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Role of FBP17 in the Podosome and Phagocytic Cup Formation

The formation of podosomes and phagocytic cups is severely
affected in macrophages from WAS patients (3, 12, 42), sug-
gesting that WASP is involved in the formation of these struc-
tures. However, the detailed molecular mechanisms of their
formation remain unknown. WASP is complexed with a cellu-
lar WASP-interacting partner, WASP-interacting protein
(WIP) (13, 14). Recently, two groups (including us) have dem-
onstrated that WASP and WIP form a complex and that the
WASP-WIP complex is required for the formation of podo-
somes (4, 15) and phagocytic cups (16). Here, we identified
formin-binding protein 17 (FBP17) as a protein interacting with
the WASP-WIP complex and examined the role of FBP17 in the
formation of podosomes and phagocytic cups.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant human macroph-
age-colony stimulating factor-1 (M-CSF-1) was purchased
from R&D Systems (Minneapolis, MN). Phenylmethylsulfonyl
fluoride, leupeptin, pepstain A, aprotinin, IGEPAL CA-630,
paraformaldehyde, saponin, bovine serum albumin, 3-methy-
ladenine, latex beads (3 wm in diameter), phorbol 12-myristate
13-acetate (PMA), human IgG, glycerol, Triton X-100, anti-
FLAG monoclonal antibody (M2), and anti-B-actin antibody
were purchased from Sigma-Aldrich. The anti-WASP mono-
clonal antibody, anti-WIP polyclonal antibody, and anti-Myc
monoclonal antibody (9E10) were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The anti-dynamin-2 anti-
body was purchased from BD Biosciences. The rat anti-hemag-
glutinin (HA) monoclonal antibody (3F10) was purchased from
Boehringer Ingelheim (Ridgefield, CT). The Cy2-labeled anti-
rat IgG was obtained from Jackson ImmunoResearch Labora-
tories (West Grove, PA).

Yeast Two-hybrid Screening—We screened a human lym-
phocyte ¢cDNA library (Origene Technology Inc., Rockville,
MD) using a full-length WIP as bait. A ¢<DNA encoding full-
length WIP was cloned into pGilda (BD Biosciences Clontech).
The EGY48 yeast strain was transformed with pGilda-WIP, the
human lymphocyte ¢cDNA library, and pSH18-34, a reporter
plasmid for the B-galactosidase assay. Transformants were
assayed for Leu prototrophy, and a filter assay was performed
for B-galactosidase measurement (17).

Cells and Transfection—THP-1 and human embryonic kid-
ney (HEK) 293 cells were purchased from the American Type
Culture Collection (Manassas, VA) and cultured in RPMI1640
and Dulbecco’s modified Eagle’s high glucose medium (Invitro-
gen), respectively, both supplemented with 10% fetal bovine
serum. For human primary monocyte isolation, 10-30 ml of
peripheral blood was drawn from healthy volunteers and WAS
patients after informed consent was obtained. Monocytes were
prepared from peripheral blood samples (1030 ml) using a
monocyte isolation kit II (Miltenyi Biotech Inc., Auburn, CA).
Transfection of THP-1 cells and monocytes was performed
with a Nucleofector device using a cell line Nucleofector kit V
and a human monocyte Nucleofector kit, respectively, accord-
ing to the manufacturer’s instructions (Amaxa Biosystems,
Gaithersburg, MD). Transfection of HEK293 cells was per-
formed using SuperFect transfection reagent (Qiagen, Valen-
cia, CA). THP-1 cells and monocytes were co-transfected with

MARCH 27, 2009 - VOLUME 284 -NUMBER 13

the FBP17 constructs and a GFP-expressing plasmid, pmaxGFP
(Amaxa Biosystems Inc.), as a transfection marker. The trans-
fection efficiency measured using pmaxGFP was 40-50% for
THP-1 cells and 10-20% for monocytes.

RNA Interference—A short interfering RNA (siRNA) for
FBP17 and its scrambled control siRNA was synthesized by
Dharmacon (Lafayette, CO). The targeting sequence was 5%
CCCACTTCATATGTCGAAGTCTGTT-3+ (18). THP-1
cells and monocytes were transfected with siRNA using a cell
line Nucleofector kit V and a human monocyte Nucleofector
kit, respectively, and a Nucleofector device. Cells were co-
transfected with an fluorescein isothiocyanate (FITC)-conju-
gated control siRNA, BLOCK-IT (Invitrogen), as a transfection
marker. The transfection efficiency measured using BLOCK-IT
was 40 -50% for THP-1 cells and 10-20% for monocytes.

Immunoprecipitation—For immunoprecipitation of WASP
from THP-1 cells, 2 X 107 cells were lysed in buffer A (50 mm
Tris-HCl, pH 7.5, 75 mm NaCl, 1% Triton X-100, 1 mum phen-
ylmethylsulfonyl fluoride, 1 pg/mlleupeptin, 1 pg/ml pepstatin
A, 1 pg/mlaprotinin). Lysates were centrifuged at 10,000 X gat
4 °C for 15 min, The supernatant was incubated with 2 pg/ml
anti-WASP monoclonal antibody (Santa Cruz Biotechnology)
at 4 °C for 2 h and then incubated with anti-mouse IgG agarose
(Sigma). The resin binding the immune complex was washed
three times with 0.5 ml of buffer B (50 mm Tris-HCl, pH 7.5,
10% glycerol, 0.1% Triton X-100), and the complex was eluted
with 1X Laemmli’s SDS-PAGE sample buffer. Eluted proteins
were subjected to SDS-PAGE and analyzed by immunoblotting
for WASP, WIP, and FBP17.

GST Pull-down Assay—Glutathione S-transferase (GST) and
a fusion protein of GST and the src homology 3 (SH3) domain
of FBP17 (548 — 609 amino acids) (GST-FSH3) were purified
from Escherichia coli (XL-1B) extracts using glutathione-
Sepharose-4B. HEK293 cells were transfected with the cDNAs
of Myc- or FLAG-tagged protein and lysed in buffer A. Lysates
from the transfected cells were incubated with the affinity mat-
rices of GST alone or GST-FSH3 at 4 °C for 1 h. After a 1-h
incubation, the matrices were washed five times with buffer A,
and pull-down samples were analyzed by immunoblotting
using anti-Myc or anti-FLAG antibody.

Immunofluorescence Microscopy—THP-1 cells and mono-
cytes grown on coverslips were differentiated into macro-
phages by incubation with 12.5 ng/ml PMA (Sigma) and 20
ng/ml M-CSF-1 (R&D Systems), respectively, for 72 h. HEK293
cells were transfected with various cDNA constructs and then
cultured on coverslips for 48 h. Cells were fixed with 4% (w/v)
paraformaldehyde, permeabilized with 0.1% (w/v) saponin, and
blocked with 1% (w/v) bovine serum albumin. Cells were
stained with primary antibodies and Alexa Fluor 488- or Alexa
Fluor 564-labeled secondary antibodies (Invitrogen). Cells were
also stained with Alexa Fluor 568-labeled phalloidin (Invitro-
gen). Cell staining was examined under a fluorescence micro-
scope (Zeiss Axioplan AR) oran MRC 1024 SP laser point scan-
ning confocal microscope (Bio-Rad).

Assays for the Formation of Podosomes and Phagocytic Cups—
The formation of podosomes and phagocytic cups was assayed
by visualizing these actin-based membrane structures by F-ac-
tin staining as described previously (4, 16). Briefly, podosomes
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in differentiated THP-1 cells or macrophages were visualized
by F-actin staining with Alexa Fluor 568-phalloidin. To form
phagocytic cups in differentiated THP-1 cells or macrophages,
latex beads (3 pm, Sigma) were opsonized with 0.5 mg/ml
human IgG (Sigma), and cells grown on coverslips were incu-
bated with the IgG-opsonized latex beads at 37 °C for 10 min in
the presence of 10 mum 3-methyladenine (Sigima) to stabilize the
phagocytic cups (16). The phagocytic cups were then also visu-
alized with Alexa Fluor 568-phalloidin. Cells were examined
under a fluorescence microscope (Zeiss Axioplan AR).

Assays_for Macrophage Migration and Phagocytosis—For the
macrophage migration assay, human macrophages (2 X 10°
cells) were plated onto chemotaxis membranes with 5-um
pores (Corning, Acton, MA) coated with 0.15% gelatin/phos-
phate-buffered saline placed within Boyden chamber inserts.
M-CSF-1 was used as a chemoattractant and diluted in serum-
containing RPMI 1640 medium in lower chambers. After a 4-h
incubation, non-migrating cells were removed by gently wiping
the upper surface of the filter. The filter was removed from the
inserts using a razor blade and mounted onto glass plates, and
the number of migrating cells was counted under a fluorescence
microscope. For the phagocytosis assay, human macrophages
(1 X 10° cells) were seeded on coverslips and incubated with 0.5
ml of RPMI 1640 medium containing IgG-opsonized latex
beads (3 pm) at 4 °C for 10 min, allowing the beads to attach to
cells. Phagocytosis was initiated by adding 1.5 ml of preheated
RPMI 1640 medium, and the cells were incubated with the
beads at 37 °C for 30 min. Control plates were incubated at 4 °C
to estimate nonspecific binding of latex beads to the cells. After
incubation, the cells were vigorously washed with phosphate-
buffered saline, and the number of intracellular latex beads was
determined by counting beads within cells under a fluorescence
microscope. The percentage of phagocytosis was calculated as
the total number of cells with at least one bead as a percentage
of the total number of cells counted. At least 100 cells were
examined.

Cell Fractionation—To prepare the cytoplasmic and mem-
brane fractions, macrophages (1 X 10° cells) were washed with
ice-cold phosphate-buffered saline and suspended in 50 mu
Tris-HCl buffer, pH 7.5, containing 1 mm EDTA and proteinase
inhibitors as described above. The cell suspensions were soni-
cated four times on ice for 5 s each using a bath-type sonicator
followed by ultracentrifugation at 265,000 X gat 4°C for 2 h.
The supernatant was used as the cytosolic fraction, and the
peliet was resuspended in 50 mm Tris-HCl, pH 7.5, containing 1
mm EDTA and used as the membrane fraction. Anti-Caspase-3
(Santa Cruz Biotechnology) and anti-sodium potassium
ATPase antibodies {AbCam, Inc., Cambridge, MA} were used
to determine the purity of the cytosolic and membrane frac-
tions, respectively.

Statistics—Statistically significant differences were deter-
mined using the Student’s ¢ test. Differences were considered
significant if p < 0.05.

RESULTS

FBP17 Binds to the WASP-WIP Complex and Dynamin-2 in
Macrophages—To explore the detailed molecular mechanisms
of the formation of podosomes and phagocytic cups, we
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searched for a protein interacting with the WASP-WIP com-
plex. We identified FBP17 as a WIP-binding protein in a yeast
two-hybrid screen using the full-length WIP as bait. FBP17 was
originally identified as a protein binding to formin, a protein
that regulates the actin cytoskeleton (19). FBP17 is a member of
the Schizosaccharontyces pombe Cdcl5 homology (PCH) pro-
tein family (20) and contains an N-terminal extended FER-
CIP4 homology (EFC) domain (also known as the FER-CIP4
homology and Bin-amphiphysin-Rvs (F-BAR) domain), protein
kinase C-related kinase homology region 1 (HR1), and an SH3
domain (Fig. 1E). The EFC/F-BAR domain has membrane
binding and deformation activities, and FBP17 is involved in
endocytosis in transfected COS-7 cells (18, 21, 22).

To confirm that FBP17 directly interacts with WIP or WASP,
we performed GST pull-down assays using a fusion protein of
GST and the SH3 domain of FBP17 (GST-FBPSH3). Purified
GST and the GST-FSH3 fusion protein were subjected to SDS-
PAGE (Fig. 1F, lanes I and 2). The HEK293 transfected cells
express the Myc- and FLAG-tagged proteins (Fig. 1F, lanes
3-6). The results from the GST pull-down assays were shown
(Fig. 1F, lanes 7—14). Both WASP and WIP were pulled down by
GST-FSH3 (Fig. 1, lanes 10 and 14), indicating that the SH3
domain of FBP17 directly interacts with both proteins.

It has previously been shown that FBP17 binds to N-WASP
and dynamin in transfected cells (18, 21). We examined
whether FBP17 binds to WASP, WIP, and dynamin-2 in mac-
rophages. THP-1 (human monocyte cell line) cells closely
resemble monocyte-derived macrophages when differentiated
by stimulation with PMA (23) and form podosomes and phag-
ocytic cups that are morphologically and functionally indistin-
guishable from those in primary macrophages (supplemental
Fig. 1) (4, 16, 23). WASP was immunoprecipitated from the
lysates of PMA-differentiated THP-1 cells with an anti-WASP
monoclonal antibody (Fig. 1G, lanes 2, 5, and 8) followed by
immunoblotting using antibodies to FBP17 (21), WASP, and
WIP. Both WIP and FBP17 co-immunoprecipitated with
WASP (Fig. 1G, lanes 5 and 8). FBP17 also co-immunoprecipi-
tated with dynamin-2 (Fig. 1G, lanes 14). These results, taken
together with the results in Fig. 1F, suggest that FBP17 binds to
the WASP-WIP complex and dynamin-2 in macrophages.

We next used immunofluorescence to examine whether
FBP17 localizes at podosomes and phagocytic cups because the
WASP-WIP complex is an essential component of podosomes
(4, 15) and phagocytic cups (16). THP-1 cells transfected with
FLAG-tagged FBP17 (FLAG-FBP17) and differentiated by
stimulation with PMA were stained with an anti-FLAG mono-
clonal antibody to visualize FBP17 and with phalloidin to visu-
alize the F-actin in podosomes and phagocytic cups (Fig. 1, H
and ], left and middle panels). Merged images revealed that both
F-actin and FBP17 are present in podosomes and phagocytic
cups (Fig. 1, H and I, right panels), indicating that FBP17 local-
izes at podosomes and phagocytic cups.

Importance of FBP17 in the Formation of Podosomes and
Phagocytic Cups—To determine the importance of FBP17 in
the formation of podosomes and phagocytic cups, we knocked
down FBP17 in THP-1 cells with siRNAs. To confirm that the
expression of FBP17 was knocked down in cells, we transfected
THP-1 cells with siRNAs, prepared lysates from the total
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FIGURE 1. FBP17 is a component of podosomes and phagocytic cups. A and B, schematic drawings of podosomes (A) and a phagocytic cup (8) in macrophages.
€, podosomes in macrophages were visualized by F-actin staining using Alexa Fluor 568-phalloidin. D, macrophages incubated with IgG-opsonized latex beads
formed phagocytic cups to ingest the beads. A phase contrast image of a macrophage forming phagocytic cups (left panel). Black arrows indicate the latex beads
ingested by the macrophage. Phagocytic cups were visualized by F-actin staining using Alexa Fluor 568-phalloidin (right pane). White arrows indicate the phagocytic
cups. The baris 10 um. E, the domain organization of FBP17. HR1, protein kinase C-related kinase homology region 1. F, FBP17 interacts directly with WASP and WIP via
its SH3 domain. GST and the GST-FBP17 SH3 domain fusion protein (GST-FSH3) were purified from bacteria extracts. Purified proteins were subjected to SDS-PAGE and
stained with Coomassie Brilliant Blue {fanes 1 and 2). HEK293 cells were transfected with the <cDNAs of Myc-tagged control protein (Myc-PDZ-GEF), Myc-WASP,
FLAG-PDZ-GEF, or FLAG-WIP, and the expression of those proteins were analyzed by immunoblotting (lanes 3-6). Lysates from the HEK293 transfected cells were
incubated with the affinity matrices of GST alone or GST-FSH3. Pull-down samples were analyzed by immunoblotting using anti-Myc antibody (lanes 7-10) and
anti-FLAG antibody (lanes 17-14). G, FBP17 binds WASP, WIP, and dynamin-2. WASP was immunoprecipitated (IP) from the lysates of PMA-differentiated THP-1 cells
with anti-WASP or a control IgG (feft panel, lanes 1~9). The WASP immunoprecipitates and total lysates were analyzed by immunoblotting (WB) for WASP (lanes 1-3),
WIP (fanes 4-6), and FBP17 {Janes 7-9), Dynamin was also immunoprecipitated from the THP-1 cell lysates with an anti-dynamin polyclonal antibody. The dynamin
immunoprecipitates and total lysates were analyzed by immunoblotting for dynamin-2 (lanes 10~12) and FBP17 (lanes 13-15). H and /, confocal laser scanning
micrographs of PMA-differentiated THP-1 cells. H, THP-1 cells transfected with FLAG-tagged FBP17 cDNA (FBP17) were double-stained with an anti-FLAG monoclonal
antibody (left panel) and phalloidin (center panel) to visualize the F-actin in podosomes. Yellow indicates co-localization of FBP17 (green) and F-actin, podosomes (red)
(right panel). I, THP-1 cells transfected with FLAG-FBP17 cDNA were incubated with lgG-opsonized latex beads and double-stained with anti-FLAG antibody and
phalloidin. Phagocytic cups were visualized by F-actin staining (center panel). Yellow indicates co-localization of FBP17 (green) and F-actin, phagocytic cups (red) (right
panel). The baris 10 um.

siRNAs-transfected cells, and analyzed the expression level of  fected with a scrambled control siRNA based on the immuno-
FBP17 by immunoblotting. THP-1 cells transfected with the blots (Fig. 24, lanes I and 2) but expressed the same level of
siRNA for FBP17 expressed ~40% less FBP17 than cells trans-  B-actin (Fig. 24, lanes 3 and 4). The transfection efficiency of
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FIGURE 2. The importance of FBP17 in the formation of podosomes and phagocytic cups. A, expression of FBP17 was reduced by transfection of siRNA.
THP-1 cells were transfected with siRNA for FBP17 (siFBP; fanes 2 and 4) or its scrambled control siRNA (siC; lanes 1 and 3). Lysates prepared from total
transfected cells were analyzed by immunoblotting for FBP17 (lanes 1 and 2) and -actin (lanes 3 and 4). B and C, effects of FBP17 siRNA on the formation of
podosomes and phagocytic cups in macrophages. Human primary monocytes were co-transfected with siFBP (closed bars) or siC (open bars) and an FITC-
conjugated control siRNA and then differentiated into macrophages with M-CSF-1. FITC-positive transfected cells were examined for the formation of podo-
somes (B) or phagocytic cups (C), and the percentage of cells with podosomes or phagocytic cups was scored. D and E, effects of FBP17 siRNA on the functions
of podosomes and phagocytic cups. Macrophages co-transfected with siFBP (closed bars) or siC (open bars) and the FITC-conjugated control siRNA were
assayed for macrophage migration (D) or phagocytosis of IgG-opsonized latex beads (£). Data represent the mean = S.D. of triplicate experiments. F-/, immu-
nofluorescence micrographs of a representative cell from each experiment. Cells transfected with siC (F) and siFBP (G) were stained with Alexa Fluor 568~
phalloidin. Cells transfected with siC (H) or siFBP (/) were incubated with 1gG-opsonized latex beads and then stained with phalloidin. The left and right panels

are phase contrast and immunofluorescence micrographs, respectively. The bar is 10 um.

THP-1 cells was estimated to be 40 ~50% from the expression of
green fluorescent protein (GFP) used as a transfection con-
trol. Therefore, the decrease in FBP17 expression indicates
that FBP17 was efficiently knocked down in most transfected
cells.

Human primary monocytes were co-transfected with the
FBP17 siRNAs and a FITC-conjugated control siRNA as a
transfection marker. After differentiation of the monocytes
into macrophages with M-CSF-1, FITC-positive cells were
examined for the formation of podosomes and phagocytic cups.
To quantify their formation, we scored the percentage of cells
with podosomes or phagocytic cups among FITC-positive cells.
When the expression of FBP17 was knocked down, the forma-
tion of both podosomes and phagocytic cups in macrophages
was significantly reduced (p < 0.01; Fig. 2, B and C). These
results suggest that FBP17 is necessary for the formation of
podosomes and phagocytic cups. A representative cell from
each experiment is shown in Fig. 2, Fand G, for podosomes and
in Fig. 2, H and [, for phagocytic cups. We then assayed macro-
phage migration as a podosome function and phagocytosis as a
phagocytic cup function. When expression of FBP17 was
knocked down, macrophage migration through a gelatin filter
toward a chemoattractant was significantly reduced in cells
transfected with FBP17 siRNA (p < 0.02; Fig. 2D). Phagocytosis
of IgG-opsonized latex beads was also reduced (Fig. 2E). These
results suggest that FBP17 is essential for chemotaxis and phag-
ocytosis because of its role in forming podosomes and phago-
cytic cups, respectively.
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FBPI17 Recruits the WASP-WIP Complex to the Plasma
Membrane—Recent biochemical analyses revealed that FBP17
binds to a membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P,), through its EFC/F-BAR domain and
to N-WASP and dynamin via its SH3 domain (18, 21, 24). We
have shown that although WASP and WIP are cytosolic pro-
teins, the WASP-WIP complex localizes at podosomes and
phagocytic cups (4, 16). We then examined whether FBP17
recruits the WASP-WIP complex to the plasma membrane in
macrophages. We focused on the roles of the EFC and SH3
domains of FBP17 and constructed three FBP17 mutants for
the recruitment experiments: a Lys-33 to Glu (IK33E) substitu-
tion, a Lys-166 to Ala (K166A) substitution, and an SH3 domain
deletion (dSH3). Both substitution mutations in the EFC
domain (K33E and K166A) significantly reduce membrane
binding and deformation (22), and the dSH3 mutant does not
bind to WASP and WIP because the SH3 domain is the binding
site of WASP and WIP (Fig. 1F). We co-transfected HEK293
cells with the FLAG-tagged FBP17 constructs, WASP, and
WIP. A C-terminal fragment (1146 —1429 amino acids) of PDZ-
GDP exchange factor (PDZ-GEF) was used as a negative control
for FBP17 because this fragment is stable in the cytosol and
does not interact with any WASP-related proteins (4, 16, 25).
We confirmed the expression of FBP17 and its mutants in cells
by immunoblotting (supplemental Fig. 2) and immunoprecipi-
tated FLAG-tagged proteins from lysates of the transfected
cells with anti-FLAG antibody (Fig. 34, lanes 1--5). WASP and
WIP were detected in the immunoprecipitates from cells
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FIGURE 3. FBP17 recruits WASP, WIP, and dynamin-2 to the plasma mem-
brane. A, HEK293 cells were co-transfected with ¢cDNAs of the indicated
FLAG-tagged proteins, Myc-tagged WASP, and HA-tagged WIP. The FLAG-
tagged proteins were immunoprecipitated (IP) from lysates of the transfected
cells with an anti-FLAG antibody followed by immunoblotting (WB) using
antibodies to FLAG (lanes 1-5), WASP (lanes 6~-10), and WIP (lanes 11-15).
B-F, transfected HEK293 cells expressing FLAG-tagged proteins, Myc-WASP,
and HA-WIP were double-stained with an anti-FLAG antibody and anti-WASP
antibody. B-F, cells expressing FLAG-PDZ-GEF (B), FLAG-FBP17 (C), the FLAG-
tagged FBP17 mutant with the K33E missense mutation (D), K166A (£), and
the SH3-deleted FBP17 mutant dSH3 (F). The baris 10 um.

expressing the FLAG-tagged FBP17, K33E, and K166A con-
structs (Fig. 34, lanes 7-9 and 12-14) but not the FLAG-tagged
PDZ-GEF and dSH3 constructs (Fig. 34, lanes 6,10, 11,and 15),
indicating that FBP17 and its mutants K33E and K166A form a
complex with WASP and WIP but that dSH3 not.

Next, cells expressing the FLAG-tagged proteins, WASP, and
WIP were examined under the immunofluorescence micro-
scope for the localization of the FLAG-tagged proteins and
WASP. WASP and WIP were localized in the cytosol in cells
transfected with only the WASP ¢DNA and only the WIP
cDNA, respectively, as well as in cells expressing both WASP
and WIP (supplemental Fig. 3). In cells co-expressing FLAG-
PDZ-GEF (control) with WASP and WIP, both FLAG-PDZ-
GEF and WASP were cytosolic (Fig. 3B). In cells co-expressing
FLAG-FBP17 with WASP and WIP, FLAG-FBP17 localized at
the plasma membrane because its EFC domain binds to the
plasma membrane (Fig. 3C, left panel). In those cells, WASP
also localized at the plasma membrane (Fig. 3C, right panel),
indicating that FBP17 shifted the localization of WASP from
the cytosol to the plasma membrane (Fig. 3, B and C). To con-
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firm that the WASP-WIP complex was recruited to the plasma
membrane, cells co-expressing FLAG-FBP17 with WASP and
HA-tagged WIP were stained with an anti-FLAG monoclonal
antibody and an anti-WASP polyclonal antibody or an anti-HA
rat monoclonal antibody. Double staining revealed that both
WASP and WIP co-localized with FLAG-FBP17 at the plasma
membrane (supplemental Fig. 4, A and B). To further confirm
the localization of the FBP17 mutants, cells co-expressing the
FLAG-tagged FBP mutants, WASP, and WIDP were stained with
anti-FLAG monoclonal antibody. The K33E and KI166A
mutants were cytosolic and the SH3-deleted FBP17 mutant
localized at the plasma membrane (supplemental Fig. 4C).

To determine the roles of the EFC and SH3 domains of
FBP17 in this recruitment, we examined the localization of the
FBP17 mutants and WASP in cells co-expressing the FBP
mutants with WASP and WIP. Membrane tubulation in cells
transfected with an FBP17 ¢cDNA is an indicator of the mem-
brane binding and deformation activities of FBP17 (18, 22).
We detected in vivo membrane tubulation in cells expressing
FBP17 and dSH3 but not in cells expressing K33E and K166A
(supplemental Fig. 5). In cells co-expressing either FBP17
mutant (K33E or K166A) with WASP and WIP, both K33E and
K166A were cytosolic (Fig. 3, D and E, left panels), and WASP
was also cytosolic (Fig. 3, D and E, right panels). These results
indicate that K33E and K166A are unable to recruit WASP to
the plasma membrane, consistent with the inability of K33E
and K166A to bind and deform the plasma membrane (supple-
mental Fig. 5).

The SH3-deleted FBP17 mutant, dSHS3, localized at the
plasma membrane (Fig. 3F, left panel) because its EFC domain
is intact. However, WASP was cytosolic in cells co-expressing
dSH3 with WASP and WIP (Fig. 3F, right panel), consistent
with the inability of the dSH3 mutant to bind to WASP and
WIP (Fig. 34, lanes 5, 10, and 15).

To quantify the recruitment, we scored the percentage of
cells in which WASP and WIP were localized at the plasma
membrane. Cells expressing the FBP17 mutants (K33E,
K166A, or dSH3) exhibited significantly lower plasma mem-
brane localization of WASP and WIP than cells expressing
FBP17 (p < 0.05; supplemental Fig. 6, A and B). FBP17 also
recruited dynamin-2 to the plasma membrane, and both EFC
and SH3 domains are necessary for this recruitment (supple-
mental Fig. 6C), as reported previously (18, 21). To confirm the
localization of FBP17 and its mutants in cells co-expressing
FBP17 with WASP, WIP, and dynamin-2, the transfected cells
were stained with anti-FLAG monoclonal antibody. The wild-
type FBP17 and dSH3 localized at the plasma membrane and
the FLAG-PDZ-GEF (control) and the FBP mutants (K33E and
K166A) were cytosolic (supplemental Fig. 6D).

Subcellular Localization of FBP17, WASP, WIP, and Dy-
namin-2 in Macrophages—To determine whether WASP,
WIP, and dynamin-2 are recruited to the plasma membrane in
macrophages when podosomes and phagocytic cups are
formed, we examined the subcellular localization of FBP17,
WASP, WIP, and dynamin-2 in macrophages forming podo-
somes or phagocytic cups. The cytosolic and membrane frac-
tions were prepared from macrophages and analyzed by immu-
noblotting. Caspase-3 is a cytosolic marker, and sodium
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Role of FBP17 in the Podosome and Phagocytic Cup Formation

potassium ATPase is a plasma membrane marker (26). FBP17
was detected in the membrane fraction from macrophages
forming podosomes (Fig. 44, lane 9). WASP, WIP, and

A B
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Caspase-3—#| = . B [
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FIGURE 4. Subcellular localization of FBP17, WASP, WIP, and dynamin-2
in macrophages. A, macrophages forming podosomes. B, macrophages
forming phagocytic cups. Total lysates (7), the cytosolic fraction (C), and the
membrane fraction (M) prepared from macrophages forming podosomes (A)
or phagocytic cups (B) were analyzed by immunoblotting for caspase-3 (lanes
1-3), sodium potassium ATPase (Na-K Aase; lanes 4-6), FBP17 (lanes 7-9),
WASP (lanes 10-12), WIP (lanes 13-15), and dynamin-2 {lanes 16-18).
Caspase-3 and sodium potassium ATPase (Na-K ATPase) are markers for the
cytosol and plasma membrane, respectively.
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dynamin-2 were also detected in the membrane fraction,
although they are cytosolic proteins (Fig. 44, lanes 12, 15, and
18). FBP17 was detected in the membrane fraction from mac-
rophages forming phagocytic cups (Fig. 4B, lane 9). WASP,
WIP, and dynamin-2 were also detected in the membrane frac-
tions from macrophages forming phagocytic cups (Fig. 4B,
lanes 12, 15, and 18). These results, taken together with Fig. 3,
suggest that FBP17 recruits the WASP-WIP complex and
dynamin-2 to the plasma membrane in macrophages and that
both the EFC and the SH3 domains are necessary for this
recruitment.

The Role of Each Domain of FBP17 in the Formation of Podo-
somes and Phagocytic Cups—To determine the roles of the EFC
and SH3 domains in the formation of podosomes and phago-
cytic cups, we examined whether overexpression of the FBP17
mutants affects the formation of these structures. We trans-
fected THP-1 cells with the FBP17 constructs and confirmed
the expression of FBP17 or the FBP17 mutants in transfected
THP-1 cells by immunoblotting (Fig. 54). When THP-1 cells
were differentiated to obtain macrophage phenotypes with
PMA, podosome formation was significantly reduced in cells
overexpressing the K33E, K166A, and dSH3 FBP17 mutants
when compared with the FBP17 wild type (p < 0.01; Fig. 5B8).
Phagocytic cup formation was also reduced in cells overex-
pressing the FBP17 mutants (Fig. 5C). These results indicate
that the EFC domain and SH3 domain are essential for the
formation of podosomes and phagocytic cups in macrophages.

Defects in Macrophages from WAS Patients—QOur results
suggest that the complex formation of FBP17 with WASP, WIP,
and dynamin-2 at the plasma membrane is a critical step in the
formation of podosomes and phagocytic cups (Figs. 1G, 3, and
4). In macrophages from WASP-deficient WAS patients, the
complex does not form properly due to a lack of WASP
expression. We examined macrophages from WASP-defi-
cient WAS patients for the formation of podosomes and
phagocytic cups. Two genetically independent WAS patients

(WAS1, 211delT; and WAS2,
41-45delG) (27, 28) were assayed
for the formation of those struc-
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FIGURE 5. The role of the EFCand SH3 domains of FBP17 in the formation of podosomes and phagocytic
cups. A, expression of FLAG-tagged proteins in transfected THP-1 cells. Total lysates prepared from transfected
THP-1 cells were analyzed by immunoblotting (WB) using an anti-FLAG antibody. All of the FLAG-tagged
proteins, FLAG-PDZ-GEF (control, lane 1), FLAG-FBP17 (lane 2), and the FBP17 mutants, K33E, K166A, and dSH3
(lanes 3-5) were expressed in THP-1 cells at similar levels. Band C, THP-1 cells co-transfected with cDNAs for the
FLAG-tagged proteins and pmaxGFP were differentiated with PMA and then assayed for the formation of
podosomes (8) and phagocytic cups (C). The percentage of cells with podosomes or phagocytic cups among all
GFP-positive cells was scored. Data represent the mean = S.D. of triplicate experiments.
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control FBR17

tures. Podosomes were completely
absent (Fig. 6, A-C), and phagocytic
cup formation was severely im-
paired (Fig. 6, D—F) in macrophages
from both WAS patients, although
FBP17, WIP, and dynamin-2 were
expressed at the same level in
patients as in normal individuals
(Fig. 6G). In fact, the formation of
podosomes and phagocytic cups
was impaired in macrophages when

K33E K16BA dSH3

the expression of WASP was re-
duced by siRNA transfection (4, 16).
This is the first result showing that
both podosome and phagocytic cup
formations are defective in macro-
phages from WASP-deficient pa-
tients. These results are consistent
with the previous observations (3, 12).

FLAG-protein
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Role of FBP17 in the Podosome and Phagocytic Cup Formation
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FIGURE 6. Defective formation of podosomes and phagocytic cups in
macrophages from WAS patients. A-f, macrophages from a normal con-
trol and two genetically independent WAS patients (WAS1 and WAS2)
were examined for the formation of podosomes {A-C) and phagocytic
cups (D-F). The patients, WAST and WAS2, have the deletion mutations
211delT and 41-45delG, respectively, in their genomic DNAs. The bars are 10
um. G, expression levels of WASP, WIP, FBP17, dynamin-2, and B-actin in WAS
patients. Lysates prepared from macrophages from a normal control and two
WAS patients (WAS1 and WAS2) were subjected to immunoblotting. WASP
was not detected in the lysates from these WAS patients {lanes 2 and 3). Podo-
somes were completely absent (A-C) and phagocytic cup formation was
severely impaired (D-F) in macrophages from both WAS patients, although
FBP17, WIP, and dynamin-2 were expressed at the same levelin patients as in
normal individuals (G) (lanes 4-12).

These results give us a natural example that supports the impor-
tance of the complex formation of FBP17 with WASP, WIP, and
dynamin-2 for the formation of podosomes and phagocytic cups.

DISCUSSION

Cell biological and structural analyses of the EFC domain of
FBP17 have shown that the EFC domain binds to and deforms
the plasma membrane (18, 22). It has previously been shown
that the SH3 domain of FBP17 binds to N-WASP and dynamin
in transfected cells (18, 21). However, physiologically impor-
tant processes to which those activities of FBP17 contribute
were unknown. Here, we have demonstrated that FBP17
recruits the WASP-WIP complex from the cytosol to the
plasma membrane and that this recruitment is necessary for the
formation of podosomes and phagocytic cups in macrophages.
Our results suggest that FBP17 facilitates membrane deforma-
tion and actin polymerization induced by the WASP-WIP com-
plex to occur simultaneously at the same membrane sites and
that both are required for the formation of podosomes and
phagocytic cups. This is supported by the observations that

RCEVEN
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regulated actin polymerization is an essential process for the
formation of podosomes (3) and phagocytic cups (29). Thus,
FBP17 mediates a common molecular step in the formation of
podosomes and phagocytic cups.

Macrophages have the ability to form both podosomes and
phagocytic cups (Fig. 1, A-D). When macrophages having
podosomes are stimulated with IgG-opsonized latex beads, the
podosomes immediately disappear, and the phagocytic cups are
formed at the site that the IgG beads attach. This observation
indicates that the transition of the membrane structures occurs
from podosomes to phagocytic cups. Macrophages migrate to
sites of inflammation where they phagocytose pathogenic
microbes and damaged tissue compounds and mediate local
effector functions. Once macrophages encounter those materi-
als at the site of inflammation, they stop migrating and phago-
cytose those materials. The transition of the macrophage func-
tions occur from migration to phagocytosis. Podosomes and
phagocytic cups are the essential membrane structures for
migration and phagocytosis, respectively. Thus, the transi-
tion of the membrane structures from podosomes to phago-
cytic cups is essential and significant for the transition of the
macrophage functions. Recently, two reports suggest that
macrophage migration and phagocytosis include a common
molecular mechanism to regulate actin cytoskeleton (40, 41).
In this study, we identified a critical common molecular step
mediated by FBP17 for the formation of podosomes and
phagocytic cups, which are essential for migration and phag-
ocytosis, respectively. In the future, elucidation of the
molecular mechanisms underlying the transition would be
intriguing.

It has been reported that dynamin-2 is also required for the
formation of podosomes in transformed cells and osteoclasts
(30-32) and phagocytic cups in a mouse macrophage cell line
(33, 34) and that the FBP17-dynamin complex regulates the
plasma membrane invagination (35). Our results suggest that
FBP17 recruits dynamin-2 to the same site as membrane defor-
mation and that this recruitment is also necessary for the for-
mation of these structures (Figs. 3—5 and supplemental Fig. 6C).
The formation of podosomes and phagocytic cups involves the
process of the membrane protrusion (Fig. 1, A-D). The mem-
brane protrusion requires the delivery of new membrane mate-
rial (2). Our results, taken together with the above observations,
suggest that dynamin-2 recruited by FBP17 to the plasma mem-
brane probably plays an essential role in the formation of podo-
somes and phagocytic cups by regulating the recruitment of
vesicles to the plasma membrane as new membrane material in
macrophages.

Recently, the EFC domain of FBP17 was shown to bind
strongly to the P1(4,5)P, (18, 22). On the other hand, it has been
shown that PI{4,5)P, localizes at the podosomes in osteoclasts
(36) and phagocytic cups (37, 38). These observations suggest
that PI(4,5)P, is synthesized upon stimulation at the plasma
membrane and plays an important role in the recruitment of
FBP17 to the plasma membrane. Presumably, the PI(4,5)P,
binding activity of the EFC domain is necessary for the localiza-
tion of FBP17, and therefore, of the WASP-WIP complex and
dynamin-2, at the sites where podosomes and phagocytic cups
will form.

JOURNAL OF BIOLOGICAL CHEMISTRY 8555

0L0Z ‘gz Aenige Uo ‘AINN NHSNAM NYMOHSOL NMOZN4 e Bio-0gl mmm wodj papeojumod



Supplemental Material can be found at
hitp:/iwww jbc.orglcontent/supplf2009/01/21/M805638200.DC1.himi

Role of FBP17 in the Podosome and Phagocytic Cup Formation

We suggest that the complex formation of FBP17 with
WASP, WIP, and dynamin-2 at the plasma membrane is crit-
ical for the formation of podosomes and phagocytic cups
(Figs. 1G and 3-5). In macrophages from WASP-deficient
WAS patients, defects in the complex formation of FBP17 with
WASP, WIP, and dynamin-2 impair the formation of podo-
somes and phagocytic cups (WAS1: 211delT (27); WAS2:
41-45delG(28) in Fig. 6), thereby reducing chemotaxis and
phagocytosis by macrophages, which in turn would decrease
the ability of host defense. The severity of WAS-associated
symptoms was estimated and expressed as a score of 1-5. A
score of 1 was assigned to patients with only thrombocytopenia
and small platelets, and a score of 2 was assigned to patients
with additional findings of mild, transient eczema or minor
infections. Those with treatment-resistant eczema and recur-
rent infections despite optimal treatment received a score of 3
(mild WAS) or 4 (severe WAS). Regardless of the original score,
if any patients then had autoimmune disease or malignancy, the
score was changed to 5. The patients, WAS1 and WAS2, receive
scores of 5 and 4, respectively. Both patients have the recurrent
infections. We suggest that defective formation of podosomes
and phagocytic cups in their macrophages (Fig. 6, A—F) reduces
chemotaxis and phagocytosis, which are the critical processes
to protect the body against infection, resulting in the recurrent
infections. In addition, defective phagocytosis reduces the
clearance of self-antigens such as apoptotic cells. This may
cause the autoimmune diseases seen in WAS patients. In fact,
Cohen et al. (39) recently reported that reduced clearance of
apoptotic cells resulted in development of autoimmunity. Our
findings therefore provide a potential mechanism for the recur-
rent infections and autoimmune diseases seen in WAS patients.
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Molecular explanation for the contradiction
between systemic Th17 defect and localized
bacterial infection in hyper-IgE syndrome
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Hyper-lgE syndrome (HIES) is a primary immunodeficiency characterized by atopic manifes-
tations and susceptibility to infections with extracellular pathogens, typically Staphylococ-
cus aureus, which preferentially affect the skin and lung. Previous studies reported the
defective differentiation of T helper 17 (Th17) cells in HIES patients caused by hypo-
morphic STAT3 mutations. However, the apparent contradiction between the systemic Th17
deficiency and the skinflung-restricted susceptibility to staphylococcal infections remains
puzzling. We present a possible molecular explanation for this enigmatic contradiction.
HIES T cells showed impaired production of Th17 cytokines but normal production of
classical proinflammatory cytokines including interleukin 1B. Normal human keratinocytes
and bronchial epithelial cells were deeply dependent on the synergistic action of Th17
cytokines and classical proinflammatory cytokines for their production of antistaphylococ-~
cal factors, including neutrophil-recruiting chemokines and antimicrobial peptides. In
contrast, other cell types were efficiently stimulated with the classical proinflammatory
cytokines alone to produce such factors. Accordingly, keratinocytes and bronchial epithelial
cells, unlike other cell types, failed to produce antistaphylococcal factors in response to
HIES T cell-derived cytokines. These results appear to explain, at least in part, why HIES
patients suffer from recurrent staphylococcal infections confined to the skin and lung in
contrast to more systemic infections in neutrophil-deficient patients.
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not efficiently cleared by Thl- and Th2-type immune re-
sponses. Th17-type cytokines IL-17A and IL-17F are impor-
tant for the recruitment of neutrophils (11), whereas IL-22
induces the production of antimicrobial peptides B-defensin
(BD) 2 and BD3 by keratinocytes, through the activation of
STAT3 (12-14). Mice with a homozygous deletion of the
gene encoding the IL-17RA (IL-17 receptor A) and mice
that do not produce 1L-22 are susceptible to lung infection
by the Gram-negative bacteria Klebsiella pneumoniae and My-
coplasmi pulmonis (15-17). Mice that produce neither IL-17A
nor IL-17F are susceptible to skin infection by the Gram-
positive bacteria Staphylococcus aureus (18). Administration of
anti-IL-17A neutralizing antibodies impairs both the intra-
abdominal abscess formation in response to Bacteroides fragilis
and Escherichia coli (19-21) and the host defense against sys-
temic infection by the fungus Candida albicans (22). These
data indicate that Th17 cells play a key role in immune re-
sponses to extracellular bacteria and fungi in mice. In con-
trast, the anti-pathogenic roles of Th17 cells in humans are
relatively uncertain.

Reecent studies demonstrated that the differentiation of hu-
man Th17 cells was defective in patients with hyper-IgE syn-
drome (HIES) (23-26). HIES is a primary immunodeficiency
disease caused by dominant-negative mutations in the DNA-
binding domain, SH2 domain, or transactivating domain of
STAT3 (26-28). As expected from the important roles of
STAT3 in transducing signals for a variety of cytokines, growth
factors, and hormones, patients with HIES display complex
clinical manifestations in multiple organs, including atopic der-
matitis with high serum IgE levels and abnormalities of the
bones and teeth (29-32). Most patients suffer from recurrent
infections by fungi and bacteria; predominantly the Gram-posi-
tive bacteria S. aureus. The presence of these infections suggests
that Th17 cells play a crucial role in protection from extracellu-
lar pathogens, not only in mice but also in humans. However,
curiously, the staphylococcal infections in HIES patients are of-
ten confined to the skin and lung and manifest clinically as skin
abscesses and cyst-forming pneumonia: These skin- and lung-
restricted infections are in sharp contrast to the pattern of infec-
tion observed in patients with a neutrophil deficiency. For
example, in patients with chronic granulomatous disease
(CGD), staphylococcal infections occur in a wide variety of or-
gans including the lung, lymph nodes, skin, liver, bone, gastro-
intestinal tract, kidney, and brain (33). Thus, it remains elusive
why HIES patients suffer from skin- and lung-restricted staphy-
lococcal infections in spite of their systemic Th17 deficiency.

In the present study, we explored possible molecular
mechanisms underlying the recurrent staphylococcal infections
confined to the skin and lung in HIES patients. We found that
primary human keratinocytes and bronchial epithelial cells dis-
played a much stronger dependence than other cell types on
Th17 cytokines in their production of antistaphylococcal fac-
tors including the neutrophil-recruiting chemokines and anti-
bacterial peptides. T cells from HIES patients, in spite of their
defect in production of Th17 cytokines, showed normal pro-
duction of other proinflammatory cytokines, including IL-1,
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which was insufficient for triggering keratinocytes and bron-
chial epithelial cells but sufficient for other cell types to pro-
duce antistaphylococcal factors. Th17 cytokines and classical
proinflammatory cytokines synergistically stimulated keratino-
cytes and bronchial epithelial cells, but the synergy was not
seen in other types of cells. These findings provide a possible
molecular explanation for the apparent contradiction between
the systemic Th17 deficiency and the skin and lung-restricted
staphylococcal infections in HIES patients.

RESULTS

HIES T cells produce little or no Th17 cytokines and fail

to stimulate keratinocytes to secrete neutrophil-recruiting
chemokines and BDs

We first examined the profile of cytokines produced by T cells
from our cohort of HIES patients whose STAT3 genes carried
mutations. The amounts of IL-17A and IL-22 secreted from
the patients” T cells upon stimulation with anti-CD3 and anti-
CD28 mAbs were invariably only ~5-10% of those from
healthy control subjects, which is in accordance with previous
results (23-26), whereas the production levels of IFN-y, IL-1§,
and TNF-a were comparable in the two groups (Fig. 1).
Real-time quantitative RT-PCR. demonstrated that the up-
regulation of IL-17F expression by the patients’ T cells was also
impaired (unpublished data). Thus, the patients’ T cells showed
a selective defect in the production of Th17 cytokines.

We next investigated the functional consequences of the
Th17 deficiency in the context of staphylococcal infections of
the skin. Normal human primary epidermal keratinocytes were
cultured in vitro with culture supernatants from HIES patients’
or control subjects’” T cells that had been unstimulated or stim-
ulated with anti-CD3 plus anti-CD28. The expression and
production of two chemokines, CXCL8 (IL-8) and CCL2,
was up-regulated in the keratinocytes cultured with the condi-
tioned medium from activated control T cells (Fig. 2 A and
Fig. S1). In contrast, although CCL2 was also up-regulated by
the conditioned medium from activated HIES T cells, CXCL8
was not (Fig. 2 A and Fig. S1). Among the three antimicrobial
peptides (BDs) examined, at the mRINA and protein level the
expression of BD1 but not BD2 or BD3 was up-regulated in
keratinocytes when they were stimulated with conditioned
medium from the T cells of HIES patients, but all three were
up-regulated by the conditioned medium from the control
subjects’ T cells (Fig. 2 A and Fig. S1). Thus, the HIES pa-
tients’ T cells could not stimulate keratinocytes to produce a
significant amount of the neutrophil-recruiting chemokine
CXCLS8 or the antimicrobial peptides BD2 and BD3, but they
could stimulate the up-regulation of CCL2 and BD1.

T cell-derived Th17 cytokines are responsible

for the production of CXCL8 and BDs from keratinocytes
When the supernatants from activated control T cells were
treated with the combination of anti-IL-17A and anti~IL-22
blocking mAbs before incubation with keratinocytes, their
capability of stimulating keratinocytes to up-regulate CXCLS,
BD2, and BD3 was diminished to the level displayed by the
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HIES patients’” T cells (Fig. 2 A and Fig. S1). Either anti-IL-
17A or anti—-IL-22 alone was Jess eftective than their combi-
nation (Fig. S2), Thus, the defective production of chemokines
and BDs by keratinocytes in response to the conditioned me-
dium from the patients” T cells was attributable to the T cells’
defective production of Th17 cytokines.

We next examined the direct effect of the keratinocyte-
derived factors on the growth of Staphylococcus aureus using a
colony-forming assay (Fig. 2, B and C). When bacteria were
cultured with the culture supernatant from keratinocytes stim-
ulated by control T cells, the number of bacterial colonies was
reduced to 60% as compared with that when cultured with
control medium. However, this was not the case when HIES
T cells were used to stimulate keratinocytes. The antibacterial
activity was completely abrogated when the culture superna-
tant from the control T cells was pretreated with the blocking
mAbs for IL-17A and IL-22 before it was added to the kerati-
nocytes (Fig. 2 B), and it was attenuated when the keratinocyte
supernatants were pretreated with an anti-BD3 mAb before
their application to the bacterial culture (Fig. 2 C). These re-
sults indicated that control but not HIES T cells produced
Th17 cytokines that, in turn, acted on keratinocytes to elicit
their secretion of antimicrobial factors including BD3.

Keratinocytes and bronchial epithelial cells display a greater
dependence on Th17 cytokines for their production

of chemokines and BDs than other cell types

To learn why the staphylococcal infections are confined to the
skin and lung in HIES patients, we analyzed difterent lineages

AT
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of human primary cells for their ability to secrete chemokines
and BDs in response to T cell-derived factors including Th17
cytokines. We first compared their responsiveness to culture
supernatants from either control or patient T cells that were
activated with anti-CD3 and anti-CD28 mAbs. Primary bron-
chial epithelial cells responded to the T cell conditioned me-
dium just as the primary keratinocytes did. That is, both cell
types up-regulated the expression and production of chemo-
kines (CXCL8 and CXCL1) and BDs (BD2 and BD3) when
incubated with the supernatants from control T cells but not
from HIES T cells (Fig. 3 A and Fig. S3). Interestingly, pri-
mary dermal fibroblasts, human umbilical vein endothelial
cells (HUVEC), and human lung microvascular endothelial
cells (HMVEC-L) responded equally well, in terms of their
secretion of the chemokines and BDs, to the supernatants from
control or patient T cells (Fig. 3 A and Fig. S3). This was also
true for the expression and production of CXCL8 and CXCL1
by human macrophages (Fig. 3 A and Fig. S3). Human mac-
rophages did not produce detectable amounts of BDs. Thus,
keratinocytes and bronchial epithelial cells responded differ-
ently to T cell-derived factors than the other cell types tested
and appeared to be much more dependent on Th17 cytokines
for their induction to secrete chemokines and BDs.

These findings prompted us to examine the responses of
different cell types to individual cytokines and their combi-
nations, including the Th17 cytokines (IL-17A, IL-17F, and
1L-22), classical proinflammatory cytokines (IL-1B3, TNF-a, and
IFN-vy), or both. Keratinocytes secreted CXCLS8 in response
to IL-17A, IL-22, IL-1f3, or TNF-a in a dose-dependent

(ng/ml) IL-17A (ng/ml) IL-22
c 3- ok 8 - k5
Q
S ® )
8 2 °
= -' 4.
m ]
© ol —&— ol 8
= 4+ w4 m o w4
Cont. pt. Cont. Pt
(ng/ml) IFNy (ng/mzl) IL-13 (ng/ml) TNFo
o
£ 400
i ¢ f L b
S 200 1 ® Ly o
(&
o
8 0 7Y ry 0  { [ 0 A §
= = ™ o = o ™ o= = . - P
Cont. Pt. Cont. Pt. Cont. Pt.

Figure 1. - HIES T cells produce greatly reduced amounts of Th17 cytokines and normal amounts of classical proinflammatory cytokines upon
activation. PBMCs from HIES patients (Pt} and control subjects {Cont.; n = 8 each, indicated by dots) were stimulated (+) or not (—) with anti-CD3 and
anti-CD28 for 72 h, and the concentration of the indicated cytokines in their culture supernatants was determined by ELISA. The resuits shown are repre-

sentative of three independent experiments. ™, P < 0.01.
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manner, but they responded poorly to IL-17F and IFN-vy
(Fig. S4 A). Using the Th17 cytokine cocktail or the classical
proinflammatory cytokine cocktail resulted in some additive
effect on the keratinocytes’ secretion of CXCL8 (Fig. S4,
B and C). In contrast, the combination of both types of cyto-
kines dramatically enhanced the CXCL8 production by the
keratinocytes (Fig. 3 B and Fig. S5). This was also the case
for bronchial epithelial cells (Fig. 3 B). In contrast, fibroblasts,
HUVEC, and HMVEC-L secreted a large quantity of CXCLS8
in response to the classical proinflammatory cytokine cocktail,
but the further addition of Th17 cytokine cocktail caused no
significant enhancement of CXCL8 production (Fig. 3 B).
Furthermore, the Th17 cytokine cocktail was much less effec-
tive in stimulating fibroblasts, HUVEC, and HMVEC-L than
the classical cytokine cocktail, and the amount of CXCLS8
produced by the Th17 cytokine cocktail-treated fibroblasts,
HUVEC, and HMVEC-L was ~10-30% of that produced by
stimulation with the classical proinflammatory cocktail.
Macrophages responded to the cytokines in a pattern similar
to fibroblasts, HUVEC, and HMVEC-L, although the mac-
rophages produced 10X less CXCLS than the others.

In keratinocytes and bronchial epithelial cells, the marked
synergy caused by combining the Th17 and classical proin-
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CXCL8

flammatory cytokines affected not only the expression of
CXCLS but also that of other chemokines (CXCL1 and
CXCL2) and BDs (BD2 and BD3; Fig. S6 A). In accordance
with this finding, the supernatants of keratinocytes stimu-
lated with the Thi7—classical cytokine combination caused
robust neutrophil chemotaxis compared with the superna-
tants from keratinocytes stimulated with only one of the
cocktails (Fig. S6 B).

Previous studies demonstrated that the stimulation of ke~
ratinocytes with toll-like receptor (TLR) 2 ligands induces
the production of the chemokines and antimicrobial peptides
(34, 35). In agreement with this, the keratinocytes showed
up-regulated CXCL8 secretion and BD expression in re-
sponse to lipoteichoic acid, peptidoglycan, or fixed S. aureus,
but the extent of up-regulation was <10% of that observed
after stimulation with the combination of Th17 and proin-
flammatory cytokines (Fig. S6 C).

Molecular mechanisms underlying the unique responsiveness
of keratinocytes and bronchial epithelial cells to Th17
cytokines in synergy with other proinflammatory cytokines
To explore the possible molecular basis of the poorer re-
sponse of keratinocytes and bronchial epithelial cells to the
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Figure 2. Supernatants of activated HIES T cells fail to stimulate keratinocytes to secrete significant amounts of antibacterial factors.

In the presence or absence of anti-IL=17A plus anti~1L-22 (A and B}, anti-BD3 (C), or isotype-matched control antibodies, primary human keratinocytes were
incubated for 48 h with the supernatants of HIES (Pt) or control {Cont) T cells that had been stimulated {+) or not {—} with anti-CD3 and anti-CD28 for
72 h as in Fig..1. {A} The concentration of CXCL8, BD2, and BD3 in keratinocytes supernatants was determined by ELISA. Representative data from one
patient and one control are shown (mean £ SD; n = 3), and similar results were obtained from the other patients and controls. (B and C) The culture su-
pernatants of keratinocytes were analyzed for their antistaphylococcal activity by the colony assay (mean + SD; n = 3). The results shown in are represen-

tative of at least three independent experiments. ™, P < 0.01.
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classical proinflammatory cytokines, as compared with the
other types of cells, we analyzed the expression of the classical
cytokine IL-1R1 (IL-1 receptor) and its antagonists IL-1R 2
and IL-1Ra (Fig. 4, A and B). Compared with fibroblasts,
keratinocytes expressed 1/600th of IL-1R1 transcripts, 170~
fold more IL-1Ra transcripts, and 260-fold more IL-1R2
(Fig. 4 A). The great difference in their expression between
keratinocytes and fibroblasts was also confirmed at the pro-
tein level (Fig. 4 B). Bronchial epithelial cells showed the ke-
ratinocyte-type expression, whereas HUVEC and HMVEC-L
displayed the fibroblast-type expression (Fig. 4 A and not de-
picted). Consistent with this result, keratinocytes showed a

A CXCL8

BD2

ARTICLE

much poorer up-regulation of c-Fos and [L-6 than fibroblasts
in response to [L-18 (Fig. 4 C). This appeared to partly ex-
plain why keratinocytes and bronchial epithelial cells were
less sensitive to the classical proinflammatory cytokines than
fibroblasts but did not account for the strong synergy be-
tween the Th17 and the classical proinflammatory cytokines
in the keratinocytes. Therefore, we next examnined the possi-
ble cross-talk between the two types of cytokines in terms of
the regulation of cytokine receptor expression.

We found that the expression of the Th17 cytokine re-
ceptors IL-17RA, IL-17R C, and IL-22R was up-regulate, in
keratinocytes incubated with the classical proinflammatory
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Figure 3. Keratinocytes and bronchial epithelial cells show greater dependence on Th17 cytokines for the production of chemokines and
BDs than other cell types. Primary human keratinocytes, bronchial epithelial cells, dermal fibroblasts, endothelial cells (HUVEC and HMVEC-L), and mac-
rophages were incubated for 48 h with T cell supernatants that were prepared as described in Fig. 1 A or with the Th17 cytokine cocktail {Th17 mix:
IL-17A + [L-17F + 1L-22), the classical proinflammatory cytokine cocktail (classical mix: INF-c + [L-18 + IFN-y), or the combination of both (both mix; B).
The concentration of CXCL8, BD2, and BD3 in their culture supernatants was determined by ELISA. Representative data from one patient and one control
are shown in A (mean + SD; n = 3), and similar results were obtained from the other patients and controls. The results shown are representative of at

least three independent experiments. ™, P < 0.01.
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Figure 4. Distinct expression and regulation of the cytokine receptors in keratinocytes and fibroblasts compared with those in other cell
types. (A) The expression of /L-1R1, IL-1Ra, and /L-1R2 in the indicated cells was determined by quantitative RT-PCR. Data shown were normalized to
HPRT levels, and the level of expression in keratinocytes was defined as 1.0. (B) IL-1R1, IL-1R2, and IL-1Ra proteins in keratinocytes and fibroblasts were
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cytokines but not the Th17 cytokines (Fig. 4 D and Fig. 57).
Conversely, in keratinocytes incubated with the Th17 cyto-
kines, the expression of the receptors for the classical proin-
flammatory cytokines was up-regulated, albeit less markedly
(unpublished data). This reciprocal up-regulation of cytokine
receptor expression was also observed in bronchial epithelial
cells (unpublished data). These findings could account, at least
in part, for the synergistic effect of the Th17 and the classical
proinflammatory cytokines on the production of antibacterial
factors by keratinocytes and bronchial epithelial cells.

HIES T cells show poor ability of stimulating keratinocytes
in response to staphylococcal superantigens

and candida antigens

We next investigated the responses of HIES T cells under
more clinically relevant conditions to obtain a better insight
into the susceptibility to staphylococcal infections observed
in HIES patients. When stimulated with the S. aurens—derived
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superantigens for T cells, staphylococcal enterotoxin B (SEB),
HIES patients’ T cells produced drastically reduced amounts
of [IL-17A and IL-22, <10% of those produced by control
T cells (Fig. 5 A). In contrast, the IL-13 production was
normal, and the IFN-y and TNF-a production was even
enhanced in SEB-stimulated HIES T cells (Fig. 5 A). It is of
note that the supernatants of SEB-stimulated HIES T cells
showed much poorer ability to induce the production of
CXCL8 and BD2 in keratinocytes compared with those from
control T cells (Fig. 5 B). In contrast, both supernatants from
HIES and control T cells almost equally well stimulated fi-
broblasts to produce CXCLS8 and BD2. The combination of
anti-IL-17A and —IL-22 efficiently inhibited the CXCLS8/
BD2-inducing activity of control T cells’ supernatants in ke-
ratinocytes but showed no significant inhibition in the
CXCL8/BD2 production from fibroblasts that were stimu-
lated with the supernatants from either control or HIES
T cells (Fig. 5 B). These results strongly suggested that Th17
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Figure 5.  HIES T cells show poor ability of stimulating keratinocytes in response to staphylococcal superantigens and candida antigens.

(A} PBMCs from HIES patients (Pt} and control subjects (Cont.; n = 6 each, indicated by dots) were stimulated or not (] with SEB (S, 100 ng/ml} or CAA
(C, 1/20,000 volfvol) for 5 d, and the concentration of the indicated cytokines in their culture stipernatant was determined by ELISA. (B and C) Fibroblasts
and keratinocytes were cultured for 48 h in the absence (=) or presence (S) of SEB or with the supernatants of patients (Pt] or control {Cont) PBMCs that
had been unstimulated (—) or stimulated with SEB (S} as in A, in the presence or absence of anti-IL-17A + anti-1L-22 or isotype-matched control anti-
bodies. Their culture supernatants were analyzed by ELISA for the secretion of CXCL8 and BD2 (B} and evaluated for their neutrophil chemotactic activity
{C). The results shown are representative of two independent experiments. Error bars show mean + SD (n=3). ™, P < 0.01.
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cytokines secreted by SEB-stimulated T cells played a critical
role in the induction of CXCL8 and BD2 production in ke-
ratinocytes but not in fibroblasts. In accord with these results,
supernatants of keratinocytes stimulated with HIES T cells
showed little or no ability of neutrophil chemoattraction,
whereas those of keratinocytes stimulated with control T cells
and those of fibroblasts stimulated with either control or
HIES T cells induced robust neutrophil chemotaxis (Fig. 5 C).
These in vitro findings may account in part, if not entirely,
for the skin/lung-confined susceptibility to staphylococcal
infections observed in HIES patients.

We further examined the responsiveness of HIES T cells to
Candida albicans antigen (CAA). HIES T cells showed impaired
cytokine production in response to CAA in the essentially same
pattern as observed in response to SEB (Fig. 5 A). This may also
explain in part the incidence of mucocutaneous infections with
C. albicans that is often observed in HIES patients.

DISCUSSION
In the present study, we demonstrated that skin and lung epi-
thelial cells displayed an unusual pattern of responsiveness to
Th17 and other proinflammatory cytokines that was distinct
from that of the other cell types tested. This previously unrec-
ognized modes of cytokine responses-could fill in the apparent
gap between the systemic Th17 deficiency and the tissue-
dependent susceptibility to staphylococcal infections in the
HIES patients. Both Th17 cytokines and other classical
proinflammatory cytokines stimulate a variety of cells to pro-
duce neutrophil-recruiting chemokines and antimicrobial
peptides, which are important for providing protection against
bacterial infections (7). We found that skin and lung epithelial
cells efficiently secreted antibacterial factors only when stimu-
lated with a combination of Th17 cytokines and classical pro-
inflammatory cytokines. These observations were made using
primary cells that were grown on plastic. In contrast, fibro-
blasts, endothelial cells, and macrophages efficiently secreted
antibacterial factors when stimulated with the classical proin-
flammatory cytokines alone. Thus, skin and lung epithelial
cells showed a much higher dependence on Th17 cytokines,
in synergy with the classical proinflammatory cytokines, than
the other cell types. The classical proinflammatory cytokines
up-regulated the expression of Th17: cytokine receptorsand,
conversely, the Th17 cytokines up-regulated the expression
of receptors for the classical proinflammatory cytokines, albeit
less strongly. This reciprocal up-regulation of cytokine recep-
tor expression could be one of the molecular mechanisms
underlying the strong synergy between the Th17 and classical
proinflammatory cytokines in skin and lung epithelial cells.
This synergistic-action of the cytokines appears to account
in part, if not entirely, for the skin- and lung-restricted staphy-
lococcal infections of HIES' patients. S. aitreus produces en-
terotoxins, including SEB, that function as superantigens
to stimulate the bulk of T cells. The HIES patients’ T cells
showed impaired production of Th17 cytokines in response to
SEB but normal production of the. classical proinflammatory
cytokines. Therefore, the skin and lung epithelial cells of HIES
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patients, unlike other cell types, probably do not secrete suffi-
cient amounts of neutrophil-recruiting chemokines and the
antimicrobial peptide BDs to fend off staphylococcal infection.
With regard to the sites of bacterial infections, it is important
to consider the pathogen’s characteristics. The tendency of
S. aureus to colonize the skin and upper respiratory tract may
explain the skin/lung-restricted staphylococcal infections ob-
served in HIES patients. It is of note, however, that CGD
patients suffer from staphylococcal infections that occur in a
wide variety of organs, including the lung, lymph nodes, skin,
liver, bone, gastrointestinal tract, kidney, and brain (33). The
difference in the spectrum of affected tissues between HIES
and CGD patents strongly suggests that the host factors, in
addition to the pathogen’s intrinsic factors, would determine
the preferential sites of infections. In HIES patients, unlike
in CGD patients, the neutrophils themselves are normal in
their number and function; however, they probably cannot
be recruited to the skin and lung because HIES T cells cannot
induce the skin and lung epithelial cells to produce neutrophil-
recruiting chemokines like CXCL8, even though we cannot
formally exclude the possibility that the STAT3 mutation
in the epithelial cells of HIES patients also contributes to
impaired production of antistaphylococcal factors including
CXCL8. Mice deficient for IL-17RA or IL-22 and mice
treated with an anti—IL-17A blocking antibody are susceptible
to infections with Gram-negative bacteria, such as K. pneu-
moniae, M. pulmonis, B. fragilis, E. coli, and Citrobacter rodentivim,
which are rarely observed in HIES patients (16, 17, 20, 21, 36,
37). The reason for this difference between human and mouse
in bacterial susceptibility remains to be determined.

TLR -mediated signals are known to be important for im-
mune protection from staphylococcal infections. The outer
cell wall of Staphylococcus aureus is composed of exposed pepti-
doglycan and lipoteichoic acid, which are recognized by
TLR2 (38-40). Mice deficient in TLR 2 and patients deficient
in IRAK4, a transducer of TLR signaling, show increased
susceptibility to staphylococcal infections (41-43). Impor-
tantly, TLR 2 signaling is intact in BIES patients (44, 45). We
demonstrated in the present study that keratinocytes indeed
produced antibacterial factors in response to TLR2 ligands,
but the amounts were <10% of those induced when the cells
were stimulated with the combination of Th17 and classical
proinflammatory cytokines. Thus, TLR 2-mediated signaling
alone appears to be insufficient for the full protection against
staphylococcal infection of the human skin and lung:

Skin and lung epithelial cells are located, respectively, at
the major outer and inner surface barriers of the body, and are
constantly exposed to agents from the environment. There-
fore, these cells probably need to discriminate between
infectious and noninfectious agents to avoid unnecessary in-
flammation. The present stidy demonstrated that they secrete
antibacterial factors only when they receive stimuli from both
classical proinflaminatory cytokines delivered by innate im-
munity—type cells and Th17 cytokines delivered by T cells.
Thus, an attractive hypothesis is that epithelial cells have been
equipped by evolution to respond poorly to the first alert
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signal, i.e., the classical proinflammatory cytokines produced by
innate immunity cell types, which might be evoked even by
noninfectious agents. Infectious agents, such as S. aureus, could
evoke the production of the second alert signal, i.e., Th17 cyto-~
kines produced by T cells, in addition to the first alert signal.
This would allow the epithelial cells to respond selectively to
pathogens. In HIES patients, the second alert signal is not deliv-
ered because of the Th17 deficiency, which probably results in
skin- and lung-restricted staphylococcal infections.

Accumulating evidence indicates that Th17 cells and their
products are very important in the induction and propaga-
tion of autoimmunity (5-10). Therefore, the neutralization of
Th17 cytokines appears to be a promising therapeutic strat-
egy for the control of inflammation in autoimmune disor-
ders. Moreover, antagonists of STAT3 are considered good
candidates for the treatment of tumors because a variety
of tumor cells show up-regulated STAT3 expression (46).
However, our data indicate that such treatments would ren-
der patients susceptible to staphylococcal infection, particu-
larly of the skin and lung, as observed in HIES. Fortunately,
our study also suggests that this undesirable side effect might
be prevented or treated by the local application of neutro-
phil-recruiting chemokines and BDs or their derivatives.

In summary, we demonstrated in the present study that
T cells from HIES patients, in spite of their defect in produc-
tion of Th17 cytokines, showed normal production of other
proinflammatory cytokines including IL-18 in response to
staphylococcal antigens, which was insufficient for triggering
keratinocytes and bronchial epithelial cells but sufficient for
other cell types to produce antistaphylococcal factors. This pro-
vides a possible molecular explanation for the apparent contra-
diction between the systemic Th17 deficiency and the skin- and
lung-restricted staphylococcal infections in HIES patients.

MATERIALS AND METHODS

Patients. All eight patients enrolled in this study had typical findings associ-
ated with HIES and a National Institutes of Health score >40 points (27). The
diagnosis was confirmed by the identification of the mutations in the STAT3
gene. The study was approved by the Tokyo Medical and Dental Univerity
Ethics Committee, and written informed consent was obtained from the pa-
tients. All of the patients were in a healthy state when their blood samples were
collected. Blood samples from patients and age-matched healthy subjects were
obtained and PBMCs were prepared by density-gradient centrifugation.

Cell culture. PBMCs were cultured in 96-well plates in RPMI medium
1640 supplemented with 1% penicillin/streptomycin, 1% glutamine, and
10% heat-inactivated FCS. Cultures were stimulated with a 1:100 (vol/vol)
dilution of anti-CD3 and anti-CD28 beads (Invitrogen). For some experi-
ments, the following mAbs, cytokines, and TLR ligands were added: 20 ng/
ml IL-17A, 200 ng/ml IL-17F, and 200 ng/ml [L-22 (R&D- Systems); 10
ng/ml TNF-a, 10 ng/ml IL-1(, 10 ng/ml IFN=y (PeproTech); neutralizing
antibodies against IL-17, [L-22, and BD3 (R&I) Systems); TLR ligands (In-
vivoGen); fixed S. aureus (EMDY); SEB (Toxin Technology); and C. albicans
skin test antigen (Torii Pharmaceutical Co., Ltd).

Culture of human keratinocytes, bronchial epithelial cells, fibro-
blasts, endothelial cells; and macrophages. Human epidermal keratino-
cytes and bronchial epithelial cells (Lonza} were propagated as adherent cells
to plastic in RPMI' 1640 medium containing bovine pituitary: extract,
human epidermal growth factor, insulin, hydrocortisone, gentamicin, and
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amphotericin at 37°C in a 5% CO, incubator. Human primary dermal
fibroblasts, HUVEC, HMVEC-L were obtained from Lonza. Macrophages
were derived from adherent cells in PBMCs cultured in the presence of
30 ng/ml GM-CSF for 7 d.

RNA isolation and real-time quantitative RT-PCR. Cells were har-

vested for total RNA isolation using the RINeasy Miniprep kit (QIAGEN),
according to the manufacturer’s instructions. Total RNA was reverse tran-
scribed using the PrimeSecript transcription kit (Takara Bio Inc.). An aliquot
of the RT reaction was used as a template for real-time PCRUin triplicate us-
ing a SYBR Green MasterMix (Takara Bio Inc.) on an Mx3005P thermo-
cycler (Agilent Technologies) with SYBR green I dye as the amplicon
detector and ROX as the passive reference. The gene for HPRT was ampli-
fied as an endogenous reference. Quantification was determined using both
a standard curve and comparative AACT methods.

ELISA. Conditioned medium from cultured cells was collected after the
cells were stimulated and stored at —80°C until use. IL-17A (eBioscience),
IL-22 (R&D Systems), IFN~y, TNF-q, IL-1f3, CXCL8 (BD), BD2 (KOM-
ABIOTECH), and BD3 (Alpha Diagnostics) were measured in triplicate by
ELISA according to the manufacturers’ instructions.

Bactericidal activity against S. aureus. S. aureus (strain Rosenbach 1884)
was obtained from the National Biological Resource Center. Bactericidal
activity was evaluated by plating serial dilutions of S. aurens mixed with the
supernatant from keratinocytes or bronchial epithelial cells, and the CFUs
were determined in triplicate on the next day. In some experiments, a neu-
tralizing antibody to BD3 was added to the supernatant.

Chemotaxis. Chemotaxis of neutrophils was determined in triplicate by the
Boyden chamber technique. The migration chamber was divided into upper
and lower compartments by a membrane with a pore size of 3 pm. The neu~
trophils were placed into the upper compartment at a concentration of 10°/ml,
and the lower compartment contained the supernatant from the kerati-
nocytes or fibroblasts grown under the conditions indicated. The chambers
were incubated at 37° C for 1 h, and the number of neutrophils that mi-
grated to the lower chamber was counted.

Immunoblotting. Cells were lysed on ice for 30 min in lysis buffer con-
taining 1% Triton X-100, 50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 2 pg/ml aprotinin, and 100 ug/ml PMSE. The cell lysates were sub-
jected to SDS-PAGE, followed by electrotransfer to PVDF membranes and
immunoblotting with antibodies for IL-1R1, IL-1R2, and IL-1Ra (R&D
Systems) and for tubulin {Sigma-Aldrich).

Statistical analysis. Data were compared by a two-tailed Mann-Whitney U
test or unpaired Student’s £ test. P-values < 0.05 were considered significant.

Online supplemental material. Fig. S1 shows the quantitative RT-PCR
analysis for chemokine and BD: expression in activated keratinocytes. The
importance of IL-17A and IL-22 in stimulating keratinocytes to produce
antistaphylococcal factors is: demonstrated in-Fig. S2. Fig. S3.shows the
quantitative RT-PCR analysis for chemokine and BD expression in vari-
ous types of cells. Production of CXCLS8 by keratinocytes and fibroblasts in
response to various cytokines is displayed in Figs: S4 and S5. Fig. S6 shows
the expression and production of antistaphylococcal factors by keratinocytes
in'response to various stimuli. Up-regulation of the Th17 cytokine receptors
in keratinocytes in tesponse to classical inflammatory cytokines is displayed
in Fig. S7. Online supplemental material is available at http://www jem
.org/cgi/content/full/jem.20082767/DC1.
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Mast cells mediate neutrophil
recruitment and vascular leakage
through the NLRP3 inflammasome
in histamine-independent urticaria
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Urticarial rash observed in cryopyrin-associated periodic syndrome {CAPS) caused by nucle-
otide-binding oligomerization domain-leucine-rich repeats containing pyrin domain 3

(NLRP3) mutations is effectively suppressed by anti~interleukin (IL)-1 treatment, suggest-
ing a pathophysiological role of IL-18 in the skin. However, the cellular mechanisms requ-
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Abbreviations used: Ab, anti-
body; ASC, apoptosis-associated
speck-like protein contaiming 4
caspase recruttment dom;xin;
BMCMC, bone marrow-de-
nved cultured MC; CAPS,
cryopyrin-associated periodic
syndrome; FSMC, fetus skin-
derived MC; LRR, leucine-rich
repeat; MC, mast cell; MIM,
Mendelian inheritance in men
number; MWS, Muckle-Wells
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oligomerization domain;
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lating IL-1B production in the skin of CAPS patients remain unclear. We identified mast
cells (MCs) as the main cell population responsible for IL-18 production in the skin of
CAPS patients. Unlike normal MCs that required stimulation with proinflammatory stimuli
for IL-1B production, resident MCs from CAPS patients constitutively produced IL-1§.
Primary MCs expressed inflammasome components and secreted IL-1f via NLRP3 and
apoptosis-associated speck-like protein containing a caspase recruitment domain when
stimulated with microbial stimuli known to activate caspase-1. Furthermore, MCs express-
ing disease-associated but not wild-type NLRP3 secreted IL-1f and induced neutrophil
migration and vascular leakage, the histological hallmarks of urticarial rash, when trans-
planted into mouse skin. Our findings implicate MCs as IL-1f producers in the skin and
mediators of histamine-independent urticaria through the NLRP3 inflammasome.

Urticara, or hives, 1s a common disease that can
affect up to 20% of the general population (1).
Chronic urticaria, defined as urticaria that persists
for >6 wk, occurs in 0.1% of the population (2),
and in a significant percentage of cases (~40—
80%), there is no identifiable cause (1, 3). H1
antihistamines have remained the first line of
treatment because histamine release from cutane-
ous mast cells (MCs) plays an important role in
the pathophysiology of urticaria development.
However, only ~55% of patients with chronic
urticaria are responsive to antihistamines (4), sug-
gesting that in a significant number of individuals,
chronic urticaria is mediated via histamine-inde-
pendent mecharisms.

An urticarial rash developing in the neonatal
or early infantile period is one of the clinical man-
ifestations characteristic of cryopyrin-associated
periodic syndrome (CAPS). CAPS consists of a
spectrum of hereditary periodic fever disorders

that comprise three phenotypically overlapping
but relatively distinet syndromes: familial cold
autoinflaimmatory syndrome (Mendelian inheri-
tance in men number [MIM] 120100), Muckle-
Wells syndrome (MWS; MIM 191900), and
chronic infantile neurological cutaneous and ar-
ticular syndrome (MIM 607115), which is also
known as neonatal-onset multisystem inflam-
matory disease. Familial cold autoinflammatory
syndrome and MWS are characterized by peri-
odic attacks of urticarial rash, fever, and arthralgia,
whereas patients with chronic infantile neurolog-
ical cutaneous and articular syndrome, the most
severe form of CAPS, exhibit chronic urticaria as
well as fever, arthropathy, chronic meningitis,
papilledema, growth and mental retardation, and
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