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Cyclo(Phe-Pro) Produced by the Human Pathogen Vibrio vulnificus
Inhibits Host Innate Immune Responses through the NF-kB Pathway

Kiwan Kim, Na-Jeong Kim, So Young Kim, In Hwang Kim, Kun-Soo Kim, '~ Gap Ryol Lee

Department of Life Science, Sogang University, Seoul, South Korea

Cyclo(Phe-Pro) (cFP) is a secondary metabolite produced by certain bacteria and fungi. Although recent studies highlight the
role of cFP in cell-to-cell communication by bacteria, its role in the context of the host immune response is poorly understood.
In this study, we investigated the role of cFP produced by the human pathogen Vibrio vulnificus in the modulation of innate im-
mune responses toward the pathogen. cFP suppressed the production of proinflammatory cytokines, nitric oxide, and reactive
oxygen species in a lipopolysaccharide (LPS)-stimulated monocyte/macrophage cell line and in bone marrow-derived macro-
phages. Specifically, cFP inhibited inhibitory kB (IkB) kinase (IKK) phosphorylation, IkBa degradation, and nuclear factor kB
(NF-kB) translocation to the cell nucleus, indicating that cFP affects the NF-kB pathway. We searched for genes that are respon-
sible for cFP production in V. vulnificus and identified VVMO6_03017 as a causative gene. A deletion of VVMO6_03017 dimin-

ished cFP production and decreased virulence in subcutaneously inoculated mice. In summary, cFP produced by V. vulnificus
actively suppresses the innate immune responses of the host, thereby facilitating its survival and propagation in the host

environment.

ibrio vulnificus is a Gram-negative bacterium and an opportu-

nistic pathogen that can cause septicemia through ingestion of
raw contaminated seafood or through exposure of open wounds
to salt water. The mortality rates for septicemia are >50%, and
death can occur within 24 h after infection with the bacteria. V.
vulnificus causes cellular damage by triggering the secretion of
hemolysin and cytolysin and inhibits phagocytosis with a capsular
polysaccharide to increase its survival in the host environment
(1-3). Several virulence factors have been identified in this patho-
gen (1-3), and it appears that complex interactions among nu-
merous factors, including many not yet identified, are required for
its pathogenicity.

A diketopiperazine molecule, cyclo(L-phenylalanyl-L-proline)
(cFP) (Fig. 1A), is a secondary metabolite produced by numerous
fungi and bacteria that controls the expression of genes involved
in pathogenicity (4). cFP was identified in Pseudomonas strains as
a member of a new class of autoinducers by using lux-based acyl-
homoserine lactone (AHL) biosensors (5, 6). We have previously
shown that cFP production by V. vulnificus and Vibrio cholerae
peaks when cell growth reaches the stationary phase and that cFP
affects the expression of the ToxR-dependent gene omp U, which is
important for the pathogenicity of Vibrio species (7). In addition,
cFP has numerous effects on multiple hosts. On animal cells, it has
antifungal (8) and antitumor (9-11) effects and also reverses irra-
diation damage (12). It also modulates auxin signaling in plants
(13). Those reports suggest that cFP may have an important func-
tion in pathogenicity as well as in host-pathogen interactions.
However, the effects of diketopiperazines, including cFP, on host
immune responses have not yet been studied.

Macrophages play a central role in first-line host defense (14).
They express proinflammatory cytokines such as tumor necrosis
factor alpha (TNF-a) and interleukin-6 (IL-6) and antimicrobial
agents such as reactive oxygen species (ROS) and nitric oxide
(NO) when they recognize pathogen-associated molecular pat-
terns (PAMPs) through pattern recognition receptors such as the
Toll-like receptors (TLRs) (15). When TLR4 recognizes bacterial
lipopolysaccharide (LPS), it initiates a signaling cascade through
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the recruitment of proteins such as MyD88, IL-1 receptor-associ-
ated kinase (IRAK) family members, and TNF receptor-associated
factor 6 (TRAF6). Ubiquitination of TRAF6 results in the sequen-
tial activation of transforming growth factor 3-associated kinase 1
(TAK1) and the inhibitory kB (IkB) kinase (IKK) complex or the
mitogen-activated protein kinase (MAPK) pathway through
phosphorylation, which triggers downstream signaling and acti-
vates the transcription factor nuclear factor kB (NF-kB) (16, 17).
NE-kB activation requires the phosphorylation and degradation
of IkB, which is regulated by the IKK complex or by the MAPK
pathway. IkB degradation allows NF-kB to translocate into the
nucleus, where it binds target gene promoters and induces the
expression of proinflammatory cytokines and antimicrobial
agents involved in pathogen clearance (17).

In this study, we examined the role of cFP produced by the
human pathogen V. vulnificus in the modulation of mammalian
innate immune responses. Here we report that this small molecule
suppresses innate immune responses by affecting the NF-«kB path-
way in macrophages, providing the bacteria with a survival advan-
tage in the host environment. These results suggest an important
role for cFP in the pathogenesis of bacteria.
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FIG 1 Structure of cFP and its effect on cell viability. (A) Structure of cy-
clo(Phe-Pro). (B) Cell viability was measured by an M TS assay after treatment
with various concentrations of cFP for 48 h. Data represent means * SD (n =
4). All data are representative of data from three independent experiments that
yielded similar results.

MATERIALS AND METHODS

Mice and experimental reagents. Four- to five-week-old ICR mice were
purchased from Samkaco (South Korea). Experiments with live mice were
approved by the Sogang University Institutional Animal Care and Use
Committee. cFP (Bachem Inc., Switzerland) was dissolved in dimethyl
sulfoxide (DMSQO) at a concentration of 1 M (stock solution).

Bacterial strains, plasmids, and culture conditions. The bacterial
strains and plasmids used in this study are listed in Table S1 in the sup-
plemental material. Escherichia coli strains were cultured at 37°C in Luria-
Bertani (LB) broth supplemented with the appropriate antibiotics. V.
vulnificus strains were cultured in LB broth or thiosulfate-citrate-bile salt-
sucrose (TCBS) agar at 30°C. Antibiotics were used at the following con-
centrations: 50 pg/ml ampicillin, 10 pg/ml tetracycline, and 25 pg/ml
chloramphenicol for E. coli and 2 pg/ml tetracycline and 2 pg/ml chlor-
amphenicol for V. vulnificus. All media used in this study were purchased
from Difco/BD (Franklin Lakes, NJ). All reagents and antibiotics were
purchased from Sigma-Aldrich (St. Louis, MO) and used according to the
manufacturer’s instructions.

Cell culture. The J774A.1 cell line (mouse monocytes/macrophages)
and the 1929 cell line (NCTC 929; mouse connective tissue cells) were
purchased from the Korean Cell Line Bank and maintained in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) (Life Technologies,
Grand Island, NY) and 1% penicillin-streptomycin.

Bone marrow-derived macrophages (BMDMs) were prepared as de-
scribed previously (18). L929 cell-conditioned medium was collected
from the culture supernatant of L929 cells. Mouse bone marrow cells were
obtained from mouse tibias and femurs by using a syringe filled with
BMDM growth medium (RPMI 1640 supplemented with 10% FBS, 1%
penicillin-streptomycin, and 30% L929 cell-conditioned medium). The
collected cells were differentiated for 6 days in BMDM growth medium.

Cell viability assay. Cell viability was determined by using the Cell-
Titer 96 Aqueous Nonradioactive Cell Proliferation Assay kit (Promega,
Madison, WI) according to the manufacturer’s instructions. The assay kit
contains of two solutions, MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] and PMS
(phenazine methosulfate). MTS is soluble in tissue culture medium and is
bioreduced by live cells into a formazan product that can be measured at
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490 nm directly from 96-well plates. J774A.1 cells (1 X 10* cells/100 pl)
were plated onto 96-well plates. After culture overnight, the cells were
treated with various concentrations of cFP for 48 h. A combined MTS-
PMS solution (20 pl) was added to each well of the 96-well plates, and the
plates were further incubated for 3 h at 37°C in a humidified 5% CO,
atmosphere. The absorbance at 490 nm (A,,,) was measured by using a
microplate reader (model 680; Bio-Rad, Hercules, CA). A standard curve
was used to convert the absorbance to cell numbers.

Cytokine measurement. For measurement of the expression of innate
cytokines, cells were plated onto a 24-well culture plate and treated with
100 ng/ml LPS (catalog number 52325; Sigma-Aldrich) in the presence or
absence of various concentrations of cFP for the indicated times. The
amount of cytokine in the cell culture supernatant was measured by an
enzyme-linked immunosorbent assay (ELISA). Each well of a 96-well
Maxisorp plate (Nunc/Thermo-Fisher Scientific, Waltham, MA) was
coated with 100 pl of a purified anticytokine antibody (for TNF-a [cata-
log number 4-7325-85; eBioscience, San Diego, CA], IL-6 [catalog num-
ber 554400; BD Biosciences, San Jose, CA], and IL-1B [catalog number
14-7012-85; eBioscience] ) and incubated overnight at 4°C. The plate was
washed with wash buffer (0.05% Triton X-100 in phosphate-buffered
saline [PBS]), and nonspecific binding was blocked by incubation with
100 pl/well of ELISA blocking buffer (10% bovine serum in PBS) for 1 hat
room temperature. Standards and samples were added (25 l/well), and
the plates were incubated overnight at 4°C. The plate was washed with
wash buffer and then incubated with 100 wl/well of a biotinylated anticy-
tokine antibody (for TNF-a [catalog number 4-7326-85; eBioscience],
IL-6 [catalog number 554402; BD Biosciences], and IL-1[3 [catalog num-
ber 13-7112-85; eBioscience]) for 1 h at room temperature. The plate was
washed with wash buffer, 100 pl of a horseradish peroxidase solution
(catalog number 554058; BD Biosciences) was added to each well, and the
plate was incubated for 30 min at room temperature. The plate was
washed, and the color was developed with 150 pl of a TMB (3,3',5,5'-
tetramethylbenzidine) peroxidase solution. The reaction was stopped by
the addition of 50 pl of TMB stop solution. The absorbance was recorded
at 490 nm by using a microplate reader (model 680; Bio-Rad).

Measurement of nitric oxide production. Cells were stimulated with
100 ng/ml LPS in the presence or absence of various concentrations of
cFP. The culture supernatants were collected, and the concentration of
nitrite was measured by using the Griess reagent system (Promega) ac-
cording to the manufacturer’s instructions.

Measurement of total cellular peroxides. Intracellular oxidative
stress was assayed by the oxidation of dichlorodihydrofluorescein diace-
tate (DCFH-DA). J774A.1 cells (1 X 10°) were incubated with 100 ng/ml
LPS in the presence or absence of 1 or 4 mM cFP at 37°C. Cells were then
washed with PBS and incubated with 10 .M DCFH-DA for 30 min at
37°C. The cells were detached by scraping and washed with PBS. Cellular
fluorescence was determined by using a FACSCalibur instrument.

Measurement of macrophage phagocytic activity. Phagocytic activ-
ity was measured with a pHrodo Green E. coli BioParticles conjugate (cat-
alog number P35366; Life Technologies). The particles are conjugated to
pHrodo dye, the fluorescence of which increases in an acidic environment
such as that of the phagosome. For measurement of phagocytic activity,
5 X 10° J774A.1 cells in 200 pl of culture medium were plated onto
24-well culture plates for 24 h, and the culture medium was then replaced
with 200 pl of pHrodo Green E. coli BioParticles conjugate solution in
the presence or absence of 4 mM cFP for the indicated times. Cells
were detached by scraping and washed with PBS. Phagocytic activity was
determined based on the fluorescence intensity of the cells by using a
FACSCalibur instrument (BD Biosciences).

Nuclear protein extraction and Western blot analysis. J774A.1 cells
(2 X 10°) were harvested by scraping and washed with 1X PBS. For
whole-cell lysate extraction, the cells were mixed with 0.5 ml of radioim-
munoprecipitation assay (RIPA) lysis buffer (20 mM Tris-HCI [pH 8.0],
150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% Nonidet P-40 [NP-40],
1% sodium deoxycholate, and 0.1% SDS) and pipetted 20 times to form a

iai.asm.org 1151


http://iai.asm.org

Kim et al.

homogeneous lysate. The mixture was allowed to stand for 5 min at 4°C
and centrifuged at 12,000 X gfor 10 min at 4°C, and the supernatants were
used for Western blotting.

For the preparation of nuclear extracts, cells were resuspended in buf-
fer A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM dithiothreitol [DTT],
and 0.5 mM phenylmethylsulfonyl fluoride [PMSF]), mixed by vortexing,
and incubated on ice for 15 min. NP-40 was then added to a final concen-
tration of 10%, and the extracts were vortexed for 10 s. Pellets were ob-
tained by centrifugation at 15,000 X g for 1 min at 4°C. The pellets were
resuspended by vortexing in buffer B (20 mM HEPES [pH 7.9], 0.4 M
NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and 10% NP-40) for 10
min. The mixture was then centrifuged at 15,000 X g for 10 min at 4°C,
and the supernatants were used for Western blot analysis.

The whole-cell lysates or nuclear lysates were electrophoresed on an
SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride
(PVDF) membrane for 1 h. The membranes were blocked for 1 h in
Tris-buffered saline with 0.05% Tween 20 (TBST) and 5% skim milk.
Anti-phospho-IKK (catalog number 2078; Cell Signaling Technology,
Manassas, VA), anti-IkBa (catalog number 9242; Cell Signaling Technol-
ogy), anti-p65 (catalog number sc-8008; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-B-actin (catalog number sc-47778; Santa Cruz Biotech-
nology), and anti-lamin B (catalog number ab16048; Abcam, Cambridge,
MA) antibodies were diluted 1:1,000 in TBST and incubated with the
membrane overnight at 4°C. Blots were washed with TBST three times for
10 min each and incubated with horseradish peroxidase-conjugated goat
anti-mouse IgG (catalog number A90-116P; Bethyl, Montgomery, TX) or
chicken anti-goat IgG (catalog number A50-110P; Bethyl) for 1 h at room
temperature. Protein bands were detected by incubation with enhanced
chemiluminescence reagent and by exposure to an X-ray film. Densito-
metric analyses were performed by using Image] software (NCBI free-
ware).

NF-kB activity assay. The pNF-kB luciferase vector (containing the
NEF-kB binding sites) and a Renilla luciferase reporter plasmid were trans-
fected into HEK293T cells. A total of 2 X10° cells were used for each
transfection. Transfected cells were allowed to recover in complete me-
dium for 24 h and then incubated with TNF-a in the presence or absence
of 4 mM cFP for 0, 1, 3, or 6 h. Cells were then harvested and washed with
PBS. The luciferase assay was performed by using the Dual-Luciferase
Reporter Assay system (Promega) according to the manufacturer’s in-
structions. Transfection efficiency was normalized by dividing firefly lu-
ciferase activity by Renilla luciferase activity.

RNA isolation and quantitative reverse transcription-PCR (qRT-
PCR) analysis. J774A.1 cells or BMDMs (5 X 10 cells) in 200 ul of culture
medium were plated onto 24-well plates. After culture overnight, the cells
were treated with 0.1 pg/ml LPS in the presence or absence of cFP for the
indicated times. The cells were resuspended in 1 ml of TRIzol reagent (Life
Technologies) and 200 ! of chloroform and centrifuged at 15,000 X g for
15 min at 4°C. The aqueous phase (supernatant) was transferred into a
new microtube, mixed with 500 wl of isopropanol, and incubated at room
temperature for 10 min. Total RNA was precipitated by centrifugation at
15,000 X g for 10 min at 4°C, and the RNA pellet was washed with 70%
ethanol by centrifugation at 7,500 X g for 5 min at 4°C. cDNA was syn-
thesized by using the TOPscript reverse transcriptase kit (catalog number
RTO0025; Enzynomics, Japan) according to the manufacturer’s instruc-
tions. Briefly, total RNA was mixed with 100 wM oligo(dT),4 and heated
for 5 min at 70°C. Reverse transcription was performed at final concen-
trations of 50 mM Tris-HCI (pH 7.5), 3 mM MgCl,, 10 mM DTT, 75 mM
KCl, 2 mM each deoxynucleoside triphosphate (ANTP), 20 units RNase
inhibitor, and 200 units Topscript reverse transcriptase at 50°C for 60
min. The reaction was terminated at 95°C for 5 min.

Real-time PCRs were carried out with the HiFast Probe Lo-Rox kit
(catalog number Q200220; Genepole, South Korea) by using the primers
listed in Table S2 in the supplemental material (400 nM each) on an
Applied Biosystems 7500 real-time PCR system. Real-time PCR was per-
formed as follows: a starting reaction at 95°C for 2 min followed by 40
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cycles of denaturation at 95°C for 10 s and annealing/extension at 60°C
for 34 s.

Flow cytometry analysis. J774A.1 cells (5 X 10%) in 200 wl of culture
medium were plated onto a 24-well plate for 24 h, and the cells were
treated with LPS (0.1 pg/ml) in the presence or absence of various con-
centrations of cFP for the indicated times. Cells were detached by scraping
and washed two times with PBS. The cells were treated with an Fc blocker
(catalog number 101302; BioLegend, San Diego, CA) for 20 min on ice.
For the measurement of TLR4 internalization, cells were stained with an
anti-TLR4-phycoerythrin (PE) antibody (catalog number 145403; Bio-
Legend) for 30 min at 4°C. After washing with PBS, cellular fluorescence
was determined by using a FACSCalibur instrument. For intracellular
cytokine staining, cells were fixed/permeabilized by using an intracellular
cytokine staining kit (BD Biosciences) for 20 min. The fixed cells were
sequentially stained with a biotin-conjugated anti-TNF-« antibody (cat-
alog number 13-7326-85; eBioscience) and PE-streptavidin (catalog
number 554061; BD Biosciences) for 30 min at 4°C and washed with PBS,
and cellular fluorescence was determined on a FACSCalibur instrument.

Isothermal titration calorimetry analysis. To determine the binding
affinity of cFP and LPS, isothermal titration calorimetry (ITC) was per-
formed by using an iTC200 isothermal titration calorimeter (Microcal),
which enables the direct measurement of the enthalpy change when two
molecules interact (19). cFP (1 mM) was titrated into a solution of LPS (12
wM) at 37°C, and the resulting temperature changes were measured by the
input of power required to maintain an equal temperature between the
sample and reference cells.

Construction of the genomic DNA library of V. vulnificus and trans-
poson mutagenesis. To construct the V. vulnificus MO6-24/O (20)
genomic library, chromosomal DNA was extracted and then partially di-
gested with the restriction enzyme Sau3AI. Digested fragments were size
fractionated after sucrose gradient centrifugation, and fragments with an
average size of 25 kb were isolated. The fragments were cloned into the
BamHI site of pCP13/B (21) and transformed into LE392 cells. Trans-
poson insertion mutagenesis was performed using by the transposon
mini-Tn5 lacZI as described previously (22).

Quantitative analyses of cFP production. For quantitative analyses of
cFP production, bioluminescence assays and high-performance liquid
chromatography (HPLC) analyses were performed as previously de-
scribed (7). Briefly, cultures of bacterial cells grown overnight in LB broth
were inoculated into fresh LB medium. After 6 h of incubation, cell-free
culture supernatants were collected by centrifugation, and 200 pl of each
supernatant was plated onto a 96-well plate. For quantitative measure-
ment of cFP production in the supernatants, E. coli strain MT102 harbor-
ing sensor plasmid pSB403 (23) was used as a bioindicator. Cultures of
MT102(pSB403) grown overnight in LB medium were washed and di-
luted to an A, value of 0.1 into fresh LB medium, and 200 .l of the
diluted MT102(pSB403) cells was added to a 96-well plate. After 4 h of
incubation, the cFP level was calculated as luminescence units normalized
to the cell density (relative luminescence units [RLU]). For HPLC analy-
sis, 50 ml of the cell-free culture supernatant from V. vulnificus or E. coli
cells grown to stationary phase in LB medium was extracted twice with the
same volume of ethyl acetate. The ethyl acetate extract was vaporized and
dissolved in 50% methanol. Samples were applied to a Mightysil RP-18
GP 250-4.6 column (Kanto Chemical, Japan) that had been washed with
100% methanol and equilibrated with 30% methanol in water. The flow
rate was 1.0 ml/min, and the cFP peak was detected at 256 nm.

Construction of an licA deletion mutant and cloning of the llcA gene.
To construct the lIcA gene deletion mutant, a 777-bp fragment of the
upstream region and a 724-bp fragment of the downstream region of the
llcA gene of V. vulnificus MO6-24/O were amplified by using primer sets
1IcKO_F1/11cKO_B1 and llcKO_F2/1lcKO_B2, respectively (see Table S3
in the supplemental material). Each fragment was digested with the re-
striction enzyme Styl and then ligated into the pGEM-T Easy vector (Pro-
mega) to generate plasmid pGEM-IIcKO. The resulting construct has a
462-bp deletion in the llcA gene. Plasmid pGEM-1IcKO was digested with
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the restriction enzymes Sall and Sphl and cloned into the vector pDM4 to
generate pPDM4-11cKO, which was then introduced into E. coli S17-1\pir
(24), from which it was mobilized into V. vulnificus MO6-24/0O by conju-
gation. Exconjugants were grown on TCBS agar containing chloram-
phenicol (2 pg/ml) to select for a double crossover, as previously de-
scribed (25). The resulting V. vulnificus MO6-24/O strain with a deletion
in the chromosomal copy of llcA was confirmed by DNA sequencing, and
the mutant was named the AllcA mutant. For the llcA complementary
assay, the 830-bp DNA fragment comprising the promoter region and the
coding region of llcA was amplified by PCR using primers llcA_comF and
llcA_comB (see Table S3 in the supplemental material). The resulting
product was cloned into pRK415 (26) to construct pRK-/lcA. This plasmid
was conjugated into wild-type (WT) V. vulnificus MO6-24/0 and the
AllcA strain.

Bacteria and mouse infection. For the mouse infection experiment,
wild-type V. vulnificus (MOG6-24/0) and the AllcA mutant were cultured
in LB medium, harvested, washed with PBS, and resuspended in PBS. The
bacteria (5 X 10% 1 X 10° or 1 X 10° CFU in 100 pl of PBS) were
subcutaneously injected into 4- to 5-week-old ICR mice.

For the mouse infection experiment with V. vulnificus conjugated with
either pRK415 or pRK-licA, the WT strain harboring pRK415 [WT-
(pRK415)], the AllcA mutant harboring pRK415 [AllcA(pRK415) strain],
and the AllcA(pRK-IIcA) strain were cultured in LB medium containing 2
pg/ml tetracycline, harvested, washed with PBS, and resuspended in 100
pl of PBS containing 2 pg/ml tetracycline. The bacteria (2 X 10%,1 X 10°,
or 1 X 10° CFU) were subcutaneously injected into 4- to 5-week-old ICR
mice.

Statistical analysis. Results are expressed as means * standard devi-
ations (SD). Statistical differences between groups were analyzed by using
Student’s ¢ test or Pearson’s chi-squared test.

RESULTS

cFP is not cytotoxic to J774A.1 cells in the range of 0 to 10 mM.
To determine the effect of cFP on the viability of cells, a cytotox-
icity assay was performed. J774A.1 mouse monocyte/macrophage
cells were treated with cFP in the range of 0 to 20 mM for 48 h, and
cytotoxicity was measured by an MTS assay. cFP did not show a
significant level of cytotoxicity in the range of 0 to 10 mM. How-
ever, cFP was cytotoxic to J774A.1 cells at concentrations of >10
mM; therefore, <5 mM cFP was used in subsequent experiments
(Fig. 1B).

cFP suppresses the production of proinflammatory cyto-
kines from LPS-stimulated J774A.1 cells. To investigate whether
microbe-released cFP can influence host immune responses, rest-
ing J774A.1 cells were treated with cFP at a concentration of 0 to 5
mM for 48 h, and the secretion of innate cytokines was measured
by ELISA of culture supernatants. cFP did not induce the produc-
tion of TNF-q, IL-6, or IL-1f in resting macrophages, based on
the negative and positive controls (see Fig. S1 in the supplemental
material).

The inhibitory effect of cFP on cytokine production in resting
cells could not be determined because the basal expression levels
of the cytokines were too low. Therefore, J774A.1 cells were stim-
ulated with LPS, and the effect cFP on the release of proinflamma-
tory cytokines was examined by ELISA. LPS substantially induced
the production of the proinflammatory cytokines TNF-a and
IL-6. Interestingly, cFP inhibited LPS-induced expression of
TNF-a and IL-6 in a dose-dependent manner (Fig. 2A). Maximal
inhibition of cytokine release was observed at a cFP concentration
of 4 mM, at which cell viability was not affected (Fig. 1B). The
effect of cFP on the expression of proinflammatory cytokines at
the transcriptional level was also examined. Without the addition
of cFP, LPS-induced mRNA expression of Tnfa and 116 peaked at 3
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h of stimulation and decreased thereafter. Consistent with its ef-
fects on cytokine protein production, cFP strongly inhibited the
LPS-induced expression of Tnfa and Il6 mRNAs (Fig. 2B).

cFP suppresses the production of antimicrobial agents in a
macrophage cell line. The effect of cFP on the production of an-
timicrobial chemicals generated by mammalian cells, including
nitric oxide (NO) and ROS, was next examined. First, the effect of
cFP on NO production in LPS-stimulated J774A.1 cells was quan-
titatively measured by using a Griess assay. cFP reduced NO pro-
duction by LPS-stimulated J774A.1 cells in a dose-dependent
manner (Fig. 3A). cFP also reduced the mRNA expression of the
Inos gene, which encodes inducible nitric oxide synthase (iNOS),
an enzyme that catalyzes the production of NO (Fig. 3B) (27).

Next, the effect of cFP on ROS production in LPS-stimulated
J774A.1 cells was examined. To detect intracellular ROS levels,
cells were labeled with DCFH-DA, which is a cell-permeable
chemical that is rapidly oxidized to a highly fluorescent form by
ROS. As shown in Fig. 3C, cFP inhibited ROS production in a
dose-dependent manner in LPS-stimulated J774A.1 cells.

cFP suppresses the production of innate cytokines and nitric
oxide in primary macrophages. The above-described experi-
ments were performed by using the J774A.1 cell line, which is a
transformed monocyte/macrophage cell line. To confirm that
these results can be repeated in more physiologically relevant pri-
mary cells, bone marrow-derived macrophages (BMDM:s) were
used. Bone marrow was isolated from C57BL/6 mice and differ-
entiated into macrophages ex vivo in a medium supplemented
with L929 cell-conditioned medium as a source of macrophage
colony-stimulating factor (M-CSF). The role of cFP in the pro-
duction of proinflammatory cytokines and NO and the expression
of Inos was examined by using LPS-stimulated BMDMs. Consis-
tent with the J774A.1 cell data, cFP inhibited the production of the
proinflammatory cytokines TNF-a and IL-6 at both the protein
and mRNA levels (Fig. 4A) and also inhibited the production of
NO and the expression of Inos mRNA (Fig. 4B) in LPS-stimulated
BMDMs. These results suggest that cFP also exerts its inhibitory
effects in more physiologically relevant primary macrophages.

cFP inhibits TNF-a production in J774A.1 cells at an early
time point. Understanding the kinetics of innate cytokine pro-
duction and its inhibition is important for innate immunity, be-
cause the innate immune system provides the first line of defense
for the body and prevents invading microbes from proliferating
and colonizing. The effect of cFP on TNF-a production by LPS-
stimulated J774A.1 cells was therefore measured at various time
points by intracellular cytokine staining. LPS rapidly induced
TNF-a production, starting at 1 h and peaking at 3 h (Fig. 5). cFP
at a final concentration of 1 mM did not exert a significant effect
on TNF-a production. However, cFP at 4 mM rapidly blocked the
production of TNF-a at as early as 1 h (Fig. 5), suggesting that cFP
acts at a relatively early time point.

In all the experiments in this study, cFP was added to the cul-
ture medium together with LPS to examine the effects of cFP on
cultured cells. We therefore investigated the possibility that cFP
binds directly to LPS. If this occurs, cFP would reduce the effective
dose of LPS available for cell activation and thereby limit LPS-
induced cytokine and NO production, consistent with our previ-
ous results. To test this possibility, the ability of cFP to physically
bind to LPS was examined by ITC. We found that cFP did not
specifically bind to LPS (see Fig. S2 in the supplemental material),
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FIG 2 cFP reduces proinflammatory cytokine levels in mouse macrophages stimulated with LPS. (A) J774A.1 cells were stimulated with LPS (100 ng/ml) for 48
h in the presence of the indicated concentrations of cFP. The levels of TNF-a and IL-6 in the culture supernatants were measured by ELISA. Data represent
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(3%, P < 0.001).

which indicates that the inhibitory effect of cFP was not due to a
sequestration of cFP by LPS.

cFP does not affect phagocytic activity or TLR internaliza-
tion. To explore the effect of cFP on macrophage functions, the
effect of cFP on phagocytosis, a major mechanism through which
macrophages clear pathogens, was examined. Phagocytosis by
J774A.1 cells was measured by using a pHrodo Green E. coli Bio-
Particles conjugate. Treatment with 4 mM cFP did not have a
significant effect on the phagocytic activity of J774A.1 cells (see
Fig. S3 in the supplemental material).

To study the molecular mechanisms of the cFP-mediated in-
hibition of the production of proinflammatory cytokines and an-
timicrobial agents, we first examined whether cFP affects TLR4
endocytosis, because LPS triggers the inflammatory signaling
pathway by inducing TLR4 endocytosis in macrophages (28).
Even after 60 min, cFP did not have a significant effect on TLR4
internalization induced by LPS (see Fig. S4 in the supplemental
material). Taken together, these results suggest that cFP has no
discernible effect on phagocytosis or TLR4 internalization.

cFP affects the NF-kB signaling pathway. The above-de-
scribed results led us to examine whether cFP exerts its effect by
influencing a downstream signaling pathway associated with
TLR4 stimulation. The central downstream pathway of TLR4 is
the IKK/NF-kB pathway. Upon stimulation of TLR4, IKK be-
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comes autophosphorylated and subsequently phosphorylates IkB,
which, in its unphosphorylated form, binds to NF-«B and inhibits
its nuclear translocation. Phosphorylated IkB (p-IkB) is ubiquiti-
nated and degraded by a proteasome. The released NF-«kB trans-
locates into the nucleus and induces the expression of its target
genes (14, 29). IkB levels recover as the signal wanes since IkB is
continuously resynthesized; thus, the degradation of IkB reflects
the active transduction of a stimulatory signal (14, 29). The role of
cFP in these signaling events was examined by using LPS-stimu-
lated J774A.1 cells. LPS led to IKK phosphorylation and a tran-
sient degradation of IkBa, as previously reported (30). Interest-
ingly, cFP inhibited IKK phosphorylation and reduced and
delayed the degradation of IkBa in whole-cell lysates from LPS-
stimulated J774A.1 cells (Fig. 6A and B). cFP also reduced the
accumulation of NF-kB p65 in the nuclear extract compared to
controls without cFP treatment (Fig. 6C and D).

To examine whether cFP inhibits NF-kB-mediated gene ex-
pression, the expression of NF-kB target genes in LPS-stimulated
J774A.1 cells was analyzed. cFP greatly reduced the expression of
the NF-kB target genes Rantes, Ip10, and McpI in these cells (Fig.
6C). Taken together, these results suggest that cFP inhibits the
IKK/NF-kB signaling pathway in LPS-stimulated macrophages.

A transient-reporter assay was used to confirm the effect of cFP
on NF-kB-mediated gene expression. HEK293T cells were trans-
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fected with a reporter construct containing NF-«B binding sites in
its promoter. The cells were then stimulated with TNF-a in the
presence or absence of 4 mM cFP for the indicated times, and
reporter activity was measured. Stimulation with TNF-a triggered
luciferase activity, indicating that TNF-a induced NF-«B binding
to its promoter (Fig. 6D). cFP significantly reduced TNF-a-in-
duced luciferase activity, indicating that cFP inhibits NF-kB-me-
diated gene expression (Fig. 6D). Since TNF-« rather than LPS
was used in this experiment, this result further supports the no-
tion that the inhibitory activity of cFP is not limited to LPS stim-
ulation but is applicable to other NF-«kB-activating signals.
Isolation of a mutant of MO6-24/0 with a defect in cFP pro-
duction. Since cFP was found to inhibit the production of proin-
flammatory cytokines and antimicrobial agents, we hypothesized
that cFP gives bacteria a survival advantage in the host environ-
ment during infection. To test this hypothesis, we first isolated a
derivative of V. vulnificus that has a defect in cFP production. For
this, we utilized the fact that E. coli strain LE392 does not produce
detectable levels of cFP, as assessed by HPLC (data not shown). A
genomic library of V. vulnificus MO6-24/O was constructed in
LE392 cells, and each clone of the library was examined for the
ability to produce cFP by using the bioindicator MT102(pSB403).
About 25,000 genomic library clones of V. vulnificus were assessed
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for the production of cFP by using MT102(pSB403), and two
clones (pCP-1151 and pCP-1440) that activated the bioindicator
to the level of wild-type V. vulnificus MO6-24/0 were isolated (see
Fig. S5A in the supplemental material). This suggests that these
two clones carry genes that allow cFP production by LE392, which
does not naturally produce cFP. cFP production in the two clones,
measured by using HPLC, confirmed the result (see Fig. S5B in
the supplemental material). LE392 harboring the control vector
pCP13/B gave a signal comparable to that in uninoculated LB
medium (see Fig. S5B in the supplemental material).

DNA nudleotide sequencing showed that the inserts in pCP-1151
and pCP-1440 contain an identical region of chromosome II of V.
vulnificus MO6-24/0, and pCP-1151 was chosen for further anal-
ysis. The clone pCP-1151 contains an ~23-kb genomic DNA frag-
ment of V. vulnificus, from VVMO6_03006 to VVMO6_03031
(see Fig. S6A in the supplemental material). To identify the gene
that is responsible for conferring cFP production to the pCP-1151
clone, random transposon insertion mutants were made, and each
mutant was tested for the ability to induce the production of cFP
in LE392 cells. A transposon insertion in the VVMO6_03017 gene
caused a failure to activate the bioindicator, while transposon in-
sertions in other genes in the clone did not affect the activation of
the bioindicator (see Fig. S6B in the supplemental material).
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FIG 4 cFP suppresses production of innate cytokines and nitric oxide in primary macrophages. (A) BMDMs were stimulated with LPS (100 ng/ml) for the
indicated times in the presence or absence of 4 mM cFP. (Top) The levels of TNF-a and IL-6 in the culture supernatants were measured by an ELISA. Data
represent means = SD (n = 3). (Bottom) BMDMs were stimulated with LPS (100 ng/ml) for 3 h in the presence or absence of 4 mM cFP. The mRNA levels of
Tnfand 116 were measured by qRT-PCR and normalized to the Hprt mRNA level. Statistical differences between groups were analyzed by using Student’s ¢ test
(, P < 0.05). (B) BMDMs were stimulated with LPS (100 ng/ml) for the indicated times in the presence or absence of 4 mM cFP. The concentrations of nitrite
were detected by a Griess reagent assay (left), and the mRNA level of Inos was measured by qRT-PCR (right). Data represent means * SD (n = 3). Statistical
analyses between groups were performed by using Student’s ¢ test (, P < 0.05).

The deduced amino acid sequence of VVMO6_03017 suggests
that the protein is a membrane protein that does not show homol-
ogy to any known genes. A deletion of this gene abolished cFP
production in V. vulnificus MO6-24/0O cells, and the introduction
of the clone in frans into the mutant restored cFP production (see
Fig. S7 in the supplemental material). Although the biological
function of VVMOG6_03017 in association with cFP biosynthesis is
not known, this result clearly showed that this gene is required for
the production of cFP in V. vulnificus MO6-24/0 cells, and the
gene was therefore named IIcA (low level of cFP producer A). The
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growth rate of the AllcA mutant did not differ from that of wild-
type strain MO6-24/0O (see Fig. S8 in the supplemental material).

cFP enhances bacterial survival in animal hosts. To test the
hypothesis that cFP production by bacteria results in a survival
advantage during infection, ICR mice were infected with WT
(MO6-24/0) or mutant (AllcA) V. vulnificus by subcutaneous in-
jection, and the virulence of the bacteria was determined by mea-
suring the survival rate of the infected mice. Mice infected with
5 X 10* CFU of WT V. vulnificus had 0% viability after 72 h of
infection. However, mice infected with the AllcA mutant had an
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increased viability of 50% (Fig. 7A). When mice were infected
with higher CFU (1 X 10° or 1 X 10°) of V. vulnificus, the differ-
ence in virulence between the WT and mutant waned (Fig. 7B and
C), suggesting that the effect of cFP on virulence is modest. These
results support the hypothesis that, at least modestly, cFP is in-
volved in virulence in the host environment during infection.
Next, we examined whether the llcA gene complements the
virulence of the WT in a mouse infection experiment. For this, the
WT or the AllcA mutant was introduced with either a control
plasmid (pRK415) or plasmid pRK-IIcA. ICR mice were then in-
fected with WT(pRK415), AllcA(pRK415), and AllcA(pRK-IIcA)
by subcutaneous injection, and the virulence of the bacteria was
determined by measuring the survival rate of the infected mice.
These experimental conditions are slightly different from those
used in the previous mouse experiment. V. vulnificus conjugated
with either the control plasmid (pRK415) or plasmid pRK-/IcA has
to be maintained in the presence of tetracycline in the mouse.
Therefore, tetracycline was injected into a mouse together with the
bacteria, which selects bacteria that contain the plasmid. Because
of the low copy number and the instability of the plasmid, it is
expected that the number of live V. vulnificus cells under these
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conditions is not as high as that in the absence of the antibiotics. In
these experimental settings, 1 X 10° or 2 X 10° CFU of the AllcA
mutant complemented with the licA gene [AllcA(pRK415)] al-
most completely restored virulence to WT levels (Fig. 8), demon-
strating that LIcA is responsible for virulence.

DISCUSSION

In this study, we investigated the effects of cFP produced by the
lethal human pathogen V. vulnificus on the mammalian innate
immune system using the J774A.1 monocyte/macrophage cell line
and BMDMs. cFP suppressed the LPS-induced production of pro-
inflammatory cytokines and antimicrobial agents in these cells by
interfering with the NF-«B signaling pathway. cFP provided the
bacteria with a survival advantage in the host environment.
Since the innate immune system acts immediately upon patho-
gen invasion, suppression of this system is a well-known strategy
that many pathogenic microorganisms employ for their survival
and propagation during infection of the host body. In particular, a
variety of pathogens inhibit the NF-«kB signaling pathway to evade
the innate immune system of the host (31). Bacteria can inhibit
the NF-kB pathway at the level of TLR signaling, the IKK complex,
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indicated genes were measured by qRT-PCR. Statistical differences between groups were analyzed by using Student’s ¢ test (, P < 0.05). (F) NF-kB promoter activity.
HEK293T cells were transfected with a pNF-kB luciferase vector (containing NF-«B binding sites) and a Renilla luciferase reporter plasmid by using polyethylenei-
mine. Cells were allowed to rest for 24 h and then stimulated with 100 ng/ml LPS in the presence or absence of 4 mM cFP for the indicated times. Luciferase activity
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or NF-kB-dependent transcription (31). Although it is yet to be  ing. These results suggest that the target molecule lies between
determined which level of the NF-kB signaling pathway is targeted  TLR internalization and IKK phosphorylation in the signaling
by cFP, our current study provides some clues about the target pathway. The exact molecular target of cFP has yet to be deter-
molecule. For instance, cFP did not affect TLR4 internalization, —mined.

but it did inhibit IKK phosphorylation and its downstream signal- Our study revealed that cFP acts at an early time point. cFP-
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mediated inhibition of the NF-kB signaling pathway occurred by
as early as 5 min after stimulation, and a reduction of TNF-a and
IL-6 expression occurred by as early as 1 to 3 h poststimulation.
This early-acting property of cFP may be related to the capacity of
V. vulnificus to evade the innate immune system upon initial in-
fection, swiftly inducing symptoms with potentially lethal results
in the host (3).

Our luciferase activity analysis showed that cFP has similar
NF-kB-suppressive activity in LPS-stimulated macrophages and
in TNF-a-stimulated HEK293T cells, suggesting that the inhibi-
tion of NF-kB activity is not a cell type-restricted phenomenon. In
addition, cFP did not affect either phagocytic activity or TLR4
endocytosis in a monocyte/macrophage cell line. Thus, it seems
that cFP does not affect receptor-mediated signaling of host cells,
suggesting that the cFP-mediated effect is highly specific to NF-kB
signaling rather than influencing the broad activities involved in
cellular function.

Quorum-sensing molecules regulate biofilm formation as well as
toxin and virulence factor production (32, 33). Recent studies
showed that quorum-sensing molecules secreted from bacteria also
affect host immune systems (32, 34-36). In particular, N-(3-oxo-
dodecanoyl)homoserine lactone (3-oxo-C,,-HSL), a member of the
N-acyl-homoserine lactone (AHL) family that is produced by Pseu-
domonas aeruginosa, inhibits lymphocyte proliferation and
TNF-a production by LPS-stimulated macrophages (37). In ad-
dition, 3-ox0-C,,-HSL represses genes encoding inflammatory
regulators by impairing the regulation of NF-kB functions (35).
Pretreatment with the quorum-sensing small volatile aromatic
molecule 2-amino-acetophenon (2-AA) limits the inflammatory

March 2015 Volume 83 Number 3

Infection and Immunity

response of the host by reducing proinflammatory cytokine
production (36). Recently, we showed that 4-hydroxy-2-hep-
tylquinoline (HHQ) and 2-heptyl-3,4-dihydroxyquinoline (Pseu-
domonas quinolone signal [PQS]), members of the 4-hydroxy-2-
alkylquinoline (HAQ) family, also have an inhibitory function in
innate immunity (34, 38). cFP acts as a quorum-sensing molecule
in V. vulnificus as well as in other pathogenic Vibrio species, in-
cluding V. cholerae, by affecting the expression of the ToxR-de-
pendent gene ompU, which is important for pathogenicity (7).
Our current study is another example of the regulation of the host
immune system by quorum-sensing signaling molecules. In addi-
tion to cFP, other cyclic dipeptides isolated from various micro-
organisms also play physiological roles in higher organisms (5, 13,
39—41). Future studies will undoubtedly reveal roles for other cy-
clic dipeptide molecules in microbe-host interactions.

We performed BLAST searches for the lIcA gene. The gene
encodes a hypothetical membrane protein found in the genus
Vibrio, but the protein does not have any homology with any
known protein except for a few proteins annotated as “arginine/
ornithine antiporters” (ArcD) in a few Vibrio species, such as V.
maritimus, V. ponticus, and V. variabilis. However, these ArcD
proteins have different sizes than and no significant homology
with the ArcD proteins of V. cholerae and other bacteria. These
results suggest that the annotation may not be solid. Therefore, we
did not follow this nomenclature in our study. We also performed
a protein domain analysis on the protein, but we could not find
any known functional domain in the protein. However, based on
the fact that it is a membrane protein, we speculate that it might be
involved in cFP transport across the cell membrane.
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FIG 8 LIcA is responsible for virulence of V. vulnificus in mice. Four- to five-week-old ICR mice were injected with the V. vulnificus WT(pRK415) strain, the
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were injected subcutaneously in 100 l of PBS containing 2 pg/ml tetracycline, and the numbers of surviving mice are shown. Statistical differences between the
AllcA(pRK415)- and WT(pRK415)- or AllcA(pRK-IlcA)-treated groups were analyzed by Pearson’s chi-squared test (%, P << 0.01).

In conclusion, our results provide evidence that cFP has im-
mune-suppressive effects that enhance the pathogen’s ability to
infect and survive in a host environment. Our study sheds light on
the role of cFP in host-pathogen interactions and aids in the de-
velopment of potential therapeutic strategies for diseases related
to V. vulnificus. Further studies are needed to elucidate the exact
molecular target of cFP in the NF-«kB pathway.
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