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The Adaptor Protein CIKS/Actl Is Essential for IL-25-Mediated

Allergic Airway Inflammation’

Estefania Claudio,* Sgren Ulrik Sgnder,* Sun Saret,* Gabrielle Carvalho,**
Thirumalai R. Ramalingam,” Thomas A. Wynn,” Alain Chariot,** Antonio Garcia-Perganeda,**
Antonio Leonardi,”* Andrea Paun,* Amy Chen,” Nina Y. Ren,* Hongshan Wang,*

and Ulrich Siebenlist®*

IL-17 is the signature cytokine of recently discovered Th type 17 (Th17) cells, which are prominent in defense against extracellular
bacteria and fungi as well as in autoimmune diseases, such as rheumatoid arthritis and experimental autoimmune encephalomy-
elitis in animal models. IL-25 is a member of the IL-17 family of cytokines, but has been associated with Th2 responses instead
and may negatively cross-regulate Th17/IL-17 responses. IL-25 can initiate an allergic asthma-like inflammation in the airways,
which includes recruitment of eosinophils, mucus hypersecretion, Th2 cytokine production, and airways hyperreactivity. We
demonstrate that these effects of IL-25 are entirely dependent on the adaptor protein CIKS (also known as Actl). Surprisingly,
this adaptor is necessary to transmit IL-17 signals as well, despite the very distinct biologic responses that these two cytokines elicit.
We identify CD11¢™ macrophage-like lung cells as physiologic relevant targets of IL-25 in vivo. The Journal of Immunology,

2009, 182: 1617-1630.

sthma is a chronic condition in which the airways be-
come inflamed and constrict in response to triggers such
as allergens. The inflammatory response in lungs is as-
sociated with infiltration of CD4" Th cells type 2 (Th2) and eo-
sinophils, as well as with excessive production of mucus, IgE Abs,
and airways hyperreactivity (AHR),” among other pathologies (1).
Although the Th2 response and its signature cytokine profile are
dominant in allergic asthma, Th17 and possibly even Th1 and their
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signature cytokines may also contribute to lung inflammation
(2-4).

Mouse models of asthma have yielded significant new insights
recently. In particular, the cytokine IL-25 has been shown to have
arole (5); it is a member of the IL-17 cytokine family, also known
as IL-17E (6, 7). IL-25 has been reported to promote polarization
of naive CD4™ T cells toward the Th2 phenotype, to enhance
cytokine production from polarized Th2 cells, and to induce ex-
pression of Th2 cytokines such as IL-4, IL-5, and IL-13 from other
cell sources, yet to be clearly defined (8—14). Based on such data,
IL-25 was proposed to initiate and maintain Th2 responses. Fur-
thermore, by directly and/or indirectly inducing the expression of,
in particular, IL-13 and IL-5, IL-25 may be responsible for the
observed mucus production and lung infiltration of eosinophils
during allergic reactions. The chain of inflammatory events may
initially be triggered by allergens, which have been suggested to
induce IL-25 expression from lung epithelial cells via innate im-
mune sensors, although definitive proof remains to be obtained (8).
IL-25 may also be expressed by activated basophils and mast cells
(10), and by an unknown subset of T cells present in the cecal
patch of the gastrointestinal tract (15). IL-25 appears to have a
pivotal role in Th2-mediated host defense against helminthic par-
asites (15, 16). In animals challenged with the parasite Nippos-
trongylus brasiliensis, IL-25 was proposed to induce the early pro-
duction of Th2-like cytokines by an unknown non-T, non-B cell
subset present in mesenteric lymph nodes. The induced Th2 cyto-
kines in turn facilitate rapid worm expulsion even in the absence of
T cells. Nevertheless, lack of IL-25 does not prevent eventual
worm clearance via a delayed Th2 response (16).

The mechanism by which IL-25 signals cells is largely un-
known. IL-25 binds to a member of the IL-17R family, IL-17RB
(IL-25R, IL-17R homologue 1, or EVI27). More is known about
signaling by IL-17. This cytokine binds to and signals via IL-17RA
(also known as IL-17R); it has recently been reported that IL-17
also binds to IL-17RC and that IL-17’s true receptor may be a
heteromeric complex composed of both IL-17RA and RC (17, 18).
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All members of the IL-17R family encode a SEFIR (similar ex-
pression to fibroblast growth factor genes and IL-17Rs)-like do-
main in their cytoplasmic tails (6). In the case of IL-17-induced
signaling, the adaptor protein CIKS (originally derived from con-
nection to IkB kinase and stress-activated protein kinases), also
known as Actl, is recruited to the receptor via heterotypic SEFIR
domain association, as documented recently (19, 20). CIKS was
originally cloned as an IkB kinase y (Nemo)-interacting protein in
our laboratory (21), whereas Actl was cloned in a genetic screen
for NF-kB-activating genes by others (22). The SEFIR domains of
the IL-17RA and CIKS/Actl appear to be necessary for all down-
stream signaling, including activation of the transcription factors
NF-«kB, C/EBPS, and C/EBP& in response to IL-17, and activation
of MAPK pathways (19, 20, 23-25). In contrast to these reports,
Actl/CIKS-dependent IL-17 signals have been suggested instead
to primarily stabilize unstable mRNAs, especially short-lived
mRNAs transcriptionally induced via TNF-a-mediated NF-«B ac-
tivation (26). Certainly, much remains to be learned about the
mechanisms underlying IL-17 signaling and specifically the role of
CIKS/Actl. Regardless of the molecular mechanism, however,
Actl/CIKS is essential not only for IL-17 signaling in vitro, but
also for aspects of Thl7-driven inflammation in vivo. Loss of
Actl/CIKS in mice has been reported to ameliorate Th17-depen-
dent inflammatory pathology in experimental autoimmune enceph-
alomyelitis and in dextran sulfate sodium-induced colitis (20).

In addition to its role in IL-17R signaling, Actl/CIKS has been
reported to play a negative role in CD40 and BAFF (B cell-acti-
vating factor belonging to the TNF family) receptor. Actl-deficient
mice were noted to exhibit a pronounced CD40- and BAFF recep-
tor-dependent B cell hyperactivation, accompanied by speno-
megaly, lymphadenopathy, and hypergammaglobulinemia, and,
with age, a lupus-like pathology (27). However, the molecular
mechanisms involved and the physiologic significance of these
findings remain unclear.

Although CIKS is critical for IL-17 signaling, it is not known
whether IL-25 signals in ways similar to or distinct from IL-17.
IL-25 has been conjectured to mediate effects in costimulated T
cells in vitro via NF-kB as well as MAPKSs (28); it may signal in
a TNFR-associated factor 6-dependent manner, as determined with
cells expressing exogenously introduced IL-25Rs (IL-17RB) (29).
However, efforts to understand IL-25 signaling mechanisms have
been hampered by the lack of a readily responsive target cell.
IL-17 and IL-25 are the most divergent members of this family,
with very distinct biologic activities, suggesting distinct signaling
pathways.

In this study, we investigate 1L-25 signal-dependent functions
with the help of CIKS-deficient mice generated in our laboratory.
These CIKS-deficient mutant mice are impaired in IL-17 signaling,
confirming prior observations, but they do not display the hyper-
active B cell-dependent phenotypes of Actl-deficient animals cited
above. Surprisingly, we find that the CIKS adaptor is also abso-
lutely required for all aspects of IL-25-induced pulmonary inflam-
mation in vivo. We identify macrophage-like cells as IL-25 re-
sponders in vivo and in vitro.

Materials and Methods
Mice

CIKS-deficient (knockout (KO)) mice were originally generated and main-
tained on a 129/SvJ background. Subsequently, the CIKS deficiency (KO)
was also introduced onto a C57BL/6 (BL/6) background (10 retrocrosses of
129 KO mice to BL/6) and onto a mixed 129/BALB/c background (2
retrocrosses of 129 to BALB/c). Wild-type (WT) mice were obtained from
interbreeding of heterozygous animals. Mice were bred and housed in Na-
tional Institute of Allergy and Infectious Diseases facilities, and all exper-
iments were done with approval of the National Institute of Allergy and
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Infectious Diseases Animal Care and Use Committee and in accordance
with all relevant institutional guidelines.

B cell analysis

Single-cell suspensions prepared from spleens were depleted of erythro-
cytes with ACK lysis buffer, and 10° cells were incubated with different
combinations of Abs for three- or four-color fluorescence surface staining.
Data were collected in a FACSCalibur flow cytometer (BD Biosciences)
and analyzed using FlowJo software (Tree Star). The following mAbs were
used: anti-IgM (clone 11/41), anti-B220 (clone RA3-6B2), anti-CD21
(clone 7G6), anti-CD23 (clone B3B4), anti-L-selectin (clone MEL-14), and
anti-IgD (clone 11-26¢.2a). All of the Abs were purchased from BD Bio-
sciences, except anti-IgD (Southern Biotechnology Associates).

4-hydroxy-3-nitrophenylacetyl hapten-keyhole limpet
hemocyanin (NP-KLH) challenge and Ig measurements

For Ig baseline detection, sera from naive WT and KO mice were harvested
and analyzed by ELISA (Southern Biotechnology Associates). For the Ag-
specific Ig response, mice were challenged i.p. on days 0 and 7 with 200
wl of 100 ug of NP-KLH (Biosearch Technologies), adsorbed to 4 mg of
Imject alum (Pierce Biotechnology). Sera were harvested 1 wk after the last
challenge, and Ag-specific Ig production was measured by ELISA (South-
ern Biotechnology Associates).

Western blot for NF-kB2 processing

B cells were isolated from spleens via positive selection. A total of 107
cells was incubated with anti-B220 MACS magnetic beads and sorted by
passage through a LS magnetic column (Miltenyi Biotec). Splenic B220™
cells were treated or untreated with 1 pwg/ml BAFF (PeproTech) for various
times. After incubation, B cells were harvested and whole-cell protein was
extracted in lysis buffer containing 0.5% Triton X-100. Blots were probed
with rabbit polyclonal anti-p52 (directed against aa 1-399).

Mouse embryo fibroblasts (MEFs) and RNA isolation

Mouse embryos (E12-E13) were harvested from timed pregnancies. Heads
and fetal liver were removed, and the remaining tissue was chopped and
digested in DMEM containing collagenase (140 pg/ml), DNase (100 ug/
ml), and hyaluranidase (140 wg/ml) for 45 min on a shaker. The superna-
tant containing single cells was transferred to a new tube, and the remain-
ing material was subjected to a second round of digestion. After collecting
the supernatant, the remaining material was digested with trypsin (Invitro-
gen) for 30 min. All supernatants were combined and cells were spun down
(MEFs). MEFs were then grown in DMEM supplemented with 10% FBS,
L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 pg/ml)
(Invitrogen) up to 90-95% confluence. Cells were treated or untreated with
rIL-17 (100 ng/ml; R&D Systems) and/or TNF-« (2 ng/ml; PeproTech) for
4 and 24 h. Cell-free supernatants were collected for multiplex cytokine
assays (Linco platform; Millipore); in addition, cells were collected for
RNA isolation. Cells were lysed in TRIzol (Invitrogen), and total RNA was
isolated using RNeasy RNA isolation kit (Qiagen), following the manu-
facturer’s instructions.

Real-time PCR

cDNA was synthesized with oligo(dT) using Superscript III (Invitrogen).
Expression of GM-CSF, IL-6, KC (CXCL1), LNC2, IL-5, IL-13, IL-4,
eotaxin-2 (CCL24), hypoxanthine phosphoribosyltransferase (HPRT), and
B-actin was quantified with the TagMan Gene Expression Assay kits (Ap-
plied Biosystems). Gene expression results are generally expressed as
2744C where AA cycle threshold (Ct) = (Ctyyppe; — Clyprer) for IL-25 or
IL-17 treatment — (Ctyyge; — Clygpry) for PBS treatment. Data are shown
as the mean = SEM. In the case of MEF analyses, the B-actin gene served
as control instead of HPRT.

Cytokine measurements

IL-4, IL-5, GM-CSF, KC (CXCL1), and IL-6 were analyzed via multiplex
assays using a LINCO platform (Millipore) or mouse Th1/Th2 kits (Bender
MedSystems or BD Biosciences). IL-13 and eotaxin-2 (CCL24) were mea-
sured by ELISA (R&D Systems).

Intranasal administration of IL-25 and IL-17

Mice matched by sex and age were anesthetized with isofluorane and then
challenged via intranasal (i.n.) inhalation with 40 ul of rIL-25 (5 ug) or
rIL-17 (5 ng) (R&D Systems) daily for 4 days. Mice were analyzed 24 h
after the last challenge. In additional experiments, mice were treated a fifth



The Journal of Immunology

time on day 6 and then harvested 24 h later, or they were treated only a
single time and harvested 24 h later.

Bronchoalveolar lavage fluids (BALFs) and cytometric analysis

Twenty-four hours after the last challenge with rIL-25 or rIL-17, the mice
were anesthetized with an i.p. injection of Avertin. Anesthetized mice were
exsanguinated by severing the inferior vena cava and renal artery, and then
tracheae were exposed. The lungs and upper airways were lavaged with 0.5
ml of PBS. BALFs were centrifuged at 300 X g for 5 min, and supernatants
were stored at —70°C for further cytokine analysis. Cells were resuspended
in 100 ul of PBS and stained for flow cytometric analysis. Four-color
staining was performed as follows: after blocking with CD16/CD32 Abs
for 10 min on ice, cells were incubated with FITC GR-1 (RB6-8C5), PE
SiglecF (E50-2440), PerCP CD4 (L200), and allophycocyanin CCR3
(83101) for 15 min on ice. Flow cytometry of stained cells was performed
with a FACSCalibur or FACSCanto (BD Biosciences), and data were an-
alyzed using FlowJo software (Tree Star). All Abs were purchased from
BD Biosciences, except CCR3 (R&D Systems).

Lung histology

After bronchial lavage, lungs were perfused with 2 ml of 10% formalin
buffer. Paraffin-embedded 5-um tissue sections were stained with H&E,
periodic acid-Schiff (PAS), or Masson’s Trichrome.

Measurement of AHR

For AHR, mice were treated with 5 pg/day of rIL-25, administered on 4
consecutive days and again on day 6, and then analyzed on day 7. AHR
was measured by whole body plethysmography (Buxco Electronics). Mean
Penh was calculated from measurements during a 5-min period following
inhalation of methacholine (Sigma-Aldrich) (3—-50 mg/ml) for 2.5 min.

Plasmids

Full length of CIKS and IL-17RB was cloned in the Gateway Entry vector.
Entry clones were subcloned into pcDNA3.1 hemagglutinin (HA) or Flag
Tag destination vectors (pDest-472 and pDest-780) by Gateway LR re-
combination using the manufacturer’s protocols (Invitrogen) to create the
expression clones. Plasmid construction and confirmatory sequencing was
performed by the Protein Expression Laboratory, National Cancer Institute.
The HA-tagged TNFRIAC construct was a gift from R. Siegel (National
Institutes of Health, Bethesda, MD) (30).

Transfection, immunoblotting, and immunoprecipitation

HeLa cells (10-cm plates) were cotransfected with expression vectors for
Flag-CIKS and either HA-IL-17RB or HA-TNFRIAC (1.5 or 3 pg of each)
with the help of lipofectamine 2000 (Invitrogen), following the manufac-
turer’s instruction. Forty-eight hours after transfection, cells were washed
once with ice-cold PBS and lysed in cell lysis buffer (1% Nonidet P-40, 10
mM Tris, 150 mM NaCl, 1 mM EDTA 50 mM NaF, 1 mM Na,VO,, 25
mM B-glycerol phosphate, 0.1 mg/ml 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride, and 10% glycerol, and supplemented with protease
inhibitors). The cells were incubated at 4°C for 30 min with lysis buffer.
Cell debris and unbroken cells were pelleted by centrifugation (15,000 X
g) for 20 min at 4°C. Supernatant fractions were used directly for Western
blots or for immunoprecipitations. For immunoprecipitations, cell lysates
were incubated with anti-HA or anti-Flag Ab-conjugated agarose (Sigma-
Aldrich) for 1 h at 4°C, and agarose beads were then washed three times
with lysis buffer and eluted with HA or Flag peptides (Sigma-Aldrich),
following the manufacturer’s instructions. Eluted protein solutions and
whole-cell lysate supernatants were denatured with 2X SDS sample buffer
for 5 min at 95°C. For Western blots, the eluted immunoprecipitates or cell
lysate supernatants were electrophoresed through 10% SDS-polyacryl-
amide gels, followed by transfer to polyvinylidene difluoride (Millipore)
membranes. The membranes were blocked overnight in 10% milk in
TBST, incubated for 2 h with primary anti-Flag or anti-HA Abs, followed
by 1-h incubation with anti-mouse HRP- or anti-rabbit HRP-conjugated
Abs, respectively. The signal was detected with ECL reagent (GE
Healthcare).

Analysis of lung CDI11c* cells

Lungs were perfused with 2 ml of dispase/collagenase (1 mg/ml) and in-
cubated for 45 min. Then lungs were finely minced and incubated in 3 ml
of DMEM without serum and digested with 100 wg/ml DNase for 10 min.
Cells were ACK lysed to remove erythrocytes, passed through a 70-um
cell strainer, followed by a 45-um cell strainer, and centrifuged at 300 X
g for 5 min. Total lung cells were first blocked with CD16/CD32 Abs for
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10 min and then stained with FITC CD11c, PE CDI11b, PerCP B220, PE
Cy7 F4/80, allophycocyanin IL-17RB or PE-I Ab, PerCP CD11b, PE Cy7
CDllc, and allophycocyanin IL-17RB. Flow cytometric data were ac-
quired in a FACSCanto (BD Biosciences) and analyzed with FlowJo soft-
ware (Tree Star). All Abs were from BD Biosciences, except IL-17RB
(R&D Systems). The remaining portion of the cell suspension was used to
isolate CD11c* cells using CD11c-MACS beads (Miltenyi Biotec).
Briefly, 5 X 10°-10° cells suspended in 90 ul of buffer (PBS with 0.5%
BSA and 0.5 mM EDTA) were incubated with 10 ul of beads during 20
min on ice, and then washed in buffer. Finally, CD11c" cells were sepa-
rated through a MS magnetic column. CD11c" cells contained mainly
alveolar macrophages based on cytospin analysis. RNA from CD11c™ cells
was extracted and used for real-time PCR analyses.

Bone marrow-derived dendritic cells (BMDC) and macrophages
(BMDM)

BMDC and BMDM were generated from WT, CIKS KO, and Ragl KO
mice, as follows: bone marrow cell suspensions were prepared from one
femur and then ACK lysed. A total of 5 X 10° cells/ml was cultured with
20 ng/ml GM-CSF and IL-4 (R&D Systems) for 6 days to obtain BMDC,
or they were cultured with 30 ng/ml M-CSF for 5 days to obtain BMDM.
Then cells were harvested and incubated in fresh medium with or without
100 ng/ml IL-25 for 24 h. Then RNA was isolated (see above) and ana-
lyzed by real-time PCR analyses.

Depletion of alveolar macrophages with clodronate-loaded
liposomes

To deplete alveolar macrophages in vivo, mice were anesthetized with
isofluorane and then treated via i.n. inhalation with 100 ul of clodronate or
PBS-loaded liposome on day 1, followed by 50 ul of clodronate or PBS-
loaded liposomes on day 2 (loaded liposomes were obtained from Encap-
sula NanoSciences). Twenty-four hours after the last liposome application,
anesthetized mice were treated with 5 ug of IL-25 (50 ul) or 50 ul of PBS
via i.n. inhalation. BALFs were harvested 24 h later and analyzed, as de-
scribed above. A lung lobule was frozen for subsequent real-time PCR
analyses. The remaining lung tissue was digested with collagenase/dispase,
as described above, and the extracted cells were used in FACS analyses.

Results

Generation and initial characterization of CIKS-deficient mice

Mice deficient in CIKS (also known as Actl, Traf3ip2) were
generated in the 129/Sv background (Fig. S1).® We also intro-
duced supplemental this deficiency into a 129/BALB/c mixed
background (129 backcrossed twice to BALB/c) and into the
C57BL/6 (BL/6) background (129 backcrossed 10 times to BL/
6). Gross examination of CIKS-deficient mice showed no signs
of disease, regardless of background. Mutant spleens and lymph
nodes were normal sized and contained normal numbers of
cells, and their splenic microarchitecture was grossly indistin-
guishable from that of WT controls, as judged by H&E tissue
staining (supplemental Fig. S2 and data not shown). Further
analysis also revealed normal numbers of B cells, with appro-
priate relative ratios of transitional 1, transitional 2, mature fol-
licular, and marginal zone B cells (Fig. 1A). Baseline Ig IgM
and IgGl levels in sera were essentially normal (Fig. 1B); fur-
thermore, the Ig response to challenge with the T-dependent Ag
NP-KLH did not significantly differ from that of WT littermate
controls (Fig. 1C). Finally, B cells isolated from CIKS-deficient
mice showed normal levels of NF-«B activation in response to
anti-CD40 or BAFF, as judged by EMSA analysis, [kB phos-
phorylation/degradation, and/or processing of NF-«kB2 p100 to
p52 (Fig. 1D and data not shown). These results contrast with
those previously obtained with independently generated Actl
(CIKS)-deficient animals on a mixed BALB/c/129 background
(27). In that study, the mutant mice presented with splenomeg-
aly, lymphadenopathy, increased numbers of B cells, increased

8 The online version of this article contains supplementary material.
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basal, and T-dependent Ag-induced Ig levels, and hyperactiva-
tion of NF-kB in response to «CD40 and BAFF, including en-
hanced processing of NF-«kB2 p100 to p52. Actl-deficient mice
also developed a lupus-like autoimmunity accompanied by pro-
duction of autoantibodies. After partial backcrossing to BL/6
mice, Actl mutant mice were reported to have a delayed onset
of B cell-mediated autoimmune phenotypes (20). It is unclear
why the CIKS-deficient animals generated in our laboratory do
not present such B cell-associated defects. Environmental fac-
tors, such as a distinct microflora, or subtle genetic background
differences between the two mutant mouse models could play a
role; the absence of Actl might result in an unresolved immune
reaction to a specific biologic agent. Final resolution of this
question will have to await further experimentation and direct
comparison of the two mutant models.

In contrast to the differences observed with respect to B cell
hyperactivity, both mutant mouse models are defective in IL-17
signaling. In agreement with prior studies (19, 20), IL-17 was
able to induce target genes such as IL-6 and GM-CSF alone

*

- - <« D52

and/or in synergy with TNF-a in WT MEFs, but not in CIKS-
deficient MEFs; this was demonstrated by real-time PCR anal-
ysis (Fig. 2A) and by detection of protein secreted into medium
(Fig. 2B). In the absence of CIKS, both the direct effects of
IL-17 and its synergy with TNF-a were abolished, whereas the
induced expression due to TNF alone was unaffected. Similarly,
loss of CIKS had no effect on LPS-induced gene expression
(data not shown).

CIKS is necessary for IL-25-induced infiltration of eosinophils
into airways

IL-17 and Th17 cells, as well as the IL-17 family member IL-25
and Th2 cells, have previously been implicated in inflammation
of the airways, including asthma (4, 5, 11, 31, 32). To address
the question as to whether CIKS-mediated signaling has a role
in lung inflammatory pathologies, we administered IL-25 or
IL-17 directly into the airways of WT and CIKS-deficient mice.
These cytokines were introduced into lungs via nasal inhalation
(i.n.) on 4 consecutive days and the mice were harvested on the
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fifth day. Bronchoalveolar lavage fluids (BALFs) of WT mice
exposed to IL-25 contained profoundly increased numbers of
cells over BALFs from control mice exposed to PBS, whereas
those exposed to IL-17 contained more moderately increased
cell numbers (Fig. 3A). In contrast, all CIKS-deficient mice
exposed to either IL-25 or IL-17 failed to show any increase in
BALF cellularity.

Flow cytometric analysis of BALF cells revealed that IL-25
potently recruited SiglecF", Gr-1-, CCR3", and side scatter
(SSC)MeM eosinophils into the airways of WT mice. IL-25 also
recruited lesser amounts of SiglecF~, Gr-1", CCR3 ™, Ssclov,
and forward light scatter'®" neutrophils, and increased the num-
bers of SiglecF*, CCR3 ™, forward light scatter"", and SSC""
cells; the latter cells are also CD11c™, CD11b™, and autofluo-
rescence™®" (the autofluorescence shows up in the Gr-1 chan-
nel; cells are Gr-17) (data not shown) and consist mainly of
alveolar macrophage populations that are already well repre-
sented in BALFs from unchallenged mice (Fig. 3B; the data
combine numbers obtained from flow cytometric analyses of six
mice, and a representative set of these analyses is shown in
supplemental Fig. S3). CCR3 is the receptor for the chemokine
exotaxin-2 (CCL24), an attractant for eosinophils. In contrast to
IL-25, IL-17 failed to recruit any eosinophils, but moderately
increased the numbers of neutrophils and macrophages (Fig.
3B). Consistent with the lack of increased cell numbers in
BALFs from CIKS-deficient mice, neither IL-25 nor IL-17 was
able to recruit any individual cell type into the lungs of these
mutant mice.

CIKS is required for IL-25 induction of Th2 cytokines, mucus
hypersecretion, and AHR

We tested for expression of Th2 mediators known to be involved
in allergic lung inflammation. Analysis of BALFs after four con-
secutive daily exposures to IL-25 or IL-17 showed that IL-25, but
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not IL-17, was able to induce the protein production of IL-5, IL.-13,
and eotaxin-2 (CCL24) in WT lungs (Fig. 4A). CIKS-deficient
mice were completely blocked in IL-25-induced production of
these proteins. We also investigated for cytokine/chemokine
mRNA expression with real-time PCR analysis of whole lung tis-
sue 24 h after a fifth and final IL-25 exposure (given on the sixth
day), which revealed significantly enriched expression of mRNA
for IL-4, IL-5, IL-13, and CCL24 (eotaxin-2) in WT mice, but not
in CIKS-deficient mice (Fig. 4B).

Next, we investigated cytokine/chemokine mRNA expression
by real-time PCR in lungs 24 h after a single exposure to IL-25
or IL-17. As shown in Fig. 4C, IL-25 caused substantial in-
creases in the levels of mRNAs for IL-5, IL-13, and CCL24
(eotaxin-2) in WT mice, but failed to do so in CIKS-deficient
mice. At these early times after a single exposure to the cyto-
kine, cellular infiltration into lungs of WT mice had not yet
commenced. In contrast to IL-25, IL-17 failed to induce Th2-
related cytokines. Conversely, IL-17, but not IL-25, induced
expression of lipocalin-2 and the chemokine KC (CXCL1), two
known target genes of IL-17 (Fig. 4C). Induction of CXCLI is
consistent with infiltration of neutrophils upon repeated expo-
sure to IL-17 (see Fig. 3B). As predicted by the requirement of
CIKS in IL-17 signaling, IL-17 was able to induce genes in WT,
but not in CIKS-deficient mice.

Lung sections from WT mice exposed to IL-25 via nasal
inhalation showed significant mucus hypersecretion/goblet cell
hyperplasia as detected with PAS stain, whereas IL-17-treated
mice, CIKS-deficient mice, or PBS-treated control mice failed
to develop such pathology (Fig. 5A). Nearly 40% of the bron-
chioles present in the lung sections stained positive with PAS in
IL-25-treated WT mice, whereas none stained positive in sim-
ilarly treated CIKS-deficient mice. Sections were also stained
with H&E to more clearly visualize the cellular infiltrations
(Fig. 5B) and adjoining sections with Masson’s Trichrome stain
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to visualize collagen deposition, a feature of airway remodeling
associated with asthma (Fig. 5C). Infiltration of inflammatory
cells and collagen deposition around bronchioles were readily
apparent in IL-25-treated WT, but not CIKS-deficient samples;
furthermore, cellular infiltration into lung tissue or collagen
deposition could not be discerned in PBS- or IL-17-treated mice
(data not shown), even though IL-17-treated mice had shown a
modest increase in cells in BALFs (see Fig. 3A). Given the
collagen deposition in IL-25-treated mice, we next measured
AHR to methacholine, a critical feature of asthmatic lungs. WT
mice pretreated with IL-25 showed significantly increased hy-
perreactivity to methacholine compared with PBS-treated mice;
in contrast, CIKS-deficient mice pretreated with IL-25 did not
show increased hyperreactivity (Fig. 5D). Based on these data,
IL-25 alone can induce many symptoms of allergic asthma in
WT mice, consistent with most, but not all studies (9, 33). Dif-
ferences in the details of the experimental protocols might ac-
count for the apparent discrepancy regarding effects of IL-25
alone in lungs (see Discussion). Importantly, the conclusion of
the present experiments is that all of the IL-25-induced effects
observed in lungs absolutely required CIKS, given the complete
lack of any in vivo responses to IL-25 in the absence of CIKS.

IL-25 functions as an innate effector cytokine

The rapid induction of cytokines within 24 h after a single ex-
posure to IL-25 in lungs of WT mice strongly suggests that this
cytokine functioned as an innate effector, independent of T
cells. To test whether any T cells were required in our model,
we administered IL-25 into lungs of Ragl-deficient mice, which
lack all peripheral B and T cells. IL-25 was an even stronger
inducer of lung inflammation in Ragl-deficient mice than in
WT animals. Analysis of BALFs from mice on day 5 after four
daily exposures to IL-25 showed a profound increase in cellular
infiltrates into lungs; this was not seen when PBS was admin-
istered instead (Fig. 6A). Cellular infiltrates in IL-25-treated
Ragl-deficient mice included significant amounts of SiglecF™,
Gr-1~, CCR3™, and SSCM#" eosinophils (Fig. 6B), similar to
what was seen in WT mice (see Fig. 3 and supplemental Fig.
S3). Furthermore, staining of lung tissue sections from IL-25-
treated mice revealed mucus hypersecretion/goblet cell hyper-
plasia (Fig. 6C) and infiltration of SiglecF" eosinophils (Fig.
6D). Finally, IL-25, but not PBS, also induced Th2 mediators in
Rag-1-deficient mice, as shown for IL-5 and eotaxin-2 (CCL24)
(Fig. 6E). Therefore, T cells are not required for IL-25-induced
lung inflammation.
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IL-17RB interacts with CIKS and is present on some CDI11c™
cells in lung

IL-25 has been shown to bind to IL-17RB, a member of the
family of IL-17Rs, although what actually constitutes a func-
tional IL-25R and how it may signal remains to be determined.
Therefore, we first tested whether IL-17RB is able to physically
interact with CIKS. We cotransfected HeLa cells with expres-
sion vectors encoding HA-tagged IL-17RB and Flag-tagged
CIKS, and as negative control, we cotransfected cells with HA-
tagged TNFR1AC and Flag-tagged CIKS (TNFRIAC lacks the
death domain to avoid cell killing (30)). The cell extracts were
then immunoprecipitated with anti-HA Ab-conjugated agarose,
followed by peptide-specific elution, and finally, Western anal-
yses with anti-Flag Abs. Immunoprecipitation of HA-IL-17RB
brought down Flag-CIKS (Fig. 7A, left top panel; total lysate
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Westerns shown below). We also performed the reverse coim-
munoprecipitation, confirming that CIKS and IL-17RB could
form a complex (data not shown). In contrast, the negative con-
trol experiment failed to show any CIKS in association with the
TNFRIAC, even though this receptor was expressed at very
high levels (Fig. 7A, left panels).

We investigated whether stimulation with IL-25 might en-
hance the association of IL-17RB with CIKS. As shown in the
right panels of Fig. 7A, IL-25 significantly increased the ability
of the anti-HA Ab-conjugated agraose (directed at HA-IL-
17RB) to coimmunoprecipitate Flag-CIKS after 10 min of stim-
ulation. At later times, the complex appears to be dissociated.
We conclude that IL-17RB and CIKS can associate, and that
complex formation is briefly, but greatly enhanced upon en-
gagement of the ligand IL-25. The interaction of CIKS and
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FIGURE 5. IL-25-induced mucus hypersecretion, eosionophil recruitment, and collagen deposition in lungs depend on CIKS. A, PAS staining (mucus
hypersecretion within bronchiole-stained magenta) of formalin-fixed lung sections from WT and CIKS KO mice treated with PBS, IL-25, and IL-17, as
shown. Mice were treated on 4 consecutive days, and lung tissue was obtained after BALFs were collected. The two panels on the right show a higher
magnification of the boxed areas in the left panels (showing the walls of a bronchiole) of IL-25-treated mice. WT IL-25-treated mice, 98 of 259 bronchioles
PAS positive; KO IL-25-treated mice, 0 of 200 bronchioles PAS positive. B, H&E staining (to show cellular infiltrates in blue next to bronchiole), and C,
Masson’s Trichrome staining (to show collagen deposition in light blue next to bronchiole and vessel) of formalin-fixed adjoining lung sections from WT
and CIKS KO mice treated with IL-25, as in A. Erythrocytes in vessel next to bronchiole are stained red in B and C. D, Response of WT and CIKS KO
mice to methacholine on day 7, after mice were first treated with IL-25 on 4 consecutive days and on day 6. Penh measurements show a significant reduction
of airway resistance in KO mice when compared with WT mice. Data are shown as the means of six individual mice (two independent experiments) *
SEM (¥, p < 0.05; two-way ANOVA analyses).
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IL-25-induced inflammation of airways is independent of T cells. A, Cell counts in BALFs from RAG1-deficient mice treated i.n. with PBS

or IL-25. Treatment was as described for Fig. 3. B, Flow cytometric analysis of BALFs from IL-25- or PBS-treated mice. Eosinophils were identified as
SiglecF*, Gr-1~, SSC™e" CCR3™ cells (as shown in supplemental Fig. S3). Data for A and B are shown as the means = SEM of three individual mice
(¢, p < 0.05). C, PAS staining of formalin-fixed lung sections from IL-25 (left panel)- or PBS (right panel)-treated Ragl-deficient mice (see Fig. 5 for
further details). D, Immunohistochemical staining of frozen sections from IL-25 (left panel)- or PBS (right panel)-treated mice with SiglecF Abs, showing
SiglecF* cells, primarily eosinophils, surrounding a bronchiole in IL-25-treated sample. E, Levels of IL-5 and CCL24 (eotaxin-2) in BALFs isolated from
IL-25- or PBS-treated RAG1-deficient mice. Data are shown as the means of three individual mice = SEM (x, p < 0.005).

IL-17RB is likely to be mediated by heterotypic protein-protein
interactions of the respective SEFIR domains of the two pro-
teins, although this will require formal proof.

Given that CIKS interacts with IL-25R (IL-17RB), we inves-
tigated for the presence of this receptor chain on cells in lung
tissue in hopes of identifying potential target cells of IL-25.
Alveolar macrophages represent a prominent population of cells
in unchallenged lung, and they function as guardians of the
alveolar-blood interface; they are critical in clearance of par-
ticulate matter and in defense against pathogens (34). We in-
vestigated alveolar macrophages and other populations for ex-
pression of IL-17RB. Flow cytometric analysis of cells from
digested lung tissue of unchallenged mice revealed that CD11c™,
CD11b"™¥, and autofluorescence™e" cells (gate R1), comprised of
mainly alveolar macrophages, contained cells that expressed signifi-
cant levels of IL-17RB on their surface (Fig. 7B) (these cells are also
F4/80™; data not shown); this was true regardless of whether cells

were derived from WT or CIKS-deficient mice (data not shown). In
contrast, CD11c™, CD11b"" cells (also F4/80™) (gate R2), com-
prised of mostly monocytes and interstitial macrophages, did not con-
tain significant numbers of cells expressing this receptor chain. We
obtained too few CD11c™, CD11b*, F4/80~, and autofluorescence ",
and mostly dendritic cells (gate R3), to determine whether they
included an IL-17RB ™ subpopulation. Together, these data implicate
CDI11c™ alveolar macrophage-like cells as potential targets of IL-25.

IL-25 induces Th2-type mediators in CD11c™ cells in vivo and
in vitro

To determine whether CD11c™ cells respond to IL-25 in vivo, we
administered IL-25 i.n., harvested mice 24 h later, isolated
CD11c™ cells from digested lung tissue with microbeads, and then
tested for expression of cytokines and chemokines by real-time
PCR. As shown in Fig. 7C, IL-25 induced the expression of the
Th2-type cytokines IL-5 and IL-13 and, to a lesser extent, the
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FIGURE 7. IL-25 promotes complex formation of IL-17RB with CIKS, and IL-17RB is expressed on CD11c" cells that respond to IL-25 in vivo. A, Extracts from
Hela cells expressing HA-IL-17RB together with Flag-CIKS (left and right panels; twice as much DNA transfected in left panels), or expressing HA-TNFR1AC together
with Flag-CIKS (left panel only) were immunoprecipitated (IP) with anti-HA Ab-conjugated agarose, eluted with HA peptide, and analyzed in Western blots (WB) with
anti-Flag Abs. Western blots of 5% of the total cell lysate inputs are shown below each coimmunoprecipitation, confirming expression of HA-IL-17RB, HA-TNFRIAC,
and Flag-CIKS. (Left panel exposure times: IP/WB, 5 min; lysate WBs, 1 min. Right panel exposure times: [IP/WB, overnight; lysate WB HA, 1 h; lysate WB Flag, 1 min.)
The coimmunoprecipations in the right set of panels show a time course of IL-25 stimulation revealing increased complex formation of IL-17RB and CIKS at the 10-min
time point. B, IL-17RB is expressed on some alveolar macrophages. Flow cytometric analysis for IL-17RB expression on cells gated on CD11c*, CD11b%, and
autofluorescence™®" (alveolar macrophages; gate R1; these cells are F4/80™ as well) revealed a subpopulation of IL-17RB-positive cells. Also shown are analyses for
IL-17RB expression on monocytes/interstitial macrophages (CD11c™, CD11b"; gate R2) (F4/80" as well). The isotype control for gate R1 (alveolar macrophages) is
shown in the right bottom panel. Six individual mice were analyzed, yielding similar results. C, real-time PCR analyses of RNA from lung CD11c* cells treated with IL-25
or PBS in vivo. Select genes were assayed as shown. Data are the means = SEM of three independent experiments comparing the IL-25 response relative to the PBS
controls; for each experiment, cells were pooled from three individual mice (, p < 0.05; Student’s ¢ test). D, Real-time PCR analysis of RNA from BMDC and BMDM
left untreated or treated with IL-25 for 24 h. Data are shown as the means of five independent experiments (five different mice) = SEM; *, p < 0.05. Loss of CIKS abrogated
the IL-25 response.
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chemokine CCL24 in CD11c™ cells of WT mice in vivo. In con-
trast, IL-25 was unable to induce the expression of either IL-6 or
IFN-v. These findings indicate that a CD11c™ population present
in unchallenged lungs responded to IL-25 in vivo; the CDI11c™
cells consist of mainly alveolar macrophages, but also include
smaller numbers of dendritic cells and possibly some basophils.
Because at least some CD11c™ cells appear to express IL-17RB,
it was reasonable to hypothesize that they responded directly to
IL-25, as opposed to indirectly via induced expression of second-
ary mediators; however, this remained to be demonstrated. To ad-
dress the question as to whether IL-25 can directly induce IL-5 and

IL-13, we generated cultures of BMDC and BMDM in hopes that
these cultures contained cells that respond to IL-25 in vitro; if so,
this would provide some evidence for a direct effect of IL-25. As
judged with real-time PCR analyses, IL-25 was able to induce the
expression of IL-5 and IL-13 in BMDC and especially in BMDM
cultures established from WT mice, but failed to do so in similar
cultures generated from CIKS-deficient mice (Fig. 7D). Th2-type in-
flammatory cytokines were induced as early as 2 h after stimulation,
which provides further evidence for a direct response to 1L-25 (data
not shown). Similar results were obtained with bone marrow cultures
from Ragl-deficient mice, which rules out the possibility that



1628

potentially contaminating T lymphocytes might have been the source
of IL-25-induced mediators in our cultures (data not shown). To-
gether, these findings implicate a CD11c™ cell population in lungs in
the production of Th2-type inflammatory mediators in direct response
to IL-25 stimulation.

Clodronate-sensitive alveolar macrophage-like cells are the
major source of IL-25-induced Th2-type cytokines

To determine the physiologic significance of CD11c™* alveolar
macrophage-like cells in the IL-25 response in vivo, we investi-
gated the induction of Th2-type cytokines/chemokines in animals
significantly depleted in pulmonary macrophages. Clodronate (di-
chloromethylene diphosphonate; CL2ZMDP) is a macrophage toxin
that can be effectively delivered in a liposome-encapsulated form.
The lungs of mice were depleted of macrophages by administering
clodronate-loaded liposomes i.n. before challenging with IL-25.
The clodronate treatment resulted in a significant reduction of
CDl11c* alveolar macrophages, as judged by flow cytometric anal-
yses of BALFs and of collagenase-digested lung tissue, whereas
control mice treated with PBS-loaded liposomes showed no such
reduction (Fig. 8A). (This reduction occurred regardless of whether
mice were subsequently treated with IL-25 or with PBS; data not
shown.) When the control mice (pretreated with PBS-loaded lipo-
somes) were challenged with a single dose of IL-25, we observed
expression of IL-5, IL-13, and eotaxin-2 (CCL24), as expected. In
contrast, when clodronate-pretreated animals were challenged with
IL-25, the response was significantly impaired (Fig. 8B). Together,
these data implicate a CD11c™, clodronate-sensitive alveolar
macrophage-like population as the major source of Th2-type cy-
tokines/chemokines in response to IL-25. These findings do not
exclude the possibility that additional cell types present in lungs
may respond to IL-25 as well (see Discussion).

Discussion

Little is known about how IL-25 transmits signals in cells or what
cell types are targeted by this cytokine. The present findings dem-
onstrate that all aspects of IL-25-induced inflammation in lungs
absolutely depend on the adaptor protein CIKS (Actl), and that
CD11c¢™ macrophage-like cells are important targets of 1L-25 in
lung tissue.

Repeated introduction of IL-25 into lungs via nasal inhalation
caused significant pulmonary pathology consistent with allergic
inflammation of the airways associated with asthma: IL-25 admin-
istration led to recruitment of eosinophils, mucus hypersecretion,
Th2-associated cytokine production, collagen deposition, and
AHR. All of these responses were completely absent in lungs of
mice lacking CIKS. Also, IL-25 was able to induce Th2-type cy-
tokines in BMDM and BMDC cultures from WT, but not CIKS-
deficient mice in vitro. Thus, IL-25 signals are mediated
exclusively via CIKS. It is surprising that both IL-17 and IL-25
absolutely require CIKS for signaling, because these cytokines
are associated with very distinct Th cell responses, Th17 and
Th2, respectively, and may even cross-inhibit each other’s bi-
ologic responses (15, 35, 36). Further investigations will be
needed to understand how these two cytokines can evoke such
distinct physiologic effects despite their total reliance on the
same adaptor protein CIKS.

In this study, IL-25 was able to induce strong allergic inflam-
mation of the airways. Previously, the presence of IL-25 in lungs
was found to cause similar responses in some, but not all
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investigations. Direct administration of IL-25 or adenovirus-me-
diated expression of IL-25 in lungs induced allergic inflammation
(9, 14, 37), whereas this was not observed when IL-25 was ex-
pressed via a transgene in Clara cells (33). Excluding possible
differences in genetic backgrounds of mice used in these studies, it
is conceivable that Clara cell transgene expression was not suffi-
cient to induce significant effects by itself. Nevertheless, IL-25
produced by Clara cells was found to strongly enhance Ag-induced
Th2 responses. In our study, the responses to IL-25 did not require
the presence of T cells, because IL-25 administered to Ragl-defi-
cient mice caused strong allergic airway inflammation; this result
is consistent with other studies that also suggested T cell-indepen-
dent effects of IL-25 (13, 14). In our hands, even a single admin-
istration of IL-25 was able to induce the expression of Th2-type
inflammatory mediators. Therefore, IL-25 can function as an in-
nate effector cytokine, capable of causing strong allergic inflam-
mation in airways.

The CIKS-deficient mice generated in our laboratory did not
exhibit the hyperactive B cell phenotype of the previously reported
Actl-deficient mice, even though both mutant mouse models were
blocked in IL-17 signals. Therefore, the present investigations with
our mutant mouse model were free of potentially complicating
effects of high levels of Abs and lupus-like autoimmune patholo-
gies. Future direct comparisons of the two mutant mouse models
will be required to resolve why they share the IL-17 signaling
defect, but not the B cell defects.

Despite prior efforts to discover physiologically relevant cellular
targets of IL-25 in various biologic contexts, these cells remain to
be clearly identified. Ag receptor-activated naive and Th2-differ-
entiated T cells have been proposed as possible targets of IL-25 (3,
8, 10, 28, 33), although actual mechanisms have not been eluci-
dated, and it remains questionable whether these cells are the direct
targets of IL-25. Other studies have implicated an unknown ac-
cessory non-T/non-B cell type as the primary target of IL-25,
whereas yet others have considered eosinophils, basophils/mast
cells, fibroblasts, and epithelial cells (8, 13, 14, 16, 38). Our
present analyses show that some CD11c* alveolar macrophage-
like cells express IL-25R (IL-17RB), and that CD11c™ cells are
functionally relevant targets of IL-25 in vivo. The CD11c* pop-
ulation is comprised of primarily alveolar macrophages, and to a
lesser degree, dendritic cells as well as some rare cell types; IL-25
was able to induce the expression of IL-5, IL-13, and CCL24 in
cells of this population. These mediators may be sufficient to ini-
tiate allergic inflammation of the airways, which may then be am-
plified and sustained by infiltrating inflammatory cells, such as
eosinophils. We also discovered that partial depletion of pulmo-
nary macrophages (consisting mainly of CD11¢™ alveolar macro-
phages) with clodronate significantly impaired induction of Th2-
type mediators in response to IL-25 in lungs. Therefore, our in
vivo data implicate CD11c™, alveolar macrophage-like cells as the
primary responders to IL-25 in vivo. However, these data do not
rule out the existence of additional responding cell types. CD11¢™
dendritic cells could also contribute to the IL-25 response in vivo.
If so, it might explain why IL-25 was able to induce Th2-type
cytokines (in a CIKS-dependent manner) not only in BMDM, but
to some degree also in BMDC cultures in vitro, although both
cultures could also have harbored the same IL-25-responsive sub-
population. Beyond dendritic cells, other cell types, including ep-
ithelial cells, may potentially respond to IL-25, and responsiveness
to IL-25 could even be induced during the inflammatory process.
In any case, the fact that clodronate was able to largely eliminate
the IL-25 response suggests that an alveolar macrophage-like cell
is the main initial target in vivo.
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IL-25 has been shown to bind to IL-17RB, but the exact com-
position of the actual receptor for IL-25 is not presently known. It
has been reported recently that the receptor for IL-17 is a hetero-
mer composed of IL-17RA and IL-17RC (17, 18). Our data now
suggest that IL-25 can recruit CIKS into a short-lived complex
with IL-17RB, confirming the functional link between IL-25 and
CIKS at the IL-17RB level. Because all members of this receptor
family and CIKS share a SEFIR domain, one might predict that
these receptors and thus their cytokine ligands share at least some
signal transduction mechanisms. However, IL-25 and IL-17 have
very divergent biologic effects; they may even oppose each other:
IL-25 down-modulates IL-17-fueled inflammation associated with
experimental autoimmune encephalomyelitis (35), whereas IL-17
keeps Th2-driven allergic pulmonary pathologies in check (36).
One might thus predict that these two cytokines must signal via
distinct pathways. It is therefore surprising that present results
show signals from both IL-17 and IL-25 to be mediated exclu-
sively via CIKS. It will be of interest to determine whether and, if
s0, how these cytokines and their receptors transmit unique signals
via the same adaptor.

After submission of this manuscript, a report appeared in which
the receptor for IL-25 was conjectured to be a heteromer contain-
ing both IL-17RB and IL-17RA; this was based primarily on the
apparent lack of biologic responses to IL-25 in IL-17RA-deficient
mice (39). Although direct physical proof of such a receptor com-
plex remains to be obtained, our results would be fully consistent
with such a heteromeric receptor. Because CIKS is known to be an
essential component of IL-17RA-mediated IL-17 signaling, it
stands to reason that this adaptor might then also be involved in
IL-25 signaling if its receptor is composed of both IL-17RA and
IL-17RB chains.

The importance of CIKS in IL-17 and IL-25 signaling could
have biomedical implications. A number of inflammatory diseases
have now been shown to involve either Th2- or Thl7-type re-
sponses, so one may consider potential therapeutic approaches
aimed at interfering with IL-25- or IL-17-mediated signaling, re-
spectively. Because CIKS is essential for signaling by both cyto-
kines, this adaptor could be a potential therapeutic target for a wide
variety of inflammatory diseases, ranging from rheumatoid arthri-
tis to asthma.
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