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Peptidoglycan recognition proteins (PGRPs) are a family of innate pattern recognition molecules that bind bacterial peptidoglycan.
While the role of PGRPs in Drosophila innate immunity has been extensively studied, how the four mammalian PGRP proteins
(PGLYRP1 to PGLYRP4) contribute to host defense against bacterial pathogens in vivo remains poorly understood. PGLYRP1,
PGLYRP3, and PGLYRP4 are directly bactericidal in vitro, whereas PGLYRP2 is an N-acetylmuramyl-L-alanine amidase that cleaves
peptidoglycan between the sugar backbone and the peptide stem. Because PGLYRP2 cleaves muramyl peptides detected by host pepti-
doglycan sensors Nod1 and Nod2, we speculated that PGLYRP2 may act as a modifier of Nod1/Nod2-dependent innate immune re-
sponses. We investigated the role of PGLYRP2 in Salmonella enterica serovar Typhimurium-induced colitis, which is regulated by
Nod1/Nod2 through the induction of an early Th17 response. PGLYRP2 did not contribute to expression of Th17-associated cytokines,
interleukin-22 (IL-22)-dependent antimicrobial proteins, or inflammatory cytokines. However, we found that Pglyrp2-deficient mice
displayed significantly enhanced inflammation in the cecum at 72 h postinfection, reflected by increased polymorphonuclear leukocyte
(PMN) infiltration and goblet cell depletion. Pglyrp2 expression was also induced in the cecum of Salmonella-infected mice, and ex-
pression of green fluorescent protein under control of the Pglyrp2 promoter was increased in discrete populations of intraepithelial
lymphocytes. Lastly, Nod2�/� Pglyrp2�/� mice displayed increased susceptibility to infection at 24 h postinfection compared to Pg-
lyrp2�/� mice, which correlated with increased PMN infiltration and submucosal edema. Thus, PGLYRP2 plays a protective role in
vivo in the control of S. Typhimurium infection through a Nod1/Nod2-independent mechanism.

Innate immunity, the first line of defense against microorgan-
isms, relies on pattern recognition molecules (PRMs), such as

Toll-like receptors (TLRs) or nucleotide-binding and oligomer-
ization domain (Nod)-like receptors (NLRs), which initiate pro-
tective responses against pathogens by detecting microbe-associ-
ated molecular patterns (MAMPs) (6). In the intestine, mucosal
defense against enteric pathogens critically depends on the expres-
sion of TLRs and NLRs (35), and these PRMs also contribute to
the establishment of a homeostatic control of the intestinal micro-
biota (23, 27).

Peptidoglycan is an essential component of the cell wall of
virtually all bacteria and is sensed by a variety of PRMs in the
mammalian host, including Nod1, Nod2, and peptidoglycan
recognition proteins (PGRPs) (13, 28). Nod1 and Nod2 are two
well-characterized members of the NLR family that detect pep-
tidoglycan-derived muramyl peptides (7). Specifically, Nod1
detects meso-DAP (diaminopimelic acid)-containing muramyl
tripeptides found mostly in Gram-negative bacteria (3, 11),
whereas Nod2 recognizes muramyl dipeptide (MDP), a pepti-
doglycan motif found in both Gram-negative and Gram-posi-
tive bacteria (12, 16). PGRPs, first identified in silkworm (41),
are conserved from insects to mammals and are characterized
by their ability to bind peptidoglycan (28). In mammals, there
are four PGRPs, namely, PGLYRP1, PGLYRP2, PGLYRP3, and
PGLYRP4 (PGLYRP1-4; initially named PGRP-S, -L, -I�, and
-I�, respectively). PGRPs are all capable of binding peptidogly-
can (28); PGLYRP1, PGLYRP3, and PGLYRP4 are directly bac-
tericidal (18, 20, 33, 38) but have no amidase activity (18, 20,
39), whereas PGLYRP2 is an N-acetylmuramyl-L-alanine ami-

dase that hydrolyzes peptidoglycan between the sugar back-
bone and the peptide chain (10, 39).

PGLYRP2 is constitutively expressed in the liver, where it is
secreted into the blood (40, 43), and its expression is induced by
bacteria and cytokines in the skin and in epithelial cells, including
those that line the intestinal tract (34, 37). Interestingly, based on
the fact that PGLYRP2 cleaves muramyl peptides that are also
detected by Nod1 and Nod2, it is possible that this PGRP protein
could act as a modulator of Nod-dependent responses. In Dro-
sophila, PGRP-LB also has amidase activity, which was shown to
protect the host from excessive immune responses by reducing the
biological activity of peptidoglycan (25, 42). However, it remains
unclear whether the amidase activity of mammalian PGLYRP2
plays a similar anti-inflammatory scavenger function in vivo in
response to bacterial pathogens.

Despite the fact that PGRPs specifically bind bacterial pepti-
doglycan and that some of them display antibacterial activity in
vitro (20, 32, 33, 38), the in vivo role of these molecules in host
defense against bacterial pathogens remains poorly understood in
mammals. One study showed a requirement for PGLYRP1 in re-

Received 15 February 2012 Returned for modification 8 March 2012
Accepted 10 May 2012

Published ahead of print 21 May 2012

Editor: A. J. Bäumler

Address correspondence to Stephen E. Girardin, Stephen.girardin@utoronto.ca.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.00168-12

August 2012 Volume 80 Number 8 Infection and Immunity p. 2645–2654 iai.asm.org 2645

http://dx.doi.org/10.1128/IAI.00168-12
http://iai.asm.org


sistance to some infections in mice as Pglyrp1-deficient mice
showed increased susceptibility to systemic infection with Bacillus
subtilis and Micrococcus luteus but not with other Gram-positive
bacteria (Staphylococcus aureus) and Gram-negative bacteria
(Escherichia coli) (5). More recently, another study suggested a
role of PGLYRP1 in host resistance against Listeria monocytogenes
through the induction of tumor necrosis factor (TNF) (24). Sim-
ilarly, using recombinant PGLYRP3 in wild-type mice, a bacteri-
cidal role of PGLYRP3 in preventing S. aureus lung infection in
mice has also been suggested (20). In contrast, PGLYRP2 was
suggested to be redundant for immunity in mice on the basis of
the fact that Pglyrp2-deficient mice had a normal response to in-
traperitoneal infection with Gram-positive (S. aureus) or Gram-
negative (E. coli) bacteria (40). It is possible that the four mam-
malian PGRP proteins display some redundant functions in
innate immunity, thus resulting in mild phenotypes for mice lack-
ing any of these molecules. In support for this, in a dextran sulfate
sodium (DSS)-induced colitis model, all four individual PGRP
knockout mice displayed relatively similar increased sensitivities
to DSS and altered immune responses (29). However, PGLYRP2 is
unique among mammalian PGRP proteins in that it is the only
mammalian protein known to have N-acetylmuramyl-L-alanine
amidase activity against peptidoglycan, and this protein is one of
the most abundantly secreted enzymes in the body fluids of mam-
mals (36). We therefore speculated that PGLYRP2 might have a
unique role in host defense that had not been identified previously
using in vitro assays or intraperitoneal infection models, such as a
role in mucosal innate immune defense.

Salmonella enterica serovar Typhimurium (SL1344) causes
acute colitis in humans while the same organism causes a systemic
disease with little or no intestinal inflammation in mice (15).
However, when mice are pretreated with the antibiotic streptomy-
cin prior to infection with S. Typhimurium, they develop an acute
inflammatory response in the cecum (15). Recently, Nod1 and
Nod2 have been shown to modulate inflammation in the strepto-
mycin-treated mouse model of Salmonella colitis (8). Given that
PGLYRP2 recognizes and hydrolyzes peptidoglycan fragments
that are also detected by Nod1 and Nod2 and because mammalian
PGLYRP2 is expressed in the intestine (4, 29), we hypothesized
that PGLYRP2 may play an important role in modulating Nod1
and Nod2 (Nod1/2)-dependent inflammation in the gut. There-
fore, we investigated the role of PGLYRP2 in a murine model of S.
enterica serovar Typhimurium colitis.

MATERIALS AND METHODS
Mice. Pglyrp2-deficient (Pglyrp2�/� [KO]) mice were originally obtained
from Richard Locksley, and C57BL/6 (wild-type [WT]) mice were pur-
chased from Charles River Laboratories (Wilmington, MA). All mice were
bred and housed under specific-pathogen-free conditions in the animal
facility of the Center for Cellular and Biomolecular Research, Toronto,
Canada. All animal experiments were approved by the Animal Ethics Re-
view Committee of the University of Toronto. In order to minimize vari-
ables affecting the outcome of this study, C57BL/6 WT mice were first
crossed with fully backcrossed Pglyrp2�/� mice (40) to generate heterozy-
gous F1 littermates, and subsequently these F1 mice were crossed again to
generate F2 littermates. Genotyping F2 littermates was performed using
the following primer sets: for the WT, 5=-GGCTCTCTACTCCCACACA
ACC-3= and 5=-GCAGCAATCCAAGCACGATCC-3=; for Pglyrp2, 5=-GG
CTCTCTACTCCCACACAACC-3= and 5=-GCCGGACACGCTGAACTT
GTGG-3=. WT and Pglyrp2�/� mice generated from littermates were used

in all our infection studies, and Pglyrp2�/� mice were used to study green
fluorescent protein-PGLYRP2 expression by flow cytometry.

Nod1�/� Pglyrp2�/� double knockout (DKO) and Nod2�/�

Pglyrp2�/� DKO mice were generated by crossing either Nod1�/� (Mil-
lennium Pharmaceuticals) or Nod2�/� mice (Jean-Pierre Hugot [1]) with
Pglyrp2�/� mouse littermates generated from above. Genotyping was car-
ried out using the following primer sets: for Nod1, 5=-CTTAGGCATGAC
TCCCTCCTGTCG-3=, 5=-GATCTTCAGCAGTTTAATGTGGGAGTGA
C-3=, and 5=-CCATTCAGGCTGCGCAACTGTTG-3=; for Nod2, 5=-AAC
CGCATTATTCGATGGGGC-3=, 5=-GTCATTTCCTGACCTCTGACC-
3=, and 5=-GCCTGCTCTTTACTGAAGGCTC-3=.

Bacterial infections. WT and Pglyrp2�/� mice, 8 to 10 weeks old, were
fasted for 3 h prior to oral administration of 20 mg of streptomycin. Mice
were again fasted for 3 h after 21 h following streptomycin treatment, and
then infected via oral gavage with 5 � 107 CFU of SL1344, a streptomycin-
resistant strain of S. enterica serovar Typhimurium. Overnight cultures of
SL1344 were washed with phosphate-buffered saline (PBS), diluted to the
desired CFU level based on optical density readings at 600 nm, and used
for infections.

Pathological scoring. The distal halves of cecum samples were col-
lected for histology after mice were sacrificed, fixed in 10% formalin, and
then stained with hematoxylin and eosin (H&E) at the Toronto Center of
Phenogenomics by standard histological staining procedures. H&E-
stained cecum samples were then analyzed in a blinded manner by a
pathologist specializing in intestinal inflammation. The scoring system
was based on a previous publication (2) that was slightly modified to make
the scoring of neutrophil (polymorphonuclear leukocyte [PMN]) recruit-
ment and goblet cell depletion more empirical (8).

Bacterial load quantification. The spleen and cecal tissue samples
were collected from infected mice and placed in PBS containing 1% Tri-
ton X-100 and in PBS alone, respectively, and then homogenized using a
rotor homogenizer. A small (10-�l) cecal sample was further diluted in
PBS containing 1% Triton X-100. Both splenic and cecal samples were
then serially diluted in PBS and plated on MacConkey agar containing 50
�g/ml streptomycin.

Quantitative real-time PCR. Cecum samples for quantitative reverse
transcription-PCR (qRT-PCR) were collected and stored in RNAlater
(Sigma), and then RNA was extracted with Qiagen RNeasy extraction kits.
Genomic DNA was digested with Turbo DNase (Ambion) before reverse
transcription to cDNA with SuperScript RTIII (Invitrogen). qRT-PCR
was performed with SYBR green (Applied Biosystems). The following
primer sequences, which have been described elsewhere, were used in the
current study: Il17a, 5=-GCTCCAGAAGGCCCTC-3= (forward); AGA-3=,
5=-CTTTCCCTCCGCATTGACA-3= (reverse); Il22, 5=-TCCGAGGAGT
CAGTGCTAAA-3= (forward) and 5=-AGAACGTCTTCCAGGGTGA
A-3= (reverse); housekeeping gene Rpl19, 5=-GCATCCTCATGGAGCAC
AT-3= (forward) and 5=-CTGGTCAGCCAGGAGCTT-3= (reverse);
RegIII�, 5=-ATGGCTCCTATTGCTATGCC-3= (forward) and 5=-GATG
TCCTGAGGGCCTCTT-3= (reverse); Lcn2, 5=-ACATTTGTTCCAAGCT
CCAGGGC-3= (forward) and 5=-CATGGCGAACTGGTTGTAGTCC
G-3= (reverse); Il1�, 5=-TTGACGGACCCCAAAAGATG-3= (forward)
and 5=-AGAAGGTGCTCATGTCCTCAT-3= (reverse); KC, 5=-ACTGCA
CCCAAACCGAAGTC-3= (forward) and 5=-CAAGGGAGCTTCAGGGT
CAA-3= (reverse); Pglyrp2, 5=-ACCAGGATGTGCGCAAGTGGGAT-3=
(forward) and 5=-AGTGACCCAGTGTAGTTGCCCA-3= (reverse). Val-
ues were calculated using the �CT (where CT is threshold cycle)method
and were normalized to the housekeeping gene Rpl19.

IEL and LPL isolation. Cecal intestinal intraepithelial leukocytes
(IELs) and lamina propria lymphocytes (LPLs) were prepared using a
previously established protocol (9). Briefly, cecal tissues were extracted,
washed, and cut into 1- to 2-cm segments which were incubated three
times (at 37°C for 10 min with shaking) in stripping buffer (PBS, 1% fetal
bovine serum [FBS], 5 mM EDTA, 1 mM dithiothreitol [DTT]). After
each incubation, the buffer was filtered through a 100-�m cell strainer
and then allowed to settle. Supernatants (IELs) were then collected,
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washed twice in Dulbecco’s modified Eagle’s medium ([DMEM] supple-
mented with 20% FBS) and passed through a 40-�m cell strainer. For LPL
extraction, the tissue segments following stripping were minced and put
in digestion buffer (DMEM, 20% FBS, 2 mg/ml collagenase D [Roche], 20
�g/ml DNase I [Sigma]) for two 30-min incubations with shaking at 37°C.
Digested material was passed through a 100-�m cell strainer, and the cells
were collected by centrifugation (5 min at 1,200 rpm), washed twice in
DMEM, and then passed through a 40-�m cell strainer to obtain LPLs.

Flow cytometry. Dead cells were stained with Live/Dead Aqua (Invit-
rogen), and then LPLs and IELs were stained for the surface antigens CD8,
CD4, T-cell receptor � (TCR�), TCR�	, CD11c, CD11b, major histo-
compatibility complex class II (MHC-II), CD19, NK1.1, and Gr1 and
analyzed for GFP expression. All flow cytometric analyses were performed
using an LSR II (BD Bioscience) flow cytometer and analyzed with FlowJo
software (TreeStar).

Statistical analyses. The results are given as means 
 standard error of
mean. Student’s t tests were performed using GraphPad Prism, and P values
of �0.05 using a 95% confidence interval were considered significant.

RESULTS
PGLYRP2 is constitutively expressed in some subsets of IELs
and LPLs in the cecum. Pglyrp2 mRNA expression in the total
intestinal tissues has been previously described (29). In addition,
Pglyrp2 expression was recently characterized in small intestinal
intraepithelial leukocytes (IELs), with the majority of its expres-
sion in T lymphocytes (4). Here, we focused on the cecum since
this portion of the intestine was recently found to be critical for
Nod1/2-dependent control of enteric bacterial pathogens (8, 9).
The Pglyrp2-deficient (Pglyrp2�/�) mice used in this study express
green fluorescent protein (GFP) under the control of the Pglyrp2
promoter (40), and therefore we used flow cytometry to monitor
PGLYRP2 expression in cecal IELs and lamina propria lympho-
cytes (LPLs) by tracking GFP expression in Pglyrp2�/� mice (to
avoid a possible effect on immune cell populations that may occur
due to loss of PGLYRP2 expression in Pglyrp2�/� mice). At steady
state, we confirmed the previously reported high expression levels
of PGLYRP2 in lymphocytes from liver and spleen (data not
shown) (4). We also detected strong expression of GFP-positive
(GFP�) cells in the IELs of the cecum, mainly in CD4� TCR��

(49.7%) and CD8� TCR�� (73.5%) lymphocytes and natural
killer cell (NK1.1� TCR��; 76.2%) and natural killer T cell
(NK1.1� TCR��; 71.4%) populations (Fig. 1A and Table 1). In
contrast to a previous report where PGLYRP2 expression was
found to be restricted to T lymphocytes from intestinal IELs (4),
we observed that dendritic cells (CD11c� MHC-II�; 49.7%) and
inflammatory monocytes (CD11b� CD11c�; 23.5%) from the
cecal IEL compartment also exhibited various degrees of GFP ex-
pression (Fig. 1A and Table 1). Conversely, minimal GFP expres-
sion was observed in a CD19� (3.9%) subset from IELs, indicating
the absence of reporter gene expression by B lymphocytes. More-
over, no significant GFP expression was noted in CD11b�

CD11c� (granulocytes/macrophage/neutrophil) cells (data not
shown), and further staining with a Gr1 marker indicated that
neither neutrophils (CD11b� CD11c� Gr1�; 1.7%) nor macro-
phages (CD11b� CD11c� Gr1�; �1.0%) expressed significant
levels of GFP at baseline (Table 1). Similar results were obtained
for cecal LPLs, except in NK1.1� TCR�� (1.95%), CD11c�

MHC-II� (�1.0%), and CD11b� CD11c� (�1.0%) cells, where
no significant GFP expression was detected (Fig. 1B and Table 1).
Overall, PGLYRP2 is constitutively expressed by various leuko-
cytes from the cecum.

PGLYRP2 expression is increased in the cecum during late
inflammatory responses against SL1344 infection. PGLYRP2 ex-
pression is induced in intestinal epithelial cells and fibroblasts by
bacteria and cytokines (21, 34, 37). Thus, we aimed to analyze
whether PGLYRP2 expression changed following oral infection
with S. enterica serovar Typhimurium SL1344. To this end,
C57BL/6 wild-type (WT) (KO) mice were treated with streptomy-
cin and infected with 5 � 107 CFU of the streptomycin-resistant
Salmonella strain, SL1344. We performed quantitative real-time
PCR (qRT-PCR) on the cecum samples from the WT mice follow-
ing SL1344 infection to determine Pglyrp2 mRNA expression. Al-
though no difference in expression was observed at 24 h, the level
of Pglyrp2 showed approximately 1.7- and 2.3-fold increases at 48
h (P � 0.02) and 72 h (P � 0.03) postinfection (p.i.), respectively,
compared to the uninfected controls (Fig. 2A). In order to deter-
mine which cell types contributed to the increase in Pglyrp2 ex-
pression, we analyzed IELs and LPLs from Pglyrp2�/� ceca in-
fected with Salmonella at 48 h by flow cytometry. The analysis of
GFP expression in CD8� TCR�� cells from the IEL compartment
showed significantly increased expression of PGLYRP2 (P � 0.04)
following infection (Fig. 2B). A similar increase in expression (P �
0.05) was noted in CD8� TCR�	� cells although this corre-
sponded to a minor IEL population (Fig. 2B). On the other hand,
no significant difference in GFP-PGLYRP2 expression was ob-
served in cells from the LPL compartment (Fig. 2C). It appears
that IEL CD8� TCR�� lymphocytes, the most abundant subset
found among cecal leukocyte populations, also displayed the most
prominent increase in the expression of PGLYRP2 following Sal-
monella infection. Together, these results establish that PGLYRP2
is readily induced in specific immune cell subsets of the intestinal
mucosa in response to enteric infection with Salmonella, thus sug-
gesting a role for this peptidoglycan-interacting molecule in host
defense in vivo.

PGLYRP2 does not play a role in an early Nod1/2-dependent
Th17 response to Salmonella infection. As shown above,
PGLYRP2 is expressed in the immune cell population of the in-
testinal mucosa, and Pglyrp2 mRNA levels are significantly ele-
vated in this tissue in response to Salmonella infection (Fig. 1 and
2). We then speculated that PGLYRP2, through its capacity to
bind or to hydrolyze peptidoglycan, may serve as a modulator of
Nod1/2-dependent host defense in response to Salmonella infec-
tion. Therefore, we investigated the putative role of PGLYRP2 in
Th17-dependent inflammation in Salmonella colitis because this
arm of the host response to Salmonella was shown to depend on
Nod1 and Nod2 (8, 9). To this end, WT and Pglyrp2�/� (KO) mice
were treated with streptomycin and infected with 5 � 107 CFU of
SL1344. Mice were sacrificed at 24 h, 48 h, or 72 h following in-
fection, and then their ceca were homogenized for analysis. qRT-
PCR analysis of Il17a and Il22 from WT and Pglyrp2�/� cecum
revealed no significant changes in their expression over the period
of infection (Fig. 3A). Moreover, the expression of Lcn2 (encoding
lipocalin 2) and RegIII� (encoding regenerating islet-derived
III�), the antimicrobial proteins important for interleukin-22 (IL-
22)-dependent mucosal defense against enteric bacteria (26), did
not change significantly in the cecum of Pglyrp2�/� mice com-
pared to that of WT mice (Fig. 3B).

Nod1 and Nod2 regulate the levels of key inflammatory cyto-
kines such as the keratinocyte-derived chemokine (KC) and IL-1�
during Salmonella colitis (8). Therefore, we assessed the impact of
PGLYRP2 on the expression of the cytokines KC and Il1� during
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FIG 1 Analysis of PGLYRP2 expression in intestinal cellular subsets. IELs and LPLs were prepared from cecal samples of wild-type and Pglyrp2�/� mice, stained
with various surface markers (CD4�, TCR��, CD8�, CD19�, NK1.1�, and CD11c�), and analyzed by flow cytometry for GFP expression. Histograms show
expression of GFP� cells on gated subsets (CD4� TCR��, CD8� TCR��, CD19�, NK1.1� TCR��, NK1.1� TCR��, and CD11c� MHC-II�) from IELs (A) and
LPLs (B). The percentage of GFP-expressing cells in Pglyrp2�/� mice was determined using wild-type cells as a baseline (shaded area). One representative of three
experiments is shown; three mice were pooled for each group.
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infection. qRT-PCR analysis from WT and Pglyrp2�/� cecal sam-
ples showed no significant differences in the mRNA levels of these
inflammatory cytokines (Fig. 3C), suggesting that, unlike Nod1
and Nod2, PGLYRP2 expression does not have an impact on the
level of these inflammatory cytokines during Salmonella infection.
Overall, these findings indicate that PGLYRP2 does not modulate
Nod1- and Nod2-dependent early Th17 inflammatory responses
during Salmonella colitis.

Pglyrp2-deficient mice have increased inflammation in the
cecum following Salmonella infection. Although PGLYRP2 does
not appear to affect the Nod1/2-dependent Th17 inflammatory
responses, this does not exclude a possibility that PGLYRP2 may
still play a role independent of Nod1 and Nod2 in Salmonella
colitis. To test this hypothesis, we stained cecum samples from
uninfected and infected WT and Pglyrp2�/� mice and performed
histological analysis. The analyzed features included polymorpho-
nuclear leukocyte (PMN) accumulation, goblet cell depletion,
edema, and epithelial erosion, which were blindly scored using a
previously established scoring system (see Materials and Meth-
ods) (Fig. 4A). Although infected Pglyrp2�/� mice displayed no
change in cecal inflammation compared to infected wild-type
mice at early stages of infection (24 to 48 h) (Fig. 4A and B), we
noticed that the level of infiltrating PMNs was significantly higher
in Pglyrp2�/� mice than in WT mice at 48 h postinfection (P �
0.04) (Fig. 4C). Moreover, goblet cell depletion was also signifi-
cantly elevated at 48 h postinfection in Pglyrp2�/� mice relative to
WT mice (P � 0.01) (Fig. 4D). Despite the absence of significant
differences at early time points of infection, we observed at 72 h
postinfection a marked increase in cecal inflammation in Pg-
lyrp2�/� mice (P � 0.02) (Fig. 4A and B). This was reflected by
significantly enhanced PMN recruitment and goblet cell depletion
in infected Pglyrp2�/� mice compared to WT mice (P � 0.03, and
0.003, respectively) (Fig. 4C and D). It must be noted that this
increase in pathology did not follow the pathology seen in

TABLE 1 Detailed characterization of the cecal leukocyte population
expressing the reporter gene carrying GFP under the control of the
Pglyrp2 promoter at steady state

Cecal cell type in Pglyrp2�/� mice

% of GFP-expressing cellsa

IELs LPLs

CD4� TCR�� 47.6 
 2.0 56.7 
 9.7
CD8� TCR�� 70.1 
 2.0 74.5 
 2.5
CD8� TCR�	� 33.0 
 10 13.3 
 3.3
NK1.1� TCR�� 78.5 
 2.3 64 
 4.0
NK1.1� TCR�� 70.3 
 4.1 3.4 
 1.1
CD19� 3.9 
 2.0 3.3 
 0.7
CD11b� CD11c� Gr1� 1.7 
 1.7 �1.0
CD11b� CD11c� Gr1� �1.0 �1.0
CD11c� MHC-II� 35.2 
 10.0 �1.0
CD11b� CD11c� 23.5 
 13.9 �1.0
a Data shown are the mean 
 standard error of the mean of three independent
experiments.

FIG 2 Pglyrp2 expression is increased in the cecum following Salmonella infection. qRT-PCR was used to measure the expression of Pglyrp2 in the ceca
from uninfected and infected WT mice at 24 h, 48 h, and 72 h (A). The expression is normalized to the housekeeping gene Rpl19 (6 to 8 mice per group
per experiment) (n � 3; *, P � 0.05). The bar graph shows average fold change over uninfected controls (n � 3). The average relative frequency of GFP�

cells in different populations (CD4� TCR��, CD8� TCR��, CD8� TCR�	�, NK1.1� TCR��, NK1.1� TCR��, CD19�, CD11c� MHC-II�, and Gr1�

CD11b�) in cecal IELs (B) and LPLs (C) from Pglyrp2�/� mice uninfected or 48 h after infection with SL1344 was quantified by flow cytometry analysis
(n � 3; *, P � 0.05).
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Nod1�/� Nod2�/� double knockout (DKO) mice, where inflam-
mation is significantly reduced following infection (8). Finally,
spleens and cecal tissue samples were examined from the same
infected mice as those used for histological analysis to determine
bacterial colonization and spread. Although Pglyrp2�/� mice had
levels of colonization similar to those of WT mice in both spleen
and cecum samples, a trend toward increased bacterial load (P �
0.07) was observed in Pglyrp2�/� cecal tissues at 72 h postinfec-
tion compared to WT cecal tissues (Fig. 4E and F). Thus, our
findings indicate that PGLYRP2 plays a protective role during the
late stage of Salmonella colitis and that this role is independent of
Nod1- and Nod2-induced control of inflammation.

Cecal inflammation is greatly exacerbated in Nod2�/�

Pglyrp2�/� DKO mice following 24 h postinfection with Salmo-
nella SL1344. Next, we sought to investigate whether PGLYRP2
differentially influence Nod1 or Nod2 response to bacterial pep-

tidoglycan in vivo. In order to carry out the investigation, we first
crossed our Pglyrp2�/� mice with either Nod1�/� or Nod2�/�

mice to generate the double knockout (DKOs) Nod1�/�

Pglyrp2�/� and Nod2�/� Pglyrp2�/� mice. We then performed
histological analysis on the cecum samples from uninfected and
infected WT, Pglyrp2�/�, Nod1�/� Pglyrp2�/� DKO, and
Nod2�/� Pglyrp2�/� DKO mice at 24 h. The individual patholog-
ical features were scored (Fig. 5A) and were subsequently com-
bined to calculate the average pathological scores (Fig. 5B). In-
fected Nod1�/� Pglyrp2�/� DKO mice displayed no significant
change (P � 0.12) in cecal inflammation compared to that of
infected WT or Pglyrp2�/� mice at 24 h (Fig. 5B). Interestingly,
however, we observed that the level of cecal inflammation was
greatly elevated (P � 0.005) in Nod2�/� Pglyrp2�/� DKO mice at
24 h p.i. with Salmonella (Fig. 5B). This increase was attributed to
a significantly higher level of infiltrating PMNs (P � 0.003), as well

FIG 3 PGLYRP2 does not modulate Nod-dependent early Th17 responses or inflammatory cytokine responses to Salmonella infection. qRT-PCR was used to
measure the mRNA level of Il17a and Il22 (A), Lcn2 and RegIII� (B), and KC and Il1� (C) in cecal samples from streptomycin-treated WT and Pglyrp2�/� (KO)
mice infected with 5 � 107 CFU of SL1344 for 24 to 72 h. Line graphs in panel A show the average expression levels of Il17a and Il22 in infected samples over time.
Bar graphs depict the average expression levels of antimicrobial peptides (B) and inflammatory cytokines (C) in both uninfected and infected samples at 72 h. The
expression is normalized to the housekeeping gene Rpl19 (6 to 8 mice per group per experiment). One representative of three experiments is shown. Error bars
represent 1 standard error of the mean. NS, not significant.
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as an increased percentage of submucosal edema (P � 0.005) in
the cecal tissue of Nod2�/� Pglyrp2�/� DKO mice compared to
that of the WT mice (Fig. 5C and D). In contrast, goblet cell de-
pletion did not seem to contribute to this enhanced phenotype as
no difference was observed in the levels from the ceca of either WT
or Nod2�/� Pglyrp2�/� DKO mice (data not shown). Finally, both
Nod1�/� Pglyrp2�/� DKO and Nod2�/� Pglyrp2�/� DKO mice
had levels of colonization similar to those of WT mice in both
spleen and cecum samples at 24 h postinfection (Fig. 5E and F). In
conclusion, Nod2�/� Pglyrp2�/� DKO mice seem to have an ex-
acerbated inflammatory response to Salmonella infection relative
to that of Nod1�/� Pglyrp2�/� DKO mice, suggesting that
PGLYRP2 may differentially regulate the response by Nod1 and
Nod2 to bacterial peptidoglycan and that Nod2 signaling is likely
intact and confers early protection against Salmonella infection in
Pglyrp2�/� mice.

DISCUSSION

In the present study, we investigated the role of PGLYRP2 in Sal-
monella enterica serovar Typhimurium-induced colitis. We found
that Pglyrp2 expression was increased in the cecum of Salmonella-
infected mice, and, by flow cytometry, we observed that expres-
sion of GFP under control of the Pglyrp2 promoter was increased
in discrete populations of cecal lymphocytes, in response to infec-
tion. Our results also demonstrated that PGLYRP2 did not con-
tribute to the expression of Th17-associated cytokines, IL-22-de-
pendent antimicrobial proteins, or inflammatory cytokines.
However, Pglyrp2-deficient mice displayed significantly enhanced
inflammation in the cecum at 72 h postinfection, reflected by in-
creased PMN infiltration and goblet cell depletion, thus showing
for the first time a role for PGLYRP2 in the host defense against an
enteric bacterial pathogen in vivo. Moreover, Nod2�/� Pglyrp2�/�

FIG 4 Pglyrp2�/� mice have increased inflammation following SL1344 infection. Streptomycin-treated WT or Pglyrp2�/� (KO) mice were either PBS treated
(uninfected) or infected with 5 � 107 CFU of SL1344 for 24 to 72 h; then, their ceca were examined for histological changes and bacterial loads. For histological
changes, the average pathological scores for each analyzed feature (edema, neutrophil recruitment, goblet cell depletion, and epithelial erosion) for all mice from
each group were calculated (A) as well as the average total sum of the pathological scores (B). The line graphs depict the average numbers of PMNs (C) and goblet
cells (D) observed per microscopic field from infected samples over the period of infection. For bacterial loads, CFU counts were determined on cecal tissue (E)
and spleen (F) samples from infected mice (n � 3; 6 to 8 mice per group per experiment). Error bars represent 1 standard error of the mean. *, P � 0.05; **, P �
0.01.
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DKO mice displayed highly elevated levels of inflammation at an
earlier time point (24 h p.i.) than WT, Pglyrp2�/�, and Nod1�/�

Pglyrp2�/� DKO mice, suggesting intricate and complex relation-
ships among these PRMs.

The processing and degradation of peptidoglycan by host en-
zymes such as PGLYRP2 and lysozyme can indirectly influence
bacterial sensing by pattern recognition receptors, such as Nod1
and Nod2. While lysozyme cleaves the sugar chain between
GlcNAc (N-acetylglucosamine) and N-acetylmuramic acid
(MurNAc), PGLYRP2 specifically hydrolyzes the lactyl bond be-
tween MurNAc and L-Ala, generating free peptide fragments,
which are nonetheless still recognized by Nod1 (such as the trip-
eptide L-Ala-D-Glu-meso-DAP or the tetrapeptide L-Ala-D-Glu-
meso-DAP-D-Ala) (14, 22). Similarly, PGLYRP2 was shown to
hydrolyze the lysine-containing muramyl tripeptide MurNAc-L-
Ala-D-Glu-Lys into L-Ala-D-Glu-Lys (39), which can no longer be

recognized by Nod2 (14). Interestingly, the minimum peptidogly-
can fragments hydrolyzed by PGLYRP2 are muramyl tripeptides
(containing either meso-DAP or Lys), and therefore the typical
Nod2 ligand MDP is not cleaved by PGLYRP2 (39), suggesting
that MDP could remain biologically active to stimulate Nod2 re-
gardless of the presence or absence of PGLYRP2. For this reason, it
is likely that the hydrolytic activity of PGLYRP2 is not sufficient to
functionally degrade Nod1/2-specific peptidoglycan fragments in
vivo although this has not been directly tested. In particular, it
remains possible that, although MurNAc-L-Ala-D-Glu-meso-DAP
and L-Ala-D-Glu-meso-DAP can activate Nod1 with similar capac-
ities, the presence of the sugar moiety could modify cellular up-
take, as we recently suggested (19). It is also possible that
PGLYRP2 could differentially affect Nod2-dependent responses
to bacteria, depending on the relative proportions of dipeptide
versus Lys-containing tripeptides in their peptidoglycan, a ratio

FIG 5 Nod2�/� Pglyrp2�/� mice have significantly increased inflammation at 24 h following SL1344 infection. Streptomycin-treated WT, Pglyrp2�/�, Nod1�/�

Pglyrp2�/�, and Nod2�/� Pglyrp2�/� mice were either PBS treated (uninfected) or infected with 5 � 107 CFU of SL1344 for 24 h; then, their ceca were examined
for histological changes and bacterial loads. For histological changes, the average pathological scores for each analyzed feature (edema, PMN recruitment, goblet
cell depletion, and epithelial erosion) for all mice from each group were calculated (A) as well as the average total sum of the pathological scores (B). The line
graphs depict the average numbers of PMNs (C) and the percentage of submucosal edema (D) observed per microscopic field from infected samples over the
period of infection. For bacterial loads, CFU counts were determined on cecal tissue (E) and spleen (F) samples from infected mice (n � 3; 6 to 8 mice per group
per experiment). Error bars represent 1 standard error of the mean. *, P � 0.05; **, P � 0.01; NS, nonsignificant.
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that varies from one bacterial species to another. Nevertheless,
these considerations strongly suggest that the amidase activity of
mammalian PGLYRP2 may not be responsible for promoting a
global scavenger function aiming to dampen immune responses
dependent on peptidoglycan. This contrasts with the role assigned
to Drosophila amidase PGRPs, such as PGRP-LB. Indeed, in Dro-
sophila detection of peptidoglycan and induction of innate im-
mune responses to bacteria by effector PGRPs (such as PGRP-LC
or PGRP-SA) require that peptidoglycan fragments contain both
sugar and peptide moieties (17, 31).

In our Salmonella infection model, it appears that PGLYRP2
may trigger host defense and innate immune responses indepen-
dently of its amidase activity, especially given that our histology
data on infected mice did not follow the pathology observed in
Nod1�/� Nod2�/� double knockout mice where inflammation is
significantly reduced during infection (8). Supporting this argu-
ment, an immune-modulatory role for PGLYRP2 irrespective of
its amidase function has been recently shown in the arthritis in-
flammation model (30). In this study, the authors showed that
both Nod2 and PGLYRP2 were required for the induction of pep-
tidoglycan-induced arthritis and that Nod2 was acting upstream
of PGLYRP2 to induce its expression. Indeed, our data support the
notion that Nod proteins and PGLYRP2 may be working together
to promote protection in our colitis model. In our study, we ob-
served at an early stage (24 h) of Salmonella infection a significant
increase in cecal inflammation in Nod2�/� Pglyrp2�/� DKO mice,
but not Nod1�/� Pglyrp2�/� DKO mice, compared to inflamma-
tion in WT or Pglyrp2�/� mice. Our data thus suggest that both
Nod2 and PGLYRP2 may be working in concert as part of a reg-
ulatory pathway, where contribution of Nod1 is minimal, to con-
fer protection during Salmonella infection. These results are also
in agreement with the previous biochemical data mentioned
above, which demonstrated that PGLYRP2 was unable to degrade
MDP, the muramyl peptide agonist of Nod2 (39).

In summary, we have demonstrated a protective role for
PGLYRP2 during Salmonella infection in vivo, and this represents
the first indication that this molecule contributes to the host de-
fense against bacterial pathogens at mucosal surfaces. Although it
is clear that PGLYRP2 plays a protective role in downregulating
inflammation in Salmonella-induced colitis, whether this effect is
mediated by amidase-dependent processing of peptidoglycan
fragments and affects Nod1/2-driven host responses is question-
able, given that PGLYRP2 did not seem to modulate Nod1/2-
dependent, early Th17 responses to Salmonella infection. Further
research is required to delineate the mechanisms by which
PGLYRP2 confers protection in the intestine during bacterial in-
fection.
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