Salmonella viru-
lence, while other mutations, in pagL, pagP, and IpxR, had only
minor effects. The effect of the AmsbB mutation on the oral
LD, in mice is consistent with previous reports that AmsbB
mutations are attenuating. However, we note that while we
only observed a 50-fold increase in oral LDygs, others have
reported a 100-fold reduction in LD, when cells were admin-
istered by the intraperitoneal route (32) and a 10,000-fold
reduction when cells were administered intravenously (33).
Some of these differences may be due to the various routes of
administration, to strain differences, or to the presence of
suppressor mutations in our strains, which may also account
for the ability of our mutants to grow as well as the wild-type
parent (36).

The msbB48 mutant and its derivatives display differences
in colonization in the mouse spleen and liver. To evaluate the
systemic distribution of the AmsbB mutants in lymphoid tis-
sues, the colonization of the spleen and liver was determined at
3 and 6 days postinoculation (Fig. 3). All strains were able to
efficiently colonize these tissues at 3 days after oral adminis-
tration, with no significant differences between strains. By day
6, the numbers of the msbB mutant x8573 (AmsbB48) in the
spleen and liver were significantly greater than the numbers
reached by the wild-type strain x3761. Other mutants with
different mutation combinations also can efficiently colonize
the spleen and liver; some mutants colonize in smaller num-
bers than the wild-type, but no significant differences were
observed except for the msbB single deletion mutant. By day 6,
the numbers of x9908 (AmsbB48 ApagP$§) in spleen and liver
were significantly lower than for the parent strain x8573
(AmsbB48) (P < 0.001). Enlarged spleens (average spleen
weight, 0.15 to 0.30 g) were observed in mice inoculated with
any of the Salmonella mutants compared to the spleen weight
in the BSG group, which was about 0.1 g (data not shown).
Inoculation with the wild-type strain x3761 and the mutant
strain x9949 (AmsbB48 AlpxR9) resulted in a significant in-
crease in spleen weights compared to the spleen weights fol-
lowing inoculation with x11065 (AmsbB48 Apagl7 ApagP8
AlpxR9) (P < 0.05) (Fig. 3E).

The msbB mutation and mutation combinations alter innate
immunity in vitro and in vive. Proinflammatory cytokines have
been implicated in the pathogenesis and immunity of Salmo-
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FIG. 3. Colonization of mouse spleens and livers by x3761 and its isogenic mutants, and mouse spleen weights. Shown are spleen (A, B) and
liver (C, D) colonization by the indicated strains in BALB/c mice at 3 and 6 days postinoculation. (E) Spleen weights following use of the indicated
strains in BALB/c mice at 6 days postinoculation. The horizontal lines represent the means, and error bars indicate the means = SEM. s, P <

0.001; *x, P < 0.01; %, P < 0.05.

nella infections, and msbB mutants induced lower levels of
cytokines than the wild-type Salmonella (27, 33). To investigate
the impact of LPS purified from the msbB mutants on cytokine
induction, we assayed interleukin-6 (IL-6), IL-1B, and tumor
necrosis factor alpha (TNF-a) levels in the human monocyte
MMB6 cell line and TNF-«a and granulocyte-macrophage co-
lony-stimulating factor (GM-CSF) levels in the mouse macro-
phage RAW264.7 cell line after 24 h of stimulation with a final
concentration of purified LPS of 0.1 pmol/ml or 10 pmol/ml
(Fig. 4). Stimulation of MM6 cells with LPS from the msbB
mutant resulted in lower levels of IL-6 production than did
wild-type LPS at a concentration of 0.1 pmol/ml (Fig. 4A). The
ability to induce IL-6 was further reduced by introduction of
the ApagP mutation into the AmsbB strain, as the LPS from
strain x9908 (AmsbB48 ApagP8) and strain x11065 (AmsbB48
ApagL7 ApagP8 AlpxR9) induced significantly lower levels of
IL-6 than any of the other strains. Similar reductions in IL-1
and TNF-a levels were also observed in the supernatants of
MMB6 cells (Fig. 4B and C). We observed similar results in
RAW264.7 cells with regard to the levels of TNF-a induced by
0.1 pmol/ml of LPS (Fig. 4D), although the effect of ApagP was
not as dramatic as it was in the MMG6 cells. No differences in
TNF-a production were observed after induction with 10
pmol/ml LPS from any of the strains.

We and others have demonstrated that LPS produced by
msbB mutants was less able to induce cytokines in human and
murine cell lines (Fig. 4) (27, 33). While informative, these in

vitro models do not represent the situation in vivo because S.
enterica serovar Typhimurium has a complex regulatory net-
work to regulate its own gene expression in different microen-
vironmental niches. To assess systemic cytokine production in
vivo, the inflammatory and immunostimulatory potentials of
each msbB mutant were evaluated by comparing cytokine lev-
els in the pooled serum of mice 6 days after oral inoculation
with approximately 1 X 10° CFU of each msbB mutant. The
cytokines evaluated included hallmarks of inflammation (IL-
la, IL-1B, IL-6, TNF-a, macrophage inflammatory protein
[MIP-1B], granulocyte colony-stimulating factor [G-CSF], and
GM-CSF), cytokines involved in chemotaxis (keratinocyte-de-
rived chemokine [KC], monocyte chemoattractant protein
[MCP-1], and IL-17), and immunomodulatory cytokines [IL-2,
IL-4, IL-5, IL-9, IL-10, IL-12(p70), IL-13, and gamma inter-
feron (IFN-y)]. The levels of all assayed cytokines were signif-
icantly elevated in any of the groups inoculated with bacteria
compared to their levels in the BSG control group (Tables 3, 4,
and 5). In contrast to our in vitro data, wild-type strain x3761
and msbB mutant x8573 induced similar levels of IL-6 and
TNF-a in the inoculated mice. In fact, for all assayed cytokines,
the two strains induced similar cytokine levels. Notably, the
msbB mutant induced lower levels of G-CSF, important for
recruiting neutrophils, than the wild-type strain. Strain x9908
(AmsbB48 ApagP8) induced less cytokines than wild-type
x3761 and strain x8573 (AmsbB48), indicating that the lipid A
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FIG. 4. Comparison of cytokine levels induced by purified LPS derived from the wild-type strain and its isogenic mutants in human Mono Mac
6 (MM-6) and murine macrophage RAW264.7 cells. (A to C) Mono Mac 6 cells were stimulated for 24 h with LPS of indicated strains at a
concentration of 0.1 pmol/ml, and IL-6, IL-1B3, and TNF-a levels in supernatants were quantified with the Bio-Plex assay. (A) IL-6 in the
supernatants of Mono Mac 6 cells. (B) IL-1 in the supernatants of MMG6 cells. (C) TNF-« in the supernatants of Mono Mac 6 cells. (D, E) RAW264.7
cells were stimulated for 24 h with LPS of indicated strains at concentrations of 0.1 pmol/ml and 10 pmol/ml, and TNF-a and GM-CSF levels in
supernatants were quantified with the Bio-Plex assay. (D) TNF-a in the supernatants of RAW264.7 cells. (E) GM-CSF in the supernatants of RAW264.7
cells. The results of one experiment representative of two independent experiments are shown. Error bars indicate SEM of triplicates. ##x, P < 0.001;
wx, P < 0.01; *, P < 0.05 compared with x3761. 11, P < 0.001; 1, P < 0.01; f, P < 0.05 compared with x8573. n.s., not significant.

from the AmsbB48 ApagP§8 double mutant displays low endo-
toxic activity in vivo.

The msbB mutation and mutation combinations alter ac-
quired immune responses to a heterologous antigen and Sal-
monella antigens in msbB vaccine strains. The ApabA and
ApabB mutations in strain x9241 are attenuating mutations.
Strain x9241 is routinely used in our laboratory to evaluate the
effects of other mutations on the immunogenicity of an
attenuated antigen carrier (28, 29). The msbB48 mutation and

other mutation(s) were moved to x9241 to generate the vac-
cine strains x9278(pYA4088) (AmsbB48), x11318(pYA4088)
(AmsbB48 ApagL7), x9848(pYA4088) (AmsbB48 ApagP8),
Xx9850(pYA4088) (AmsbB48 AlpxR9), and x11088(pYA4088)
(AmsbB48 ApagL7 ApagP8 AlpxR9). pYA4088, expressing the
pspA antigen, was transformed into each of the strains (28, 29).

Mice were inoculated orally (1.0 X 10° CFU) with each of
seven mutant strains harboring pYA4088 or x9241 harboring
the empty vector pYA3493. Mice were boosted with a similar

TABLE 3. Concentrations of inflammation-related cytokines in pooled sera from mice 6 days after inoculation”

Strain or

control IL-1a IL-1B IL-6 TNF-a MIP-1B G-CSF GM-CSF
x8573 66.2 £ 3.7 2583 £ 28.6 4232492 1,061.3 = 119.4 449 + 3.9% 4,683 x 214%%* 37+1.9
x11165 62*59 248.1 £ 221  380.2 £35.5 1,124.6 = 425 489 =1 7,497.7 = 486.9%**f 45 =45
x9908 37.3 £0.3%*F7  99.1 £ 4.1%F  193.8 = 7**f7 465.2 £ 41" 22,1 £ 2.1%%* 2,258.8 £ 30.3***f  17.8 = 1.4%F
x9949 628 =0 2471 3.9 351.5 £ 189 1,098.7 = 43.5 457 0.8 6,475.3 = 330.8***f 39202
x11065 473 £ 0.5%F 190 = 4.7 417.7 5.6 923.4 + 189 33 & 1.2%%% 6,436.3 &= 15.9%%*% 254 x4
x3761 68.4 = 0.6 259.5 x 413  493.6 = 21.5 1,052.1 = 36.4 56.8 £ 1.4 11,427.1 = 86.6 34.6 = 0.6
BSG control 9.6 £ 1.1 55*15 23 £0.5 276.4 = 30.4 159 £ 2.7 498 2.4 ND

“ The Bio-Plex multiple cytokine assay was used to detect and quantitate (pg/ml) the amount of each cytokine in pooled sera collected from mice (n = 3 mice)
inoculated with x3761 and its derivatives 6 days after inoculation. The data represent the means = SEM. #xx, P < 0.001; **, P < 0.01; *, P < 0.05 compared with
wild-type UK-1 x3761. {7, P < 0.001; fF, P < 0.01; f, P < 0.05 compared with x8573 (AmsbB48). ND, value extrapolated beyond standard range.
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TABLE 4. Concentrations of immunomodulatory cytokines in pooled sera from mice 6 days after inoculation”

Strain or

control IL-2 IL-4 IL-5 IL-9 IL-10 IL-12 (p70) IL-13 IFN-y
x8573 41 =54 312=*045 9+ 1.1 172.4 = 24.6 60.2 = 3.1 30.1 4 651.6 = 91.5 1432+ 15
x11165 41.7+02 2.61 £0.29 9+0.12 80.8 = 13.4* 785 8.1 22 + 3.1*% 4704 = 18.5 92.2 + 8.8**f+
Xx9908 241 = 1*F 234 x£0.02 57=x0.08*F 117.5*=9.1 29.7 = 3.2%**¢ 143 £ 04**F  376.5 = 19.1F  188.4 = 3.2*%}%
Xx9949 441+23 202+031 8.6=0.05 99.3 £ 5.1* 579 +0.3 22.5 * 4% 5512+ 17.7 104.7 £ 8.3%*%
x11065 332+16 226+0.02 86=0.13 130.7 = 26.3 44.8 = 1.3%* 257+0.5 536 = 21.5 171.7 £ 2.9
x3761 40 = 1.6 29+0.11 89=*0.14 1924 +3 793+ 14 38.8+0 577.6 = 44.1 1493 £ 3
BSG control 6.8=0.7 091 =005 25=*=047 ND ND 1.63 £ 0.23 642 = 11.1 ND

“ The Bio-Plex multiple cytokine assay was used to detect and quantitate (pg/ml) the amount of each cytokine in pooled sera collected from mice (n = 3 mice)
inoculated with x3761 and its derivatives 6 days after inoculation. The data represent the means = SEM. #xx, P < 0.001; **, P < 0.01; *, P < 0.05 compared with
wild-type UK-1 x3761. ff, P < 0.001; {1, P < 0.01; f, P < 0.05 compared with x8573 (AmsbB48). ND, value extrapolated beyond standard range.

dose of the same strain 5 weeks later. The antibody responses
to rPspA, Salmonella LPS, and Salmonella outer membrane
protein (SOMP) in the sera of immunized mice were measured
as described in Materials and Methods (Fig. 5).

High serum IgG titers against rPspA were observed 4
weeks after the primary immunization in mice inoculated with
X9278(pYA4088)  (AmsbB48), x11318(pYA4088) (AmisbB4S
ApagL7), x9848(pYA4088) (AmsbB48 ApagP8), x9850(pYA4088)
(AmsbB48 AlpxR9), x11088(pYA4088) (AmsbB48 ApagL7 ApagP$§
AlpxR9), and x9241(pYA4088). However, there were signifi-
cant differences between the serum IgG titers from the mice
immunized by x11318(pYA4088), x9848(pYA4088), x9850
(pYA4088), x11088(pYA4088), and x9278(pYA4088) and the
titer induced by x9241(pYA4088) (P < 0.001). The IgA titers
against rPspA from vaginal wash samples were low but detect-
able at 4 weeks. The IgA titer from mice inoculated with x9848
was lower than those from mice immunized by x9278
(pYA4088) and x9241(pYA4088), but no significant differ-
ences were observed. Anti-OMP IgG titers were high at 4
weeks postinoculation with each of the vaccine strains. How-
ever, the anti-OMP titers from mice immunized by x11318
(pYA4088) and x9848(pYA4088) were significantly lower than
those of mice immunized by x9241(pYA4088) and x9278
(pYA4088) (P < 0.05).

After the second immunization at week 5, anti-rPspA and
OMP IgG titers from serum and anti-rPspA IgA from vag-
inal wash samples reached maximum levels. Anti-rPspA IgG
titers from mice immunized by x9848(pYA4088) were signifi-
cantly lower than those from mice immunized by x9278

TABLE 5. Concentrations of chemokines in pooled sera from mice
6 days after inoculation®

Strain or KC MCP-1 IL-17
control
8573 668.6 + 22.9 13493 + 39.4 208 3.7
11165 709.4 + 33.6* 862 = 942%*F 288 + 2.9
X9908 3707 £ 102%%FF 4915 = 2735 63.1 = 1.3%** i}
X9949 477 = 3.9%++ 9247 = 3.7%¢+ 36.1 = 4.7%
X11065 647.8 + 15.5 13412 + 31 19.4 + 0.4
X3761 594.8 + 5.6 1,265.7 * 6.5 275+ 07
BSG control 206 + 1.3 541 = 6.6 117 + 0.7

“The Bio-Plex multiple cytokine assay was used to detect and quantitate
(pg/ml) the amount of each cytokine in pooled sera collected from mice (n = 3
mice) inoculated with x3761 and its derivatives 6 days after inoculation. The data
represent the means = SEM. s, P < 0.001; **, P < 0.01; *, P < 0.05 compared
with wild-type UK-1 x3761. T, P < 0.001; 1, P < 0.01; f, P < 0.05 compared
with x8573 (AmsbB48). ND, value extrapolated beyond standard range.

(pYA4088). The anti-rPspA IgA titers from mice immunized by
X9278(pYA4088), x11318(pYA4088), x9848(pYA4088), x9850
(pYA4088), and x11088(pYA4088) were significantly higher than
the titer from mice immunized by x9241(pYA4088). No signifi-
cant differences were observed for anti-OMP IgG titers from mice
immunized with different strains 8 weeks after the first inocula-
tion.

Protection against lethal S. prneumoniae challenge. To exam-
ine the ability of RASV-rPspA vaccines to protect against
pneumococcal infection, mice were challenged intraperitone-
ally with ~2.0 X 10* CFU (100 LDsy,) of S. pneumoniae WU2
4 weeks after they were boosted. The groups received either a
vaccine strain harboring pYA4088 expressing rPspA, which is
cross-reactive with PspA produced by S. pneumoniae WU2
(see Table S1 in the supplemental material), or, for the control
group, strain x9241 containing pYA3493 (empty vector). Im-
munization with any of the pspA-expressing strains provided
significant protection against challenge (P < 0.001) compared
with the results for control strain x9241 containing
pYA3493. However, there were no significant differences in
the protection rates afforded by x9278(pYA4088),
x11318(pYA4088), x9848(pYA4088), x9850(pYA4088),
x11088(pYA4088), and x9241(pYA4088). All of the mice
that died in these experiments succumbed within 4 days of
the challenge.

DISCUSSION

Our ESI-MS data clearly demonstrate that the single msbB
mutant lacking the myristate chain is capable of producing two
major lipid A structures: the penta-acylated (“3+2 type,” with
three fatty acid chains attached to the glucosamine II and two
fatty acid chains attached to the glucosamine I) lipid A and the
hexa-acylated (3+3 type) lipid A (Fig. 1B and C), which was
further confirmed by the LPS profile (Fig. 2). The pagP muta-
tion in the wild type leads to production of the hexa-acylated
(4+2 type) lipid A, while the wild-type Salmonella strain pro-
duces the hexa-acylated (4+2 type) and hepta-acylated (4+3
type) lipid A in LB medium (30). The msbB pagP double
mutant only produces the penta-acylated lipid A (3+2 type)
(Fig. 1C), which is an antagonist for human cells (12, 48). The
msbB mutant produced more hexa-acylated lipid A (3+3 type)
than penta-acylated lipid A, both of which were heavily mod-
ified by L-Ara4N or pEtN moieties under pH 5.8, 10 pM Mg>*
minimal medium growth conditions, which activate phoPQ and
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FIG. 5. Serum IgG responses in orally immunized and control mice. Total serum IgG specific for rPspA (A), IgA specific for rPspA (B), and
IgG specific for SOMP (C) were measured by ELISA. The data represent reciprocal anti-IgG antibody levels in pooled sera from mice orally
immunized with attenuated Salmonella carrying either pYA4088 (pspA) or pYA3493 (control) at 4 and 8 weeks after immunization (4w and 8w,
respectively). The error bars represent variations between triplicate wells. The mice were boosted at week 5. s, P < (0.001; #*, P < 0.01; *, P <
0.05 compared with x9241(pYA4088). 711, P < 0.001; f, P < 0.01; F, P < 0.05 compared with x9278(pYA4088). No immune responses to PspA
were detected in mice immunized with x9241 containing the control plasmid (reciprocal titer of <1:50 for IgG and <1:25 for IgA).

pmirAB, two regulatory systems. We did not observe severe
growth defects for the msbB mutant and its derivatives on the
EGTA or bile plate (data not shown) or in the bile sensitivity
assay (Table 2). A suppression mutation may be present to
confer resistance to the bile in these msbB mutants (36, 37).
We observed that the lipid A of the UK-1 msbB mutant
could be greatly modified by the addition of L.-Ara4N (Fig. 1C)
when grown in LB medium. To confirm our conclusion, we
constructed a strain in which the amT (pgaB or pmrK) gene
was deleted (Table 1). arnT encodes L-AradN transferase, the
enzyme responsible for the addition of L-Ara4N to the phos-
phate groups of lipid A (16). The peaks associated with
L-Arad4N were absent in the lipid A produced by an AarnT
AmsbB mutant (see Fig. S2 in the supplemental material),
confirming our assignment of the peaks at m/z 858, m/z 923,
and m/z 957 obtained for the AmsbB mutant lipid A as
L-Ara4N. When our AmsbB mutant was grown in N medium at
pH 5.8 with 10 uM Mg>", we observed peaks corresponding to
penta-acylated lipid A species decorated with L-Arad4N(s) (m/z
858, 919, 923, and 1,039) (see Fig. S1 in the supplemental
material), consistent with a previous report in which the au-
thors reported that, while the amount of L-Ara4N detected on
the lipid A of a Salmonella msbB mutant of strain C5 was
drastically reduced, they observed a minor peak corresponding
to the addition of a single L-Ara4N to the penta-acylated lipid
A (58). In contrast, another group using an msbB mutant of S.
enterica serovar Typhimurium strain 14028s did not detect any
L-Ara4N decorating the lipid A of that strain; however, they
detected the addition of pEtN to lipid A conferring resistance

to polymyxin B, which required the pmrHFIJKL operon (37).
Our unpublished data demonstrate that the addition of pEtN
does not contribute to polymyxin B resistance in the msbB
mutant, since the pmrC msbB double mutant exhibited higher
resistance to polymyxin B than the msbB mutant and the arnT
msbB mutant is more sensitive to polymyxin B than the msbB
mutant and the pmrC msbB mutant (Q. Kong, unpublished
data) in LB with 200 uM Fe**, which is capable of fully
activating the pmrAB regulatory system (20).

The msbB mutation in S. enterica serovar Typhimurium lack-
ing the myristate chain leads to reduced proinflammatory cy-
tokines (TNF-«) and nitric oxide production (27, 33). Further
research using rabbit and bovine ligated ileal loops has also
demonstrated that the msbB mutant induced smaller entero-
pathogenic responses with respect to levels of fluid secretion,
histological damage, inflammation intensity, and polymorpho-
nuclear leukocyte infiltration (15, 60). Our in vitro data herein
also demonstrate that the purified LPS derived from msbB
mutants exhibit low endotoxic activity for stimulating IL-6,
IL-1B, and TNF-a in MMB6 cells and TNF-a and MG-CSF in
RAW264.7 cells (Fig. 4). However, LPS derived from x9908
(AmsbB48 ApagP8) or x11065 (AmsbB48 Apagl7 ApagP8
AlpxR9) induces much less IL-6 or IL-1B in MM6 than LPS
derived from the msbB mutant. This is reasonable and consis-
tent with other reports (46, 55) and reflects the diversity of the
lipid A structures produced by the msbB mutant and its deriv-
atives (Fig. 1). Deletion of the msbB gene in x8573 (AmsbB4S)
leads to pagP upregulation, enhancing the amount of hexa-
acylated lipid A (3+3 type) in total lipid A, which is an agonist
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for the human TLR4 receptor (48); in contrast, loss of both
msbB and pagP in x9908 (AmsbB48 ApagP8) results in the
penta-acylated lipid A structure, which induces less IL-6 and
IL-1B in MMB6 cells. Similar results were also achieved in the
murine RAW264.7 cell line when using a low concentration of
LPS to stimulate the cells; no differences were observed when
the high concentration of LPS was used to stimulate
RAW264.7 cells (Fig. 4). This discrepancy between the two cell
lines reflects the complicated interaction between the TLR4-
MD?2 dimer and the diverse LPS (48).

The results from the cytokine assay showed that wild-type S.
enterica serovar Typhimurium strain x3761 and the msbB mu-
tant x8573 induced the same levels of production of 16 cyto-
kines, except for MIP-18 and G-CSF, in the serum from mice
6 days after oral inoculation. x11165 (AmsbB48 Apagl7),
x9949 (AmsbB48 AlpxR9), and x11065 (AmsbB4S Apagl7
ApagP8 AlpxR9) also induced cytokine production similar to
that of x8573 (AmsbB48) (Table 3). However, the levels of
proinflammatory cytokines from mice induced by x9908
(AmsbB48 ApagP8) were dramatically lower than those from
mice induced by the msbB single mutant x8573 or wild-type
x3761 (Table 3), suggesting that the lipid A structure from
Xx9908 (AmsbB48 ApagP8) exhibits less endotoxic activity than
those from the msbB mutant and other mutants in vivo (Fig. 1)
and that the reduced cytokine induction by x9908 (AmsbB48
ApagP8) is mainly attributable to altered lipid A (Fig. 4 and
Table 3). In fact, a recombination-based in vivo expression
technology was employed to analyze the spatial-temporal patterns
of in vivo expression of pagL, pagP, and IpxR. Increased levels of
pagP transcription were observed in bacteria isolated from the
lumen of the distal ileum, not pagl. and /pxR in this position.
Bacteria isolated from spleens of orally inoculated mice showed
increasing induction of pagl. and IpxR and had the highest ex-
pression of pagP (34; Q. Kong, unpublished data).

It is not suitable to only use msbB mutations involved in lipid
A modification to evaluate their effects on acquired immunity,
since mutants still retain high virulence and high ability to
colonize lymphoid tissues in the wild-type background (Table 2
and Fig. 3). Therefore, the mutations were moved to an atten-
uated Salmonella vaccine strain, x9241, to evaluate their effects
on acquired immunity. Mice immunized with two doses of each
of the Salmonella vaccines developed systemic (IgG) and mu-
cosal (secretory IgA) antibodies to the heterologous antigen
PspA. All vaccine strains except x9848 (AmsbB48 ApagP8)
induced equally significant IgG antibody responses to PspA 8
weeks after the first oral immunization, which appear to be
cytokine mediated (Table 4 and Fig. 5). The low-endotoxicity
lipid A from strains with the msbB mutation appears to con-
tribute to mucosal immune responses, since significant differ-
ences in IgA antibody titers to PspA induced by msbB vaccine
strains were observed compared to the titers induced by the
parent strain in vaginal wash samples (Fig. 5). Evidence for this
correlation also comes from other findings that a Salmonella
vaccine strain with monophosphoryl lipid A, which exhibited
low endotoxic activity, also elicited higher IgA titers against
PspA than the parent strain (30), and oral vaccination resulted
in identical or even significantly higher levels of PspA-specific
IgA response in MyD88/~ or MyD88 '~ and Trif '~ BALB/c
mice, in which the TLR4 pathway was blocked, than in wild-
type mice (43). All mutants elicit identical levels of antibodies
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against Salmonella OMP (Fig. 5), which indicates that full
angagement of the TLR4 pathway is not critical for the induc-
tion of humoral antibody to OMPs from S. enterica serovar
Typhimurium but is essential for the full induction and en-
hancement of adaptive immunity against heterologous anti-
gens delivered by attenuated Salmonella (Fig. 5) (24, 53).

S. enterica serovar Typhimurium bacteria are regarded as
potential weapons against cancer, as these bacteria are capable
of both preferentially amplifying within tumors and expressing
prodrug-converting enzymes (33, 44). However, their use is
limited by the potential induction of inflammatory responses
stimulated by lipid A via TLR4-MD2. Genetic modifications
targeting alterations of lipid A were investigated for antitumor
Salmonella vaccines. The msbB mutation was preferred for
incorporation into the tumor-targeting Salmonella since dis-
ruption of msbB in Salmonella resulted in reduced TNF-a and
virulence (8, 33, 57). In our work, the palmitoylation state of
lipid A in the msbB mutant had dramatic impacts on the inflam-
matory responses via oral administration (Fig. 4 and Table 3). We
suggest that it is worth considering inclusion of the pagP mutation
in future antitumor vaccine strains. In order to try such an ap-
proach, it will be necessary to determine whether the msbB pagP
mutant with other mutations retains its tumor-targeting proper-
ties, antitumor activity, and sufficient stimulation of inflammation
to serve as a safe antitumor vaccine via the use of systemically
administered Salmonella vaccine in humans.
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