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Background: Chemoattractant receptor Fpr2 interacts with host-derived agonist CRAMP and promotes dentritic cell

maturation in immune responses.

Results: Deficiency in Fpr2 or CRAMP results in impaired maturation of dendritic cells in vitro and in vivo.
Conclusion: Fpr2 and its agonist CRAMP play a nonredundant role in DC maturation.
Significance: Fpr2 and its agonist CRAMP are potential targets for disease intervention.

Mouse formylpeptide receptor 2 (Fpr2) is a homologue of the
human G-protein coupled chemoattractant receptor FPR2,
which interacts with pathogen and host-derived chemotactic
agonists. Our previous studies revealed reduced allergic air-
way inflammation and immune responses in Fpr2-deficient
(Fpr2~/7) mice in association with diminished dendritic cell
(DC) recruitment into the airway and draining lymph nodes.
These defects prompted us to investigate the potential changes
in the differentiation and maturation of DCs caused by Fpr2
deficiency. Bone marrow monocytes from Fpr2~/~ mouse mice
incubated with GM-CSF and IL-4 in vitro showed normal
expression of markers of immature DCs. However, upon stimu-
lation with the TLR4 agonist LPS, Fpr2~/~ mouse DCs failed to
express normal levels of maturation markers with reduced pro-
duction of IL-12 and diminished chemotaxis in response to the
DC homing chemokine CCL21. Fpr2™/~ DCs also failed to
induce allogeneic T-cell proliferation in vitro, and their recruit-
ment into the T-cell zones of the spleen was reduced after anti-
gen immunization. The capacity of Fpr2 to sustain normal DC
maturation was dependent on its interaction with an endoge-
nous ligand CRAMP expressed by DCs, because neutralization
of either Fpr2 or CRAMP inhibited DC maturation in response
to LPS. We additionally observed that the presence of exoge-
nous CRAMP in culture increased the sensitivity of WT mouse
DCs to LPS stimulation. The importance of CRAMP for DC
maturation was further demonstrated by the observations that
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DCs from CRAMP ™'~ mice expressed lower levels of costimu-
latory molecules and MHC II and exhibited poor chemotaxis in
response to CCL21 after LPS stimulation. Our observations
indicate a nonredundant role for Fpr2 and its agonist CRAMP in
DC maturation in immune responses.

Leukocyte trafficking and homing are mediated by G pro-
tein-coupled receptors (GPCRs)? that recognize pathogen and
host-derived chemoattractants (1, 2). Some chemoattractant
GPCRs are involved in both innate and adaptive immune
responses (3) and are essential for development, angiogenesis,
and homing of antigen presenting dendritic cells (DCs) (4).
Formylpeptide receptors (FPRs) belong to the GPCR family,
which is increasingly recognized as important mediators in
inflammatory and immune responses (5, 6). FPR subfamily con-
sists of three members, FPR1, FPR2, and FPR3, in humans (5, 6).
FPR1 is a high affinity receptor for the bacterial peptide formyl-
methionyl-leucyl-phenylalanine (fMLF) and mediates fMLEF-
induced phagocyte chemotaxis and activation. FPR1 also medi-
ates the leukocyte chemotactic activity of a neutrophil granule
protein cathepsin G (7). In vivo, FPR1 plays a role in host
defense against infection by Listeria monocytogenes as shown
by evidence obtained in mice deficient in the FPR1 homologue,
Fprl (8). FPR2 and its mouse counterpart Fpr2 are low affinity
receptors for fMLF, but they interact with a number of endog-
enous chemotactic agonist peptides produced by the host in
inflammation and immune responses (5, 6). FPR2 or Fpr2 has
been reported to also recognize the lipid mediator lipoxin A4

3 The abbreviations used are: GPCR, G protein-coupled receptor; BM, bone
marrow; CRAMP, cathelin-related antimicrobial peptide; DC, dendritic
cells; FPR and Fpr, formylpeptide receptor; fMLF, formyl-methionyl-leucyl-
phenylalanine; AnxA1, annexin I; iDC, immature BM-derived DC; mDC,
mature BM-derived DC; Ab, antibody; MFI, mean fluorescence intensity;
OVA, ovalbumin; PE, phycoerythrin.
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and the N-terminal peptides of annexin I (AnxA1) that trigger
anti-inflammatory responses (9, 10). FPR3 in human recognizes
a chemotactic peptide fragment derived from Heme-binding
protein that chemoattracts DCs (11). In mice, Fpr2 is likely a
receptor that functions as both human FPR2 and FPR3 (8, 12).

Among endogenous chemoattractant ligands recognized by
FPR2, LL-37 is a human cationic peptide derived from the
cathelicidin hCAP-18 (13). In addition to its anti-bacteria and
LPS binding activity, LL-37 is chemotactic for leukocytes
through interaction with FPR2 (14). LL-37 has also been
reported to promote endocytic capacity of DCs and the expres-
sion of costimulatory molecules. The mouse homologue of
LL37 is CRAMP, which utilizes Fpr2 to induce leukocyte che-
motaxis and activation (15). FPR2 and LL37, as well as their
mouse counterparts, are proposed to play important roles in
the initiation and progression of inflammatory and immune
responses.

Our previous study showed severely reduced allergic airway
inflammation in Fpr2~/~ mice (16). Further investigation
revealed that there is a significantly reduced recruitment of
Ly6C™" inflammatory DCs into the bronchiolar area in the aller-
gic inflammatory airway of Fpr2 =/~ or CRAMP '~ mice, sug-
gesting that Fpr2 and its endogenous ligand CRAMP control
DC trafficking (1).

However, it is unknown whether Fpr2 and CRAMP are also
involved in DC maturation required for normal trafficking in
disease states. In this study, we report that Fpr2 and CRAMP
are important for the normal maturation of DCs and critical for
DC recruitment in inflammatory and immune responses.

EXPERIMENTAL PROCEDURES

Animals—The generation of Fpr2™/~ mice was previously
described (16). To generate CRAMP "/~ mice, CRAMP gene
was retrieved from the mouse BAC clone RP23-77119 into
pLM]J235 vector containing the thymidine kinase gene. The tar-
geting vector was then electroporated into C57BL/6 mouse ES
cells (17). Recombinant ES cells were injected into blastocysts
of albino C57BL/6 mice to generate CRAMP flox-neo mice,
which were crossed to B-actin Cre mice on a C57BL/6 back-
ground. Heterozygous CRAMP "/~ mice were mated to gener-
ate homozygous CRAMP /~ mice.* Mice used in the experi-
ments were 8 —10 weeks old. They were allowed free access to
standard laboratory chow and tap water. All animals were
housed in an air-conditioned room with controlled tempera-
ture (22 = 1 °C), humidity (65-70%), and day/night cycle (12 h
light:12 h dark). Animal care was provided in accordance with
the procedures outlined in the Guide for Care and Use of Lab-
oratory Animals.

Reagents—FITC-, PE-PerCP-Cy5.5-conjugated, affinity-pu-
rified, rat or hamster IgG anti-mouse mAbs against CD16/32,
CDl1c, I-A/I-E, CD86/B7-2, CD80/B7-1, and CD40 as well as
Armenian hamster IgG, rat IgG2b, and rat IgG2b were from
eBioscience (San Diego, CA). Rabbit anti-mouse CRAMP Abs
and rabbit anti Fpr2 (recognizing amino acids 208 —280 in an
internal region of Fpr2) were from Santa Cruz (Santa Cruz,
CA). Anti-phosphorylated (p)-p38 MAPK (Thr'®°/Tyr'®?),

“T. Yoshimura, unpublished data.
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anti-p38, anti-IkB, and anti-B-actin Abs for Western blotting
were from Cell Signaling Technology (Beverly, MA). Cytokine
ELISA kits were from eBioscience (San Diego, CA). GM-CSF
and IL-4 were from PeproTech (Rocky Hill, NJ). LPS was from
InvivoGen (San Diego, CA). Fpr2 agonist peptides MMK-1 and
W-peptide (WKYMVm, W-pep) were synthesized at the
Department of Biochemistry of Colorado State University (Fort
Collins, CO) (18). AB42 peptide was from California Peptide
Research (Napa, CA). Mouse CRAMP (cathelin-related antimi-
crobial peptide) (NH,-ISRLAGLLRKGGEKIGEKLKKIGQKI-
KNFFQKLVPQPE-OH) was synthesized by New England Peptide
LLC (Gardner, MA). Mouse CD11c (N418) MicroBeads and anti-
FITC MicroBeads were from Miltenyi Biotec Inc. (Auburn, CA).

Isolation of Mouse Bone Marrow Cells and Generation of BM-
derived Dendritic Cells—BM cells were obtained by flushing
femurs with PBS as described (1). Red cells were lysed with ACK
Lysing Buffer (Cambrex Bio Science, MD). Immature BM-de-
rived DCs (iDCs) were generated by culturing BM nucleated
cells (10° cells/well/3 ml) with GM-CSF (20 ng/ml) and IL-4 (20
ng/ml) for 6 days (or indicated times). iDCs were stimulated
with LPS (10 ng/ml or at the indicated concentrations) for 24 h
to obtain mature BM-derived DCs (mDCs). For the activity of
CRAMP on DC differentiation, BM nucleated cells from WT
and Fpr2 ™/~ mice were cultured in the presence or absence of
CRAMP (50 ug/ml) with GM-CSF (20 ng/ml) and IL-4 (20
ng/ml) for 4 days. The cells were washed to remove CRAMP
and cultured with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) for
an additional 2 days and then were stimulated with LPS (100
ng/ml) for 24 h. The expression of costimulatory molecules was
measured by FACS, or the cells were measured for chemotaxis
induced by CCL21 at the indicated concentration.

RT-PCR—The expression of Fpr2 mRNA in DCs was exam-
ined by RT-PCR with primers as follows: sense, 5'-GTGTC-
CCCTGAATCTGGAAA-3" and antisense, 5'-TAATTCAG-
GTGCTGTGGGTG-3', which yield a 290-base pair (bp)
product. Mouse 3-actin primers were: sense, 5'-TGTGATG-
GTGGGAATGGGTGAG-3' and antisense, 5'-TTTGATGT-
CACGCACGATTTCC-3', which yield a 514-bp product. All
PCR products were resolved by 1.5% agarose gel electrophore-
sis and visualized with ethidium bromide staining.

Chemotaxis Assays—Chemotaxis of DCs was measured with
48-well microchambers and polycarbonate filters (5-um pore
size) (NeuroProbe, Cabin John, MD) as described (1). The
results are expressed as the means = S.E. of the chemotaxis
index, representing the fold increase in the number of migrated
cells in response to chemoattractants over spontaneous cell
migration (to control medium).

Flow Cytometry—DCs were preincubated in FACS buffer
(PBS containing 1% FCS, 5 mm EDTA, and 0.1% NaN;) contain-
ing anti-CD16/32 mAb for 20 min at 4 °C to eliminate nonspe-
cific binding of mAb to the FcyII/IIIR. Thereafter, cells were
incubated with appropriate concentrations of mAbs for 30 min
at 4 °C. For intracellular staining, the cells were then fixed and
permeabilized with BD Cytofix/Cytoperm and resuspended in
BD perm/wash buffer and stained with fluorochrome-conju-
gated anti-cytokine Abs or appropriate negative control Abs.
The cells were also stained with rabbit anti-mouse CRAMP Ab
followed by a biotinylated-conjugated anti-Ig secondary Ab and
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FIGURE 1. The expression of Fpr2 and CRAMP by mouse DCs. BM nucleated cells were isolated from WT and Fpr2~/~ mice. The cells were cultured in the
presence of GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) for 6 days as iDCs, which were subsequently stimulated with LPS (1 wg/ml) for 24 h as mDCs. A, the
expression of Fpr2 mRNA in iDCs and mDCs was examined by RT-PCR. B, loss of Fpr2 agonist AB,,-induced chemotaxis of iDCs from Fpr2~/~ mice. C, loss of
AB,4,-induced chemotaxis of mDCs from Fpr2 ™/~ mice. AB,, was 75 ug/ml (B and Q). D, failure of CD11c¢™ cells isolated from the spleen of Fpr2 ™/~ mice to
migrate in response to Fpr2 agonist MMK-1 (10~ ° m). Chemotaxis results are expressed as the chemotaxis index (C/) representing fold increase in cell migration
in response to stimulants over medium control (0). * indicates significantly increased migration in response to stimulants over spontaneous cell migration (to
control medium, p < 0.05). All mice used were 8-week-old male littermates. Each experiment was repeated three times. E, the expression of CRAMP by iDCs.
iDCs were spun on slides and stained with a rabbit anti-mouse CRAMP antibody followed by a biotinylated anti-rabbit IgG secondary antibody and PE-
conjugated streptavidin. The cells were counterstained with DAPI for nuclei for analysis with confocal microscopy. Scale bars represent 10 um. F, the fluores-

cence intensity of CRAMP™ iDCs. On each slide, 6-12 cells were examined. The results are expressed as the means *+ S.E.

PE-conjugated streptavidin. To determine DC recruitment into
the spleen after LPS injection, each mouse was injected intra-
peritoneally with 25 ug of LPS and 2.0 mg of OVA. Spleens were
harvested 12 h later. After the lysis of red cells, splenocytes were
stained with Abs (anti-mouse CD11c-FITC, CD4-PE, and
CD8a-PerCP-Cy5.5 Abs) or anti-mouse CDI11c-FITC and
CCR7-PE and analyzed with FACS. A pool of three mice was
used.

Fluorescence and Confocal Microscopy—DCs stimulated
with CCL21 were spun on cover slides and stained with Phal-
loidin for F-actin and with DAPI for nuclei. DCs on slides were
also stained with rabbit anti-mouse CRAMP Ab, followed by a
biotinylated anti-Ig secondary Ab and PE-conjugated strepta-
vidin. Samples were analyzed with fluorescence microscopy
(Olympus IX 71) and confocal microscopy (Zeiss LSM510 NLO
Meta).

Mixed Lymphocyte Reaction—BM-derived iDCs were treated
with LPS (100 ng/ml) for 24 h to obtain mDCs with >90% via-
bility. The cells were then treated with 50 ng/ml mitomycin C
for 20 min at 37 °C. mDCs (stimulators) were washed and incu-
bated with allogeneic naive CD3™ T-cells from Balb/C mouse
spleen (responders) (2 X 10° cells/well) at the indicated ratios
in 96-well U-bottom culture plates for 72 h in the presence of 1
uCi of *H/well thymidine for the last 18 h. The cells were
counted for B-emission in a TopCount scintillation counter
(Packard Instrument, Downers Grove, IL).

Immunofluorescence and Immunohistology—Mice were in-
jected intraperitoneally with 25 ug of LPS/2.0 mg of OVA/
mouse. Spleens were harvested 12 h later. For immunofluo-
rescence, frozen sections were stained with a hamster anti-

JUNE 20, 2014-VOLUME 289-NUMBER25  SASBMB

mouse CD11c Ab followed by a biotinylated anti-Ig Ab (BD
Biosciences) with streptavidin-PE and DAPI counter staining
(InvitroGen).

ELISA—The supernatants from DCs (2 X 10 cells/ml) stim-
ulated with LPS (1 ng/ml) for 24 h were measured for IL12/1L23
(total p40) by ELISA. Cytokine production by splenocytes from
PGN—/OVA immunized mice was determined as described
previously (16). Briefly, each mouse was injected intraperitone-
ally with 2 mg of OVA (Sigma) and 25 pg/mouse PGN (Invivo-
Gen). Spleens were harvested 4 days later, and splenocytes were
plated in triplicate in 12-well plates (1 X 10 in 1000 wl of RPMI
1640 supplemented with 10% FBS in the presence of 200 wg/ml
OVA for 4 days. The supernatants were then assayed for IL-4,
IL-10, and IL-13 by ELISA.

Statistical Analysis—All experiments were performed at
least three times. Representative and reproducible results are
shown. Statistical analysis was performed with Prism software
(GraphPad Software, La Jolla, CA). The values are expressed as
the means * S.E. The significance of the differences between
testing and control groups was assessed by Student’s ¢ test or
one-way analysis of variance where appropriate. p < 0.05 was
considered statistically significant.

RESULTS

The Expression of Fpr2 and CRAMP by DCs—W e first con-
firmed the expression and function of Fpr2 in mouse DCs. Fpr2
mRNA was expressed by iDCs and mDCs from WT mice (Fig.
1A). These iDCs and mDCs migrated in response to the Fpr2
ligand AB,, (6) (Fig. 1, B and C). CD11c" DCs isolated from
mouse spleens also migrated in response to another Fpr2 ligand
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FIGURE 2. Impaired maturation of DCs from Fpr2~/~ mice. A, the expression of CD86 and MHC Il by iDCs. B, the expression of CD86 and MHC Il by mDCs after
stimulation with LPS. C, MFl of CD86™ population in iDCs and mDCs. Results are expressed as the mean =+ S.E. D, MFI of MHC Il cell populations in iDCs and
mDCs. The results are expressed as the means = S.E. (n = 4 mice/group). Each experiment was repeated three times. *, p < 0.05 in Cand D. E, reduced IL-12
producing DCs from Fpr2 ™/~ mice. iDCs purified with CD11c* MACS were stimulated with LPS (1 wg/ml) and GolgiStop (2 um) for 4 h. The cells were stained
with FITC-conjugated anti mouse CD11c and then fixed and permeabilized with BD Cytofix/Cytoperm, followed by intracellular staining with PE-conjugated
anti mouse IL-12 (p40/p70) Ab and analysis with FACS. F, percentage of CD11c™ IL-12" cellsin CD11c¢* population. The results are expressed as the means =
S.E. (n = 3 mice/group). **, p < 0.01. G, reduced production of IL-12/IL-23 (total p40) by Fpr2 =/~ mouse DCs. Supernatant from iDCs (2 X 10°/ml) stimulated
with LPS (1 ug/ml) for 24 h was measured for IL-12/IL23 (total p40) by ELISA. * indicates significantly reduced production of IL-12/IL-23 (total p40) by Fpr2 '~

mouse DCs as compared with WT mouse DCs (p < 0.05) (n = 5 mice/group).

MMK-1 (Fig. 1D). In Fpr2~/~ mice, neither iDCs nor mDCs
expressed Fpr2 mRNA (Fig. 14), and neither exhibited che-
motaxis in response to Fpr2 agonist peptides (Fig. 1, B-D). In
addition to Fpr2, iDCs from WT and Fpr2~/~ mice expressed
similar levels of the Fpr2 ligand CRAMP (Fig. 1, E and F).

Defective in Vitro Maturation of DCs from Fpr2 '~ Mice—
To investigate the role of Fpr2 in DC maturation, we compared
the expression of surface markers by BM-derived DCs from
WT and Fpr2 ™/~ mice. BM nucleated cells from Fpr2~/~ and
WT mice cultured in vitro with GM-CSF and IL-4 for 5 days
showed no substantial difference in the expression levels of DC
surface CD86 and MHC II molecules (Fig. 2, A, C, and D). How-
ever, the chemotaxis responses of iDCs from Fpr2 '~ mice to
the chemokines CCL3 and CCL4 (ligands for CCR5), as well as
CCL20 (aligand for CCR6), was reduced as compared with WT
mouse iDCs (supplemental Fig. S2, A-C), suggesting that,
despite the apparent normal expression of iDC markers, the
Fpr2~/~ mouse iDCs are defective in the function of certain
chemokine receptors.

After iDCs were treated with LPS for 24 h to promote matu-
ration, mDCs from Fpr2~/~ mice showed a considerably lower
level expression of the maturation markers CD86 and MHC 11
as compared with cells derived from WT littermates (Fig. 2,
B-s-D). The expression of other DC maturation markers CD80
and CD40 was also reduced on mDCs from Fpr2 /'~ mice as
compared with WT mouse mDCs (supplemental Fig. S1). The
defective maturation of DCs from Fpr2 ™/~ mice in vitro was
accompanied by a reduced subpopulation of CD11c* IL-12
(p40/p70) ™ cells (Fig. 2, E and F) and the considerably lower
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production of IL-12/IL-23 (total p40) by Fpr2~/~ iDCs after
LPS stimulation as compared with cells from WT littermates
(Fig. 2G).

It has been documented that in response to maturation
stimulation, DCs alter their expression profile of chemokine
receptors with down-regulation of CCR1, CCR5, and CCR6
but up-regulation of CCR7 (19). However, we found that both
iDCs and LPS-stimulated mDCs from Fpr2 ™/~ mice migrated
poorly in response to the CCR7 ligand CCL21 (Fig. 3, A-C) as
compared with WT mouse DCs. Consistent with defective
CCR7-mediated cell migration, there was a marked reduction
in CCL21-induced F-actin polymerization in mDCs from
Fpr2~/~ mice (Fig. 3, D and E). The defective function of CCR7
in mDCs from Fpr2 /" mice was associated with reduced
CCR7 expression as compared with WT mouse mDCs (supple-
mental Fig. S3). In addition, stimulation of mDCs from Fpr2 ™/~
mice with the CCR7 agonist CCL21 failed to induce p38 phos-
phorylation (supplemental Fig. S4A4), albeit with comparable
ERK1/2 activation (supplemental Fig. S4B) as compared with
mDCs from WT mice. These results indicate that deficiency in
Fpr2 impaired the normal signaling pathways mediated by the
DC homing chemokine receptor CCR7.

Defective Allogeneic T-cell Stimulatory Capacity of Fpr2~"~
Mouse mDCs—The impaired in vitro maturation of DCs from
Fpr2~/~ mice prompted us to measure their antigen-present-
ing cell capability. Using WT and Fpr2~/~ B6 mouse mDCs as
effectorsand CD3™ splenocytes from BALB/c mice as respond-
ers, we found a markedly reduced ability of Fpr2~/~ mouse
mDCs to stimulate allogeneic T-cell proliferation as compared
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FIGURE 3. Reduced CCR7 and antigen-presenting cell function shown by Fpr2~/~ mouse DCs in vitro. A, reduced chemotaxis of iDCs from Fpr2~/~ mice
in response to different concentrations of CCL21. B, reduced chemotaxis of mDCs from Fpr2~/~ mice in response to CCL21 (100 ng/ml) at the indicated time
points. C, reduced chemotaxis of mDCs from Fpr2~/~ mice in response to different concentrations of CCL21. The results are expressed as the chemotaxis index
(CI) representing fold increase in cell migration in response to CCL21 over the baseline migration (to medium). *, p < 0.05; **, p < 0.01, significantly reduced
migration shown by DCs from Fpr2~/~ mice as compared with WT littermate cells. Each experiment was repeated three times. D, CCL21-induced F-actin
polymerization in mDCs. mDCs were stimulated with CCL21 (100 ng/ml) for indicated time points. The cells were then spun on cover slides and stained with
phalloidin (red) for F-actin and DAPI (blue) for nuclei, followed by analysis with fluorescence confocal microscopy. Scale bar, 50 um. E, the fluorescence intensity
of F-actin™ cells. The results are expressed as the means = S.E. (n = 6-12 cells/slide). The experiment was repeated two times. ***, p < 0.001. The mice used
were 8-12-week-old male littermates. F, allogeneic mixed lymphocyte reaction stimulated by DCs. mDCs were treated with 50 ng/ml mitomycin C for 20 min
at37 °C.mDCs (stimulators) were then washed and incubated with allogeneic naive CD3 " T-cells from Balb/C mouse spleen (responders) at the indicated ratios
in 96-well U-bottom culture plates for 72 h in the presence of 1 uCi of *H/well thymidine for the last 18 h. The cells were then harvested and counted for
B-emission in a TopCount scintillation counter. * indicates significantly reduced T-cell proliferation stimulated by mDCs from Fpr2~/~ mice as compared with
mDCs from WT littermates (p < 0.05). The mice used were 8-week-old females. G, the levels of IFN-vy in culture supernatants of mixed lymphocyte reaction
determined by ELISA. The data shown represent the means = S.E. * indicates significantly reduced level of IFN-y produced by T-cells stimulated by DCs from

Fpr2~/~ mice as compared with the cells from WT littermates (p < 0.05) (n = 3 wells/group). The experiment was repeated three times (F and G).

with WT mouse mDCs (Fig. 3F). In addition, the production of
the effector cytokine IFN-vy was reduced in T-cell cultures in
the presence of Fpr2~/~ mouse DCs (Fig. 3G). Thus, the key
function as antigen-presenting cells was defective in mDCs
from Fpr2 ™/~ mice.

Reduced DC Homing in Vivo in Fpr2™’~ Mice—Having
observed defective maturation of DCs from Fpr2 /~ mice in
vitro, we investigated whether these defects were associated
with reduced DC homing and subsequent immune responses in
vivo. Because mDCs from Fpr2 ™/~ mice showed deficiency in
CCR?7 function, we examined whether mDC trafficking into the
spleen of Fpr2~/~ mice was impaired in OVA/LPS-induced
immune response. Fewer CD11c™ cells (Fig. 44), a lower num-
ber of CD11c™ CD4" 8~ Cells (Fig. 4B), and a lower ratio of
CD11c* CD4" 8~ DCs/CD11c™ CD4~ 8% DCs (Fig. 4C) and
CD11c* CCR7™ cells (Fig. 4D) were present in the spleen of
Fpr2~/~ mice after OVA/LPS immunization. Furthermore,
after LPS/OVA immunization, CD11c™ cell accumulation in
the T-cell zones of the spleen was reduced in Fpr2~/~ mice as
compared with WT mice (Fig. 4, E-G). These results indicate
that the defective maturation of DCs from Fpr2~/~ mice is
associated with their reduced trafficking into lymphoid organs,
resulting in impaired host immune responses. We further used
OVA and a TLR2/6 agonist PGN to elicit a Th2 response in
Fpr2~/~ mice (20). Splenocytes from Fpr2~/~ mice produced
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lower levels of IL-4, IL-10, and IL-13 as compared with the cells
from WT mice (Fig. 5, A—C). These results were corroborated
by earlier observation of defective OVA/LPS elicited Thl
responses in Fpr2 /'~ mice. Thus, both Th1 and Th2 immune
responses were impaired in Fpr2 ™/~ mice.
Hyporesponsiveness of mDCs from Fpr2~’~ Mice to Activa-
tion by LPS—To investigate the mechanisms of Fpr2 participa-
tion in DC maturation, we compared TLR4 expression by BM-
derived DCs from WT and Fpr2~/~ mice, because the level of
TLR4 may affect the responsiveness of DCs to LPS-mediated
maturation signal. BM nucleated cells from Fpr2 ™/~ and WT
mice cultured in vitro with GM-CSF and IL-4 for 6 days showed
no significant difference in the expression levels of TLR4: (sup-
plemental Fig. S5A). However, iDCs from WT mice showed
rapid phosphorylation (5 min) of p38 MAPK to low levels of (0.1
pg/ml) LPS (supplemental Fig. S5B, left panel). In contrast,
much higher levels of LPS (0.5 ug/ml) were required to stimu-
late a delayed phosphorylation of p38 (30 min) in iDCs from
Fpr2~/~ mice (supplemental Fig. S5B, right panel), albeit the
cells from both mice showed comparable levels of ERK1/2
MAPK phosphorylation (supplemental Fig. S5B). In addition,
there was a delayed degradation of IkB-a in Fpr2™/~ mouse
DCs after LPS stimulation as compared with WT mouse DCs
(Fig. 5D). These results indicate that Fpr2 deficiency renders
DCs hyporesponsive to the maturation stimulation by LPS.
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with FACS. The results are shown as the percentage of CD11¢*CCR7* cells. * indicates significantly reduced percentage of CD11¢ " CCR7 " cells in the spleen of
immunized Fpr2 ™/~ mice as compared with the spleen of WT mice (p < 0.05) (n = 5 mice/group). The experiments were repeated three times (A-D). E and F,
reduced recruitment of DCs in the spleen of Fpr2~/~ mice after LPS/OVA stimulation. Each mouse was injected intraperitoneally with 25 ug of LPS and 2.0 mg
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FIGURE 5. Reduced type 2 cytokine production by splenocytes and defec-

suggesting that the Fpr2~/~ mouse DCs did not efficiently
release CRAMP in response to LPS stimulation.

To examine whether CRAMP was capable of regulating DC
maturation, we tested the effect of exogenous and endogenous

tive IkBa activation in DCs from Fpr2~/~ mice. A-C, reduced type 2 cyto-
kine production by splenocytes from Fpr2 =/~ mice. The mice were injected
intraperitoneally with 2 mg of OVA and 25 ug of Staphylococcus aureus PGN.
The spleens were harvested 4 days later, and splenocytes were plated in trip-
licate in 12-well plates (1 X 10%/well) in 1000 ul of RPMI 1640 supplemented
with 10% FBS in the presence of 200 ug/ml OVA for 4 days. The supernatants
were then assayed for IL-4 (A), IL-13 (B), and IL-10 (C) by ELISA. The results are
expressed as the means = S.E. (n = 4 mice per group). * indicates significantly
reduced Th2 cytokines in the supernatants of splenocytes from Fpr2~/~ mice
as compared with the cells from WT mice (p < 0.05). The mice used were
8-week-old females. D, reduced degradation of IkB-« in mDCs from Fpr2—/~
mice. iDCs were stimulated with LPS (0.1 wg/ml) at the indicated time points
(min). The cells were then harvested and lysed. Equal total proteins from same
number of cells were electrophoresed and blotted. The protein bands were
detected with anti-total IkB-a and B-actin antibodies.

Contribution of the Endogenous Fpr2 Agonist CRAMP to DC
Differentiation—Because Fpr2 recognizes a host-derived ago-
nists CRAMP, which is widely expressed in various cell types
including DCs (21), we asked whether CRAMP may play a role
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CRAMP in DC culture. WT mouse iDCs cultured with CRAMP
(CRAMP-primed) increased CD11c*CD86™ population after
stimulation with LPS as compared with DCs cultured in the
absence of CRAMP (Fig. 6, D and E). The result was consistent
with observations in mice deficient in the CRAMP receptor
Fpr2 (Fpr2~/~ mice) in which DCs contained a lower propor-
tion of CD11c"CD86™ subpopulation (Fig. 6, F and G). WT
mouse mDCs cultured with CRAMP showed a more potent
chemotaxis in response to the DC homing chemokine CCL21
(Fig. 7A, left panel) and produced higher levels of IL-12/IL-23
than control mDCs (Fig. 7B, left panel). The effect of exogenous
CRAMP on DC maturation was dependent on the receptor
Fpr2, because CRAMP failed to show any stimulatory activity
on DCs from Fpr2~/~ mice (Fig. 7, A, right panel, and B, right
panel). In addition, anti-CRAMP and anti-Fpr2 antibodies
reduced the CD11c*CD86™" population in DCs from WT mice
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population in CRAMP-primed DCs as compared with control DCs (p < 0.05).

(Fig. 7, Cand D). We further observed that in WT DCs cultured
with CRAMP, LPS induced more rapid phosphorylation of
IkB-a (5 min) (Fig. 7E). However, CRAMP should be removed
48 h before LPS stimulation, because CRAMP bounds LPS, thus
attenuating its activity when present together in the culture
(Fig. 7E). These results indicate that both exogenous and
endogenous CRAMP plays a significant role in promoting the
maturation of DCs via Fpr2.

To examine whether other Fpr2 agonists might possess the
same capacity as CRAMP to promote DC maturation, we
examined the effect of AnxA1l (23). BM nucleated cells from
WT mice were cultured in the presence of AnxAl or anti-
AnxAl Ab with GM-CSF and IL-4 for 4 days. The cells were
washed to remove AnxA1 and cultured with GM-CSF and IL-4
for an additional 2 days. The cells were then stimulated with
LPS (100 ng/ml) for 24 h. We found that WT mouse iDCs
cultured with AnxAl increased CD11c*CD86" and
CD11"CD40™ populations after stimulation with LPS as com-
pared with DCs cultured in the absence of AnxA1 (supplemen-
tal Fig. S6, A-C) and showing a more potent chemotactic
response to CCL21 (supplemental Fig. S7A). In contrast,
AnxAl1 failed to show priming activity on DCs from Fpr2~/~
mice (supplemental Fig. S7B) as measured by CCR7 function.
These results indicate that Fpr2 was capable of interacting with
multiendogenous agonists to prime DC maturation.
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In an attempt to address whether CCR7 and Fpr2 might
cooperate to induced DC migration, we examined the che-
motaxis response of WT mouse DCs simultaneously to the
ligands for these two GPCRs: CRAMP and CCL21. We found
that CRAMP and CCL21 synergistically induced the migration
of mDCs from WT mice (supplemental Fig. S8A), thus confirm-
ing the capacity of two GPCRs to cooperate, albeit with yet
to be clarified biological significance in pathophysiological
conditions.

Impaired DC Differentiation in CRAMP™’~ Mice—Because
CRAMP increases the sensitivity of iDCs to the maturation
stimulant LPS via Fpr2, we hypothesized that CRAMP defi-
ciency may also have a profound effect on DC differentiation.
iDCs from CRAMP "/~ showed no difference in the expression
levels of surface costimulatory molecules as compared with the
cells from WT mice (Fig. 8, A and B). In contrast, mDCs differ-
entiated from CRAMP ~/~ mice showed a considerably lower
level of expression of CD86, CD80, and MHC II as compared
with the cells from WT mice (Fig. 8, C and D) after treatment
with LPS. The addition of exogenous CRAMP restored the
responses of iDCs from CRAMP /™ mice to LPS (Fig. 8, Cand
D). Thus, endogenous CRAMP is required for normal DC mat-
uration. CRAMP /" mouse DCs also showed reduced cell
migration in response to CCL21 as compared with WT DCs
(Fig. 8, E and F), albeit with a comparable level of CCR7 expres-
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absence of CRAMP (p < 0.05). B, CRAMP enhances IL-12 production by DCs via Fpr2. BM nucleated cells from WT and Fpr2 /™ mice were cultured with GM-CSF
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were cultured with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) in the presence or absence of CRAMP (50 p.g/ml) for 4 days. The cells were washed to remove CRAMP
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with CRAMP (50 ng/ml) at the indicated time points. The cells were then harvested and lysed for measurement of phosphorylated IkB-a and GAPDH by
Western blotting. Cl, chemotaxis index.

sion (supplemental Fig. S8, Band C). Taken together, our obser-
vations demonstrate the importance of CRAMP and Fpr2 inter-
action in DC maturation.

DISCUSSION

Leukocyte trafficking in inflammatory and immune response
is believed to be mediated by chemokine GPCRs. However,
these cells display a remarkable functional polyvalency and the
ability to adapt to changes in the microenvironment, because of
their vast cell surface receptor repertoire that continuously
senses the signals in surrounding environment. Recently, stud-
ies have shown that multiple chemokine GPCRs are responsible
for DC accumulation at the sites of inflammation and immune
responses. For instance, the chemokine receptor CCR2 has not
only been proven useful as a discriminative marker between
inflammatory/classical monocytes (CCR2 " Ly6C"¢") and resi-
dent/patrolling/nonclassical monocytes (CCR2 ~Ly6C'") (24),
but it is also actively participating in the recruitment of inflam-
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matory monocytes to sites of infection, trauma, or tumor. How-
ever, the trafficking of inflammatory DCs/monocytes in disease
states are complex, and receptors other than chemokine
GPCRs have also been shown to play key roles in the relay of
chemoattractant signals that direct DCs to the final destination
of the immune responses. Among these nonchemokine GPCRs,
Fpr2 has been shown to be essential for stepwise trafficking of
inflammatory DCs in concert with chemokine receptors CCR2
and CCRY7 to amplify immune responses (1). In this study, we
further found that mouse DCs deficient in Fpr2 are hypore-
sponsive to LPS with impaired maturation and function,
including reduction in the expression of MHC II and costimu-
latory molecules as well as severely diminished function of the
DC homing receptor CCR7. As a consequence, Fpr2~/~ DCs
failed to stimulate allogeneic T-cell proliferation in vitro and
reduced their accumulation in the spleen in both Th1 and Th2
immune responses (1).
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0.001) (n = 3 mice/group). All experiments were repeated three times.

FPRs, among numerous chemoattractant GPCRs, exhibit
some unique features in host responses to pathogen and endog-
enous danger signals (5, 6). In human, three functional FPRs
have been identified. FPR1 and FPR2 are both expressed by
human monocytes and neutrophils, but not mature DCs. On
the other hand, FPR3 was only detected on human monocytes
and mature DCs and respond to a unique peptide ligand F2L (5,
11). In mouse, the identity of FPR3 analogue is not clear. Our
study showed that mouse Fpr2 responded to F2L and neutro-
phils from Fpr2~/~ mice completely lost responses to F2L.
These findings in combination with our clear detection of Fpr2
on mature mouse DCs suggest that Fpr2 is likely an analogue for
both human FPR2 and FPR3 (12).

In an effort to elucidate the mechanistic basis for the role of
Fpr2 in promoting DC differentiation and maturation, we
found that an endogenous Fpr2 agonist peptide, CRAMP, by
interacting with Fpr2, is required for the functional maturation
of DCs. CRAMP is the mouse orthologue of human LL37,
which is an anti-microbial peptide contained in neutrophil
granules and is also produced by normal epithelial cells (25) and
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cancer cells (26). In mice, CRAMP enhances OVA-induced
immune responses including the production of Thl and Th2
cytokines (15). Our study showed that CRAMP expressed in
DCs promotes DC responses to maturation stimulants. The
observations that DCs from Fpr2~/~and CRAMP /"~ mice, as
well as DCs from WT mice treated with anti-CRAMP or anti-
Fpr2 antibodies, showed reduced maturation in response to
LPS suggest that CRAMP released by DCs after LPS stimulation
may interact with the receptor Fpr2 in an autocrine or para-
crine loop in support of DC differentiation. This notion is sup-
ported by reduced intracellular CRAMP in DCs treated by LPS.

It is intriguing that under certain conditions, the human
CRAMP analogue LL37 could inhibit the activation of DCs by
TLR agonists (27). For instance, in the presence of LL37
throughout the culture period, the activation of iDCs by LPS
was suppressed with diminished expression of DC markers and
CCR7 (27). Also, there is evidence that CRAMP binds and neu-
tralizes LPS. For instance, CRAMP inhibited the capacity of
LPS to induce TNF-« expression by mouse macrophages (28)
and suppressed the osteoclastogenesis in cocultures with LPS
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(29). We also found that to obtain optimal priming effect of
CRAMP, CRAMP present in the culture should be removed
48 h before LPS stimulation. These results suggest that the
effect of LL37/CRAMP on DC differentiation and function is
well orchestrated in a time-dependent manner. Although the
precise mechanisms for this fine tuning of DC differentiation by
LL37/CRAMP require further investigation, one possibility is
that LL37/CRAMP may also interact with other cellular recep-
tors such as TLR or P2X7 with diverse signaling pathways and
thus different biological consequences. In addition to CRAMP,
another Fpr2 agonist AnxA1l has also been reported to play a
role in normal DC function. AnxA1 is a member of calcium-de-
pendent phospholipid binding proteins (30) and is expressed in
avariety of cell types including iDCs and mDCs from mice (24).
In mice deficientin AnxA1, when cultured in vitro, DCs showed
diminished expression of maturation markers, decreased che-
motaxis in response to chemokines, reduced production of
inflammatory cytokines, hyporesponsiveness to LPS stimula-
tion, and impaired capacity to stimulate allogeneic T-cell pro-
liferation (23). AnxA1 was initially reported to activate the pro-
totype FPR family member FPR1 in neutrophils and retain the
cells in the blood vessel, thereby reducing their extravasation in
response to other chemoattractants at the sites of inflammation
(31, 32). Subsequently, AnxA1 and its N-terminal peptides were
reported to exert anti-inflammatory effect via activation of
human FPR2 or mouse Fpr2. These observations were substan-
tiated by reduction of the anti-inflammatory activity of AnxA1l
in Fpr2-deficient mice (31, 33). In our present study, AnxAl
was found to also prime mouse DC responses to LPS-mediated
maturation signal. However, another synthetic Fpr2 agonist
peptide MMK-1 did not show “priming” activity (data not
shown) on mouse DC maturation, presumably because of its
much shorter sequence, with a hypothetically simpler structure
and different pattern of Fpr2 interaction as compared with
CRAMP and AnxAl. It is therefore interesting to further clarify
the interaction pattern of Fpr2 with its divergent agonists to
better understand their role in pathophysiological conditions.

The biological function of FPR2/Fpr2 in vitro and in disease
models has also been a subject of debate. In an earlier report
(33), Fpr2 was described as a receptor transmitting inhibitory
signals that dampen the host inflammatory responses. This was
supported by results obtained by using a purported Fpr2 KO
stain in which mice showed exacerbated pro-inflammatory
responses to stimulation. However, such observations became
inconclusive because of the later correction that the genotype
of this Frp2 KO strain was incorrect, and the mice were deleted
an additional Fpr2-like receptor (33), which presumably medi-
ates anti-inflammatory responses. In contrast to this erroneous
Fpr2 KO genotype, our Fpr2 KO mice clearly showed its capac-
ity as one of the first line host defense molecules against path-
ological insults, thus mediating pro-inflammatory host
responses (16, 34-36). It is therefore important to further
delineate the function of Fpr analogues in mice and carefully
interpret the results based on the precise mouse genotype and
the context of the disease models.

It must be pointed out that despite a clear participation of
Fpr2 and its agonist CRAMP in DC maturation and subsequent
immune responses, the mechanistic basis underlying the
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impact of Fpr2 or CRAMP deficiency on molecular genetic
changes in the cells remains to be determined. Our preliminary
profiling of genes regulated by LPS in DCs revealed reduced
expression of multiple genes by DCs from Fpr2 /" mice,
including genes coding for TLR2, TLR4, and TLR7. Fpr2™/~
mouse DCs also showed aberrant expression of genes coding
for a number of transcription factors, cytokines, and chemo-
kines and their receptors.” Further study is ongoing to elucidate
the precise mechanisms for the contribution of Fpr2 pathways
to pathphysiological processes.
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