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ABSTRACT – Resistance to innate immunity is essential for salmonellae pathogenesis. The
salmonellae PhoP/PhoQ regulators sense host environments to promote remodeling of the bacterial
envelope. This remodeling includes enzymes that modify lipopolysaccharide (LPS). Modified LPS
promotes bacterial survival by increasing resistance to cationic antimicrobial peptides and by altered
host recognition of LPS. © 2001 Éditions scientifiques et médicales Elsevier SAS
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1. The host innate immune response

All animals possess evolutionarily ancient immune
mechanisms for recognizing prokaryotic pathogens with-
out the delay inherent in de novo antigen-dependent
responses [1]. These mechanisms are termed innate immu-
nity. Innate immune mechanisms are induced in response
to bioactive molecules that the host recognizes as foreign
and include cytokine and chemokine synthesis, phagocy-
tosis and killing of microbes within membrane-bound
vacuoles, and the synthesis and secretion of molecules
with antimicrobial activity. Some of these activities are
present at all times, but in most cases the activities are
induced during pathogen colonization and invasion of
host tissues.

Among the best characterized of these innate immune
responses is the mammalian response to Gram-negative
bacterial lipid A, the bioactive component of lipopolysac-
charide (LPS) [2]. LPS is the major surface molecule and
pathogenic factor of Gram-negative bacteria and consists
of three distinct structural regions: O-antigen, core and
lipid A (figure 1). O-antigen and core consist of polysac-
charide chains, whereas lipid A comprises the fatty acid
and phosphate substituents bound to a central glucosamine
dimer. Lipid A comprises the outer leaflet of the outer
membrane lipid bilayer, while the inner leaflet is phospho-
lipid. In response to lipid A, host cells secrete a number of

cytokines and induce adhesion molecules that result in a
wide range of immune responses, including activation of
the killing activities of phagocytes, migration of host cells
to sites of inflammation, and elimination of invading bac-
teria.

These immune responses can have both positive and
negative effects on the host. In addition to the positive
effects of lipid A recognition on elimination of microbes,
production of cytokines can also result in responses that
are the signs and symptoms of disease. Such excessive
inflammatory responses, manifested as fever and alter-
ation of blood vessel resistance, can lead to shock and
death.

2. Lipid A signaling
through Toll-like receptors

Vertebrates have a specific recognition mechanism for
sensing and responding to lipid A. Host receptors bind
lipid A and activate the expression of gene products nec-
essary for inflammatory responses [3, 4]. One such recep-
tor, CD14, contains a leucine-rich repeat (LRR) domain
important for its ability to bind to a broad array of micro-
bial ligands, including lipid A. Endothelial and myeloid
cells have major LPS responses that are dependent on this
pattern recognition molecule. In contrast, epithelial cells
do not express CD14; hence, inflammatory responses are
stimulated by microgram quantities of purified LPS that
may not be physiologic, except in the case of intestinal
defensins (cryptdins) [5]. Indeed, because its glycosylphos-
phatidylinositol anchor does not span the plasma mem
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brane, CD14 alone is not sufficient for microbial stimula-
tion of innate immune responses. Instead, Toll-like recep-
tors (TLRs), which also contain LRR domains, function to
transduce the microbial recognition event across the mem-
brane. At least ten mammalian members of the TLR family
exist and the molecules that they recognize are currently
being defined. In humans, TLR2 is primarily responsible
for responses to fungi, mycobacteria and Gram-positive
bacteria [6]. TLR4, in conjunction with an accessory pro-
tein termed MD-2, is primarily responsible for responses to
Gram-negative bacteria and more specifically for
responses to bacterial lipid A [6, 7]. Association of the TLR
cytoplasmic tail with MyD88 and IRAK triggers a phos-
phorylation cascade (via TRAF6, NIK, and IKK) that results
in the phosphorylation (and subsequent degradation) of
IjB and translocation of NFjB to the nucleus. There, NFjB
drives the transcription of a variety of gene products
important in inflammation, including stimulation of
opsonin- and complement-mediated defenses, synthesis
and secretion of cytokines and chemokines, induction of
adhesion molecules, migration of host cells to sites of
inflammation, phagocytosis and killing of microbes within
membrane-bound vacuoles, and synthesis and secretion
of cationic antimicrobial peptides (CAMPs) at the intesti-

nal surface by Paneth cells. The acylation state of lipid A is
known to affect lipid A recognition. Lipid A from some
bacteria, including Porphyromonas gingivalis and Helico-
bacter pylori, is not stimulatory in standard assays of lipid
A signaling [8]. Additionally, lipidIVa, a precursor of mature
lipid A acts as a LPS mimetic in mice and a LPS antagonist
in human cells. Therefore, it is a plausible hypothesis that
LPS/lipid A could be recognized differently by various TLR
family receptors and play a role in bacterial species speci-
ficity.

The role of these receptors in LPS responsiveness has
been demonstrated in vivo using CD14- and TLR4-
deficient mice. These mice are hyporesponsive to LPS
challenge, expressing little to no endotoxic shock response,
and thus demonstrate the role CD14 and TLR4 receptors
play in LPS recognition [7]. Mouse strains C3H/HeJ and
C57BL10/ScCr, both of which contain loss of function
mutations in Tlr4, are also hyporesponsive to LPS chal-
lenge and are thus highly susceptible to Gram-negative
infections, including Salmonella [9]. Recent studies by
Arbour et al. [10] have demonstrated that inhaled LPS
hyporesponsiveness in humans is associated with the pres-
ence of Tlr4 polymorphisms. Therefore, it is possible that

Figure 1. Chemical structure of S. typhimurium PhoPc lipopolysaccharide (LPS). LPS is composed of lipid A, core oligosaccharide and
O-polysaccharide side chain (also called O-antigen). PhoP-mediated (blue) and PmrA/PmrB-mediated (red) lipid A structural modifica-
tions, including addition of aminoarabinose, 2-hydroxymyristate (2-OH C14) and palmitate (C16) and deacylation of 3 position 3-OH
C14 are shown.
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individuals with different TLR4 receptors could have vary-
ing degrees of susceptibility to Gram-negative infections.

3. Innate immunity
is important to control salmonellosis

Salmonellae are Enterobacteriaciae that cause a spec-
trum of diseases in humans and animals, including enteric
(typhoid) fevers and gastroenteritis [11]. Salmonellae are
acquired by oral ingestion and migrate to the small intes-
tine. There they must resist a variety of innate immune
killing mechanisms including host CAMP. Bacteria can
also interact with CD18-positive phagocytes within the
intestinal lumen which may play a role in salmonellae
dissemination beyond the intestinal barrier [12]. Bacteria
interact with epithelial enterocytes and M cells that line
the intestine and induce their own phagocytosis [13]. This
process, termed bacterial-mediated endocytosis or inva-
sion, involves epithelial cell cytoskeletal rearrangements
and the internalization of bacteria within membrane
ruffles.

Salmonellae then interact with recruited intestinal mac-
rophages and lymphocytes within the M-cell pocket. The
result is enlargement of the intestinal lymph tissue (Peyer’s
patch). In typhoidal syndrome, bacteria survive these
immune killing mechanisms and spread through the lym-
phatic system where they are released into the systemic
circulation to disseminate to organs rich in phagocytic
cells. As organisms survive within these tissues and grow,
symptoms and signs of enteric fever occur. The ability of
organisms to survive within macrophages is essential to
pathogenesis. This is illustrated by the susceptibility of Itys

mice, which have a mutation in the natural-resistance-
associated macrophage protein 1 (Nramp1) [14]. In this
model, salmonellae strains defective in macrophage sur-
vival are avirulent. Macrophages isolated for mice defi-
cient in both phagocyte oxidase (phox) and reactive nitro-
gen intermediates produced by inducible nitric oxide
synthase (NOS2) demonstrated reduced killing of Salmo-
nella typhimurium [15]. Mice lacking Caspase-1(Casp-1,
an interleukin (IL)-1� converting enzyme), a host cysteine
protease that is required for both the production of the
biologically active form of the proinflammatory cytokines
IL-1� and IL-18 and for apoptosis in macrophages, are
hyper-resistant to infection by wild-type Salmonella [16].

A number of mouse studies suggest that several inflam-
matory cytokines produced by macrophages and lympho-
cytes, including IL-12, interferon-gamma (IFN-γ), and
tumor necrosis factor-alpha (TNF-α), also play an impor-
tant role in the early response to Salmonella infections. For
instance, IFN-γ-receptor null mice, which cannot respond
to IFN-γ, are hypersusceptible to infection with the nor-
mally avirulent S. typhimurium [17]. The use of matrilysin-
deficient mice that lack mature cryptdins indicates that
intestinal CAMPs play a role in controlling bacterial infec-
tion [5]. Intestinal peptide preparations from matrilysin-
deficient mice have decreased antimicrobial activity and
orally administered bacteria survive in greater numbers in
these animals.

4. Bacterial resistance
to the innate immune system
is essential for pathogenesis

Evidence from a variety of studies indicates that bacte-
rial resistance to innate immune factors including antimi-
crobial peptides, nitric oxide and oxygen radicals are
essential for virulence [18–22]. This is mediated by bacte-
rial genes encoding regulatory proteins, metabolic path-
ways, adhesins, outer membrane proteins (OMPs), and
type III secretion systems [11]. Therefore, Salmonella must
sense that it is in host tissues and respond by remodeling its
surface and altering host processes. This remodeling is
important at mucosal surfaces and when bacteria are
located intracellularly. For typhoidal pathogenesis, sur-
vival within macrophages is important to systemic disease.
Bacterial factors include, the type III secretion system
encoded by SPI2 [23] that promotes intracellular survival
and the PhoP/PhoQ regulon that in part promotes resis-
tance to innate immune killing. The importance of PhoP/
PhoQ and the resistance to innate immunity is highlighted
by the fact that such mutants are avirulent in a variety of
different vertebrate species.

5. The Salmonella PhoP/PhoQ regulon
promotes virulence and resistance
to innate immunity

S. typhimurium strains with a mutation on PhoP/PhoQ
are susceptible to innate immune killing. PhoP/PhoQ is a
two-component signal transduction system required for
Salmonella virulence in mice and humans, survival within
macrophages, resistance to host antimicrobial peptides,
growth on succinate as a sole carbon source, and growth
in the presence of magnesium limitation. PhoQ is a sensor
histidine-kinase [24] that phosphorylates PhoP, a response
regulator, in response to environmental conditions. PhoQ
activity is repressed by the divalent cations magnesium
and calcium. PhoP and PhoQ control expression of more
than 40 proteins, including over 15 species in the outer
membrane, designated pag (PhoP-activated genes), which
promote Salmonella survival within host tissues and prg,
(PhoP-repressed genes), which are required for epithelial
cell invasion. Proteins encoded by pag include an acid
phosphatase, cation transporters, a two-component regu-
latory system, OMPs which include a protease, and
enzymes which modify lipid A structure [25–28]. There-
fore, a major function of PhoP/PhoQ is remodeling of the
bacterial envelope during host colonization.

Expression of PhoP-activated genes is maximally
induced within non-spacious acidified phagosomes as
much as several hours after phagocytosis [29]. Although
the in vivo signals for PhoQ activation are not fully defined,
activation can be induced in vitro by low pH or growth in
media containing low (micromolar) concentrations of the
divalent cations Mg2+ and Ca2+ [30].

Given the possibility that PhoP/PhoQ is regulated by
Ca2+ and Mg2+ levels in vivo, it is interesting to note that
expression of three putative magnesium transporters is
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regulated by PhoP. Transcription of the mgtA and mgtCB
loci occurs in a PhoP-dependent manner and is repressed
by Mg2+ and Ca2+ [30, 31]. Although mgtA and mgtB are
not required for intracellular survival or for virulence,
mgtC is essential for both functions [32, 33].

Two classes of mutations within phoP/phoQ have been
particularly useful in the study of this regulon. Mutations
which inactivate PhoP (phenotype PhoP-null, or PhoP–)
cannot repress prg and are phenotypically similar to wild-
type bacteria grown in high Mg2+. Conversely, a phoP
constitutive mutation (pho-24, or phenotype PhoPc) in the
periplasmic domain of PhoQ mimics in part the state of
bacteria within host phagosomes. Both PhoP-null and
PhoPc mutants are avirulent in the mouse typhoid fever
model and display pleiotropic mutant phenotypes [20,
34]. The avirulence of the PhoPc mutant indicates that the
ability to switch from pag to prg in response to mammalian
environments is important for pathogenesis.

6. S. typhimurium PhoP/PhoQ-regulated
remodeling of the outer membrane

PhoP/PhoQ activation results in significant differences
in the structure of LPS and lipid A. LPS modifications
include reduction in the polymer length of the O antigen,
the addition of palmitate to form hepta-acylated lipid A
(PagP), specific core polysaccharide changes, including
the addition of phosphate and phosphoethanolamine and
modification of lipid A phosphate groups with ethanola-
mine and aminoarabinose (PmrA/PmrB), the incorpora-
tion of 2-OH myristate at the secondary 3’ position of lipid
A (LpxO/PagQ), and the removal of 3-OH myristate from
the 3 position of lipid A (PagL) (figure 1) [27].

6.1. PagP is an outer membrane palmitoyl transferase

The S. typhimurium PhoP/PhoQ-regulated gene pagP is
required for the synthesis of hepta-acylated lipid A by the
addition of palmitate to the 2 position N-linked
3-hydroxymyristate on the proximal glucosamine of lipid
A. PagP has been shown to encode a serine hydrolase
located in the outer membrane which functions to transfer
palmitate from the sn-1 position of phospholipid in the
inner leaflet of the outer membrane to lipid A [35, 36].
Additional pagP homologues are present in the genomes
of diverse groups of bacteria, including E. coli (previously
called crcA), Yersinia and various strains of Salmonella
and Bordetella. Interestingly, Pseudomonas aeruginosa
synthesizes a hexa-acylated lipid A containing palmitate
at the 3’ position R-linked 3-hydroxydeconoate, but it
lacks a pagP homologue in the Pseudomonas genome
indicating a different enzyme may be involved in lipid A
palmitation [37].

6.2. PmrE/PmrF operon is involved
in lipid A and core glycosylation

The PhoP-regulated locus, pmrCAB, mediates the addi-
tion of aminoarabinose and ethanolamine to lipid A and
the changes in core polysaccharide structure [26, 38, 39].
PmrA and PmrB is a two-component system which regu-
lates pmrE (or ugd) and the pmrF (or pbgP) loci, both of

which are necessary for the addition of aminoarabinose to
lipid A [27, 39]. The pmrE gene, which was previously
identified as a pag expressed in acidic environments (pagA
or ugd) [20, 40], is predicted to encode a UDP-glucose
dehydrogenase, an enzyme that catalyses the formation of
an aminoarabinose precursor. The pmrF locus is an operon
(pmrHFIJKLM) that encodes seven ORFs predicted to
encode other enzymes involved in aminoarabinose bio-
synthesis, such as glycosyltransferases, or enzymes that
add this sugar to lipid A by prenylation. All members of
that operon except one gene are essential for aminoarabi-
nose modification of lipid A [39, 41]. The addition of
aminoarabinose to the terminal phosphates increases the
overall positive charge of the bacteria, leading to decreased
binding of CAMP to the bacterial surface. Homologues of
pmrA/pmrB and pmrE/prmF loci are present in E. coli and
P. aeruginosa (Miller unpublished).

6.3. LpxO/PagQ is involved
in the addition in hydroxylation of lipid A

Recently, it has been shown that S. typhimurium has
the ability to synthesize lipid A that contains
2-hydroxymyristate in a PhoP/PhoQ-dependent manner
[42]. It has been shown that 2-hydroxylation is catalyzed
by the novel dioxygenase, LpxO (PagQ). LpxO (PagQ) is
an aspartyl/asparaginyl �-hydroxylase and is required for
direct incorporation of a hydroxyl group into 2-hydroxy-
myristate lipid A. Lipid A isolated from a pagQ mutant
strain shows significantly reduced levels of 2-hydroxy-
myristate (Miller unpublished). Additionally, the lpxO
(pagQ) enzymatic activity requires msbB, the acyltrans-
ferase shown to incorporate a secondary myristate at the 3’
position of lipid A. msbB-deficient strains of S. typhimu-
rium have significantly reduced levels of lipid A contain-
ing 2-hydroxymyristate. This result suggests that lpxO
(pagQ) is a myristoyl beta-hydroxylase, while msbB alone
mediates the transfer of myristate to lipid A. Therefore,
lipid A hydroxylation likely occurs at a late step in LPS
biosynthesis. Homologues of lpxO (pagQ) have been iden-
tified by sequence comparison in other Gram-negative
bacteria, including Bordetella pertussis, P. aeruginosa and
Legionella pneumophila.

6.4. PagL is involved in lipid A deacylation

Lipid A deacylase activity identified in the membranes
of PhoP-constitutive S. typhimurium has been shown to be
a result of pagL. PagL was shown to remove the R-linked
3-hydroxymyristate from the 3 position of lipid A and was
regulated by PhoP/PhoQ. Overexpression of pagL results
in a deacylated form of lipid A that is missing a
3-hydroxymyristate [43]. Expression of Salmonella pagL
resulted in deacylation of E. coli lipid A although E. coli
has no intrinsic deacylase activity. PagL is similar to PagP
and is likely to be a serine hydrolase located in the outer
membrane. Homologues of pagL can be found in the
genomes of salmonellae serovars Typhimurium, Typhi and
Paratyphi although similar biological activity has been
found in P. aeruginosa and Rhizobium spp. [44].
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7. Lipid A modifications
by other Gram-negative bacteria

Evidence indicates that all Gram-negative bacteria, i.e.
Shigella, Yersinia and Pseudomonas, have the ability to
modify lipid A in response to environmental conditions.
However, each bacterial species has unique modifications
and/or regulation of similar modifications. All these organ-
isms have PhoP/PhoQ homologues, and in Shigella and
Yersinia they are important to virulence [45]. As stated
above, various bacterial species have homologues to PagP,
PmrE/PmrF operon (the genes involved in the addition of
aminoarabinose), and LpxO (pagQ). However, some lipid
A modification enzymes are unique to Salmonella. Both
lpxO (pagQ) and pagL encode proteins that are not
encoded in E. coli and other bacterial genomes sequenced
to date, although biological activity has been shown for
pagL in P. aeruginosa. This is consistent with the unique
presence of 2-hydroxymyristate in Salmonella lipid A via
PhoP-activation. Interestingly, P. aeruginosa unique PhoP/
PhoQ-regulated lipid A modifications are uniquely
selected in the cystic fibrosis lung environment [37]. These
results suggest that the ability to remodel the bacterial
surface on colonization of host tissues, by synthesis of
different lipid A, is an essential virulence mechanism of all
Gram-negative bacteria. Remodeling is accomplished in
different ways, consistent with the diversity of bacterial
diseases and the variety of host environments occupied.

8. Inducible resistance to antimicrobial
peptides involves lipid A modifications

The ability of Salmonella to induce resistance to host
CAMP is correlated with virulence in the mouse typhoid
fever model and requires PhoP/PhoQ [19, 20]. While
PhoP-null mutants exhibit increased sensitivity to CAMP
compared to wild-type Salmonella, PhoPc mutants are
more resistant. This differential sensitivity to CAMP is at
least in part due to modifications in the structure of LPS, in
particular the lipid A moiety. In addition, resistance to
different classes of antimicrobial peptides is correlated
with the presence of specific structural changes in lipid A
(figure 2). Inducible resistance to polymyxins (an acylated
cyclic CAMP), for instance, correlates with the ability to
add aminoarabinose to lipid A. Therefore pmrCAB [26,
38, 39] (encoding PmrA and PmrB), pmrE and pmrF oper-
ons, are all necessary for inducible polymyxin resistance.
These genes also affect resistance to α-helical CAMP but
not to defensins. Recent evidence indicates that PmrA/B
and PmrF mutants of S. typhimurium are attenuated when
bacteria are administered by the oral route. This leads to
the possibility that this type of antimicrobial peptide resis-
tance is most important in the inbred typhoid fever model
at mucosal surfaces.

Acylation of lipid A through the action of pagP has been
shown to promote resistance to different structural classes
of CAMP, including C18G (an α-helical CAMP), pGLa (a
magainin-like CAMP) and protegrin (a �-defensin-like

Figure 2. Diagram of the regulatory cascade involving PhoP/PhoQ that results in PhoP-activated (pag) or PhoP-repressed (prg) gene
expression. Upon entry of bacteria into macrophage phagosomes, environmental signals are sensed by PhoQ, which activates PhoP through
a phosphorelay system.
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CAMP) [35]. pagP mutants demonstrate increased outer
membrane permeability in response to a variety of
α-helical CAMP, further suggesting the role of increased
lipid A acylation in resistance to the host innate immune
system. This work suggests that a major function of PhoP
activation may be to increase the barrier function of the
outer membrane. Mechanisms for increasing the barrier
function are proposed to include the generation of a less
fluid membrane outer leaflet by the addition of the extra
acyl chain to lipid A and modification of lipid A phos-
phates to reduce the charge of the bacterial surface. How-
ever, the OMP composition of the outer leaflet also plays a
role in determining its permeability. Indeed, analysis of the
S. typhimurium outer membrane indicates that PhoP also
coordinately regulates a subset of OMPs. These OMPs
may be involved in resistance to CAMP and/or enhance
membrane rigidity or stability in the setting of lipid A
modification.

One OMP was recently shown to be regulated by
PhoP/PhoQ and was important for resistance to α-helical
antimicrobial peptides. PgtE encodes a protease that
cleaves α-helical peptides at dibasic residues and is post-
transcriptionally regulated by PhoP/PhoQ [28]. It is a
member of a family of outer membrane proteases impli-
cated in the virulence of Yersinia and Shigella spp. PgtE
presumably acts by preventing interaction of antimicro-
bial peptides with the bacterial membrane through cleav-
age of CAMP [46]. When lipid A modifications are coupled
with expression of a different set of OMPs, the result is a
bacterium that is more impermeable and resistant to anti-
microbial peptides.

While PhoP/PhoQ is clearly an important player in this
task, a variety of PhoP/PhoQ-independent processes have
been identified as important to resistance to complement
and CAMPs. These include the OMPs TolC [47] and Rck
[48] as well as genes important in the synthesis of the
O-polysaccharide polymer component of LPS [49]. In
addition, the sapABCDF operon promotes protamine resis-
tance, survival within macrophages, and virulence in the
mouse model [18]. It is hypothesized to encode a
potassium-dependent peptide transporter that mediates
resistance to CAMP [50].

9. Lipid A modifications and innate
immune recognition by mammals

In addition to promoting resistance to CAMP, PhoP-
dependent modifications of lipid A have been shown to
affect host inflammatory responses [27]. LPS from PhoP-
null bacteria induces higher levels of E-selectin expression
from human endothelial cells and higher TNF-α expres-
sion from human monocyte-derived macrophages relative
to wild-type LPS. LPS isolated from PhoPc bacteria was less
inflammatory in these assays. The decreased inflammatory
responses to environmentally modified lipid A suggest that
Salmonella can regulate a dampening of the host inflam-
matory response, which may promote extended survival
in host tissues. This hypothesis is consistent with the fact
that PhoP-null mutants are immunostimulatory in vivo in
mice and humans [51]. In support of this possibility, it is

known that the loss of myristate in Salmonella msbB
mutants dramatically reduces LPS recognition [52].

10. Role of surface remodeling
in microbial virulence and pathogenesis

Alteration of the Gram-negative bacterial envelope,
including reduction of surface charge, increased hydro-
phobicity, and altered protein composition, may be con-
sidered a general mechanism for survival within host
tissues. Remodeling of the Gram-negative bacterial sur-
face promotes virulence by increasing resistance to innate
immunity. This principle likely applies to a variety of
microorganisms including Gram-positive bacteria, fungal
and protozoal pathogens. Further studies are required to
better understand all the molecular mechanisms and
details of microbial surface remodeling. This knowledge
should be useful in the development of new antimicrobi-
als by targeting innate immunity resistance mechanisms
specifically induced in microorganisms within host tis-
sues.
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