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SUMMARY

Since the discovery in 1973 of the first of the bacterial lipoproteins
(Lpp) in Escherichia coli, Braun’s lipoprotein, the ever-increasing
number of publications indicates the importance of these pro-
teins. Bacterial Lpp belong to the class of lipid-anchored proteins
that in Gram-negative bacteria are anchored in both the cytoplas-
mic and outer membranes and in Gram-positive bacteria are an-
chored only in the cytoplasmic membrane. In contrast to the case
for Gram-negative bacteria, in Gram-positive bacteria lipoprotein
maturation and processing are not vital. Physiologically, Lpp play
an important role in nutrient and ion acquisition, allowing par-
ticularly pathogenic species to better survive in the host. Bacterial
Lpp are recognized by Toll-like receptor 2 (TLR2) of the innate
immune system. The important role of Lpp in Gram-positive bac-
teria, particularly in the phylum Firmicutes, as key players in the
immune response and pathogenicity has emerged only in recent
years. In this review, we address the role of Lpp in signaling and
modulating the immune response, in inflammation, and in patho-
genicity. We also address the potential of Lpp as promising vac-
cine candidates.

INTRODUCTION

Bacterial lipoproteins (Lpp) represent a major class of surface
proteins in Staphylococcus aureus. Recent proteome analysis of

S. aureus COL revealed 14 cell wall-associated proteins, 19 sortase-
anchored proteins that are covalently anchored to the murein, and
63 Lpp (1). The proteome-identified proteins reached almost the
theoretical genome-based number. This means that 65% of the
surfacome represents Lpp. These proteins are distinguished by a
lipid moiety at the N terminus by which they are anchored either
in the outer leaflet of the cytoplasmic membrane or, in Gram-
negative bacteria, also in the inner leaflet of the outer membrane
(2, 3). Lpp are synthesized as precursors and are processed into
mature forms at the cytoplasmic membrane. In 1973, Hantke and

Braun discovered that the Escherichia coli murein Lpp contain an
unusual S-glyceryl-cysteine residue (N-acyl-S-diacylglyceryl-cys-
teine) modified with three fatty acids (FA) at its N terminus (4)
(Fig. 1A). The precursor Lpp contain at the N terminus an 18- to
36-amino-acid-long signal peptide, which is distinguished from
the normal signal peptides by its C-terminal lipobox, which com-
prises a conserved three-amino-acid sequence in front of the in-
variable cysteine [(LVI)(ASTG)(GA)2C] (5). Normally, Lpp are
translocated across or into the cytoplasmic membrane via the Sec
machinery, leaving the lipidated N terminus anchored in the outer
leaflet of the cytoplasmic membrane. There are, however, exam-
ples where they are translocated via the twin-arginine transloca-
tion (Tat) pathway (6). After insertion into the cytoplasmic mem-
brane, Lpp are modified and processed by three enzymatic
reactions. The first step is the transfer of the diacylglyceryl group
from phosphatidylglycerol to the sulfhydryl group of the invariant
cysteine residue in the lipobox. This reaction is catalyzed by the
phosphatidylglycerol-pro-Lpp diacylglyceryl transferase, Lgt (7).
When the Lpp are translocated through the cytoplasmic mem-
brane, the specific signal peptidase II (Lsp) recognizes the diacyl-
glyceryl-modified lipo-signal peptide and cleaves between the
amino acid at position �1 and the lipid-modified cysteine residue
at �1 (8). In most Gram-negative bacteria and in some high-GC
Gram-positive bacteria, the N terminus of the diacylglyceryl-
modified cysteine residue is fatty acylated by an N-acyltransferase
(Lnt) to form N-acyl diacylglyceryl-cysteine (9). All three enzymes

Published 10 August 2016

Citation Nguyen MT, Götz F. 2016. Lipoproteins of Gram-positive bacteria: key
players in the immune response and virulence. Microbiol Mol Biol Rev
80:891–903. doi:10.1128/MMBR.00028-16.

Address correspondence to Friedrich Götz, friedrich.goetz@uni-tuebingen.de.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

September 2016 Volume 80 Number 3 mmbr.asm.org 891Microbiology and Molecular Biology Reviews

http://dx.doi.org/10.1128/MMBR.00028-16
http://crossmark.crossref.org/dialog/?doi=10.1128/MMBR.00028-16&domain=pdf&date_stamp=2016-8-10
http://mmbr.asm.org


(Lgt, Lsp, and Lnt) involved in lipidation and Lpp processing are
localized in the cytoplasmic membrane. The molecular mecha-
nism of bacterial lipoprotein modification has been reviewed re-
cently (10).

In Gram-positive bacteria lacking an outer membrane, Lpp are
mainly anchored in the outer leaflet of the cytoplasmic membrane
(Fig. 2A). On average, the number of Lpp in Staphylococcus aureus
is between 55 and 70. For example, the genome of S. aureus N315
encodes about 55 putative Lpp (11, 12), while in S. aureus USA300
there are roughly 63 Lpp identified by the PRED-LIPO program.
Approximately 50% of the Lpp were annotated as transporters for
amino acids, peptides, iron, zinc, or molybdenum or as chaper-
ones. Many of the proposed Lpp showed no similarity to known
proteins, and their function awaits elucidation. The enzymes in-
volved in modification and processing of the Lpp are essentially
the same as described in Escherichia coli (10). However, a real Lnt
homolog has been found only in high-GC Gram-positive bacteria,
such as mycobacteria and streptomycetes, and not in the low-GC
Gram-positive Firmicutes phylum. Therefore, it has been assumed

that in these bacteria, Lpp were only diacylated (12). However,
Kurokawa and colleagues showed that in S. aureus, the 33-kDa
SitC, a component of the proposed iron ABC transporter SitABC,
is triacylated and induces interleukin-6 (IL-6) and tumor necrosis
factor alpha (TNF-�) release in human monocytes and NF-�B
activation in Toll-like receptor 2 (TLR2)-transfected HEK293
cells (13). However, SitC not only induces a TLR2-dependent re-
lease of IL-6 in primary murine keratinocytes (MK), but it also
colocalizes with TLR2, is internalized by the host cells, and triggers
time- and concentration-dependent intracellular accumulation of
TLR2 (14). Particularly the intracellular TLR2 accumulation is an
interesting effect that deserves further analysis regarding localiza-
tion and contribution to signaling of other microbe-associated
molecular patterns (MAMPs).

The occurrence of triacylated SitC indicates that S. aureus has
an Lnt-like enzyme, which adds a fatty acid to the amino group of
the S-(diacyl-propyl)-cysteine residue. However, in S. aureus the
degree of acylation of the lipid moiety is influenced by environ-
mental conditions such as growth phase and pH; in stationary
growth phase or at low pH (6.0), SitC was found almost exclu-
sively in its diacyl structure lacking the alpha-aminoacylation (Fig.
1B) (15). An N-acyl-S-diacylglyceryl-cysteine was also found in
five other Gram-positive bacteria, including Bacillus subtilis (16).
Interestingly, in other low-GC Gram-positive bacteria, such as
Enterococcus faecalis, Bacillus cereus, Streptococcus sanguinis, and
Lactobacillus bulgaricus, an N-acyl-S-monoacylglyceryl-cysteine
(named the lyso structure) has been identified (16) (Fig. 1C). How
the lyso structure is formed is unknown.

MATURATION OF PRE-Lpp IS CRUCIAL FOR PATHOGENICITY
AND INFLAMMATION

One of the first reports on the importance of Lpp maturation for
immune signaling came from comparative studies of wild-type
(WT) S. aureus and its �lgt mutant (12). Although the �lgt mutant
lacks lipidation of pre-Lpp, they are still anchored in the cytoplas-
mic membrane via the unprocessed signal peptide (Fig. 2B). A
similar situation has been observed with the lsp mutants, though
the cysteine residue is lipidated, but the lipo-signal peptide is not
processed (Fig. 2C). However, the anchoring in the membrane in
these mutants is less strong and, particularly toward the stationary
growth, increased release of unlipidated and unprocessed prelipo-
proteins was observed (12). Although the mutants grow well in
complex medium, they show growth defects under nutrient-lim-
ited conditions due to impaired ion uptake. Another important
phenotype of the lgt mutant is its markedly decreased induction of
proinflammatory cytokines (IL-6, IL-8, and monocyte chemoat-
tractant protein 1 [MCP-1]) in human monocytic (MonoMac6),
epithelial (pulmonary A549), and endothelial (human umbilical
vein endothelial) cells compared to that of the wild type (12).
Furthermore, the �lgt mutants of various S. aureus strains were
severely affected in pathogenicity (17). In contrast to the wild-type
strains, mutants were affected in induction of early and strong
cytokines via the TLR2-MyD88 signaling pathway in murine peri-
toneal macrophages, and they showed decreased pathogenicity in
a C57BL/6 mouse sepsis model and decreased IL-1� chemokine-
mediated inflammation. The �lgt mutants were also severely af-
fected in iron acquisition under infectious conditions, and iron
overload of the host restored the growth deficit of �lgt mutants in
MyD88�/� but not C57BL/6 mice (17, 18). This result contradicts
earlier results showing that an lgt mutant of S. aureus was hyper-

FIG 1 Variable structures of the lipid moiety of lipoproteins (Lpp). In most
Gram-negative bacteria Lpp are triacylated due to the thioether-linked diacyl
glycerol residue and an acyl group at the N terminus of cysteine (A), in some
low-GC Gram-positive bacteria the N-acyl group is missing (B), and in repre-
sentatives of the lactic acid bacterial group an N-acyl-S-monoacylglyceryl-
cysteine (named the lyso structure) has been identified (C). *, chiral center.
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virulent, escaped immune recognition, and caused lethal infec-
tions with disseminated abscess formation (19). In many other
Gram-positive bacteria, inactivation of Lpp maturation by dele-
tion of either the lgt or the lsp gene impaired growth and patho-
genicity. In Mycobacterium tuberculosis, the lspA mutant was
markedly attenuated in virulence, showing decreased intracellular
multiplication in mouse macrophages and decreased growth in
lungs and spleens of BALB/c mice (20). However, in many
low-GC Gram-positive pathogens, mutations in either lgt or lsp
also led to impaired pathogenicity. This was the case in various
pathogenic streptococcal species such as Streptococcus pneu-
moniae (21, 22), Streptococcus agalactiae (23, 24), Streptococcus
pyogenes, and Streptococcus equi (25, 26). In Listeria monocyto-
genes, the lgt mutant was impaired in invasion and intracellular
survival, was markedly attenuated in a mouse infection model,
was unable to induce TLR2-dependent activation of NF-�B, and
exhibited increased susceptibility to cationic peptides (27, 28).

There are many other reports indicating that matured Lpp play
a crucial role in pathogenicity. On the host side, TLR2-MyD88
signaling plays an important role in systemic infection with S.
aureus, as TLR2�/� and MyD88�/� mice are much more suscep-
tible to infection. TLR2�/� mice have an increased mortality com-
pared to that of WT mice in systemic S. aureus infection, which
was attributed to a higher bacterial burden and dysregulated in-

flammatory responses (29, 30). However, MyD88 is also an im-
portant signaling adaptor for IL-1 receptor (IL-1R) family mem-
bers, and resident skin cells utilize IL-1R/MyD88 signaling to
promote neutrophil recruitment upon S. aureus infection (31).
Neutrophil recruitment is an essential innate immune response in
the host defense against S. aureus infections and is required for
bacterial clearance (32, 33). The IL-1R signaling by resident skin
cells is therefore crucial for neutrophil recruitment to the site of
infection. IL-1R is activated by IL-1� that is produced and acti-
vated by the inflammasome of bone marrow-derived cells (34).

On the bacterial side, it has been shown that both S. aureus and
the synthetic Lpp Pam2Cys and Pam3Cys alone induced severe
bone loss in the femurs of mice after intraperitoneal (i.p.) admin-
istration and in a calvarial bone implantation model. However,
the �lgt mutant did not show such effects, indicating that Lpp are
responsible for bone destruction during bacterial infections
through augmentation of osteoclast differentiation and activation
(35). Lpp also induce the inflammatory mediator nitric oxide
(NO) in host cells. S. aureus and its mutants lacking lipoteichoic
acid (�ltaS) or D-alanylation of teichoic acids (�dltA) stimulated
NO production in a murine macrophage cell line; however, the
�lgt mutant failed to induce NO production in a dose-dependent
manner (36). These results suggest that not lipoteichoic acid
(LTA) but Lpp of S. aureus induce NO production in murine

FIG 2 Membrane incorporation of mature Lpp and unmodified/unprocessed pre-Lpp. (A) Matured and processed Lpp are localized with the triacyl or
diacyl groups of the lipid moiety in the outer leaflet of the cytoplasmic membrane. (B) In the �lgt mutant, the gene encoding the diacylglyceryl transferase
enzyme is deleted; this mutant is unable to carry out the lipidation at the cysteine residue, and because of this lack of modification, the lipoprotein leader
peptidase (Lsp) cannot process the signal peptide because this enzyme works only with modified pre-Lpp. (C) In the �lsp mutant, the gene encoding the
lipoprotein leader peptidase (Lsp) is deleted; in this mutant, lipidation at the cysteine residue can occur, but there is no processing of the signal peptide.
Blue circles, amino acids of the lipo-signal peptide; blue wavy lines, protein part protruding into the cell wall; red-circled “C,” cysteine residues; zigzag
lines, O- or N-acylated fatty acids.
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macrophages through activation of TLR2. It is to be expected that
Lpp in other pathogenic Gram-positive bacteria, such as Strepto-
coccus pyogenes or Listeria monocytogenes, exert similar effects. S.
aureus and synthetic Lpp, but not the �lgt mutant, LTA, or pep-
tidoglycan (PGN), induced IL-8 expression in the human intesti-
nal epithelial cell-line Caco-2 (37).

Like many other bacteria, S. pneumoniae �lgt mutants hardly
can grow in blood, bronchoalveolar lavage fluid, or cation-de-
pleted medium, and virulence is attenuated in mouse models such
as nasopharyngeal colonization, where sepsis or pneumonia was
significantly decreased (38). Furthermore, in �lgt mutants, TLR2
signaling is significantly decreased, and it appears that the leuko-
cyte responses to Lpp are required for TLR2- and IL-1R-associ-
ated kinase-4-mediated inflammatory responses to S. pneumoniae
(39). Like in many lactic acid bacteria, in S. pneumoniae Mn2� and
Zn2� ions are also essential, playing a role as cofactors in many
proteins and enzymes. PsaA, for example, mediates Mn2� and
Zn2� transport (40); it is therefore not surprising that psaA mu-
tants were severely affected in growth, virulence, adherence, and
the oxidative stress response (41). Two other crucial Lpp are Etrx1
and Etrx2, which are involved in methionine sulfoxide reductase.
Deletion of both genes drastically attenuated pneumococcal viru-
lence in an acute mouse pneumonia model, and the mutants were
more sensitive to H2O2 and free methionine sulfoxides (MetSO)
(42). Streptococcus sanguinis, an important cause of infective en-
docarditis, contains 52 putative lipoprotein genes in strain SK36.
Mutations in either lgt or lspA led to impaired growth and atten-
uation in virulence. Deletion of the ssaB gene, encoding an Lpp
involved in metal transport, drastically reduced endocarditis vir-
ulence, while mutations in other lpp genes showed only a minor

effect on virulence (43). In Enterococcus faecalis, an opportunistic
pathogen responsible for nosocomial infections, Lpp constitute
about 25% of the surface-associated proteins. An lgt mutant had
significantly decreased virulence (44).

In the two main groups of Gram-positive endospore-forming
bacteria, Lpp turned out to be crucial for spore germination and
probably also for spore formation. For example, the lgt mutant of
Bacillus anthracis not only showed a decreased innate immune
stimulation but also was affected in spore germination both in
vitro and in mouse skin, which was most likely the reason for the
markedly decreased virulence; on the other hand, vegetative cells
of the lgt mutant still produced anthrax toxin, rendering the cells
dangerous (45). In the anaerobe Clostridium difficile, which causes
severe gastrointestinal disease, the lipoproteome was determined
by an elegant detection method using alkyne-tagged lipid analogs
(46). With this method, most of the predicted Lpp could be de-
tected. C. difficile is remarkable in that there are two active type II
signal peptidases (LspA and LspA2) present. Like in B. anthracis,
Lpp biogenesis here is also important for sporulation and there-
fore also for transmission of this pathogen.

The many phenotypic effects of mutations in either lgt or lsp
are summarized in Table 1. In all cases but one, an S. aureus New-
man transposon mutant of the Phoenix library, the mutations
affecting Lpp maturation caused a decreased pathogenicity in the
various bacterial species, indicating that maturation of pro-Lpp is
important for virulence and pathogenicity.

ROLE OF TANDEM Lpp ISLANDS IN S. AUREUS

Most S. aureus genomes carry a �Sa� island (nonphage and non-
staphylococcal cassette chromosome genomic island) that is in-

TABLE 1 Phenotypes of lgt and lsp mutants of Gram-positive bacteriaa

Species (mutation[s]) Phenotype Reference(s)

Staphylococcus aureus (�lgt) Release of unmodified pre-Lpp is enhanced 12
No [14C]palmitic acid-labeled Lpp is observed 12
Growth is affected in nutrient-poor medium 12
Decreased induction of proinflammatory cytokines (IL-6, IL-8, and MCP-1) in human monocytic

(MonoMac6), epithelial (pulmonary A549), and endothelial (human umbilical vein
endothelial) cells

12

No induction of early cytokines via the TLR2-MyD88 signaling pathway in murine peritoneal
macrophages, decreased pathogenicity in a C57BL/6 mouse sepsis model, decreased IL-1�
chemokine-mediated inflammation, impaired iron uptake under infectious conditions

17

Attenuated in S. aureus-induced bone destruction, affected in osteoclast differentiation and bone
resorption

35

Affected to induce the inflammatory mediator nitric oxide (NO) in host cells 36
No induction of IL-8 expression in the human intestinal epithelial cell line Caco-2 37

Staphylococcus aureus (Tnlgt) Hypervirulent, escapes immune recognition, causes lethal infections with disseminated abscess
formation

19

Streptococcus pneumoniae (lgt and lsp) Affected in virulence in animal models 21, 22
Streptococcus agalactiae (lgt) More sensitive to oxidative stress, reduced retention of group B carbohydrate and the

polysaccharide capsule, decreased adherence to human endothelial cells of fetal origin
23

Streptococcus equi (lgt) Attenuated virulence in a mouse model, significantly attenuated in a pony infection model 25
Streptococcus pyogenes (lsp) Growth defect under zinc-limited conditions, significantly attenuated in virulence 26
Streptococcus sanguinis (lgt and lsp) Impaired growth and attenuated virulence 129
Enterococcus faecalis (lgt) Impaired growth and attenuated virulence 44
Listeria monocytogenes (lgt) Impaired in invasion and intracellular survival, increased susceptibility to cationic peptides,

markedly attenuated in mouse infection model
27, 28

Bacillus anthracis (lgt) Impaired spore germination and attenuated virulence 45
Clostridium difficile (lgt) Impaired sporulation 46
a Lgt, phosphatidylglycerol-pro-Lpp diacylglyceryl transferase; Lsp, type II signal peptidase.
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serted at specific loci in the chromosome (47). This island is not
found in coagulase-negative species such as Staphylococcus car-
nosus (48). The genetic organization of �Sa� is highly conserved
and is composed of two gene clusters: one cluster carries a number
of highly homologous exotoxin-encoding genes (set), and the
other one encodes lipoproteins, referred to as lipoprotein-like
(lpl), with a typical lipobox-containing signal sequence (49).
When the entire lpl gene cluster was deleted in S. aureus USA300,
the mutant showed a decreased TLR2-dependent stimulation of
proinflammatory cytokines in human monocytes, macrophages,
and keratinocytes (50). However, more important was the finding
that the lpl cluster contributed to invasion of S. aureus into human
keratinocytes and mouse skin. This was confirmed when the lpl
gene cluster was transformed into S. carnosus, which became in-
vasive in the presence of the lpl genes (50). In a murine kidney
abscess model, the bacterial burden in the kidneys was decreased
with the lpl deletion mutant. The increased invasion and patho-
genicity suggest that the lpl gene cluster is an important virulence
factor. As the number of lpl genes is particular high in epidemic S.
aureus strains, it is assumed that the lpl gene cluster might con-
tribute to increased dissemination and epidemic spreading, by
shielding the pathogen from immune defense and antibiotic treat-
ment (50).

Lpp IN TLR2-DEPENDENT IMMUNE ACTIVATION

While in Gram-negative bacteria lipopolysaccharides (LPS) are
the major players in activating the innate immune system via
TLR4 interaction, it appears that in Gram-positive bacteria this
function is exerted by Lpp triggering the TLR2-MyD88 signal-
ing pathway (51). TLR2 activation leads via a cascade of inter-
mediary steps to NF-�B activation (52, 53). Depending on the
degree of acylation, Lpp are recognized by different TLR2 het-
erodimers. Diacylated Lpp are recognized by TLR2 and TLR6
(54, 55), while triacylated Lpp are recognized by TLR2 and
TLR1 heterodimers (56, 57). One of the first steps in TLR2
activation is the phosphorylation on tyrosine residues. Defi-
ciencies in this phosphorylation are associated with defective
dimerization and impaired recruitment of the TIR domain-
containing adaptor MyD88 (58). The signal transduction from
Lpp-bound TLR2 to the activation of the nuclear factor NF-�B
involves a cascade of phosphorylation events (59). TIR do-
main-containing adaptors, such as MyD88 and TRIF, are es-
sential for the induction of inflammatory cytokines triggered
by all TLRs. TIRAP and MAL (MyD88-adaptor-like) are in-
volved in the MyD88-dependent pathway via TLR2 signaling
(60). Mal facilitates the direct recruitment of TRAF6 to the
plasma membrane, which is necessary for TLR2- and TLR4-
induced transactivation of NF-�B and regulation of the subse-
quent proinflammatory response (61). TIRAP recruits MyD88,
which in turn recruits both kinases IRAK1 and IRAK4. IRAK4
then is phosphorylated and in turn phosphorylates IRAK1.
MyD88 forms a complex with IRAK kinase family members,
referred to as the Myddosome (62). Further steps involving
IRAK1, TRAF6, TAK1, and IKK protein kinase complexes that
lead to the phosphorylation of the NF-�B inhibitory protein
I�B�, which undergoes proteasome degradation, thus allowing
NF-�B to translocate into the nucleus to induce proinflamma-
tory gene expression, have been reviewed by Kawasaki and
Kawai (63). Once in the nucleus, transcription factors induce

expression of proinflammatory cytokines, chemokines, and in-
terferons.

There is no doubt that natural Lpp and/or lipopeptides are the
main TLR2 agonists. However, it has been reported that TLR2 can
also be activated by lipoteichoic acid (LTA) from S. aureus and
Streptococcus agalactiae, peptidoglycan (PGN) of Gram-positive
bacteria, lipoarabinomannan from mycobacteria, phospholipo-
mannan from Candida albicans, porins from Neisseria, tGPI-mu-
tin from Trypanosoma, or hemagglutinin protein from measles
virus (for a review, see reference 64). That means that of all pattern
recognition receptors (PRR) in innate immunity, TLR2 recog-
nizes the structurally broadest range of different bacterial com-
pounds known. These molecules are structurally so diverse that it
seems unlikely that TLR2 has the capability to react with all ago-
nists to the same degree, if at all. Most likely some of the com-
pounds so far reported as TLR2 agonists were contaminated with
highly active lipoproteins and/or lipopeptides.

For example, it has been reported that LTA from S. aureus
triggers cytokine release by TLR2 activation (65–67). However,
doubts that LTA is really inducing the TLR2 signaling pathway
came from the finding that LTA isolated from an lgt mutant of S.
aureus was 100-fold less potent than those of wild-type or com-
plemented strains, although the LTA structure of the lgt mutant
was the same as that of the wild type (68). These results indicate
that the “highly” purified LTA fraction of S. aureus was still con-
taminated with Lpp and that Lpp-free LTA shows hardly any
TLR2 activation. However, not only the staphylococcal LTA but
also the LTAs of Enterococcus hirae and Streptococcus pyogenes
show no cytokine-stimulating activity (69, 70). These results indi-
cate that in these Gram-positive bacteria, Lpp represent the major
TLR2 activating MAMPs (12, 68, 71). What can be learned from
these studies is that even purified macromolecules such as LTA,
wall teichoic acid (WTA), or polymeric peptidoglycan (PGNpol)
always bear the risk of being contaminated with Lpp. As Lpp
might be sticky like LPS, and as they are such potent TLR2 ago-
nists, it is difficult to completely avoid contamination. One way to
avoid Lpp contamination is to isolate the corresponding macro-
molecules from an lgt mutant.

Showing no signaling activity does not mean that LTA does not
bind to TLR2. Recently, the ligand binding properties of the re-
combinant human TLR2 ectodomain (hTLR2ED) were investi-
gated (72). It turned out that the ectodomain binds synthetic bac-
terial and mycoplasmal lipopeptides, S. aureus lipoteichoic acid
(obtained from Invivogen, San Diego, CA), and synthetic lipoara-
binomannan precursors from Mycobacterium in the absence of its
coreceptors TLR1 and TLR6. However, the problem with com-
mercial LTA is that it is not free from contaminating Lpp and
other MAMPs; therefore, the results must be considered with
some caution. It had earlier already been demonstrated that TLR1
and TLR6 are not necessary for TLR2 activation by distinct lipo-
peptides (73). All the data obtained in recent years suggest that
Lpp and lipopeptides are the real TLR2 agonists and that they are
sensed at picomolar levels (74).

TLRs are crucial in recognizing invading microorganisms and
triggering their clearance. Therefore, successful skin-pathogenic
bacteria, such as S. aureus, have an interest to avoid as much as
possible the activation of the innate immune system. Indeed, it has
been found that S. aureus secretes a potent TLR2 antagonist,
staphylococcal superantigen-like protein 3 (SSL3), which pre-
vents lipopeptide binding to TLR2 (75). SSL3 forms a complex
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with TLR2 by hydrophobic interaction in such a way that the
entrance to the Lpp binding pocket in TLR2 is blocked. Another
example of how S. aureus subverts the host innate immune detec-
tion by masking their MAMPs is the modification of peptidogly-
can by O-acetylation. This modification protects S. aureus murein
from lysozyme degradation (76); the corresponding enzyme, O-
acetyltransferase (OatA), occurs mainly in pathogenic species
(77). Because of the lysozyme-degraded peptidoglycan, a �oat
mutant drastically activates NLRP3 inflammasomes and IL-1� se-
cretion in phagocytes, and mice developed sizeable abscess lesions
(78). The induction of the inflammasomes is, however, beneficial
for the host, as the �oat mutant was cleared much better than the
wild-type cells. How microbial pathogens employ their own strat-
egies in order to evade, inhibit, or otherwise manipulate the innate
immune response has recently been reviewed by Reddick and Alto
(79).

IMPACT OF THE STRUCTURE OF THE LIPID MOIETY ON
IMMUNE TOLERANCE

Another example of the different outcomes in immune stimula-
tion is represented by di- and triacylated Lpp. Skin is constantly
exposed to resident, mostly harmless, bacteria and their released
MAMPs. One would therefore expect a permanent immune acti-
vation and accompanied inflammation, which is not the case.
Therefore, the immune stimulation of the skin microbiota, living
in a sort of symbiosis with the skin, must be perfectly fine-tuned.
But how does the immune system distinguish between the skin
microbiota and intruding pathogenic microorganisms? A small
step forward in answering the question is the recent finding that
whether the skin is exposed to di- or triacylated Lpp makes a
profound difference in immune response (80). Only diacylated
Lpp potently suppressed immune responses through induction of
IL-6, which induces granulocytic and monocytic myeloid-derived
suppressor cells (MDSCs). The immune suppression was depen-
dent on lipidated Lpp, as the S. aureus �lgt mutant failed to induce
immune suppression (Fig. 3). This study shows that cutaneous
bacteria can dampen the immune response by inducing MDSCs
via activation of TLR2 to -6.

Finally, it has been demonstrated that cooperation of plasma-
cytoid dendritic cells (pDCs) and B cells enhances B cell-derived
IL-10 production (81). IL-10 is a cytokine associated with immu-
nosuppression and induction of IgG4, an isotype frequently dom-
inating the IgG response to S. aureus. As IL-10 release is partially
dependent on TLR2-active lipoproteins, they contribute directly
or indirectly to B cell-mediated immune tolerance (82).

INTERFERENCE OF TLR2 LIGANDS WITH OTHER MAMPs
AND CORRESPONDING PATHWAYS

An interesting topic is whether Lpp in combination with other
MAMPs can exert an additive or even synergistic effect in immune
stimulation. Indeed, Lpp have a costimulating effect with pepti-
doglycan (PGN). Bacterial PGN, another important MAMP, is
sensed by NOD1 and NOD2 (83). As staphylococcal PGN con-
tains L-lysine and not meso-diaminopimelic acid (mDAP) in its
peptide subunit, it is recognized mainly by NOD2 (84). In contrast
to TLR2, NOD proteins lack transmembrane domains and are
localized in the cytoplasm. Because of this localization, it is
thought that NODs are stimulated mainly by PGN released by
phagocytized or invading bacteria, while TLR2 is stimulated
mainly by external Lpp.

The role of externally applied PGN in innate immune stimula-
tion is still puzzling. Presumably, some of the immune-stimulat-
ing results with PGN were due to contamination with Lpp. There-
fore, PGNs were isolated from an lgt mutant (85). Polymeric PGN
from the S. aureus �lgt mutant was internalized in mouse kerati-
nocytes (MK) in an endocytosis-like process and induced intra-
cellular accumulation of NOD2 and TLR2 (85). However, mono-
meric PGN (PGNmono�lgt) completely lacked NF-�B activation
and failed to functionally activate murine DCs (86), and it also
failed to activate the immune response in bone marrow-derived
dendritic cells (BMDCs), J774 cells (derived from mouse BALB/c
monocytes/macrophages), and MM6 cells (a human monocytic
cell line) (87). Polymeric PGN may be more effective than mono-
meric PGN because of a more efficient endocytosis (phagocytosis)
of the polymers, which may be exported to the cytosol by solute
carrier family proteins (SLC15A4) (88).

Peptidoglycan (NOD2 Ligand) Acts Synergistically with
TLR2 Ligands

The most interesting observation was an apparent synergistic
effect of TLR2 and NOD2 ligands. When PGNpol�lgt was ap-
plied together with Pam3Cys, the immune activation was 3 to 4
times higher than with Pam3Cys alone (87). The question is
how a TLR2 ligand can boost the activity of a NOD2 ligand or
vice versa. We assume that activation of the TLR2-MyD88 sig-

FIG 3 Skin immune tolerance is caused by di- but not triacylated Lpp. Diacy-
lated Lpp are sensed by the TLR2/TLR6 heterodimer, while triacylated Lpp are
sensed by the TLR2/TLR1 heterodimer. Originally it was thought that the
degree of acylation does not make much difference in signaling. However,
diacylated Lpp such as Pam2Cys caused a multifold-higher induction of IL-6
than that caused by Pam3Cys in skin resident cells. IL-6 expands into mouse
sera, causing induction of suppressive MDSCs derived from normal human
peripheral blood mononuclear and granulocytic cells. Finally, the accumula-
tion of MDSCs induces immune suppression. Lpp, lipoproteins/lipopeptides;
MyD88, myeloid differentiation primary response protein 88; MDSCs, my-
eloid-derived suppressor cells; NF-�B, nuclear factor kappa-light-chain en-
hancer; NOD, nucleotide binding oligomerization domain-containing pro-
tein; RIP2, receptor-interacting serine/threonine protein kinase 2.
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naling pathways by Lpp is the first reaction because the TLR2
ectodomain is immediately available for the Lpp ligand. Acti-
vation of the TLR2-MyD88-dependent signaling pathway
might trigger a number of activities that may lead to enhanced
NOD activation, as follows. (i) Activation of TLR2 in epithelial
or endothelial cells leads to NF-�B activation, which upregu-
lates TNF-� production; both activities in turn trigger the up-
regulation of NOD2 and increase muramyl dipeptide (MDP)
responsiveness (MDP is a synthetic immunoreactive peptide
consisting of N-acetylmuramic acid attached to a short amino
acid chain of L-Ala-D-isoGln [89, 90]). (ii) NOD1 and NOD2
can be recruited to the plasma membrane, where they detect
bacterial invasion or autophagosome-like vesicles (91) at the
point of entry (92); it is likely that endocytosed PGN fragments
are recognized by NODs recruited to the membrane. Whether
the recruitment of NODs to the plasma membrane is induced
by TLR2 activation will be shown in the future. (iii) There are
various membrane transporters described in epithelial cells,
e.g., hPepT1 and SCL15A4; the latter is thought to be an endo-
somal oligopeptide transporter that transports bacterial pep-
tides such as N-formylmethionylleucylphenylalanine (fMLP)
as well as the NOD agonists MDP and L-Ala-D-Glu-meso-di-
aminopimelic acid (tri-DAP) (93, 94). As hPepT1 expression
was upregulated during inflammation triggered by proinflam-
matory mediators (such as IL-1�, IL-2, IL-6, IL-8, IL-15,
gamma interferon [IFN-	], TNF-�, and many more) one
should expect that activation of the TLR2-MyD88 pathway
should also lead to hPepT1 upregulation and consequently to
an increased uptake of NOD agonists. (iv) NF-�B activation by
NOD1 and NOD2 relies on a common downstream adaptor
molecule, RIP2, a serine/threonine kinase (95); therefore, the
RIP2 adaptor molecule would not compete with the MyD88
adaptor molecule of TLR2 activation, which also could explain
the synergistic effect of Lpp and PGN activation. (v) One also
should consider that Lpp not only induce the TLR2-MyD88
pathway but also at low doses (
1 �M) trigger membrane
scrambling in erythrocyte cells, as indicated by increased cyto-
solic Ca2� levels and ceramide formation (96). The membrane
scrambling activity is independent of TLR2, as erythrocytes do
not express TLR2. Surprisingly, this side effect of Lpp has so far
not been connected with immune stimulation. A model for the
mechanisms underlying the synergistic effect of TLR2 and
NOD agonists is shown in Fig. 4.

RNA (TLR7, -8, and -9 Ligand) Acts Antagonistically with
TLR2 Ligands

The various forms of bacterial RNA can be recognized by TLR7,
TLR8, and TLR9 in concert with the cytosolic adaptor protein
MyD88. Double-stranded RNAs of certain viruses are recognized
by TLR3 in concert with TRIF as an adaptor protein which triggers
IFN-� production via NF-�B activation (97, 98). It has been ob-
served that in whole-blood samples the culture supernatant of the
S. aureus lgt mutant induced TNF-� even more strongly than the
wild-type (12). This suggests that in whole blood other MAMPs in
addition to Lpp play a role. Indeed, one such player is RNA. S.
aureus RNA induces the production of IFN-� by TLR8 sensing
and triggers IRF5 nuclear accumulation in human primary mono-
cytes and macrophages (99). The induction of IFN-� production
by whole bacteria in human primary monocytes and monocyte-
derived macrophages (MDMs) occurs via a TAK1-IKK�-IRF5

signaling pathway. Surprisingly, TLR2 activation suppressed the
S. aureus-induced production of IFN-�. How TLR2 activation
antagonizes IFN-� production is unclear. One explanation could
be that the TLR2 stimulus competes with TLR8 for the use of
MyD88. Another explanation refers to the different localizations
of TLR8 and TLR2 within the cell: TLR2 is localized mainly in the
cell membrane, while TLR8 is localized mainly in the endosome
(100, 101). This means that free Lpp can immediately activate
TLR2 at the host cell surface, while TLR8 activation usually re-
quires bacterial uptake and release of RNA in the host cell. Figure
5 illustrates the potential interaction of TLR2 and TLR7/8 ligands.
Monocytes and phagocytes are ideal host cells to study the effects
of simultaneously applied Lpp and RNA, as they have high mRNA
levels of TLR2, TLR4, and TLR8 and low levels of TLR3, TLR7, and
TLR9 (102). While in Gram-negative bacteria IFN-� is induced by
LPS-mediated activation of endosomal TLR4 signaling (103, 104),
in Gram-positive bacteria RNA and DNA are crucial for IFN-�
production (105–107).

SKIN UNSATURATED FATTY ACIDS BOOST THE IMMUNE
RESPONSE

S. aureus is one of the most potent skin pathogens; it colonizes
approximately 30 to 50% of healthy adults intermittently and 10

FIG 4 Possible mechanisms for the synergistic immune stimulation of TLR2
and NOD2 ligands. Stimulation with di- and triacylated Lpp triggers the
TLR2-MyD88-dependent signaling pathway, resulting in NF-�B activation
and induction of proinflammatory cytokines. The latter, particularly TNF-�,
upregulate NOD expression as well as oligopeptide transporters, e.g., hPepT1
and SCL15A4, that also transport NOD agonists. PGN is also taken up in an
endocytosis-like process, from where it can be translocated into cytoplasm by
the endosomal transporter SCL15A4. How NODs are recruited to the plasma
membrane is unknown. Lpp not only act as TLR2 agonists but are also able to
cause membrane scrambling; whether this effect contributes to signaling or to
facilitating PGN uptake is unknown. Both TLR2 and NOD activation lead
finally to NF-�B activation, but the downstream adaptor molecules, RIP2 and
MyD88, are different, thus excluding competition for a common adaptor pro-
tein and allowing synergistic NF-�B activation. PGN, peptidoglycan; Lpp, li-
poproteins/lipopeptides; MyD88, myeloid differentiation primary response
protein 88; NF-�B, nuclear factor kappa-light-chain enhancer; NOD, nucleo-
tide binding oligomerization domain-containing protein; RIP2, receptor-in-
teracting serine/threonine protein kinase 2.
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to 20% persistently (108). Sebaceous glands and nasal sebum,
where S. aureus frequently has first contact, produce both satu-
rated (particularly C14:0, C16:0, and C18:0) and unsaturated (particu-
larly C16:1, C18:1, and C18:2) fatty acids (FA) in concentrations from 10
to 46 �M (109–111). This concentration is not enough to inhibit S.
aureus growth (112, 113). S. aureus can synthesize only saturated
FA with a chain length between C10:0 and C22:0 (114) but can
incorporate exogenous unsaturated FA into phospholipids by
use of the fatty acid kinase complex FakAB1B2 (115). The ques-
tion is whether the unsaturated FA were also incorporated into
the lipid moiety of Lpp and whether such Lpp effect immune
stimulation. Indeed, unsaturated FA were incorporated into
Lpp, particularly linoleic acid, and caused an increase of TLR2-
dependent immune stimulation (116). These results show that
not only the number but also the structure of the FA incorpo-
rated in the lipid moiety of Lpp is crucial for immune stimula-
tion. Therefore, a more profound structural analysis of the
lipid moiety of commensal and pathogenic bacteria might give
clues for about the immune tolerance of commensals.

Lpp AS VACCINE CANDIDATES

Clinical trials in the United States showed that Lyme disease could
be prevented by vaccination with OspA, a major surface Lpp en-
coded by all Borrelia burgdorferi species (117, 118). The develop-
ment of a protective vaccine against S. aureus turned out to be very
difficult, and many vaccine trials failed at the end. The reasons are
that there is no correlate of protection known yet, and S. aureus
pathogenic mechanisms are very complex, with a plethora of tox-
ins and immune evasion factors expressed by the pathogen (119).
Nevertheless, there were many potential vaccine candidates iden-
tified, particularly toxins. In more recent years Lpp also were con-
sidered as vaccine candidates. It has been already shown that S.
aureus mutants defective in lipidation of pro-Lpp (�lgt) are se-
verely affected in virulence, particularly by their impaired uptake
of iron (17). By surface proteome analysis it has been shown that
during murine host infection and in convalescent human serum,
the majority of the in vivo-expressed surface-associated proteins
are Lpp involved in nutrient uptake and metal ion acquisition.
Among the 7 highly abundant Lpp, only MntC (SitC), which is the
manganese binding protein of the MntABC system, was essential
for virulence of methicillin-resistant S. aureus (MRSA) during
murine systemic infection (120); MntC was previously referred as
SitC, as it was proposed that it was involved in iron transport
(12–14, 121). MntC (SitC) is highly conserved in the genus Staph-
ylococcus, and expression studies revealed that it is expressed early
during the infectious cycle. Therefore, it is a promising vaccine
candidates. Indeed, it has been shown that active immunization
with MntC reduced the bacterial load of S. aureus and S. epider-
midis infection in an acute murine bacteremia model, and anti-
MntC monoclonal antibodies were protective in a rat passive im-
munization model and induced neutrophil respiratory burst
activity (122). Moreover, MntC from S. aureus and SitA from S.
pseudintermedius are orthologous, show high sequence identity,
and have been well characterized biochemically and structurally,
suggesting that they may be suitable for industrial-scale produc-
tion as staphylococcal vaccine antigens (1, 123).

Another potential vaccine candidate is the Lpp FhuD2, which
is involved in ferric-hydroxamate uptake. FhuD2 binds fer-
richrome with nanomolar affinity, and the structure of FhuD2-
ferrichrome has been determined (124, 125). Immunization with
FhuD2 alone or together with hydroxamate siderophores was pro-
tective in a murine staphylococcal infection model (126). How-
ever, a breakthrough was reported only recently with a combina-
tion of five antigens formulated with a novel adjuvant containing
a TLR7-dependent agonist adsorbed to alum. This vaccine pro-
vided close to 100% protection against four different staphylococ-
cal strains. The new formulation induced not only high antibody
titers but also a Th1-skewed immune response and IL-17-secret-
ing T cells (127). Among the five antigens were two Lpp, FhuD2
and conserved staphylococcal antigen 1A (Csa1A). Csa1A belongs
to a family of 10 to 20 conserved staphylococcal antigens (Csa)
classified as DUF576 and taxonomically restricted to staphylo-
cocci. The structures of the Lpp Csa1A and Csa1B were deter-
mined, and it has been shown that they conferred protective im-
munity against S. aureus in animal models (128).

CONCLUSION

Lpp in Gram-positive bacteria fulfill a similar important function
in immune modulation as the LPS in Gram-negative bacteria.
However, unlike for LPS, we are only now beginning to better

FIG 5 Possible mechanism for the antagonistic effect of Lpp and RNA in
innate immune stimulation in monocytes and macrophages. The induc-
tion of IFN-� production by whole bacteria in human primary monocytes
and monocyte-derived macrophages (MDMs) is triggered by S. aureus RNA
sensed by TLR7 and TLR8, which activates the TAK1-IKK�-IRF5 signaling
pathway. TLR2 activation by Lpp suppresses the RNA-induced production of
IFN-�. As both TLR2 and TLR8 use the same adaptor molecule MyD88 in
TAK1-dependent and TAK1-independent pathways, a depletion of MyD88 is
the consequence (99). Another explanation for TLR2’s overruling the TLR8
signaling is their different locations; Lpp can immediately activate TLR2 at the
host cell surface, while TLR8 activation usually affords phagocytosis and
phagolysosomally mediated release of RNA, which is unfavorable in the com-
petition for MyD88. IKK�, a serine kinase which plays a key role in the NF-�B
signaling pathway by phosphorylating inhibitors in the inhibitor/NF-�B
complex; IRF5, interferon regulatory factor 5; Lpp, lipoproteins/lipopeptides;
MyD88, myeloid differentiation primary response protein 88; NF-�B, nuclear
factor kappa-light-chain enhancer; ssRNA, single-strand RNA; TAK1, ubiqui-
tin-dependent kinase of MKK and IKK. TLR7 and TLR8 are activated by ribo-
nucleoside analogs.
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understand the multiple effects of Lpp in Gram-positive bacteria.
We have learned that they play a crucial role in pathogenicity and
that when the maturation of pre-Lpp is affected, then pathogenic-
ity is also affected. It emerged that the degree of Lpp acylation has
an enormous influence on the immune response. Exposure of the
skin to diacylated Lpp induces immune suppression, while expo-
sure to triacylated Lpp does not. Also, the fatty acid structure of
the lipid moiety influences the proinflammatory response. How-
ever, we know very little about the structural diversity of the lipid
moiety of Lpp in commensal and pathogenic Gram-positive bac-
teria. This review should sharpen our awareness that the bacterial
growth phase and environmental conditions have an impact on
expression and Lpp structure and thus on the immune response.
We also have learned that bulky bacterial PRR ligands, although
highly purified, bear the risk of being still contaminated with small
amounts of Lpp or RNAs that may be finally responsible for the
experimentally observed immune reaction; particularly, commer-
cial bacterial polymeric PGN and LTA are not pure enough to
yield reliable results. Only using defined mutants affected in syn-
thesis of certain TLR ligands could help to solve the problem of
contamination, as exemplified by the lgt mutants, where at least
Lpp stimulation is excluded. A real challenge in the future will be
to find out how the harmless commensals are tolerated by the
immune system and how they differ from intruding pathogenic
bacteria. Much work lies before us to better understand the struc-
tural diversity of the lipid moiety of Lpp and their impact on the
immune response, inflammation, and pathogenicity.
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