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Peptidoglycan recognition proteins (PGRPs) constitute a family of innate immune recognition molecules. In
Drosophila, distinct PGRPs bind to peptidoglycans on gram-positive or gram-negative bacteria and provide
essential signals upstream of the Toll and Imd pathways required for immunity against infection. Four PGRPs,
PGRP-L, -S, -Ia, and -If3, are expressed from three genes in mammals. In this paper, we provide direct evidence
that the longest family member, PGRP-L, is a secreted serum protein with the capacity to multimerize. Using
gene targeting to create PGRP-L-deficient mice, we demonstrate little contribution by PGRP-L to systemic
challenge using gram-negative bacteria (Escherichia coli, slightly less susceptible), Gram-positive bacteria
(Staphylococcus aureus), or yeast (Candida albicans). Peritoneal macrophages from PGRP-L-deficient mice
produced decreased amounts of the inflammatory cytokines interleukin 6 and tumor necrosis factor alpha
when stimulated with E. coli or lipopolysaccharide, but comparable amounts when stimulated with S. aureus,
C. albicans, or their cell wall components. Additionally, these cells produced similar amounts of cytokines when
challenged with gram-positive or -negative peptidoglycans. In contrast to its critical role in immunity in flies,

PGRP-L is largely dispensable for mammalian immunity against bacteria and fungi.

The ability of the host to distinguish between self and non-
self remains a central hallmark of innate immunity. Microbial
organisms express distinct cell surface molecules, such as pep-
tidoglycan (PGN) and lipoteichoic acid (LTA) on gram-posi-
tive bacteria and lipopolysaccharide (LPS) on gram-negative
bacteria, that are structurally indispensable components of the
cell wall. Recognition of these pathogen-associated molecular
patterns, or PAMPs (14), is achieved predominantly by the
vertebrate Toll-like receptor (TLR) family proteins, which col-
lectively mediate induction of antimicrobial defensins, cyto-
kines, chemokines, and dendritic cell maturation important to
innate and adaptive immune responses.

PGN recognition proteins (PGRPs) were first identified by
their ability to bind PGN and complement the prophenoloxi-
dase cascade that induces melanization around pathogens in
insects (37). Thirteen PGRP family members are present in
Drosophila (36), and each contains a conserved carboxyl-ter-
minal region with homology to bacterial T7 lysozyme (11).
Some family members, such as PGRP-SC1b, have enzymatic
activity and can digest PGN by hydrolyzing the amide bond
between N-acetylmuramic acid and r-alanine (20). The
N-acetylmuramyl-L-alanine amidase activity may function to
reduce the immunostimulatory effects of PGN (12).

Definitive evidence indicating essential roles for PGRPs in
Drosophila innate immunity was revealed in studies of mutants
defective in Toll and Imd pathway-mediated antimicrobial re-
sponses. Infection of flies by gram-positive bacteria and fungi
induces localized production of cleaved Spaetzle, the Toll li-
gand. Stimulation of Toll by ligand binding activates latent
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NF-«kB-like transcription factors, resulting in expression of the
antimicrobial peptide drosomycin. Infection by gram-negative
bacteria results in activation of Imd, a Drosophila RIP-like
adapter (5), and the Relish pathway, with expression of anti-
bacterial peptides active against these bacteria, including dip-
tericin, attacin, drosocin, and cecropins (11). Drosophila with a
mutated PGRP-SA gene failed to activate drosomycin expres-
sion and was unable to survive challenge with gram-positive
bacteria (21). In contrast, responses to gram-negative bacteria
and fungi were not affected. A constitutively active Toll mutant
could overcome the PGRP-SA mutation, suggesting that
PGRP-SA functions upstream of Toll (21). The capacity of
PGRP-SA to bind to PGN, likely in conjunction with gram-
negative binding protein (6, 24), must therefore constitute a
crucial and nonredundant recognition element upstream of
Toll pathway activation in Drosophila.

A similar screen identified PGRP-LC upstream of the Imd
pathway (1, 7, 27). Like Imd mutants, PGRP-LC mutants
poorly induced antimicrobial peptides, particularly diptericin,
and demonstrated increased susceptibility to gram-negative
bacteria; responses to gram-positive bacteria and fungi were
unaffected. As in the Toll pathway, a constitutively active Imd
mutation could rescue antimicrobial peptide induction atten-
uated by the PGRP-LC mutation (1, 7). Therefore, PGRP-LC
plays a crucial and nonredundant role in detecting gram-neg-
ative bacteria and leading to activation of the Imd/Relish path-
way.

Although LPS is a major component of the gram-negative
bacterial cell wall, PGN constitutes a shared cell wall element
in both gram-positive and gram-negative bacteria (28). Struc-
turally similar, these cell wall PGNs differ at the third amino
acid of the peptide side chain, where lysine (Lys-PGN) and
meso-diaminopimelic acid (Dap-PGN) are used in gram-pos-
itive and gram-negative organisms, respectively (28). Unlike
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LPS, Dap-PGN induced gram-negative-like Imd activation in
flies, whereas Lys-PGN fully induced the gram-positive-like
Toll pathway response (15, 18). Together, these studies suggest
that different PGRP proteins in Drosophila mediate direct in-
teractions with distinctive PGN moieties in bacterial cell walls
as a proximal mechanism upstream of Toll and Imd activation.
Indeed, PGRP-LE binds Dap-PGN but not Lys-PGN in vitro,
consistent with this paradigm (31).

PGRP is conserved in mice and humans, where four PGRP
proteins are generated from three genes (19). The longest,
PGRP-L, is a predicted membrane protein expressed mainly in
liver. The shortest, PGRP-S, is a predicted soluble protein
expressed in neutrophils. The intermediately sized family
members, PGRP-Ia and -1IB, are splice products from the same
gene. PGRP-Io/IB are predicted membrane proteins that are
expressed in the esophagus (19). Like the Drosophila PGRPs,
mammalian PGRPs have conserved carboxyl-terminal PGRP
domains homologous to lysozyme (19). Only PGRP-L, how-
ever, has N-acetylmuramyl-L-alanine-amidase activity that di-
gests PGN. The remaining family members have critical amino
acid substitutions that abrogate enzymatic activity (4, 35), but
all four mammalian proteins retain the ability to bind PGN in
vitro (19).

In contrast to the dramatic phenotype of PGRP-SA mutants
in Drosophila, the PGRP-S null mouse displayed normal sus-
ceptibility to gram-negative and gram-positive challenge with
Escherichia coli and Staphylococcus aureus. A nonpathogenic
gram-positive Bacillus species was cleared less efficiently, how-
ever, and the killing and digestion of gram-positive bacteria by
PGRP-SA-deficient neutrophils were compromised in vitro,
although phagocytosis remained intact. Further, murine
PGRP-S had no role in TLR-2-mediated cytokine induction
(3). To define further the function of PGRPs in mammalian
innate immunity, we disrupted the mouse PGRP-L gene and
examined the role of this protein in host defense against bac-
terial and fungal challenges.

MATERIALS AND METHODS

Targeting strategy. The murine PGRP-L genomic sequence was amplified by
PCR using 129/Sv] embryonic stem (ES) cell DNA as template. Primers were
used as follows: sense (GGGAATTCCGAGTCTGGCTCAGTCTGG) and an-
tisense (GCAAGCTTCATGGTGGGTCTCCAGTTCC) for the 4-kb left arm of
the construct; sense (GCGTCGACCACTTGCTTTGTTCAACCCTAATGG)
and antisense (GCCTCGAGTCTACCCCTAAGAACCAGTCACATC) for the
4-kb right arm of the construct. The PCR conditions included the first 10 cycles
at 94°C for 30 s, 60°C for 30 s, and 68°C for 4 min; the next 20 cycles at 94°C for
30's, 60°C for 30 s, and 68°C for 4 min plus cycle elongation of 5 s for each cycle.
The left arm was subcloned into pgkTK (33) with EcoRI and HindIII, and the
right arm was subcloned with Sall and Xhol. An enhanced green fluorescent
protein (EGFP) cassette, derived from pIRES-EGFP (Clontech, Palo Alto,
Calif.), was inserted in frame with the first PGRP-L ATG codon, using PCR-
generated HindIIT and Clal restriction enzyme sites. A loxP-flanked neo cassette
from pL2neo2 (8) was ligated into the targeting construct by using Clal and Sall.

Generation of PGRP-L-deficient mice. The targeting construct was linearized
with Notl and was transfected into PrmCre ES cells, which express the Cre
recombinase under control of the protamine promoter (22). After 7 days of
selection on 400 pg of G418/ml and 2 wM ganciclovir, resistant ES cell clones
were screened for homologous integration by Southern blotting. Three correctly
targeted clones were injected into C57BL/6 blastocysts to create chimeric mice.
The neomycin resistance cassette was deleted in the male germ line by Cre-
mediated recombination after breeding chimeric mice to wild-type mice. Off-
spring of the heterozygous males and wild-type C57BL/6 females were also
screened for the absence of the Cre transgene. Finally, heterozygous animals
were interbred to obtain homozygous mice. The absence of PGRP-L expression
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was determined by reverse transcription (RT)-PCR using the following primers:
sense, ACCTGCTAAGAGAGTACTATGG; antisense, TAGTTGCCCACGA
AGGCCACAC. The following PCR conditions were used: 94°C for 25 s, 60°C
for 25 s, and 72°C for 1 min.

Cell lines and transfections. HEK 293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum,
L-glutamine, penicillin, and streptomycin. Drosophila Schneider cells were cul-
tured at 29°C with Schneider’s Drosophila medium and 10% fetal calf serum.
PGRP-L and PGRP-S cDNAs were generated from RNA of mouse hepatocytes
and eosinophils, respectively, through RT-PCR. They were subsequently sub-
cloned into the pcDNA 3.1-myc plasmid (Invitrogen, Calif.) by using EcoRI and
Xhol to generate PGRP-L-myc and PGRP-S-myc. PGRP-L-V5 was derived
from pAC5.1-PGRP-L (described in insect cell protein expression). Two micro-
grams of each plasmid DNA was transfected into cells plated in six-well plates by
using a calcium phosphate protocol. Cells were collected and assayed 48 h after
transfection.

Insect cell protein expression and antibody generation. PGRP-L ¢cDNA and
PGRP-S cDNA were subcloned into the pAC 5.1 vector (Invitrogen), using
EcoRI and Xhol, to generate pACS5.1-PGRP-L and pAC5.1-PGRP-S. pACS5.1-
PGRP-L or -S and pCoBlast (Invitrogen) were cotransfected into Drosophila
Schneider cells using the calcium phosphate transfection method to generate
blasticidin-resistant cells. The supernatants from the various stably transfected
cells were collected, and the insect cell-expressed PGRP-L was partially purified
with Ni>* columns (Invitrogen). The expressed PGRP-L was used to immunize
rats for generation of polyclonal rat antiserum according to the Current Proto-
cols in Immunology. Additionally, a peptide (amino acids 75 to 94), KAPSHN
TTEPDPHSLSPELQ, was synthesized and used to immunize rabbits for pro-
duction of rabbit polyclonal antiserum by Research Genetics (Invitrogen).

Coimmunoprecipitation and Western blot analysis. Transfected 293 cells were
lysed with NET-N buffer (150 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI [pH
8.0], 0.5% NP-40, 10% glycerol) and immunoprecipitated with anti-Myc anti-
bodies (Upstate, Lake Placid, N.Y.) at 4°C. After four washes with phosphate-
buffered saline (PBS) plus 0.1% NP-40, the immunoprecipitates were subjected
to polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride
membranes, and blotted with anti-V5 antibodies (Invitrogen). For serum immu-
noprecipitation, 50 pl of mouse serum was incubated with rat anti-PGRP-L
antibodies at 4°C. PGRP-L was detected by rabbit anti-PGRP-L antibodies. For
detection of PGRP-L-myc, anti-Myc antibodies were used.

Challenges of PGRP-L null mice. Ten sex- and age-matched (6 to 8 weeks old)
wild-type and PGRP-L-deficient mice were used in each challenge experiment.
LPS of E. coli strain O55:B5 was purchased from Sigma (St. Louis, Mo.). S.
aureus (ATCC 33594), E. coli (ATCC 25922), and Candida albicans were grown
to log phase and frozen in 17% glycerol. The CFU were counted by plating the
frozen stocks overnight, using appropriate plates at 37 or 30°C. Designated
amounts of S. aureus and E. coli (shown in the figures) were injected into
peritoneal cavities of 10 wild-type or knockout mice. C. albicans was injected into
the tail vein. The morbidity of mice after injection was monitored for a 10-day
period.

Peritoneal macrophages. Thioglycolate (1 ml of 3% solution) was injected into
the peritoneal cavity of three wild-type or knockout mice. Five days later, the
peritoneal cavity was washed with 10 ml of cold PBS. Eluted peritoneal macro-
phages were counted and plated into 24-well culture plates at a density of 2 X 10°
per ml using DMEM plus 1% wild-type or PGRP-L knockout mouse serum for
wild-type or knockout macrophages, respectively. After incubation for 2 h at
37°C, nonmacrophage cells were washed away, and different stimulation agents
were added with 50 U of gamma interferon (IFN-y) (R&D Systems, Minneap-
olis, Minn.)/ml. PGN from S. aureus (Fluka, Milwaukee, Wis.) was used at a
concentration of 10 pg/ml, PGN from Bacillus subtilis (Fluka) was used at 10
pg/ml, LPS from E. coli strain 055:B5 (Sigma) was used at 1 pg/ml, LTA (Fluka)
was used at 10 pg/ml, zymosan (Fluka) was used at 20 pg/ml, heat-inactivated S.
aureus was used at 2 X 107/ml, heat-inactivated E. coli was used at 2 X 107/ml,
and heat-inactivated C. albicans was used at 2 X 10%ml. Lysozyme digestion of
S. aureus PGN was carried out as described by Mellroth et al. (20). Briefly, 1 mg
of PGN/ml was digested with 40 pg of hen egg white lysozyme (Sigma)/ml in PBS
for 24 h at room temperature with rocking. Lysozyme was then heat inactivated
at 94°C for 10 min. PGN used in all experiments was examined for LPS contam-
ination by using the Limulus amebocyte lysate assay kit (BioWhittaker, Walk-
ersville, Md.). No significant contamination was detected. After challenge, mac-
rophage culture supernatants were collected after 24 h, and interleukin 6 (IL-6)
and tumor necrosis factor alpha (TNF-a) levels were determined by enzyme-
linked immunosorbent assay (ELISA).

IL-6 and TNF-ae ELISA. IL-6 antibodies (R&D Systems) and TNF-« antibod-
ies (R&D Systems) were coated overnight on 96-well plates at a concentration of
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FIG. 1. PGRP-Lis a secreted serum protein. (A) HEK 293 cells were transfected with PGRP-L-myc (lanes 3, 4, 7, and 8) or PGRP-S-myc (lanes
1,2, 5, and 6). Brefeldin A treatment (lanes 2, 4, 6, and 8) was used for 12 h to block protein secretion. Total cell lysates and culture supernatants
were blotted with anti-Myc antibodies. (B) Drosophila Schneider cells were stably transfected with pACS5.1PGRP-L (lane L) or pAC5.1PGRP-S
(lane S) or were mock transfected (lane C). Total cell lysates and culture supernatants were blotted with anti-V5 antibodies. (C) Mouse serum or
PGRP-L-containing Schneider cell culture supernatants (lane L) were subject to immunoprecipitation with rat anti-PGRP-L antibodies. Immu-
noprecipitates were blotted with rabbit anti-PGRP-L. (D) HEK 293 cells were cotransfected with PGRP-L-myc and PGRP-L-V5 or PGRP-S-myc
and PGRP-L-V5 or were mock transfected. Culture supernatants were incubated with anti-Myc antibodies. Immunoprecipitates were blotted with

anti-V5 antibodies.

1 pg/ml. After blocking with 5% bovine serum albumin for 1 h, serum samples
(1:3 and 1:9 dilutions) or culture supernatants were added. Two hours later, IL-6
antibodies (R&D Systems) or TNF-« antibodies (R&D Systems) were added at
200 ng/ml, respectively. The color reaction was developed using 4-nitrophenyl
phosphate as a substrate and measured at an optical density of 495 nm.

RESULTS

PGRP-L is a serum protein. Human PGRP-L is predicted to
have two transmembrane domains. In transient-transfection
systems, PGRP-L localized intracellularly and on the cell
membrane (35). However, human serum amidase, which cir-
culates in blood at 100 pg/ml, has the same 15 N-terminal
amino acids as PGRP-L (2) and the same biological activity
(35). Similarly, mouse PGRP-L possesses amidase activity,
which was first identified in blood (4, 34), raising the possibility
that PGRP-L may be a soluble secreted serum protein in vivo.
A Myc epitope-tagged murine PGRP-L was created and intro-
duced into HEK 293 cells. PGRP-L was readily detected in the
culture supernatants of transfected cells, and its secretion was
blocked using brefeldin A, which blocks transport of proteins
from the endoplasmic reticulum to the Golgi (Fig. 1A). As a
positive control, PGRP-S, a putative secretory protein, was

similarly tagged and was readily detected in cell supernatants,
as expected. Secretion of PGRP-S was also blocked by brefel-
din A, which resulted in the intracellular accumulation of both
PGRP-L and PGRP-S (Fig. 1A). Similar results were obtained
after expressing Myc-tagged PGRP-L in Drosophila Schneider
cells, which express Drosophila PGRP-LC (Fig. 1B). Neither
N-terminally tagged nor C-terminally tagged PGRP-L was de-
tected on the cell surface of transfected cells, as assessed using
flow cytometry (data not shown). Taken together, these data
indicate that mammalian PGRP-L is a secreted protein, con-
sistent with prior studies suggesting that human serum amidase
is PGRP-L (2).

Two polyclonal antibodies recognizing PGRP-L were gen-
erated by immunizing rats with PGRP-L expressed from insect
cells and by immunizing rabbits with PGRP-L-derived pep-
tides. Both antibodies recognized PGRP-L when tested by
ELISA or Western blot analysis and were used in combination
to enhance specificity (data not shown). To test whether
PGRP-L is a serum protein, coimmunoprecipitation was per-
formed. Indeed, murine PGRP-L was immunoprecipitated
from normal mouse serum using rat anti-PGRP-L antibodies
(Fig. 1C). The antibody, as expected, immunoprecipitated
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FIG. 2. Generation of PGRP-L-deficient mouse. (A) The PGRP-L gene locus is depicted as a single line, with exons represented as filled boxes.
Relevant restriction enzyme sites are shown. B, BamHI; H3, HindIII; RI, EcoRI. The organization of the targeting construct and the arrangement
of the recombined PGRP-L allele are also shown. The dotted box indicates the GFP cassette that was engineered in-frame with the PGRP-L ATG

start codon. The drug selection neomycin cassette (Neo) is depicted

as a striped box, with two flanking loxP sites depicted as filled triangles.

(B) Genotyping with Southern blot analysis. Tail DNA was subjected to agarose gel electrophoresis. The presence of the mutant allele (7.5 kb)
and the wild-type allele (9.6 kb) was determined by Southern blotting, using a probe upstream of the homologous recombined sequence.
(C) RT-PCR assay to determine PGRP-L expression. Liver RNA from wild-type, heterozygous, and homozygous gene-targeted mice was extracted
and reverse transcribed into cDNA. PGRP-L expression was determined by PCR. The expression of hypoxanthine phosphoribosyltransferase was
used as a control. (D) Serum from wild-type, heterozygous, and homozygous gene-targeted mice was immunoprecipitated using rat anti-PGRP-L
antibodies. The immunoprecipitates were blotted with rabbit anti-PGRP-L antibodies.

PGRP-L expressed from insect cells as well, with the different
migration properties likely reflecting differences in glycosyla-
tion in the different cell types (Fig. 1C). The immunoglobulin
G staining was due to the cross-reaction of secondary antibod-
ies used in Western blot detection with the antibodies used in
the first step of coimmunoprecipitation. Together, the data
presented here and previous findings by others suggest that
PGRP-L is a serum amidase.

Human serum amidase is believed to be a homodimeric
protein (2). To examine the capacity of PGRP-L to multimer-
ize, we generated Myc and V5 epitopes at the carboxyl termi-
nus of PGRP-L. Both forms were transfected into 293 cells.
Myc-tagged PGRP-L was coimmunoprecipitated with the V5-
tagged PGRP-L (Fig. 1D). In contrast, Myc-tagged PGRP-S
did not coimmunoprecipitate with V5-tagged PGRP-L. To-
gether, these data suggest that PGRP-L is able to form mul-
timers, most likely homodimers, and that it is unlikely that
PGRP-L and PGRP-S form heterodimers.

Generation of PGRP-L-deficient mice. To study the function
of PGRP-L in vivo, the PGRP-L gene was disrupted by ho-
mologous recombination in embryonic stem cells. A green
fluorescent protein (GFP)-neomycin resistance cassette was
inserted after the ATG start codon of the gene (Fig. 2A).
Although it has been shown that different mRNA splicing
variants are present for PGRP-L, all of these variants begin
with the first ATG start codon (17). The strategy we used here

is, thus, likely to produce a true null mutant. Inclusion of the
GFP gene allowed us to identify cell populations that express
the PGRP-L gene. Three chimeric mice were obtained, all of
which gave germ line transmission of the targeted allele. In-
terbreeding the heterozygous mutant mice generated homozy-
gous PGRP-L-targeted mice. A probe from the 5’ noncoding
region of the gene was used to distinguish the wild-type and
targeted alleles. As assessed using Southern blotting, the wild-
type alleles generated a single 9.6-kb hybridizing band,
whereas the homozygous targeted alleles generated a single
7.5-kb hybridizing band. Heterozygous mice revealed both
wild-type and targeted alleles (Fig. 2B).

The homozygous PGRP-L-targeted mice were viable with-
out any gross developmental defects. They bred normally and
generated normal litter sizes. To verify the absence of PGRP-L
expression in the homozygous targeted mice, liver RNA from
wild-type, heterozygous, and homozygous mice was reverse
transcribed into cDNA and used as a template for PCR assays,
using primers covering the 3’ region of the coding sequence.
Hypoxanthine phosphoribosyltransferase was used as an am-
plification control. Using this assay, no PGRP-L expression
was observed for the null mice, while expression for heterozy-
gous mice was essentially equivalent to that for wild-type ani-
mals (Fig. 2C). There was no PGRP-L expression detected
when a separate set of primers that spanned the entire coding
region was used (data not shown). Finally, no PGRP-L protein
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FIG. 3. E. coli and LPS challenges of PGRP-L-deficient mice. (A) Ten wild-type or PGRP-L-deficient animals were injected intraperitoneally
with 2 million (left panel) or 5 million (right panel) live E. coli bacteria and were monitored for 5 days. Survival is plotted against time in days.
(B) Three wild-type or PGRP-L-deficient animals were injected intraperitoneally with 2 million E. coli bacteria. Serum IL-6 and TNF-a levels were
determined by ELISA 90 min after injection. (C) Ten wild-type or PGRP-L-deficient (KO) mice were injected intraperitoneally with 2 mg of LPS
and were monitored for 10 days. Survival is plotted against time in days.

was detected when serum from homozygous targeted mice was
immunoprecipitated with anti-PGRP-L antibodies and exam-
ined using Western blotting (Fig. 2D). Heterozygous and wild-
type animals had readily detected serum PGRP-L of the ex-
pected size when assayed similarly. Thus, we have successfully
generated PGRP-L-deficient mice.

Pathogen challenges in PGRP-L-deficient mice. The PGRP
family was first identified in innate responses against bacteria
in insects (16, 37). In Drosophila, PGRP-LC mutants failed to
generate antimicrobial peptides in response to gram-negative
bacteria and were rendered susceptible to infection (1, 7, 27).
Although lacking amidase activity, Drosophila PGRP-LC is
more similar to mouse PGRP-L than to other mammalian
PGRPs. Therefore, we challenged the PGRP-L null mice with

the gram-negative bacterium, E. coli. Intraperitoneal injection
of 2 million viable E. coli bacteria into wild-type mice led to
death of 60% of the animals within 2 days, compared to a
slightly reduced rate of death (40%) for PGRP-L-deficient
mice (Fig. 3A). Animals surviving after 5 days recovered com-
pletely in both groups. Using a lethal challenge of E. coli (5
million organisms), both wild-type and PGRP-L-deficient mice
died by 2 days (Fig. 3A).

To address further any contributions of PGRP-L to host
defense against gram-negative bacteria, we collected sera 90
min after injection of E. coli and analyzed these sera for the
inflammatory cytokines TNF-a and IL-6. Although IL-6 levels
were consistently diminished in the PGRP-L-deficient mice,
this effect was modest. Little difference, if any, was observed on
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FIG. 4. S. aureus and C. albicans challenges of PGRP-L-deficient
mice. (A) Ten wild-type or PGRP-L-deficient mice were injected in-
traperitoneally with 10 million (left panel) or 1 billion (right panel) live
S. aureus bacteria and were monitored for a 10- or 1-day period,
respectively. Survival is plotted against time. (B) C. albicans (0.8 mil-
lion viable organisms) was injected intravenously into 10 wild-type or
PGRP-L-deficient mice. Survival was monitored over a 7-day period.

the level of TNF-a (Fig. 3B). As assessed using this challenge,
PGRP-L contributes a relatively minor role to gram-negative
host defense in mice.

The recognition of gram-negative bacteria in Drosophila is
mediated by PGRP-LC-dependent interactions with the Dap-
PGN specific to the gram-negative cell wall (18). LPS, the major
cell wall component of gram-negative bacteria, plays a minimal
role, if any, in activating antimicrobial responses in flies (18). In
contrast, LPS directly activates TLR-4-mediated stimulation of
the antimicrobial response in mammals (25, 26, 32). To assess
whether PGRP-L contributes to LPS recognition in mammals,
wild-type and PGRP-L-deficient mice were inoculated intraperi-
toneally with lethal doses of LPS. Although TLR-4-deficient mice
survive the doses used (32), 80% of both wild-type and PGRP-
L-null mice died within 2 days (Fig. 3C). Thus, PGRP-L does not
seem to affect LPS sensitivity in mammals.

In previous studies, activation of a pathway including TLR-2
and IL-1 receptor-associated kinase 4 (IRAK-4) was necessary
to mediate host defense against the gram-positive organism S.
aureus, as assessed using a challenge with 10 million bacteria
(29). To evaluate the potential role of PGRP-L in this pathway,
PGRP-L-deficient mice were challenged with S. aureus and
compared with wild-type mice (Fig. 4A). Challenge with 10
million or 100 million S. aureus bacteria caused no lethality in
either PGRP-null or wild-type mice (Fig. 4A; also data not
shown). Increasing the challenge to 1 billion organisms led to
death of all mice in both cohorts within 8 h (Fig. 4A). Thus, in
contrast to IRAK-4- and TLR-2-deficient mice, we could dis-
cern no differences between wild-type and PGRP-L-deficient
mice using challenge with S. aureus in vivo.

In Drosophila, PGRP has been placed upstream of Toll
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signaling, which is required to mediate defense against both
gram-positive bacterial infections and fungal infections (21).
To determine whether mouse PGRP-L is involved in fungal
defense, PGRP-L null mice were challenged with C. albicans.
Using a tail vein injection of 0.8 million viable yeast cells (13),
60% of both wild-type and PGRP-L-deficient animals suc-
cumbed by 7 days (Fig. 4B), suggesting little contribution by
PGRP-L to innate fungal immunity.

Macrophage responses to TLR ligands in the absence of
PGRP-L. Macrophages play a crucial role in the innate im-
mune response against infectious organisms. Macrophages ex-
press an array of TLRs that are critical in sensing microbial
pattern recognition elements and activating the production of
inflammatory cytokines, such as IL-6 and TNF-a (14). TLR-2 is
involved in responses to PGN and yeast zymosan particles. These
distinct responses are mediated by TLR-2 in conjunction with
different coreceptors (10, 23), although TLR-2 is required for
optimal activation of both pathways and is critical for responses
against both gram-positive bacteria and fungi (30). TLR-4 is in-
volved in LPS recognition and is essential for responses against
gram-negative bacteria (14). In Drosophila, PGRP-SA functions
upstream of Toll (21), raising the possibility that mammalian
PGRP-L might be involved upstream of TLR recognition.

To test this possibility, peritoneal macrophages from wild-
type and PGRP-L-deficient littermates were stimulated with
various TLR-2 and TLR-4 ligands, and the ability of these
macrophages to produce IL-6 and TNF-a was assayed by
ELISA. Wild-type or PGRP-L knockout mouse serum was
used in the macrophage cultures to avoid any potential inter-
ference of PGRP-L present in fetal bovine serum. Over several
experiments, PGRP-L-deficient macrophages consistently pro-
duced less IL-6 in response to LPS or heat-killed E. coli;
TNF-a was also attenuated using LPS, but not with heat-killed
E. coli (Fig. 5). Stimulation using PGN, LTA, heat-killed gram-
positive bacteria, zymosan, or heat-killed Candida, however,
led to comparable generation of inflammatory cytokines by
wild-type and PGRP-L-deficient macrophages.

Drosophila distinguishes gram-positive and gram-negative
bacterial through recognition of Lys-PGN by PGRP-SA and
recognition of Dap-PGN by PGRP-LC, respectively (15, 18).
In mammals, PGRP-L optimally recognizes Lys-PGN after it is
digested by lysozyme (4). To test whether PGRP-L is involved
in recognition of different types of PGN, wild-type and PGRP-
L-deficient peritoneal macrophages were stimulated with Lys-
PGN from S. aureus, lysozyme-digested PGN from S. aureus,
and Dap-PGN from B. subtilis. B. subtilis is a gram-positive
bacterium with Dap-PGN on the cell surface (28). PGRP-L-
deficient macrophages produced levels of both TNF-a and
IL-6 that were similar to those produced by wild-type macro-
phages (Fig. 5C and D). The increase in IL-6 production by
macrophages challenged with lysozyme-digested PGN is most
likely due to the easier accessibility of macrophages to smaller
PGN particles. Taken together, we cannot exclude a relatively
minor role for PGRP-L in Toll-mediated pathogen recogni-
tion, at least in response to gram-negative challenge or LPS,
but contributions to the TLR-2-mediated signaling pathway
appear even less apparent.
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FIG. 5. Cytokine production by thioglycolate-elicited peritoneal macrophages from PGRP-L-deficient mice. (A) 2 X 10° peritoneal macro-
phages from wild-type (open bars) or PGRP-L-deficient (striped bars) animals were stimulated in the presence of 50 U of IFN-y/ml with the
various TLR-2 and TLR-4 ligands shown. TNF-a in supernatants was determined by ELISA after 24 h. (B) IL-6 levels in supernatants from
peritoneal macrophages prepared as for panel A. (C) Peritoneal macrophages (2 X 10°) from wild-type (open bars) or PGRP-L-deficient (striped
bars) animals were stimulated in the presence of 50 U of IFN-y/ml with 10 pg of S. aureus PGN, lysozyme-digested S. aureus PGN, or B. subtilis
PGN/ml. TNF-« levels in supernatants were determined by ELISA after 24 h. (D) IL-6 levels in supernatants from peritoneal macrophages

prepared as for panel C.

DISCUSSION

We present our initial characterization of the role of mam-
malian PGRP-L, using gene-targeted mice. Although certain
Drosophila PGRPs perform nonredundant roles in host de-
fense against both bacteria and fungi, we could define no
obvious requirement for PGRP-L after lethal and sublethal
challenges with such organisms in vivo. Macrophages isolated
from PGRP-L-deficient mice responded to LPS and E. coli
with slightly diminished cytokine responses in vitro, but re-
sponses to gram-positive organisms, PGN, and yeast were not
affected. PGRP-L-deficient macrophages were not attenuated
in their capacity to respond to gram positive Lys-PGN or gram-
negative Dap-PGN. Additionally, we provide direct evidence

that PGRP-L is secreted and multimerizes in vitro and circu-
lates in the serum of mice. Mice deficient in PGRP-L have no
obvious phenotypic abnormalities, and further studies will be
required to define fully the evolutionary pressures that have
maintained this gene in mammals.

Mammalian serum N-acetylmuramyl-L-alanine amidase was
purified from human blood almost 10 years ago (2). The en-
zyme was a 74-kDa protein and could form dimers. The first 15
amino acids were sequenced, and after the cloning of mam-
malian PGRP-L, it became apparent that the sequences were
identical. A discrepancy, however, was the prediction that
PGRP-L was a transmembrane rather than a secreted, protein
(19). As we demonstrate here in agreement with prior findings
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(4), mammalian PGRP-L likely represents the previously iden-
tified serum amidase. Using tagged PGRP-L, we demonstrate
secretion of PGRP-L in two different cell lines. More impor-
tantly, PGRP-L antibodies were able to immunoprecipitate
PGRP-L in serum from normal mice. Further, as suggested by
previous findings (2), PGRP-L could form homodimers. Oth-
ers, however, using different expression systems, have reported
human PGRP-L to be a cell surface protein (35), and it is
possible that distinct isoforms may not be secreted. We were
unable to detect any surface staining on cells expressing
PGRP-L in our studies (data not shown). The expression of
PGRP-L in the liver would be consistent with its secretion into
serum. Although the liver is the source of acute-phase serum
proteins that are increased in response to systemic infections,
we were unable to document a substantial increase in hepatic
PGRP-L expression in response to systemic challenges that
induced typical acute-phase responses in the mouse (data not
shown).

Although the range of challenges we used does not rule out
some role for PGRP-L in mammalian innate immunity, we
think it unlikely that such a role will be major. Mice survived
low-dose E. coli challenge slightly better than wild-type litter-
mates and had a slight delay in the time to death following
lethal LPS injection. This is in contrast with the substantial
impact of TLR-4 deletion on these phenotypes, however (25,
26, 32). Additionally, in contrast to Drosophila, in which Dap-
PGN recognition is nonredundantly mediated by PGRP up-
stream of the Imd/Relish pathway (15, 18), murine cells re-
spond to Dap-PGN in the complete absence of PGRP-L. Thus,
detection of LPS instead of Dap-PGN is the major mechanism
for mammals to sense gram-negative bacterial infection, and
distinguishing Lys-PGN and Dap-PGN may not be necessary
with the development of TLR-2-mediated pathways. We did
note a diminution of TNF-a and IL-6 production by PGRP-
L-deficient macrophages in response to LPS and E. coli in
vitro, despite the suggestion that PGRP-L, perhaps via its
enzymatic amidase activity, may serve to attenuate proinflam-
matory responses (12). However, these effects were only par-
tial, and no effects of PGRP-L deficiency could be ascertained
in challenges with gram-positive bacteria, gram-positive PGN,
yeast, or yeast cell wall constituents in vivo or in vitro in the
absence of PGRP-L.

Although expressed as different isoforms, PGRP-L tran-
scripts and proteins were entirely absent from our gene-tar-
geted mice. As we document here and as shown elsewhere (2),
PGRP-L can form homodimers, and it is possible that PGRP-L
can dimerize with other PGRP proteins. We could find no
evidence that PGRP-L and PGRP-S can heterodimerize using
in vitro assays. PGRP-Ia/IB are also soluble proteins with the
capacity to dimerize (9). Thus, heterodimerization may play a
critical role in determining the function of PGRPs. Alterna-
tively, other PGRPs might compensate for the lack of
PGRP-L. The expression patterns of the three mammalian
PGRP genes do not obviously overlap, with PGRP-L predom-
inantly in the liver, spleen and thymus, PGRP-S in neutrophils,
and PGRP-1o/IB in the esophagus (19). Considering the fact
that they are all soluble, it is not surprising that they can
function on the same target tissues. Double- or triple-PGRP
knockout mice may be required to rule out definitively a re-
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quirement for PGRP family members in host innate immune
responses.

Despite the conservation of PGRP and TLR family mem-
bers from insects to humans, their interactions in innate im-
mune pathways may have diverged. Drosophila contains 13
PGRP genes, 2 of which, PGRP-SA and -LC, are upstream of
Toll and Imd, respectively (1, 7, 21, 27). Whereas all of the
mammalian TLRs have been implicated in innate immunity,
most of the nine Drosophila TLRs have developmental roles.
Only Toll has been shown to have a definitive role in innate
immune function in the fly (11). The expansion of the role of
TLRs in mammalian immunity may have caused a diminution
of the role for PGRPs. Another major difference between
Drosophila and mammalian TLRs lies in their ligands. In Dro-
sophila, Toll is activated at the end of a serum proteolytic
cascade that generates an endogenous ligand, Spaetzle. In
mammals, TLRs are believed to act by direct interaction with
microbial PAMPs, often in concert with coreceptor(s). The
capacity for direct binding to PAMPs by mammalian TLRs
may have obviated the need for recognition by soluble binding
factors, such as PGRPs. A final consideration that may have
lessened the role for PGRPs in innate immunity has been the
emergence of adaptive T- and B-cell immune responses. The
amplification of immunity acquired through the activities of
clonal expansion and antibody production may have contrib-
uted to the divergence of the role for PGRPs in vertebrate
immunity. Despite the finding that PGRP-L may have a rela-
tively minor role in innate immune functions, the mice we
report will be valuable in pursuing possible alternative roles for
these proteins in vertebrate biology.
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