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The objective of this investigation was to determine the role of Pyk2,
an intracellularnonreceptor proteintyrosinekinase forpostadhesive
inflammatory cell migration, on airway inflammation and hyper-
responsiveness in immune-sensitized mice. Blockade of Pyk2 was
effected by intraperitoneal administration of dominant-negative
C-terminal Pyk2 fused to a TAT protein transduction domain (TAT-
Pyk2-CT). Ovalbumin challenge elicited infiltration of both eosino-
phils and lymphocytes into airways, increased mucus-containing
epithelial cells, and caused increased airway hyperresponsiveness to
methacholine in immune-sensitizedmice.Pretreatmentwith10mg/kg
TAT-Pyk2-CT intraperitoneally blocked all of these effects and further
decreased secretion of Th2 cytokine IL-4, IL-5, and IL-13 into the
bronchoalveolar lavage fluid. Intranasal administration of IL-5 caused
eosinophil migration into the airway lumen, which was attenuated by
systemicpretreatmentwithTAT-Pyk2-CT. Ineachparadigm, treatment
with control protein TAT-GFP had no blocking effect. We conclude that
Pyk2, which is essential for inflammatory cell migration in vitro,
regulates airway inflammation, Th2 cytokine secretion, and airway
hyperresponsiveness in the ovalbumin-sensitized mice during antigen
challenge in vivo.
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Allergic asthma is characterized by the infiltration of lung tissues
by inflammatory cells such as eosinophils, mast cells, and T
lymphocytes (1, 2). Several mediators released by these cells cause
epithelial damage, leading to airway hyperresponsiveness (AHR)
and reversible airway obstruction (3). While the specific role of
eosinophils in human asthma remains undefined (4), the ablation
of pulmonary eosinophils in ovalbumin (OVA)-sensitized mice
(i.e., without concurrent effects on T cell activities) results in
a significant decrease in mucus accumulation and abolishes
allergen-induced AHR (5). Recently, eosinophils were shown to
have an integral role in experimental allergic asthma using two
different lines of eosinophil-deficient mice (6, 7). Eosinophils
may also have a role airway remodeling (8, 9) and development
of AHR (10–12). The adhesion molecules involved in the
ligation of eosinophils and endothelial cells (13), chemotactic
stimuli for eosinophil recruitment (14, 15), and factors regulat-
ing eosinophil survival (16, 17) have been characterized pre-
viously. However, the intracellular signal transduction pathways
triggered by adhesion receptors and cytokines and chemokines
affecting eosinophil migration are less well understood. We
have found previously that Pyk2 is not involved in integrin-

mediated eosinophil adhesion, the first stage of cell migration.
However, b2 integrin adhesion of eosinophils up-regulates Pyk2
activity, and Pyk2 inhibition blocks eosinophil chemotaxis to
IL-5 or fMLP in vitro (18). The objective of this investigation
was to determine the role of Pyk2 in eosinophil migration in
immune-sensitized mice in vivo.

Pyk2 is a member of the focal adhesion kinase (FAK) family
that is expressed in the hematopoietic cells (18, 19) that
infiltrate the inflamed asthmatic airway. Previous in vivo studies
have shown that recruitment of macrophages is reduced in
Pyk2-deficient mice after stimulation with chemokine and in
response to carageenen (20). Pyk2-deficient mice exhibit a lack
of marginal zone B cells in spleen associated with a decreased
motility of B lymphocytes in response to a variety of chemo-
kines (21). Prior studies have suggested that inhibition of Pyk2
activation by Src tyrosine kinase inhibitor attenuated IL-8–
mediated neutrophil chemotaxis (22). Moreover, overexpres-
sion of the kinase-dead mutant of Pyk2 known to prevent Pyk2
enzymatic activity blocked IL-8–induced chemotaxis of HL-60–
derived PMN-like cells (22). We have shown that while Pyk2
does not initiate endothelial adhesion of eosinophils, it is
essential for eosinophil spreading and migration to various
chemoattractants after b2 integrin adhesion in vitro (18).
However, the role of Pyk2 in asthma and allergic inflammation
in vivo is unknown.

To examine the role of Pyk2 in allergic airway inflammation,
we have used a well-characterized OVA mouse model of asthma
(23, 24). In these studies, we transduced dominant-negative C-
terminal Pyk2 using an HIV-TAT protein transduction domain
(TAT-Pyk2-CT) into mice in vivo. Pyk2-CT acted as a dominant
negative in that it blocked the tyrosine phosphorylation of
endogenous Pyk2 (18, 25, 26). We tested the hypothesis that
Pyk2 mediates both antigen-induced airway inflammation and
AHR to methacholine. We found that TAT-Pyk2-CT blocked
antigen-induced airway inflammation and hyperresponsiveness
and reduced Th2 cytokine concentrations in bronchoalveolar
lavage (BAL) fluid.

MATERIALS AND METHODS

Generation of TAT-Pyk2-CT and TAT-GFP Fusion Protein

Plasmid encoding TAT-Pyk2 C terminus (pTAT-Pyk2-CT) was pro-
vided by Dr. C. Nathan (Cornell University, New York, NY). pTAT-
GFP plasmid was provided by Dr. S. Dowdy (UCSD, San Diego, CA).

CLINICAL RELEVANCE

This research focuses on the mechanisms by which the
protein tyrosine kinase, proline-rich tyrosine kinase 2,
regulates leukocyte infiltration in mouse airways after
antigen challenge. Data derived from this study should
suggest novel approaches for anti-inflammatory therapies
in asthma and allergic diseases.
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TAT-Pyk2-CT is a fusion protein in which TAT peptide is fused to the
N terminus of the proline-rich C-terminal domain of Pyk2 (amino acid
residues 680–1009) (Figure 1A). BL21(DE3)pLysS-competent Escher-
ichia coli was transformed with either pTAT-Pyk2-CT or pTAT-GFP
construct, and fusion proteins were produced using a native isolation
method (18, 27). Briefly, E. coli cells were sonicated in Tris-buffered
saline plus protease inhibitor cocktail (Roche, Indianapolis, IN) and
centrifuged, and the resulting supernatant was loaded onto a Ni-
ProBond resin column (Invitrogen, Carlsbad, CA). Pure TAT fusion
proteins with N-terminal hexa-His tags were eluted with an imidazole
gradient, washed, and transferred into 20 mM HEPES (pH 8.0) buffer
for storage and use.

Mice

Female C57BL/6 mice, 6 to 8 weeks old, were purchased from the
Jackson Laboratory (Bar Harbor, ME) and housed in a pathogen-free
biohazard level 2 facility maintained by The University of Chicago
Animal Resources Center (Chicago, IL). The studies reported here
conform to the principles outlined by the Animal Welfare and the NIH
guidelines for the care and use of animals in biomedical research.

Immunization and Airway Challenge with OVA

Mice were sensitized and challenged as described previously (23).
Briefly, mice were immunized with 10 mg of OVA and 1.125 mg of
aluminum hydroxide (Imgect Alum; Pierce, Rockford, IL) in 0.2 ml of
sterile saline intraperitoneally on Days 0, 7, and 14. On Days 21–23,
mice were exposed to aerosolized OVA (1%) or saline for 40 minutes
(Figure 1B). To examine the effect of TAT-Pyk2-CT on antigen-
induced airway reactions, the animals received intraperitoneal injec-
tion of TAT-Pyk2-CT or TAT-GFP 1 hour before each OVA
challenge. The in vivo distribution of the TAT fusion protein and
tissue kinetics in mice have been well studied previously (28, 29). TAT
fusion protein is distributed into all tissues in mice, and peak time is
approximately 2 hours in blood leukocytes after intraperitoneal in-
jection (23, 30). The animals receiving injection of TAT-Pyk2-CT or
TAT-GFP were assigned randomly to the experimental groups con-
sisting of six mice each.

Measurement of Airway Responsiveness to Methacholine

Methacholine challenge was performed 24 hours after the last OVA
challenge. Respiratory system resistance (Rrs) was measured through
a computer-controlled small-animal ventilator (SAV) (Flexivent;
SCIREQ, Montreal, PQ, Canada) as previously described (30). Briefly,
mice were anesthetized with 30 mg/kg xylazine and 80 mg/kg ketamine
intraperitoneally, and the trachea was cannulated with an 18-gauge
metal needle connected to the SAV. Mechanical ventilation was
applied, and animals were ventilated quasisinusoidally at a frequency
of 120 breaths/minute at a tidal volume of 6 ml/kg. The expiratory
valve of the SAV allowed the animal to empty passively through
a water trap adjusted to maintain a positive end-expiratory pressure
(PEEP) of 2.0 cm H2O. In preliminary experiments, this PEEP was
shown to be optimal for the determination of methacholine-induced
effects on Rrs (30). Increasing doses of methacholine were infused
through a jugular venous catheter at 5-minute intervals.

Collection and Analysis of Bronchoalveolar Fluid Cells

Airway inflammation was assessed 24 hours after the final antigen
challenge with OVA. BAL was performed by delivering 0.8 ml cold
PBS into the airway through a trachea cannula and gently aspirating
the fluid. The lavage was repeated three times to recover a total volume
of 2 to 3 ml. The cells were stained with Trypan blue to determine
viability and with Turk solution to obtain total nucleated cell counts
using a hemocytometer. Cytospin (Cytospin 2; Shandon, Pittsburgh,
PA) slides were prepared from the BAL and were then fixed and
stained using Diff-Quick (Dade Diagnostics, Aguada, PR). Differential
cell counts were determined by counting a minimum of 300 cells/slide
using standard morphologic criteria in a single-blind method.

Measurement of Cytokine Concentration in BAL

The concentrations of IL-4, IL-5, IL-13, and IFN-g in BAL fluid were
measured using a Mouse Cytokine Multiplex Panel according to the
manufacturer’s protocol (Millipore, Billerica, MA). The detection
limits were 0.5 pg/ml for IL-4, 1.1 pg/ml for IL-5, 9.8 pg/ml for IL-13,
and 1.5 pg/ml for IFN-g.

Lung Histology

Lungs removed from the chest cavity were fixed by injection of 4%
buffered paraformaldehyde into the tracheal cannula at a pressure of
20 cm H2O and immersed in paraformaldehyde for 24 hours. Lobes
were sectioned sagittally, embedded in paraffin, cut into 5-mm sections,
and stained with hematoxylin and eosin (H&E) for histologic analysis.
Additional sections were stained with Alcian blue/PAS to identify
mucus-containing cells. The severity of peribronchial inflammation was
graded semiquantitatively for the following features: 0, normal; 1, few
cells; 2, a ring of inflammatory cells 1 cell layer deep; 3, a ring of in-
flammatory cells 2 to 4 cells deep; 4, a ring of inflammatory cells of
more than 4 cells deep. The numerical scores for the abundance of
PAS-positive mucus-containing cell in each airway were determined as
follows: 0, less than 5% PAS-positive cells; 1, 5 to 25%; 2, 25 to 50%; 3,
50 to 75%; 4, more than 75% (31).

Determination of IL-5 Production by OVA-Restimulated Cells

of the Lung and Thoracic Lymph Node In Vitro

Cytokine production by OVA-restimulated T cells in lung draining
lymph nodes was determined as described (32, 33). Mice were
sensitized and challenged with OVA as above and single-cell suspen-
sions of thoracic lymph nodes of each mouse were prepared 24 hours
after the final aerosol challenge. Thoracic lymph nodes were removed
from the paratracheal and parabronchial region, transferred to cold
PBS, and gently homogenized on a 70-mm cell strainer to obtain
a single-cell suspension. The cells were washed and resuspended in
culture medium (RPMI 1640 containing 10% heat-inactivated fetal
calf serum, 1% glutamax I, 50 mg/ml gentamycin, and 50 mM
b-mercaptoethanol). Cells were cultured with TAT-Pyk2-CT, TAT-
GFP, and 100 mg/ml OVA at 4 3 105 cells/well for 48 hours, and
supernatants were harvested and stored at 2208C until cytokine levels
were determined by sandwich ELISA as described (32). The detection
limit for IL-5 is 20 pg/ml.

Figure 1. (A) Purified TAT fusion proteins used in this

study. Upper panel: Structure of TAT-Pyk2-CT fusion pro-

tein. Six His residues and the 11–amino acid TAT peptide
precede the C-terminal of the Pyk2 protein. The 11 amino

acids of TAT are the protein transduction domain (PTD).

Lower panel: TAT-GFP, a TAT control protein. (B) Ovalbu-
min (OVA)-induced murine model of asthma. Mice were

sensitized at Days 0, 7, and 14 and challenged with OVA

for 3 consecutive days (Days 21 to 23). TAT-Pyk2-CT or

TAT-GFP was intraperitoneally administered 1 hour before
each OVA challenge. Bronchoalveolar lavage (BAL) and

airway hyperresponsiveness (AHR) were measured

24 hours after last challenge.
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IL-5–Induced Airway Accumulation of Eosinophils

TAT-Pyk2-CT (1 or 10 mg/kg) or TAT-GFP was administered in-
traperitoneally 1 hour before challenge with IL-5. Animals were
anesthetized with 4.4 mg/kg xylazine and 65 mg/kg intraperitoneal
ketamine and then challenged intranasally with 100 ml of 100 ng/ml
mouse IL-5 dissolved in PBS through a 24-g catheter. BAL was
performed 12 hours after IL-5 instillation as described above.

Statistical Analysis

Variation between three or more groups was analyzed using Kruskal-
Wallis ANOVA followed by Mann-Whitney U-test. Statistical signif-
icance was claimed whenever P , 0.05.

RESULTS

Effect of TAT-Pyk2-CT on Antigen-Induced

Airway Inflammation

We have previously shown in vitro that TAT-Pyk2-CT blocked
endogenous Pyk2 activation in eosinophils caused by integrin
adhesion and also blocked subsequent spreading and migration
of eosinophils caused by IL-5, PAF, or fMLP (18). To de-
termine the effect of TAT-Pyk2-CT on airway inflammation
in vivo, mice were sensitized and challenged by OVA, and BAL
fluid was collected 24 hours after the last OVA aerosol
challenge; total and differential cell counts then were performed.
OVA inhalation significantly increased eosinophil (P , 0.01)
and lymphocyte (P , 0.01) numbers in BAL fluid (Figure 2).
Eosinophils were absent in BAL fluid collected from the saline-
challenged group. After OVA challenge, the number of eosin-
ophils in the BAL fluid increased to 78.4 6 14.3 3 104 cells (P ,

0.01). Treatment of mice with 1 to 10 mg/kg TAT-Pyk2-CT
blocked the infiltration of eosinophils 24 hours after OVA
challenge in a concentration-dependent manner. Eosinophil
number decreased to 21.4 6 13.9 3 104 in OVA-challenged
mice pretreated with 1 mg/kg TAT-Pyk2-CT (P , 0.05), and
further decreased to 0.8 6 0.3 3 104 in mice pretreated with
10 mg/kg TAT-Pyk2-CT (P , 0.01). By contrast, TAT-GFP had
no inhibitory effect on OVA-induced eosinophil count in BAL
fluid. In further control experiments, mice were pretreated with
10 mg/kg TAT-Pyk2-CT, which was heat-inactivated at 568C for
1 hour (34, 35). Heat-inactivated TAT-Pyk2-CT had no in-
hibitory effect on OVA-induced eosinophil count in BAL fluid
either (data not shown).

Lymphocytes were absent in BAL fluid from the saline-
challenged control. After OVA challenge, the number of lym-
phocytes in the BAL fluid increased to 1.9 6 0.3 3 104 (P , 0.01,
Figure 2B). TAT-Pyk2-CT blocked the increase in lymphocytes
in the airway lumen after OVA challenge. The number of
lymphocytes decreased to 0.9 6 0.6 3 104 at 1 mg/kg and 0.4 6

0.4 3 104 at 10 mg/kg TAT-Pyk2-CT (P , 0.05 versus OVA
controls). TAT-GFP had no inhibitory effect on OVA-induced
lymphocyte count in BAL fluid.

Neutrophils were absent in BAL fluid from the saline-
challenged control. After OVA challenge, the number of neu-
trophils in the BAL fluid modestly increased to 0.6 6 0.1 3 104

(P , 0.01, Figure 2C). TAT-Pyk2-CT blocked the increase in
neutrophils in the airway lumen after OVA challenge. The
number of neutrophils decreased to 0.3 6 0.1 3 104 at 1 mg/kg
and 0.1 6 0.1 3 104 at 10 mg/kg TAT-Pyk2-CT (P , 0.05 versus
OVA controls). TAT-GFP had no inhibitory effect on OVA-
induced lymphocyte count in BAL fluid.

Macrophages were the dominant cells in BAL from saline-
challenged mice. OVA challenge also increased the number of
macrophages in BAL. However, neither pretreatment with
TAT-Pyk2-CT nor TAT-GFP reduced macrophage count in
BAL.

Antigen-Induced Th2 Cytokine Secretion in BAL Fluid

To evaluate the role of Th2 cytokines in OVA-induced airway
responses, we measured the concentrations of IL-5, IL-13, and
IL-4 in BAL fluid. OVA inhalation caused a significant increase
in the concentration of IL-5, IL-13, and IL-4, which was
concentration-dependently inhibited by TAT-Pyk2-CT. There
was no significant reduction of these Th2 cell cytokines in control
mice receiving TAT-GFP (Figure 3). There was no detectable
concentration of IFN-g in the BAL after either saline or OVA
challenge or pretreatment with TAT fusion proteins.

Effect of TAT-Pyk2-CT on Airway Histology

In comparison to saline-challenged negative control mice
(Figure 4A), OVA challenge induced inflammatory cell in-
filtration (largely eosinophils and mononuclear cells) in the lung
interstitium around the airways and pulmonary blood vessels
(Figure 4B, positive control group). Pretreatment 1 hour before
OVA challenge with 10 mg/kg TAT-GFP did not block in-
flammatory cell infiltration in lung tissues after OVA challenge
(Figure 4C). However, pretreatment with 10 mg/kg TAT-Pyk2-
CT blocked cell infiltration at 24 hours after last challenge

Figure 2. (A) Effect of intraperitoneal administration of TAT-Pyk2-CT
on airway inflammation after OVA sensitization and challenge. Mice

were injected with TAT-Pyk2-CT or TAT-GFP 1 hour before each OVA

challenge, and inflammatory cells in BAL fluid were collected 24 hours
after last OVA challenge. Saline-challenged animals serve as negative

controls. OVA-challenged mice serve as positive controls. (B) Lympho-

cytes and (C) neutrophils in BAL also were recorded on a different scale.

Each bar represents the mean 6 SEM of four to six mice. *P , 0.05 and
**P , 0.01 compared with OVA1 buffer group. N.D.: not detectable.
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(Figure 4D). Figure 4I is the semiquantitative peribronchial
inflammatory scores summarized from these H&E-stained
slides.

There are no mucus-containing epithelial cells in the airways
of saline-challenged negative control mice (Figure 4E). OVA
challenge induced the expression of mucus-containing epithelial
cells in the airways (Figure 4F, positive control). Pretreated
with 10 mg/kg TAT-Pyk2-CT (Figure 4H), but not TAT-GFP
(Figure 4G), reduced the number of mucus-containing epithe-
lial cells in the airways of OVA-challenged mice. Figure 4J is
the semiquantitative analysis of the abundance of PAS-contain-
ing cells summarized from these PAS-stained slides. Heat-
inactivated TAT-Pyk2-CT at 10 mg/kg had no inhibitory effect
on either OVA-induced lung inflammation or mucus cell
hyperplasia (data not shown).

Antigen-Induced AHR

Antigen-induced AHR to methacholine was attenuated by
1 and 10 mg/kg TAT-Pyk2-CT (Figure 5). Rrs was comparable

24 hours after the last OVA challenge in each group before
methacholine challenge (dose zero). Inhalation with OVA
caused substantial increase in methacholine responsiveness
compared with mice receiving saline inhalation (negative control
mice). TAT-Pyk2-CT—but not TAT-GFP—inhibited the AHR
to methacholine in a concentration-dependent manner in OVA-
sensitized and -challenged mice. TAT-Pyk2-CT at 10 mg/kg had
no inhibitory effect on baseline Rrs to methacholine in saline-
sensitized and saline-challenged mice.

Cytokine Production by OVA-Restimulated Cells of Thoracic

Lymph Nodes In Vitro

To examine T cell responses on antigen-specific restimulation,
single-cell suspensions of thoracic lymph nodes of each mouse
were prepared 24 hours after the final OVA aerosol challenge.
IL-5 was undetectable in the medium-alone group. Upon
restimulation with OVA, the amount of IL-5 in cell cultures
was increased to 619.3 6 79.4 pg/ml (Figure 6). Cells cultured
with 2 mM TAT-Pyk2-CT or 2 mM TAT-GFP all contained high
concentrations of IL-5. However, IL-4 was undetectable in
these cell cultures. Thus, TAT-Pyk2-CT had no effect on IL-5
production from the lung draining lymph node cells upon
in vitro restimulation.

Effect of TAT-Pyk2-CT on IL-5–Induced Lung Inflammation

Further studies were performed to determine the role of Pyk2 in
IL-5–induced eosinophil migration into airways. Mice were
pretreated with 1 and 10 mg/kg TAT-Pyk2-CT or 10 mg/kg
TAT-GFP 1 hour before intranasal challenge with murine
recombinant IL-5, and BAL was collected 12 hours after IL-5
challenge (Figure 7A). Eosinophils were not detected in BAL
fluid in PBS-challenged control animals. The eosinophil count
in BAL fluid was 276.0 6 18.8 3 103 at 12 hours after intranasal
challenge with murine IL-5 (P , 0.01 versus PBS controls;
Figure 7B). Pretreatment with TAT-Pyk2-CT caused concen-
tration-dependent blockade of BAL eosinophilia to 132.8 6

17.9 3 103 in mice pretreated with 1 mg/kg TAT-Pyk2-CT (P ,

0.01 versus IL-5 alone) and 4.3 6 1.5 3 103 in mice pretreated
with 10 mg/kg TAT-Pyk2-CT (P , 0.01 versus IL-5 alone).
TAT-GFP had no effect on eosinophil infiltration into BAL
caused by IL-5 challenge (P 5 NS versus IL-5 alone).

DISCUSSION

We have reported previously that Pyk2, which has no role in
initiating b2-integrin adhesion of eosinophils to endothelial
ligands, subsequently regulates eosinophil spreading and che-
motaxis in Transwell plates after adhesion in vitro (18). Pyk2
regulates the formation of lamellapodia and filapodia as well as
chemotaxis to IL-5, PAF, and fMLP (18). The objective of this
investigation was to determine if these prior preliminary
observations would translate to reduction in AHR in an
immune-sensitized mouse in vivo. Accordingly, specific iso-
lation of each affected site is not possible in vivo. Thus, we
did not establish which cells were predominantly targeted by
TAT-Pyk2-CT. In this study, the biological role of Pyk2 in
asthmatic response in vivo was explored by using TAT-medi-
ated protein transduction of dominant-negative Pyk2 into
antigen-sensitized and -challenged mice. Our results showed
that Pyk2 inhibition by TAT-Pyk2-CT concentration-depen-
dently attenuated antigen-induced airway infiltration of eosin-
ophils, lymphocytes, and neutrophils, reduced the number of
mucus-containing cells in the airway lumen, reduced Th2
cytokine concentrations in BAL, and blocked AHR to meth-
acholine. These findings suggest that Pyk2 signaling likely has

Figure 3. Effect of TAT-Pyk2-CT on Th2 cytokine secretion after OVA

challenge. BAL fluids were collected 24 hours after the last OVA

challenge. Negative controls are saline-challenged animals. Mice were
injected with buffer, TAT-Pyk2-CT, or TAT-GFP 1 hour before each OVA

challenge, and BAL fluid was collected 24 hours after last OVA

challenge. Each bar represents the mean 6 SEM of four to six mice.
*P , 0.05 and **P , 0.01 compared with OVA-alone group. Con:

negative controls; N.D.: not detectable.
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a regulatory role in antigen-induced airway inflammation and
hyperresponsiveness in mice.

Our data demonstrate that TAT-Pyk2-CT blocks eosinophil
infiltration into the airways in antigen-sensitized and -chal-
lenged mice, as shown by a significant reduction in total cell
counts and eosinophil counts in BAL fluid (Figure 2). Similarly,
tissue eosinophilia was also inhibited, as revealed by a significant
reduction of inflammatory cell infiltration by histologic exam-
ination (Figure 4). Eosinophil transmigration into the airways is
a multi-phasic process that is regulated by Th2 cytokines and
chemokines in combination with adhesion molecules expressed
on both eosinophils and endothelial cells (36, 37). Eosinophil
migration into the airways caused by IL-5 challenge was also
blocked by Pyk2 inhibition (Figure 7). Together with our
in vitro findings (18), these results suggest that Pyk2 regulates
the intrinsic mobility of eosinophils.

Our results also show that IL-5 concentrations in BAL fluid
from TAT-Pyk2-CT–treated mice were substantially reduced
versus TAT-GFP controls (Figure 3). This finding is associated
with decreased airway infiltration with eosinophils after OVA
challenge (Figure 4). The contribution of Pyk2 expressed in
vascular endothelial cells to the migration of eosinophils is
currently unknown. Recent studies have found that inhibition
of endothelial Pyk2 results in decreased transmigration of human
neutrophils (38) and that Pyk2 regulates the phosphorylation of
adherens junction proteins and disassembly of endothelial junc-
tions, which allow the passage of leukocytes. Hence, the observed
reduction in airway eosinophils by TAT-Pyk2-CT may be a result
of composite effects of reduction in Th2 cytokine production and
reduction of eosinophil motility via Pyk2 pathway inhibition.

Th2 cytokines are produced by bronchial epithelial cells,
tissue mast cells, and alveolar macrophages, as well as infiltrated

Figure 4. Histologic examination of lung tissues. The lung sections were obtained from (A, E) saline- or (B, F) OVA-challenged mice, or OVA-

challenged mice pretreated with (C, G) 10 mg/kg TAT-GFP or (D, H) TAT-Pyk2-CT. Sections were stained with (A–D) hematoxylin and eosin for

morphologic analysis of inflammation or (E–H) Alcian blue/PAS for analysis of mucin-containing cells. Semiquantitative analysis of (I) the severity of
peribronchial inflammation and (J) the abundance of PAS-positive mucus-containing cells is described in MATERIALS AND METHODS. Tissue was examined

by light microscopy (original magnification: 3400). **P , 0.01 compared with the OVA-alone group.
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inflammatory cells such as lymphocytes and eosinophils. Our
data show that TAT-Pyk2-CT significantly reduced the concen-
tration of IL-4, IL-5, and IL-13 in BAL fluids 24 hours after
OVA challenge in immune-sensitized and -challenged mice
(Figure 3). The reduced Th2 cytokine concentration in BAL
in TAT-Pyk2-CT–treated mice is not due to inhibition of Th2
differentiation, as TAT-Pyk2-CT had no effect on Th2 cell
in vitro differentiation as measured by IL-5 production after
OVA restimulation (Figure 6). The specific cells targeted by
TAT-Pyk2-CT in vivo currently are unknown. Our data also
show that TAT-Pyk2-CT inhibits OVA-induced goblet cell
hyperplasia (Figure 4) and AHR to intravenous methacholine
(Figure 5). The observed reduction of mucus-producing cells

and AHR corresponds to the blockade of secretion of Th2
cytokines (IL-4, IL-5, and IL-13; Figure 3) and tissue eosino-
philia (Figure 4) caused by TAT-Pyk2-CT.

It is important to recognize specific limitations of our
findings. Our data were obtained in mice with experimentally
induced antigen-mediated AHR. Although the histologic
changes in these airways resemble those of human asthma,
these data cannot be extrapolated directly to the human state.
Nonetheless, the regulatory role of Pyk2 in the chemotaxis of
human eosinophils has been validated by our in vitro studies
(18). The functional interference of TAT-Pyk2-CT on Pyk2
activity in mouse eosinophils ex vivo cannot be confirmed in the
current study because sufficient eosinophils could not be
obtained from bone marrow or blood of individual mice.
However, the functional interference of TAT-Pyk2-CT on
endogenous Pyk2 activity in both human blood neutrophils
and eosinophils has been determined previously (18, 25). We
also found that Pyk2 inhibition attenuated three Th2 cytokines
commonly associated with human AHR in vivo; however, the
precise mechanisms by which Pyk2 regulates Th2 cytokine
secretion in vivo are not defined in the current studies, and
further investigation is warranted. Finally, Pyk2 inhibition
blocked BAL eosinophilia, mucous gland hyperplasia, and
AHR—conditions that are characteristic of the asthmatic state
in human as well.

We conclude that blockade of Pyk2 in immune-sensitized
mice (1) attenuates Th2 cytokine concentration in the BAL; (2)
blocks migration of eosinophils, lymphocytes, and neutrophils
into airways; and (3) blocks consequent AHR to methacholine.
To our knowledge, this is the first report demonstrating that
Pyk2 may have a potential role in the immune regulation of
AHR in the antigen-sensitized state in mice.
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Figure 5. Effect of TAT-Pyk2-CT on antigen-induced AHR to meth-
acholine in immunized mice after three OVA challenges on Days 21,

22, and 23. Mice were injected with TAT-Pyk2-CT or TAT-GFP 1 hour

before each OVA challenge, and airway responsiveness to increasing
doses of methacholine was measured 24 hours after the last OVA

challenge. Negative controls are saline-challenged animals and positive

controls are OVA-challenged animals. Results are expressed as the

mean 6 SEM of four to six mice. *P , 0.05 compared with OVA-
challenged positive control group.

Figure 6. IL-5 production by OVA restimulated bronchial lymph node

cells after treatment with TAT-Pyk2-CT or TAT-GFP. Bronchial lymph

node cells were harvested 24 hours after final OVA aerosol challenge

and restimulated in vitro with 100 mg/ml OVA together with 2 mM TAT-
Pyk2-CT or TAT-GFP. IL-5 concentration was measured by sandwich

ELISA assay. Results are expressed as the mean 6 SEM of three mice.

Figure 7. (A) Model of IL-5–induced eosinophil infiltration in BAL. Mice

were pretreated intraperitoneally 1 hour before intranasal challenge

with mouse recombinant IL-5. BAL was performed 12 hours after IL-5
challenge. (B) Effects of TAT-Pyk2-CT on eosinophil accumulation in

BAL fluid 12 hours after IL-5 challenge. Cell counts were obtained from

animals receiving IL-5 1 either TAT-GFP control or TAT-Pyk2-CT. Each

bar represents the mean 6 SEM of three mice. **P , 0.01 compared
with IL-5 alone group. N.D.: not detectable.
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