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Human peptidoglycan recognition protein 2 (PGLYRP2) is an N-acetylmuramoyl-L-alanine amidase that
hydrolyzes bacterial peptidoglycan and is constitutively produced in the liver and secreted into the blood. Here
we demonstrate that PGLYRP2 was not expressed in healthy human skin and had low expression in the eye.
However, upon exposure to gram-positive and gram-negative bacteria or cytokines, PGLYRP2 expression was
highly induced in keratinocytes and to a lower level in corneal epithelial cells. Expression of PGLYRP2 was not
induced in nonepithelial cells. Exposure of keratinocytes to bacteria induced keratinocyte differentiation and
stress response and inhibited activation of signal transduction molecules involved in cell proliferation. Induc-
tion of PGLYRP2 expression correlated with expression of differentiation markers (cytokeratins and trans-
glutaminase). Bacteria induced activation of p38 mitogen-activated protein kinase (MAPK) in keratinocytes,
which was required for the induction of PGLYRP2 expression, because induction of PGLYRP2 transcription
by bacteria was inhibited by SB203580 (a specific inhibitor of p38 MAPK) and by a dominant-negative p38
construct. Induction of PGLYRP2 expression by bacteria (in contrast to expression of human �-defensin-2)
was not mediated by Toll-like receptor 2 or 4. PGLYRP2 may function in the skin and the eyes as an inducible
scavenger of proinflammatory peptidoglycan.

Skin protects host tissues from invasion by microorganisms.
Skin was once regarded as a merely mechanical barrier due to
its thick layer of keratinized epithelium (49). While this func-
tion is important, in recent years it has become clear that skin
is rich in antimicrobial peptides and proteins, such as �-de-
fensins (20, 21, 45), dermcidin (44), cathelicidin (12, 48),
RNases (22), psoriasin (18), bactericidal permeability-increas-
ing protein (51), and others (32, 63, 64). Healthy intact skin
contains low levels of antimicrobial peptides and proteins.
Breakage of the keratinized layer, however, may expose kera-
tinocytes to high numbers of microorganisms, which induce
production of antimicrobial peptides and proteins. Antimicro-
bial peptides and proteins are also produced in the skin in
response to proinflammatory cytokines released from macro-
phages and dendritic cells stimulated by microorganisms or in
some inflammatory disease processes, such as psoriasis (6, 12,
13, 18, 22, 29, 38, 45, 48, 63, 64).

In addition to antimicrobial peptides and proteins, body
secretions, such as sweat and tears, contain a bacteriolytic
enzyme, lysozyme (EC 3.2.1.17). Lysozyme hydrolyzes the gly-
cosidic bond between �(1–4)-linked N-acetylmuramic acid
(MurNAc) and N-acetylglucosamine (GlcNAc) of peptidogly-
can, a polymer uniquely present in the cell walls of virtually all
bacteria (3, 50). Lysozyme by itself is bacteriolytic for only
some gram-positive bacteria, but it acts synergistically with
antimicrobial peptides enhancing their antibacterial effect. Di-
gestion of peptidoglycan by lysozyme is also important in re-
ducing peptidoglycan’s proinflammatory activity (14).

Mammals also have another enzyme that digests peptidogly-

can, N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28), which
is primarily present in the serum and which hydrolyzes the
amide bond between MurNAc and L-Ala and thus removes
stem peptides from the peptidoglycan molecule (5, 24, 36,
56–58). Digestion of peptidoglycan with amidase reduces or
eliminates biologic activities of polymeric peptidoglycan (23,
34).

We have recently demonstrated that human peptidoglycan
recognition protein L (PGRP L) has N-acetylmuramoyl-L-ala-
nine amidase activity (60). PGRPs are a family of pattern
recognition molecules that were discovered first in insects (27,
62, 66) and then in mammals (7, 9, 27, 31). Insects have up to
17 different PGRP proteins that recognize peptidoglycan and
bacteria and have several functions. They initiate activation of
the prophenoloxidase cascade (which generates antimicrobial
melanin and reactive oxygen species), activate Toll and Imd
pathways (which induce production of antimicrobial peptides),
participate in phagocytosis of bacteria, and are peptidoglycan-
lytic enzymes (2, 7, 9, 27, 52, 62).

Mammals have a family of four PGRPs, which were initially
named PGRP-S, PGRP-L, and PGRP-I� and PGRP-I�, by
analogy to insect PGRPs (31); they were recently renamed
peptidoglycan recognition protein 1 (PGLYRP1) PGLYRP2,
PGLYRP3, and PGLYRP4, respectively, by the Human Ge-
nome Organization Gene Nomenclature Committee.

Although mammalian PGLYRPs were initially thought of as
pattern recognition receptors similar to insect PGRPs (7, 31),
it is now becoming clear that they do not function as cell-
surface receptors but more likely as effector molecules. Mam-
malian PGLYRP1 is present in granulocyte granules and has
antibacterial properties (10, 30, 55), and mammalian PGLYRP2
is an N-acetylmuramoyl-L-alanine amidase (15, 60). PGLYRP2
is constitutively produced in the liver (31, 60) and is secreted
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into the bloodstream (68) but is not constitutively produced in
other tissues. The aim of this study was to determine whether
production of PGLYRP2 could be induced in other tissues that
come in contact with bacteria and especially in the skin and the
eyes.

MATERIALS AND METHODS

Cells and cell stimulation. Human epidermal keratinocytes (from neonatal
foreskin, unless otherwise indicated, or from adult skin) and human corneal
epithelial cells (both from Cascade Biologics, Portland, OR) were grown in
EpiLife medium with human keratinocyte growth supplement or human corneal
growth supplement (Cascade Biologics), respectively. Human umbilical vein
endothelial cells (HUVEC) were cultured in medium 200 with low serum growth
supplement (from Cascade Biologics). The primary cells were used between the
third and fifth passages and before each experiment were maintained in medium
without the supplement for 18 to 24 h. Human U373 astrocytoma cell line (from
the American Type Culture Collection, Rockville, MD) was cultured in RPMI
1640 medium with 10% fetal calf serum (HyClone, Logan, UT). Human periph-
eral blood monocytes from normal healthy donors were obtained, cultured, and
stimulated as described previously (61). The experiments with human cells have
been reviewed and approved by the Indiana University School of Medicine
Institutional Review Board.

Cells were stimulated as indicated (see Results) for 4 h with 2 � 108/ml (unless
otherwise indicated) of heat-killed (70°C, 30 min) Bacillus subtilis (ATCC 6633),
Lactobacillus acidophilus (ATCC 4356), Staphylococcus aureus (clinical isolate
Rb), Micrococcus luteus (ATCC 4698), Escherichia coli K12, Enterobacter cloacae
(ATCC 13047), Pseudomonas aeruginosa (ATCC 39324), Candida albicans
(ATCC 18804) (4 � 107/ml), lipopolysaccharide from Salmonella minnesota
Re595 (61), interleukin 1� (IL-1�) (human recombinant) (from DuPont; ob-
tained through the National Cancer Institute, Rockville, MD) (100 ng/ml), tumor
necrosis factor alpha (TNF-�) (mouse recombinant expressed in E. coli) (Sigma,
St. Louis, MO) (100 ng/ml), insulin-like growth factor I (human recombinant
expressed in E. coli) (Sigma) (100 ng/ml), or transforming growth factor alpha
(TGF-�) (human recombinant expressed in E. coli) (Sigma) (100 ng/ml). In
experiments with kinase inhibitors, SB203580 (20 �M), PD98059 (50 �M),
SP600125 (30 �M), wortmannin (100 nM), or the solvent dimethyl sulfoxide (all
from Calbiochem, La Jolla, CA) was added to the keratinocyte cultures 1 h
before the addition of the stimulants. Anti-human Toll-like receptor 2 (TLR2)
monoclonal antibody (MAb) (clone 2392; Genentech, South San Francisco, CA),
anti-human TLR4 MAb (clone HTA125; E-Bioscience, San Diego, CA), or
control immunoglobulin G2a (IgG2a) (Pharmingen, San Diego, CA) was added
at 20 �g/ml 30 min before the addition of the stimulants. The results were
calculated as follows: percent IgG control � 100 � [mRNA expression in cul-
tures with TLR]/[mRNA expression in cultures with control IgG].

RNA, real-time RT-PCR, and Northern blot analysis. RNAs from normal
human liver and skin were obtained from Clontech (Palo Alto, CA) and Strat-
agene (La Jolla, CA), respectively. Cornea and sclera were isolated from normal
human eyes preserved in RNAlater (Ambion, Austin, TX) and obtained from the
National Disease Research Interchange (Philadelphia, PA) or Central Florida
Lions Eye and Tissue Bank (Tampa, FL). RNA was extracted from cornea,
sclera, or cultured cells by use of TRIzol reagent (Invitrogen, Carlsbad, CA).
Quantitative real-time reverse transcriptase PCR (RT-PCR) was done using
TaqMan reagents and an ABI Prism 7000 sequence detection system as recom-
mended by the manufacturer (Applied Biosystems, Foster City, CA). Briefly,
first-strand cDNA was synthesized from 1 �g RNA by use of TaqMan reverse
transcription reagents (Applied Biosystems) and random hexamers (Invitrogen),
for 10 min at 25°C, followed by reverse transcription for 60 min at 37°C and
reverse transcriptase inactivation for 5 min at 95°C. For quantitative real-time

PCR, the comparative cycle threshold method was used with 18S RNA as an
endogenous control. Each sample was assayed in duplicate with TaqMan Uni-
versal PCR Master Mix (Applied Biosystems), primer concentrations of 0.6 �M
(experimental) and 0.2 �M (18S), and 0.1 �M probe concentrations (Table 1).
The cycling conditions were as follows: uracil-DNA glycosylase incubation at
50°C for 2 min, AmpliTaqGold DNA polymerase activation at 95°C for 10 min,
and 40 two-step cycles of 95°C for 15 s and 60°C for 60 s. Each experiment
(including reverse transcription) was repeated at least three times. The results
(Fig. 1) are ratios of the amounts of mRNA in tissues or in stimulated cells to
unstimulated keratinocyte amounts. Northern blot analysis was done as previ-
ously described (31) with the following modifications: 10 �g RNA/lane was used,
the PGLYRP2 (GenBank accession number AF384856) probe was the 518-
nucleotide N-terminal fragment amplified with forward primer ACAATGGCC
CAGGGTGTCCTCT and reverse primer CCTGGGGAGGAGGTGGCTC
TTA, and the �-actin probe was from Clontech. The purified fragments were
labeled with 32P by use of the RadPrime DNA labeling system (Invitrogen).

IF. Keratinocytes were grown on glass coverslips and stimulated as described
above. Immunofluorescence (IF) staining of permeabilized cells was performed
as described previously (60) with the following primary antibodies (Abs) (indi-
vidually or in combination): (i) rabbit polyclonal anti-PGLYRP2 (1:100) ob-
tained by immunization with PGLYRP2 cDNA and shown by IF and Western
blotting to be specific for PGLYRP2 and not any other PGLYRP (68); (ii) a
mixture of two mouse monoclonal anticytokeratin antibodies (clones AE1 and
AE3; obtained from Dako, Carpinteria, CA), which react with 14 cytokeratins
(cytokeratins 1 to 8, 10, 13 to 16, and 19); (iii) mouse monoclonal anti-human
keratinocyte transglutaminase antibody (BT-621; obtained from Biomedical
Technologies, Stoughton, MA); (iv) anti-human TLR2 MAb (clone 2392; from
Genentech) (20 �g/ml); and (v) anti-human TLR4 MAb (clone HTA125; from
E-Bioscience) (20 �g/ml). The secondary antibodies were goat anti-rabbit IgG-
fluorescein isothiocyanate (1:320) and goat anti-mouse IgG-tetramethyl rhoda-
mine isothiocyanate (1:150) (Sigma). The negative controls (cells stained with
normal rabbit IgG or control IgG2a from Pharmingen and the secondary anti-
body) showed no specific fluorescence.

Detection of protein phosphorylation. A phosphorylation screening that de-
tects 49 phosphorylation sites associated with regulation of activity of 36 signal
transduction proteins (Kinetworks KPSS-4.1 screen) was performed by Kinexus
(Vancouver, Canada). This procedure is a qualitative and quantitative analysis of
the expression and extent of phosphorylation of signal transduction proteins by
use of a validated panel of antibodies specific to phosphorylation sites on these
proteins that regulate the activity of these proteins, measured by chemilumines-
cence on Western blots. The results are normalized based on expression of
known standards and expressed for each protein as percent untreated control �
100% � [normalized phosphorylation in a treated sample]/[normalized phos-
phorylation in an untreated control sample]. A change in the extent of phos-
phorylation of 25% or more is considered significant, based on the company’s
validation procedures. For the above-described phosphorylation screening, ke-
ratinocytes were left untreated (control) or were stimulated with E. cloacae for
10 or 30 min and then lysed at 1 mg soluble cellular protein/ml in a 20 mM MOPS
(morpholinepropanesulfonic acid) buffer (pH 7.0) with 0.5% Triton X-100, 2
mM EGTA, 5 mM EDTA, 30 mM NaF, 40 mM �-glycerophosphate, 20 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenymethylsulfo-
nyl fluoride, 3 mM benzamidine, 5 �M pepstatin A, and 10 �M leupeptin. The
insoluble cytoskeleton was removed by centrifugation at 20,000 � g for 30 min at
4°C. The phosphorylation of p38 was further studied in keratinocyte lysates
(prepared as described above) on Western blots with rabbit antibodies to phos-
pho-p38 (specific for the T180/Y182 phosphorylation site) and to nonphosphor-
ylated p38 (both antibodies obtained from Cell Signaling Technology, Beverly,
MA), detected with anti-rabbit-peroxidase secondary antibody and an ECL en-
hanced chemiluminescence system (Amersham, Chicago Heights, IL). The bands

TABLE 1. Primers and probes used for real-time RT-PCR

mRNA Forward primer Reverse primer Probe

PGLYRP2 CTGGATCCTACTCGGATTGCTACT GCAGAAGCTGTGTGTCTGGTCTT CCTGGCTGAGCTGGAGCAGAAAGTG
18S GCCGCTAGAGGTGAAATTCTTG CATTCTTGGCAAATGCTTTCG ACCGGCGCAAGACGGACCAG
HBD2 TCCTCTTCTCGTTCCTCTTCATATTC TTAAGGCAGGTAACAGGATCGC ACCACCAAAAACACCTGGAAGAGGCA
IL-6 CCAGGAGCCCAGCTATGAAC CCCAGGGAGAAGGCAACTG CCTTCTCCACAAGCGCCTTCGGT
TLR2 GGCCAGCAAATTACCTGTGTG AGGCGGACATCCTGAACCT TCCATCCCATGTGCGTGGCC
TLR4 CCAGTGAGGATGATGCCAGAAT GCCATGGCTGGGATCAGAGT TGTCTGCCTCGCGCCTGGC
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FIG. 1. Bacteria induce expression of PGLYRP2 mRNA in human keratinocytes and corneal epithelial cells, shown by real-time RT-PCR (A
to E) and Northern blotting (F). (A) Constitutive PGLYRP2 mRNA expression in normal human liver, skin, cornea, and sclera. (B) Induction of
PGLYRP2 mRNA by bacteria in cultured human epidermal keratinocytes and human corneal epithelial cells (HCEC) but not in HUVEC, U373
astrocyte cell line, and peripheral blood monocytes. (C) Dose response and (D) time course of induction of PGLYRP2 mRNA expression by B.
subtilis and E. cloacae in keratinocytes. Nil, no stimulus. (E) PGLYRP2 mRNA expression in keratinocytes is induced by a variety of bacteria, a
yeast, and IL-1� and TNF-�. (F) Induction of 2-kb PGLYRP2 mRNA by B. subtilis and E. cloacae in keratinocytes. The results are means of three
to four experiments � standard errors (A, B, D, and E) or the averages of two experiments (C) or one out of two similar experiments (F).
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were quantified using Kodak Image Station 440 and software, and the results
were expressed as severalfold increases over the unstimulated control.

Activation of PGLYRP2 and HBD2 promoters. PGLYRP2 (GenBank
AF384856) 2-kb promoter, �15 to �2006 bp 5	 from the start codon, was cloned
from genomic DNA (GenBank AC011492) into the KpnI and NheI sites of the
luciferase reporter vector pGL3 basic (Promega, Madison, WI). Keratinocytes
were cultured at 0.2 � 106/ml in 24-well plates (0.5 ml/well) in complete medium.
Human HEK293 cells were cultured as described previously (59). Subconfluent
cells were transfected with the following plasmids (individually or in combina-
tion): 2-kb PGLYRP2 promoter-luciferase reporter, human �-defensin 2
(HBD2) promoter-luciferase reporter (20), TLR2, TLR4, CD14 (46), and MD2
(47) (all at 0.4 to 0.8 �g/ml), and with 0.1 �g/ml of the following dominant-
negative mutants: p38 (DNp38) (40), extracellular signal-regulated kinase 1
(ERK1) (dominant-negative ERK) (42), I
B�N, MyD88, IL-1 receptor-associ-
ated kinase 1 (IRAK1), IRAK2 (59), or appropriate control vectors by use of
Lipofectamine 2000 (Invitrogen). Following transfection, keratinocytes were
maintained in medium without supplement for 18 to 24 h and then stimulated
with bacteria (as described above) for 12 h. Luciferase activity that reflected
induction of the PGLYRP2 or HBD2 transcription (activation of the PGLYRP2
or HBD2 promoters) was determined in the cell lysates as previously described
(65). The results were expressed as severalfold increases over the unstimulated
control.

Statistical analysis. Differences between the groups were analyzed using Stu-
dent’s t test with GB-Stat PPC6.5.6 (Dynamic Microsystems, Silver Spring, MD),
and the differences were considered significant at P � 0.05.

RESULTS

Bacteria induce expression of PGLYRP2 in keratinocytes.
We have previously shown that PGLYRP2 mRNA had high
constitutive expression in the liver and low expression in some
parts of the intestinal tract (out of 76 tissues tested) (31). To
further explore expression of PGLYRP2 in tissues that come in
contact with the external environment, we tested whether
PGLYRP2 is expressed in the skin and the eyes (which were
not previously tested). PGLYRP2 mRNA was not expressed in
normal human skin and had low expression in the cornea, and
its expression was somewhat higher in the sclera but still ten
times lower than in the liver, as determined by real-time RT-
PCR (Fig. 1A). PGLYRP2 mRNA was also not expressed in
cultured human neonatal (Fig. 1) and adult (not shown) kera-
tinocytes, but high expression of PGLYRP2 mRNA was in-
duced in cultures of human neonatal (Fig. 1B) and adult (not
shown) keratinocytes following exposure to bacteria (B. subtilis
and E. cloacae). Bacteria also induced expression of PGLYRP2
mRNA in cultured human corneal epithelial cells, but the level
of PGLYRP2 mRNA expression in corneal cells was several
times lower than in keratinocytes (Fig. 1B).

In contrast, exposure of HUVEC and other nonepithelial
cells (U373 astrocytoma cell line or peripheral blood mono-
cytes) to bacteria (Fig. 1B) or other stimuli, such as cytokines
(IL-1� and TNF-�) or growth factors (IGF and TGF-�) (not
shown), did not induce expression of PGLYRP2 mRNA (Fig.
1B), despite high induction of IL-6 mRNA (not shown).

Induction of PGLYRP2 mRNA expression in keratinocytes
by bacteria was dose dependent (Fig. 1C) and rapid (Fig. 1D)
and could be accomplished by both gram-positive and gram-
negative bacteria, a yeast (C. albicans), and cytokines (IL-1�
and TNF-�) (Fig. 1E). However, expression of PGLYRP2
mRNA in cultured keratinocytes was not induced by growth
factors IGF and TGF-� (not shown) despite the previously
shown ability of these growth factors to induce antimicrobial
peptides in human keratinocytes (48). The size of the
PGLYRP2 mRNA transcript induced by bacteria in keratino-

cytes (2 kb) was the same as that of the PGLYRP2 mRNA
transcript constitutively produced in the liver, as determined by
Northern blot analysis (Fig. 1F). The Northern blot analysis
also confirmed the lack of constitutive expression of PG-
LYRP2 mRNA in normal human skin and in unstimulated
keratinocytes (Fig. 1F). These results suggest that PGLYRP2
expression is selectively induced in epithelial cells by bacteria
and other stimuli but is not induced in other cells, such as
endothelial cells or monocytes.

We then used IF to determine whether stimulation of kera-
tinocytes with bacteria induced production of PGLYRP2 pro-
tein. Unstimulated keratinocytes showed low-intensity perinu-
clear staining with anti-PGLYRP2 Abs, whereas following
exposure to bacteria, some keratinocytes showed intense cyto-
plasmic PGLYRP2 staining (Fig. 2A). The latter cells com-
prised approximately 5% of all keratinocytes in cultures, al-
though all cells in our cultures were keratinocytes, as
confirmed by their expression of cytokeratins, which are selec-
tive markers for keratinocytes (11, 49). These results indicate
that only a subpopulation of keratinocytes in culture is acti-
vated to produce PGLYRP2.

High expression of PGLYRP2 following exposure to bacte-
ria correlated with high expression of cytokeratins (i.e., all cells
with high expression of PGLYRP2 had high expression of
cytokeratins and vice versa) (Fig. 2A and B). These results
suggested that PGLYRP2-expressing cells may represent
more-differentiated keratinocytes. To further test this hypoth-
esis, we performed double-IF staining of unstimulated and
bacterially stimulated keratinocytes with anti-PGLYRP2 Ab
and antitransglutaminase Ab (a marker for differentiated ke-
ratinocytes) (11, 54). Unstimulated keratinocytes were not
stained with antitransglutaminase Ab, whereas keratinocytes
stimulated with bacteria that showed increased cytoplasmic
PGLYRP2 expression were also highly positive for transglu-
taminase (Fig. 2C and D). Most, but not all, PGLYRP2-posi-
tive cells were transglutaminase positive, whereas we did not
detect any transglutaminase-positive PGLYRP2-negative cells.
These results indicate that expression of PGLYRP2 correlates
with differentiation of keratinocytes and suggest that PGLYRP2
may be expressed somewhat earlier than transglutaminase in
the differentiation pathway of keratinocytes.

PGLYRP2 is induced in keratinocytes through a p38
MAPK-dependent pathway. To gain insight into the path-
way(s) through which bacteria induce expression of PGLYRP2
in keratinocytes, we next performed a phosphorylation screen-
ing (Kinetworks KPSS-4.1) that detects 49 phosphorylation
sites associated with regulation of activity of 36 signal trans-
duction proteins. Out of 36 proteins tested, 20 were detected in
cultured keratinocytes, and 14 of these proteins showed a sig-
nificant change in phosphorylation status: 10 showed de-
creased and 4 showed increased phosphorylation (Table 2).
Although these phosphoproteins can have multiple functions
in various cell types, the proteins whose phosphorylation was
decreased following exposure to bacteria (cyclin-dependent
kinase 1, ERK1, ERK2, mitogen-activated protein kinase
[MAPK]/Erk kinase 1/2 [MEK1/2], p70 S6 kinase, protein ki-
nase B [PKB�], protein kinase C �/� [PKC�/�], Raf1 60, Raf1
70, and retinoblastoma protein [Rb]) (Table 2) are activated by
growth factors and are important in cell proliferation. On the
other hand, the four proteins whose phosphorylation was in-
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creased (MAPK kinase 6 [MKK6], p38 MAPK, Lyn, and type
1 protein phosphatase alpha [PP1�]) (Table 2) are involved in
stress responses, cell activation, and cell differentiation. There-
fore, these results suggest that exposure of keratinocytes to
bacteria inhibits their proliferation and induces their differen-
tiation, which is consistent with increased expression of cyto-
keratins and keratinocyte transglutaminase in cultured kera-
tinocytes following exposure to bacteria (Fig. 2).

The greatest increase in phosphorylation was noted in
MKK6 and p38 MAPK. Since MKK6 is one of the kinases that
phosphorylate and activate p38 MAPK (19, 41), we next inves-
tigated whether p38 MAPK was involved in induction of
PGLYRP2 expression in keratinocytes activated by bacteria.
We first confirmed increased phosphorylation of the activation

motif of p38 MAPK (T180/Y182) in keratinocytes exposed to
bacteria. Exposure of keratinocytes to B. subtilis or E. cloacae
induced increased phosphorylation of T180/Y182, with a max-
imum at 30 min following addition of bacteria (Fig. 3).

We then used two approaches to test whether p38 MAPK
was involved in the activation of PGLYRP2 expression by
bacteria in keratinocytes. First, we took advantage of specific
inhibitors of p38 MAPK (SB203580), ERK1/2 (PD98059, an
inhibitor MKK1/2), JNK (SP600125), and phosphatidylinositol
3-kinase (wortmannin). When keratinocytes were stimulated
with bacteria in the presence of these inhibitors, only
SB203580, the inhibitor of p38 MAPK, significantly inhibited
bacterially induced expression of PGLYRP2 mRNA (Fig. 4A).

Because SB203580 also inhibits RICK kinase (in addition to

FIG. 2. Bacteria induce expression of PGLYRP2 protein in keratinocytes, which correlates with high expression of cytokeratins and transglu-
taminase. Keratinocytes were cultured in medium alone or with B. subtilis as indicated, and the expression of PGLYRP2 and cytokeratins or
transglutaminase was determined by two-color IF. The results represent one out of two to three similar experiments. Similar results were obtained
for keratinocyte cultures stimulated with E. cloacae (not shown).
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p38 kinase) (25), in the second approach we tested whether a
dominant-negative mutant of p38 inhibits induction of PGLYRP2
promoter. The PGLYRP2 promoter was activated in keratin-
ocytes by bacteria, and a dominant-negative p38 construct, but
not a dominant-negative ERK1 construct, inhibited activation
of PGLYRP2 promoter in keratinocytes stimulated with bac-
teria (Fig. 4B). The results shown in Fig. 4, therefore, indicate
that p38 MAPK is required for the induction of PGLYRP2
expression in keratinocytes stimulated with bacteria.

PGLYRP2 is not induced through TLR2 or TLR4. We next
tested whether expression of PGLYRP2 is induced by bacteria
through TLR2 or TLR4, because (i) TLR2 and TLR4 are the
primary receptors recognizing gram-positive and gram-nega-
tive bacteria in cells of myeloid origin (8, 46, 53, 67); (ii) TLR2
and TLR4 are expressed in keratinocytes (28, 33, 35, 39); and
(iii) activation of keratinocytes by S. aureus or its peptidoglycan
was shown to occur through TLR2 (28, 33, 35).

We detected in our keratinocytes TLR2 mRNA and a low
level of TLR4 mRNA expression by use of real-time RT-PCR
and a low level of protein expression by use of IF (not shown).
However, anti-TLR2 MAb, anti-TLR4 MAb, and a combina-
tion of anti-TLR2 plus anti-TLR4 MAbs did not inhibit induc-
tion of PGLYRP2 mRNA expression by B. subtilis and E.
cloacae in cultured keratinocytes (Fig. 5A). B. subtilis and E.
cloacae induced expression of HBD2 mRNA in cultured kera-
tinocytes to an extent similar to that seen with PGLYRP2
mRNA (not shown), and, by contrast, anti-TLR2 MAb or a
combination of anti-TLR2 plus anti-TLR4 MAbs significantly
inhibited induction of HBD2 mRNA expression by B. subtilis
or E. cloacae, respectively (Fig. 5B). The dependence of E.
cloacae-induced HBD2 expression on both TLR2 and TLR4 is
consistent with the presence of both TLR2 stimulants (lipopro-

teins, peptidoglycan) and TLR4 stimulants (lipopolysaccha-
ride) in gram-negative bacteria.

We next assayed whether cotransfection of TLR2 and TLR4
(and their accessory molecules, CD14 and MD-2) would in-
crease the induction of PGLYRP2 promoter transcription to
test the hypothesis that the lack of TLR2 or TLR4 dependence
of induction of PGLYRP2 might have been due to low expres-
sion of TLRs or their accessory molecules in keratinocytes.
However, cotransfection of keratinocytes with a PGLYRP2
promoter construct together with TLR2 or TLR4 (and CD14
or CD14 plus MD-2, respectively) did not increase induction of
PGLYRP2 promoter transcription by B. subtilis or E. cloacae
above the level induced by bacteria without TLR2 or TLR4
(Fig. 5C). Moreover, cotransfection of HEK293 cells with
PGLYRP2 promoter and TLR2 plus CD14 or TLR4 plus
CD14 plus MD2 and stimulation with B. subtilis or E. cloacae
did not result in any induction of PGLYRP2 promoter, in
contrast to induction of HBD2 promoter by bacteria, which
was fully dependent on TLR2 or TLR4 (Fig. 5D). This TLR2-
dependent induction of HBD2 by bacteria was inhibited by
cotransfection with dominant-negative I
B�N, MyD88, and
IRAK1 (which are components of the TLR2- and TLR4-acti-
vated signal transduction pathway) (59) but not IRAK2 (which
is not activated by TLR2 and TLR4) (Fig. 5D).

These results demonstrate that induction of PGLYRP2 ex-
pression by bacteria is not mediated through TLR2 or TLR4,
in contrast to the induction of HBD2, which is mediated
through TLR2 or TLR4 and is dependent on the activation of
the MyD88 3 IRAK1 3 NF-
B pathway.

DISCUSSION

Some innate immunity defenses are constitutive, and some
are inducible. Here we demonstrate that PGLYRP2 (N-acetyl-
muramoyl-L-alanine amidase) is not constitutively expressed in
normal human skin, but its expression is inducible in keratin-
ocytes by exposure to bacteria or cytokines. The inducible
expression of PGLYRP2 is limited to epithelial cells, correlates

FIG. 3. Stimulation of keratinocytes with bacteria induces phos-
phorylation of p38 MAPK. Keratinocytes were cultured in medium
alone or were stimulated with B. subtilis or E. cloacae, and the presence
of phosphorylated p38 MAPK (P-p38) or total p38 MAPK (p38) in the
cell lysates was determined on Western blots. The results are a repre-
sentative blot (A) and quantification of average increases of P-p38
(expressed as the ratio to unstimulated time 0 group; means from four
experiments).

TABLE 2. Changes in phosphorylation status of proteins in
keratinocytes following exposure to bacteria

Protein Abbreviation Phosphorylated
epitope

% Of
unstimulated

controla

Cyclin-dependent kinase
1

CDK1 Y15 53

Extracellular signal-
regulated kinase 1

ERK1 T202/Y204 50

Extracellular signal-
regulated kinase 2

ERK2 T185/Y187 43

Lyn (44) Lyn (44) Y507 175
MAPK/Erk kinase 1/2 MEK1/2 S217/221 70
Mitogen-activated protein

kinase kinase 6
MKK6 S207 218

p38 mitogen-activated
protein kinase

p38 MAPK T180/Y182 209

p70 S6 kinase S6Ka p70 T421/T424 61
Protein kinase B PKB� (Akt1) T308 49
Protein kinase C �/� PKC �/� T638 53
Raf (60) Raf1 (60) S259 19
Raf (70) Raf1 (70) S259 67
Retinoblastoma protein Rb S807/S811 59
Type 1 protein

phosphatase �
PP1� T320 165

a Keratinocytes were left unstimulated or stimulated for 10 or 30 min with E.
cloacae; percent unstimulated control � 100% � normalized phosphorylation in
a stimulated sample/normalized phosphorylation in an unstimulated control
sample; a change of 25% or more is considered significant.
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with differentiation of these cells, and requires activation of
p38 MAPK.

Human epidermis consists primarily of epidermal keratino-
cytes that undergo an orderly process of differentiation from
proliferating keratinocytes in the basal layer, through progres-
sively more differentiated keratinocytes in the spinous and
granular layers, to nonviable external horny layer (11, 49). This
differentiation program can be modified by stress, injury, or
invasion by microorganisms. In healthy (uninfected and not
inflamed) skin, keratinocytes do not express or express low
levels of antimicrobial factors. Exposure of keratinocytes to
microorganisms (which can gain entrance into the skin through
a breakage of the horny layer) or to cytokines or growth factors
(released in the injured or infected skin) induces expression of
several antimicrobial factors, such as �-defensins (13, 20, 21,
29, 37, 38, 45, 48), cathelicidin (6, 12, 38, 48), RNases (22),
secretory leukocyte protease inhibitor (48, 63, 64), neutrophil
gelatinase-associated lipocalin (32), and psoriasin (18).

Our results are consistent with this model and show that
exposure of proliferating keratinocytes to bacteria inhibits ke-
ratinocyte proliferation (associated with a decrease in phos-
phorylation of signal transduction molecules involved in cell
proliferation) (Table 2) and induces both keratinocyte differ-
entiation (increased expression of cytokeratins and transglu-
taminase) and stress response mediated through activation of
the p38 MAPK pathway.

MAPK cascades are ubiquitous signal transducers of many
signals delivered by growth factors, hormones, mitogens, and
environmental agents. p38 MAPK is one of the three main
families of MAPKs and is involved in many cell functions,
including responses to inflammatory signals and stress (11, 43).
p38 MAPK is usually activated by upstream kinases MKK3
and/or MKK6 (19, 41, 43), although in keratinocytes it can also

be activated by MKK7 (4). p38 activation involves dual phos-
phorylation of a TGY motif, following which p38 translocates
into the nucleus and phosphorylates and activates several tran-
scription factors, including ATF-2, Elk, Myc, MEF2, Stat1, and
CHOP, which in turn results in activation of transcription of
several genes (11, 19, 41, 43).

Our results show that exposure of keratinocytes to bacteria
induces phosphorylation of MKK6 and p38 MAPK and that
bacteria-induced activation of p38 MAPK is required for the
induction of PGLYRP2 transcription (Fig. 4). There are four
isoforms of p38 MAPK: �, �, �, and 
 (11, 43). Keratinocytes
express p38� and p38� (which are ubiquitously expressed) and
p38
 (which is selectively expressed in some tissues) (11). p38�
and p38� are involved in keratinocyte responses to proinflam-
matory signals and stress, and p38
 is involved in keratinocyte
differentiation (11). Exposure of keratinocytes to bacteria
likely results in the activation of all three p38 isoforms, and all
three are likely involved in the activation of PGLYRP2 tran-
scription, because DNp38 construct, which inhibits activity of
all p38 isoforms, completely inhibited bacterially induced ac-
tivation of transcription of PGLYRP2 promoter (Fig. 4B).
However, SB203580, a specific inhibitor of p38� and p38�, but
not of p38
 (4, 11), caused profound but not complete inhibi-
tion of bacterially induced PGLYRP2 mRNA expression (Fig.
4A), which suggests some contribution from SB203580-insen-
sitive p38
. Our results are consistent with the recent report of
p38 activation in cultured keratinocytes induced by another
bacterium, S. aureus (33).

Constitutive expression of PGLYRP2 is limited to the liver
(31), from which it is secreted into the bloodstream (68). Our
current results demonstrate that the inducible expression of
PGLYRP2 is limited to epithelial cells (keratinocytes and cor-
neal epithelial cells), since it is not induced in other cells,

FIG. 4. Activation of p38 MAPK by bacteria is required for induction PGLYRP2 expression. (A) Induction PGLYRP2 expression in
keratinocytes by B. subtilis or E. cloacae is inhibited by an inhibitor of p38 MAPK activation (SB203580) but not by inhibitors of ERK1 and ERK2
activation (PD98059), JNK activation (SP600125), and PI3 kinase activation (wortmannin). The results represent the means of four experiments
� standard errors (*, P � 0.005 [treated versus untreated or dimethyl sulfoxide control]); all other differences were not significant (P � 0.05).
DMSO, dimethyl sulfoxide. (B) Induction of transcription of PGLYRP2 promoter by bacteria in transiently transfected keratinocytes is inhibited
by dominant-negative p38 (DNp38) but not by dominant-negative ERK (DNERK). The results represent means for four cultures from two
experiments (*, P � 0.015) (DNp38 versus control vector [CV]).
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namely, endothelial cells, monocytes, and cell lines such as
U373 (Fig. 1A) or HEK293, HELA, and Cos7 (unpublished
results). We have cloned the PGLYRP2 promoter and deter-
mined that this promoter is inducible only in epithelial cells but
not in other cells, whereas it is constitutively active only in liver
cells but not in other cells. Furthermore, different regions of
the promoter regulate the constitutive expression of PGLYRP2
in liver cells and the inducible expression of PGLYRP2 in
keratinocytes (D. Gupta, S. Wang, X. Li, and H. Wang, un-
published data).

It remains to be determined which receptor(s) is involved in
the recognition of bacteria by keratinocytes and in the induc-
tion of PGLYRP2 expression. Our results show that TLR2 and
TLR4 are not involved in the induction of PGLYRP2 expres-
sion by bacteria in keratinocytes, although they are involved in

the induction of HBD2 expression by bacteria. CD14 by itself
is likely not involved in the induction of PGLYRP2 expression
either, because (i) consistent with a previous report (26), we
did not detect any significant expression of CD14 mRNA by
use of real-time RT-PCR or of protein by use of IF (H. Wang
and R. Dziarski, unpublished); (ii) transfection of cells with
CD14 did not enable or enhance induction of PGLYRP2 ex-
pression by bacteria; and (iii) CD14 alone does not function as
a cell-activating receptor, because it is not a transmembrane
molecule. The induction of PGLYRP2 expression by bacteria
in keratinocytes, however, seems to be direct and not through
secretion of cytokines, such as IL-� or TNF-�, because these
cytokines were not induced by bacteria in our keratinocyte
cultures (H. Wang and R. Dziarski, unpublished). Induction of
PGLYRP2 expression is likely mediated through a different

FIG. 5. PGLYRP2, in contrast to HBD2, is not induced through TLR2 or TLR4. (A and B) Induction of PGLYRP2 mRNA expression in
keratinocytes by B. subtilis or E. cloacae (A) is not inhibited by anti-TLR2 and anti-TLR4 antibodies, in contrast to HBD2 mRNA expression (B),
which is significantly inhibited by anti-TLR2 antibodies or by a mixture of anti-TLR2 and anti-TLR4 antibodies (following stimulation with B.
subtilis or E. cloacae, respectively). The results in panels A and B are means of four experiments; P values versus the IgG control are shown, and
all other differences were not significant (P � 0.05). (C) Induction of transcription of PGLYRP2 promoter in transiently transfected keratinocytes
following stimulation with B. subtilis or E. cloacae is not increased by cotransfection with TLR2 or TLR4. (D) Transcription of PGLYRP2 promoter
in transiently transfected 293 cells following stimulation with B. subtilis or E. cloacae is not induced by cotransfection with TLR2 or TLR4, in
contrast to transcription of the HBD2 promoter, which is induced by both B. subtilis and E. cloacae or by E. cloacae only (but not B. subtilis) in
293 cells transfected with TLR2 or TLR4, respectively. TLR2-dependent induction of HBD2 transcription by B. subtilis or E. cloacae is inhibited
by dominant-negative (DN) I
B (DN-I
B), DN-MyD88, and DN-IRAK1, but not by DN-IRAK2. All cells transfected with TLR2 or TLR4 were
also cotransfected with CD14 or CD14 plus MD-2, respectively. The results in panels C and D are means of three experiments. Nil, no stimulus.
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mechanism than the induction of antimicrobial peptides, be-
cause (i) expression of antimicrobial peptides was induced in
cultured keratinocytes by growth factors that participate in
wound healing (48), but the same growth factors (IGF and
TGF-�) did not induce PGLYRP2 mRNA expression, and (ii),
as mentioned above, induction of HBD2 expression by bacteria
was mediated through TLR2 and TLR4, and induction of
PGLYRP2 was not.

Therefore, the receptors and pathways that activate defense
mechanisms in keratinocytes are likely different from the path-
ways that operate in immune cells of myeloid origin. Accord-
ingly, although TLRs play a major role in immune cells of
myeloid origin, they may not play a major role in keratinocytes:
only a few TLRs are expressed in keratinocytes, their expres-
sion is low, and they induce activation of only few defense
molecules, such as HBD2 and IL-8 (references 28, 35, and 39
and this paper). Induction of many other defense molecules in
keratinocytes likely does not depend on TLRs, and, therefore,
the future challenge will be to identify the receptors and signal
transduction pathways that induce defense mechanisms in ke-
ratinocytes.

Activation of keratinocytes by bacteria could involve nucle-
otide oligomerization domain-containing proteins 1 and 2
(Nod1 and Nod2), which recognize bacterial peptidoglycan (1,
9, 16, 17). However, the expression and function of Nods in
keratinocytes have not been studied and will require further
investigation. Nods are located intracellularly, and are acti-
vated by peptidoglycan fragments in cytosol and, therefore,
may not serve as initial recognition receptors for extracellular
bacteria. Moreover, Nods recognize peptidoglycan, and
PGLYPR2 expression is induced not only by peptidoglycan-
containing bacteria but also by fungi and cytokines.

Digestion of peptidoglycan with PGLYRP2, due to its ami-
dase activity, separates the stem peptide of peptidoglycan from
the glycan chain. PGLYRP2 is identical with the previously
identified serum amidase (68), and it is the only human N-
acetylmuramoyl-L-alanine amidase. The significance of induc-
tion of PGLYRP2 expression by bacteria could be fourfold.
First, digestion of peptidoglycan with amidase reduces or elim-
inates cell-activating proinflammatory activity of polymeric
peptidoglycan (23, 34). In mammals, recognition of extracellu-
lar polymeric peptidoglycan occurs through Toll-like receptor
2 (8, 46, 53, 67), which likely requires glycan chains and stem
peptides. Second, because recognition of intracellular pepti-
doglycan by Nod2 requires, at minimum, a muramyl dipeptide
peptidoglycan fragment (17), digestion of peptidoglycan with
amidase would be expected to abolish Nod2-activiating capac-
ity of peptidoglycan. Third, since the minimum structure acti-
vating Nod1 is a tripeptide derived from the stem peptide of
peptidoglycan from gram-negative bacteria (without the gly-
can) (1, 16), such a peptide could be generated from polymeric
peptidoglycan by digestion with amidase. And fourth, PGLYRP2,
similarly to lysozyme, could enhance the killing activity by
antibacterial peptides. Therefore, digestion of peptidoglycan
with amidase could have a scavenger function to reduce proin-
flammatory activity of peptidoglycan or could generate Nod1-
activating peptides and could enhance antimicrobial defenses.
These possibilities will be explored in future studies.
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