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Airway Activation of Formyl Peptide Receptors Inhibits Th1l
and Th17 Cell Responses via Inhibition of Mediator Release
from Immune and Inflammatory Cells and Maturation of
Dendritic Cells

You-Me Tae,* Hyun Taek Park,* Hyung-Geun Moon,* You-Sun Kim,* Seong Gyu Jeon,*
Tae-Young Roh,* Yoe-Sik Bae,” Yong Song Gho,* Sung Ho Ryu,* Hyouk-Soo Kwon,*
and Yoon-Keun Kim*

Formyl peptide receptors (FPRs) are chemoattractant receptors that mediate inflammatory cell responses to infection. Recent
evidence indicates that noneosinophilic asthma phenotypes can be developed by both Th1 and Th17 cell responses when exposed to
LPS-containing allergens. In this study, we evaluated the effects of airway activation of FPRs by their synthetic agonist, Trp-Lys-
Tyr-Met-Val-D-Met (W-peptide), on the development of Th1 and Th17 cell responses in a noneosinophilic asthma mouse model. A
noneosinophilic asthma mouse model was generated by intranasal sensitization with 10 pg of LPS plus 75 pg of OVA on days 0, 1,
2, and 7. Mice were then challenged with 50 g of OVA alone on days 14, 15, 21, and 22. W-peptide was administered during the
sensitization period, and immune and inflammatory responses were evaluated after OVA challenge. Lung inflammation after OVA
challenge was partly abolished by airway activation of FPRs during sensitization. Maturation of dendritic cells (DCs) and
migration of DCs from the lung to lung-draining lymph nodes were inhibited by FPR activation. In addition, airway activation
of FPRs inhibited allergen-specific T cell proliferation in the lymph nodes. Production of IL-12 and IL-6 (Thl- and Th17-
polarizing cytokines) from lung DCs was decreased by airway activation of FPRs. This effect resulted in the inhibition of
allergen-specific Th1 and Th17 cell responses. Airway activation of FPRs during sensitization effectively prevents the development
of Thl and Th17 cell responses induced by LPS-containing allergens via multiple mechanisms, such as inhibition of DC matu-

ration and migration and the production of Thl- and Th7-polarizing cytokines. The Journal of Immunology, 2012, 188: 000-000.

sthma is a chronic inflammatory disorder of the airways
A that is characterized by reversible airway obstruction and

airway hyperresponsiveness (AHR) (1, 2). Asthma has
been considered to be induced by a Th2 cell response and resultant
eosinophilic inflammation in the airways (3). However, recent
experimental and clinical evidence indicates that severe asthma is
characterized by neutrophilic inflammation, which is related to
both Thl and Th17 cell responses (4, 5). In particular, our pre-
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vious animal experiments showed that airway sensitization of
LPS-containing allergens induced neutrophilic inflammation after
airway allergen challenge; the neutrophilic inflammation was
elicited by both Th1l and Th17 cell responses (6).

Formyl peptide receptors (FPRs) are pattern-recognition recep-
tors to formylated peptides derived from Gram-negative bacteria
and are involved in host defense against pathogens (7). Three FPRs
(FPR, FPRL1, and FPRL2) have been identified in humans, and
fprl and fpr2 have been found in mice as counterparts to human
FPR and FPRL1, respectively (7, 8). FPRs are expressed mostly in
phagocytes, such as neutrophils, monocytes, macrophages, and
dendritic cells (DCs), as well as in immune cells, such as T cells
and B cells (7-9). It was recently reported that the expression of
FPRs is essential for early host defense to bacterial infections (10).
Moreover, we demonstrated that FPR activation prevented the
progression of sepsis in a sepsis animal model (11).

The effects of FPRs on the development of inflammation have
been widely studied. It was reported that several peptides, such as
serum amyloid A, which is a 42-aa form of 3 amyloid peptide,
were major causes of amyloidogenic disease via FPRL1 (8). In
addition, binding of serum amyloid A to FPRL1 contributed to the
destruction of bone and cartilage via the promotion of synovio-
cyte hyperplasia and angiogenesis in rheumatoid arthritis (12). In
contrast, FPR knockout mice exhibited enhanced susceptibility
against infection and inflammation compared with wild-type mice
(10, 13). FPRL1 is also known to be a receptor for lipoxin A4
(LXA4), the endogenous agonist of this receptor (7, 14, 15). Se-
vere asthma is reportedly associated with a loss of LXA4, and the
activation of FPRs by stable analogs of LXA4 blocked AHR and
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pulmonary inflammation in a murine model of asthma (16-18).
From this perspective, it can be predicted that activation of FPRs
is directly related to the regulation of inflammation and that
synthetic agonists of FPRs might be promising drug candidates for
the treatment of asthma.

W-peptide (Trp-Lys-Tyr-Met-Val-D-Met) is well known as
a synthetic ligand for FPRs (19). An in vitro assay demonstrated
that W-peptide induced the chemotactic migration of phagocytes,
enhanced the bactericidal activity of monocytes and neutrophils
via the production of superoxide anions, and blocked cell apo-
ptosis (19-22). Furthermore, W-peptide effectively prevented de-
velopment of severe sepsis following microbial infection via
modulation of inflammation and immune responses (11).

We hypothesized that airway activation of FPRs inhibits adaptive
immune dysfunction induced via sensitization with LPS-containing
allergens by modulation of LPS-induced innate immune responses.
To test this, the W-peptide (an FPR agonist) was administered in
a noneosinophilic asthma model that was induced by airway
sensitization with LPS-containing allergens during the sensitiza-
tion period, and immune and inflammatory responses were eval-
uated after allergen challenge.

Materials and Methods
Mice

BALB/c mice were purchased from Jackson Laboratories (Bar Harbor, ME).
Mice were bred in a pathogen-free facility at Pohang University of Science
and Technology (POSTECH), and all live animal experiments were ap-
proved by the Ethics Committee of POSTECH.

Reagents

LPS and OVA were purchased from Calbiochem (Darmstadt, Germany) and
Sigma-Aldrich (St. Louis, MO), respectively. W-peptide (Trp-Lys-Tyr-Met-
Val-D-Met) was synthesized by Peptron (Daejeon, Republic of Korea).

Protocols for a noneosinophilic asthma mouse model and
pharmacologic intervention

A noneosinophilic asthma model characterized by Thl and Th17 cell
responses was generated, as described previously (6). In brief, 6-wk-old
mice were intranasally sensitized with LPS-depleted OVA (75 ng) plus
LPS (10 pg) on days 0, 1, 2, and 7 and then challenged with OVA (50 wg)
alone on days 14, 15, 21, and 22. To evaluate the effect of W-peptide on
development of Thl and Th17 cell responses, it was administered intra-
nasally (200 pg/kg) on days 0, 1, 2, and 7 with LPS-containing OVA.
Additionally, W-peptide was intranasally administered on days 14, 15, 21,
and 22 with OVA to evaluate the therapeutic effect. OVA-specific adaptive
immune responses and airway inflammation were evaluated 6 and 48 h
after the last allergen challenge on day 22. To evaluate the effects of W-
peptide on the innate immune response induced by LPS, mice were sen-
sitized with LPS (10 pg) with or without W-peptide (10-1000 pg/kg).

Measurement of methacholine AHR

Pulmonary function testing in mice was assessed using conscious, unre-
strained mice by noninvasive whole body plethysmography (Allmedicus,
Anyang, Republic of Korea). Measurements were performed as previously
described (23). Briefly, mice were placed in a plethysmograph chamber
and exposed to an aerosol of PBS (basal readings) and then to meth-
acholine at 6.25, 12.5, 25, and 50 mg/ml. Aerosols were generated using an
ultrasonic nebulizer and drawn through the chamber for 3 min. Enhanced
pause (Penh) readings were taken for 3 min and averaged. We previously
confirmed a direct correlation between Penh and airway resistance in re-
sponse to methacholine challenge (23).
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FIGURE 1. Activation of FPRs reduces release of proinflammatory cytokines and chemokines from macrophages. A, Expression of FPRs (fprl and fpr2)
in mouse lung cells. Lung cells were obtained from naive mice (—) and intranasally LPS-applied mice (+). B, Expression of FPRs (fprl and fpr2) in the
mouse macrophage cell line Raw264.7. Cells were stimulated or not with LPS for 12 h. C, Cytokine levels released from LPS-stimulated Raw264.7 cells
(mouse peritoneal macrophage cell line). D, Protein levels of IkB and p-IkB after cotreatment with LPS and W-peptide in Raw264.7 cells. Whole-cell
lysates were obtained 30 min after cotreatment of LPS and W-peptide, and protein levels of IkB and p-IkB were analyzed by Western blot. E, Cytokine
levels released from LPS-stimulated MH-S cells (mouse alveolar macrophage cell line). In C and E, cells were pretreated with W-peptide for 12 h and then

stimulated with LPS for 12 h. *p < 0.05.
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Cellularity in bronchoalveolar lavage fluids

Bronchoalveaolar lavage (BAL) cellularity was analyzed, as described pre-
viously (6). Briefly, BAL cells were stained with Diff-Quik (Dade Behring,
Newark, DE), and cellularity was determined by counting 300 inflammatory
cells. Inflammatory cells were classified as macrophages, lymphocytes,
neutrophils, and eosinophils.

Histologic examination of lung tissues

Lung sections were stained with H&E after pressure fixation with Streck
solution (Streck Laboratories, La Vista, NE). All sample slides were
compared at the same magnification. Lung inflammation was assessed by
the degree of peribronchiolar and perivascular inflammation, as described
previously (6).

Measurement of cytokines

The levels of cytokines in BAL fluids and cell culture supernatants were
measured by ELISA, in accordance with the manufacturer’s instructions
(R&D Systems, Minneapolis, MN).

Cytokine production from T cells after allergen-specific stimuli

Single-cell suspensions from lung or lung-draining lymph nodes (LNs) were
prepared. Cells were incubated with OVA (100 pg/ml) for 72 h. The levels
of cytokines in the supernatants were measured.

Intracellular staining of T cells in lung tissues

Cells isolated from lung tissues (4 X 10%ml) were incubated in 48-well
plates coated with anti-CD3 plus anti-CD28 Abs (1 pg/ml each; eBio-

A

science) at 37°C for 6 h and then incubated with brefeldin A (10 pwg/ml)
for 2 h. Cells were stained with surface-specific Abs (anti-CD3-
allophycocyanin, anti-CD4-FITC, and anti-CD8-PE-Cy5; BD Bio-
sciences) for 30 min at 4°C and then fixed for 10 min in 4% paraformal-
dehyde at room temperature. Cells were incubated with Abs to candidate
cytokines (anti-IFN-y-PE, anti-IL-17-PE; BD Biosciences) for 30 min at
room temperature and analyzed on a FACSCalibur flow cytometer (BD
Biosciences) using CellQuest software.

Intracellular staining of inflammatory cells in lung tissues

Cells isolated from lung tissues were stained with surface-specific Abs
(anti-CD11b-PerCP, anti—-CD11c-allophycocyanin; BD Biosciences) for
30 min at 4°C and then fixed for 10 min in 4% paraformaldehyde at room
temperature. Cells were incubated with Abs to candidate cytokines (anti—
IL-12-PE and anti-IL-6-PE; BD Biosciences) for 30 min at room tem-
perature and analyzed on a FACSCalibur flow cytometer (BD Biosciences)
using CellQuest software.

Expression of FPRs on inflammatory cells and lung tissue

Total RNA was isolated from mouse lung tissue and Raw264.7 cells.
Double-stranded cDNA was synthesized from total RNA using the One
Step SYBR PrimeScript RT-PCR Kit (Takara Bio). Real-time quantita-
tive RT-PCR was performed on LightCycler 480 (Roche Diagnostics).
The sequences of the primers used were as follows: fprl: sense, 5'-
CATGAACAAGTCTGCAGTGAACCT-3', antisense, 5'-AGGTTTATG-
TCTATTACAGTATAT-3'; fpr2: sense, 5'-TCTACCATCTCCAGAGTTC-
TGTGG-3', antisense, 5'-TTACATCTACCACAATGTGAACTA-3'; and
B-actin: sense, 5'-TGGAATCCTGTGGCATCCATGAAAC-3’, antisense,
5'-TAAAACGCAGCTCAGTAACAGTCCG-3'. Amplification was per-
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FIGURE 2. Airway activation of FPRs during sensitization inhibits the development of noneosinophilic airway inflammation induced by LPS-containing
allergens. A, Protocol for the generation of a noneosinophilic asthma. Mice (n = 5/group) were sensitized with LPS-containing allergen on days 0, 1, 2, and
7 and challenged with allergen four times on days 14, 15, 21, and 22. W-peptide (100, 200, and 400 pg/kg) was applied intranasally during sensitization. B,
AHR 24 h after the last OVA challenge. C and D, BAL cellularity 48 h after the last OVA challenge. E, Inflammatory score and representative lung
histologic findings (H&E stain, original magnification X100). a, OVA_sham. b, OVA_Wm. ¢, OVA/LPS_sham. d, OVA/LPS_Wm. F, Levels of IP-10 (left
panel) and IL-17 (right panel) in BAL fluids obtained 48 and 6 h after the last OVA challenge, respectively. In D—F, 200 pg/kg of W-peptide was applied

intranasally during sensitization. *p < 0.05.
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formed over 45 cycles (95°C/15 s [denaturation], 55°C/15 s [annealing],
and 72°C/10 s [extension]).

In vitro production of proinflammatory mediators

To evaluate the effects of FPR activation by W-peptide on the mediator
release from LPS-stimulated macrophages, Raw264.7 (a mouse peritoneal
macrophage cell line) and MH-S (a mouse alveolar macrophage cell line)
cells were pretreated with W-peptide for 12 h. Raw264.7 and MH-S cells
were then stimulated with 10 and 100 ng/ml LPS for 12 h, respectively.

Maturation of lung DCs

Single-cell suspensions isolated from lung tissues were prepared, as de-
scribed previously (13). FACS analysis was performed using mAbs from
BD Biosciences (San Jose, CA): anti-I-A-FITC, anti-CD40-PE, anti—
CD80-PE, anti—-CD83-PE, anti—-CD86-PE, anti—-CD11b-PerCP, and anti—
CD11c-allophycocyanin. Cells were analyzed on a FACSCalibur (BD
Biosciences) flow cytometer with CellQuest software.

Migration of lung DCs into lung-draining LNs

To investigate the migration of lung DCs, 60 wl OVA-FITC (10 mg/ml;
Sigma-Aldrich) was administered intranasally, along with LPS (10 pg) or
W-peptide (200 pg/kg) (14). Twenty-four hours after administration, the
migration of lung DCs was determined by detecting CD11c" cells carrying
FITC" in lung-draining LNs by FACS.

FIGURE 3. Airway activation of FPRs
during sensitization regulates Th1l and
Th17 adaptive-immune responses. A,
OVA-specific IFN-y (left panel) and IL-
17 (right panel) production in the lung.
Mice (n = 5/group) were sacrificed 6 h
after the last challenge on day 22. Iso-
lated cells from the lung were stimulated
with OVA (100 pg/ml) for 72 h, and IFN-
v and IL-17 levels in the supernatant
were measured. B, Numbers of IFN-y—
producing (left panel) and IL-17-pro-
ducing (right panel) T cells in the lung.
Lung cells were isolated 6 h after the a\é\ &
last challenge and analyzed using flow QA"" [~)
cytometry. C, OVA-specific IFN-y (left

panel) and IL-17 (right panel) production

in lymph nodes. Lung-draining LNs of C

mice were obtained 6 h after the last

challenge on day 22. Isolated cells from

lymph nodes were stimulated or not with 75017
OVA (100 pg/ml) for 72 h. *p < 0.05.
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Proliferation of T cells in lung-draining LNs

For the T cell-proliferation assay, cells from lung-draining LNs were
collected, and 6 X 10° cells/ml were stained with 5 1M CFSE (Invitrogen,
Carlsbad, CA) and incubated in 24-well plates at 37°C in medium alone
(RPMI 1640 containing 10% FBS and antibiotics) or with 100 pg/ml
OVA for 96 h. After incubation, cells were stained with anti-CD3-
allophycocyanin (BD Biosciences). Proliferation of T cells was then de-
termined by detecting CD3" cells carrying CFSE in LNs by FACS.

Statistical analysis

Significant differences between the treatments were assessed using the
Student ¢ test, ANOVA, or Wilcoxon rank-sum test. For multiple com-
parisons, ANOVA was used initially, and when significant differences were
found, individual ¢ tests or Wilcoxon rank-sum tests for pairs of groups
were performed.

Results

Effects of FPR activation on mediator release from macrophages

Recent studies suggest that W-peptide treatment reduces systemic
levels of proinflammatory cytokines, such as TNF-a and IL-13, in
a sepsis mice model (11). The present study showed that FPRs
(fprl and fpr2) were expressed in mouse lung tissues (Fig. 14) and
Raw264.7 cells, the mouse macrophage cell line (Fig. 1B). In
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addition, fprl and fpr2 expression on macrophages was enhanced
by LPS treatment (Fig. 1A, 1B). Next, we evaluated the effects
of FPR activation by W-peptide on mediator release from mac-
rophages induced by LPS stimulation. The release of proin-
flammatory mediators, such as TNF-a, IL-6, and MCP-1, from
Raw?264.7 cells enhanced by LPS incubation was inhibited by W-
peptide coincubation in a dose-dependent manner (Fig. 1C). In
terms of the molecular mechanisms underlying W-peptide-medi-
ated effects on the downregulation of proinflammatory mediators
from macrophages, phosphorylated IkB expression was enhanced
by LPS treatment, whereas IkB expression decreased; however,
expression of the former was decreased by W-peptide cotreatment,
whereas the latter increased (Fig. 1D). MH-S cells (a mouse al-
veolar macrophage cell line) were used to confirm the effects
of W-peptide on the downregulation of proinflammatory media-
tors from lung macrophages. The production of proinflammatory
mediators, such as TNF-a, IL-6, and MCP-1, enhanced by LPS
incubation was reversed by W-peptide cotreatment (Fig. 1E).
Taken together, these data indicated that activation of FPRs, the
expression of which was enhanced by LPS, by W-peptide in-
hibited the release of proinflammatory mediators from inflamma-
tory cells induced by LPS, possibly via modulation of the NF-kB
pathway.

Effects of airway activation of FPRs during sensitization on the
development of allergic airway inflammation

Based on the findings that W-peptide modulates in vitro innate
immune response induced by LPS, we evaluated the effects of
airway activation of FPRs by different doses of W-peptide on the
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development of AHR and airway inflammation after allergen
challenge in the noneosinophilic asthma model (Fig. 2A). Intra-
nasal application of W-peptide during sensitization reduced AHR
induced by allergen challenge in a dose-dependent manner (Fig.
2B). BAL cellularity 48 h after the last allergen challenge showed
that lung inflammation was significantly inhibited by W-peptide
treatment, regardless of doses (Fig. 2C). Based on these findings,
further experiments were performed using 200 pg/kg of W-
peptide. BAL cellularity 48 h after the last allergen challenge
showed that lung infiltration of macrophages and neutrophils was
significantly inhibited by W-peptide treatment compared with
sham treatment (Fig. 2D). Inflammatory scores based on lung
histology were also decreased by W-peptide treatment compared
with sham treatment (Fig. 2E). In addition, the levels of IP-10
(a Thl-type cytokine) and IL-17 (a Th17-type cytokine) in
BAL fluids were significantly decreased by W-peptide treatment
compared with sham treatment (Fig. 2F). Taken together, these
findings suggest that W-peptide treatment prevents the develop-
ment of allergen-induced noneosinophilic inflammation in a non-
eosinophilic asthma mouse model.

Effects of airway activation of FPRs on the development of Thl
and Thl7 cell responses

Previous evidence showed that noneosinophilic inflammation in-
duced by sensitization with LPS-containing allergens was caused
by both Thl and Th17 cell responses (6, 24, 25). To evaluate the
effects of airway activation of FPRs on the development of Thl
and Th17 cell responses, W-peptide (200 wg/kg) was administered
intranasally during sensitization, and immune responses were
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FIGURE 4. Airway activation of FPRs inhibits the infiltration of inflammatory cells induced by LPS application. A, Profiles of inflammatory cells, such
as total cells, macrophages, and neutrophils, in BAL fluids after airway application of LPS. W-peptide (200 pg/kg) was applied to mice (n = 5/group)
intranasally with LPS (10 pg), and BAL cellularities were measured 6, 24, 48, and 72 h after administration. B, Levels of TNF-«, IL-13, IL-12p40, IL-23,
MCP-1, and MIP-1a in BAL fluids. BAL fluids were obtained 24 h after the third sensitization. *p < 0.05.
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evaluated 6 h after the last allergen challenge (Fig. 2A). The
production of IFN-y from lung T cells 72 h after OVA stimulation
was markedly increased by sensitization with LPS-containing
OVA, which was partly abolished by W-peptide cotreatment
(Fig. 3A). Similarly, allergen-specific IL-17 production from lung
T cells enhanced by LPS-containing OVA was also inhibited
by W-peptide cotreatment (Fig. 3A). With respect to lung infil-
tration of Th1 and Th17 cells after allergen challenge, the number
of CD3*IFN-vy* cells (Thl cells) was increased by sensitization
with LPS-containing allergens, which was reversed by W-peptide
treatment. In addition, the number of CD3*IL-17* cells (Thl7
cells) enhanced by LPS-containing allergen sensitization was
significantly decreased by W-peptide treatment (Fig. 3B). With
respect to the expression of Thl and Th17 cells in lung-draining
LNs, the production of both IFN-y and IL-17 from LN T cells
after allergen stimulation was enhanced by sensitization with LPS-
containing allergen compared with OVA alone; the enhanced
production was reversed by W-peptide cotreatment (Fig. 3C).
Taken together, these data suggest that W-peptide inhibits both
Thl and Th17 cell responses induced by LPS-containing aller-
gens.

Effects of airway activation of FPRs on lung infiltration of
inflammatory cells induced by LPS inhalation

W-peptide is a well-known chemoattractant that induces chemo-
tactic migration of various inflammatory cells (19, 26); however, its
effect on cell infiltration into inflamed sites is unclear. Thus, to

elucidate the effect of W-peptide on inflammatory cell recruitment
into airways, we evaluated the infiltration of inflammatory cells
into the lung during the 72 h after intranasal application of LPS
to mice with or without W-peptide (200 pg/kg) treatment. The
number of inflammatory cells, especially neutrophils, in BAL
fluids peaked 48 h after LPS application, and the infiltration of
inflammatory cells induced by LPS was significantly decreased by
W-peptide treatment (Fig. 4A). In accordance with BAL cellu-
larities, the levels of proinflammatory mediators, such as TNF-a,
IL-1B, IL-12p40, IL-23, MCP-1, and MIP-1a, in BAL fluids 24 h
after the third sensitization with LPS were enhanced by LPS; the
enhanced production was significantly inhibited by W-peptide
treatment in a dose-dependent manner (Fig. 4B, Supplemental
Fig. 1). These data suggest that airway activation of FPRs by W-
peptide inhibits lung infiltration of inflammatory cells, possibly
via inhibition of the production of proinflammatory mediators.

Effects of airway activation of FPRs on DC infiltration,
maturation, and migration enhanced by LPS inhalation

With respect to lung infiltration of DCs, the number of CD11b*
CD11c" cells was highly enhanced by LPS application, which was
inhibited by airway activation of FPRs with W-peptide (200 g/
kg) treatment (Fig. 5A). Previous evidence showed that W-peptide
inhibited in vitro maturation of human monocyte-derived DCs by
LPS (27). To further investigate the effect of airway activation of
FPRs on the development of in vivo DC maturation in the lungs by
LPS, LPS-exposed mice were treated with W-peptide (200 wg/kg)

LPS (10 ug)

b

a
-
Hours 0 24 48 72(h) E
ttt ¢ Y
W-peptide  Evaluation
(200 pg/kg)
EY
B
LPS (10 ug) %
Vb
Hours 0 24 48 72(h) z
ttt ¢t 5
W-peptide  Evaluation o
(200 ug/kg) 3
C OVA-FITC () OVA-FITC (+)
LPS (10 ug) + OVA-FITC (600 ug)
PBS PBS LPS_sham LPS_Wm
Hours 0 24 (h) 2 59.68 239.77 399.20 296.39
t
W-peptide i
(Zﬂﬂpe:;tlkg] SN = w0 2 @ et @ w2 w0 ot @ w0 2 1P w0 2 i e

OVA-FITC

FIGURE 5. Airway activation of FPRs during sensitization inhibits infiltration and maturation of DCs. A, Percentage of CD11b" and CD11c* cells in the
lung. Mice (n = 5/group) were sensitized three times (once a day) with LPS (10 wg), and W-peptide (200 pg/kg) was administered during each sensitization.
B, Numbers of CD11¢*MHC class 1"e? and costimulatory molecules, including CD40-, CD80-, CD83-, and CD86-expressing cells, in the lung. In A and B,
samples from mice were obtained 24 h after the third sensitization. C, Mean fluorescence intensity of FITC-OVA—containing CD11c* cells in the LNs.
OVA-FITC (10 mg/ml, 60 wl) was applied intranasally to mice simultaneously with LPS and W-peptide. Lung-draining LNs were obtained 24 h after the
first sensitization, and cells were isolated and analyzed using FACS analysis. In A and C, lungs from five mice/group were pooled for each sample. The
experiment was repeated three times, and a representative blot is shown. *p < 0.05.
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(Fig. 5B). This experiment demonstrated that the number of
CD11c¢*MHC class II"€" cells in lung tissues was enhanced by
LPS application; this phenotype was significantly inhibited by
W-peptide treatment (Fig. 5B). In addition, the expression of
costimulatory molecules, such as CD40, CD80, CD83, and CD86,
in CD11c* cells in lung tissues was enhanced by airway exposure
to LPS, which was reversed by W-peptide treatment (Fig. 5B).
Moreover, we evaluated the effect of W-peptide treatment on the
migration of lung DCs into lung-draining LNs. To accomplish
this, FITC-conjugated OVA peptides were administered intrana-
sally into the mouse airways, and lung-draining LNs were ob-
tained 24 h after administration (Fig. 5C). This study showed that
CD11c" OVA-FITC* cells in LNs were increased by LPS ap-
plication, which was reversed by W-peptide (Fig. 5C). Taken
together, these data suggest that airway activation of FPRs by
W-peptide inhibits DC infiltration and maturation in the lung and
subsequent migration of lung DCs into regional LNs.

Effects of airway activation of FPRs on T cell proliferation

Based on the finding that airway activation of FPRs inhibited DC
maturation and migration, we investigated the effect of W-peptide
treatment on Ag-specific T cell proliferation. To test this objective,
LPS-containing OVA-sensitized mice were treated with W-peptide
(200 pg/kg) and then challenged with OVA alone, without W-
peptide treatment (Fig. 6A). Lung-draining LNs were collected 6
h after OVA challenge on day 15, and isolated single cells were
then stained with CFSE and incubated with or without OVA for 96
h. This experiment showed that OVA-specific T cell proliferation

was enhanced by LPS-containing OVA sensitization compared
with sensitization with OVA alone; the enhanced proliferation was
decreased by W-peptide treatment (Fig. 6B). This finding indi-
cated that airway activation of FPRs inhibited allergen-specific
T cell proliferation in regional LNs in mice sensitized with LPS-
containing allergens.

Effects of airway activation of FPRs on T cell polarization

In our previous study, we demonstrated that vascular endothelial
growth factor (VEGF) produced by LPS plays a key role in priming
T cells and that IL-12p70 and IL-6 are essential for Thl and Th17
polarization, respectively (24, 25). To further investigate the molec-
ular mechanisms underlying the effect of W-peptide on T cell po-
larization, the expression of polarizing mediators was evaluated 24 h
after the third sensitization on day 2 (Fig. 6A). The levels of IL-12p70
(Th1-polarizing cytokine) and IL-6 (Thl7-polarizing cytokine) in
BAL fluids were enhanced by LPS-containing OVA compared with
OVA alone, and this phenotype was reversed by W-peptide treatment
(Fig. 6C). However, the production of VEGF enhanced by LPS was
not reversed by W-peptide treatment (data not shown). Moreover, the
number of 1L-12p70* and IL-6" CD11c" cells isolated from lung
tissues was increased by LPS-containing OVA and reversed by
W-peptide treatment (Fig. 6D). To further investigate which recep-
tors are mainly involved in W-peptide-mediated effects, mice were
treated with N-t-butoxycarbonyl-Phe-Leu-Phe-Leu-Phe (tBOC; fprl
antagonist) or Trp-Arg-Trp-Trp-Trp-Trp (WRW4; fpr2 antagonist)
prior to W-peptide. The reduced levels of IL-12p70 and IL-6 in
BAL fluids by W-peptide were partially reversed by tBOC, whereas

B
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FIGURE 6. Airway activation of FPRs modulates allergen-specific T cell proliferation and polarization. A, Study protocol. B, Allergen-specific T cell
proliferation in LNs. Lung-draining LNs obtained 6 h after the second challenge in a noneosinophilic asthma model. Isolated single cells were stained with
CFSE (5 pM) and incubated or not with OVA (100 pg/ml) for 96 h. For each sample, lungs from five mice per group were pooled. The experiment was
repeated three times, and a representative blot is shown. C, Levels of IL-12p70 (left panel) and IL-6 (right panel) in BAL fluids. D, Numbers of IL-12—
producing (left panel) and IL-6—producing (right panel) CD11c* cells in the lung. E, Levels of IL-12p70 (left panel) and IL-6 (right panel) in BAL fluids.
W-peptide (fprl and fpr2 agonist) was administered intranasally, whereas tBOC (fprl antagonist) and WRW4 (fpr2 antagonist) were administered i.p. In
C-E, samples from mice (n = 5/group) were obtained 24 h after the third sensitization. *p < 0.05.
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completely reversed by WRW4 (Fig. 6F). These data suggest that
airway activation of FPRs, mainly fpr2, inhibits both Th1 and Th17
polarization induced by LPS-containing allergens partly via down-
regulation of the production of polarizing cytokines.

Therapeutic effects of airway activation of FPRs during
allergen challenge on the development of noneosinophilic
airway inflammation

To summarize the previous data, airway activation of FPRs during
sensitization inhibited the development of noneosinophilic airway
inflammation by inhibition of Thl- and Th17-polarizing cytokine
production, DC maturation and migration, and T cell proliferation.
To further investigate the effect of airway activation of FPRs
during allergen challenge on the development of airway in-
flammation, W-peptide was applied intranasally or i.p. to the mice
during allergen challenge (Fig. 7A). Interestingly, therapeutic effects
were different between intranasal and i.p. routes of W-peptide ap-
plication. Intranasal application of W-peptide significantly reduced
both AHR and airway inflammation, whereas i.p. application had
no therapeutic effects (Fig. 7B, 7C). In terms of proinflammatory
mediator release, the former treatment significantly inhibited both
Thl and Th17 mediators (IP-10 and IL-17, respectively), whereas
the latter treatment did not (Fig. 7D). Together, these results suggest
that FPR activation through the topical route is a good therapeutic
target for treatment of noneosinophilic asthma subtype.

Discussion

The significance of FPRs as pattern recognition receptors has been
well established with respect to host defense (7, 8). Moreover, ac-

A Sensitization (i.n.):

Allergen [OVA (75 pg)] + LPS (10 pg)

tivation of FPRs using its synthetic agonist modulated systemic in-
flammation and immune responses in a sepsis model (11). In the
current study, we demonstrated that airway activation of FPRs
during sensitization significantly inhibited lung inflammation ac-
companied by downregulation of mediator release, which could
exacerbate inflammation. In terms of the immune response, airway
activation of FPRs reduced Thl and Th17 adaptive-immune re-
sponses in noneosinophilic asthma. These results indicated that
airway activation of FPRs could modulate innate, as well as adap-
tive, immune responses, and synthetic agonists of FPRs, such as W-
peptide, might be promising therapeutic molecules that could treat
severe asthma characterized by dominant Th1 and Th17 phenotypes.

Our group previously reported that VEGF induced by LPS plays
a key role in the priming and polarization of T cells (25). With
respect to T cell polarization, polarizing cytokines, such as IL-12
and IL-6, released from DCs enhanced by VEGF are essential for
the polarization of naive T cells into Thl and Thl7 cells, re-
spectively (24, 25). The present study showed that airway acti-
vation of FPRs downregulated Th1 and Th17 cell responses in the
lung. We also found that the production of IL-12 and IL-6 from
lung DCs enhanced by LPS was reversed by W-peptide treatment,
although VEGF production was not affected. These data indicated
that airway activation of FPRs modulates the production of Thl-
and Thl17-polarizing cytokines from lung DCs, which results in
downregulation of Th1 and Th17 cell responses.

In addition to the inhibitory effects of FPRs activation on
polarizing cytokine production, the current study showed that
airway activation of FPRs by W-peptide reduced the DC matu-
ration induced by LPS. These results are supported by previous
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data showing that in vitro W-peptide treatment inhibited DC
maturation (27). Interestingly, we found that W-peptide blocked
lung DC migration into lung-draining LNs and that allergen-
specific T cell proliferation in LNs was abolished by W-
peptide treatment. These findings suggest that the inhibition of
T cell proliferation by W-peptide treatment is mediated by the
inhibition of Ag presentation by DCs. In the current study, we
focused on the change in allergen-specific T cell responses me-
diated by DCs. There is a report that annexin-1, the endogenous
agonist of FPRL1, enhanced T cell proliferation and skewing of
Th1 cells through the direct activation of FPRL1 on T cells (28).
Therefore, additional investigations are needed to examine the
effects of W-peptide on T cells, because FPRs are also expressed
on T cells.

FPRs are known as classical chemoattractant receptors that
induce leukocyte chemotactic migration (7, 8). However, previous
data showed that activation of FPRs inhibited migration of neu-
trophils through the desensitization of other chemokine receptors
(29, 30). As endogenous agonists, LXA4 and its metabolite 15-
epi-LXA4 bind to FPRL1 and act as potent anti-inflammatory
molecules that inhibit neutrophil chemotaxis, adherence, diape-
desis, cytokine production, and superoxide generation (16, 31).
The present data indicated that the infiltration of inflammatory
cells, such as neutrophils, macrophages, lymphocytes, and DCs,
into the lung during innate immune responses induced by intra-
nasal LPS application was blocked by W-peptide, with downreg-
ulation of proinflammatory cytokines in BAL fluids. Furthermore,
with respect to the adaptive immune response, recruitment of
T cells into the lung (both Thl and Th17 cells) was reduced
with W-peptide treatment. Taken together, these data suggest
that W-peptide reduces the recruitment of inflammatory cells via
downregulation of proinflammatory mediator production induced
by LPS; however, W-peptide can induce infiltration of inflam-
matory cells.

In addition to the large amount of data on the anti-inflammatory
effect of endogenous agonists of FPRs, such as LXA4 or annexin-1
(14, 15, 18, 31), research on FPR activation by W-peptide has
focused on its role in microbe defense by innate immune
responses (11). It has been unclear whether the activation of FPRs
by W-peptide reduces Thl and Th17 cell responses. Previous data
showed that systemic application of W-peptide, as an adjuvant of
vaccination, increased the number of IFN-y—producing CD8"
T cells (32). However, the current study showed that airway ac-
tivation of FPRs by W-peptide during both allergen sensitization
and challenge inhibited both Th1 and Th17 cell responses induced
by LPS-containing allergens in the lung. These data suggest that
the effects of W-peptide on the modulation of adaptive immune
responses may differ based on routes of administration.

In conclusion, the current study demonstrated that airway ac-
tivation of FPRs with W-peptide effectively prevents the devel-
opment of allergic inflammation induced by inhalation of LPS-
containing allergens. This effect is mediated by multiple mecha-
nisms: inhibition of T cell priming, which is mediated by the
inhibition of DC infiltration, maturation, and migration; and in-
hibition of both Thl and Th17 polarization, which is partly me-
diated by the downregulation of polarizing cytokine production.
Thus, FPRs in the lung might be a novel therapeutic target for the
treatment of noneosinophilic asthma.
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Supplementary Figure 1. Airway activation of FPRs inhibits in vive production of
inflammatory mediators induced by airway exposure to LPS. W-peptide (10-1000 pg/kg)
was applied intranasally to mice (n=5 in each group) with LPS (10 pg), and BAL cytokines
including TNF-o., IL-1P, IL-12p40, IL-23, MCP-1, and MIP-10. were measured 24 h after daily

application for three days.
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