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 INTRODUCTION 
 The intestinal mucosa is colonized by a large variety and high 

number of commensal bacteria that significantly contribute to 

intestinal physiology. The epithelium is equipped to recognize 

the presence of microorganisms to control bacterial growth and 

maintain enteric homeostasis. Innate immune recognition is 

facilitated by several families of innate immune receptors that 

recognize conserved microbial structures and induce cellu-

lar activation. Expression of the cytosolic nucleotide-binding 

oligomerization domain (Nod) 2 receptor is found at the intesti-

nal epithelium. Nod2 belongs to the family of Nod-like receptors 

and recognizes a muramyl dipeptide motif, structural subunit 

of the bacterial cell wall constituent peptidoglycan. 1 – 3  Nod2 has 

been associated with enteric antibacterial host defense and the 

regulation of the intestinal microbiota. 4,5  Also, mutations within 

the  Nod2  gene have been associated with the chronic intestinal 

inflamma tion in patients with Crohn ’ s disease. 6,7   Nod2  mutations 

were shown to suppress expression of the negative regula-

tory cytokine interleukin (IL)-10. 8  Thus, in addition to innate 

immune receptor-stimulated host defense activation, negative 

regulatory mechanisms must also be present that prevent inap-

propriate immune stimulation by commensal bacteria leading to 

chronic inflammation and tissue destruction. 

 Peptidoglycan is constantly released by members of the enteric 

microbiota colonizing the intestinal mucosa. It comprises long 

alternating GlcNAc ( N -acetylglucosamine) and MurNAc ( N -

acetylmuramic acid) glycan chains crosslinked by short peptide 

bridges bound to the lactic acid group on  N -acetylmuramic 

acid. The best-studied peptidoglycan-modifying enzyme is 

lysozyme secreted by macrophages and crypt Paneth cells. 

Lysozyme cleaves the  � 1-4 glycosidic bond leaving the mini-

mal Nod2-recognized structural motif muramyl ( L -Ala  D -Glu) 

dipeptide intact. In contrast, the  N -acetylmuramoyl- L -alanine 

amidase peptidoglycan recognition protein 2 (PGLYRP-2, also 
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called PGRP-L) hydrolyses the lactyl bond between MurNAc 

and  L -alanine and destroys the Nod2-recognized structure. 9  

PGLYRP-2 belongs to an evolutionary conserved family of 

peptidoglycan-binding proteins first identified in insects. 10 – 12  

Insect members of this protein family facilitate peptidoglycan 

recognition and host defense activation (hence the name) or 

show amidase activity and are involved in negative regula-

tion of bacterial immune stimulation. 9,13 – 16  In mammals, 

four PGLYRPs have been described. 11,17,18  They seem not to 

be involved in direct ligand recognition but exhibit enhanced 

expression upon immunostimulation. 19  PGLYRP-1 as well as 

PGLYRP-3 and -4 are expressed in bone marrow, and esopha-

gus, tonsils, and thymus, respectively, and exhibit significant 

bacterial killing activity. 17,18,20  In contrast, the secreted protein 

PGLYRP-2 is mainly expressed in the liver and released into the 

bloodstream. It is devoid of antibacterial activity but similar to 

the  Drosophila melanogaster  PGRP-LB, and PGRP-SC1A / 1B 

represents a catalytic amidase. 13,14,16,18,21,22  Interestingly, the 

long-known peptidoglycan-degrading NAMLAA ( N -acetyl-

muramoyl- L -alanine amidase activity) in human serum has only 

recently been attributed to the  Pglyrp-2  gene. 23,24  Although ami-

dase pretreatment of peptidoglycan diminished the proinflam-

matory activity  in vivo ,  Pglyrp-2 -deficient mice did not exhibit 

an enhanced susceptibility to systemic bacterial infection. 25,26  

Intestinal mucosal PGLYRP-2 expression and the biologically 

relevant  in vivo  function are ill defined. 

 In this study, expression of PGLYRP-2 by cells of the intestinal 

mucosa and the functional effect on epithelial Nod2-mediated 

peptidoglycan recognition was examined using mice with the 

green fluorescent protein (GFP) encoding gene replacing the 

start site in the first intron of  Pglyrp-2  leaving all endogenous 

regulatory elements of  Pglyrp-2  expression unaffected. The 

results for the first time demonstrate  Pglyrp-2  expression by 

mucosal lymphocytes, characterize the lymphocyte population 

in great detail, and demonstrate a significant effect of PGLYRP-2 

on intestinal epithelial peptidoglycan recognition. This work 

thus identifies a novel upstream regulatory mechanism of 

mucosal peptidoglycan recognition.   

 RESULTS  
 PGLYRP-2 is expressed by epithelium-associated 
lymphocytes 
 Strong expression of mammalian PGLYRP-2 has been reported in 

the liver with secretion into the bloodstream. Indeed, flow cyto-

metric analysis of liver cells isolated from mice expressing GFP 

under the control of the  Pglyrp-2  regulatory elements revealed 

significant fluorescence ( Supplementary Figure S1  online), and 

immunoblot analysis of serum from wild-type but not reporter 

mice detected PGLYRP-2 at the expected molecular weight 

(data not shown). As significant expression of  Pglyrp-2  was also 

detected in total intestinal tissue, 18  intestinal epithelial cells as 

well as associated lymphoid and myeloid cells were isolated from 

reporter animals and wild-type C57BL / 6 mice and compared 

by flow cytometry. Highly enriched (    >    98 % ) intestinal epithe-

lial cells did not exhibit detectable fluorescence ( Figure 1a ). 

A significant population of GFP     +      cells was, however, detected 

in the preparation of epithelium-associated CD45     +      cells, with 

29.5 %  of CD45     +      cells showing significant GFP expression 

( Figure 1b ). Co-staining with markers for intestinal macro-

phages (F4 / 80) or polymorphonuclear cells (Gr-1) did not reveal 

expression by myeloid cells ( Figure 1c ). 27 – 29  In contrast, 96.5 %  

GFP     +      cells exhibited staining for CD3 and 84.2 %  simultaneously 

expressed CD11c ( Figure 1d ), both characteristically expressed 

on intraepithelial lymphocytes. 30,31  No significant CD11b or 

CD19 expression was noted on GFP     +      cells, indicating absence of 

reporter gene expression by intestinal mucosal dendritic cells or B 

lymphocytes, respectively (Figure 1d and e). GFP expression by 

intraepithelial lymphocyte cells was confirmed by immunohis-

tological staining for GFP and CD3 in small intestinal tissue sec-

tions obtained from  gfp knock-in  mice ( Figure 1f ). These results 

for the first time identify expression of the  N -acetylmuramoyl-

 L -alanine amidase PGLYRP-2 by intraepithelial lymphocytes in 

close proximity to the microbial-exposed epithelium, suggesting 

a possible influence on mucosal peptidoglycan recognition.   

 Detailed characterization of  gfp -expressing epithelium-
associated T lymphocytes 
 To investigate whether the  gfp- expressing T lymphocyte popula-

tion represented a defined lineage or whether  Pglyrp-2  expres-

sion might display a common marker of mucosal T lymphocytes, 

the population of epithelium-associated GFP     +      cells was char-

acterized for T-cell receptor (TCR  �  �  and  �  � ) and co-receptor 

expression (CD4, CD8 � , and CD8 � ). Expression of the TCR �  �  

and TCR �  �  was found in 50.0 and 45.9 %  of the GFP     +      popu-

lation, respectively, ( Figure 2a and f    ). Of GFP     +      lymphocytes, 

74.7 %  stained positive for the co-receptor CD8 �  and 31.7 %  for 

CD8 �  ( Figure 2b and f    ). Of CD8 � -positive GFP     +      cells, 97.6 %  

were also CD8 �  positive, whereas 45.3 %  of GFP     +      lymphocytes 

expressed only CD8 � . Of GFP     +      lymphocytes, 16.7 %  showed 

CD4 expression and only a small fraction of 1.1 %  CD4 / CD8 �  

double-positive and 0.2 %  CD4 / CD8 �  double-positive cells were 

noted among GFP     +      lymphocytes. Of CD4-positive GFP     +      lym-

phocytes, 85.8 %  stained positive for the TCR �  �  receptor. The 

percentage of GFP     +      cells among CD3     +     , TCR �  �      +     , TCR �  �      +     , 

CD8 �      +     , CD8 �      +     , and CD4     +      intraepithelial lymphocytes is 

shown in  Supplementary Table S1  online. 

 CD69, an early surface protein characteristic for activated 

T lymphocytes, 32  was present on 93.1 %  GFP     +      lymphocytes 

( Figure 2c and f    ). Respectively, 79.4 and 93.6 %  of GFP     +      TCR �  � - 

and TCR �  � -positive lymphocytes also stained for CD69. Also, 

98.0 %  of CD8 � -positive GFP     +      lymphocytes expressed CD69. 

In addition, staining for the marker of regulatory T cells Foxp3 

(forkhead box P3) was performed on GFP     +      cells following sort-

ing by flow cytometry ( Figure 2d    ). Regulatory T cells have an 

important role in gut homeostasis. 33  Yet,     <    1.0 %  Foxp3-posi-

tive cells were detected among sorted GFP     +      intraepithelial lym-

phocytes in accordance with the low number of Foxp3-positive 

cells among intraepithelial lymphocytes indicated in the recent 

literature. 34  A significant influence of PGLYRP-2 expression 

on the development and tissue distribution of Foxp3     +      regu-

latory T lymphocytes was excluded by a comparative analysis 

of the number of Foxp3     +      cells in spleen and intestinal  lamina 
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propria  tissue from wild-type and  Pglyrp-2 -deficient mice 

( Supplementary Figure S2  online). 

 Mucosal GFP     +      T lymphocytes were tested for expression of 

the additional cell surface markers CD137, CD27, and B220 

( Figure 2e and f    ). Only 2.4 %  of GFP     +      CD3     +      T lymphocytes 

expressed CD137, a co-stimulator of proliferation 35  ( Figure 2d ). 

Of the GFP     +      CD3     +      population, 26.3 %  was also positive for the 

surface marker CD27 in accordance with the recent report on 

CD27 expression by gut-resident  �  �  T lymphocytes. 36  Finally, 

46.0 %  of the reporter gene expressing T lymphocytes showed 

B220 surface expression. The CD45 isoform B220, normally 

used to identify B cells, also represents a marker for activated 

T lymphocytes 37 – 40  ( Figure 2e ). The expression of the various 

marker proteins on small intestinal intraepithelial GFP     +      lym-

phocytes is summarized in  Figure 2f . 

 It is noteworthy that  Pglyrp-2  expression is not restricted to 

small intestinal tissue. GFP     +      cells were also noted in spleen tissue 

and among intraepithelial lymphocytes in colon tissue isolated 

from  g fp  transgene animals ( Supplementary Figure S3  

online). When compared with the small intestinal cells, GFP     +      

intraepithelial lymphocytes in colon tissue expressed more 

TCR �  �  (62.9 % ) and less TCR �  �  (20.1 % ) ( Supplementary 

Figure S3A  online). The distribution of co-receptor expres-

sion was similar with the highest percentage of cells being 

positive for CD8 �  (59.0 % ), less so for CD8 �  (27.4 % ), and 

only few cells expressing CD4 (3.0 % ) ( Supplementary Figure 

S3A  online). In spleen tissue, GFP     +      cells expressed TCR �  �  

(60.1 % ) but not TCR �  �  (1.6 % ), as expected ( Supplementary 

Figure S3B  online). Also, spleen cells exhibited a balanced 

CD8 �  (32.6 % ), CD8 �  (29.9 % ), and CD4 (31.6 % ) distribution 

( Supplementary Figure S3B  online). Together,  Pglyrp-2  

expression seems not to be attributed to a specific lymphocyte 

lineage but rather to represent a general feature of intraepi-

thelial T lymphocytes in small intestine and colon as well as 

of spleen T cells.  Pglyrp-2  is expressed by small intestinal 

T lymphocytes exhibiting a typical activated (B220     +      and 

       Figure 1             Reporter gene expression in mice carrying the green fluorescent protein (GFP) under the control of the  Pglyrp-2  promoter. ( a ,  b ) GFP 
expression in intestinal mucosal cells of C57BL / 6 wild-type vs.  gfp  knock-in reporter mice. ( a ) Primary intestinal epithelial cells were prepared from 
wild-type and  gfp  knock-in C57BL / 6 mice and analyzed by flow cytometry for GFP expression (FL-1). The histogram shows fluorescence of the total 
epithelial cell preparation. ( b ) Fluorescence intensity of CD45     +      epithelium-associated cells from C57BL / 6 wild-type and reporter mice as determined by 
flow cytometry. ( c ) Histograms demonstrating expression of the myeloid surface markers F4 / 80 and Gr-1 on gated GFP     +      primary epithelium-associated 
cells. ( d ,  e ) Simultaneous CD3 / CD11c and CD3 / CD11b staining ( d ) as well as CD3 / CD19 staining ( e ) of GFP     +      epithelium-associated cells shown by dot 
blot. ( f ) Immunostaining for CD3 (red) and GFP (green) to visualize GFP-expressing intraepithelial lymphocytes in small intestinal tissue of  gfp  knock-
in reporter mice. The epithelial surface is highlighted by the grey dotted line; the white square indicates the insert shown as magnified image in the left 
upper panel. Original magnification  ×  630. Each flow cytometric analysis was performed on cells obtained individually from 3 to 4 mice. A representative 
analysis is presented and the statistical analysis of all performed experiments is indicated in the text and  Figure 2f .  
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CD69     +     ) nonproliferative (CD137     −     ) intestinal intraepithelial 

lymphocyte phenotype.   

 Confirmation of the lymphocyte phenotype by flow 
cytometric sorting and RT-PCR analysis 
 Expression of  Pglyrp-2  by intraepithelial T lymphocytes was 

subsequently confirmed in C57BL / 6 wild-type mice by quan-

titative RT-PCR .  In accordance with previous results, strong 

 Pglyrp-2  expression was detected in liver tissue ( Figure 3a ). 18  

Also, isolated epithelium-associated cells but not intestinal 

epithelial cells revealed significant  Pglyrp-2  mRNA expres-

sion. To further verify the cellular expression pattern in 

wild-type mucosal cells, isolated epithelium-associated 

cells were sorted by flow cytometry for expression of CD3 

alone or in combination with TCR �  � , TCR �  � , CD4, CD8 � , 

CD8 � , B220, or CD27, respectively ( Figure 3b ). High expres-

sion of  Pglyrp-2  was detected in CD3     +      T lymphocytes with 

similar expression levels in both CD3     +      / TCR �  �      +      and CD3     +      /

 TCR �  �      +      cells. Whereas CD3     +      / CD8     +      lymphocytes exhib-

ited high gene expression, lower values were obtained for 

CD3     +      / CD4     +      lymphocytes. 

 The finding that expression was detected in CD69     +      activated 

mucosal T lymphocytes prompted us to investigate the influ-

ence of exogenous and endogenous immune stimuli on  Pglyrp-2  

expression by intraepithelial lymphocytes. No significant dif-

ference in the  Pglyrp-2  mRNA expression level was detected in 

intraepithelial lymphocytes prepared from  Nod2- deficient when 

compared with wild-type mice ( Figure 4a ). In addition, no influ-

ence of exogenous microbial stimuli such as lipopolysaccharide 

(LPS) and peptidoglycan or endogenous immunoregulatory 

mediators such as IL-15 and IL-22 on  Pglyrp-2  expression was 

observed ( Figure 4b ). Even in the presence of anti-CD3 / anti-

CD28 antibodies, stimulation with LPS, peptidoglycan, IL-15, 

or IL-22 did not lead to significant changes in  Pglyrp-2  mRNA 

levels ( Figure 4c ). These results identify strong constitutive, 

T lymphocyte lineage-independent expression of  Pglyrp-2  in 

intestinal intraepithelial lymphocytes that might represent a new 

mechanism to limit the concentration of stimulatory mucosal 

peptidoglycan.   

 PGLYRP-2 influences intestinal epithelial peptidoglycan 
recognition 
 The  N -acetylmuramoyl- L -alanine amidase activity of PGLYRP-

2 destroys the Nod2-recognized structural muramyl dipep-

tide motif of peptidoglycan. Expression of the peptidoglycan 

receptor Nod2 has been shown to have an important role in the 

maintenance of the enteric homeostasis. 4,5  Despite expression 

of Nod2 in isolated intraepithelial T lymphocytes ( Figure 5a ), 

         Figure 2             Detailed characterization of the reporter gene expressing intestinal T lymphocyte population. Green fluorescent protein-positive (GFP     +     ) cells 
from primary isolated epithelium-associated cells were analyzed for the expression of various surface marker proteins by flow cytometry. The numbers 
in the dot blot images indicate the percentage of single or double positive cells for the indicated marker protein among GFP     +      cells of the presented 
representative experiment. ( a ) T-cell receptor (TCR) �  � , TCR �  � , and CD4 expression and ( b ) co-receptor CD4, CD8 � , and CD8 �  expression by GFP     +      
mucosal cells isolated from transgene animals. ( c ) CD69 expression in combination with TCR �  � , TCR �  � , and CD8 � . ( d ) GFP     +      cells were isolated 
from total mucosal cells by flow cytometric sorting and subsequently stained for intracellular detection of Foxp3 (forkhead box P3) by flow cytometry. 
Spleen cells stained for Foxp3 shown in  Supplementary Figure S2  online serve as positive control for the Foxp3 staining. ( e ) CD137, CD27, and B220 
expression in combination with CD3 by GFP     +      cells. Each flow cytometric analysis was performed on cells obtained individually from 3 to 4 mice. A 
representative analysis is presented and the statistical analysis (mean ± s.d.) of all performed results is summarized in a column diagram ( f ).  
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no interferon (IFN)- �  production in response to peptidog-

lycan stimulation was detected ( Figure 5b ). As PGLYRP-2 

represents a secreted protein and intraepithelial lymphocytes 

reside in close proximity to the enteric mucosal surface, we 

next studied the response of intestinal epithelial cells to pep-

tidoglycan and the influence of PGLYRP-2 on epithelial Nod2 

recognition. As expected, Nod2 expression was detected in pri-

mary isolated intestinal epithelial cells and intestinal epithelial 

m-IC cl2  cells ( Figure 5a,  and data not shown) with upregu-

lation of Nod2 expression in response to microbial stimula-

tion ( Figure 5c ). In contrast to intraepithelial lymphocytes, 

m-IC cl2  cells responded to peptidoglycan with the secretion of 

the proinflammatory chemokine macrophage inflammatory 

protein-2 in a time- and dose-dependent manner ( Figure 5d  

and  Supplementary Figure 4A and B  online). Small interfer-

ing RNA (siRNA)-mediated gene downregulation confirmed 

that the epithelial peptidoglycan response was dependent on 

expression of the Nod2 receptor ( P     <    0.05) and the downstream 

signaling molecule Rip2 ( P     <    0.05), but independent of the 

innate immune receptors Nod1 and Toll-like receptor (TLR)2 

( Figure 5d ). The residual response to peptidoglycan after Nod2 

or Rip2 siRNA treatment was most probably due to a limited 

transfection efficiency and gene downregulation in intestinal 

epithelial m-IC cl2  cells by this technique. Importantly, pretreat-

ment with recombinant PGLYRP-2 significantly reduced the 

immunostimulatory effect of peptidoglycan ( Figure 5e ) but not 

LPS ( Figure 5f ). The potency of the effect was similar to the 

reduced chemokine secretion observed after siRNA-mediated 

Nod2 downregulation. These results are in accordance with a 

catalytic degradation of the stimulatory activity of peptidogly-

can and indicate that the  N -acetylmuramoyl- L -amidase activity 

of PGLYRP-2 might significantly impair the stimulatory poten-

tial of peptidoglycan. 

 To examine a possible impact of Pglyrp-2-induced alterations 

of the Nod2-mediated peptidoglycan recognition on the enteric 

host – microbial interaction, the bacterial microbiota composition 

in the proximal and distal small intestine as well as large intestine 

was comparatively analyzed in wild-type,  Pglyrp-2 -, and  Nod2 -

deficient animals by quantitative PCR using bacterial group-

specific 16S rDNA primers. 41  Whereas the bacterial composition 

in the large intestine of wild-type,  Pglyrp-2 -, and  Nod2 -deficient 

animals was very similar, differences in the gene copy number 

of the  Bacteroides  group ( P     =    0.017) and the  Mouse Intestinal 

Bacteroides  group ( P     =    0.004) were noted in the distal small 

   Figure 3             Confirmation of  Pglyrp-2  expression in primary intestinal mucosal C57BL / 6 wild-type cells by quantitative RT-PCR. ( a ) RNA was isolated 
from liver tissue, isolated primary intestinal epithelial cells, and intestinal epithelium-associated cells, and quantitative RT-PCR for  Pglyrp-2  in relation 
to the  Hprt  housekeeping gene was performed. ( b ) Primary intestinal epithelium-associated cells were stained for expression of CD3 alone or CD3 in 
combination with T-cell receptor (TCR) �  � , TCR �  � , CD4, CD8 � , CD8 � , B220, or CD27, respectively, and sorted by flow cytometry.  Pglyrp-2  in relation 
to the  Hprt  expression was analyzed by quantitative RT-PCR and is shown as fold change. For each parameter, cells were prepared from 3 to 4 mice, 
sorted, and analyzed individually for  Pglyrp-2  mRNA expression. Mean ± s.d. is shown.  

    Figure 4             Regulation of  Pglyrp-2  expression in mucosal lymphocytes by endogenous and exogenous stimuli. ( a ) Expression of peptidoglycan 
recognition protein 2 (Pglyrp-2) in intraepithelial lymphocytes (IELs) obtained from wild-type ( n     =    5) and  nucleotide oligomerization domain 2  ( Nod2) -
deficient mice ( n     =    5). Quantitative RT-PCR for  Pglyrp-2  was performed in total mRNA prepared from primary IELs and normalized to the  Hprt  
housekeeping gene. The values indicate  Pglyrp-2  mRNA levels relative to  Pglyrp-2  expression in IECs. ( b ,  c ) Influence of endogenous and exogenous 
stimuli on Pglyrp-2 expression in primary IELs. Quantitative RT-PCR analysis for  Pglyrp-2 mRNA  expression normalized to the  Hprt  housekeeping 
gene was performed using total mRNA prepared from primary IELs after incubation for 18   h at 37    ° C in the presence of lipopolysaccharide (LPS, 
10   ng   ml  – 1 ), peptidoglycan (PG, 10    � g   ml  – 1 ), interleukin (IL)-15, and IL-22 (each 50   ng   ml  – 1 ) in the ( b ) absence or ( c ) presence of anti-CD3 (1    � g   ml  – 1 ) 
and anti-CD28 (2    � g   ml  – 1 ) and is presented as relative change. All experiments were repeated at least twice and a representative result is presented.  
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intestine and of the  Lactobacillus / Enterococcus  group ( P     =    0.019) 

and the  segmented filamentous bacteria  group ( P     =    0.006) were 

noted between wild-type and  Pglyrp-2 -deficient animals in the 

proximal small intestine. The gene copy number of  segmented 

filamentous bacteria  in the proximal small intestine also exhib-

ited a significant difference between wild-type and  Nod2 -defi-

cient animals ( P     <    0.001;  Figure 6  and  Supplementary Table S2  

online). These results are in accordance with an upstream regu-

latory function of PGLYRP-2 on Nod2-mediated innate immune 

effector activities that influence the bacterial composition at the 

small intestinal mucosa.    

 DISCUSSION 
 In  D. melanogaster,  the family of peptidoglycan recognition 

proteins (PGRPs) have an essential role in immunity. PGRPs 

directly bind to the bacterial cell wall component peptidoglycan 

and initiate the signaling cascade leading to immune stimula-

tion and antibacterial and antifungal host defense. In addition, 

certain isoforms such as PGRP-LB possess amidase activity and 

inactivate the recognized bacterial ligand. As intestinal PGRP-

LB expression is upregulated by immune stimulation, its luminal 

secretion represents an upstream negative regulatory mechanism 

to restrict the presence of active ligand and terminate and down-

regulate host defense activation. 16  Although the important role 

of Nod2 for intestinal homeostasis has been established, the role 

of catalytic amidase activity within the mammalian intestine has 

not been examined. Yet, this appears to be of particular interest 

as a similar catalytic negative regulatory mechanism upstream 

of bacterial LPS recognition has recently been described in the 

fish and mouse intestine. 42,43  Intestinal alkaline phosphatase 

removes one phosphate group from LipidA, the essential con-

stituent and structural motif recognized by the LPS immune 

receptor TLR4. Intestinal alkaline phosphatase is secreted into 

the intestinal lumen, and by dephosphorylation of LPS restricts 

innate immune activation and the recruitment of professional 

immune cells to the enteric mucosa. 43  

 In this study, we analyzed  Pglyrp-2  expression by cells of 

the murine intestinal mucosa and studied the effect on intes-

tinal epithelial peptidoglycan recognition. To our surprise, 

we observed significant  Pglyrp-2  expression by intraepithelial 

T lymphocytes in addition to the previously observed production 

of PGLYRP-2 in liver tissue. The characterization of PGLYRP-

2-positive lymphocytes in the small intestinal mucosa revealed 

expression by CD3     +     , TCR �  �      +      or TCR �  �      +     , mainly CD8     +     , partly 

         Figure 5             Analysis of the effect of peptidoglycan recognition protein 2 (PGLYRP-2) on intestinal epithelial nucleotide oligomerization domain (Nod2)-
mediated peptidoglycan (PG) recognition. ( a ) Quantitative RT-PCR for  Nod2  normalized to the  Hprt  expression in isolated intraepithelial lymphocytes 
(IELs) and primary intestinal epithelial cells (IECs) is shown as fold change. ( b ) Flow cytometric analysis of intracellular interferon (IFN)- �  staining in 
gated CD3     +      primary IELs after incubation for 4   h in the presence of 10    � g   ml  – 1  PG. Brefeldin A was added after 2   h of incubation. Ionomycin / phorbol 
myristate acetate (Io / PMA) served as positive control. ( c ) Quantitative RT-PCR for  Nod2  expression in intestinal epithelial m-IC cl2  cells left untreated or 
incubated in the presence of lipopolysaccharide (LPS, 10   ng   ml  – 1 ) or PG (10    � g   ml  – 1 ) for 6   h normalized to  Hprt  is shown as fold change. ( d ) Secretion 
of the chemokine macrophage inflammatory protein 2 (MIP-2) by intestinal epithelial mIC cl2  cells transfected with control (co),  Rip2- ,  Nod2-  ,  Nod1- , 
and  Tlr2 -specific small interfering RNA (siRNA) before stimulation with PG (10    � g   ml  – 1 ) for 6   h.  *  P     <    0.05. ( e ,  f ) MIP-2 secretion by control or  Nod2  -
 specific siRNA-transfected mIC cl2  cells after exposure to ( e ) untreated PG or PG pretreated with recombinant PGLYRP-2 and ( f ) untreated LPS or LPS 
pretreated with recombinant PGLYRP-2.  *  P     <    0.05. All experiments were repeated at least twice and a representative result is presented.  
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CD69     +      and B220     +      activated, CD137     −      nonproliferative intesti-

nal intraepithelial T lymphocytes. Thus, PGLYRP-2 expression 

in the small intestine is found in typical gut-associated activated 

effector or memory T lymphocytes that are situated in close 

proximity to the epithelium. PGLYRP-2 production, however, 

was also noted in colon intraepithelial lymphocytes and spleen 

cells and appeared not to be restricted to a distinct T-cell lineage 

but rather to be linked to the T lymphocyte composition in a 

given anatomical environment. 44  

 In contrast to the situation in  D. melanogaster , amidase pro-

duction was not significantly altered by microbial immuno-

stimulation or endogeneous homeostatic cytokines IL-15 or 

IL-22. Also, no significant difference of  Pglyrp-2  mRNA was 

noted between wild-type and Nod2-deficient animals, despite 

the fact that alterations in the lymphoid development have been 

described. 45  Mammalian PGLYRP-2 expression might therefore 

represent a constitutive part of the immunoregulatory network 

involved to prevent inappropriate stimulation by the microbiota 

of the intestine. Yet, we cannot exclude a regulatory effect of 

unidentified exogenous or endogenous mediators. 

 We did not detect IFN- �  production by T lymphocytes in 

response to stimulation with the Nod2 ligand peptidoglycan. 

Even though these results do not exclude a functional effect of 

peptidoglycan on intraepithelial lymphocytes, they suggest that 

other cell types might represent the primary target for luminal 

peptidoglycan. Indeed, intestinal epithelial cells significantly 

responded to peptidoglycan in a time- and dose-dependent 

manner, and a significant influence of PGLYRP-2 on epithelial 

peptidoglycan recognition was observed. Recent reports about 

an important role of Nod2 for gut homeostasis and the differ-

ences in the small intestinal microbiota composition between 

wild-type and  Pglyrp-2 -deficient mice identified in this study 

suggest that PGLYRP-2 secretion might have a direct or indi-

rect effect on the mucosal mechanisms that regulate the enteric 

host – microbial homeostasis. 5  For example, the observed proin-

flammatory response of the intestinal mucosa of germ-free mice 

in response to bacterial colonization might — at least in part — be 

attributed to PGLYRP-2 deficiency, as germ-free housed mice 

have a severely underdeveloped intestinal lymphogenesis. 45  

Also, a significant increase in the number of mucosal effector T 

lymphocytes in addition to regulatory T cells has been described 

under inflammatory conditions such as in patients with inflam-

matory bowel disease who also show significant alteration in 

their enteric microbiota composition. 46  Yet, it is clear that the 

mechanisms that influence the enteric microbiota are incom-

pletely understood and the identification of the underlying regu-

latory circuits certainly requires further attention. For example, 

the biological  in vivo  effect of  � 1-4 glycosidic bond cleaving 

lysozyme or amidase activity on peptidoglycan degradation, 

fragment internalization, and immune stimulation at the intes-

tinal mucosa is undefined. 

 The recent description of a systemic effect of gut-derived 

peptidoglycan, for example, on bone marrow cells possibly 

also extends the functional relevance of our findings to non-

enteric anatomical sites. 47  PGLYRP-2-deficient mice, however, 

do not exhibit any spontaneous phenotype, similar to what has 

been described for Nod2-deficient animals. 4,26  Interestingly, 

a recent study demonstrated a protective role of PGLYRP-2 

in a dextran sulfate sodium-induced colitis model. 48  In this 

study, PGLYRP-2, similar to other PGLYRP family members, 

was shown to prevent IFN- � -mediated natural killer cell 

recruitment and mucosal tissue damage following oral dex-

tran sulfate sodium administration. In accordance with our 

results, moderate changes in the intestinal microbiota com-

position were noted and linked to the enhanced susceptibility 

to mucosal inflammation. For example, enhanced numbers of 

the group of  segmented filamentous bacteria  have previously 

been associated with a more proinflammatory reaction in an 

  Figure 6             Comparative analysis of the bacterial microbiota in proximal and distal small intestine and colon of wild-type,  Nod2- , and  Pglyrp-2  deficient 
mice. Quantitative 16S rDNA PCR of the indicated bacterial groups in total proximal or distal small intestinal or colon tissue homogenate. Tissue 
from four mice was analyzed in each group. The numbers relative to the total bacteria present are indicated in percentages. The points are the actual 
observations, with the boxes showing the mean with one-standard error intervals. The following bacterial groups are shown: Erec,  Eubacterium 
rectale / Clostridium coccoides  group; Lact,  Lactobacillus / Enterococcus  group; Bact,  Bacteroides ; MIB,  mouse intestinal Bacteroides ; SFB,  segmented 
filamentous bacteria .  *  P     <    0.05;  *  *  P     <    0.01.  
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experimental autoimmune encephalomyelitis and T-cell trans-

fer colitis model. 49,50  Interestingly, whereas  Pglyrp-2  expres-

sion protected from dextran sulfate sodium-induced colitis, it 

promoted inflammation in a peptidoglycan-induced arthritis 

model. 48,51  Both Nod2 and PGLYRP-2 seem to be involved in 

the severity of inflammatory arthritis after local tissue instilla-

tion of peptidoglycan. 51 – 53  Parenteral injection of PGLYRP-2, 

however, had no effect on the disease development, and the 

source of PGLYRP-2 involved in the pathogenesis was not 

examined. It is noteworthy that these studies were performed 

using mice on the Balb / c genetic background in contrast to 

our work. 

 In conclusion, this is the first report characterizing intes-

tinal mucosal  Pglyrp-2  expression in detail and demonstrat-

ing its inhibitory effect on intestinal epithelial peptidoglycan 

recognition.  Pglyrp-2   expression is detected in intraepithelial 

CD8     +      TCR �  �      +      or TCR �  �      +      T lymphocytes. As PGLYRP-2 

irreversible destroys the muramyldipeptide motif detected by 

Nod2, mucosal expression might significantly diminish innate 

immune recognition of bacterial peptidoglycan, leading to an 

altered host – microbial balance. Our results thus identify a 

novel upstream regulatory mechanism of intestinal Nod2 rec-

ognition in accordance with recent reports on the close inter-

action between intestinal epithelial cells and intraepithelial 

lymphoid cells in the context of microbial colonization. 54,55  

This illustrates the cooperative function of cells of the adaptive 

immune system on epithelial innate immune recognition to 

restrict inappropriate host defense activation at the intestinal 

epithelial surface.   

 METHODS     

  Antibodies and reagents   .   Fluorophore-conjugated antibodies directed 
against CD3, CD8 � , CD8 � , CD4, CD27, B220, TCR �  � , TCR �  � , FoxP3, 
F4 / 80, CD19, CD11b, and CD11c were purchased from NatuTec 
GmbH / eBioscience (Frankfurt, Germany) and BIOZOL Diagnostica 
Vertrieb GmbH (M ü nchen, Germany). Unconjugated CD3 and CD28 
were obtained from eBioscience (Frankfurt, Germany). The Cy5-con-
jugated anti-CD3 antibody was obtained from Abcam (Cambridge, 
UK). Biotinylated antibodies directed against CD11c, F4 / 80 (clone 
BM8), and GR-1 were from BD Pharmingen (Heidelberg, Germany), 
and CD69 from NatuTec GmbH / eBioscience and detected using Cy5-
conjugated streptavidin from Dianova (Hamburg, Germany). For 
blocking Mouse BD Fc Block was used from BD Pharmingen. All 
siRNA probes employed in this study ( Nod1 ,  Nod2 ,  Tlr2 ,  Rip2 , and 
control siRNA) were purchased from Qiagen (Hilden, Germany). For 
siRNA transfection INTERFERin (Polyplus Transfection, New York, 
NY) was used according to the manufacturer ’ s instructions. The effi-
cacy of  Nod1 ,  Nod2 ,  Tlr2 ,  Rip2 , and siRNA treatment is illustrated in ref. 
56.   Cell culture reagents were from Invitrogen (Karlsruhe, Germany). 
Recombinant cytokines (IL-22 and IL-15) were purchased from 
PeproTech (Hamburg, Germany). Total RNA extraction was performed 
using Trizol from Invitrogen; RNA from sorted cells was isolated using 
the RNA micro kit from Qiagen. Complementary DNA was synthesized 
using the Transcriptor First Strand cDNA Synthesis Kit from Roche 
(Penzberg, Germany) and RT-PCR was performed using the Taqman 
Gene Expression assay for mouse  Pglyrp-2  (Mm00480457)  Nod2  
(Mm00467543), and  Hprt-1  (Mm00446968) from Applied Biosystems 
(Darmstadt, Germany) according to the manufacturer ’ s recommenda-
tions and relative expression (target gene /  Hprt ) is shown in fold change. 

Percoll was purchased from GE Healthcare (Uppsala, Sweden) and 
collagenase A from Roche. Recombinant PGLYRP-2 was prepared as 
described previously. 21  Briefly, His-tagged PGLYRP-2 was expressed 
in S2 Schneider cells and purified over a Ni-sepharose column. Before 
cell stimulation, peptidoglycan was pretreated for 30   min at 37    ° C with 
recombinant PGLYRP-2. All other reagents were obtained from Sigma 
(Taufkirchen, Germany) if not stated otherwise.   

  Animals   .   All animals were housed under specific pathogen-free con-
ditions in accordance with the local regulations. The PGLYRP-2 GFP 
reporter mice were created by replacing the start site in the first intron of 
the  Pglyrp-2  gene with eGFP leaving all endogenous regulatory elements 
of  Pglyrp-2  expression unaffected. The targeted embryonic 129 / SVJae-
derived stem cells were injected into C57BL / 6 mice and after loss of the 
selection cassette mice were backcrossed to C57BL / 6 for ten generations 
and made homozygous to create null animals as previously reported. 26  
No PGLYRP-2 protein expression was detected in homozygous  gfp  
reporter animals. As control mice, wild-type C57BL / 6 mice were used 
from the animal breeding unit of the Microbiology and Tumor Biology 
Center (MTC), Karolinska, Stockholm or purchased from Charles River 
(Sulzfeld, Germany).   

  Cell isolation and immunostaining   .   Highly enriched (    >    98 %  E-cad-
herin     +     , CD45     −     ) primary intestinal epithelial cells were prepared as 
described before. 57  In brief, small intestinal tissue was inverted and 
incubated in 0.3    M  EDTA at 37    ° C for 10   min. Subsequently, the epithe-
lium was removed in large cell aggregates by mechanical sharing and 
separated at 4    ° C from epithelium-associated leukocytes by repeated 
differential sedimentation at 1 ×  g. In addition to the intestinal epithelial 
cells, the co-eluted epithelium-associated cells from  gfp  knock-in and 
wild-type animals were also collected and analyzed by flow cytometry. 
Also, intestinal intraepithelial lymphocytes were isolated as described 
recently. 40  The fraction of epithelium-associated cells and the prepara-
tion of intraepithelial lymphocytes each contained a lymphocyte popu-
lation with similar cellular composition as verified by flow cytometry 
(data not shown). As the latter protocol resulted in a higher yield, this 
method was used to obtain cells for subsequent  in vitro  cell culture. In 
addition,  lamina propria  cells and colonic intraepithelial lymphocytes 
were isolated as described before 40,58  adding a percoll gradient centrifu-
gation step (40 and 70 % ) to enrich colonic intraepithelial lymphocytes. 
Primary cells were analyzed for GFP expression and co-stained against 
CD3, CD8 � , CD8 � , CD4, TCR �  � , TCR �  � , Foxp3, F4 / 80, and CD11c 
following blocking with Mouse BD Fc Block from BD Pharmingen. All 
flow cytometric analysis was performed using a FACSCalibur (Becton 
Dickinson, Franklin Lakes, NJ) and analyzed using CellQuest software. 
Fluorescence-activated cell sorting was performed at the Flow cytometry 
core facility of the Hanover Medical School and of the MTC, Karolinska 
Institute. For immunohistology, formalin-fixed small intestinal tissue 
sections from wild-type and GFP reporter mice were stained using a 
rabbit anti-GFP antibody followed by detection with a Texas red-conju-
gated anti-rabbit secondary antibody (Jackson Immunoresearch, Suffolk, 
England). Immunofluorescence was visualized using a Zeiss Apotome-
equipped fluorescence microscope (Jena, Germany).   

  Stimulation assays   .   Intestinal epithelial m-IC cl2  cells were cultured as 
previously described. 59  For all stimulation experiments, peptidoglycan 
isolated from  Staphylococcus aureus  was used at 10    � g   ml  – 1  concentra-
tion and added apically to polarized epithelial cells in the absence of 
any transfection reagent. Cells were stimulated for 6   h if not stated oth-
erwise. Collected cell culture supernatants were stored at     −    20    ° C and 
macrophage inflammatory protein-2 was quantified using a commer-
cial enzyme-linked immunosorbent assay from Nordic Biosite (T ä by, 
Sweden). Specific or control siRNA was transfected with INTERFERin at 
a final concentration of 10   n M  and 48   h before functional analysis. Isolated 
intraepithelial lymphocytes were cultured at 37    ° C, 5 %  CO 2  for 18   h in 
RPMI-1640 supplemented with 10 %  fetal calf serum, 2   m m  l-glutamine, 
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100   U penicillin / streptomycin, and 10   m m  HEPES (cell culture medium) 
and containing 10   ng   ml  – 1  LPS, 50   ng   ml  – 1  IL-15, or 50   ng   ml  – 1  IL-22. 
Co (control) indicates supplemented cell culture medium without any 
stimulus. mRNA isolation was performed following the same protocol 
as for sorted cells described above. Activation assay was performed with 
isolated intraepithelial lymphocytes. Intraepithelial lymphocytes were 
cultured in cell culture medium only or in the presence of peptidoglycan 
or 10   ng   ml  – 1  phorbol myristate acetate and 500   ng   ml  – 1  ionomycin. After 
2   h of stimulation, 10    � g   ml  – 1  Brefeldin A was added and intraepithelial 
lymphocytes were analyzed after an additional 2   h. Immunostaining of 
CD3 and intracellular IFN �  was performed using the staining buffer set 
from eBioscience according to the manufacturer ’ s recommendations. 
Intraepithelial lymphocytes were gated on CD3 and analyzed for IFN � -
positive cells.   

  Microbiota analysis   .   Animals were co-housed and tissues were obtained 
from 6-week-old animals ( n     =    4 per group). Tissues were removed and 
immediately stored at     −    80    ° C. Total DNA was extracted and quantified. 
The quantitative PCR was performed precisely as recently described. 41  
All analyses were performed separately for each location (colon, distal, 
and proximal small intestine). The main analysis tool was GEE-based 
modeling with robust variance estimates that accounts for the within-
animal correlation of counts of different bacterial classes. For significance 
testing, only the pre-planned pairwise comparisons of the three groups 
for each bacterial class were considered. The family-wise type I error rate 
was controlled at 5 %  for each location using the single-step adjustment 
method based on the multivariate normal distribution. All analyses were 
performed using 2.10.1 (R Foundation for Statistical Computing, Vienna, 
Austria) with the geepack 1.0-17 and multcomp 1.1-6 packages.   

  Statistics   .   Results represent at least three to four similar experiments and 
are expressed as mean ± s.d. The data were analyzed using the unpaired 
Student ’ s  t- test.  P     <    0.05 was considered significant.        

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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