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T-cell activation plays an essential role in the generation of the
pulmonary inflammation that is manifest in allergic asthma. Opti-
mal T-cell activation requires not only presentation of antigen with
the major histocompatibility complex, but also concurrent signaling
through costimulatory molecules. The costimulatory molecule
SLAM (Signaling Lymphocytic Activation Molecule, CD150) is a
glycoprotein expressed on activated lymphocytes and antigen-
presenting cells. Disruption of the SLAM gene demonstrated that
SLAM-induced signal transduction pathways regulate cytokine pro-
duction by T helper (Th)2 cells and macrophages. Here we tested
the postulate that the costimulatory molecule SLAM may be critical
for allergic inflammation in a murine model. SLAM-deficient mice
did not manifest allergen-induced bronchoalveolar lavage eosino-
philia, increased serum IgE, or heightened airway responses com-
pared with wild-type mice. Allergen-induced Th2 cytokines and
Th1 cytokines were decreased in SLAM-deficient mice. These data
support the concept that SLAM plays a crucial role in allergic
responses.
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T-cell activation plays a critical role in the initiation and media-
tion of the airway inflammation observed in allergic asthma. The
recognition of allergen in the context of major histocompatibility
complex on the surface of an antigen-presenting cell and an
antigen-specific T-cell receptor (TCR) is a critical first step to-
ward immune activation. In addition, costimulatory molecules
on the T cell and antigen-presenting cell interact for complete
T-cell activation. Pathways involving the costimulatory mole-
cules CD28 and CD80/86 are the best-described costimulatory
interactions and have been shown to play an important role in
the pathogenesis of allergic asthma in murine models (1–4).
These costimulatory molecules may be only partially responsible
for allergic responses because blocking or deficiency of these
molecules does not equally affect all allergic parameters. The
recently described costimulatory molecule SLAM (Signaling
Lymphocytic Activation Molecule, CD150) has been shown to
have modulatory effects during T-cell activation (5). The role of
SLAM in allergic inflammation has not been previously analyzed.

SLAM, a type I transmembrane glycoprotein, is a member
of a small CD2 subfamily of the Ig superfamily. SLAM is consti-
tutively expressed on CD45ROhigh memory T cells, B cells, den-
dritic cells, and macrophages; it is rapidly induced on naive
T cells after activation (6). A stimulating anti-SLAM antibody
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evokes antigen-specific T-cell proliferation and IFN-� produc-
tion by CD4� T cells (7). SLAM directly induces proliferation
of preactivated T cells in the absence of CD28 involvement or
other stimuli. CD4� T cells from SLAM-deficient mice have a
defect in TCR-mediated production of IL-4 (7). SLAM also
promotes the proliferation and differentiation of human B cells
(8). SLAM-deficient macrophages exhibit abnormal functions,
as evidenced by the reduced production of IL-12, TNF-�, and
nitric oxide and the inability to clear Leishmania major infection
(7, 9).

SLAM has been viewed with importance as a distinct costimu-
latory molecule. We tested the postulate that the costimulatory
molecule SLAM may be critical for allergic inflammation in a
murine model. We analyzed allergic parameters including serum
IgE, bronchoalveolar lavage (BAL) cytokines, and lung inflam-
mation in a model of pulmonary inflammation with SLAM-
deficient mice. Our results indicate that expression of SLAM is
essential for allergic pulmonary inflammation and local pulmo-
nary cytokine production.

MATERIALS AND METHODS

Mice

Eight-week-old, specific pathogen–free, SLAM�/� (BALB/c) mice
were generated as previously described (6, 9). Eight-week-old wild-
type (BALB/c) mice were purchased from Jackson Laboratory (Bar
Harbor, ME). The mice were maintained according to the guidelines
of the Committee on Animals of the Harvard Medical School and the
Committee on the Care and Use of Laboratory Animals of the Institute
of Laboratory Animal Resources National Research Council.

Protocol for Allergen Sensitization and Challenge

Mice were sensitized and challenged with allergen ovalbumin (OVA)
as previously described (4, 10–15). Briefly, mice were sensitized by
intraperitoneal injection with 10 �g chicken OVA and 1 mg Al(OH)3

(alum) on Days 0 and 7. On Days 14–20, mice received aerosolized
OVA challenge with 6% OVA for 20 min/d. OVA was dissolved in 0.5�
PBS. Control mice received 1 mg alum in 0.5� PBS via intraperitoneal
injection on Days 0 and 7 and received aerosolized PBS on Days 14–20.
An ultrasonic nebulizer (Model 5000; DeVilbiss, Somerset, PA) was
used for nebulizations into a plastic chamber.

Serum IgE

Blood was withdrawn by cardiac puncture and centrifuged to recover
serum at 13,000 rpm for 20 min. Total serum IgE levels were determined
by ELISA as previously described (12–14). Total serum IgE concentra-
tions were calculated using a standard curve generated with commercial
IgE standard (BD Pharmingen, San Diego, CA).

BAL and Histologic Analysis

Twenty-four hours after the final challenge, mice were anesthetized
with ketamine/xylazine intraperitoneally and killed by cardiac puncture.
Each mouse underwent BAL, as previously described (4, 10–15). Cells
were resuspended in RPMI. Slides for differential cell counts were
prepared with Cytospin (Shandon Inc., Pittsburgh, PA) and fixed and
stained with Diff-Quik (Dade Behring, Newark, DE). For each sample,
an investigator blinded to the treatment groups performed two counts
of 100 cells. For histopathologic assessment, lungs were removed from
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Figure 1. SLAM�/� OVA mice have significantly reduced BAL eosino-
phils when compared with SLAM�/� OVA mice. Each mouse under-
went BAL after OVA sensitization and challenge as described in MATERIALS

AND METHODS. Cell counts were determined by differential staining of
cells isolated from the BALF. Data are shown as percentage of total
cells � SEM (n 	 2 experiments; 6–11 mice per group).

the thoracic cavity, placed in formalin, cut, and stained with hematoxylin
and eosin. The level of lung inflammation was evaluated by comparison
with known positive and negative sections and ranked from mild to
severe on a scale of 0–3, based on quantity and uniformity of inflamma-
tion (0 	 no inflammation; 1 	 1–5, 2 	 5–10, and 3 	 
 10 inflammatory
cells per high-power field). An investigator blinded to group classifica-
tion evaluated lung tissue inflammation.

BAL Cytokines

BAL fluid (BALF) cytokine concentrations were measured by ELISA
according to the manufacturer’s specifications (R&D Systems, Minne-
apolis, MN). Briefly, BALF samples were aliquoted in duplicate into
96-well plates that were precoated with antibody to specific cytokines
and assayed according to the manufacturer’s instructions. Optical den-
sity was measured at 450–540 nm. Cytokine concentrations were deter-
mined by comparison with known standards. The sensitivities of the
ELISA kits used in this study are as follows: IL-4, 2 pg/ml; IL-13, 1.5
pg/ml; IL-10, 4 pg/ml; IL-12p70, 2.5 pg/ml, TNF-�, 5.1 pg/ml.

Figure 2. SLAM�/�OVA mice show de-
creased pulmonary inflammation com-
pared with SLAM�/�OVA mice. Mice
were sensitized and challenged with aller-
gen OVA or PBS control. Hematoxylin/
eosin of right lung was reviewed as de-
scribed in MATERIALS AND METHODS. Origi-
nal magnification: �20.

Determination of Airway Measurements

Twenty-four hours after the final aerosol challenge, airway measure-
ments were assessed using whole-body plethysmography. Mice were
placed in individual chambers, and 100 mg/ml methacholine was nebu-
lized into the chambers via an inlet for 2 min as previously described
(10, 15–17). Readings were averaged over 7 min from the beginning of
the nebulization. The whole-body plethysmography system measures
changes in box pressure during expiration and inspiration, peak expir-
atory pressure (PEP), peak inspiratory pressure (PIP), inspiratory time
(Ti), expiratory time (Te), and relaxation time (Tr 	 time of the pres-
sure decay to 36% of total box pressure during expiration) and generates
a value called enhanced Pause (Penh) (Penh 	 PEP/PIP � [{Te � Tr}/
Tr]), which is associated with airway resistance (10, 15, 18). We have
previously analyzed the identical OVA allergic model with classical
measures of lung resistance using tracheostomized and anesthetized
mice in Balb/c and C57/BL6 strains (3, 4, 11, 13).

Statistical Analysis

Statistical analysis of data was performed by t test using Sigma Stat
software. Nonparametric data were analyzed using a Mann-Whitney
test. Data are reported as means � SEM. Statistical significance was
defined by P � 0.05.

RESULTS

SLAM�/� OVA Mice Have Reduced Allergen-Induced
Eosinophil Recruitment and Inflammation in the Lung

The presence of eosinophils in the BALF and lungs after allergen
sensitization and challenge is an important indicator of airway
inflammation. Wild-type (SLAM�/� OVA) mice have in-
creased total cell counts and high levels of eosinophils in the
BALF after sensitization and challenge with OVA (**P 	 0.01)
(Figure 1). In contrast, SLAM�/� OVA sensitized and chal-
lenged mice (SLAM�/� OVA mice) have significantly de-
creased allergen-induced BAL eosinophils when compared with
SLAM�/� OVA mice (*P 	 0.029).

To determine whether allergic lung inflammation was also
affected by SLAM deficiency, histologic sections of lung were
examined (Figure 2). Lungs from SLAM�/� OVA mice had



208 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 35 2006

Figure 3. Levels of total serum IgE are significantly reduced in SLAM�/�

OVA mice compared with SLAM�/� OVA control mice. Blood was
extracted by cardiac puncture, and total serum IgE was measured by
ELISA 24 h after aerosol challenge as described in MATERIALS AND METHODS.
Data are shown as mean IgE concentration in ng/ml � SEM (n 	 2
experiments; 6–11 mice per group).

less pulmonary inflammation than SLAM�/� OVA mice.
Pathology-averaged scores by an investigator blinded to the
groups were as follows: SLAM�/� OVA, 3; SLAM�/� PBS,
0; SLAM�/� OVA, 1.2; SLAM �/� PBS, 0. The scores were
on a scale of 0–3 (n 	 4 mice per group).

SLAM�/� Mice Have Decreased Levels of Total Serum IgE
after OVA Allergen Sensitization and Challenge

OVA sensitization and challenge resulted in an increase in total
serum IgE in SLAM�/� OVA mice (**P � 0.001). SLAM�/�
OVA mice had diminished IgE levels compared with SLAM�/�
OVA mice (*P � 0.001) (Figure 3).

Figure 4. (A–C) Secretion of allergen-induced Th2 cytokines IL-4, IL-10, and IL-13 measured in the BALF was significantly decreased in SLAM�/�

OVA mice when compared with SLAM�/� OVA mice. (C and D ) Secretion of allergen-induced Th1 cytokines TNF-� and IL-12p70 measured in
the BALF was significantly decreased in SLAM�/� OVA mice when compared with SLAM�/� OVA mice. Cytokine concentration in the BALF was
measured by ELISA (R&D systems) according to the manufacturer’s instructions. Data are shown as pg/ml � SEM (n 	 2 experiments; 4–12 mice
per group).

SLAM�/� Mice Do Not Produce Th2 or Th1 Cytokines in
Response to OVA Allergen Sensitization and Challenge

Previous data indicate the importance of Th2 cytokine produc-
tion in the development of allergic inflammation (11, 13, 19).
SLAM�/� OVA mice had increased secretion of Th2 cytokines
(IL-4, IL-13, IL-10) in the BALF compared with SLAM�/�
PBS control mice (**P � 0.05) (Figures 4A–4C). This increase
in cytokine secretion was absent in SLAM�/� OVA mice com-
pared with SLAM�/� OVA mice (*P � 0.05) (Figures 4A–4C).
Cytokines associated with a Th1 response were also analyzed.
Concentrations of TNF-� and IL-12p70 were significantly re-
duced in the BALF of SLAM�/� OVA compared with
SLAM�/� OVA mice (Figures 4D and 4E). Levels of IL-4, IL-
13, IL-10, TNF-�, and IL-12p40 in the BALF of SLAM�/�
OVA mice were not significantly increased compared with
SLAM�/� PBS control mice.

Allergen-Induced Airway Measurements Are Decreased in
SLAM�/� Mice

To determine whether SLAM plays a role in the development
of allergen-induced airway measurements, responsiveness to
methacholine was measured in SLAM�/� OVA and
SLAM�/� OVA mice. SLAM�/� OVA mice had decreased
allergen-induced airway measurements (Penh) relative to
SLAM�/� OVA mice (P 	 0.04) (Figure 5).

DISCUSSION

Pulmonary allergic inflammation is dependent upon T-cell acti-
vation with engagement of the antigen-specific TCR and costi-
mulatory molecules. Previous studies have focused primarily
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Figure 5. Airway measurements in SLAM�/� OVA mice are significantly
decreased compared with SLAM�/� OVA mice. Airway measurements
(Penh) were assessed using whole-body plethysmography, challenged
with methacholine, as described in MATERIALS AND METHODS. Data are
shown as proportion of baseline Penh � SEM (n 	 2 experiments; 8–10
mice per group).

on the costimulatory pathways involving CD28 and the ligands
CD80 and CD86 and have found them to be essential for allergic
responses (1, 3, 20–22).

We postulated that additional costimulatory pathways that
involve SLAM might be crucial for allergic asthma. Using a
murine model of allergen OVA–induced inflammation, allergic
responses were attenuated in the absence of SLAM. BAL eosin-
ophilia and total serum IgE were significantly reduced in SLAM-
deficient mice compared with wild-type control mice. Allergen-
induced Th2 cytokine secretion in SLAM-deficient mice was
reduced to levels typically seen only in non–allergen-sensitized
control mice. Allergic inflammation in the lung (as characterized
by eosinophils) and perivascular and peribronchial inflammation
were decreased, suggesting that SLAM deficiency impairs tissue
inflammation and circulating mediators of inflammation.

Previous analysis of SLAM-deficient mice showed that
SLAM interactions are necessary for Th2 and macrophage func-
tions (7). CD4� cells from SLAM-deficient mice after stimula-
tion with anti-CD3 and anti-CD28 secreted reduced amounts of
IL-4 compared with wild-type mice (7). Our data suggest an
essential role of SLAM pathways in allergic responses that are
classically presumed to be mediated by Th2 cytokines. Modifica-
tion of the cytokine secretion could be a possible mechanism
for the reduction of allergic responses in SLAM-deficient mice.
Our data also indicate that Th1 cytokines (TNF-� and IL-12p70)
are significantly decreased in the absence of SLAM. Although
asthma has been characterized as predominantly a Th2 disease,
recent data suggest a role for Th1 responses, consistent with
the notion that Th1 and Th2 responses may be critical for the
generation of allergic responses (23). Our analysis of SLAM-
deficient mice showing reduction of Th1 and Th2 allergen–
induced cytokines is consistent with this concept. SLAM is ex-
pressed on macrophages and on lymphocytes. Recent data have
focused on macrophages and their mediators in the amplification
of allergic responses (24–26). Given that macrophage functions
in SLAM-deficient mice have previously been shown to be im-
paired (7), we cannot exclude the possibility that this cell type
may contribute to the failure of SLAM-deficient mice to develop
allergic responses. A recently described receptor for SLAM,
termed SLAM-associated protein, has been identified (27).
Whether SLAM-mediated effects in allergic asthma predomi-
nate by lymphocyte, macrophage, or SLAM-associated protein
signaling–mediated mechanisms warrants further investigation.

We report our analysis of the role of the newly described
costimulatory molecule, SLAM, in mediating allergic immune

responses. Our results indicate that the expression of SLAM is
essential for allergic pulmonary inflammation and the develop-
ment of local pulmonary cytokine production. These findings
suggest that SLAM-mediated pathways involving Th1 and Th2
responses are present in the genesis of allergic responses. These
data suggest that multiple costimulatory signaling pathways
should be considered in the generation of pulmonary allergic
inflammation.
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