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Modifications to the Peptidoglycan Backbone Help Bacteria
To Establish Infection’
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Bacterial pathogens that colonize mucosal surfaces have acquired resistance to antimicrobials that are
abundant at these sites. One of the main antimicrobials present on mucosal surfaces is lysozyme, a murami-
dase that hydrolyzes the peptidoglycan backbone of bacteria. Cleavage of the peptidoglycan backbone leads to
bacterial cell death and lysis, which releases bacterial fragments, including peptidoglycan, at the site of
infection. Peptidoglycan fragments can be recognized by host receptors and initiate an immune response that
will aid in clearing infection. Many mucosal pathogens modify the peptidoglycan residues surrounding the
cleavage site for lysozyme to avoid peptidoglycan degradation and the release of these proinflammatory
fragments. This review will focus specifically on peptidoglycan modifications, their role in lysozyme resistance,
and downstream effects on the host immune response to infection.

To establish infection, successful mucosal pathogens must be
able to evade host antimicrobial enzymes, which are secreted
at high levels by the epithelium and are also produced within
professional phagocytes (10, 14, 87). Direct killing by antimi-
crobials may lead to the release of bacterial fragments, which
can be sensed by host pattern recognition receptors (48, 69,
70). Sensing of microbial fragments initiates signaling cas-
cades, which lead to the production of proinflammatory cyto-
kines and chemokines and the influx of immune cells with
additional antimicrobial substances to the site of infection.
Infiltrating host cells may then impact the eventual clearance
of the pathogen.

Many host antimicrobials target peptidoglycan, the primary
structural component of the bacterial cell wall. Host hydrolytic
enzymes, such as lysozyme, degrade peptidoglycan and cause
bacterial cell lysis (34, 57). To prevent killing by antimicrobials,
bacteria have acquired the ability to modify their peptidogly-
can backbones. Modifications can prevent cell lysis, which al-
lows bacteria to persist on the mucosal surface and may also
affect the host immune response by limiting the release of
bacterial fragments at the site of infection. This could specif-
ically limit the release of peptidoglycan, which can play an
important role in initiating the host immune response (6, 17,
20, 71, 80). The persistence of lysozyme-resistant organisms
may also affect inflammation by prolonging host exposure to
bacterial ligands (22, 23). This review will focus on the direct
effects of peptidoglycan modifications on degradation by host
enzymes and the effects of modifications on host sensing of
bacterial infections.

HOST DEGRADATION AND RELEASE
OF PEPTIDOGLYCAN

(i) Contribution of peptidoglycan modifications to lysozyme
resistance. To protect host mucosal surfaces from infection,
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the epithelium secretes a variety of antimicrobial enzymes.
One of the most abundant proteins present on the mucosal
surface is lysozyme (10), a host antimicrobial enzyme with
muramidase and cationic antimicrobial peptide activities. Ly-
sozyme is secreted by the epithelium and is also a major com-
ponent within the granules of professional phagocytes, where it
may help kill bacterial pathogens within phagolysosomes (10,
14, 23, 50, 87). The muramidase activity of lysozyme leads to
hydrolysis of the 3-1,4 glycosidic bond between the C-1 carbon
of N-acetyl muramic acid (MurNAc) and the C-4 carbon of
N-acetylglucosamine (GIcNAc) residues of the peptidoglycan
backbone (Fig. 1A). This enzymatic activity breaks down the
structural integrity of the cell wall, which leads to lysis of the
bacterial cell. Evidence also suggests that lysozyme has non-
muramidase function; a 9-amino-acid cationic antimicrobial
peptide within the protein is capable of disrupting bacterial
membranes in the absence of enzymatic activity (34, 35, 57).

Because of the abundance of lysozyme in both epithelial
secretions and professional phagocytes (10, 14), many patho-
gens have evolved lysozyme resistance to prevent peptidogly-
can hydrolysis. Lysozyme resistance is especially important for
Gram-positive pathogens, which rely on a thick peptidoglycan
layer to provide structural integrity for the cell. Gram-negative
organisms have an outer membrane that can protect pepti-
doglycan from the direct effect of lytic enzymes. The primary
mechanism for lysozyme resistance in both Gram-positive and
Gram-negative organisms appears to be direct modification of
peptidoglycan; however, modification of other cell wall-linked
components, such as teichoic acid, may also contribute to re-
sistance.

Modification of peptidoglycan structure was observed sev-
eral decades ago in the naturally lysozyme-resistant organism
Streptococcus pneumoniae. A significant proportion of the
GlcNAc residues in wild-type (WT) S. pneumoniae peptidogly-
can were N-deacetylated, and it was suggested that this may
contribute to lysozyme resistance in this organism (43, 60).
N-deacetylation was also observed in peptidoglycan from Ba-
cillus anthracis, which is resistant to lysozyme. Treatment of B.
anthracis cell walls with acetic anhydride, which N-acetylates
peptidoglycan residues, led to lysozyme sensitivity, indicating
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FIG. 1. Peptidoglycan fragments and modifications. (A) Unmodified MurNAc-GlcNAc disaccharide residues are depicted with stem peptide
structures, the cross-linking bridge (CL), and a disaccharide fragment from the adjacent glycan strand. The 1,6-anhydro-MurNAc residues are
generated following cleavage by lytic transglycosylases, and this is depicted on one of the MurNAc residues. The structure depicted represents a
fragment from a Gram-negative organism which has meso-DAP in the third residue of the stem peptide, while most Gram-positive organisms have
an L-Lys at this position. (B) Nodl and Nod2 ligands, shown with boxes around the minimal motifs sensed by these proteins, depicted on an
unmodified, Gram-negative MurNAc residue. The three modifications to the glycan backbone discussed in the text are shown in the lower portion

of the panel.
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that N-deacetylation may be important for lysozyme resistance
(89). A distinct modification, O-acetylation, was observed in
peptidoglycan from Neisseria gonorrhoeae, as well as in several
other Gram-negative organisms (51, 66). Strains of N. gonor-
rhoeae with low levels of O-acetylation were sensitive to ly-
sozyme, while strains with extensive O-acetylation were resis-
tant to lysozyme (66, 74).

In the last 10 years the genes responsible for these modifi-
cations have been identified in several organisms. The first of
these was oat4 (O-acetyltransferase A), which acetylates Mur-
NAc at the C-6 position (Fig. 1B); it was identified as the major
determinant for lysozyme resistance in Staphylococcus aureus
(3, 5). OatA is present only in lysozyme-resistant and patho-
genic staphylococcal strains, and transformation of a lysozyme-
sensitive, nonpathogenic staphylococcal strain with the S. au-
reus oatA gene was sufficient to confer lysozyme resistance (3).
OatA was also found to provide protection against macro-
phage killing and limit host cytokine responses, both of which
may be linked to its role in lysozyme resistance (72). O-acety-
lation has also been described in S. pneumoniae, and the gene
responsible for this modification was identified based on its
role in both lysozyme and penicillin resistance (15). This gene
was termed adr (attenuator of drug resistance) and was iden-
tified as a peptidoglycan O-acetyltransferase with significant
homology to oatA. Like OatA, Adr acetylates MurNAc at the
C-6 position (Fig. 1B). Additional oat4 homologs were identi-
fied in Enterococcus faecalis (30), in which OatA contributes to
lysozyme resistance and evasion of macrophage killing, and Lac-
tococcus lactis (79), in which OatA contributes to lysozyme resis-
tance (Table 1). An unrelated peptidoglycan O-acetyltransferase
protein was identified in the Gram-negative pathogens Neisseria
meningitidis and Neisseria gonorrhoeae, and it was termed pacA
(peptidoglycan acetylase A) (18). PacA requires a related protein
called PacB for function, and it also modifies the C-6 residue of
MurNAc, leading to lysozyme resistance. PacA/B proteins were
also found to protect against a type of bacterial cell lysis called
autolysis, which could be triggered following the initiation of
peptidoglycan hydrolysis by lysozyme (Table 1).

The gene responsible for a second modification, deacetyla-
tion of peptidoglycan, was first identified in S. pneumoniae and
was termed pgdA (peptidoglycan deacetylase A) (83). PgdA
deacetylates GIcNAc at the C-2 residue (Fig. 1B), contributing
to lysozyme resistance. PgdA was identified as a virulence
factor based on the in vivo attenuation of a pgd4 mutant (82,
83). A similar phenotype was also demonstrated in the animal
pathogen Streptococcus suis, where a mutant pgdA strain was
sensitive to lysozyme and was attenuated in vivo (21). Infection
with the pgdA-deficient strain indicated that PgdA may also
play a role in the host response to this organism; the mutant
strain was more sensitive to neutrophil killing and elicited
lower levels of cytokines in plasma compared to the WT strain.
Additional pgdA functional homologs were identified in E.
faecalis (30), Helicobacter pylori (85), and Listeria monocyto-
genes (6), based on the contributions of these genes to ly-
sozyme resistance (Table 1). In L. monocytogenes, PgdA also
promoted intracellular survival within macrophages and lim-
ited host cytokine responses (6). The occurrence of these pep-
tidoglycan modifications across bacteria, their enzymatic activ-
ities, and their biological relevance have recently been
reviewed elsewhere (81).

INFECT. IMMUN.

In some organisms, both deacetylation at the C-2 residue of
GlcNAc and acetylation at the C-6 residue of MurNAc con-
tribute to lysozyme resistance. A mutant strain of S. pneu-
moniae lacking both modifications was hypersensitive to the
effects of lysozyme and was attenuated during colonization of
the nasopharynx in the presence, but not the absence, of ly-
sozyme (16). An Enterococcus faecalis mutant lacking both an
O-acetyltransferase, oat4, and an N-acetylglucosamine, pgdA,
was also hypersensitive to the effects of lysozyme (30). This
mutant strain had impaired survival following phagocytosis, a
phenotype described for other lysozyme-sensitive pathogens in
both macrophages (6) and neutrophils (21). However, for both
pneumococcal and enterococcal infection models, it seems that
one of the two modifications played a predominant role in
lysozyme resistance. This may be due in part to differences in
expression of the peptidoglycan-modifying enzymes.

Several studies have focused on the transcriptional regula-
tion of peptidoglycan-modifying enzymes. The oat4 O-acetyl-
transferase gene of L. lactis was found to be upregulated in
response to envelope stress sensed by the two-component sys-
tem CesSR (79). Many other Gram-positive organisms possess
a similar two-component system that functions as an envelope
stress sensor, which is termed LiaSR in Bacillus subtilis and
VraSR in S. aureus (38). In the case of L. lactis, CesSR re-
sponded to cell wall damage by lysozyme (79), which led to the
upregulation of oatA. Because of the abundance of lysozyme
within phagocytes and on the mucosal surface, this response
could be especially relevant during infection, and indicates that
O-acetylation of peptidoglycan could be increased in vivo. In
vivo upregulation of the pgdA gene has been shown in L.
monocytogenes and could also occur in other organisms during
infection (7). Additionally, the H. pylori pgdA gene was upregu-
lated during oxidative stress (85), which would be encountered
following uptake by phagocytes or interaction with antimicro-
bials on the mucosal surface. The S. suis pgdA gene was up-
regulated during interactions with neutrophils, which could
also be a result of oxidative stress (21). These studies indicate
that peptidoglycan modifications may be differentially regu-
lated to confer lysozyme resistance during infection and that,
in different infection models, upregulation of one modification
may be sufficient to provide resistance, whereas in other mod-
els more than one modification may be necessary. The propor-
tion of modified residues may also vary under different condi-
tions or between organisms and should be considered when
determining the importance of a particular modification.

(ii) Additional peptidoglycan-degrading enzymes. Pepti-
doglycan recognition proteins (PGRPs) are host proteins that
interact with peptidoglycan. Insects have many PGRPs, and
sensing of peptidoglycan by these proteins can initiate a sig-
naling cascade that results in the production of antimicrobial
peptides (67). Mammals have four PGRPs, termed PG-
LYRP-1, -2, -3, and -4; however, none of these proteins has
been directly linked to the sensing of peptidoglycan. PG-
LYRP-1, -3, and -4 all have direct bactericidal activities that
seem to occur through the binding and disruption of pepti-
doglycan synthesis, in a manner similar to penicillin (45). PG-
LYRP-2 has amidase activity (24, 86) and can cleave between
the N-acetyl muramic acid residue and the stem peptide to
release adjacent peptidoglycan polymers, leading to cell wall
instability and cell lysis. PGLYRP-2 can contribute to inflam-
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TABLE 1. Peptidoglycan modifications and their effects
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Peptidoglycan modification
and gene”

Species

Phenotype

Citation

O-acetylation of MurNAc in
Gram-positive bacteria”
oatA
oatA (63)
oatA (58)

adr (52)

O-acetylation of MurNAc in
Gram-negative
bacteria®

pacAlpacB

pacAlpacB (97)
N-deacetylation of GIcNAc

PgdA

pgdA (53)
pgdA (21)

pgdA (60)

pgdA (70)

N-glycolylation of MurNAc
namH

Staphylococcus aureus

Enterococcus faecalis
Lactococcus lactis

Streptococcus pneumoniae

Neisseria gonorrhoeae

Neisseria meningitidis

Streptococcus pneumoniae

Enterococcus faecalis
Helicobacter pylori

Listeria monocytogenes

Streptococcus suis

Mycobacterium tuberculosis

Lysozyme resistance

Resistance to macrophage killing

Limits host cytokine responses

Lysozyme resistance

Intracellular survival within macrophages
Lysozyme resistance

Upregulated during envelope stress
Lysozyme resistance

Penicillin resistance

Virulence factor

Lysozyme resistance
Resistance to autolysis
Lysozyme resistance
Resistance to autolysis

Lysozyme resistance

Virulence factor

Lysozyme resistance

Lysozyme resistance

Upregulated during oxidative stress
Lysozyme resistance

Limits host cytokine responses
Intracellular survival within macrophages
Upregulated during infection
Lysozyme resistance

Resistance to neutrophil killing
Promotes host cytokine responses

Upregulated during incubation with neutrophils

Lysozyme resistance
B-Lactam resistance
Promotes host cytokine responses

Bera et al. (5)
Shimada et al. (72)
Shimada et al. (72)
Hébert et al. (30)
Hébert et al. (30)
Veiga et al. (79)
Veiga et al. (79)
Criséstomo et al. (15)
Cris6stomo et al. (15)
Davis et al. (16)

Dillard and Hackett (18)
Dillard and Hackett (18)
Dillard and Hackett (18)
Dillard and Hackett (18)

Vollmer and Tomasz (83)
Vollmer et al. (82)
Hébert et al. (30)
Wang et al. (85)
Wang et al. (85)
Boneca et al. (6)
Boneca et al. (6)
Boneca et al. (6)
Camejo et al. (7)
Fittipaldi et al. (21)
Fittipaldi et al. (21)
Fittipaldi et al. (21)
Fittipaldi et al. (21)

Raymond et al. (65)
Raymond et al. (65)
Coulombe et al. (13)

“ The first gene identified is listed first in each category, with the percent sequence similarity over the enzymatic domains listed next to the other genes.
 O-acetylation genes were separated based on Gram strain reaction, because Gram-negative organisms use two proteins to acetylate MurNAc wherease Gram-
positive organisms use a single protein.

mation, and it was required in a model of arthritis induced by
peptidoglycan (68). The antimicrobial activities of PGLYRPs
could release peptidoglycan and other bacterial fragments dur-
ing infection, which would be sensed by the host and activate
the immune response.

Bacteria also have peptidoglycan-degrading enzymes that
cleave at the same sites as host antimicrobial enzymes, but they
aid in normal growth and turnover of the cell wall. This could
explain why bacteria remain sensitive to many of the host
degradative enzymes, such as amidases. Bacterial peptidogly-
can-degrading enzymes are tightly regulated to maintain the
structural integrity of the cell wall during growth. However,
these enzymes can be activated following cell damage, leading
to lysis of the bacterial cell. This can occur following interac-
tion with B-lactam antibiotics, such as penicillin, which target
penicillin-binding proteins (PBPs) that cross-link stem pep-
tides from adjacent strands of peptidoglycan. In pneumococci,
covalent binding of B-lactams to PBPs prevents peptidoglycan

cross-linking and leads to lysis of bacterial cells by a process
that activates LytA (75, 76). LytA is the major autolysin in this
organism, and like PGLYRP-2 it has amidase activity, which
releases adjacent peptidoglycan polymers and is important in
peptidoglycan remodeling during growth (32). Autolysins are
present in both Gram-negative and Gram-positive bacteria and
could be activated in a similar way following antibiotic treat-
ment of other bacterial species. Evidence suggests that killing
by penicillin can also occur by a nonlytic mechanism that is
independent of LytA (55), indicating that lysis may not be
necessary for killing.

Antibiotic-induced cell lysis of S. pneumoniae leads to the re-
lease of bacterial fragments that can stimulate host receptors (54).
This effect was reported to be specific to B-lactams and was not
seen with antibiotics of other classes, such as moxifloxacin or
erythromycin, which do not inhibit cell wall synthesis (53, 54).
Treatment with the glycopeptide cell wall synthesis inhibitor van-
comycin did not release proinflammatory fragments, possibly be-
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FIG. 2. Model for sensing of peptidoglycan fragments by host receptors. Intact peptidoglycan is depicted by the tetrasaccharide MurNAc-
GlcNAc-MurNAc-GlcNAc. Modifications to individual residues are represented by asterisks, and lysozyme cleavage sites are depicted with arrows
between tetrasaccharide residues. Vertical lines below MurNAc residues represent the stem peptide. Fully modified peptidoglycan is resistant to
hydrolysis by lysozyme and does not release peptidoglycan fragments following interaction with the enzyme. Partially modified peptidoglycan has
some cleavage sites for lysozyme and releases some fragments that can be sensed by the host, which is depicted by an arrow with a solid line. Larger
released fragments may or may not contribute to host sensing, which is depicted by an arrow with a dotted line. Unmodified peptidoglycan is
hydrolyzed by lysozyme, which releases bacterial fragments that initiate host signaling cascades.

cause it binds directly to the stem peptide of peptidoglycan in-
stead of binding PBPs. For S. pneumoniae, release of bacterial
fragments appeared to be LytA dependent; however, treatment
with B-lactams that act through nonlytic mechanisms, such as
cefotaxime and faropenem, also led to the release of stimulatory
fragments (53). This indicates that interaction with PBPs, instead
of lysis, may be the key step in releasing fragments. These studies
indicate that treatment with B-lactams could initiate an inflam-
matory response in the host, and this needs to be considered when
treating patients with antibiotics.

Additional structures on the cell surface may also be impor-
tant in preventing peptidoglycan degradation. In S. aureus, cell
wall-linked teichoic acid interferes with the interaction be-
tween the cell surface and lysostaphin, an enzyme that specif-
ically degrades the S. aureus cell wall (28). Lysostaphin has
three distinct enzymatic activities, amidase, endo-glucosamini-
dase, and glycylglycine endopeptidase activities, the latter of
which is specific to the structure of S. aureus peptidoglycan. All
these activities contribute to the breakdown of S. aureus pep-
tidoglycan, leading to lysis and release of bacterial products.
The addition of cell wall-linked teichoic acid, which is attached
to peptidoglycan at the C-2 position of MurNAc, seems to
interfere with lysostaphin activity and has also been linked with
lysozyme resistance (4). In this case, the addition of cell wall
teichoic acid, instead of the direct modification of the pepti-
doglycan backbone, may help prevent cell lysis.

HOST SENSING OF PEPTIDOGLYCAN AND
MODIFIED PEPTIDOGLYCAN

Peptidoglycan modifications can prevent direct killing of
bacteria by providing resistance to host enzymes during infec-
tion. Modifications may also prevent elimination of bacteria by

altering the host immune response. Bacteria with unmodified
peptidoglycan are lysed following interaction with lysozyme,
which releases peptidoglycan fragments that can be sensed by
host proteins called pattern recognition receptors (PRRs) (Fig.
2) (8, 25, 26, 37). Sensing by these proteins activates host
signaling cascades and initiates an immune response that aids
in clearing infection. Bacteria with modified peptidoglycan are
resistant to hydrolysis by lysozyme and remain intact, which
may limit inflammation (6, 21, 72). Alternatively, infection with
lysozyme-resistant organisms may lead to the persistence of
bacterial ligands at the site of infection, which could also be
proinflammatory (22, 23).

Bacteria contain numerous ligands that are sensed by host
PRRs. The major families of host receptors that sense bacterial
products include the Toll-like receptors (TLRs) and the Nod-
like receptors (NLRs). The TLRs are predominantly surface-
associated host proteins, while NLRs are cytoplasmic proteins.
Toll-like receptor-2 (TLR-2) senses lipoteichoic acid (LTA)
and lipoproteins, which are associated with bacterial mem-
branes (69, 77), and may also sense peptidoglycan, although
this remains controversial (1, 70). Peptidoglycan is sensed pri-
marily through two host receptors in the NLR family. Nucle-
otide-binding oligomerization domain-containing protein 1
(Nod1) is a host intracellular protein that is expressed in vir-
tually all cell types (36). Nodl senses meso-diaminopimelic
acid (meso-DAP) containing peptidoglycan, which is found
primarily in Gram-negative bacteria and a few Gram-positive
organisms, such as Bacillus species and L. monocytogenes (8,
25, 36) (Fig. 1B). Nod1 senses fragments of the stem peptide
terminating in meso-DAP, with or without MurNAc attached,
and may also sense stem peptide fragments terminating in
D-Ala in some hosts (Fig. 1B) (46). Nod2 is a host intracellular
protein that is expressed in myelomonocytic cells, such as
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monocytes, macrophages, and neutrophils, and is also ex-
pressed by stimulated epithelial cells in culture (29, 59). Nod2
senses the muramyl dipeptide (MDP) residue of bacteria,
which is common to all bacterial peptidoglycans (26, 37, 59)
(Fig. 1B). Both Nod1 and Nod2 contain nucleotide oligomer-
ization binding (Nod) domains that define the receptor family,
in addition to C-terminal leucine-rich repeat (LRR) domains
which sense peptidoglycan and N-terminal caspase recruitment
domains (CARD) which interact with adaptor molecules to
initiate signaling cascades following receptor activation (36,
59). Signaling downstream of Nod receptors involves Rip2 and
the IKK complex and results in NF-«kB activation and the
production of proinflammatory cytokines, chemokines, and an-
timicrobials such as defensins (41, 52, 63, 84). Together, these
cytokines aid in the recruitment of immune cells into the site of
infection to initiate the immune response and also help acti-
vate phagocytes to efficiently eliminate pathogens.

Because NLRs are cytoplasmic receptors, it was originally
thought that Nod proteins recognized primarily intracellular
pathogens (20, 71). However, several recent papers have
shown that Nod1 and Nod2 can also sense extracellular patho-
gens and that these receptors play a key role in the immune
response to extracellular pathogens as well (17, 61, 64, 90).
Because extracellular pathogens are not actively dividing and
shedding peptidoglycan within host cells like intracellular
pathogens, the exact mechanism by which their peptidoglycan
accesses Nod receptors remains somewhat unclear. Several
hypotheses exist, such as release from phagolysosomes into
host cytoplasm following uptake of whole bacteria, or uptake
of peptidoglycan by phagocytosis or clathrin-dependent endo-
cytosis (40, 44, 49, 72). Gram-negative organisms shed pepti-
doglycan fragments during normal growth, which can stimulate
Nod1-dependent responses (9, 12, 58). Outer membrane ves-
icles (OMVs) may contain peptidoglycan fragments and help
deliver these ligands to nonphagocytic epithelial cells (39). It
has also been reported that bacterial pore-forming toxins,
which insert into host membranes, may aid in Nodl ligand
delivery into the host cytosol (64). Additionally it has been
shown that host cells express peptide transporters that can
transport both Nod1 and Nod2 ligands directly into the host
cytosol (2, 78).

The role of Nod receptors in controlling early bacterial in-
fection has been shown in the context of several different
infections (17, 20, 33, 61, 71, 90), which suggests that it would
be beneficial for pathogens to be able to evade Nod sensing. To
prevent sensing of Nod ligands, bacteria can modify pepti-
doglycan to prevent the release of fragments. Peptidoglycan
that is fully modified is resistant to lysozyme and does not
generate fragments that can be sensed by the host following
contact with lysozyme, whereas unmodified peptidoglycan is
easily broken down by lysozyme and releases proinflammatory
fragments (Fig. 2). However, many organisms have a propor-
tion of residues that are unmodified (81). Partially modified
peptidoglycan could be broken down at unmodified residues
and lead to the release of larger peptidoglycan fragments that
may be sensed by the host (Fig. 2). However, the effect of
fragment size on the efficiency of Nod-mediated signaling re-
mains unclear. Modification to the MurNAc residues present
within these larger fragments may also directly interfere with
Nod2 sensing of these sugars. In addition, there are several
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stem peptide modifications that alter Nodl sensing, such as
amidation of meso-DAP or glutamic acid, or the presence of
L-ornithine instead of meso-DAP in the stem peptide (27, 88).
Although these stem peptide modifications do not affect hy-
drolysis of the peptidoglycan backbone, they indicate there
may be selective pressure within pathogens to avoid host Nod
sensing.

Several studies have confirmed that peptidoglycan modifi-
cations could alter Nod signaling by preventing lysozyme deg-
radation and the release of Nod ligands. A lysozyme-sensitive
mutant, lacking the cell wall modification by PgdA, was shown
to elicit more cytokine production by macrophages, in a Nod1-
dependent manner (6). Lysozyme digestion was also found to
contribute to the release of ligands sensed by another NLR,
Nalp3, leading to interleukin-1B production. Digestion of an S.
aureus oatA mutant strain, which lacks O-acetylation of Mur-
NAc, led to the production of heightened levels of proinflam-
matory cytokines (72), supporting the hypothesis that pepti-
doglycan modifications can prevent the release of ligands and
prevent sensing.

Peptidoglycan modifications may also alter the immune re-
sponse to pathogens by affecting the sensing of peptidoglycan
by Nod receptors. Gram-negative bacteria shed peptidoglycan
during growth, releasing ligands that can be sensed by Nod
receptors. Stem peptide modifications that affect Nod sensing
may have evolved to allow bacteria to replicate and minimize
the host response (27, 88). Alternatively, increased sensing
could also be beneficial to bacteria if they require an immune
response to persist in the host, such as the recruitment of
immune cells that form the replicative niche for some intra-
cellular pathogens. One example of this is Mycobacterium tu-
berculosis, which modifies its peptidoglycan to stimulate an
immune response and also replicates within host macrophages.
The N-glycolylated peptidoglycan of Mycobacterium species
was shown to elicit significantly more Nod2-dependent im-
mune activation than the N-acetylated peptidoglycan that is
common across bacteria (13, 62). This modification was per-
formed with NamH, which acts on the C-2 carbon of MurNAc
of mycobacteria (Fig. 1B). Peptidoglycan modification by
NamH was also associated with both lysozyme resistance and
resistance to B-lactam antibiotics (65), which may indicate an
additional role in preventing peptidoglycan digestion (Table
1). Because N-glycolylation of MurNAc leads to an increased
immune response, it may indicate that host inflammation could
be beneficial for mycobacteria during infection. It will be in-
teresting to determine if other pathogens that replicate within
host immune cells may have also evolved a peptidoglycan that
promotes inflammation to recruit these cells to the site of
infection.

Evidence suggests that other NLR proteins, specifically
Nalp1, may also play a role in the sensing of MDP residues
(33). Nalp1 contains the characteristic Nod domain but has a
pyrin domain instead of a CARD. This pyrin domain recruits
different adaptor proteins following ligand binding, to help
form an inflammasome complex and eventual caspase-1 acti-
vation. Nalpl has been shown to form a complex with Nod2
following stimulation by MDP, which may mean that this sig-
naling pathway could also be affected by peptidoglycan modi-
fications, by altering stimulation of Nod2.
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ADDITIONAL EFFECTS OF PEPTIDOGLYCAN
MODIFICATIONS

Peptidoglycan modifications prevent the release of bacterial
fragments, which includes peptidoglycan, and also other cell
wall components that can be sensed by host receptors. Follow-
ing digestion, cell walls from S. pneumoniae have been shown
to elicit tumor necrosis factor alpha production from periph-
eral blood mononuclear cells (48). The fragments carrying
proinflammatory activity were identified as branched stem pep-
tide residues, which did not contain known Nod ligands, indi-
cating that additional receptors can respond to cell wall frag-
ments following digestion. One of these additional receptors
may be TLR-2, since it was shown that S. pneumoniae cell walls
could be sensed in a TLR-2-dependent manner (56). Lipid-
modified cell components are associated with cell membranes
and are also released following peptidoglycan hydrolysis of L.
monocytogenes (6), leading to the TLR-2-dependent sensing of
bacterial fragments.

Modifications to peptidoglycan may have additional effects
on structures covalently attached to peptidoglycan, such as cell
wall-linked teichoic acid (11, 42), proteins, or capsular poly-
saccharide (capsule) (73). The capsule may not directly affect
host signaling, but it can prevent opsonophagocytosis and
clearance by neutrophils (31, 47). Increased expression of cap-
sule was observed in pgd4A mutants, which have neutrally
charged GIcNAc residues that may alter attachment of the
negatively charged capsule (16). Increased capsule expression
has been linked to decreased sensitivity to both penicillin and
vancomycin through prevention of autolysis, which could alter
the release of peptidoglycan following antibiotic treatment

(19).

CONCLUSIONS

Peptidoglycan modifications are a common mechanism used
by pathogens to avoid degradation and bacterial lysis following
exposure to host antimicrobials. One of the most abundant
host antimicrobials on mucosal surfaces is lysozyme, and
pathogens that colonize these sites have evolved lysozyme re-
sistance by modifying their peptidoglycan. In addition to pre-
venting bacterial lysis during early interactions with the host,
these modifications may also indirectly allow bacteria to estab-
lish infection, by preventing release of bacterial products that
can initiate the host immune response. The persistence of
lysozyme-resistant organisms at the site of infection can also
increase inflammation (22, 23), which may indicate that pep-
tidoglycan modifications are anti-inflammatory early in infec-
tion but actually indirectly contribute to inflammation later in
infection.

Although lysozyme resistance can prevent early release of
bacterial products within the host, pathogens can also release
fragments during infection as part of normal growth. This
shedding of fragments occurs in Gram-negative organisms,
which can release peptidoglycan fragments and also OMVs
that may deliver bacterial fragments to host cells (9, 12, 39, 58).
Intracellular pathogens that are actively dividing within host
cells may also deliver fragments in a more direct manner, by
shedding peptidoglycan and other bacterial ligands into the
host cytosol (58). Additionally, bacterial products could be
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delivered by type IV secretion systems along with bacterial
effectors (80). All of these mechanisms would allow the host to
recognize bacteria in a lysozyme-independent manner and ini-
tiate the host response to pathogens that have evolved high
levels of lysozyme resistance.

The occurrence of lysozyme resistance and corresponding
peptidoglycan modifications across both Gram-positive and
Gram-negative bacterial pathogens indicate that the host im-
parts a significant selective pressure on the cell wall of bacteria
that reside on mucosal surfaces (81). Lysozyme resistance may
provide a selective advantage by allowing bacteria to persist on
the mucosal surface, where they can remain initially undetec-
ted. Resistance to lysozyme will also prevent the release of
bacterial fragments early in infection and in this way can im-
pact the initiation of the host immune response. Peptidoglycan
modifications may also directly impact the host immune re-
sponse by interfering with sensing of peptidoglycan fragments.
Peptidoglycan modifications can impact all of these aspects of
the host immune response, which may help explain the abun-
dance of peptidoglycan-modifying enzymes in bacterial patho-
gens.
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