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Borchers, Michael T., J. Crosby, P. Justice, S.
Farmer, E. Hines, J. J. Lee, and N. A. Lee. Intrinsic AHR
in IL-5 transgenic mice is dependent on CD41 cells and
CD49d-mediated signaling. Am J Physiol Lung Cell Mol
Physiol 281: L653–L659, 2001.—Overexpression of interleu-
kin (IL)-5 by the airway epithelium in mice using the rat
CC10 promoter (NJ.1726 line) leads to several histopatholo-
gies characteristic of human asthma, including airway hy-
perreactivity (AHR). We investigated the contribution of B
and T cells, as well as CD4 expression, to the development of
AHR in IL-5 transgenic mice. NJ.1726 mice on a T cell or
CD4 knockout background, but not on a B cell knockout
background, lost intrinsic AHR. These effects occurred with-
out decreases in IL-5 or eosinophils. We further investigated
the contribution of a4-integrin signaling to the development
of AHR in IL-5 transgenic mice through the administration of
anti-CD49d (a4-integrin) antibody (PS/2). Administration of
PS/2 resulted in immediate (16-h) inhibition of AHR. The
inhibition of AHR was not associated with a decrease in
airway eosinophils. These studies demonstrate that, despite
the presence of increased levels of IL-5 and eosinophils in the
lungs of NJ.1726 mice, CD41 cells and a4-integrin signaling
are necessary for the intrinsic AHR that develops in IL-5
transgenic mice.
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ASTHMA IS A CHRONIC INFLAMMATORY disease of the airways
characterized by airway hyperreactivity (AHR) associ-
ated with infiltrating lymphocytes and eosinophils. The
current paradigm of allergic inflammation suggests that
CD41 Th2 lymphocytes mediate airway pathology
through the production of cytokines and chemokines that
exert effects on structural cells of the lung and induce the
recruitment of proinflammatory leukocytes such as eosin-
ophils. In turn, eosinophils, through the release of addi-
tional mediators, alter the responsiveness of the airways
to constrictor agonists (35). The cytokines and chemo-
kines mediating the recruitment of eosinophils have been
well studied; however, the mechanisms by which these
effector cells become activated and contribute to the de-
velopment of AHR are not fully understood. Several eosi-
nophil-dependent mechanisms that contribute and/or

cause pulmonary pathology and airway dysfunction have
been suggested, including the release of lipid mediators,
granule proteins, and reactive oxygen species (9). Eosin-
ophil activation has been demonstrated in vitro by a
number of mechanisms such as a4-integrin (CD49d)-de-
pendent binding to extracellular matrix fibronectin (29,
26), eosinophil adhesion to CD41 T cells (5), response to
CD3-stimulated Th2 cell supernatants (28), and eotaxin
binding to CCR3 chemokine receptors (19). These data
demonstrate that multiple and complex interactions be-
tween the eosinophil and the pulmonary microenviron-
ment may be required for cell activation and the devel-
opment of AHR.

Murine models of allergic airway inflammation have
shown that pulmonary expression of Th2 cytokines
[i.e., interleukin (IL)-4 (4, 8), IL-13 (10, 37), and IL-5
(6)] has pleiotropic consequences on lung structure
and/or function, leading to the recruitment of eosino-
phils and/or lymphocytes and the development of AHR.
In addition, IL-5 alone has direct effects on eosinophil
maturation, survival, and activation (39, 24). Unfortu-
nately, studies disrupting the levels or signaling abil-
ities of these Th2 cytokines affect multiple facets of
allergic inflammation. Thus the requirements of indi-
vidual cells or signaling molecules for the development
of AHR have been difficult to assess.

Earlier, we reported the generation and character-
ization of transgenic mice expressing IL-5 from the
airway epithelium (24). These mice (NJ.1726 line) ex-
hibit intrinsic AHR (i.e., no antigenic stimuli) accom-
panied by increased numbers of eosinophils and lym-
phocytes in the lung tissue. In this study, we used
NJ.1726 mice to further resolve the mechanisms in-
volved in IL-5-mediated AHR. Specifically, we investi-
gated the dependence of AHR on lymphocyte popula-
tions (i.e., T cells, CD41 cells, and B lymphocytes) and
a4-integrin signaling among resident pulmonary leu-
kocytes. The elevated IL-5 levels and eosinophil accu-
mulation in the lung of NJ.1726 mice were unaffected
in the absence of T cells, CD41 cells, or B lymphocytes.
However, depletion of T cells or CD41 cells, but not of
B lymphocytes, abolished the AHR in IL-5 transgenic
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mice. The data presented demonstrate that even in the
absence of antigenic stimuli, CD41 cells are necessary,
whereas eosinophils and/or IL-5 alone are not suffi-
cient for the development of AHR. Moreover, these
effects occurred independent of IL-4, IL-13, and
eotaxin expression. We further investigated the impor-
tance of integrin-mediated activation of resident pul-
monary leukocytes in the IL-5 transgenic mice by
inhibiting the a4-heterodimeric integrins with a
neutralizing antibody (PS/2). These studies demon-
strate that integrin signaling by resident airway leu-
kocytes is required and represents an important mech-
anism for leukocyte activation and the persistence of
AHR.

MATERIALS AND METHODS

Mice. Transgenic mice (NJ.1726) constitutively expressing
murine IL-5 from the lung epithelium were generated as pre-
viously described (24) and were maintained by continual back-
cross to C57BL/6J mice. NJ.1726 mice were bred to C57BL/6J-
Tcrbtm1Mom Tcrdtm1Mom, C57BL/6J-Cd4tm1Knw, and C57BL/6J-
lgh-6tm1Cgn mice (Jackson Laboratories, Bar Harbor, ME),
generating IL-5 transgenic mice deficient of T, CD41, and B
cells, respectively. The genotype/phenotype of offspring from
these crosses was confirmed by a two-step process separately
assessing the presence of the IL-5 transgenes and the absence
of the specific lymphocyte subpopulations under question. The
presence of the IL-5 transgenes was determined by PCR of tail
DNA as previously described (24). Furthermore, the presence of
these transgenes was confirmed phenotypically by the demon-
stration of a peripheral blood eosinophilia in naive IL-5 trans-
genic animals. The presence and/or absence of specific lympho-
cyte subpopulations in these mice was determined by flow
cytometry of peripheral blood samples using fluorochrome-con-
jugated antibodies against CD3, CD4, and B220 (see below).
Control C57BL/6J mice were also obtained from Jackson Lab-
oratories. All procedures were conducted on mice 8–12 wk of
age that were maintained in microisolator cages housed in a
specific pathogen-free animal facility. The sentinel cages within
this animal colony were negative for viral antibodies and the
presence of known mouse pathogens. Protocols and studies
involving animals were conducted in accordance with National
Institutes of Health and Mayo Clinic Foundation guidelines.

Lung cell isolation and flow cytometry. Leukocytes within
the lung parenchyma were assessed by collagenase digestion
of perfused lungs. Isolation of lung cells was performed as
previously described (14). Briefly, perfused lungs were re-
moved and diced into pieces ,300 ml in volume. Four milli-
liters of Hanks’ balanced salt solution (HBSS; GIBCO BRL,
Gaithersburg, MD) containing 175 U/ml collagenase (Sigma,
St. Louis, MO), 10% FCS (GIBCO BRL), 100 U/ml penicillin,
and 100 mg/ml streptomycin were added to the tissue and
incubated for 60 min at 37°C in an orbital shaker. The
digested lungs were sheared with a 20-gauge needle and
filtered through 45- and 20-mm filters. Cells were washed
three times and resuspended in HBSS before being counted
with a hemocytometer. Lymphocyte populations in the lung
were subsequently identified and are expressed as the prod-
uct of the total cell count and the percentage of total cells
analyzed (1 3 105) by flow cytometery. CD31, CD41, CD31/
CD41 double-positive, and B cells were identified and quan-
tified by staining with the following conjugated antibodies:
phycoerythrin-anti-mouse CD3 (Caltag, Burlingame, CA),
FITC-anti-mouse CD4 (PharMingen, San Diego, CA), and
phycoerythrin-anti-mouse B220 (PharMingen). Flow cytom-

etry was performed on a FACScan cytofluorometer (Becton
Dickinson, Franklin Lakes, NJ). Data acquisition and anal-
ysis were performed using CellQuest software (Becton Dick-
inson).

Ovalbumin sensitization and challenge. Wild-type mice
were sensitized with an intraperitoneal injection (100 ml) of
20 mg of chicken ovalbumin (Ova; Sigma) emulsified in 2 mg
of Imject Alum [Al(OH)3/Mg(OH)2; Pierce, Rockfield, IL] on
days 0 and 14. Mice were subsequently challenged with an
aerosol generated from 1% Ova or saline alone for 20 min by
ultrasonic nebulization (DeVilbiss, Somerset, PA) on days 24,
25, and 26. Assessments of bronchoalveolar lavage (BAL)
fluid IL-5 levels, tissue eosinophils, and AHR were made on
day 28.

Measurements of AHR. AHR was determined by inducing
airflow obstruction with a methacholine aerosol. Total pul-
monary airflow in unrestrained conscious mice was esti-
mated using a whole body plethysmograph (Buxco Electron-
ics, Troy, NY). Pressure differences between a chamber
containing the mice and a reference chamber were used to
extrapolate minute volume, tidal volume, breathing fre-
quency, and enhanced pause (Penh). Penh is a dimensionless
parameter that is a function of total pulmonary airflow in
mice during each respiratory cycle. This parameter closely
correlates with airway resistance as measured by traditional
invasive techniques using ventilated mice (15).

BAL, eosinophil counts, and cytokine level determinations.
Lungs were lavaged three times with 0.5 ml of HBSS containing
2% FCS. Individual BAL returns were pooled and centrifuged,
generating a BAL cell pellet and a cell-free supernatant. Total
cell counts were determined with a hemocytometer, and eosin-
ophil counts were performed on Wright-stained cytospin slides
(Cytospin 3; Shandon Scientific, Pittsburgh, PA) by counting
$300 cells. Cell-free lavage fluid was frozen on dry ice and
stored at 280°C until used. Murine IL-4, IL-5, IL-13, and
eotaxin-1 levels were measured using ELISA kits as described
by the manufacturer (PharMingen, San Diego, CA).

Immunohistochemical detection of lung eosinophils. Immu-
nohistochemistry was performed using a rabbit polyclonal
antibody against murine major basic protein (MBP). MBP
antigen-antibody complexes were detected in 4-mm sections
of formalin-fixed, paraffin-embedded sections of mouse lungs
(n 5 5/group) with the VECTASTAIN ABC Peroxidase Elite
goat IgG kit (Vector Laboratories, Burlingame, CA). Endog-
enous peroxidase was blocked with 3% hydrogen peroxide in
methanol for 20 min at 25°C. Sections were trypsin digested
(0.1% trypsin in 0.02 M Tris zHCl, pH 7.8) for 30 min at 25°C
and washed in PBS (GIBCO BRL) for 15 min. Sections were
blocked with PBS containing 1.0% normal goat serum and
1% BSA for 30 min at 25°C before incubation with primary
antibody (1:2,000 dilution) for 60 min at 25°C. Antibody-
bound slides were washed in PBS-1.0% BSA and incubated
(30 min, 25°C) with biotinylated goat anti-rabbit antibody
(1:500 dilution). Sections were incubated first with avidin-
biotin-peroxidase complex (30 min, 25°C) and then diamino-
benzidine (3 min, 25°C) for the development of a colored
reaction product before being counterstained with methyl
green. Tissue eosinophils were quantitated by counting the
total number of MBP-positive cells in six randomly selected
high-power fields and are expressed as eosinophils per
square millimeter of lung tissue (n 5 4–5 mice/group).

PS/2 administration in IL-5 transgenic mice. NJ.1726 and
C57BL/6J mice received rat anti-mouse CD49d monoclonal
antibody (PS/2; ATCC, Manassas, VA) administered via the
tail vein (200 mg in 50 ml of saline). Genotype-matched
control groups received isotype-matched rat IgG (Sigma).
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AHR and BAL eosinophil numbers were determined 12–16 h
after the administration of antibodies.

Statistical analysis. Data are presented as means 6 SE.
Statistical analysis was performed on parametric data using
t-tests, with differences between means considered signifi-
cant at P , 0.05.

RESULTS

Transgenic expression of IL-5 in the airways leads to
the expansion of T cell, CD41 cell, and B lymphocyte
populations in the lung. In addition to the increase in
tissue and airway eosinophils observed in naive
NJ.1726 mice (24), increases in lung T cells, CD41

cells, and B lymphocytes (compared with littermate
controls) also occurred (Table 1). IL-5 transgenic mice
demonstrate a 15-fold increase in CD31 cells (i.e., T
lymphocytes), the majority of which are also CD41.
More strikingly, NJ.1726 mice exhibit a 58-fold in-
crease in the number of B cells in the lung compared
with littermate controls.

Intrinsic AHR is abolished in T cell- and CD4-defi-
cient mice. As previously reported (24), NJ.1726 mice
exhibited increased airway reactivity to methacholine
provocation (compared with nontransgenic littermate
controls) in the absence of antigen sensitization and
challenge. Compound IL-5 transgenic/gene knockout
mice deficient of either T or CD41 cells failed to display

the increased reactivity to methacholine observed in
NJ.1726 mice (Fig. 1). In contrast, IL-5 transgenic mice
on a B lymphocyte-deficient background still displayed
the intrinsic increased reactivity to methacholine as-
sociated with naive NJ.1726 mice (Fig. 1). Baseline
Penh values were not different between any of the
groups tested [C57BL/6J 5 0.43 6 0.05 , NJ.1726 5
0.49 6 0.08, NJ.1726/T cell(2/2) 5 0.50 6 0.09,
NJ.1726/CD4(2/2) 5 0.57 6 0.10, and NJ.1726/B
cell(2/2) 5 0.57 6 0.15].

Depletion of T cells, CD41 cells, or B lymphocytes
does not affect BAL fluid IL-5 levels in NJ.1726 mice.
IL-5 levels (ng/ml) in the BAL fluid of transgenic mice
were significantly elevated compared with those in
wild-type mice sensitized and challenged with Ova
(258 6 61 vs. 0.21 6 0.06, respectively; Fig. 2). These
BAL fluid IL-5 levels were not altered in the absence of
T cells, CD41 cells, or B lymphocytes (299 6 42, 265 6
27, and 333 6 47 ng/ml, respectively). BAL fluid IL-5
levels were at or below the limit of detection (,5 pg/ml)
in wild-type mice challenged with saline alone. BAL
fluid levels of IL-4, IL-13, and eotaxin were detectable
in wild-type Ova-challenged mice (53 6 30, 75 6 39,
and 28 6 23 pg/ml, respectively) but were undetectable
in wild-type saline-challenged mice and naive IL-5
transgenic mice, including all crosses on knockout
backgrounds.

Fig. 1. The intrinsic airway hyperreactivity (AHR) displayed by
naive NJ.1726 mice is dependent on T and/or CD41 cells. Airway
reactivity [enhanced pause (Penh)] of each experimental group (n 5
10–12 mice/group) is plotted as a function of increasing doses of
inhaled methacholine. Values presented are means 6 SE.

Table 1. CC10 IL-5 transgenic mice exhibit increased CD41 cells and B cells

Strain Total CD31 CD41 CD31/CD41 B2201

C57BL/6J 8.362.7 0.1560.02 0.136 .02 0.116 .007 0.136 .006
CC10 IL-5 3663.8* 2.760.44* 2.160.73* 1.760.29* 7.562.1*

Values are means 6 SE; n 5 3/group. IL-5, interleukin-5. Total cells (3106) obtained from whole lungs were counted with a
hemocytometer. Cell types (3106 cells) were identified by percent of cells analyzed (13105) by flow cytometry (as described MATERIALS AND
METHODS) and multiplied by the total cell counts for each animal. *Significantly different from C57BL/6J (P , 0.05).

Fig. 2. Bronchoalveolar lavage (BAL) fluid interleukin (IL)-5 levels
remain unaltered in naive compound NJ.1726/lymphocyte-deficient
mice. Values presented are means 6 SE; n 5 5–6 mice/group. ND,
not detected. *Significantly different (P , 0.05) from wild-type saline
(WT SAL). **Significantly different (P , 0.05) from wild-type ovalbu-
min-treated (WT Ova) mice.
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Pulmonary eosinophilia in naive NJ.1726 mice are
unaffected in the absence of lymphocyte subtypes. Ova
sensitization and challenge of wild-type mice led to the
differential recruitment and accumulation of eosino-
phils in the perivascular/peribronchial compartments
of the lung (Fig. 3, A and B). A similar, but significantly
higher, pulmonary eosinophilia was observed in
NJ.1726 mice without antigen provocation. These lev-
els of tissue eosinophils were not significantly affected
by the depletion of T cells, CD41 cells, or B lympho-
cytes (Figs. 3, C–F, and 4).

Anti-CD49d antibody abolishes AHR in naive
NJ.1726 mice. Previous studies with the monoclonal
antibody PS/2 showed that this neutralizing reagent
completely inhibited AHR in Ova-sensitized and chal-
lenged mice (2, 17). A single administration of PS/2
also completely abrogated AHR in NJ.1726 mice within
16 h (Fig. 5) without a concomitant decrease in airway
eosinophils (Fig. 6). Administration of a control rat IgG
had no effect on AHR or airway eosinophil accumula-
tion in NJ.1726 or C57BL/6J mice.

DISCUSSION

IL-5 is a pluripotent cytokine known to exert effects
on resident and infiltrating cells of the lung, including
increased proliferation of B cells (32), activation and
increased survival of eosinophils (3), and increased
reactivity of airway smooth muscle (11, 12). Further-
more, the importance of IL-5 as a causative agent
leading to allergic pulmonary inflammation and AHR
has been demonstrated in animal models through the

use of recombinant protein/neutralizing antibodies (34)
and the generation of IL-5 knockout (6) and IL-5 trans-
genic mice (20). These experimental strategies have
each demonstrated a link between IL-5 expression and
the development of AHR; however, the demonstration
of a causative relationship has remained elusive. Spe-

Fig. 3. Localization of eosinophils
within specific compartments of naive
NJ.1726 lungs is unaffected in the ab-
sence of either T or B lymphocytes.
Eosinophils were identified in the peri-
bronchial regions of the lung by immu-
nohistochemistry using a rabbit anti-
mouse eosinophil major basic protein
polyclonal antisera. Photomicrographs
are representative of 5 mice/group. A:
WT SAL; B: WT Ova; C: NJ.1726; D:
NJ.1726/T cell(2/2); E: NJ.1726/B
cell(2/2); and F: NJ.1726/CD4(2/2).
Scale bar 5 50 mm.

Fig. 4. Pulmonary eosinophilia associated with naive NJ.1726 mice
occurs independent of either T or B lymphocytes. Eosinophils within
the lung parenchyma were quantified as a function of tissue area.
Values are means 6 SE derived from multiple sections/mouse; n 5
5–6 mice/group. *Significantly different (P , 0.05) from wild-type
saline. **Significantly different (P , 0.05) from wild-type Ova.
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cifically, it is not understood whether IL-5 induces
AHR through direct effects on airway smooth muscle or
indirectly via eosinophil recruitment and execution of
effector functions or if the role of IL-5 is much more
complex, involving a multitude of inflammatory medi-
ators and cellular activators.

The dependence of IL-5-induced AHR in naive
NJ.1726 mice on T cells or CD41 cells, but not on B
lymphocytes, parallels the cell-type requirements of
antigen-induced AHR in wild-type mice (4, 7, 16). The
discourse between the intrinsic AHR of naive NJ.1726
mice and the presence or absence of B lymphocytes was
not unexpected given that AHR in this model occurs
without antigen sensitization and challenge. This ob-
servation, along with previous studies of Ova-sensi-
tized and challenged mice demonstrating that AHR
occurs independent of B cells (16, 22, 25), suggests
that, although IL-5 has significant agonist activities on
B lymphocytes, these activities are not required for the
development of AHR.

The necessity of T cells and/or CD41 cells for the
development of the intrinsic AHR in NJ.1726 mice in
the absence of antigen provocation was surprising
since we have presumably bypassed the requirement of
CD41 T cell production of IL-5 through the ectopic
expression of this cytokine in the airway epithelium.
Previous studies in mice using CD41 cell-depleting
antibodies demonstrated an abrogation of both AHR
(7) and pulmonary eosinophilia (29). Moreover, expres-
sion of the Th2 cytokines IL-4 (4) and IL-13 (10, 36) and
the chemokine eotaxin (21) has been shown to be im-
portant for AHR and eosinophil accumulation. The
implicit conclusion was that AHR is a pathophysiolog-
ical consequence of eosinophil effector function and

that Th2 cytokine/chemokine expression, including the
release of IL-5, by CD41 cells was required for the
production, recruitment, and/or activation of pulmo-
nary eosinophils. However, the development of AHR in
naive NJ.1726 mice occurs without concurrent in-
creases in pulmonary expression of IL-4, IL-13, or
eotaxin-1. In addition, the inhibition of AHR in com-
pound IL-5 transgenic/T (or CD41) cell-deficient mice
is not associated with changes in IL-5 levels, pulmo-
nary eosinophil numbers, or their location within the
parenchyma. These observations suggest that an addi-
tional, as yet unknown function of pulmonary T and/or
CD41 cells is required for the development of AHR.
The potential release by T and/or CD41 cells of a
previously unidentified factor(s) is a likely mechanism,
although evidence suggests that cell-cell interactions
may also lead to AHR. For example, activated T cells
adhere to airway smooth muscle via integrins and
other cell adhesion molecules (CAMs), inducing smooth
muscle DNA synthesis (23). Furthermore, CD41 T cells
use CAMs to bind eosinophils, inducing activation of
these cells as determined by leukotriene production (5).
Regardless of the specific mechanism utilized by T
and/or CD41 cells, the dependence of the intrinsic AHR
associated with naive NJ.1726 mice suggests that po-
tential direct IL-5 agonist activities on airway smooth
muscle alone are not sufficient to elicit AHR.

Integrins and CAMs have been shown to be critical
components of pathways leading to the extravasation
and subsequent recruitment of leukocytes to the lung
as a consequence of allergic airway inflammation (31,
38). These studies have suggested that pulmonary pa-
thology, including the development of AHR, is a result
of effector activities executed by these recruited leuko-
cytes. However, the ability of anti-CD49d antibodies to
inhibit AHR in antigen-sensitized and challenged
mice, independent of leukocyte recruitment to the lung
(1), implicates a larger role for these receptor-ligand

Fig. 6. Accumulation of airway eosinophils in naive NJ.1726 mice is
attenuated as a consequence of repeated administration of PS/2.
Total recovered eosinophils were enumerated from BAL performed
16 h after a single iv injection of PS/2 or control rat IgG in naive
NJ.1726 and C57BL/6J mice. Values presented are means 6 SE; n 5
8 mice/group.

Fig. 5. Administration of anti-CD49d antibody (PS/2) inhibits intrin-
sic AHR in naive NJ.1726 mice. Airway reactivity (%increase in
baseline Penh) to increasing doses of inhaled methacholine was de-
termined 16 h after a single intravenous (iv) injection of PS/2 or
control (con) rat IgG in naive NJ.1726 and C57BL/6J mice. Values
presented are means 6 SE; n 5 10–12 mice/group.
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interactions. Furthermore, the ability of anti-CD49d
antibodies to inhibit the intrinsic AHR of naive
NJ.1726 mice without affecting airway eosinophil
numbers provides compelling evidence that cell activa-
tion is also a critical determinant of AHR in these mice.
The mechanism linking a4-integrins and the abolish-
ment of AHR is not fully understood but likely involves
the ability of these integrins to mediate cell-cell interac-
tions and cell-matrix interactions required for the activa-
tion of eosinophils and T lymphocytes in the airways.
This hypothesis is supported by several independent
studies demonstrating that 1) administration of anti-
CD49d antibody to allergic mice inhibits Th2 cytokine
production in the airways (17), 2) eosinophils (20) and T
lymphocytes (23) bind to airway smooth muscle via a4-
integrin/vascular cell adhesion molecule (VCAM)-1, 3)
a4-integrin-dependent binding of primed eosinophils to
fibronectin results in sufficient release of cysteinyl leuko-
trienes to induce airway narrowing of bronchial explants
(27), and finally 4) eosinophil activation, as opposed to
absolute number, is the probable determinant of AHR
(1, 30).

Studies investigating the potential relationship(s) of
IL-5, T cells, and eosinophils and the development of
AHR have often been equivocal. For example, in-
creased responsiveness of antigen-sensitized airway
smooth muscle from atopic asthmatics has been shown
to be dependent on IL-5 (11, 12). However, treatment of
Ova-sensitized and challenged guinea pigs with low
levels of anti-(IL-5) antibodies inhibited eosinophil in-
filtration in the airways without an effect on the devel-
opment of AHR (26), and a report has been published
showing that AHR occurs in IL-5 knockout mice in a
strain-dependent fashion (18). The identical levels of
IL-5 and pulmonary eosinophils in naive NJ.1726 or
compound transgenic/T (or CD41) cell-deficient mice
suggest that increases in IL-5 alone or increased IL-5
and eosinophil accumulation in the airways are not
sufficient for the development of AHR in the mouse.
Similarly, although many antigen provocation studies
suggest a link between pulmonary eosinophilia and
AHR (6, 13, 33), other studies show that AHR can occur
independent of these leukocytes (4, 18). In addition,
because the experimentally manipulated parameter in
all of these studies was IL-5 and not eosinophils, the
specific conclusions regarding the role(s) of these leu-
kocytes in antigen-mediated AHR are limited to ex-
trapolation. The determination of the potential role(s)
of eosinophils, if any, awaits the generation of a model
in which eosinophils are eliminated without concomi-
tant effects on recruited T cell populations and Th2
cytokine production.

The demonstration that T (and/or CD41) cells are
required for the intrinsic AHR of naive NJ.1726 mice,
even in the presence of a significant pulmonary eosin-
ophilia, suggests that T (or CD41) cells are uniquely
necessary, and perhaps sufficient, for the development
of AHR. However, these data do not address potential
mechanisms involving a corequirement of eosinophils
or T cell-mediated activation of eosinophils leading to
execution of effector functions. The preponderance of

studies in apparent conflict regarding the role(s) of T
cells vs. eosinophils argue that the development of
AHR is likely to be a consequence of complex interac-
tions and corequirements for both cell types. The pres-
ence of a4-integrins and VCAM-1 on T cells/eosinophils
and smooth muscle, respectively, and the dependence
of AHR on these receptor-ligand interactions further
suggests that this pathophysiological response is also a
consequence of multiple concurrent signaling path-
ways that may also include airway smooth muscle.

We thank Anita Jennings and Marv Ruona of the Mayo Clinic
Scottsdale Histology Facility for technical assistance and graphic
arts support. We also thank Linda Mardel for research assistance.

This study was supported by funds from the Mayo Clinic Foun-
dation, by National Heart, Lung, and Blood Institute (NHLBI) indi-
vidual investigator award (N. A. Lee), and by NHLBI Grants HL-
60793–01S, HL-07897, HL-10361 (M. T. Borchers), and HL-10176 (J.
Crosby).

REFERENCES

1. Abraham WM, Sielczak MW, Ahmed A, Cortes A, Lauredo
IT, Kim J, Pepinsky B, Benjamin CD, Leone DR, Lobb RR,
and Weller PF. Alpha 4-integrins mediate antigen-induced late
bronchial responses and prolonged airway hyperresponsiveness
in sheep. J Clin Invest 93: 776–787, 1994.

2. Borchers MT, Crosby JR, Farmer SC, Sypek J, Ansay T,
Lee NA, and Lee JJ. Blockade of CD49d inhibits the develop-
ment of allergic pulmonary pathologies independent of effects on
leukocyte recruitment. Am J Physiol Lung Cell Mol Physiol 280:
L813–L821, 2001.

3. Campbell HD, Sanderson CJ, Wang Y, Hort Y, Martinson
ME, Tucker WQ, Stellwagen A, Strath M, and Young IG.
Isolation, structure and expression of cDNA and genomic clones
for murine eosinophil differentiation factor. Comparison with
other eosinophilopoietic lymphokines and identity with interleu-
kin-5. Eur J Biochem 174: 345–352, 1988.

4. Corry DB, Folkesson HG, Warnock ML, Erle DJ, Matthay
MA, Wiener-Kronish JP, and Locksley RM. Interleukin 4,
but not interleukin 5 or eosinophils, is required in a murine
model of acute airway hyperreactivity. J Exp Med 183: 109–117,
1996.

5. Douglas IS, Leff AR, and Sperling AI. CD41 T cell and
eosinophil adhesion is mediated by specific ICAM-3 ligation and
results in eosinophil activation. J Immunol 164: 3385–3391,
2000.

6. Foster PS, Hogan SP, Ramsay AJ, Matthaei KI, and Young
IG. Interleukin 5 deficiency abolishes eosinophilia, airways hy-
perreactivity, and lung damage in a mouse asthma model. J Exp
Med 183: 195–201, 1996.

7. Gavett SH, Chen X, Finkelman F, and Wills-Karp M. De-
pletion of murine CD41 T lymphocytes prevents antigen-in-
duced airway hyperreactivity and pulmonary eosinophilia. Am J
Respir Cell Mol Biol 10: 587–593, 1994.

8. Gavett SH, O’Hearn DJ, Karp CL, Patel EA, Schofield BH,
Finkelman FD, and Wills-Karp M. Interleukin-4 receptor
blockade prevents airway responses induced by antigen chal-
lenge in mice. Am J Physiol Lung Cell Mol Physiol 272: L253–
L261, 1997.

9. Gleich GJ. Mechanisms of eosinophil-associated inflammation.
J Allergy Clin Immunol 105: 651–663, 2000.

10. Grunig G, Warnock M, Wakil AE, Venkayya R, Brom-
bacher F, Rennick DM, Sheppard D, Mohrs M, Donaldson
DD, Locksley RM, and Corry DB. Requirement for IL-13
independently of IL-4 in experimental asthma. Science 282:
2261–2263, 1998.

11. Grunstein MM, Hakonarson H, Maskeri N, Kim C, and
Chuang S. Intrinsic ICAM-1/LFA-1 activation mediates altered
responsiveness of atopic asthmatic airway smooth muscle. Am J
Physiol Lung Cell Mol Physiol 278: L1154–L1163, 2000.

12. Hakonarson H, Maskeri N, Carter C, Chuang S, and Grun-
stein MM. Autocrine interaction between IL-5 and IL-1beta

L658 AHR IN MICE IS DEPENDENT ON CD41 CELLS AND a4-INTEGRINS

AJP-Lung Cell Mol Physiol • VOL 281 • SEPTEMBER 2001 • www.ajplung.org

 by 10.220.32.246 on S
eptem

ber 16, 2016
http://ajplung.physiology.org/

D
ow

nloaded from
 

http://ajplung.physiology.org/


mediates altered responsiveness of atopic asthmatic sensitized
airway smooth muscle. J Clin Invest 104: 657–667, 1999.

13. Hamelmann E, Oshiba A, Loader J, Larsen GL, Gleich GJ,
Lee JJ, and Gelfand EW. Anti-interleukin-5 (IL-5) prevents
airway hyperresponsiveness in a model of airway sensitization.
Am J Respir Crit Care Med 155: 819–825, 1997.

14. Hamelmann E, Oshiba A, Paluh J, Bradley K, Loader J,
Potter TA, Larsen GL, and Gelfand EW. Requirement for
cd8(1) t cells in the development of airway hyperresponsiveness
in a murine model of airway sensitization. J Exp Med 183:
1719–1729, 1996.

15. Hamelmann E, Schwarze J, Takeda K, Oshiba A, Larsen
GL, Irvin CG, and Gelfand EW. Noninvasive measurement of
airway responsiveness in allergic mice using barometric ple-
thysmography. Am J Respir Crit Care Med 156: 766–775, 1997.

16. Hamelmann E, Takeda K, Schwarze J, Vella AT, Irvin CG,
and Gelfand EW. Development of eosinophilic airway inflam-
mation and airway hyperresponsiveness requires interleukin-5
but not immunoglobulin E or B lymphocytes. Am J Respir Cell
Mol Biol 21: 480–489, 1999.

17. Henderson W, Chi EY, Albert RK, Chu SJ, Lamm WJE,
Rochon Y, Jonas M, Christie PE, and Harlan JM. Blockade
of CD49D [alpha(4) integrin] on intrapulmonary but not circu-
lating leukocytes inhibits airway inflammation and hyperre-
sponsiveness in a mouse model of asthma. J Clin Invest 100:
3083–3092, 1997.

18. Hogan SP, Matthaei KI, Young JM, Koskinen A, Young IG,
and Foster PS. A novel T cell-regulated mechanism modulating
allergen-induced airways hyperreactivity in BALB/c mice inde-
pendently of IL-4 and IL-5. J Immunol 161: 1501–1509, 1998.

19. Honda K and Chihara J. Eosinophil activation by eotaxin—
eotaxin primes the production of reactive oxygen species from
eosinophils. Allergy 54: 1262–1269, 1999.

20. Hughes JM, Arthur CA, Baracho S, Carlin SM, Hawker
KM, Johnson PR, and Armour CL. Human eosinophil-airway
smooth muscle cell interactions. Med Inf (Lond) 9: 93–99, 2000.

21. Jose PJ, Griffithsjohnson DA, Collins PD, Walsh DT,
Moqbel R, Totty NF, Truong O, Hsuan JJ, and Williams
TJ. Eotaxin - a potent eosinophil chemoattractant cytokine de-
tected in a guinea pig model of allergic airways inflammation. J
Exp Med 179: 881–887, 1994.
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