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Listeria monocytogenes is a bacterial pathogen which establishes intracellular parasitism in various cells, including macrophages
and nonhematopoietic cells, such as hepatocytes. It has been reported that several proinflammatory cytokines have pivotal roles
in innate protection against L. monocytogenes infection. We found that a proinflammatory cytokine, interleukin 22 (IL-22), was
expressed by CD3� CD4� T cells at an early stage of L. monocytogenes infection in mice. To assess the influence of IL-22 on L.
monocytogenes infection in hepatocytes, cells of a human hepatocellular carcinoma line, HepG2, were treated with IL-22 before
L. monocytogenes infection in vitro. Gene expression analysis of the IL-22-treated HepG2 cells identified phospholipase A2
group IIA (PLA2G2A) as an upregulated antimicrobial molecule. Addition of recombinant PLA2G2A to the HepG2 culture sig-
nificantly suppressed L. monocytogenes infection. Culture supernatant of the IL-22-treated HepG2 cells contained bactericidal
activity against L. monocytogenes, and the activity was abrogated by a specific PLA2G2A inhibitor, demonstrating that HepG2
cells secreted PLA2G2A, which killed extracellular L. monocytogenes. Furthermore, colocalization of PLA2G2A and L. monocyto-
genes was detected in the IL-22-treated infected HepG2 cells, which suggests involvement of PLA2G2A in the mechanism of in-
tracellular killing of L. monocytogenes by HepG2 cells. These results suggest that IL-22 induced at an early stage of L. monocyto-
genes infection enhances innate immunity against L. monocytogenes in the liver by stimulating hepatocytes to produce an
antimicrobial molecule, PLA2G2A.

Listeria monocytogenes is an intracellular bacterial pathogen
which establishes infection in cytoplasm of various cells, in-

cluding macrophages and nonhematopoietic cells, such as hepa-
tocytes and epithelial cells (1, 2). Gamma interferon (IFN-�)-de-
pendent acquired immune responses have pivotal role in
protection against L. monocytogenes infection (3, 4). At the level of
innate immunity, macrophages are important effector cells,
and involvement of IFN-� produced by NK cells and gamma/
delta T-cell receptor (TCR��) T cells has also been reported
(5–7). Recently, a proinflammatory cytokine produced by
TCR�� T cells, interleukin 17A (IL-17A), was identified as a
new effector cytokine in innate immunity to L. monocytogenes
infection in the liver (8–10).

“Inflammatory” lymphocytes producing proinflammatory cy-
tokines (IL-17A, IL-17F, and/or IL-22) have been identified.
CD4� T cells termed Th17 or inflammatory Th (Thi) cells are
characterized by the production of IL-17A (11–13), which induces
neutrophilic inflammation and production of antimicrobial pep-
tides, such as �-defensins and S100A molecules (14). Lympho-
cytes of the innate immune system, such as TCR�� T cells and type
3 innate lymphoid cells (ILC3), which lack expression of antigen-
specific receptor, were also reported to produce IL-17A (15–18).
IL-17A participates in protective immunity against extracellular
pathogens, including Klebsiella pneumonia, Staphylococcus aureus,
and Candida albicans, via induction of neutrophils (19, 20). The
importance of IL-17A produced by TCR�� T cells in protective
immunity against intracellular pathogens such as Listeria monocy-
togenes and Mycobacterium tuberculosis has also been reported (8,
9, 15, 21), although the precise mechanism of IL-17A-dependent
protection remains to be clarified. Another inflammatory cyto-

kine, IL-22, was also reported to be produced by CD4� T cells, ��
T cells, and ILC3 cells (22).

IL-22 is a proinflammatory cytokine of the IL-10 family. The
IL-22 receptor, consisting of IL-22R1 and IL-10R2, chains is ex-
pressed by nonhematopoietic cells in the liver, intestine, lung, and
skin (22). Ligand binding to the IL-22 receptor induces expression
of antimicrobial peptides such as �-defensins, RegIII proteins,
and S100 proteins, and cytokines and chemokines, such as IL-6,
granulocyte colony-stimulating factor (G-CSF), CXCL1, and
CXCL5, just as IL-17A does (22–24). IL-22 has been reported to
induce expression of acute-phase proteins, including amyloid A,
lipopolysaccharide (LPS)-binding protein, and haptoglobin (25,
26). It has been reported that IL-22 participates in protective im-
munity against extracellular bacterial infection in the intestine
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and lung through induction of antimicrobial and proinflamma-
tory molecules (27, 28).

In the present study, we found that IL-22 expression was in-
duced in the livers of L. monocytogenes-infected mice at an early
stage of infection, and the innate IL-22-producing cells were iden-
tified as CD4� T cells. Based on this observation, the influence of
IL-22 on L. monocytogenes infection of hepatocytes was analyzed
using the human hepatocellular carcinoma line HepG2. The data
demonstrated that treatment of HepG2 cells with IL-22 induced
expression of an antimicrobial phospholipase, phospholipase A2
group IIA (PLA2G2A), suggesting a new pathway of IL-22-medi-
ated innate immunity against bacterial pathogens.

MATERIALS AND METHODS
Mice. C57BL/6 mice and C3H/HeJ mice were purchased from Japan SLC
(Hamamatsu, Japan), maintained under conventional conditions, and
used at 8 to 12 weeks of age. Experiments were conducted according to the
Institutional Ethical Guidelines for Animal Experiments of the University
of the Ryukyus under approval of the Animal Experiments Safety and
Ethics Committee of the University of the Ryukyus.

Microorganisms and in vivo infection. L. monocytogenes strain EGD
was isolated from spleen homogenates of L. monocytogenes-infected mice,
grown in tryptic soy broth (Difco, Detroit, MI), resuspended in phos-
phate-buffered saline (PBS), and stored at �70°C in small aliquots until
use. C57BL/6 and C3H/HeJ mice were infected intraperitoneally (i.p.)
with 5 � 104 and 5 � 103 CFU of L. monocytogenes, respectively, doses
which correspond to 1/10 of the 50% lethal dose for each mouse strain.

Isolation of LMNC and flow cytometry (FCM). Liver mononuclear
cells (LMNC) were isolated from the livers of L. monocytogenes-infected
C57BL/6 mice as described previously (8, 9). The LMNC were stimu-
lated with 25 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich, St. Louis, MO) and 1 �g/ml of the calcium ionophore A23187
(Sigma-Aldrich) for 4 h in the presence of brefeldin A (GolgiPlug; BD,
Oxnard, CA). The cultured cells were collected and treated with anti-
CD16/32 monoclonal antibody (MAb) (2.4G2) to block Fc receptor-
mediated nonspecific Ab binding, followed by staining of surface mol-
ecules. The MAb used for surface staining was as follows: allophycocyanin
(APC)-Cy7-conjugated anti-CD3 (BioLegend. San Diego, CA), Alexa Fluor
700-conjugated anti-CD4 (BioLegend), peridinin chlorophyll protein
(PerCP)-Cy5-conjugated anti-TCRC� (BioLegend), phycoerythrin
(PE)-Cy7-conjugated NKp46 (BioLegend), and PE-conjugated anti-
CD117/c-Kit (BD) MAbs. The cells were then intracellularly stained
with APC-conjugated anti-IL-22 MAb (clone IL22JOP; eBioscience,
San Diego, CA) using a Cytofix/Cytoperm kit (BD, Oxnard, CA) ac-
cording to the manufacturer’s instructions. The stained cells were an-
alyzed using a FACSCanto flow cytometer (BD).

In vitro infection. HepG2 (human hepatocellular carcinoma) cells
were incubated in antibiotic-free Dulbecco’s minimal essential medium
(MEM) (Wako, Osaka, Japan) with 10% fetal bovine serum (FBS) (Eq-
uitech Bio, Kerrville, TX) at 37°C, 5% CO2 in 24-well or 96-well culture
plates at 1 � 106 cells/ml in the presence or absence of human recombi-
nant IL-22 (rIL-22) (10 ng/ml) and/or rIL-17A (50 ng/ml) (PeproTech,
Rocky Hill, NJ) for 48 h. The cells were then infected with L. monocyto-
genes at a multiplicity of infection (MOI) of 10 for 1 h, followed by incu-
bation with gentamicin at 5 �g/ml to kill extracellular bacteria. In some
experiments, HepG2 cells were plated in 96-well culture plates and incu-
bated overnight, and then human recombinant lipocalin-2 (rLCN-2) (50
�g/ml) (Sigma-Aldrich) or rPLA2G2A (R&D Systems, Minneapolis, MN)
was added into the culture just before in vitro infection with L. monocyto-
genes at an MOI of 10. After infection for 1 h, the cells were cultured for 3
h with gentamicin, washed three times with warm PBS, and lysed with
distilled water, and serial dilutions of the lysates were plated on nutrient
agar plates to measure bacterial numbers in the infected cells.

Bactericidal activity of HepG2 culture supernatants. To analyze bac-
tericidal activity in the culture supernatants of HepG2 cells, the cells were
cultured with 10 ng/ml of IL-22 for 48 h, and culture supernatants were
collected. Forty microliters of the supernatants was mixed with 10 �l of
PBS containing 2,000 CFU of L. monocytogenes, incubated for 1 h at 37°C,
and plated on nutrient agar plates after serial dilution to determine bac-
terial count. To analyze the influence of PLA2G2A, the specific PLA2G2A
inhibitor LY315920 (AdooQ BioScience, Irvine, CA) (29) was added at 20
�g/ml to the culture supernatants.

Microarray and real-time reverse transcription-PCR (RT-PCR)
analysis. RNA was extracted from HepG2 cells by using TRIzol reagent
(Life Technologies, Carlsbad, CA). For microarray analysis, L. monocyto-
genes-infected HepG2 cells cultured with or without rIL-22 plus rIL-17A
for 24 h before the infection were used. RNA was amplified by using an
amino allyl aRNA kit (Life Technologies), labeled with Cy5 or Cy3 mono-
reactive dye (GE Healthcare, Pittsburgh, PA), hybridized with 3D-Gene
DNA Tip (Human Oligochip 25k; Toray, Kamakura, Japan), and ana-
lyzed. The data were expressed as the ratio of the signal of the cytokine-
treated cells to that of the non-cytokine-treated HepG2 cells.

For RT-PCR analysis, RNA extracted from HepG2 cells or the livers of
L. monocytogenes-infected mice was reverse transcribed with reverse
transcriptase (SuperScript Vilo cDNA synthesis kit; Invitrogen, Carlsbad,
CA) and amplified with Taq polymerase premixed with SYBR green using
the Step One real-time PCR system (Applied Biosystems, Foster City,
CA). PCR primers used were as follows: human glyceraldehyde 3-phos-
phate dehydrogenase (hGAPDH) sense, GTC AGC CGC ATC TTC TTT
TG; hGAPDH antisense, GCA ACA ATA TCC ACT TTA CCA GAG;
hLCN2 sense, AGA CAA AGA CCC GCA AAA G; hLCN2 antisense, TGG
CAA CCT GGA ACA AAA G; hPLA2G2A sense, GGA AAG GAA GCC
GCA CTC AGT TAT; hPLA2G2A antisense, CAC ATC CAC GTT TCT
CCA GAC GTT; murine �-actin sense, CAT CCG TAA AGA CCT CTA
TGC CAA C; murine �-actin antisense, ATG GAG CCA CCG ATC CAC
A; murine PLA2G2A (mPLA2G2A) sense, GGC TGT GTC AGT GCG
ATA AA; mPLA2G2A antisense, TTT ATC ACC GGG AAA CTT GG;
mIL-22 sense, TTC CAG CAG CCA TAC ATC GTC; mIL-22 antisense,
CTT CCA GGG TGA AGT TGA GCA.

Immunofluorescent staining. HepG2 cells were incubated with or
without 10 ng/ml of IL-22 in tissue culture dishes (Nunc, Roskilde, Den-
mark) at 1� 105 cells/ml for 2 days. Culture medium was then replaced
with fresh medium containing 5 � 106 CFU/ml of L. monocytogenes. The
cells were incubated for 1 h, then washed with PBS to remove uninfected
bacteria, and fixed on the dishes with 3.7% formaldehyde in PBS for 15
min. The fixed cells were then treated with permeabilization solution
consisting of 0.1% Triton X and 0.05% bovine serum albumin (BSA) in
PBS for 15 min. The cells were stained for 1 h at room temperature with
goat anti-human/mouse PLA2G2A antibody (Santa Cruz, Dallas, TX) at a
50� dilution and biotin-conjugated rabbit anti-L. monocytogenes anti-
body (Serotec, Oxford, United Kingdom) at a 100� dilution, followed by
secondary staining with Alexa Fluor 568-conjugated donkey anti-goat IgG
and Alexa Fluor 488-conjugated streptavidin (Molecular Probes, Eugene,
OR). The bottoms of the dishes with stained cells were cut, mounted with
ProLong Gold with 4=,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes), and analyzed with a C2 confocal laser-scanning microscope
(Nikon, Tokyo, Japan).

The livers of C3H/HeJ mice were frozen in OCT (optimal cutting
temperature) compound (Sakura Finetek, Tokyo, Japan), sliced using a
microtome at 20 �m, stained with anti-human/mouse PLA2G2A anti-
body, mounted as described above, and analyzed with a C2 confocal-
scanning microscope.

Statistics. To compare the data for two groups, Student’s t test was
applied. To compare more than three groups, one-way analysis of vari-
ance with a Tukey-Kramer multiple-comparison test was used. All the
statistical analyses were carried out using GraphPad InStat software
(GraphPad Software, La Jolla, CA). A P value of 	0.05 was considered to
indicate a significant difference.
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Microarray data accession number. The entire data set from the mi-
croarray experiments can be found under the NCBI Gene Expression
Omnibus (GEO) accession number GSE71248.

RESULTS
L. monocytogenes infection induced IL-22 expression in the liv-
ers of C57BL/6 mice at an early stage of the infection. We have
reported that a proinflammatory cytokine, IL-17A, plays an im-
portant role in protective innate immunity against L. monocyto-
genes infection in the livers of C57BL/6 mice (8, 9). Since another
proinflammatory cytokine, IL-22, is frequently produced in par-
allel to IL-17A (14, 22, 24), we analyzed IL-22 expression in the
liver of the mice at an early stage after L. monocytogenes infection.
On day 5 of infection, IL-22 expression increased in the livers of
the infected mice (Fig. 1A). To determine numbers of IL-22-pro-
ducing cells in the liver, LMNC were analyzed by FCM on day 5 of
the infection. Very few IL-22-expressing cells were detected in
CD3� fractions (Fig. 1B), including NKp46� and CD117/c-Kit�

cells (data not shown), which suggests that ILC3 cells were not the
major IL-22-producing cells. In contrast, cells expressing IL-22 at
high levels were detected mainly in the CD3� fraction, and the
majority of the CD3� IL-22high cells expressed CD4 (Fig. 1B) but
not TCRC� (data not shown). The results suggest that the CD3�

CD4� TCR
�� Th22-type cells were important in innate IL-22
production in L. monocytogenes-infected livers. From these obser-
vations, we hypothesized that IL-22 is a cytokine which enhances
innate protective immunity along with IL-17A against L. monocy-
togenes infection in the liver.

Induction of antimicrobial molecules by IL-22 and IL-17A
on cells of the human hepatocellular carcinoma line HepG2.
IL-22 was reported to induce production of antimicrobial mole-
cules by nonhematopoietic cells and synergized with IL-17A (14).
It is therefore possible that the expression of IL-22 in the presence
of IL-17A in the liver enhances innate protective immunity of
nonhematopoietic cells against L. monocytogenes infection via in-
duction of antimicrobial molecules. To address this possibility,
gene expression profiles were compared by DNA microarray anal-
ysis between L. monocytogenes-infected HepG2 cells pretreated
with IL-22 and IL-17A and those without cytokine pretreatment.

FIG 2 Genes induced by IL-22 and IL-17A in L. monocytogenes-infected
HepG2 cells. HepG2 cells were cultured in the presence or absence of IL-22 and
IL-17A before L. monocytogenes infection. Gene expression profiles of the two
groups were compared by microarray analysis. Genes whose expression in-
creased more than 2 times in the cytokine-treated group in two independent
experiments are listed, and the mean of the increased level is shown. Genes
encoding the antimicrobial molecules LCN2 and PLA2G2A are highlighted in
bold.

FIG 1 Expression of IL-22 in the livers of L. monocytogenes-infected C57BL/6
mice. (A) On days 0, 1, and 5 of infection, the IL-22 mRNA level in the livers
was analyzed by RT-PCR. The data are representative of two analyses with
three mice in a group. *, P 	 0.005 compared to the value on day 0. (B)
Lymphocytes in the liver of the L. monocytogenes-infected mice were collected,
stimulated with PMA and ionomycin in the presence of brefeldin A, and
stained for CD3 and CD4 on their surfaces followed by intracellular staining of
IL-22. CD3� IL-22� cells are indicated by red dots. The data demonstrate a
representative profile of a mouse from two independent experiments with 6
individual mice.
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Expression of 44 genes was reproducibly increased in the cyto-
kine-treated HepG2 cells compared to the non-cytokine-treated
HepG2 cells (Fig. 2). Among the products of these genes, serum
amyloid A (SAA), haptoglobin (HP), and LPS-binding protein
(LBP) are classified as acute-phase proteins, which confirms in-
duction of the inflammatory response in HepG2 cells by IL-22 and
IL-17A (25, 26). Genes encoding the antimicrobial molecules
LCN2 and PLA2G2A were identified (Fig. 2). LCN2 is a sidero-
phore-binding antimicrobial protein which suppresses bacterial
growth by inhibiting iron uptake of siderophore-producing bac-
teria (30). PLA2G2A is a secretory phospholipase which can pen-
etrate the negatively charged cell wall of Gram-positive bacteria
and degrade cell membrane phospholipids to kill bacteria (31, 32).

We next analyzed expression of PLA2G2A and LCN2 on IL-22-
and/or IL-17A-treated HepG2 cells by a real-time RT-PCR
method. As shown in Fig. 3A, L. monocytogenes infection alone
induced expression of neither PLA2G2A nor LCN2 on HepG2
cells, while pretreatment of HepG2 cells with IL-22 plus IL-17A
before L. monocytogenes infection induced PLA2G2A and LCN2
expression. Even in the absence of L. monocytogenes infection,
IL-22 treatment of HepG2 cells induced both PLA2G2A and LCN2
expression, while IL-17A treatment induced LCN2 but not
PLA2G2A (Fig. 3B). Combination of IL-22 and IL-17A synergis-
tically enhanced expression of LCN2, while no synergistic effect
was observed in PLA2G2A expression. The results demonstrate
that PLA2G2A is induced by IL-22 alone, while LCN2 expression
was induced by both IL-22 and IL-17A.

IL-22 induces a PLA2G2A-dependent innate protective re-
sponse of HepG2 cells against L. monocytogenes infection. It was
reported that purified PLA2G2A killed L. monocytogenes in vitro
(31). In contrast, LCN2 may not be effective in control of L. mono-
cytogenes infection, because L. monocytogenes does not use a sid-
erophore-dependent iron uptake mechanism (33). Consistent
with this estimation, addition of rPLA2G2A to the culture of

HepG2 cells suppressed L. monocytogenes infection, while rLCN2
showed no influence on bacterial burden of HepG2 cells (Fig.
4A). To verify involvement of PLA2G2A in the IL-22-induced
protection of HepG2 cells, bactericidal activity of culture su-
pernatants from IL-22-stimulated HepG2 cells was analyzed.
The IL-22-stimulated culture supernatants killed L. monocyto-
genes, and the activity was abrogated by a specific PLA2G2A
inhibitor, LY315920 (Fig. 4B). The data suggest that IL-22 in-
duces PLA2G2A production of hepatocytes, which kills L.
monocytogenes extracellularly.

Intracellular distribution of PLA2G2A in L. monocytogenes-
infected HepG2 cells. Active uptake of PLA2G2A via binding to
heparan sulfate proteoglycans was reported previously (32, 34). If
the uptake of PLA2G2A resulted in its colocalization with L.
monocytogenes, it would damage intracellular L. monocytogenes.
To address this possibility, confocal laser scanning microscopy
was carried out on colocalization of PLA2G2A and L. monocyto-
genes in IL-22-treated HepG2 cells. To avoid detection of L. mono-
cytogenes which bound PLA2G2A in the culture medium, cells
were washed with fresh medium before infection. The analysis
showed granular distribution of intracellular PLA2G2A (Fig. 5A)
and colocalization of the intracellular PLA2G2A with L. monocy-
togenes (Fig. 5A and B). This colocalization may not be due to
interaction of L. monocytogenes and PLA2G2A in the medium,
because L. monocytogenes organisms which did not colocalize with
PLA2G2A were also detected (data not shown). This suggests that
not only extracellular but also intracellular PLA2G2A may be in-
volved in the IL-22-induced protective response of nonhemato-
poietic cells.

FIG 3 Expression of PLA2G2A by IL-22-stimulated HepG2 cells. Expression
of PLA2G2A and LCN2 were analyzed by RT-PCR on untreated HepG2 cells
(control), untreated L. monocytogenes-infected HepG2 cells, or IL-22�IL-
17A-pretreated L. monocytogenes-infected HepG2 cells (A) and on HepG2 cells
treated with IL-17A alone, IL-22 alone, or both (B). Bars and error bars rep-
resent means and standard deviations. *, P 	 0.001 compared to untreated
control. §, P 	 0.001 compared to IL-17A alone or IL-22 alone. The data are
representative of at least two independent experiments.

FIG 4 Anti-Listeria activity of PLA2G2A in IL-22-treated HepG2 cells. (A)
HepG2 cells were incubated in the presence or absence of rPLA2G2A (left) or
rLCN2 (right) before L. monocytogenes infection. The infected cells were then
incubated for 1 h, extracellular bacteria were killed by addition of gentamicin,
and the samples were incubated for 3 h more. Intracellular bacterial number
was analyzed after the culture. (B) HepG2 cells were incubated with IL-22 for
2 days, and culture supernatants were collected. L. monocytogenes was added to
control medium or IL-22-conditioned supernatants with or without the
PLA2G2A-specific inhibitor LY315920 (LY), mixtures were incubated for 1 h,
and bacterial numbers were determined. Bars and error bars represent means
and standard deviations. *, P 	 0.001 compared to the untreated control. The
data are representative of at least two independent experiments with four to six
samples.
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Induction of PLA2G2A in the liver of L. monocytogenes-in-
fected mice. PLA2G2A gene of C57BL/6 mice was reported to be
inactivated by frameshift mutation (35). To analyze the influence
of IL-22 on PLA2G2A in mice, we therefore analyzed induction of
PLA2G2A in the livers of C3H/HeJ mice after L. monocytogenes
infection because a functional PLA2G2A gene was demonstrated
in the mouse strain (36). As shown in Fig. 6A, L. monocytogenes
infection induced expression of IL-22 on day 1 after the infection
while its expression decreased on day 5, suggesting different kinet-
ics of IL-22 induction between mouse strains. The kinetics of
PLA2G2A expression was similar to that of IL-22 in that PLA2G2A
expression increased on day 1 and decreased on day 5 (Fig. 6A);
however, there was no statistical significance because of variability
of expression level between mice. Interestingly, we found a posi-
tive correlation between IL-22 and PLA2G2A expression level (r �
0.8015, R2 � 0.6424, P � 0.0017) when the data for the all liver
samples were plotted (Fig. 6B). Furthermore, when the livers of
C3H/HeJ mice were stained with anti-PLA2G2A Ab before and 1
day after infection, the livers from infected mice showed more
granular staining of PLA2G2A than those from uninfected mice
(Fig. 6C). These results indicate that IL-22 expression is enhanced
by L. monocytogenes infection in the C3H/HeJ mice and that the
expression is correlated to PLA2G2A production.

DISCUSSION

In the present report, we demonstrate that IL-22 stimulates
nonhematopoietic human HepG2 cells to express a gene en-
coding PLA2G2A, an antimicrobial enzyme which shows bac-
tericidal activity against Gram-positive bacteria. IL-22-acti-
vated HepG2 cells secreted anti-Listeria activity into culture
medium, and the activity was abrogated by a PLA2G2A-specific
inhibitor, which confirms the requirement for enzymatic activ-
ity of the PLA2G2A in protective innate immunity. Further-
more, colocalization of intracellular L. monocytogenes and
PLA2G2A was demonstrated, which suggests the possibility of
intracellular bactericidal activity of PLA2G2A. Since PLA2G2A
was reported to bind to mammalian membrane heparin sulfate
proteoglycan and actively internalized into cells (32, 34), it is

FIG 5 Intracellular colocalization of PLA2G2A and L. monocytogenes in
HepG2 cells. IL-22-treated HepG2 cells were washed to remove PLA2G2A in
supernatants, infected with L. monocytogenes, and incubated for 1 h. Extracel-
lular bacteria were washed out, fixed, permeabilized, and stained to detect
intracellular PLA2G2A and L. monocytogenes. The cells were mounted with
medium containing DAPI to visualize cellular and bacterial DNA. The cells
were observed by confocal microscopy with a 60� objective and 4� zoom (A).
The insets (A) are magnified in panel B to show colocalization of PLA2G2A, L.
monocytogenes, and DNA. The images show a cell with intracellular bacteria
that is representative of three independent experiments.

FIG 6 Expression of PLA2G2A in L. monocytogenes-infected C3H/HeJ mice.
PLA2G2A-functional C3H/HeJ mice were infected with L. monocytogenes, and
expression of IL-22 and PLA2G2A was analyzed. (A) Expression of IL-22 and
PLA2G2A was analyzed by RT-PCR before and on days 1, 2, and 5 after L.
monocytogenes infection. Each group consisted of 3 mice. *, P 	 0.05 between
the indicated groups. (B) Correlation of IL-22 and PLA2G2A expression of the
liver. Individual RT-PCR data for livers from uninfected mice (day 0) and L.
monocytogenes-infected mice on days 1, 2, and 5 are plotted. (C) The livers of
uninfected mice (day 0) or L. monocytogenes-infected mice on day 1 were
stained with anti-PLA2G2A Ab (red) and DAPI (blue) and analyzed by con-
focal laser scanning microscopy with a 60� objective and 3� zoom.
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possible that the PLA2G2A uptake after secretion is important
in intracellular killing of L. monocytogenes. All the results sug-
gest that IL-22 induces PLA2G2A production by nonhemato-
poietic cells, including hepatocytes, and participates in innate
protective immunity against L. monocytogenes infection at both
extracellular and intracellular locations.

IL-22 has been reported to enhance protective immunity by
inducing antimicrobial molecules in bacterial infections. In a mu-
rine intestinal infection caused by Citrobacter rodentium, IL-22
was pivotal in protective immunity, and colon organ culture with
IL-22 induced production of the antimicrobial peptides RegIII�,
RegIII�, and S100A8/9 (27). IL-22 was also an important protec-
tive factor in the Klebsiella pneumoniae lung infection model and
stimulated mouse tracheal epithelial cells to produce LCN2, which
had an important role in innate protection against K. pneumoniae
(28). Our data demonstrated that IL-22 stimulation of hepatocel-
lular carcinoma HepG2 cells induced another antimicrobial mol-
ecule, PLA2G2A, and participated in innate immunity against
Gram-positive bacteria.

IL-22-induced antimicrobial molecules have distinct target
specificity to damage microbes. PLA2G2A selectively kills Gram-
positive bacteria. It has been reported that PLA2G2A penetrates
the cell walls of Gram-positive bacteria, including L. monocyto-
genes and Staphylococcus aureus, and digests bacterial cell mem-
brane phospholipids to induce autolysis of the bacteria (31, 32).
The cationic nature of PLA2G2A is important in the penetration
of anionic bacterial cell walls. RegIII� also shows bactericidal ac-
tivity against Gram-positive bacteria (37). In contrast, LCN2,
which is induced by various inflammatory cytokines, including
IL-17A and IL-22 (reference 28 and this report) suppress bacterial
growth by competitively blocking siderophore-mediated iron up-
take of bacteria (30). Therefore, IL-22 participates in induction of
multiple antimicrobial molecules to protect the host against vari-
able pathogens.

It has been reported that IL-22 is dispensable in protective
immunity against L. monocytogenes in mice because IL-22-defi-
cient mice or anti-IL-22 Ab-treated mice showed normal protec-
tive immunity, although IL-22 expression increased as a result of
infection (38–40). In these studies, IL-22-deficient mice with the
C57BL/6 background or Ab-treated C57BL/6 mice were used.
Since PLA2G2A is not produced by C57BL/6 mice because of a
frameshift mutation in the PLA2G2A gene (35), it is possible that
IL-22-deficient C57BL/6 mice failed to show impaired innate im-
munity against L. monocytogenes because of the lack of PLA2G2A.
In the PLA2G2A-functional C3H/HeJ mouse strain (36), we dem-
onstrated that PLA2G2A expression was closely correlated with
IL-22 expression. The results indicate a role for IL-22 in the in-
duction of PLA2G2A, and they indicate that PLA2G2A would par-
ticipate in protective immunity in mice with a functional
PLA2G2A allele. Further experiments utilizing in vivo blocking of
PLA2G2A and/or IL-22 would be necessary to clarify this issue.
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