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Lipopolysaccharide (LPS) and Braun (murein) lipoprotein (Lpp) are major components of the outer
membrane of gram-negative enteric bacteria that function as potent stimulators of inflammatory and immune
responses. In a previous paper, we provided evidence that two functional copies of the lipoprotein gene (lppA
and IppB) located on the chromosome of Salmonella enterica serovar Typhimurium contributed to bacterial
virulence. In this study, we characterized Ilpp4 and IppB single-knockout (SKO) mutants and compared them
with an lpp double-knockout (DKO) mutant using in vitro and in vivo models. Compared to the lpp DKO
mutant, which was nonmotile, the motility of the [pp SKO mutants was significantly increased (73 to 77%),
although the level of motility did not reach the level of wild-type (WT) S. enterica serovar Typhimurium.
Likewise, the cytotoxicity was also significantly increased when T84 human intestinal epithelial cells and
RAW264.7 murine macrophages were infected with the [pp SKO mutants compared to the cytotoxicity when
cells were infected with the [pp DKO mutant. The level of interleukin-8 (IL-8) in polarized T84 cells infected
with the [ppB SKO mutant was significantly higher (two- to threefold higher), reaching the level in cells infected
with WT S. enterica serovar Typhimurium, than the level in host cells infected with the /[pp4 SKO mutant. The
Ipp DKO mutant induced minimal levels of IL-8. Similarly, sera from mice infected with the [ppB SKO mutant
contained 4.5- to 10-fold-higher levels of tumor necrosis factor-o and IL-6; the levels of these cytokines were
1.7- to 3.0-fold greater in the [ppA SKO mutant-infected mice than in animals challenged with the [pp DKO
mutant. The increased cytokine levels observed with the [ppB SKO mutant in mice correlated with greater
tissue damage in the livers and spleens of these mice than in the organs of animals infected with the [ppA SKO
and /pp DKO mutants. Moreover, the [ppB SKO mutant-infected mice had increased susceptibility to death.
Since the /pp DKO mutant retained intact LPS, we constructed an S. enferica serovar Typhimurium triple-
knockout (TKQO) mutant in which the lppA and IppB genes were deleted from an existing msbB mutant (msbB
encodes an enzyme required for the acylation of lipid A). Compared to the lJpp DKO and msbB SKO mutants,
the Ipp-msbB TKO mutant was unable to induce cytotoxicity and to produce cytokines and chemokines in vitro
and in vivo. These studies provided the first evidence of the relative contributions of Lpp and lipid A acylation

to Salmonella pathogenesis.

In gram-negative enteric bacteria, lipopolysaccharide (LPS)
and Braun (murein) lipoprotein (Lpp) are the most abundant
components of the outer membrane and are important in
maintaining the integrity of the bacterial cell envelope (2, 16).
The maturation of Lpp requires modification of a lipid moiety,
which is catalyzed by glycerol transferase (Lgt), O-acyl trans-
ferase, signal peptidase II, and N-acyl transferase (Lnt) (19).
LPS, on the other hand, is composed of a polysaccharide core,
O antigen, and a lipid A domain. Lipid A contains fatty acids
believed to contribute to the low-permeability barrier of the
outer membrane of gram-negative bacteria (38). As is the case
with Lpp, lipid modification of LPS by the addition of fatty
acids is catalyzed by enzymes encoded by the genes msbB
(multicopy suppressor of h#rB), htrB (high temperature re-
quirement), and pagP (PhoP-activated gene) that attach my-
ristic, lauric, and palmitic acids, respectively, to lipid A (4, 18).

Both Lpp and LPS exhibit toxic and biological responses
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through their lipid domains by inducing high levels of cyto-
kines, such as tumor necrosis factor alpha (TNF-a), gamma
interferon (IFN-v), interleukin-18 (IL-1B), and IL-6, as well as
by activating complement and other inflammatory mediators
(16, 31, 35, 40, 49). In addition, Lpp synergizes with LPS to
induce production of proinflammatory cytokines both in vitro
and in vivo, leading to septic shock (56). While LPS activates
cellular responses by binding to CD14 receptors and via Toll-
like receptor 4 (15, 51, 53), Lpp binds to Toll-like receptor 2 to
activate cells (1).

In a previous study, we demonstrated that there were two
functional copies of the lpp gene ([ppA and IppB, originally
designated IppI and Ipp2, respectively) on the chromosome of
S. enterica serovar Typhimurium 14028 (46), which were adja-
cent and separated by 82 bp (46). Deletion of both copies of
the Ipp gene resulted in a Salmonella mutant that minimally
invaded epithelial cells, was nonmotile, and was severely im-
paired in the ability to induce cytotoxicity in murine macro-
phages (RAW264.7) and T84 human intestinal epithelial cells,
possibly through reduced production of inflammatory cyto-
kines or chemokines (TNF-a and IL-8) (46). The Ipp double-
knockout (DKO) mutant was avirulent in mice following oral
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)

Reference or source

S. enterica serovar Typhimurium

strains
14028 S. enterica serovar Typhimurium 46
STM-N Nalidixic acid-resistant (Nal") derivative of 14028 46
Mutant [pp Isogenic mutant in which two copies of the lipoprotein gene were deleted; Nal® Kn* 46
Mutant msbB 14028 in which the msbB gene was truncated; Tc* 30
Ipp-msbB mutant Mutant in which both copies of the [pp gene and the msbB gene were deleted; Nal" Tc" Kn* This study

Mutant Ipp/pBR/pp

Ipp mutant complemented with two copies of the Ipp gene via the pBR322 vector; Nal* Tc* Kn" 46

Mutant msbB/pSM21 msbB mutant complemented with the msbB gene 36

Mutant lppA Isogenic mutant in which only one copy of the Ipp gene (IppA) was deleted; Nal* Kn" 46

Mutant lppB Isogenic mutant in which only one copy of the lpp gene (IppB) was deleted; Nal” Kn* 46
E. coli strains

S17-1 Streptomycin and trimethoprim resistance, \pir Laboratory stock

SM10 Kn', \pir 13
Plasmids

pBluelppK Kn" gene cassette was inserted at the Xhol site in plasmid pBluelpp that contained 5’ and 3’ 46

flanking sequences to the Ipp genes of S. enterica serovar Typhimurium
pRE112 Suicide vector with R6K ori, sacB, and Cm" 13
pSM21msbB pSM21 low-copy-number plasmid carrying the msbB gene 36

and intraperitoneal (i.p.) challenge, and mice immunized with
this S. enterica serovar Typhimurium mutant were protected
from death when they were challenged with a lethal dose of
wild-type (WT) S. enterica serovar Typhimurium (46). We also
generated [ppA and IppB single-knockout (SKO) mutants of S.
enterica serovar Typhimurium by marker exchange mutagene-
sis (46). The SKO strains were avirulent in mice when they
were given by the i.p. route up to a dose of 1 X 10° CFU.
However, their invasive potential for T84 cells was significantly
higher than the invasive potential of the [pp DKO mutant,
which was minimally invasive (46).

While the characteristics of the [pp DKO mutant are desir-
able for a vaccine candidate, the DKO strain still contains
intact LPS, which could cause an undesirable inflammatory
response in the host. Indeed, studies have shown that muta-
tions in genes involved in lipid A biosynthesis reduce the ability
of S. enterica serovar Typhimurium to cause a systemic infec-
tion. For example, Jones et al. (23) reported that a deletion in
the htrB gene rendered Salmonella less cytotoxic and reduced
systemic infections. In Escherichia coli and S. enterica serovar
Typhimurium, the msbB gene product is involved in the ter-
minal myristoylation of lipid A of LPS. A mutation in the msbB
gene of S. enterica serovar Typhimurium (also known as waaN)
impaired the ability of Salmonella to cause lethality in mice and
to induce TNF-q, IL-1B, and inducible nitric oxide synthase
production (25, 30). In a recent study, Watson et al. (55)
demonstrated that a mutation in the S. enterica serovar Typhi-
murium msbB gene affected type III secretion system-depen-
dent proteins and reduced the virulence of the organism. In
this study, we constructed an [ppA-IppB-msbB triple-knockout
(TKO) mutant of S. enterica serovar Typhimurium. Further-
more, the IppA and IppB SKO and Ipp-msbB TKO mutants of
S. enterica serovar Typhimurium were functionally character-
ized by using in vitro and in vivo models. In addition, we
investigated the relative contributions of lpp and msbB in S.
enterica serovar Typhimurium virulence.

MATERIALS AND METHODS

Cell lines, bacteria, and plasmids. The RAW264.7 murine macrophage and
T84 human intestinal epithelial cell lines were obtained from the American Type
Culture Collection (Manassas, Va.). The cells were grown and maintained as
recently described (46). T84 polarized cells were established by seeding them in
six-well transwell plates containing 0.4-pm-pore-size polycarbonate membranes
(Corning, Corning, N.Y.) with 1.6 ml of prewarmed Dulbecco’s modified Eagle’s
medium-F-12 medium (46) in the upper chamber and 2.6 ml of medium in the
lower chamber according to the manufacturer’s instructions. The cells were
incubated for 5 to 7 days (with changes of medium every 3 days) to allow
development of tight junctions and steady-state resistance as previously de-
scribed (27). Polarized cells were infected apically with S. enterica serovar Ty-
phimurium 14028 strains at a multiplicity of infection (MOI) of 10:1. Bacterial
strains and plasmids used in this study are listed in Table 1. WT S. enterica
serovar Typhimurium, lpp mutants of this organism (SKO and DKO), [pp com-
plemented strains, and E. coli cultures were grown in either Luria-Bertani (LB)
or salmonella-shigella (SS) agar plates. The S. enterica serovar Typhimurium YS1
strain (14028 background) with a mutation in the msbB gene (30) and the
Ipp-msbB TKO mutant were grown on MSB medium, which consisted of LB
medium with no NaCl but supplemented with 2 mM MgSO, and 2 mM CaCl,
along with appropriate antibiotics (36). The msbB SKO mutant was extensively
characterized in several previous studies (25, 30, 36). The bacterial strains were
grown at 37°C with or without shaking. A spontaneous, nalidixic acid-resistant
(Nal") YSI strain was generated in our laboratory. The suicide vector pRE112
contained an R6K origin of replication (ori), a levansucrase gene (sacB) from
Bacillus subtilis, and a chloramphenicol resistance (Cm") gene (13). Low-copy-
number plasmid pSM21, used for complementation of the msbB gene, was
described previously (36).

Construction of S. enterica serovar Typhimurium Ipp-msbB TKO mutants. The
strategy used for construction of the lpp-msbB TKO mutant was similar to that
used for developing Ipp SKO and lpp DKO mutants, as recently described (46).
Briefly, 5 and 3’ flanking DNA sequences to the Ipp genes were amplified by
PCR and cloned into the pBluescript vector to generate a pBluelppK plasmid. In
this plasmid, the Ipp genes were replaced with the kanamycin resistance (Kn")
gene cassette. Subsequently, the pBlue/ppK recombinant plasmid was digested
with the Xbal and Kpnl restriction enzymes to isolate a fragment containing the
Kn" gene cassette flanked by the upstream and downstream flanking sequences
to the [pp genes. This fragment was ligated into a pRE112 suicide vector digested
with the Xbal and Kpnl restriction enzymes and transformed by electroporation
into an E. coli SM10 strain which contained N\pir, which allowed replication of the
suicide vector only in this strain (13). The pRE112/ppK plasmid from the E. coli
SMI10 strain was then delivered to the Nal" S. enterica serovar Typhimurium YS1
strain (msbB deficient) by conjugation as previously described (46). The
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TABLE 2. Histopathological grading system for livers and spleens of mice infected with various S. enterica serovar Typhimurium

Organ Score Description
Liver 0 Normal histology
+ Occasional portal, lobular, and perivascular histiocytic infiltrates; no evidence of necrosis
++ Focal necrosis of hepatocytes with infiltration by macrophages and PMNs; histiocytic
infiltrates observed focally and perivascularly
+++ Diffused histiocytic infiltrates in lobules and perivascular areas; focal necrosis of hepatocytes
with PMNs and macrophages infiltrating necrotic areas
++++ Diffused histiocytic infiltrates accompanied by areas of necrosis that are more extensive
Spleen 0 Normal histology
+ Scattered macrophages infiltrating marginal zone; lymphoid follicles slightly increased in

size, with preservation of their outlines; scattered immunoblasts and apoptotic
lymphocytes observed in the lymphoid follicles

++ Moderate architectural disruption of lymphoid follicles by macrophages infiltrating red pulp
and marginal zone; moderate expansion of immunoblasts and apoptotic bodies

+++

Severe disruption of lymphoid follicles with marked infiltration of marginal zone and red

pulp by sheets of macrophages; abundant immunoblasts and apoptotic bodies in follicles

transconjugants were selected on MSB agar plates containing nalidixic acid (100
wg/ml), kanamycin (50 pg/ml), and 5% sucrose. These transconjugants repre-
sented double-crossover homologous recombination that resulted in replace-
ment of the native Ipp genes of S. enterica serovar Typhimurium with the Kn"
gene cassette. Such mutants should have been sensitive to chloramphenicol due
to the loss of the suicide vector, pRE112. The identity of the TKO mutant was
confirmed by Southern and Western blot analyses.

Southern blot analysis. Chromosomal DNA from WT S. enterica serovar
Typhimurium and the Ipp-msbB TKO mutant was isolated by using a QIAamp
DNA mini kit (QIAGEN Inc., Valencia, Calif.) and was subjected to Southern
blot analysis as previously described (45). The Kn" gene cassette, the pp gene,
and the suicide vector pRE112 labeled with [a-**P]dCTP (ICN, Irvine, Calif.)
were used as probes. After hybridization, the blots were washed twice with 2X
SSC-0.1% sodium dodecyl sulfate (SDS) for 20 min and then with 1X SSC-0.1%
SDS at 68°C for 20 min and exposed to X-ray film (1X SSCis 0.15 M NaCl plus
0.015 M sodium citrate).

Western blot analysis. Western blot analysis was performed to evaluate ex-
pression of the Ipp gene in various S. enterica serovar Typhimurium mutants and
the parental WT S. enterica serovar Typhimurium strain. An aliquot (20 to 25 ng)
of total bacterial cell proteins was separated by SDS-15% polyacrylamide gel
electrophoresis and subjected to Western blot analysis as recently described (46).
The primary monoclonal antibodies used were developed to Yersinia enteroco-
litica Lpp. The secondary antibodies used were anti-mouse antibodies conjugated
with horseradish peroxidase. Subsequently, an enhanced chemiluminescence
substrate kit (Pierce, Rockford, Ill.) was used according to the manufacturer’s
instructions to detect signals on the X-ray film.

Complementation of the msbB SKO and Ipp DKO mutants of S. enterica
serovar Typhimurium. The msbB gene mutant (YS1) was complemented by
electroporation of a pSM21 low-copy-number plasmid (obtained from B. Low,
Yale University, New Haven, Conn.) carrying the msbB gene. The comple-
mented strain was used as a control in our study, along with the jpp DKO and
msbB SKO mutants. The [pp DKO mutant was complemented by transformation
of the pBR322 vector carrying both copies of the [pp gene (Table 1), as described
previously (46). A mutant with the vector alone (pBR322 with no insert) served
as a negative control.

Integrity of the outer membrane of the S. enterica serovar Typhimurium TKO
mutant. The outer membrane integrity of the msbB SKO, [pp DKO, and Ipp-
msbB TKO mutants was examined by membrane blebbing by using electron
microscopy, sensitivity to detergents (Triton X-100 and SDS) and a hydrophobic
antibiotic (rifampin), and the release of B-lactamase; the methods described
recently were used (46).

In vitro virulence of S. enterica serovar Typhimurium mutants. The in vitro
virulence potentials of the [pp SKO and DKO, msbB SKO, and lpp-msbB TKO
mutants were determined by examining the abilities of the mutants to invade, to
induce cell death, and to survive inside the host cells, by examining motility, and
by examining the induction of cytokines and chemokines by using RAW264.7 and
T84 cells. The methods used for these assays were described recently (7, 46). The
levels of cytokines (TNF-a and IL-6) and of a chemokine (IL-8) in the culture
supernatants of the cells mentioned above were determined by using either an
enzyme-linked immunosorbent assay (ELISA) (46) or a cytometric bead array
(CBA) kit (BD Biosciences, San Diego, Calif.).

CBA. The CBA assay is a multiplex assay, and in this assay a series of particles
with discrete fluorescence intensities are combined with flow cytometry to simul-
taneously detect different cytokines. Both tissue culture supernatants and mouse
sera from infected animals were used for measuring cytokines and chemokines
with a CBA kit by following the manufacturer’s instructions. These assays were
performed in the Gastrointestinal Immunology Core of the Texas Digestive
Disease Center, University of Texas Medical Branch, Galveston, Tex.

In vivo virulence of S. enterica serovar Typhimurium mutants. Eight-week-old
female Swiss Webster, C57BL/6, and BALB/c mice (Taconic Farms, Oxnard,
Calif.) were used to determine the in vivo survival of and inflammatory cytokine
and chemokine induction by S. enterica serovar Typhimurium mutants. The Swiss
Webster mice were divided into seven groups and inoculated i.p. with the pp
DKO, msbB SKO, and Ipp-msbB TKO mutants, complemented derivatives of the
Ipp DKO and msbB SKO mutants, and WT S. enterica serovar Typhimurium.
One group of mice was inoculated with phosphate-buffered saline (PBS) and
served as a control. Each group of 20 mice was inoculated with 2 X 10° CFU of
an S. enterica serovar Typhimurium mutant or WT S. enterica serovar Typhi-
murium. Two days prior to inoculation, the mice that were to be infected with the
complemented msbB SKO and [pp DKO strains were treated with tetracycline (5
mg/ml in drinking water) and chloramphenicol (0.5 mg/ml), respectively, to
maintain the plasmid in these strains.

Five mice from each group were bled for sera and sacrificed at days 1, 3, 7, and
21 postinfection, and their livers and spleens were removed, weighed, and ex-
amined to determine bacterial survival. For studies of in vivo survival and rep-
lication, aliquots (0.1 g) of livers and spleens obtained on days 1, 3, 7, and 21
postinfection were homogenized in 1 ml of PBS, serially diluted, and plated on
either MSB or LB agar plates with appropriate antibiotics or SS agar plates. The
total bacterial loads in livers and spleens were determined from the resulting
colony counts.

Liver and spleen sections were also fixed in 10% buffered formalin and sub-
mitted to the UTMB Histopathology Core Facility for processing and hematox-
ylin and eosin staining. Histopathological examinations of liver and spleen sec-
tions were performed by using four- and five-tier grading systems (Table 2). The
levels of inflammatory cytokines and chemokines in the serum (TNF-c, IFN-y,
IL-6, and KC [equivalent of human IL-8]) were assayed.

We also challenged BALB/c and C57BL/6 mice either orally (1 X 10* CFU) or
by the i.p. route (2 X 10° CFU) with various S. enterica serovar Typhimurium
strains. For orally infected mice, a 100-pl suspension of a bacterial culture was
administered by using a mouse stomach tube (Sigma, St. Louis, Mo.). On days 1,
3, and 7 postinoculation, mice were bled and sera were obtained for measuring
cytokine and chemokine levels. Also, livers and spleens were aseptically removed
for determining bacterial loads and intracellular survival, as well as for assessing
histopathology.

Statistical analysis. Data were analyzed by using Student’s ¢ test, and P values
of =0.05 were considered statistically significant. A minimum of three indepen-
dent experiments were performed in triplicate unless otherwise indicated, and
the data were expressed as arithmetic means *+ standard deviations. For exper-
iments for which no standard deviations are shown, typical experimental data
obtained from three or four independent experiments are presented below.
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RESULTS

In vitro characterization of lpp4 and lppB SKO mutants of
S. enterica serovar Typhimurium. Two copies of the [pp gene
(IppA and IppB) that were located on the chromosome of S.
enterica serovar Typhimurium were deleted to evaluate their
role in bacterial virulence. The [pp DKO mutant was highly
attenuated when it was tested in both in vitro and in vivo
models (46). Subsequently, we generated S. enterica serovar
Typhimurium lppA and lppB SKO mutants by marker exchange
mutagenesis using a suicide vector and the lambda red system
(46) to delineate the contribution of each of the Ipp genes to
bacterial virulence. Characterization of these [pp SKO mutants
indicated that both Ipp genes were functional and that they
contributed equally when the mutants were tested for their
invasive potential in T84 cells and for lethality in mice up to a
bacterial dose of 1 X 10° CFU given by the i.p. route (46).

In this study, we also examined the contributions of LppA
and LppB to Salmonella motility and the abilities of these
proteins to induce cell death and to evoke cytokine and che-
mokine production by using RAW264.7 and T84 cells. The Ipp
DKO mutant was nonmotile. The motilities of the [pp SKO
mutants (with either the [ppA or IppB gene deleted) were
significantly increased, as measured by the spreading of bacte-
ria from the point of inoculation on LB or MSB medium plates
containing 0.35% agar (46). The diameter of bacterial spread-
ing for the LppA mutant was 37.3 = 2.5 mm, and that for the
LppB mutant was 39.3 = 1.2 mm, indicating that the two Ipp
SKO mutants behaved similarly. The diameter of migration for
WT S. enterica serovar Typhimurium from the point of inocu-
lation was 52 * 2.0 mm (data not shown). The reduced mo-
tilities of the [pp SKO mutants (23 to 27%) were still statisti-
cally significant compared to the mobility of WT S. enterica
serovar Typhimurium.

Laser scanning confocal microscopy was used to examine the
death of RAW264.7 and T84 cells infected with the lpp4 and
IppB SKO and Ipp DKO mutants compared to the death of
cells infected with WT S. enterica serovar Typhimurium (Fig.
1). Although the /[pp DKO mutant (mutant #67) was severely
impaired for inducing cell death (75% viability) in RAW264.7
macrophages (Fig. 1A) and T84 cells (Fig. 1B) compared to
cells treated with WT S. enterica serovar Typhimurium (close
to 100% cell death), the [pp SKO mutants (lppA and IppB
mutants) produced more cell death (70%). Complementation
of the [pp DKO mutant with both copies of the lpp gene
resulted in the WT phenotype (data not shown). As discussed
below, the cell death (around 25 to 30%) associated with Ipp
DKO mutant #67 was attributed to the presence of intact LPS.

We infected RAW264.7 cells with heat-killed (65°C for 30
min) WT S. enterica serovar Typhimurium and the various
mutant strains at an MOI of 0.1:1 as previously described (46).
Addition of the heat-killed bacterial cells led to decreased
cytokine production in macrophages. A 28 to 30% statistically
significant decrease in TNF-a production (compared to the
WT) was observed in macrophages infected with the Jpp SKO
and /pp DKO mutants (Fig. 2A). However, the differences in
TNF-a production between the lpp SKO and Jpp DKO mutants
were not significant. In contrast, T84 cells (nonpolarized) in-
fected with the [pp4 and [ppB SKO mutants induced IL-8 levels
similar to the level induced by WT S. enterica serovar Typhi-
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murium. The ljpp DKO mutant did not induce a detectable
level of this chemokine (Fig. 2B), suggesting that Lpp plays a
key role in IL-8 production in vitro.

To confirm these data, we infected (apically) polarized T84
cells with the WT S. enterica serovar Typhimurium and Lpp
mutant strains and measured IL-8 production in the culture
media in both the upper (apical) and lower (basal) chambers.
As shown in Fig. 2C and D, the lpp DKO induced minimal
levels of IL-8 production in the apical and basal chambers (1
and 12 pg/ml, respectively). Overall, more IL-8 was detected in
the basal chamber (168 pg/ml) than in the apical chamber (49
pg/ml) in WT S. enterica serovar Typhimurium-infected T84
cells (Fig. 2C and D). A similar IL-8 profile was found in the
apical (Fig. 2C) and basal (Fig. 2D) chambers for T84 cells
infected with the [ppA and IppB SKO mutants. Importantly, the
amounts of IL-8 detected in the apical chamber with the IppA
and lppB SKO mutants were 28 and 55 pg/ml, while the levels
in the basal chamber were 59 and 180 pg/ml with these mu-
tants, respectively (Fig. 2C and D). Furthermore, the levels of
IL-8 detected in the apical and basal chambers with the [ppB
SKO mutant-infected T84 cells were similar to the levels found
with WT S. enterica serovar Typhimurium. The levels of IL-8
were significantly lower (two to threefold lower) in both the
apical and basal chambers with the [pp4 SKO mutant than with
the [ppB SKO mutant (Fig. 2C and D).

In vivo survival of lppA and IppB SKO and lpp DKO mutants
of S. enterica serovar Typhimurium. We examined the contri-
butions of the [ppA and I[ppB genes during systemic infection in
mice. In these sets of experiments, we inoculated mice with S.
enterica serovar Typhimurium mutants (/pp SKO and [pp DKO
mutants) via the i.p. and oral routes. We used both outbred
(Swiss Webster) and inbred (C57BL/6 and BALB/c) mice for
all in vivo studies and obtained essentially similar results. As
shown in Fig. 3, mice infected via the i.p. route with the Ipp
SKO and /pp DKO mutants were able to survive, and the
mutants multiplied in the livers and spleens as they did follow-
ing WT S. enterica serovar Typhimurium infection. The level of
WT S. enterica serovar Typhimurium increased from 2.5 logs to
5.5 logs over a 7-day period in the livers and spleens.

For the [pp DKO mutant, the number of bacteria increased
from 0.5 log to 3.0 logs in the livers and from 1.0 log to 3.5 logs
in the spleens (Fig. 3). A similar pattern was obtained for the
Ipp SKO mutants, although the numbers of the /pp SKO mu-
tants both in the liver and in the spleen on day 1 postinfection
were little higher than the numbers of the /jpp DKO mutant.
Clearly, more WT bacteria (2.5 logs) than [pp SKO and DKO
mutant bacteria (0.5 to 1.5 logs) invaded the liver and spleen,
as indicated by the number of bacteria after 1 day of infection,
indicating that there was attenuation in invasion of the S§.
enterica serovar Typhimurium mutants (Fig. 3). The bacterial
populations were cleared from the livers and spleens of mice
infected with the Ipp mutants and WT S. enterica serovar Ty-
phimurium in 3 weeks (data not shown).

The oral route of Salmonella infection is a natural infection
route that leads to gastroenteritis. Therefore, C57BL/6 and
BALB/c mice were also infected orally with 1 X 10* CFU of
the IppA SKO, IppB SKO, and IppA-lppB DKO mutants and
WT S. enterica serovar Typhimurium. It was found that mice
infected with WT S. enterica serovar Typhimurium exhibited
60% mortality in 7 days, while 100% of the mice infected with
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FIG. 1. Cell death induced by WT S. enterica serovar Typhimurium and S. enterica serovar Typhimurium mutants in RAW264.7 (A) and T84
(B) cells. Cells were infected with various S. enterica serovar Typhimurium mutants for 1 h at an MOI of 10:1. After incubation, the cells were
washed with PBS and incubated in a gentamicin (100 pg/ml)-containing medium for 1 h. After washing, the cells were incubated in an
antibiotic-free medium for 24 h. The cells were gently washed in PBS and examined with a laser scanning confocal microscope. Note the normal
cell morphology of noninfected cells (control) and of cells infected with the [pp DKO mutant (#67) (75% viability) and the lpp-msbB TKO mutant
(mostly normal) compared to the cell morphology of dead cells after infection with the WT and the [pp4 and [ppB SKO mutants. The msbB SKO
mutant-infected host cells showed around 30% destruction. At least 20 microscopic fields were examined.

either the [pp SKO or [pp DKO mutant survived for the 21-day
test period. When the bacterial loads were determined in the
livers and spleens of animals infected with various S. enterica
serovar Typhimurium cultures (at days 1, 3, and 7), only WT S.
enterica serovar Typhimurium was detected in these organs
(data not shown).

In vivo cytokine production by lppA and IlppB SKO and Ipp
DKO mutants of S. enterica serovar Typhimurium. During

systemic Salmonella infection, cytokines and chemokines, such
as TNF-a, IL-6, IFN-y, and IL-8, play a critical role in regu-
lating immune and inflammatory responses (12, 21). There-
fore, production of these mediators was assayed on days 1, 3,
and 7 postinoculation in the sera of C57BL/6 and BALB/c mice
infected by the i.p. and oral routes with the Jpp DKO and IppA
and /ppB SKO mutants and with WT §. enterica serovar Ty-
phimurium.
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FIG. 2. Induction of TNF-a production in RAW264.7 murine macrophages (A) and induction of IL-8 production in T84 nonpolarized cells
(B) and polarized T84 cells in the apical (C) and basal chambers (D) infected with WT S. enterica serovar Typhimurium and with /pp SKO and
Ipp DKO mutants as described in Materials and Methods. Cells were infected with various S. enterica serovar Typhimurium strains at an MOI of
10:1 and incubated for 1 h. After incubation, the cells were washed and incubated in gentamicin (100 pg/ml)-containing medium for 1 h, after which
the cells were washed and incubated in an antibiotic-free medium for 12 h. IL-8 levels were determined by using a CBA and ELISA. The data in
panels A and B are averages for four or five independent experiments performed in duplicate. The asterisks indicate statistically significant
differences (P = 0.05, as determined by Student’s ¢ test) between WT S. enterica serovar Typhimurium and the /pp mutants. The data in panels
C and D are data from a representative experiment; a minimum of three independent experiments were performed.

In the sera of mice infected via the i.p. route with WT S.
enterica serovar Typhimurium, an increase in the production of
TNF-a was observed at day 3, and the level reached 945 pg/ml
by day 7 postinoculation (Fig. 4A). There was a significant re-
duction (97.5%) in the level of TNF-« in the sera of mice in-
fected with the Jpp DKO mutant on day 7 postinfection com-
pared to the level in mice infected with WT . enterica serovar
Typhimurium. Interestingly, the sera from mice infected with
the [ppB SKO mutant (with an intact [pp4 gene) reproducibly
contained 4.5- to 5-fold-higher levels of TNF-a than the sera
from mice infected with the [pp DKO mutant. Likewise, 1.7 to
2 times more TNF-a was detected in the sera of mice infected
with the [ppA SKO mutant (with an intact [ppB gene) than in
the sera of [pp DKO mutant-infected mice (Fig. 4A).

Similarly, the sera of mice infected with WT S. enterica
serovar Typhimurium contained a high level of IL-6 at day 3,
which increased to 846 pg/ml at day 7 postinfection. Deletion
of either both or single copies of the /pp gene dramatically
reduced IL-6 production on day 7 postinfection (Fig. 4B).
Once again, the sera from mice infected with the /ppB SKO
mutant reproducibly had 10- to 12-fold-higher IL-6 levels than
the sera from animals infected with the [pp DKO mutant. The
IL-6 levels were three- to fivefold higher in the sera of mice
infected with the [pp4 SKO mutant than in the sera of Ipp
DKO mutant-infected mice (Fig. 4B). The levels of IFN-y
peaked on day 3 postinfection (1,597 pg/ml) and declined to
190 pg/ml on day 7 in mice infected with WT S. enterica serovar
Typhimurium. As observed for the TNF-a and IL-6 levels, in
IppB mutant-infected mice the IFN-vy levels were 1.5- to 2.5-
fold higher than the levels in mice infected with the JppA SKO
mutant on day 3 postinfection. The IFN-y levels declined on

day 7 after infection with /pp mutants, as noted with WT §.
enterica serovar Typhimurium (data not shown). The IFN-y
levels in the /jpp DKO mutant-infected mice were 83% lower
than those in WT S. enterica serovar Typhimurium-infected
mice on day 3 postinfection.

As shown in Fig. 4C, induction of KC (equivalent to IL-8)
was highly reduced in mice infected with the pp SKO and ipp
DKO mutants compared to the induction in mice infected with
WT S. enterica serovar Typhimurium. The KC level increased
from 49 pg/ml on day 1 to 1,499 pg/ml on day 3 to 2,037 pg/ml
on day 7 in mice infected with WT S§. enterica serovar Typhi-
murium. No significant change in KC levels was noted in
mouse sera at days 1 and 7 after infection with either the Ipp
SKO mutants or the [pp DKO mutant. Although the KC level
appeared to be somewhat higher in the /pp4 SKO mutant-
infected mice on day 7 postinfection (Fig. 4C), the difference
was not statistically significant (P = 0.14) when the data were
compared to the data for mice infected with the jpp DKO
mutant. It was noted that the sera of animals infected with the
Ipp DKO mutant showed a spike in KC production on day 3
(310 pg/ml) and the level dropped to 48 pg/ml on day 7 postin-
fection, a value similar to the value seen on day 1 (Fig. 4C).
The KC level detected in the sera of mice infected with the
IppA SKO mutant did not change until day 3 (39 pg/ml on day
1 and 23 pg/ml on day 3); it increased to 89 pg/ml on day 7
postinfection. As observed with the /pp DKO mutant, sera
from mice infected with the [ppB SKO mutant showed an
increase in KC levels from 45 pg/ml on day 1 to 101 pg/ml on
day 3, and then the level decreased to 48 pg/ml on day 7 (Fig.
4C). On day 3 postinfection, the KC level induced by the ippB
SKO mutant (101 pg/ml) was significantly higher (P = 0.02)
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FIG. 3. In vivo survival and replication of /pp DKO and /ppA and
IppB SKO mutants of S. enterica serovar Typhimurium in livers (A) and
spleens (B) of mice. Portions of liver and spleen harvested at days 1, 3,
7, and 21 postinoculation were homogenized in PBS, serially diluted,
and plated on LB and SS agar plates, and the numbers of CFU per
organ were determined. The animals were infected by the i.p. route
with various S. enterica serovar Typhimurium strains by using 2 X 10°
CFU in 100 pl. Three independent experiments were performed. Data
from a representative experiment are shown.

than the level induced by the lpp4 SKO mutant (23 pg/ml).
Likewise, the KC level induced by the [pp DKO mutant on day
3 postinfection (310 pg/ml) was significantly higher than the
level in IppA SKO mutant-infected mice (23 pg/ml) (P =
0.004). The difference in the KC levels in sera from mice
infected with the /pp DKO mutant (310 pg/ml) and the ippB
SKO mutant (101 pg/ml) was also significant on day 3 postin-
fection (P = 0.006). Taken together, our findings indicated that
the levels of the inflammatory mediators TNF-«, IL-6, and
IFN-vy were consistently and reproducibly higher with the lppB
SKO mutant than with the /ppA SKO and lpp DKO mutants
(except on day 3 for KC), suggesting that LppA contributes
more to the induction of these cytokines.

The levels of cytokines (TNF-a, IL-6, and IFN-y) and a
chemokine (KC) in sera of the orally infected mice correlated
with the systemic bacterial loads. Since (when given by the oral
route) [pp SKO or DKO mutants were not detected in the
spleen and liver, the levels of cytokines and chemokine de-
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FIG. 4. Induction of TNF-a (A), IL-6 (B), and KC (C) in mice
infected with S. enterica serovar Typhimurium strains at a dose of 2 X
10° CFU by the i.p. route. Sera from mice infected with the IppA and
IppB SKO and /[pp DKO mutants were collected at days 1, 3, and 7
postinfection, and the levels of TNF-a, IL-6, KC, and IFN-y were
determined by ELISA and CBA as described in Materials and Meth-
ods. The data in panels A and B are data from a typical experiment;
three independent experiments were performed. The data in panel C
are arithmetic means = standard deviations based on three indepen-
dent experiments performed in duplicate. The asterisks indicate sta-
tistically significant differences (P = 0.05, as determined by Student’s
t test) between the groups indicated by the horizontal lines.

tected in the sera of these mice were minimal compared to the
levels in mice infected with WT S. enterica serovar Typhimu-
rium. Mice infected with WT S. enterica serovar Typhimu-
rium (1 X 10* CFU) generally exhibited a cytokine-chemo-
kine response that was approximately 10-fold lower than the
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response observed when the bacteria were injected i.p. (data
not shown).

Histopathological examination of tissue sections infected
with IlppA and IlppB SKO and lpp DKO mutants of S. enterica
serovar Typhimurium. Our histopathological studies and anal-
yses were performed with mice infected via the i.p. route with
the Ipp S. enterica serovar Typhimurium mutants and WT S.
enterica serovar Typhimurium, and we used a five-tier grading
system for the liver and a four-tier system for the spleen (Table
2). Postmortem gross examination of the livers and spleens
of mice infected with WT S. enterica serovar Typhimurium
showed hepatomegaly and splenomegaly, respectively. Both
types of organs also had a diffuse pallor when they were com-
pared to organs from normal controls. Figure 5 shows hema-
toxylin- and eosin-stained histological sections of livers (Fig.
5A) and spleens (Fig. 5B). Liver sections from mice infected
with WT S. enterica serovar Typhimurium (score, ++ ++) had
confluent areas of hepatocyte necrosis with extensive infil-
tration by macrophages and polymorphonuclear neutrophils
(PMNs). The rest of the parenchyma had diffuse histiocytic
infiltrates (HI) in and around the lobules and perivascular
areas. In addition, moderate Kupffer cell hyperplasia was seen
in liver sections from mice infected with WT S. enterica serovar
Typhimurium, as was focal microvesicular fatty metamorphosis
(Fig. 5A, panel a) when the tissues were compared to normal
liver tissues (score, 0) from the uninfected mice (Fig. 5A, panel
g)-

There was a dramatic reduction in the histopathology ob-
served in the livers of mice infected with the /pp DKO mutant
(score, +) (Fig. SA, panel b). There was no evidence of hepa-
tocyte necrosis, and only occasionally were small portal, lobu-
lar, and perivascular HI seen in the sections examined. Kupffer
cell hyperplasia was mild. Complementation of the lpp DKO
mutant resulted in an increase in the histopathological grade
(score, ++), as indicated by the focal areas of necrosis in the
parenchyma with infiltrates composed of macrophages and
PMN:s. Scattered HI were seen perivascularly and in the lob-

INFECT. IMMUN.

ules. These infiltrates were larger than those seen in the Ipp
DKO mutant-infected mice. Moderate Kupffer cell hyperplasia
was also seen in mouse livers infected with the jpp DKO com-
plemented strain (Fig. 5A, panel c¢). While mice infected with
the IppA SKO mutant exhibited pathological lesions similar to
those in [pp DKO mutant-infected mice (score, +), the [ppB
SKO mutant caused more tissue damage (score, ++) than the
Ipp DKO mutant (score, +), which was similar to the tissue
damage seen with the complemented DKO mutant (score,
+4).

Similarly, spleen sections of mice infected with WT S. en-
terica serovar Typhimurium (score, +++) had a marked dis-
ruption of splenic follicles and severe infiltration of the mar-
ginal zone and red pulp by macrophages (Fig. 5B, panel a).
Marked activation of lymphocytes was noted along with in-
creased numbers of immunoblasts and apoptotic bodies.
Spleen sections from the noninfected mice had normal splenic
lymphoid follicles (score, 0), discrete marginal zones, and nor-
mal-appearing red pulp (Fig. 5B, panel g). On the other hand,
spleens from the /pp DKO mutant-infected mice had well-
preserved splenic architecture with well-formed splenic folli-
cles (score, +) (Fig. 5B, panel b). Lymphocytic activation in
splenic follicles and expansion of the marginal zone were mild.
The red pulp showed minimal macrophage infiltration with
scattered immunoblasts, and minimal apoptotic lymphocytes
were noted in the lymphoid follicles.

In mice infected with the /jpp DKO complemented strain,
there was moderate architectural disruption of the lymphoid
follicles by macrophage infiltrates in the red pulp and marginal
zone (score, ++). Increased numbers of immunoblasts and
apoptotic bodies and lymphocyte activation in the periarterio-
lar lymphoid sheets were also observed (Fig. 5B, panel c). The
histopathological lesions in spleens from mice infected with the
IppB SKO mutant (score, ++) were much more pronounced
than those in spleens from mice infected with the /pp DKO
mutant (score, 1+); however, in these spleens there were sig-
nificantly fewer lesions than there were in the spleens from

FIG. 5. Histopathological examination of sections from livers (A) and spleens (B) of mice infected with Sal/monella mutants. Five- and four-tier
scoring systems (Table 2) were developed for the liver and the spleen, respectively, to evaluate the histopathological changes in the two organs.
All sections were stained with hematoxylin and eosin. (A) Liver sections. (a) Mouse infected with WT S. enterica serovar Typhimurium (score,
++++). Note the confluent area of necrosis with PMN infiltration, diffuse HI, and Kupffer cell hyperplasia. Magnification, X200. (b) Mouse
infected with the [pp DKO mutant (score, +). Occasional HI in portal and lobular areas were observed. Magnification, X200. (c) Mouse infected
with the complemented /pp DKO mutant (score, ++). Lobular HI associated with focal hepatocyte necrosis and infiltration of PMNs were
observed. Magnification, X200. (d) Mouse infected with the msbB SKO mutant (score, +++). Note the focal area of hepatocyte necrosis with
PMNs and macrophage infiltration and lobular and perivascular diffuse HI. Magnification, X200. (e) Mouse infected with the [pp-msbB TKO
mutant (score, +). Occasional portal, lobular, and perivascular HI were observed. Magnification, X200. (f) Mouse infected with the complemented
msbB SKO mutant (score, +++). Perivascular and lobular HI associated with focal necrosis of hepatic parenchyma and PMN infiltration at the
edges of necrotic areas were observed. Magnification, X200. (g) Noninfected animal. Note the normal histology and no inflammatory infiltrates
and the absence of necrosis. Magnification, X100. (B) Spleen sections. (a) Mouse infected with WT S. enterica serovar Typhimurium. Note the
severe disruption of lymphoid follicles with marked infiltration of the marginal zone and red pulp by sheets of macrophages. Abundant
immunoblasts and apoptotic bodies in follicles were observed. (b) Mouse infected with the /pp DKO mutant (score, +). Note the scattered
macrophages infiltrating the marginal zone. Lymphoid follicles were slightly increased in size, and their outlines were preserved. Scattered
immunoblasts and apoptotic lymphocytes were noted in lymphoid follicles. (c) Mouse infected with the complemented /jpp DKO mutant (score,
++). Moderate infiltration of red pulp by macrophages was observed. Lymphocyte activation within splenic follicles was apparent. Magnification,
X100. (d) Mouse infected with the msbB SKO mutant (score, +++). Severe disruption of lymphoid follicles with marked infiltration of the
marginal zone and red pulp by sheets of macrophages was observed. Abundant immunoblasts and apoptotic bodies in follicles were also observed.
(e) Mouse infected with the Ipp-msbB TKO mutant (score, +). Scattered macrophages infiltrating the marginal zone were apparent. Lymphoid
follicles were slightly increased in size, and their outlines were preserved. Scattered immunoblasts and apoptotic lymphocytes were observed in
lymphoid follicles. (f) Mouse infected with the complemented msbB SKO mutant (score, +++). Prominent infiltration of marginal zones and red
pulp by macrophages and lymphocyte activation in splenic follicles were observed. Magnification, X200. (g) Noninfected mouse. Note the normal
splenic follicles with discrete marginal zones and normal-appearing red pulp. Magnification, X100.
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mice infected with WT S. enterica serovar Typhimurium (score,
+++). The histology associated with the [jppA SKO mutant
was similar to that associated with the /pp DKO mutant (score,
+).

Although the [ppA and IppB SKO mutants seemed to have
contributed equally to the overall Lpp phenotype in vitro, as
determined by invasion, cytotoxicity, and motility assays, the in
vivo studies indicated that LppA contributed more to the over-
all Lpp phenotype. Compared to the [ppA SKO mutant (with
an intact [ppB gene), the [ppB mutant (carrying an intact lppA
gene) induced production of cytokines (TNF-« and IL-6) to a
greater extent (Fig. 4A and B). Similarly, the [ppB SKO mutant
caused more tissue damage in the livers and spleens of mice
than the /ppA SKO mutant caused. We, therefore, performed
a separate experiment, in which C57BL/6 mice were infected
i.p. with a much higher bacterial dose (1 X 107 CFU). We
noted that mice infected with the /JppB SKO mutant died 3 days
earlier than mice infected with the [pp4 SKO mutant. How-
ever, at this dose, mice in both groups died in 7 days due to an
overwhelming number of bacteria in the circulation. Mice in-
fected with WT S. enterica serovar Typhimurium died within
48 h at this dose.

Characterization of the lpp-msbB TKO mutant of S. enterica
serovar Typhimurium. We deleted both copies of the Ipp gene
from an msbB mutant (strain YS1), and the identity of the
mutant was confirmed by Southern blot analysis by using the
Ipp gene, the Kn® gene cassette, and the pRE112 plasmid
vector as probes (data not shown). The Bglll- and Mlul-di-
gested chromosomal DNA from the lpp-msbB TKO mutant
reacted with the Kn" gene probe and exhibited a band at
3.2-kb, while the WT S. enterica serovar Typhimurium and
pRE112 suicide vector did not show any band with the Kn"
gene probe. Since both copies of the Ipp gene were deleted
from the msbB mutant, the [pp gene probe did not react with
the digested chromosomal DNA of the TKO mutant, although
a band of the correct size (2.4 kb) was detected in the digested
chromosomal DNA of WT S. enterica serovar Typhimurium.
Neither the digested chromosomal DNA from the mutants nor
the digested chromosomal DNA from WT S. enterica serovar
Typhimurium reacted with plasmid pRE112 when it was used
as a probe, indicating the complete loss of the suicide vector
from the S. enterica serovar Typhimurium /pp-msbB TKO mu-
tant after homologous recombination. As a positive control, we
used the pRE112 plasmid digested with the BamHI enzyme,
which exhibited a band of the correct size (6.5 kb).

The absence of the Lpp protein in lpp TKO mutants was
confirmed by Western blot analysis by using anti-Lpp mono-
clonal antibody (data not shown). A band at 6.3 kDa, repre-
senting Lpp, was visualized for WT S. enterica serovar Typhi-
murium, whereas the corresponding band for the /pp-msbB
TKO mutant was missing, further indicating that there was
successful deletion of the Ipp genes. The msbB SKO mutant
exhibited a 6.3-kDa band similar to that of WT S. enterica
serovar Typhimurium (46), which served as a positive control.

Integrity of the bacterial cell envelope of the TKO mutant of
S. enterica serovar Typhimurium. We examined the integrity of
the outer membrane of the Ipp-msbB TKO mutant by evalu-
ating outer membrane blebbing, the sensitivity to detergents,
the permeability to rifampin, and the release of B-lactamase
from bacterial cells. Transmission electron microscopy showed
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no blebbing of the bacterial outer membrane of the lpp TKO
mutant. When the mutant was treated with Triton X-100 (up to
a concentration of 5%), there was no difference between the
sensitivity of the [pp-msbB TKO mutant and the sensitivity of
WT S. enterica serovar Typhimurium (data not shown). While
the Ipp DKO and msbB SKO mutants were resistant to 1%
SDS, a finding similar to the finding obtained with WT S.
enterica serovar Typhimurium, the Ipp-msbB TKO mutant
showed sensitivity at this concentration of SDS (data not
shown), indicating that there was some alteration in the mem-
brane integrity of the TKO mutant.

Sensitivity to the antibiotic rifampin indicated that the lpp-
msbB TKO mutant was sensitive at a concentration of 10
pg/ml, whereas the WT, [pp DKO mutant, and msbB SKO
mutant were resistant at this concentration of rifampin (data
not shown). More importantly, the B-lactamase assay indicated
that WT S. enterica serovar Typhimurium and the Ipp-msbB
TKO mutant exhibited similar releases of B-lactamase into the
medium (data not shown). These data suggested that the mem-
brane integrity was affected, albeit minimally, in the lpp-msbB
TKO mutant.

Virulence potential of the TKO S. enterica serovar Typhi-
murium mutant. As we previously indicated (46), the [pp DKO
mutant showed a 500- to 1,000-fold reduction in the invasion of
T84 cells. The msbB SKO mutant was only 10-fold less invasive
than WT S. enterica serovar Typhimurium and the comple-
mented derivative of the msbB mutant (Fig. 6). The [pp-msbB
TKO mutant showed a reduction in invasion of T84 cells sim-
ilar to that of the /[pp DKO mutant. The binding properties of
WT S. enterica serovar Typhimurium and its various mutants to
the host cells were very similar. The msbB SKO mutant of S.
enterica serovar Typhimurium exhibited even greater motility
than WT S. enterica serovar Typhimurium exhibited. The Ipp-
msbB TKO mutant, on the other hand, was nonmotile, like the
Ipp DKO S. enterica serovar Typhimurium mutant (data not
shown).

The abilities of the lpp-msbB TKO and msbB SKO mutants
to induce cell death in RAW264.7 and T84 cells were also
examined. Host cells infected with the msbB SKO mutant
exhibited cell death at a rate of approximately 30% compared
to WT S. enterica serovar Typhimurium (Fig. 1). While the Ipp
DKO mutant showed 75% viability with macrophages and T84
cells, the findings with the [pp-msbB TKO mutant demonstrat-
ed that there was an almost complete absence of cell death
(Fig. 1).

Survival inside the hostile environment of professional
phagocytes, such as macrophages, is an important virulence
mechanism of Salmonella (28). To examine whether the Ipp
and msbB genes have a role in this capacity, RAW264.7 mac-
rophages and T84 epithelial cells were infected with the /pp-
msbB TKO mutant, the msbB SKO mutant, and WT S. enterica
serovar Typhimurium for 24 h. As shown in Fig. 7, WT §.
enterica serovar Typhimurium and the lpp DKO and msbB
SKO mutants were able to survive and replicate inside macro-
phages and T84 cells; however, the lpp-msbB TKO mutant was
unable to survive in the intracellular environment of both cell
types (Fig. 7). Similar intracellular survival data were obtained
in vivo, in both liver and spleen homogenates (data not shown).

In vitro cytokine production by the TKO mutant of S. en-
terica serovar Typhimurium. To test whether deletion of the
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FIG. 6. Invasion of T84 cells by the lpp-msbB TKO and msbB SKO
mutants of S. enterica serovar Typhimurium. The T84 cells were in-
fected with the [pp-msbB TKO, [pp DKO, and msbB mutants. Likewise,
T84 cells were infected with WT S. enterica serovar Typhimurium and
the complemented derivatives of the [pp and msbB mutants at an MOI
of 10:1 for 1 h. The monolayers were washed and incubated with
medium containing gentamicin (100 wg/ml) for 1 h. After incubation,
the cells were washed and incubated with fresh medium (without
antibiotic) for another 1 h before they were lysed with 0.1% Triton
X-100 (46) and different dilutions were plated on MSB agar plates.
Three independent experiments were performed in triplicate, and an
asterisk indicates statistical significance (P = 0.05, as determined by
Student’s ¢ test) compared to WT S. enterica serovar Typhimurium.
The difference between the [pp DKO and lppDKO (compl) values was
also significant. The arithmetic means = standard deviations are
shown. (compl) indicates a complemented strain.

msbB and the Ipp genes affected the overall induction of
TNF-a and IL-8, we measured the levels of TNF-a and 1L-8
after stimulation of RAW264.7 cells with heat-killed Salmo-
nella mutants and infection of T84 cells with live bacteria. As
shown in Fig. 8A, infection of RAW264.7 cells with the heat-
killed jpp DKO mutant caused a 42% reduction in TNF-a
production compared to the production in cells infected with
WT S. enterica serovar Typhimurium, while the level of TNF-«
production was decreased by 25% with the msbB SKO mutant.
However, infection with the [pp-msbB TKO mutant resulted in
a dramatic reduction (80%) in TNF-a production. Similarly,
no IL-8 was detected in T84 cells infected with the [pp DKO
and lpp-msbB TKO mutants (Fig. 8B). On the other hand,
deletion of the msbB gene alone had no effect on in vitro IL-8
production (Fig. 8B).

In vivo characterization of the Ipp-msbB TKO mutant of S.
enterica serovar Typhimurium. Quantitation of the bacterial
loads in the livers and spleens of infected mice indicated that
the I[pp-msbB TKO mutant was unable to survive in an in vivo
environment, although the I[pp DKO and msbB SKO mutants
survived and replicated under in vivo conditions (data not
shown). Consequently, the TKO mutant was unable to induce
any detectable levels of TNF-«, KC, or IFN-y compared to the
levels induced by WT S. enterica serovar Typhimurium and the
Ipp DKO and msbB SKO mutants in both BALB/c and Swiss
Webster mice, even when the mice were inoculated by the i.p.
route (Fig. 9). The levels of TNF-a, KC, and IFN-y on day 7
postinfection were 850, 1,200, and 700 pg/ml, respectively, in
the sera of WT S. enterica serovar Typhimurium-infected mice;
the levels in the msbB SKO mutant-infected mice were 450,
175, and 225 pg/ml, respectively, which corresponded to reduc-
tions of 43, 85, and 68%, respectively, compared to findings for
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FIG. 7. Intracellular replication of the [pp-msbB TKO mutant in-
side T84 cells (A) and RAW264.7 cells (B). Cells were infected with
the various S. enterica serovar Typhimurium mutants and WT S. en-
terica serovar Typhimurium for 1 h. The cells were washed and incu-
bated for 1 h with gentamicin (100 pg/ml)-containing medium. After
incubation, the cells were washed and incubated in fresh medium
containing a minimum concentration of gentamicin (5 wg/ml) for dif-
ferent times (1, 6, 12, and 24 h) (46). Finally, the cells were lysed with
0.1% Triton X-100 and plated on MSB agar plates to determine the
number of CFU. Three independent experiments were performed;
data from a representative experiment are shown.

the WT S. enterica serovar Typhimurium-infected mice (Fig.
9).

The Ipp-msbB TKO mutant was only able to induce a min-
imal level of liver damage (score, +) (Fig. SA, panel e), as
indicated by histopathological examination, compared to the
levels induced by WT S. enterica serovar Typhimurium (score,
++++) (Fig. 5A, panel a) and the msbB SKO mutant and its
complemented derivative (score, +++) (Fig. 5A, panel d, and
5B, panel f). While the spleen sections of mice infected with
the Ipp-msbB TKO mutant exhibited mild histopathological
changes (score, +) (Fig. 5B, panel e), the spleen sections of
mice infected with the msbB SKO mutant and its comple-
mented derivative showed greater histopathological changes
(score, +++) (Fig. 5B, panels d and f), which were similar to
the changes observed in the WT . enterica serovar Typhi-
murium-infected mice (Fig. 5B, panel a).
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FIG. 8. Induction of TNF-a by various S. enterica serovar Typhi-
murium mutants in RAW264.7 cells (A) and IL-8 production in non-
polarized T84 cells (B). Macrophages were stimulated with the heat-
killed bacteria at an MOI of 0.1:1 and incubated for 8 h. T84 cells were
infected with live bacteria at an MOI of 10:1 and incubated for 1 h.
After incubation, the cells were washed and incubated in gentamicin
(100 pg/ml)-containing medium for 1 h, after which the cells were
washed and incubated in an antibiotic-free medium for 12 h. TNF-«a
and IL-8 levels were determined by an ELISA. Three independent
experiments were performed in duplicate, and an asterisk indicates a
value that is statistically significantly different from the value for WT S.
enterica serovar Typhimurium (P = 0.05, as determined by Student’s ¢
test). The arithmetic means * standard deviations are shown. The
difference between the values for the lpp DKO- and Ipp-msbB TKO-
infected macrophages was also statistically significant.

DISCUSSION

In this study, we molecularly characterized the /ppA and
IppB SKO mutants using in vitro and in vivo models and com-
pared them with the /pp DKO mutant generated in a previous
study (46). We also constructed an IppA-lppB-msbB TKO mu-
tant with the goal of developing a candidate vaccine against
salmonellosis, which also could be used to deliver heterologous
recombinant antigens.

Our motility and cytotoxicity data obtained with the lpp SKO
mutants matched invasion data obtained in vitro, as the Ipp
SKO mutants were significantly more motile and cytotoxic than
the lpp DKO mutant (Fig. 1). However, since the IppA and
IppB SKO mutants exhibited comparable motilities and cyto-
toxicities, which were still significantly less than those of WT S.
enterica serovar Typhimurium, these data indicated that both
Ipp genes could be required for fully restoring these bacterial
phenotypes. We obtained essentially similar data when T84
cells were invaded with the WT and the various /pp mutants
(46).

Compared to the TNF-a levels in macrophages infected with
WT S. enterica serovar Typhimurium, the TNF-a levels in
macrophages infected with the /pp SKO and [pp DKO mutants
were reduced (Fig. 2A). These data also suggested that both
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FIG. 9. Levels of TNF-a (A), KC (B), and IFN-y (C) in mice
infected with various S. enterica serovar Typhimurium mutants. Sera
from mice infected with the WT and with [pp DKO, msbB SKO, and
Ipp-msbB TKO mutants were collected on days 1, 3, and 7 postinfec-
tion, and the levels of TNF-a, KC, and IFN-y were determined by an
ELISA and CBA as described in Materials and Methods. The animals
were infected by the i.p. route with 2 X 10° CFU in 100 wl. In panels
A and B, arithmetic means =+ standard deviations from three indepen-
dent experiments performed in duplicate are shown. In panel C, typical
experimental data from the three independent experiments performed
are shown. Asterisks denote statistically significant differences.
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Ipp genes are required for the full virulence effect of Lpp in
vitro. On the contrary, we demonstrated that while the /pp
DKO mutant minimally produced IL-8, this chemokine was
produced at a level similar to that seen in WT S. enterica
serovar Typhimurium when nonpolarized T84 cells were in-
fected with either the lppA or IppB SKO mutant (Fig. 2B).
These data indicated that (i) Lpp is essential for induction of
IL-8 and (ii) one copy of the /[pp gene is sufficient to induce the
production of this chemokine in vitro. It was shown previously
that T84 cells did not respond to LPS in inducing IL-8 pro-
duction (43). This study could explain the lack of detection of
IL-8 in the /pp DKO mutant-infected T84 cells.

Since polarized cells more closely mimic the in vivo environ-
ment, we also examined IL-8 production in apically treated
T84 cells with S. enterica serovar Typhimurium mutants. While
the data obtained were similar to the data obtained with the
nonpolarized cells, the following observations were notewor-
thy. First, higher IL-8 levels were observed in the basal cham-
ber than in the apical chamber. Second, the [ppB SKO mutant
produced WT levels of IL-8. Third, the [ppA mutant appeared
to contribute less to IL-8 production (Fig. 2C and D). None-
theless, it was clear that Lpp played a key role in IL-8 produc-
tion in vitro.

A study of host-pathogen interactions in which an in vitro
system is used could be a useful predictor of the behavior of
pathogens in vivo (8, 22, 43). However, it is crucial that such in
vitro studies are also conducted in an animal system to mimic
human infections. A mouse model has been widely used to
study Salmonella pathogenesis (11, 12, 26). It has been re-
ported that during early systemic Salmonella infection, there is
rapid clearance of the majority of the bacterial inoculum by
macrophages and neutrophils (5, 6, 32, 44). This is followed by
the exponential growth of residual bacteria within the liver and
spleen, resulting in the production of inflammatory cytokines
and chemokines, which together are thought to lead to the
formation of pathological lesions and trafficking of various
leukocyte subsets and macrophages to the subepithelial region
(3, 10, 12, 20, 24, 33, 35, 40, 52, 56).

Our in vivo data indicated that the survival of both [pp SKO
and DKO mutants was similar to the survival of WT strains in
the liver and spleen of i.p. infected mice (Fig. 3). Likewise, Ipp
SKO mutants were more invasive than DKO mutants. These
data matched our in vitro invasion data for these strains (46).
The inability to detect [pp mutants in mouse organs after oral
challenge could indicate either (i) that such mutants were
unable to cross the intestinal mucosa or (ii) that such mutants
were killed more efficiently in the lamina propria, which should
be investigated in the future. Lpp mutants also showed a
marked reduction in the induction of cytokines and chemo-
kines in vivo, suggesting that Lpp plays a crucial role in pro-
ducing these mediators (Fig. 4).

More interesting, however, were our findings that the lppB
SKO mutant induced higher levels of TNF-a and IL-6 in
mouse sera than /pp DKO and lppA SKO mutants induced
(Fig. 4A and B). Similarly, the levels of these cytokines were
higher with the lppA SKO mutant than with the ipp DKO
mutant (Fig. 4A and B). These data suggested that (i) LppA
might be more potent than LppB in cytokine induction, (ii) the
IppA gene might be expressed at higher levels than the lppB
gene in vivo, and (iii) LppA could be more accessible to re-
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ceptor binding on host cells. In future studies we will deter-
mine the promoter activity of the [ppA and IppB genes and the
regulation of these two Ipp genes in in vitro and in vivo envi-
ronments.

Histopathological examination of the liver and spleen indi-
cated that there was severe tissue damage in mice infected with
WT S. enterica serovar Typhimurium, compared to the mini-
mal damage in mice infected with the /pp DKO mutant strain
(Fig. 5). Importantly, more extensive tissue damage with the
IppB SKO mutant than with the /pp4 SKO mutant correlated
with our finding that the [ppB SKO mutant produced higher
levels of TNF-a and IL-6 (Fig. 4). These results were further
substantiated by the finding that mice infected with the [ppB
SKO mutant had a shorter mean time to death than animals
infected with the [ppA SKO or [pp DKO mutant.

The IFN-vy levels in sera from mice infected with the [ppB
SKO mutant were also higher than those in sera from mice
infected with the [pp4 SKO mutant, although the levels were
much reduced compared to the levels in sera from WT S.
enterica serovar Typhimurium-infected mice, indicating that
Lpp plays a significant role in IFN-y production. IFN-vy plays a
critical role in stimulation of Th1 immune responses and the
clearance of intracellular pathogens, such as Salmonella (12,
17, 34, 37). High IFN-vy levels were previously reported during
early Salmonella infection (42), as also noted in this study.
Cytokine profiling for the presence of Thl and Th2 cytokines
in sera from WT S. enterica serovar Typhimurium-infected
mice indicated increased IFN-y levels and no detectable levels
of IL-2 and IL-4, confirming the involvement of Th1 responses
during salmonellosis (data not shown). Studies have indicated
that TNF-a acts synergistically with IFN-y to activate antimi-
crobial effects of macrophages (50). Since [pp mutants resulted
in reduced TNF-« and IFN-vy levels, their intracellular survival
would be enhanced. This could be an important characteristic
of an attenuated vaccine candidate strain.

Although the lpp DKO mutant was avirulent in mice (46)
and protected against a lethal challenge by WT S. enterica
serovar Typhimurium, its intact LPS might induce host inflam-
matory reactions. Studies have shown that in an LPS-defective
strain of Shigella flexneri with mutations in the rfcC, rfal, or
galU gene (coding for enzymes required for biosynthesis of the
core polysaccharide region), there were reduced levels of ad-
herence and invasion of intestinal epithelial cells, as well as a
reduction in the migration of polymorphonuclear leukocytes
across intestinal epithelial cells (41). It was also reported that
mutation in the core polysaccharide region of LPS rendered S.
enterica serovar Typhimurium and E. coli defective in motility
and in the ability to penetrate mouse intestine (29, 39). In our
studies, Salmonella strain SL3769 with a mutation in the rfaG
gene (the rfa gene cluster is involved in the biosynthesis of the
polysaccharide core unit) exhibited a 100-fold reduction in
invasion of T84 cells compared to its parent strain (data not
shown).

Mutations in the genes involved in lipid A biosynthesis (e.g.,
msbB and htrB) reduced the ability of S. enterica serovar Ty-
phimurium to cause systemic infection by reducing host inflam-
matory responses and also by affecting secretion of type III
secretion system effector proteins (23, 25, 30, 55). E. coli msbB
mutants were also attenuated in the ability to stimulate E-
selectin production by human endothelial cells (47). Therefore,
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to minimize the possible LPS-induced reaction in the host, we
constructed and characterized an /[pp-msbB TKO mutant.

Although acylation of lipid A was important for cytotoxicity
and invasiveness of WT . enterica serovar Typhimurium in
T84 cells, Lpp’s contribution was much more significant (Fig. 1
and 6). The msbB SKO S. enterica serovar Typhimurium mu-
tant was shown to be more motile than WT S. enterica serovar
Typhimurium (data not shown). The number of flagella could
have been affected in this mutant, as previously reported for
the lipid A mutant of S. enterica serovar Typhimurium defec-
tive in the AtrB gene, which was shown to be hyperflagellated
(48). However, the Ipp-msbB TKO mutant was nonmotile, like
the [pp DKO mutant, indicating that the /pp genes mainly
contributed to bacterial motility. More importantly, the pp-
msbB TKO mutant failed to survive intracellularly in vitro,
although the [pp DKO and msbB SKO mutants individually
were not defective in intracellular survival (Fig. 7). We ob-
tained similar data in vivo (data not shown), indicating that
Lpp and acylation of lipid A together are contributing factors
and are required for intracellular Salmonella survival.

Since Lpp and LPS are major components of the bacterial
outer membrane required for structural integrity of the enve-
lope, it is possible that deletion of the lpp and msbB genes
compromised the bacterial cell envelope. Studies of Vaara and
Nurminen (54) showed that an msbB mutant of E. coli had an
intact permeability barrier against hydrophobic antibiotics, in-
dicating that acylation of lipid A is not crucial for the bacterial
outer membrane permeability function. Indeed, antimicrobial
peptides are important components of the host innate immune
system that act on the outer membranes of gram-negative
bacteria, resulting in cell death (14). These antimicrobial pep-
tides should be more effective in bacterial killing if the cell
envelope is fragile. Our data indicated that the lpp-msbB TKO
mutant was more sensitive to SDS and rifampin than WT S.
enterica serovar Typhimurium. However, the mutant tolerated
bile salts and released levels of B-lactamase similar to those
seen with WT S. enterica serovar Typhimurium. Therefore,
whether the membrane integrity of the [pp-msbB TKO mutant
was compromised, resulting in its inability to survive intracel-
lularly, must be explored further.

The Ipp-msbB TKO mutant was severely impaired in induc-
ing TNF-a in macrophages compared to the /pp DKO and
msbB SKO mutants, thereby emphasizing the role of both Lpp
and acylation of lipid A in TNF-a production (Fig. 8A). Ad-
ditionally, it was clear that only Lpp contributed to the pro-
duction of IL-8 in T84 cells (Fig. 8B).

The Ipp-msbB TKO mutant was unable to induce any de-
tectable levels of inflammatory cytokines in a mouse model
(Fig. 9). This could have been due to (i) deletion of the [pp
genes and an altered lipid A moiety of LPS and (ii) the inability
of the Ipp-msbB TKO mutant to survive intracellularly. It has
been reported that msbB mutants of E. coli and Salmonella
exhibited decreased cytokine (TNF-a) production in both in
vitro and in vivo assays (4, 25, 30, 47). Likewise, inactivation of
two copies of the msbB gene in S. flexneri inhibited TNF-a
production and impaired the organism’s ability to cause in-
flammatory destruction of the epithelial cells (9).

As shown in Fig. 9, the msbB SKO mutant induced expres-
sion of TNF-a, KC, and IFN-v, albeit at much lower levels
than the levels induced by WT S. enterica serovar Typhi-
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murium, at 7 days postinfection. Compared to the msbB SKO
mutant, the [pp DKO and Ipp-msbB TKO mutants were highly
attenuated in the induction of these inflammatory mediators.
These data further indicated a greater role for Lpp in the
induction of these cytokines and chemokines. We expected
higher levels of KC in mice infected with the msbB SKO
mutant. This was based on our finding that in T84 cells infected
with the msbB SKO mutant, the IL-8 levels were similar to the
levels in cells infected with WT S. enterica serovar Typhi-
murium (Fig. 8B). Whether differences in the production of
KC and IL-8 represent a variation in the in vitro environment
versus the in vivo environment needs to be explored further.

In conclusion, the data indicated that the /pp SKO and Ipp
DKO mutants were able to survive in the in vivo environment
when mice were challenged via the i.p. route. Both Ipp genes
(lppA and IppB) were required for the full virulence of S.
enterica serovar Typhimurium. However, LppA seemed to con-
tribute more to producing proinflammatory cytokines that led
to tissue damage in the animals. Moreover, deletion of the
msbB gene from the /jpp DKO mutant further attenuated S.
enterica serovar Typhimurium virulence in both in vitro and
in vivo models.
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