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Periostin is an extracellular matrix protein that is up-regulated by
T helper cell type 2 cytokines in the asthmatic airway and implicated in
mouse studies as promoting eosinophil recruitment. We asked
whether periostinmodulates eosinophil adhesion andmotility in vitro.
Periostin adsorbed to polystyrene supported adhesion of purified hu-
man blood eosinophils stimulated by IL-5, IL-3, or granulocyte/
macrophage colony–stimulating factor, but did not support adhesion
of eosinophils treated with IL-4 or IL-13. The degree of adhesion
depended on the concentrations of periostin during coating and acti-
vating cytokine during the adhesion assay. Both full-length periostin
and alternatively spliced periostin, lackingC-terminal exons 17, 18, 19,
and 21, supported adhesion. Adhesion was inhibited by monoclonal
antibody to aM or b2 integrin subunits, but not by antibodies to other
eosinophil integrin subunits. Adsorbed periostin also supported aMb2-
dependent randommotility of IL-5–stimulated eosinophils with optimal
movement at an intermediate coating concentration. In thepresence of
IL-5, eosinophils adherent on periostin formed punctate structures pos-
itive for filamentous actin, gelsolin, and phosphotyrosine. These struc-
tures fit the criteria for podosomes, highly dynamic adhesive contacts
thataredistinct fromclassical focaladhesions.TheresultsestablishaMb2

(CD11b/CD18,Mac-1)asanadhesiveandpromigratoryperiostin recep-
tor on cytokine-stimulated eosinophils, and suggest that periostin may
function as a haptotactic stimulus able to guide eosinophils to areas of
high periostin density in the asthmatic airway.
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Infiltration with eosinophils is characteristic of allergic asthma and is
associated with airway remodeling and changes in the extracellular
matrix (ECM) (1–6). These observations raise the issue of how
eosinophils become enriched in the asthmatic airway. Integrins play
key roles in adhesion of leukocytes to walls of blood vessels asso-
ciated with inflammation and in movement of leukocytes through
inflamed tissues (7, 8). Eosinophils possess a unique repertoire of
seven integrin heterodimers, a4b1, a6b1, aLb2, aMb2, aXb2, aDb2,
and a4b7, each of which interacts with counter receptors or ligands
on other cells or ligands deposited in the ECM (9). Studies of b2-
deficient and conditionally a4-deficient mice indicate that a4 and b2

integrins contribute to trafficking of eosinophils to lung in models
of allergen-induced acute and chronic asthma (10, 11). Integrins
exist in inactive and active conformations, and are activated by
signals triggered through other receptors and mediated by cytoplas-
mic factors, so-called “inside-out” signaling (7, 8, 12). Engagement

of integrins by ligands, in turn, can activate cytoplasmic signaling
pathways: “outside-in” signaling (12, 13). Whether a given pair of
integrin and ligand participates in the complex two-way signaling
that results in adhesion and migration depends on: (1) the cell
surface density of the integrin; (2) the density of the ligand; and
(3) the activation state of the integrin (14, 15).

Activation of b1 integrins on blood eosinophils correlates with
decreased lung function in subjects with mild asthma, is triggered
by P-selectin in vitro, is likely a result of association with P-selectin–
bearing activated platelets in vivo, and leads to enhanced adhesion
of eosinophils to the a4b1 ligand vascular cell adhesion molecule
(VCAM)-1, which is up-regulated on lung endothelium in re-
sponse to T helper cell (Th) type 2 mediators, presumably
facilitating arrest in the airway (16–18). Less is known about
eosinophil integrin–ligand interactions that provide interstitial
guides used by eosinophils after extravasation to move about
and persist in the ECM of the airway of patients with asthma.
Eosinophil integrins have the potential to mediate migration on
VCAM-1 via a4b1, a4b7, aMb2, and aDb2; intercellular adhesion
molecules via aMb2, aLb2, and aDb2; fibronectin via a4b1 and
a4b7; laminin via a6b1; fibrinogen/fibrin via aMb2 and aXb2; and
vitronectin via aMb2 (9). These ligands are variably present in the
airway wall; collagen is more widespread, but eosinophils lack the
collagen-binding integrins, a1b1, a2b1, a10b1, and a11b1 (9). Re-
garding eosinophil integrin activation within the lung, the most is
known about eosinophils recovered by bronchoalveolar lavage
after segmental antigen challenge. These cells have highly acti-
vated aMb2 and up-regulated aDb2 in addition to activated b1

integrins (19, 20). In vitro, activation of aMb2 can be induced by
IL-5 (9, 17, 19, 21). Treatment of subjects with asthma with block-
ing monoclonal antibody (mAb) to IL-5 attenuates activation
of b2 integrins on blood eosinophils, but does not diminish acti-
vation of aMb2 on bronchoalveolar lavage eosinophils, suggesting
that there are other stimulators of activation in the lung (22).

Periostin is an ECM protein (23, 24) that is up-regulated by
Th2 cytokines IL-4 and IL-13 in bronchial epithelial cells and
lung fibroblasts, deposited widely in the airway of subjects with
asthma and animals provoked to model asthma (25–29), as well
as in atopic dermatitis and an allergic skin inflammation animal
model (30). Periostin is particularly highly expressed in patients
with asthma identified as Th2-high subjects (31, 32), and high
levels of serum periostin are associated with high numbers of
sputum and tissue eosinophils in asthma (32). Mice lacking
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CLINICAL RELEVANCE

We demonstrate that the extracellular matrix protein, peri-
ostin, supports adhesion and random motility of cytokine-
stimulated eosinophils via aMb2 integrin, and that motility
is optimal at an intermediate periostin coating concentra-
tion. We propose that periostin in the asthmatic airway
promotes eosinophil recruitment to areas of high periostin
density. The periostin–aMb2 interaction may be a possible
therapeutic target in asthma.
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periostin respond to lung challenge with significantly decreased
numbers of eosinophils in the lung and increased numbers in
blood (33, 34), and have reduced inflammation in the allergic
skin inflammation model (30). Some studies showed that
periostin-deficient mice also have increased serum IgE and pe-
ripheral Th2 responses, airway resistance, and mucus produc-
tion, and decreased lung transforming growth factor (TGF)-b
production (35, 36), although another study showed decreased
mucous metaplasia and decreased IL-4 expression (34). Taken
together, the human and mouse data indicate that periostin se-
creted and deposited in allergy-induced lesions is required for
eosinophil recruitment, but in a way that may modulate allergic
inflammation and possibly protect the lung from adverse conse-
quences of antigen exposure.

It is unknown if and how eosinophils interact with periostin.
Eosinophils lack aV integrins (9), which have been demonstrated
to mediate adhesion to periostin in other cell types (24, 37–40). We
report herein that periostin supports robust adhesion and random
motility of IL-5–treated eosinophils mediated by aMb2 integrin,
and speculate that the aMb2–periostin interaction provides impor-
tant guidance for eosinophils in Th2-conditioned ECM.

MATERIALS AND METHODS

Cells

Eosinophilswerepurified fromheparinizedbloodofdonorswithallergyand/or
asthma as before (17). The studies were approved by the University
of Wisconsin—Madison Health Sciences Institutional Review Board. In-
formed written consent was obtained from each subject before participation.

Antibodies, Adhesive Ligands, Cytokines, and ELISA

Antibodies, adhesive ligands, and cytokines used, and a direct ELISA
for adsorbed periostin, are described in the online supplement.

Cell Adhesion

Eosinophil adhesion was assayed by cell content of eosinophil peroxidase,
and results are expressed as percentage of input cells, as previously de-
scribed (17, 19, 41). Briefly, wells in polystyrene 96-well plates (non-
tissue-culture-treated, catalog no. 351172; BD Labware, Franklin Lakes,
NJ) were coated with 100 ml of the relevant protein in Tris-buffered saline
(pH 8.0) for 2 hours at 378C, decanted, and blocked with 100 ml neat FBS.
Control wells were coated with only FBS. Eosinophils (100 ml of 105

cells/ml) were added in the absence or presence of recombinant IL-5,
IL-3, granulocyte/macrophage colony–stimulating factor (GM-CSF), IL-4,
IL-13, or soluble periostin. After 1 hour, wells were washed three times
with Tris-buffered saline and absorbance of the colored eosinophil perox-
idase product was measured at 492 nm in a Genios Pro plate reader (Tecan,
Männedorf, Switzerland). In some experiments, suspended eosinophils
were preincubated with mAbs for 5 minutes before addition to the wells.
To normalize data of some experiments, cells adherent under a given con-
dition were expressed as percentage of cells adhering to a coating of FBS
alone in the presence of IL-5 (10 ng/ml) or to periostin (or fibronectin) in
the absence of soluble stimulus.

Fluorescence Microscopy

Fluorescent staining and microscopy were performed as previously described
(42), with the following modifications. Eosinophils (3 3 105) were added to
each coated coverslip. For phosphotyrosine staining, 1 mM Na3VO4 was
present throughout the washes with PBS–3% BSA and the primary and
secondary antibody staining steps, as we have done before (43, 44). Cover-
slips were mounted with Immumount (Thermo Scientific, Pittsburgh, PA).
Representative eosinophils were photographed as before (17).

Cell Motility Assay

Cell motility was assessed with a microbeadmonolayer assay (45).Wells
were coated and blocked with FBS as for the adhesion assay. Yellow

1-mm-diameter Polybeads (200 ml; Polysciences, Warrington, PA) di-
luted 1:200 in RPMI were added to the wells, the plates were centri-
fuged, and 150 ml supernatant was aspirated, as described previously
(45). A total of 50 ml of 20,000 eosinophils/ml in RPMI–20% FBS were
then added in the absence or presence of IL-5 (10 ng/ml) and incubated
for 20 hours at 378C. Wells were viewed in a Diaphot inverted micro-
scope (Nikon, Melville, NY) and photographed using a digital camera.
Results were quantified by tracing the migratory paths using ImageJ
(http://imagej.nih.gov/ij/).

Statistical Analysis

Two-tailed t test was used to compare data between two groups.
ANOVA with Dunnett’s post test was used to compare data among
several groups. A P value of 0.05 or less was considered significant.
Analyses were performed using Prism (GraphPad Inc., San Diego, CA)
or UsableStats (http://www.usablestats.com/calcs.php).

RESULTS

Eosinophils Adhere to Periostin

Eosinophil adhesion assays were performed in microtiter plates
in which wells were coated with the relevant protein and post-
coated with neat FBS; control wells were coated only with neat
serum. This approach allows the protein of interest to have “first
crack” to occupy the protein binding sites in the wells, after
which the sites are blocked with a vast excess (50–70 mg/ml)
of protein, including 30–40 mg/ml albumin, in the serum. Cells
were in Hanks’ balanced salt solution containing 1.3 mM
Ca21 and 0.8 mM Mg21.

In 12 experiments on cells from different subjects, 25–65% of
the 104 eosinophils stimulated with 10 ng/ml IL-5 adhered to
the 0.32-cm2 (3.2 3 107-mm2) wells coated with 10 mg/ml (110 nM)
full-length periostin. Such adhesion was higher than to wells
coated with 10 mg/ml extracellular portion of 7-domain VCAM-1
or fibrinogen, and roughly fourfold higher than to wells coated
with serum alone (Figure 1A). Adhesion to periostin was less
when IL-5 was absent, similar to the diminished adhesion to fi-
brinogen without IL-5, but roughly fourfold higher than adhesion
to serum without IL-5 (Figure 1A). In contrast, omitting IL-5
diminished adhesion to VCAM-1 only slightly (Figure 1A).

Human periostin comprises an emilin module, four fasciclin-1
modules, and an alternatively spliced C-terminal region (46). The
recombinant full-length periostin used in Figure 1A includes
sequences coded by the differentially spliced exons 17, 18, 19, and
21, as described in the online supplement, and is hereafter called
full-length periostin. To determine whether sequences encoded
by the differentially spliced C-terminal exons are necessary
for periostin’s ability to support adhesion of eosinophils and to test
protein from an alternate source, we produced recombinant periostin
lacking exons 17, 18, 19, and 21 (periostin-0) in the baculovirus system.
Analyzing cells from five donors on wells coated with 1–10 mg/ml full-
length periostin, adhesion of eosinophils in the presence of IL-5
increased in proportion to the concentration used to coat the
wells, with significantly enhanced adhesion with coating concen-
trations of 2 mg/ml (22 nM) and higher, and a suggestion of the
beginning of a plateau at the highest coating concentration of
10 mg/ml (110 nM) (Figure 1B). Periostin-0 coated at 5 or 10 mg/ml
supported eosinophil adhesion to a similar degree as did full-length
periostin (Figure 1B). A direct ELISA with an mAb that recognizes
full-length periostin and periostin-0 demonstrated similar increases
in signals for the two forms of periostin coated at concentrations
between 0.1 and 10 mg/ml, including a similar signal at a coating
concentration of 2 mg/ml (data not shown), for which adhesion was
lower to periostin-0 than to full-length periostin (Figure 1B). We
conclude that sequences encoded by the C-terminal alternatively
spliced exons are not required for periostin’s activity toward
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eosinophils. However, the sequences may influence whether peri-
ostin presented to the surface at low concentration adsorbs in con-
formations that are active in adhesion. We therefore used the active
concentrations of both full-length periostin and periostin-0.

As an alternative “head-to-head” test of adhesive activity, we
compared adhesion to periostin (z90 kD) to VCAM-1 (z76 kD)
and fibrinogen (z180 kD for the abg half molecule) coated at
increasing molar concentrations in the range of 5–200 nM, and
quantified adhesion of eosinophils in the presence or absence of
IL-5 (Figure 1C). In the presence of IL-5, the three proteins had
roughly equal molar dose–response curves. In the absence of
IL-5, adhesion to periostin and fibrinogen was lower than in the
presence of IL-5 at all coating concentrations (Figure 1C). In
contrast, adhesion to VCAM-1 without IL-5 was similar to that
with IL-5 (Figure 1C). The IL-5–induced shift to the left of the
curve of eosinophil adhesion versus coating concentration of
VCAM-1 (Figure 1C) is similar to what has been described
previously (41).

Eosinophil Adhesion to Periostin Is Stimulated by IL-3

or GM-CSF, but Not by IL-4 or IL-13

The stimulating effect of IL-5 was dose dependent, with an in-
termediate effect at 1 ng/ml and the greatest effect at 10 ng/ml
(Figure 2A). IL-5–related cytokines IL-3 and GM-CSF also
stimulated adhesion to periostin, up to similar maximal levels
as IL-5, although the dose–response curve of GM-CSF was
shifted compared with that of IL-5, with a maximum at 1 ng/ml

Figure 2. Cytokine concentration dependencies of eosinophil adhesion

to PN. (A) Adhesion to full-length PN coated at 5 mg/ml followed by

postcoating with FBS of purified blood eosinophils in the absence or
presence of different concentrations of IL-5 (squares), IL-3 (triangles), or

granulocyte/macrophage colony–stimulating factor (GM-CSF) (circles).

Data shown are means (6SEM) (n ¼ 3 donors). ANOVA for curves of:

IL-5, P ¼ 0.005; IL-3, P ¼ 0.02; and GM-CSF, P ¼ 0.02. Post test: yP <

0.05 versus no cytokine. (B) Adhesion of purified blood eosinophils in

the absence or presence of 10 ng/ml IL-5, IL-4, or IL-13 to PN lacking

exons 17, 18, 19, and 21 (PN0) coated at 10 mg/ml followed by postcoat-

ing with FBS or FBS alone. Data shown are means (6SEM) (n ¼ 3 donors).
yP < 0.05 versus no cytokine on PN0; *P < 0.05 versus FBS (t test).

Figure 1. Eosinophil adhesion to periostin (PN) compared with other pro-

teins. Adhesion of purified blood eosinophils incubated for 1 hour in the
absence or presence of IL-5 (10 ng/ml) in wells of microtiter plates. (A) Wells

were coated with the following proteins at 10 mg/ml: full-length PN

(10 mg/ml ¼ 110 nM); 7-domain extracellular domain of vascular cell

adhesion molecule (VCAM)-1 (10 mg/ml ¼ 130 nM); and fibrinogen (FG;
10 mg/ml ¼ 56 nM). Wells were postcoated with FBS or coated with FBS

alone (FBS). Data shown are means (6SEM) (n¼ 12 donors for PN6 IL-5, 8

for VCAM6 IL-5, and 3 for FG6 IL-5). Each individual assay was performed
in duplicate. Means of the duplicates were calculated and normalized to

adhesion to FBS 1 IL-5 before pooling experiments. ***P < 0.001 versus

FBS; *P< 0.05 versus FBS; yyyP< 0.001 versus no IL-5; yP< 0.05 versus no

IL-5 (t test). (B) Wells were coated with various concentrations of PN lacking
sequences from exons 17, 18, 19, and 21 (PN0, triangles) compared with

full-length PN including sequences from exons 17, 18, 19, and 21 (PN,

circles). Adhesion was determined in the absence (open symbols) or presence

(closed symbols) of IL-5. Data shown are means (6SEM) (n ¼ 5 donors for
PN, 3 donors for PN0). ANOVA for curves of: PN1 IL-5, P ¼ 0.0003; PN2
IL-5, P¼ 0.01; PN01 IL-5, P, 0.0001; and PN02 IL-5 P¼ 0.35. Post test:

***P < 0.001 versus no coating of PN; *P < 0.05 versus no coating of PN.
t test of the effect of IL-5: yyyP< 0.001 versus no IL-5; yyP< 0.01 versus no

IL-5; yP < 0.05 versus no IL-5. (C) Comparisons of dose responses of adhe-

sion to full-length PN (squares), VCAM-1 (triangles), and FG (circles) in the

absence (open symbols) or presence (closed symbols) of IL-5. Wells were
coated with the same range of molar concentrations. Data shown are means

(6SEM) of two wells with cells from one donor. For clarity, symbols that

overlap have been displaced slightly laterally from one another.
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(Figure 2A). IL-4 and IL-13, which up-regulate periostin expres-
sion in epithelial cells and fibroblasts (25, 26, 28, 29), did not
stimulate eosinophil adhesion to periostin at 10 ng/ml (Figure
2B), nor at higher or lower concentrations (data not shown).
The same batches of IL-13 and IL-4 that did not stimulate
eosinophil adhesion to periostin were active, at 5–20 ng/ml, in
replicating the reported increase in the amount of periostin,
detected by immunoblotting, in fibroblasts (26), and activation
of STAT6 in eosinophils and synergism with TNF-a to increase
eosinophil secretion of CCL17 and CCL22 (47) (S. Esnault,
personal communication).

Eosinophil Adhesion to Periostin Is Mediated

by aMb2 Integrin

Preincubation of IL-5–treated eosinophils with inhibitory mAbs
to the different integrin subunits known to be expressed on
eosinophils demonstrated that mAbs 2LPM19c and TS1/18
to aM and b2, respectively, but not mAbs to other subunits,
inhibited eosinophil adhesion to periostin (Figure 3A). Dose–
response experiments showed that anti-aM mAb 2LPM19c was
strongly inhibitory at a concentration as low as 0.1 mg/ml,
whereas anti-b2 mAb TS1/18 had a shallower dose–response
curve, but was strongly inhibitory at concentrations of 3 mg/ml
or higher (Figure 3B). It has been shown previously that aMb2 is

the major eosinophil receptor for fibrinogen (19), whereas ad-
hesion of IL-5–stimulated eosinophils to VCAM-1 is inhibited
by mAbs to both a4b1 and aMb2 (41). To address whether, as
for adhesion to VCAM-1, there is involvement in adhesion to
periostin of eosinophil integrins in addition to aMb2, we tested
various combinations of anti-b and anti-a mAbs. Strong inhibi-
tion was only seen with combinations that included anti-b2 or
anti-aM (Figures 3C and 3D). Analyzing the different experi-
ments with anti-integrin mAbs together by ANOVA and post
test, it was determined that only anti-b2 or anti-aM significantly
inhibited adhesion of IL-5–stimulated eosinophils to periostin
(P , 0.001; n ¼ 5 donors for anti-b2 and anti-aM). Thus, taking
these data together, we conclude that aMb2 is the integrin ad-
hesive receptor for periostin on eosinophils.

Effect of Soluble Periostin on Adhesion to Various Proteins

Soluble periostin has been shown to induce adhesion of eosino-
phils from IL-5–transgenic mice to adsorbed fibronectin (33),
which otherwise is poorly supportive of adhesion of unstimu-
lated or IL-5–stimulated eosinophils (19). We found a similar
effect in that 10 mg/ml soluble periostin significantly stimulated
adhesion to human fibronectin coated at 10 mg/ml (Figure 4A).
Soluble periostin, in contrast, did not enhance or diminish ad-
hesion to a coating of periostin (Figure 4B).

Figure 3. Effects of anti-integrin monoclonal antibodies (mAbs) on adhesion to PN of purified blood eosinophils preincubated with mAb to

eosinophil integrin subunits in the presence of IL-5 (10 ng/ml). Results are expressed as percentage of adhesion obtained with control Ig(s) of

the same isotype(s). (A) Adhesion to full-length PN, coated at 2 mg/ml, of cells preincubated with mAb (10 mg/ml) to the indicated eosinophil

integrin subunit. Data shown are means (6SEM) of three wells, representative of two experiments. (B) Adhesion to PN0, coated at 10 mg/ml, of cells
preincubated with different concentrations of mAb to b2 or aM integrin subunit. Data shown are means (6SEM) of two wells, representative of two

experiments. (C) Adhesion to PN0, coated at 10 mg/ml, of cells preincubated with mixtures of mAbs (10 mg/ml each) to the different eosinophil b

integrin subunits. Data shown are means (6SEM) of two wells (except one well with mixtures including b7 mAb). (D) Adhesion to PN0, coated at

10 mg/ml, of cells preincubated with mixtures of mAbs (10 mg/ml each) to the different eosinophil a integrin subunits that partner with b2. Data
shown are means (6SEM) of two wells.
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IL-5–Stimulated Eosinophils Adherent to Periostin

Form Podosomes

To learn whether eosinophil adhesion to periostin triggers outside-
in signaling and formation of adhesive structures, we stained eosi-
nophils attached to periostin in the presence or absence of IL-5 in
comparison to eosinophils attached to VCAM-1, which we have
studied previously (19, 42). Eosinophils adherent on periostin in
the presence of IL-5 were flat and well spread and formed punc-
tate structures positive for filamentous actin (F-actin), gelsolin,
and phosphotyrosine-containing proteins (Figures 5A–5C). Such
a staining pattern is indicative of podosomes, highly dynamic ad-
hesive contacts of many cells, including cancer cells, macrophages,
osteoclasts, dendritic cells, and vascular smooth muscle cells; gel-
solin is not present in classical focal adhesions of normal fibro-
blasts (42, 48–51). The podosomes were often found in one region
or at one end of the IL-5–stimulated eosinophils (Figures 5A–5C).
In the absence of IL-5, the few eosinophils that attached were
round and less spread (Figures 5D–5F) than in the presence of
IL-5. Without IL-5, F-actin (Figure 5D) and gelsolin (Figure 5E)
were mostly in a cortical distribution at the cell periphery, whereas
phosphotyrosine was found in small punctate structures (Figure
5F). As these cells did not have prominent F-actin– and gelsolin-
containing podosomes (Figures 5D and 5E), the phosphotyrosine-
positive structures in the absence of IL-5 may be a different

type of structure, or possibly a precursor to podosomes formed
in response to adhesion to periostin without exposure to cyto-
kine. Eosinophils adherent on VCAM-1 in the presence of
IL-5 (Figures 5G–5I) were similar to those on periostin in the
presence of IL-5. In the absence of IL-5, more eosinophils were
found on VCAM-1 than on periostin. Such cells (Figures 5J and
5K) were more spread and less round than on periostin with-
out IL-5, but less spread than on VCAM-1 with IL-5. On
VCAM-1 without IL-5, cells had some F-actin– and gelsolin-
positive and phosphotyrosine-positive podosomes (Figures 5J–
5L), as described previously (42). We also attempted to stain
for focal adhesion kinase, which is a known component of
focal adhesions in nonhematopoietic cells, and its paralog,
proline-rich tyrosine kinase 2, which is expressed in hematopoi-
etic cells (52). We saw little staining with mAbs to focal adhe-
sion kinase and proline-rich tyrosine kinase 2 in eosinophils
adherent to periostin (data not shown), even though there are
reports indicating that these proteins are expressed and func-
tional in eosinophils (53–55).

Eosinophils Display Random Motility on Periostin

Podosomes are common in migratory cells (48, 50, 51). The
effect of periostin on surface-dependent motility (haptokinesis)
of eosinophils was assessed with a microbead monolayer assay
(45). After protein coating and blocking, microbeads were
added at a concentration that, after centrifugation of the plate,
forms a nearly confluent “lawn” of beads. In Figure 6, white
areas cleared of microbeads represent paths of migration in

Figure 4. Effects of soluble PN on eosinophil adhesion to fibronectin or

PN. Experiments were performed with PN0. Adhesion of purified blood
eosinophils in the presence of IL-5 (10 ng/ml) with or without soluble PN

(10 mg/ml) to fibronectin (FN), coated at 10 mg/ml (A) or PN, coated at

2 mg/ml (B). Data shown are means (6SEM) (n ¼ 3 donors). *P < 0.05

versus control (no soluble PN) (t test).

Figure 5. Fluorescent localization of filamentous actin (F-actin), gelso-

lin, and phosphotyrosine (PY) in eosinophils adhered to PN compared

with eosinophils adhered to VCAM-1. Micrographs of eosinophils ad-

hered for 1 hour in the presence (A–C and G–I) or absence (D–F and J–L)
of IL-5 (10 ng/ml) to adsorbed PN0 (A–F) or VCAM-1 (G–L), both

coated at 5 mg/ml, analyzed by visualization of F-actin with rhodamine-

phalloidin (A, D, G, and J) or by immunofluorescent staining with mAb to
gelsolin (B, E, H, and K) or PY (C, F, I, and L) and rhodamine-conjugated

secondary antibody. Bar, 10 mm. Representative fields are shown from

experiments with four donors.
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contrast to the dark bead monolayer background. Immobilized
periostin supported motility of blood eosinophils (Figures 6A
and 6B) compared with the serum-blocking control (Figures 6C
and 6D). Long tracks were cleared. More tracks formed in the
presence (Figure 6A) than in the absence (Figure 6B) of IL-5.
Motility was quantified by tracing the migratory paths using
ImageJ software. Maximal motility was bimodal, with the most
motility at a periostin coating concentration of 5 mg/ml, and
lesser motility on surfaces coated with 2 and 10 mg/ml (Figure
6E). Experiments with cells from three donors showed that
motility on 5 mg/ml periostin was significantly higher than mo-
tility on 10 mg/ml periostin; motility on 5 mg/ml was 200 (630)%
(mean6 SEM; range, 150–250%) of that on 10 mg/ml (P ¼ 0.02,
t test). The anti-aM and b2 integrin mAbs abolished eosinophil
motility on periostin (data not shown), demonstrating that the
random motility is mediated by aMb2-mediated interaction of
IL-5–treated eosinophils with periostin.

DISCUSSION

We report that the ECMprotein, periostin, which is up-regulated
in the asthmatic airway by Th2 mediators and has been impli-
cated in mouse and human studies as promoting eosinophil

recruitment (25–29, 31–34), supports specific adhesion of blood
eosinophils stimulated by IL-5 or the related cytokines, IL-3 and
GM-CSF. In contrast, the Th2 cytokines, IL-4 and IL-13, did not
induce adhesion to periostin. IL-5 and GM-CSF activate STAT3
and STAT5 in blood eosinophils (56), whereas IL-4 activates
STAT6 (47). Thus, even though these cytokines activate JAK/
STAT pathways, the IL-5 family cytokine- and the IL4/13–stimulated
pathways are distinct in that only the IL-5 family–triggered
pathway stimulates eosinophil adhesion to periostin.

Adsorbed periostin is roughly equivalent to VCAM-1 or fi-
brinogen in mediating adhesion of IL-5–stimulated eosinophils.
Eosinophil adhesion to periostin was dependent on the periostin
coating concentration and cytokine dose, and did not require
the presence of the alternatively spliced C-terminal exons of peri-
ostin. Furthermore, eosinophil adhesion was mediated by aMb2

integrin, which is activated by IL-5 on eosinophils (9, 17, 19, 21).
To our knowledge, aMb2 has not been reported previously to be
a periostin receptor. Instead, for other cell types, aV integrins,
which are absent on eosinophils (9), have been identified as ad-
hesive receptors for periostin (24, 37–40).

Immobilized periostin supported aMb2-dependent random
motility of IL-5–stimulated eosinophils. In contrast to adhesion,
which increased in proportion to the periostin coating concen-
tration over the concentration range studied, motility was opti-
mal at a periostin coating concentration of 5 mg/ml, with lower
motility at a coating concentration of 10 mg/ml. We propose that
periostin deposited in the airway under Th2 immunity condi-
tions promotes eosinophil recruitment and serves as a guide for
eosinophil migration in the ECM of the asthmatic airway. Thus,
a gradient of periostin may complement exposure of eosinophils
to gradients of chemotactic agents. Furthermore, cells may ar-
rest at a critical density of periostin. The interaction with peri-
ostin may also affect eosinophil survival and mediator release,
and lead to modulation of allergic inflammation and airway
remodeling.

Our motility results are reminiscent of fibrinogen-supported
randommotility in a model system of aIIbb3-transfected Chinese
hamster ovary cells in which motility was found to be optimal at
5 mg/ml fibrinogen, with lower motility at 1 and 10 mg/ml (14).
Such data indicate that the strength of adhesion, as modulated
by adhesive substrate concentration, is an important regulator
of the cell migration rate. Thus, optimal motility occurs at an in-
termediate coating concentration, possibly because, at a higher li-
gand density, release at the rear of the migrating cell is inhibited
(14). However, migration of the transfected Chinese hamster ovary
cells may not be a good paradigm for eosinophils adherent on
periostin. Eosinophils form podosomes, highly dynamic adhesive
contacts found in cancer cells, and several normal cell types that
are distinct from classical focal adhesions of fibroblasts (42, 48–51).
Podosomes provide a mechanism for cells to degrade ECM locally
(48, 50, 51). It has been suggested that the formation of podosomes
is required for or facilitates migration of many cell types, although
a detailed understanding of the mechanism by which this occurs is
not yet available (51). Future studies are needed to address if and
how podosome formation in eosinophils is associated with motility
on periostin, turnover of periostin, and migration through the
ECM.

A periostin paralog, TGF-b–induced protein (TGFBI), which
is expressed in corneal epithelium, and mutations of which are
associated with corneal dystrophies (57), has been shown to sup-
port aMb2-mediated monocyte adhesion and motility (58). In
a preliminary experiment, we found that recombinant TGFBI
(also from R&D Systems and made in mouse NSO myeloma
cells) supports adhesion of IL-5–stimulated eosinophils, albeit to
a lower degree than does periostin (data not shown). In addition, by
using a myeloperoxidase assay (59), we observed that neutrophils

Figure 6. Eosinophil motility on PN. Paths of purified blood eosinophils

migrating in the presence (A and C) or absence (B and D) of IL-5

(10 ng/ml) on full-length PN coated at 5 mg/ml (A and B) or FBS alone
(C and D) were revealed by perturbation of a monolayer of 1 mm

diameter latex beads. Wells were photographed after 20 hours. Bar,

100 mm. (E) Morphometric analysis of track areas as a function of PN

coating concentration. Data shown are means (6SEM) of two wells,
representative of experiments with three donors.
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stimulated with GM-CSF adhere to periostin, again to a lower
degree than do IL-5– or GM-CSF–stimulated eosinophils (data
not shown). More detailed comparisons of the adhesive and prom-
igratory activities of periostin and TGBFI for aMb2-bearing leuko-
cytes are needed to learn the relative impacts of the two proteins on
trafficking and enrichment of various types of aMb2-bearing leuko-
cytes in tissues.

Soluble periostin circulates at concentrations ofz10–40 ng/ml
in subjects with asthma (32). We confirmed the report (33) that
microgram per milliliter concentrations of soluble periostin
enhance eosinophil adhesion to fibronectin. The trace concen-
trations of periostin in blood presumably come from a pool of
more concentrated periostin in tissues. Thus, it may be that
periostin secreted in response to Th2 cytokines has a dual func-
tion in eosinophil adhesion, with soluble periostin driving adhe-
sion to ECM fibronectin and ECM periostin directly supporting
adhesion and migration. Future studies are needed to identify
the receptor that recognizes soluble periostin to enhance adhesion
of IL-5–stimulated eosinophils to fibronectin and the receptor on
periostin-stimulated eosinophils that recognizes fibronectin.
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