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Molecular Mechanisms of Cytokine and Chemokine Release
from Eosinophils Activated by IL-17A, IL-17F, and IL-23:
Implication for Th17 Lymphocytes-Mediated

Allergic Inflammation

Phyllis F. Y. Cheung,'* Chun K. Wong,'* and Christopher W. K. Lam***

IL-17A and IL-17F are members of the IL-17 family that play crucial roles in allergic inflammation. Recent studies reported that IL-17A
and IL-17F production from a distinct Th lymphocyte subset, Th17, was specifically induced by IL.-23, which was produced by dendritic
cells and macrophages in response to microbial stimuli. The IL-23-IL-17 axis might therefore provide a link between infections and
allergic diseases. In the present study, we investigated the effects of IL-17A, IL-17F, and IL.-23, alone or in combination, on cytokine and
chemokine release from eosinophils and the underlying intracellular mechanisms. Human eosinophils were found to constitutively
express receptors for IL-17A, IL-17F, and IL-23 at the protein level. IL-17A, IL-17F, and IL-23 could induce the release of chemokines
GRO-a/CXCLI1, IL-8/CXCLS8, and MIP-13/CCL4 from eosinophils, while IL-17F and IL-23 could also increase the production of
proinflammatory cytokines IL-18 and IL-6. Synergistic effects were observed in the combined treatment of IL-17F and IL-23 on the
release of proinflammatory cytokines, and the effects were dose-dependently enhanced by IL-23, but not IL-17F. Further investigations
showed that IL-17A, IL-17F, and IL-23 differentially activated the ERK, p38 MAPK, and NF-«kB pathways. Moreover, inhibition of
these pathways using selective inhibitors could significantly abolish the chemokine release induced by IL-17A, IL-17F, and IL-23 and
the synergistic increases on IL-1f and IL-6 production mediated by combined treatment of IL-17F and IL-23. Taken together, our
findings provide insight for the Th17 lymphocyte-mediated activation of eosinophils via differential intracellular signaling cascades in

allergic inflammation. The Journal of Immunology, 2008, 180: 5625-5635.

which are important in inflammation and numerous dis-
eases (1). Functional studies demonstrated that this novel
cytokine family was important in mediating the migration and ac-
tivation of inflammatory cells and collectively perpetuating the
chronic airway inflammation that typifies asthma (1, 2). Several
IL-17 family members have been identified: IL-17A, IL-17B, IL-17C,
IL-17D, IL-17E/IL-25, and IL-17F, in which the highest overall
amino acid sequence (50%) is found between IL-17A and IL-17F (2,
3). Recently, increasing interests have focused on IL-17A and
IL-17F for their roles in the pathogenesis of allergic asthma (4,
5). Current evidence suggests that both cytokines can investi-
gate pulmonary inflammation by facilitating infiltration of in-
flammatory cells and amplify the inflammatory responses
through the induction of a similar profile of CXC chemokines
(4, 6).
IL-23 is a novel member of the IL-12 cytokine family and is
composed of a unique p19 subunit and an identical p40 subunit to
IL-12. Whereas IL-12 drives the classical Thl response, IL-23
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drives a novel T lymphocyte distinct population, Th17, which is
characterized by the production of IL-17-family cytokines IL-17A
and IL-17F (7, 8). It is widely accepted that Th17 lymphocytes
play a crucial role in autoimmune diseases by promoting chronic
inflammatory responses (9, 10). However, increasing evidence has
shown that Th17 lymphocytes can also participate in the patho-
genesis of allergic diseases by promoting neutrophil recruitment
and activation (11, 12). Recently, several groups have suggested
that IL-23 was closely associated with infectious diseases. It was
reported that IL-23 was produced by dendritic cells and macro-
phages after exposure to microbial products including LPS, CpG,
and peptidoglycan (13-15). Therefore, the ability of IL-23 to in-
duce IL-17A and IL-17F might serve as a link between infections
and allergic diseases such as asthma, wherein IL-17A and IL-17F
are the principal effector cytokines.

Eosinophils are the most important inflammatory effector cells
accumulating at the site of allergic inflammation, e.g., the airway
submucosa (16). The severity of clinical symptoms of allergic pa-
tients was reported to correlate with the number of eosinophils in
the inflamed tissues (16). Activated eosinophils release cytotoxic
molecules such as major basic protein, eosinophil peroxidase, eosin-
ophilic cationic protein, and lipid mediators that cause tissue damage
and consequently the manifestation of allergic diseases (17, 18). In
addition to causing direct tissue damage, eosinophil-derived proin-
flammatory cytokines and chemokines can perpetuate inflammation,
resulting in chronic remodeling in airways (16). Eosinophils are
known to produce and release various proinflammatory cytokines
such as IL-1p3, IL-6, and TNF-« along with chemokines including
IL-8/CXCLS8, growth-regulated oncogene (GRO)-o/CXCLI1, MIP-
1B/CCLA4, MCP-1/CCL2, and RANTES/CCLS5 (19).

Transcription factor NF-kB and MAPKs were found to be in-
volved in the expression of many inflammatory cytokines and
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adhesion molecules of eosinophils during allergic inflammation
(20). Our previous studies suggested a crucial role of the activation
of NF-kB and p38 MAPK in IL-17E/IL-25-mediated cytokine and
chemokine release and the modulation of adhesion molecules of
eosinophils (21, 22). However, the intracellular signal transduction
for eosinophil activation mediated by IL-17A, IL-17F, and IL-23
has not been studied. In the present study, we hypothesized that
Th17 lymphocytes might regulate allergic inflammation by the ac-
tivation of eosinophils. We investigated the modulation of intra-
cellular NF-kB and MAPK activities on regulating the release of
chemokines and cytokines from eosinophils under the stimulation
of IL-17A, IL-17F, and IL-23.

Materials and Methods

Reagents

Recombinant human IL-17A, IL-17F, and IL-23 were purchased from
R&D Systems. Cycloheximide and actinomycin D were purchased from
Sigma-Aldrich. IkB-a phosphorylation inhibitor BAY11-7082, MEK1,2
inhibitor U0126, JNK inhibitor SP600125, p38 MAPK inhibitor
SB203580, PI3K inhibitor LY294002, and JAK inhibitor AG490 were pur-
chased from Calbiochem. SB203580 and LY294002 were dissolved in wa-

CTL IL-17A IL-17F IL-23

ter while U0126, SP600125, AG490, and BAY 11-7082 were dissolved in
DMSO. In all studies, the concentration of DMSO was 0.1% (v/v).

Isolation of human blood eosinophils from buffy coat and
eosinophil culture

Fresh human buffy coats obtained from the healthy volunteers of the Hong
Kong Red Cross Blood Transfusion Service was diluted 1/2 with PBS at 4°C
and centrifuged using an isotonic Percoll solution (density, 1.082 g/ml; Am-
ersham Biosciences) for 30 min at 1000 X g. The eosinophil-rich granulocyte
fraction was collected and washed twice with cold PBS containing 2% FBS.
The cells were then incubated with anti-CD16 magnetic beads (Miltenyi Bio-
tec) at 4°C for 45 min and CD16-positive cells were depleted by passing
through a LS+ column (Miltenyi Biotec) within a magnetic field. With this
preparation, the drop-through fraction contained eosinophils with a purity of at
least 99% as assessed by Hemacolor rapid blood smear stain (Merck). The
isolated eosinophils were cultured in RPMI 1640 medium (Invitrogen Life
Technologies) supplemented with 10% FBS (Invitrogen Life Technologies)
and 20 mM HEPES (Invitrogen Life Technologies).

Endotoxin-free solutions

Cell culture medium was purchased from Invitrogen Life Technologies,
free of detectable LPS (<0.1 endotoxin units/ml). All other solutions were
prepared using pyrogen-free water and sterile polypropylene plastic ware.
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No solution contained detectable LPS, as determined by the Limulus ame-
bocyte lysate assay (sensitivity limit, 12 pg/ml; BioWhittaker).

Protein array analysis of chemokines and cytokines in culture
supernatant of eosinophils

The expression profile of 79 different cytokines in culture supernatants of
eosinophils was assessed semiquantitatively using Ab-based RayBio hu-
man cytokine array V (RayBiotech).

Western blot analysis

Eosinophils were washed with ice-cold PBS and lysed in 0.2 ml of lysis
buffer (20 mM Tris-HCI (pH 8.0), 120 mM NaCl, 1% Triton X-100, 10
mM EDTA, 1 mM EGTA, 0.05% 2-ME, and 1X protease inhibitors). Cell
debris was removed by centrifugation at 14,000 X g for 15 min, and the
supernatant was boiled in Laemmli sample buffer (Bio-Rad) for 5 min. An
equal amount of proteins was subjected to SDS-10% PAGE before blotting
onto a polyvinylidene fluoride membrane (Amersham Biosciences). The
membrane was blocked with 5% skimmed milk in TBS with 0.05% Tween
20 (pH 7.6) for 1 h at room temperature and probed with primary rabbit
anti-human GAPDH, IL-17RA, IL-17RC, IL-12R1, or IL-23R Abs (R&D
Systems) at 4°C overnight. After washing, membrane was incubated with
secondary donkey anti-rabbit Ab coupled to HRP (Amersham Biosciences)
for 1 h at room temperature. Ab-Ag complexes were then detected using an
ECL chemiluminescent detection system (Amersham Biosciences).

Quantitative analysis of IL-1B, IL-6, CXCLI, CXCLS, and CCLA4

Concentrations of proinflammatory cytokine IL-18 and IL-6 and chemo-
kine CXCLS in culture supernatants were quantitated using an ELISA kit
from BD Pharmingen. Concentrations of chemokines CXCL1 and CCL4
were measured by ELISA kits from R&D Systems and RayBiotech,
respectively.

Immunofluorescence staining and flow cytometry

To determine the expression of cytokine receptors on eosinophil surface,
the cells were washed and resuspended with cold PBS supplemented with
0.5% BSA after preceding treatments. After blocking with 2% human
pooled serum for 20 min at 4°C and washed with PBS supplemented with
0.5% BSA, cells were incubated with FITC-conjugated mouse anti-human
IL-17RA, IL-17RC, IL-12R1, and IL-23R Abs and mouse IgG1 isotype
for 30 min at 4°C in the dark. After washing, the cells were resuspended in
1% paraformaldehyde as fixative and subjected to analysis. To determine
the intracellular expression of phosphorylated signaling molecules, eosin-
ophils were fixed with 4% paraformaldehyde for 10 min at 37°C after
preceding treatments. After centrifugation, cells were permeabilized in ice-
cold methanol for 30 min and then stained with FITC-conjugated mouse
anti-human IL-17RA adaptor protein Actl (Santa Cruz Biotechnology),
ERK1/2, p38 MAPK, I«kB-a, or mouse IgG1 Abs (BD Pharmingen) for 30
min at 4°C in the dark. Cells were then washed, resuspended, and subjected to
analysis. Expression of cytokine receptors and phosphorylated signaling mol-
ecules of 10,000 viable cells was analyzed by flow cytometry (FACSCalibur;
BD Biosciences) as mean fluorescence intensity (MFI),”> which includes
both the changes of target molecule expression in individual cell and the
percentage of cells expressing the target molecules.

Statistical analysis

All data were expressed as mean = SD. Differences between groups were
assessed by one-way ANOVA analysis. A p < 0.05 was considered sig-
nificantly different. All analyses were performed using the SPSS statistical
software for Windows, version 10.1.4.

Results
Protein expression of receptors for IL-17A, IL-17F, and IL-23

Flow cytometric analysis showed that human eosinophils consti-
tutively expressed IL-17RA, IL-17RC, IL-12Rf1, and IL-23R on
their surfaces (Fig. 1, A-D). Moreover, IL-23 could up-regulate the
surface expression of IL-17RA and IL-17RC, whereas expression
of both IL-12R31 and IL-23R had no significant change among all
of the treatments. However, treatments with IL-17A and IL-17F
alone suppressed the surface expression of their cognate receptors

3 Abbreviations used in this paper: MFI, mean fluorescence intensity; PI, propidium
iodide.
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FIGURE 2. Effects of IL-17A, IL-17F, and IL-23 on the protein expres-
sion of Actl. Eosinophils (5 X 10° cells) were incubated with or without
IL-17A (50 ng/ml), IL-17F (50 ng/ml), and IL-23 (50 ng/ml) for 24 h. The
amount of intracellular Actl in 10,000 permeabilized eosinophils was mea-
sured by flow cytometry. Results of Actl protein expression are shown in
MEFI subtracting corresponding isotypic control and are expressed as the
arithmetic mean + SD of three independent experiments. ##x, p << 0.001
when compared with medium control (CTL).

IL-17RA and IL-17RC, respectively. This might be due to the
same epitope recognition by the receptor Abs and receptor ligands
IL-17A and IL-17F. Further investigation by Western blot analysis
showed that although IL-23 could enhance the protein expression
of both IL-17RA and IL-17RC in eosinophils, IL-17F was also
found to increase the protein expression of one of its cognate re-
ceptors, IL-17RC. For IL-12RB1 and IL-23R, results concurred
with those of flow cytometric analysis that no treatment could
exert any effect on their expression (Fig. 1E).

Protein expression of IL-17RA adaptor protein Actl in
eosinophils

Recent reports have provided evidence for the essential involve-
ment of an adaptor protein Actl in IL-17RA signaling and hence
the immune responses elicited by both IL-17A and IL-17F (23,
24). We showed by intracellular staining using flow cytometry that
adaptor protein Actl was constitutively expressed in eosinophils.
Besides, we found that IL-17F, but not IL-17A and IL-23, could
enhance the protein expression of Actl (Fig. 2).

Effects of IL-17A, IL-17F, and IL-23 on eosinophil survival

We analyzed the effects of IL-17A, IL-17F, and IL-23 on the vi-
ability of eosinophils using an annexin V/propidium iodide (PI)
assay by flow cytometry. Results showed that only 42.8 = 4.6% of
untreated eosinophils remained alive after 24 h of incubation, with
the remainder of the cells being either apoptotic or necrotic. How-
ever, the percentage of viable cells increased significantly to
75.7 £ 3.2% and 81.9 = 2.9% in the treatment with IL-17F (50
ng/ml) and IL-23 (50 ng/ml), respectively (p < 0.01). No signif-
icant increase was observed for the treatment with IL-17A (50
ng/ml; data not shown).

Effects of IL-17A, IL-17F, and IL-23 on cytokine and
chemokine release

Fig. 3 illustrates the cytokine expression profile using Ab-based
human cytokine protein membrane array. All IL-17A, IL-17F, and
IL-23 could promote the release of chemokines CXCLI1 (/j and
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FIGURE 3. Representative profile of the release of cytokines from eosinophils activated by IL-17A, IL-17F, and IL-23. Eosinophils (1 X 10° cells) were
cultured with or without IL-17A (50 ng/ml), IL-17F (50 ng/ml), and IL-23 (50 ng/ml) for 24 h. Cell-free culture supernatants were then harvested and 79
different cytokines in culture supernatants were semiquantitated using an Ab-based RayBio human cytokine array V. Positive and negative controls were
designated at /a, 1b, Ic, 1d, §j, and 8k and e, If, 1g, and 8i, respectively. Experiments were performed in three independent replicates with essentially
identical results and representative results are shown. The table lists the format of Abs on the cytokine membrane array.

1k), CXCLS8 (2j), and CCL4 (3k) from eosinophils, whereas IL-
17F and IL-23 could also activate eosinophils to increase the pro-
duction of proinflammatory cytokines IL-183 (2¢) and IL-6 (2h).
Further investigation using ELISA showed that the production of
IL-1B and IL-6 induced by IL-17F and IL-23 and that of CXCL1,
CXCLS8, and CCL4 induced by IL-17A, IL-17F, and IL-23 could
be enhanced dose-dependently (0—100 ng/ml) at 12 and 24 h, in
which the levels of cytokine and chemokine release from eosino-
phils were significantly higher in 24 h than 12 h (Fig. 4).

To verify that the cytokines and chemokines released from eo-
sinophils were newly synthesized upon the stimulation of IL-17A,
IL-17F, and IL-23, transcriptional inhibitor actinomycin D and
protein synthesis inhibitor cycloheximide were used. The cytotox-
icities of actinomycin D and cycloheximide were assessed by an
annexin V/PI assay using flow cytometry. Results showed that
actinomycin D, but not cycloheximide, exerted significant cyto-
toxic effects on eosinophils at concentration higher than 10 uM
(Fig. 5A). As shown in Fig. 5, B—F, both actinomycin D (1 uM)
and cycloheximide (10 uM) alone could significantly suppress the
release of cytokines and chemokines induced by IL-17A, IL-17F,
and IL-23, respectively. The results therefore indicate that IL-17A,

IL-17F, and IL-23 actually induce the release of newly synthesized
IL-1B, IL-6, CXCL1, CXCLS8, and CCLA4, rather than the pre-
formed ones from eosinophils.

Combined effects of IL-17A, IL-17F, and IL-23 on cytokine and
chemokine release

Fig. 6 shows that combined treatment of IL-17F (10 ng/ml) and
IL-23 (10 ng/ml), but not the other combinations, results in sig-
nificant synergistic increases in the release of proinflammatory cy-
tokines IL-18 and IL-6. However, only additive effects are found
in the release of chemokines CXCL1, CXCLS, and CCL4. To in-
vestigate whether the synergistic effects on IL-13 and IL-6 release
were dose dependent on IL-17F and/or IL-23, serial concentrations
of IL-17F and IL-23 were used in the combined treatments. As
shown in Fig. 7, the synergistic effects in both IL-18 and IL-6
could be further enhanced when the IL-23 concentration increased
from 5 to 20 ng/ml in combination with a fixed IL-17F concen-
tration (10 ng/ml). In contrast, a fixed concentration of IL-23 (10
ng/ml) with serial concentrations of IL-17F (5-20 ng/ml) showed
that the synergistic effect could not be enhanced dose-dependently
by IL-17F.
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FIGURE 4. Kinetic release of IL-1B (A), IL-6 (B), CXCL1 (C), CXCL8 (D), and CCL4 (E) from eosinophils activated by IL-17A, IL-17F, and
IL-23. Eosinophils (1 X 10° cells) were cultured with or without IL-17A, IL-17F, or IL-23 (0—100 ng/ml) for 12 and 24 h. Cytokines and chemokines
released into the culture supernatants were determined by ELISA. Results are expressed as the arithmetic mean = SD from three independent
experiments. *, p < 0.05; #*, p < 0.01; and ***, p < 0.001 when compared with the medium control of the same time point.
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FIGURE 5. A, The cytotoxic effects of actinomycin D (act D) and cycloheximide (cyclo) on the viability of eosinophils. Eosinophils (5 X 10° cells) were
treated with actinomycin D or cycloheximide at various concentrations for 24 h. Viability of eosinophils was determined by an annexin V/PI assay using

flow cytometry. Viable cells are presented as percentage of gated

cells and are expressed as the arithmetic mean * SD of three independent experiments.

B-F, Effects of actinomycin D and cycloheximide on the release of IL-13, IL-6, CXCL1, CXCLS8, and CCL4 induced by IL-17A, IL-17F, and IL-23 from
eosinophils. Eosinophils (1 X 10° cells) were cultured with or without IL-17A (50 ng/ml), IL-17F (50 ng/ml), or IL-23 (50 ng/ml) in the presence of
actinomycin D (1 uM) or cycloheximide (10 uM) for 24 h. Cytokines and chemokines released into the culture supernatants were determined by ELISA.
Results are expressed as the arithmetic mean + SD from three independent experiments. *, p < 0.05 and **, p < 0.01 when compared with the medium

control (CTL).

Effects of signaling inhibitors on cytokine and chemokine
release induced by IL-17A, IL-17F, and IL-23

cytometry. We used the optimal concentrations of AG490 (3
uM), BAY11-7082 (1 uM), LY294002 (5 uM), U0126 (10

The cytotoxicities of different signaling inhibitors on eosino- uM), SB203580 (7.5 uM), and SP600125 (3 uM) with signif-
phils were determined by an annexin V/PI assay using flow icant inhibitory effects without any cell toxicity. As shown in Fig.
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dependent experiments. *, p < 0.05;
k. p < 0.01; and *=xx, p < 0.001

when compared with the medium con-
trol (CTL). #, p < 0.05 and ##, p <
0.01 when compared with the sum of
cytokine production in treatment
with individual stimulators (IL-17A,
IL-17F, or IL-23) added alone.
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8, A and B, BAY11-7082 and U0126 could significantly suppress
the release of proinflammatory cytokines IL-1f3 and IL-6 induced
by IL-17F, while the effects of IL-23 could be significantly re-
strained by BAY11-7082 and SB203580. For the release of che-
mokines CXCL1, CXCL38, and CCL4, Fig. 8, C-E, show that al-
though SB203580 suppresses the stimulatory effects of IL-17A and
IL-23, BAY11-7082 can abrogate those of IL-17F and IL-23.
However, AG490, LY294002, and SP600125 do not exert any
significant effect on cytokine and chemokine production induced
by IL-17A, IL-17F, and IL-23.

*kk

ke Rk KhE

Effects of signaling inhibitors on the synergistic release of
IL-1B and IL-6 induced by IL-17F and IL-23

As shown in Fig. 9, the release of IL-18 and IL-6 induced by IL-17F
could be suppressed by BAY11-7082 and U0126, while those in-
duced by IL-23 were suppressed by BAY11-7082 and SB203580.
Besides, all BAY11-7082, U0126, and SB203580 could partially but
significantly suppress the synergistic effects of IL-17F and IL-23 on
IL-1B and IL-6 release, respectively. However, AG490, LY294002,
and SP600125 did not exert any significant effect on the synergistic
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FIGURE 7. Synergistic effects of IL-17F and IL-23 on the release of
IL-1B (A) and IL-6 (B) were IL-23 dependent. Eosinophils (1 X 10° cells)
were cultured with varied concentrations of IL-17F and IL-23 in combi-
nation for 24 h. Cytokines released into the culture supernatants were de-
termined by ELISA. Results are expressed as the arithmetic mean + SD
from three independent experiments. *, p < 0.05 and *x, p < 0.01 when
compared with the medium control.

release of IL-13 and IL-6 induced by IL-17F and IL-23 (data not
shown).

IL-17A, IL-17F, and IL-23 differentially activated ERK, p38
MAPK, and NF-kB pathways

Using intracellular fluorescence staining by flow cytometry, we
measured the contents of phosphorylated ERK, p38 MAPK, and
IkB-a in permeabilized eosinophils at different time points after
the stimulation by IL-17A alone andIL-17F and IL-23 alone and in
combination. As shown in Fig. 10A, IL-17A could induce the
phosphorylation of p38 MAPK and the activation sustained to 1 h.
For IL-17F, it could activate ERK but not the p38 MAPK pathway,
in which the phosphorylation of ERK peaked at 30 min and de-
clined afterward (Fig. 10, B and C). For IL-23, it could not induce
any activation of ERK, but did cause rapid phosphorylation of p38
MAPK after 5 min of stimulation and the phosphorylation sustained
to 1 h (Fig. 10, B and C). For the NF-kB pathway, both IL-17F and
IL-23 could induce significant phosphorylation of IkB-a within 15
min of stimulation. However, combined treatment of IL-17F and
IL-23 could not further increase the phosphorylation of IkB-a (Fig.
10D). These results confirm that IL-17A, IL-17F, and 1L-23 differ-
entially activate the ERK, p38 MAPK, and NF-kB pathways.

Discussion

Although the studies for physiological roles of IL-17A, IL-17F,
and IL-23 are mounting, the responsible cell populations express-
ing their receptors are not yet fully elucidated in humans (1, 25,
26). The receptor for IL-17F has not been completely identified
(26). However, because IL-17F shows a high degree of structural
homology with IL-17A and has a similar spectrum of biological
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activities, IL-17F may use the same receptors as IL-17A (1). Re-
cent studies identified that IL-17RA and IL-17RC form a het-
erodimer for the binding of both IL-17A and IL-17F (27); of which
IL-17RC binds to both IL-17A and IL-17F with the same affinity,
while IL-17RA binds to IL-17F with an ~10-fold lower affinity
than to IL-17A (27, 28). Although we cannot rule out the possi-
bility that there may be additional components involved in IL-17F
signaling, IL-17RA and IL-17RC at least in part essentially con-
tribute to the recognition and signal transduction of IL-17F. IL-23
is well-documented as binding to the IL-23R complex, composed
of IL-23R and IL-1231 (29). In the present study, we have exam-
ined the protein expression of IL-17RA, IL-17RC, IL-1231, and
IL-23R in human eosinophils, and found that eosinophils consti-
tutively expressed proteins for these receptors on their cell sur-
faces. Moreover, our results showed that although the protein ex-
pression of IL-17RA could be up-regulated by IL-23, IL-17RC
expression could be enhanced by its ligand IL-17F, and IL-23.
However, the protein expression of both IL-12RA1 and IL-23R
was not affected by IL-17A, IL-17F, or IL-23. Recently, it has been
reported that an adaptor protein Actl was an immediate and es-
sential component of IL-17RA signaling. In this study, we showed
by flow cytometry that IL-17F, but not IL-17A and IL-23, could
enhance the protein expression of Actl in human eosinophils. The
above findings therefore prompted us to hypothesize that these
cytokines might be able to potentiate or enhance the action of each
other on human eosinophils.

To date, the most extensively investigated function of IL-17A,
IL-17F, and IL-23 is the induction of various cytokines and che-
mokines that are crucial in regulating inflammatory responses (30—
32). Cytokines and chemokines have been shown to play important
pathological roles in allergic inflammation (33). In the present
study, we used a cytokine protein array to screen for the induction
of 79 different cytokines and chemokines from eosinophils induced
by IL-17A, IL-17F, and IL-23. All three cytokines could enhance
the production of neutrophil chemokines CXCL1, CXCLS8, and
granulocyte activator CCL4 from eosinophils. Besides, IL-17F and
IL-23 could activate eosinophils to increase the release of proin-
flammatory cytokines IL-183 and IL-6. Further investigation by
ELISA confirmed that IL-17A, IL-17F, and IL-23 could dose-de-
pendently induce a significant in vitro release of IL-13 and IL-6
and CXCL1, CXCL8, and CCL4. Moreover, both the transcrip-
tional inhibitor actinomycin D and protein synthesis inhibitor cy-
cloheximide could suppress the release of cytokines and chemo-
kines upon IL-17A, IL-17F, and IL-23 stimulation. This
demonstrated that IL-17A, IL-17F, and IL-23 could induce the
release of newly synthesized, instead of preformed, IL-1p3, IL-6,
CXCL1, CXCLS8, and CCL4 from eosinophils. The release of
IL-1B could activate macrophages (34), while induction of IL-6
suggested that IL-17F and IL-23 might be involved in mediating
inflammatory and Th2 immune responses (35). CCL4 can pro-
foundly activate neutrophils, eosinophils, and basophils and is in-
volved in acute neutrophilic inflammation. In addition, it markedly
recruits T lymphocytes from the circulation to lymph nodes during
the initiation of primary immune responses (36). Our results also
demonstrated that IL-17A, IL-17F, and IL-23 could induce the
secretion of neutrophil chemokines CXCL1 and CXCLS8 from eo-
sinophils. This provides further explanation for the mechanism of
Th17-mediated neutrophil infiltration into the inflammatory sites at
bronchial airways (36, 37). A previous study reported that eosin-
ophils in sputum and bronchoalveolar lavage fluids of asthmatic
patients expressed IL-17A (38). However, we studied, by real-time
PCR, that no mRNA encoding IL-17A, IL-17F, and IL-23 could be
detected in peripheral blood eosinophils at both the resting stage
and upon stimulation by IL-17A, IL-17F, and IL-23 (data not
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FIGURE 8. Effects of signaling inhibitors on IL-18 (A), IL-6 (B),
CXCL1 (C), CXCLS8 (D), and CCL4 (E) release from eosinophils. Eosin-
ophils (1 X 10° cells) were pretreated with AG490 (3 uM; AG), BAY11-
7082 (1 uM; BAY), LY294002 (5 uM; LY), U0126 (10 uM; U),
SB203580 (7.5 uM; SB), and SP600125 (3 uM; SP) for 45 min, followed
by incubation with or without IL-17A (50 ng/ml), IL-17F (50 ng/ml), or
IL-23 (50 ng/ml) in the presence of inhibitors for another 24 h. Release of
cytokines and chemokines in the culture supernatant was determined by
ELISA. Results are expressed as the arithmetic mean + SD from three
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FIGURE 9. Effects of signaling inhibitors on IL-17F- and IL-23-in-
duced synergistic effects on IL-18 (A) and IL-6 (B) release from eosino-
phils. Eosinophils (1 X 10° cells) were pretreated with BAY11-7082 (1
uM), U0126 (10 uM), and SB203580 (7.5 uM) for 45 min, followed by
incubation with or without IL-17F (10 ng/ml) or IL-23 (10 ng/ml) in the
presence of inhibitors for another 24 h. Release of cytokines in the culture
supernatants was determined by ELISA. Results are expressed as the arith-
metic mean + SD from three independent experiments. DMSO (0.1%) was
used as the vehicle control. *, p < 0.05 and **, p < 0.01 when compared
between groups denoted by horizontal lines.

shown). Taken together, Thl7-mediated eosinophil activation
could induce the release of proinflammatory cytokines and che-
mokines, thereby amplifying inflammatory responses during aller-
gic diseases.

Given that IL-17A, IL-17F, and IL-23 could induce a similar
profile of proinflammatory cytokines and chemokines from eosin-
ophils, we further investigated the combined effects of the three
cytokines. Synergistic effects were observed in the combined treat-
ment of IL-17F and IL-23 on the release of proinflammatory cy-
tokines IL-18 and IL-6, while only additive effects were found in
the induction of chemokines CXCL1, CXCLS, and CCL4 in all
combined treatments. Further study showed that the synergistic
effects were dose dependent on IL-23, but not on IL-17F. This
might be due to the up-regulation of IL-17RA and IL-17RC ex-
pression induced by IL-23, leading to the augmentation of IL-17F-
mediated effects on eosinophils. Both IL-183 and IL-6 are well-
recognized as effector cytokines that mediate damage in peripheral
tissues (39). Recently, they have been reported as critical inducers
for Th17 polarization. Although IL-13 was sufficient to induce the

independent experiments. DMSO (0.1%) was used as the vehicle control
(CTL). *, p < 0.05 and **, p < 0.01 when compared between groups
denoted by horizontal lines.
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FIGURE 10. Effects of IL-17A, IL-17F, and IL-23 on intracellular ERK,
p38 MAPK, and NF-«B activities. Eosinophils (5 X 10° cells) were incubated
with or without IL-17A (50 ng/ml), IL-17F (50 ng/ml), and IL-23 (50 ng/ml),
alone or in combination for varied incubation times. The amounts of intracel-
lular phosphorylated signaling molecules in 10,000 permeabilized eosinophils
were measured by flow cytometry. Results of phosphorylated p38 MAPK (A
and C), phosphorylated ERK (B), and phosphorylated IkB-a (D) are shown in
MEFI subtracting corresponding isotypic control and are expressed as the arith-
metic mean + SD of three independent experiments. *, p < 0.05 and s, p <
0.01 when compared with medium control.

expression of transcription factor ROR+yt and production of IL-
17A, IL-6 could sustain the expression of RORyt and promoted the
differentiation of Th17 lymphocytes (40). The finding that IL-13
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and IL-6 are also key inducers of Thl7 responses provides an
additional rationale for targeting these cytokines in allergic dis-
eases to reduce not only inflammation, but also the priming of
inflammatory Th17 lymphocytes in humans. Besides, due to the
fact that IL-23 production from dendritic cells and macrophages is
induced upon microbial stimuli (13, 15, 41), the ability of IL-23 to
enhance IL-17F stimulation on eosinophils might also imply a po-
tential link between microbial infection and allergic diseases.
However, further studies are required to support this hypothesis.

For elucidating the molecular mechanism of eosinophil activa-
tion induced by IL-17A, IL-17F, and IL-23, we used quantitative
intracellular staining by flow cytometry to measure the dynamic
phosphorylation levels of signaling molecules in permeabilized eo-
sinophils under the stimulation of the three cytokines. MAPK path-
ways have been shown to play active roles in a large variety of
cellular activities, ranging from cell survival and proliferation to
expression of proinflammatory cytokines (42). Our results demon-
strated that although both IL-17A and IL-23 could strongly acti-
vate the p38 MAPK pathway, IL-17F could induce ERK activa-
tion. The observation that IL-17F and IL-23 induced a common
panel of cytokines and chemokines suggested that they might
transmit overlapping signaling pathways. This postulation was
supported by our result that both cytokines alone could signifi-
cantly induce the phosphorylation of IkB-«, thereby activating the
NF-kB pathway. NF-«B is a pivotal regulator of proinflammatory
cytokines and chemokines. It is highly active at inflammatory sites
in various diseases, including allergic asthma, by enhancing the
recruitment of inflammatory cells and production of proinflamma-
tory cytokines and chemokines (20). Since ERK, p38 MAPK, and
NF-kB are common signal transduction molecules by which ex-
pression of cytokines and chemokines can be regulated in eosin-
ophils (20), it is logical that they are commonly involved in eo-
sinophil activation mediated by IL-17A, IL-17F, and IL-23.

Our group previously reported the active involvement of NF-
kB, ERK, and p38 MAPK in the cytokine and chemokine release
from activated eosinophils upon exposure to diverse stimuli such
as IL-5, IL-25, and various microbial products (21, 43, 44). To
elucidate the involvement of NF-«B, ERK, and p38 MAPK in
regulating the cytokine and chemokine release induced by IL-17A,
IL-17F, and IL-23, selective inhibitors that could suppress the ac-
tivation of their corresponding signaling pathways were applied.
Based on the results of a cytotoxicity assay, we used the optimal
concentrations of JAK inhibitor AG490 (3 uM), NF-kB inhibitor
BAY11-7082 (1 uM), PI3K inhibitor LY294002 (5 uM), ERK
inhibitor U0126 (10 uM), p38 MAPK inhibitor SB203580 (7.5
uM), and JNK inhibitor SP600125 (3 uM) for significant inhibi-
tory effects without any cell toxicity. It was shown that SB203580
and BAY11-7082 could differentially down-regulate the chemo-
kines CXCL1, CXCLS8, and CCL4 induced by IL-17A, IL-17F,
and IL-23. For the proinflammatory cytokines IL-18 and IL-6,
although BAY11-7082 could suppress the induction by both IL-
17F and IL-23, U0126 and SB203580 could abolish the production
of cytokines mediated by IL-17F and IL-23, respectively. Further
investigation illustrated that inhibition of the NF-«B, ERK, and
p38 MAPK pathways alone could partially but significantly sup-
press the synergistic effects on IL-13 and IL-6 release induced by
combined treatment of IL-17F and IL-23. The results therefore
suggested that the synergistic effects of combining IL-17F and
IL-23 were dependent on the activation of all NF-«B, ERK, and
p38 MAPK pathways.

In conclusion, this is the first report on the activation of eosin-
ophils mediated by IL-17A, IL-17F, and IL-23 for the induction of
proinflammatory cytokines and chemokines. An important finding
of our study is the synergistic effects of combining IL-17F and
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IL-23 on the production of IL-18 and IL-6, which are critical in-
ducers for Th17 polarization. Along with previous findings on the
participation of IL-17E in Th2 responses and airway hyperrespon-
siveness (45, 46), our results provide further support to the impor-
tant role of the IL-17 family and Th17 lymphocytes in the ampli-
fication of allergic diseases such as allergic asthma. Moreover, the
combined effects of IL-23 and IL-17F on eosinophils might pro-
vide new insight for linking infection and allergic diseases. In view
of recent advances in the application of ERK, p38 MAPK, and
NF-«B inhibitors as potential anti-inflammatory agents in asthma
(47, 48), our study of IL-17A, IL-17F, and IL-23 on eosinophil
activation should provide new clues on the development of novel
treatment for allergic diseases.
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