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Characteristic of allergic asthma, CD4+Th2 lymphocytes secrete Th2 cytokines,

interleukin (IL)-4, IL-13, and IL-5 that mediate the inflammatory immune response.

Surface expression of CD2 and its ligand, CD58, is increased on the monocytes

and eosinophils of asthma patients, which correlate with elevated serum IgE levels,

suggesting that CD2 may contribute to allergic airway inflammation. Using a murine

model of asthma, we observed that house dust mice extract (HDME)-exposed Balb/c

mice have increased airway hyperresponsiveness (AHR), lung inflammation, goblet cell

hyperplasia, and elevated levels of Th2 cytokines in the lungs, as well as increased

serum IgE levels as compared to the control mice. In contrast, with the exception of

serum IgE levels, all the other parameters were significantly reduced in HDME-treated

Cd2−/− mice. Interestingly, Il13 but not Il4 or Il5 gene expression in the lungs was

dramatically decreased in HDME-exposed Cd2−/− mice. Of note, the gene expression

of IL-13 downstream targets (Muc5b and Muc5ac) and high affinity IL-13Rα2 were

upregulated in the lungs of HDME-exposed Balb/c mice but were significantly reduced in

HDME-exposed Cd2−/− mice. Consistently, gene expression of microRNAs regulating

mucin production, inflammation, airway smooth muscle cell proliferation and IL-13

transcripts were increased in the lungs of HDME-exposed Cd2−/− mice. Given the

established role of IL-13 in promoting goblet cell hyperplasia, lung inflammation and

AHR in allergic asthma, our studies reveal a unique role for CD2 in the regulation of

Th2-associated allergic asthma.

Keywords: asthma, Th2-allergic response, house dust mite extract, costimulatory molecules, CD2, interleukin

(IL)-13, microRNAs

INTRODUCTION

Asthma, a chronic inflammatory disorder, can manifest with high serum IgE levels, AHR, lung
inflammation, goblet cell hyperplasia and airway remodeling (1, 2). Allergic asthma is often
triggered by sensitization of the airways to environmental allergens such as pollens, house dustmite,
pet dander, cockroaches and mold (2). In Th2-high allergic asthma, CD4+ T helper cells (Th0)
differentiate into Th2 cells and make copious amounts of cytokines including interleukin (IL)-4,
IL-5, and IL-13 (3) that further drive the pathogenesis of this disease. Optimal T cell activation
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requires signals delivered via the TCR and several co-stimulatory
molecules. The best characterized co-stimulatory molecule
CD28, binds to its ligands CD80 or CD86 which is critical for
initial T cell activation and differentiation (4). Upon activation,
several other co-stimulatory molecules are expressed on T cells
that interact with their respective ligands on antigen presenting
cells to sustain, enhance or inhibit the immune response in
asthma (4).

CD2 is a part of the immunoglobulin (Ig) superfamily of
receptors that is constitutively expressed on T cells and binds
with high affinity to its ligand CD58 in humans, and CD48 in
mice (5). Although earlier studies suggested that CD2 and CD28
have redundant functions in T cell activation (6), recent reports
demonstrate that CD2 triggers a potent proximal T cell signaling
response, whereas CD28 co-stimulation leads to activation of
downstream transcription factors (7). Moreover, CD2 and CD28
co-stimulation produce distinct functional responses (7). CD58
is highly expressed on the eosinophils of asthmatic patients (8)
and increased expression of FcεRI on CD2high monocytes from
asthma patients correlates with higher serum IgE levels (9).While
these studies provide a causal link between CD2 and asthma, the
specific role of CD2 in allergic asthma remains to be defined.

In the current study, we investigated the role of CD2 in a
murine model of allergic asthma using mice deficient in CD2
(Cd2−/−). Exposure of WT Balb/c mice to an airborne allergen
such as HDME induced a quintessential allergen-induced AHR,
inflammation and goblet cell hyperplasia in association with
high levels of serum IgE, Th2 cytokines and mucus production.
While the cardinal features of allergen-induced inflammation
was abrogated in Cd2−/− mice, our studies reveal that CD2
specifically regulates IL-13 production but does not affect
other hallmark Th2 cytokines, including IL-4, IL-5, and IL-10.
Accordingly, our studies reveal that CD2 promotes allergen-
induced mucus production but not IgE levels. Mechanistically,
we demonstrate that CD2 critically modulates gene expression
of alarmins such as IL-25, IL-13 receptors (IL-13Rα1 and IL-
13Rα2) and several microRNAs that have known roles in the
pathogenesis of allergic asthma.

MATERIALS AND METHODS

Mice
Balb/c mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Cd2−/− mice on a C57BL/6 (B6) background
was a kind gift from Dr. Dorothy Yuan (University of Texas
Southwestern Medical Center, Texas). Cd2−/− mice on a Balb/c
background were obtained by backcrossing B6. Cd2−/− mice
with Balb/c mice for 9 generations. All animal studies were
approved by the Institutional Animal Care and Use Committee
at the Michigan State University.

Mouse Model of Asthma
Balb/c (wild-type) and Cd2−/− age-matched (10–11 weeks old)
female mice were injected intranasally (i.n) with 25 µl of house
dust mite extract (HDME) (Greer Laboratories, Lenoir, NC) or
25 µl of PBS on alternate days for a total of 7 injections. HDME
was reconstituted in sterile PBS at a concentration of 2 µg of

protein/µl. The amount of HDME protein, Derp1 and endotoxin
was 50 µg, 3.1 µg and 38.4 EU, respectively per injection in
a volume of 25 µl. Twenty-four hours after the final HDME
challenge, mice were anesthetized for measurement of airway
hyperresponsiveness (AHR) and then sacrificed for collection of
blood, bronchoalveolar lavage fluid (BALF) and lung tissue for
various endpoint analysis.

AHR Assessment
Mice were anesthetized with a cocktail of 100 mg/kg ketamine
(Henry Schein Animal Health, Dublin, OH), 10 mg/kg xylazine
(Akorn, Lake Forest, IL) and 3 mg/kg acepromazine (Henry
Schein Animal Health, Dublin, OH) through intraperitoneal
(i.p.) injection and tracheostomized. Airway mechanics was
measured using forced oscillation technique by flexiVent, a small
animal ventilator (SCIREQ R©, Quebec, Canada). Parameters of
AHR such as airway resistance (Rrs) and elastance (Ers) were
assessed by a methacholine (MCh; Sigma-Aldrich, St. Louis, MO)
challenge test with increasing doses of MCh as indicated in
Figure 2.

Blood Serum Collection
Blood was collected from the superior mesenteric vein of the
mouse and left at 4◦C overnight. Serum was collected the next
day and analyzed for total IgE and HDME-specific IgE using
commercially available ELISA kits from Invitrogen (Carlsbad,
CA) and Chondrex (Redmond, WA), respectively.

Evaluation of Lung Inflammation and
Goblet Cell Hyperplasia
The lungs were infused via the trachea with 10% buffered
formalin. After excision, the lungs were immersed in fresh 10%
formalin overnight. Samples were then embedded in paraffin,
cut into 5-µm-thick sections and stained with hematoxylin and
eosin (H&E) or Periodic acid-schiff (PAS). Digital images of
sections were obtained using a Nikon Eclipse 50i microscope
(Nikon, Japan) equipped with a INFINITY-3 digital color camera
(Lumenera Corporation, Canada), and INFINITY ANALYZE
6.5.4 software.

PAS Scoring
Goblet cell hyperplasia was evaluated on PAS–stained lung
sections. Each lung sample was divided into 9 imaginary sections
and digitally imaged at 10X magnification in an effort to
consistently observe identical regions across all samples and
experiments. The intensity of PAS staining was assessed using
ImageJ software (NIH, Bethesda, MD) to determine PAS positive
cells as well as the percent area of PAS positive cells in
each section.

Quantitative Real-Time PCR
Lungs were dissociated in TRIzol solution (Thermo Fisher
Scientific, Waltham, MA) using a high-speed homogenizer
(Fisher Scientific, Hampton, NH) and total RNA was extracted
as per manufacturer’s protocol. RNA (2 µg) was reverse
transcribed into cDNA using SuperScript III in a 20 µl reaction
volume or using the Taqman Advanced miRNA cDNA synthesis
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kit (for microRNA analysis) according to the manufacturer’s
instructions (Applied Biosystems, Foster City, CA). Real-time
quantitative PCR was performed using Quant StudioTM 3 system
(Applied Biosystems) with validated Taqman primers and Fast
Advanced Master Mix according to manufacturer’s instructions.
Relative gene expression data (fold change) between samples
was accomplished using the 2−11Ct method. GAPDH (for gene
expression) or 18S (for miRNA analysis) was used as the internal
reference control.

Isolation of Immune Cell Populations From
the Lungs
Lung samples were digested with collagenase P (1 mg/ml, Roche
Diagnostics, Indianapolis, IN) at 37◦C for 30min. Single cell
suspension was obtained by passing the digested tissue through
a 70µm cell strainer (Alkali Scientific Inc, Fort Lauderdale,
FL) with a plunger. Lung mononuclear cells were then isolated
using density centrifugation with Percoll (GE, Piscataway, NJ).
The isolated cells were washed and resuspended in RPMI media
(Life Technologies, Carlsbad, CA) conditioned with 10% FBS
(Atlanta Biologicals, Flowery Branch, GA) and 1% penicillin-
streptomycin (Mediatech Inc, Manassas,VA).

Antibodies and Flow Cytometry
The antibodies used for immunofluorescence staining include
CD4, CD11b, CD80, B220, DX5, TCR-β, and SiglecF (BD
Biosciences). CD2, CD8, CD11c, CD28, CD40, CD48, CD86,
CTLA-4, ICOS, IA/IE (MHCII), Ly6G, OX-40, and 4-1BB
were from Biolegend, San Diego, CA. The catalog number
and clone for each of the antibody used is included in
Supplemental Table 2. Fluorochrome conjugated CD1d-
tetramer (CD1d-Tet) loaded with glycolipid antigen (PBS57),
or unloaded controls were provided by the NIH Tetramer Core
Facility (Emory University, Atlanta, GA). Data was collected on
a LSRII flow cytometer (BD Biosciences) and analyzed using
FlowJo software (FlowJo LLC, Ashland, OR).

Total and Differential Leukocyte Count
From Bronchoalveolar Lavage Fluid (BALF)
Mice were euthanized and whole lung was lavaged with 0.6ml of
sterile PBS three times and the resultant BALF was centrifuged
to separate the cellular components from the supernatants.
Cell-free BALF was analyzed for cytokines including, IL-4 (BD
Biosciences, San Diego, CA) and IL-13 (Invitrogen) by ELISA.
Total BALF cellularity was determined using a hemacytometer,
and the BALF composition was evaluated morphologically
following differential staining. Briefly, 50,000 cells were cytospun
onto a clean glass slide, air- dried and then stained with Giemsa
Wright stain (Sigma-Aldrich, St. Louis, MO) for 3min. The
stained slides were washed with distilled water two times and
dried. The slides were then dipped in xylene (Avantor, Radnor
Township, PA) for 2 s and a cover slip was placed immediately
over the cells. For each sample, a total of 200 cells were counted
at 40X magnification and the number of monocytes, eosinophils,
neutrophils, and lymphocytes was enumerated.

Human Lung Samples
Lung samples from control subjects who died from other
causes and individuals who died from complications of asthma
were obtained from either the International Institute for the
Advancement of Medicine (IIAM) or National Disease Resource
Interchange (NDRI) and their use was approved by Institutional
Review Board at Rutgers University. All donor tissue samples
were harvested anonymously and de-identified. All patients died
from asthma and as such had very severe disease. The donors
were age- and gendered matched. The available information is
provided in Supplemental Table 1.

Statistics
Statistical significance was determined using GraphPad Prism
software (GraphPad, San Diego, CA). Student’s t-test with
Welch’s correction or two-way ANOVA was used as indicated in
the figure legends. Significance is shown as ∗(p < 0.05), ∗∗(p <

0.01), or ns for non-significant values.

RESULTS

CD2 Is Expressed in the Lung Tissues of
Human Asthmatic Patients and Mice
Exposed to HDME
Th2 high asthma endotye is associated with elevated levels of
Th2 cytokines such as IL-4 and IL-13 (2). Accordingly, we
observed that the gene expression of both IL4 and IL13 were
significantly upregulated in the lungs of human asthma patients
as compared to those from healthy donors (Figure 1A). CD2
gene transcripts were also significantly elevated in the lungs of
these asthma patients (Figure 1A), consistent with prior reports
demonstrating that CD2 and its ligand CD58 is increased on
monocytes (9) and eosinophils (8) of asthma patients. To directly
address whether CD2 regulates allergic airway inflammation, we
generatedCd2−/− mice on Balb/c background. Important for our
studies, these animals completely lack the surface expression of
CD2 similar to Cd2−/− mice on the C57BL/6 (B6) background
(B6. Cd2−/−, Supplemental Figure 1) yet retain the normal
incidence and numbers of innate and adaptive immune cell
populations in various organs (Supplemental Figure 2 and data
not shown).

Several costimulatory molecules play a role in asthma
pathogenesis (4). With the exception of CD2, basal expression
of several costimulatory molecules and their ligands were similar
in both the WT and Cd2−/− mice (Figure 1B). Employing
a murine model of human asthma, which involves the use
of HDME (Figure 1C), we observed that CD2 but not CD48
mRNA expression was elevated in the lung tissues of mice
sensitized with HDME as compared to control animals that
received saline (Figure 1D), suggesting that CD2 is likely
to regulate the allergic immune response in asthma. Flow
cytometric analysis revealed that various immune cells in
the lungs have high basal expression of CD2 (Figure 1E),
which was slightly increased on dendtric cells (DC) and
macrophages (Mϕ), while it remained largely unaltered in T, B
natural killer (NK) and invariant NKT cells following HDME
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FIGURE 1 | Increased expression of CD2 in the lungs of human asthmatics and HDME-challeged mice. (A) Whole lung tissue from healthy donors and asthma

patients were analyzed for gene expression of IL-4, IL-13 and CD2. Data is shown as mean fold change ± SEM with a total of 6–7 samples per cohort. (B) Surface

expression of various co-stimulatory molecules (CD2, CD28, ICOS, and OX-40) gated on T cells and ligands for costimulatory molecules (CD48, CD40, and CD86)

expressed on B in the lungs of naïve Balb/c (WT) and Balb/c. Cd2−/− (Cd2−/−) mice. Data are representative of at least 4 mice per genotype. (C) Schematics of the

asthma model used in the study. Mice were challenged intranasally (i.n.) with HDME on alternate days for a total of 7 injections. (D) Lung tissues of WT and Cd2−/−

(Continued)
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FIGURE 1 | mice injected with PBS or HMDE were analyzed for Cd2 (left) and Cd48 (right), as indicated in the figure. Data is presented as mean fold change ± SEM

and is pooled from 3 independent experiments with a total of 8–13 mice per cohort. Statistical significance in (A,E) was determined by using Student’s unpaired t-test

with Welch’s correction. *p ≤ 0.05, **p ≤ 0.01. (E–G) Mice were challenged intranasally (i.n.) with HDME for a total of 3 injections. Two hours after the last injection,

mice were sacrificed and lung tissues were analyzed for surface expression of CD2 by flow cytometry. Representative histograms depict CD2 expression on various

immune cells (as indicated in the figure, E). Numbers in the histograms indicate mean fluorescence intensity (MFI) of CD2 in HDME-treated (black font, top) and

PBS-injected (gray font, bottom) mice. Fold increase in the MFI of CD2 (F) and cell counts (G) of each immune cell type in the lungs of HDME-treated mice as

compared to PBS controls are shown. Dotted lines in (E,F) represent the baseline set at 1 for the control group. Data is presented as mean fold change ± SEM and is

pooled from 4 mice per cohort.

FIGURE 2 | CD2 regulates AHR but not IgE production in HDME-induced mouse model of asthma. (A,B) WT and Cd2−/− mice that were either injected with PBS or

HDME were anesthetized 24 h after the last HDME challenge and analyzed for AHR. Assessment of lung constriction (Resistance [Rrs], A) and elastic stiffness of lungs,

chest walls, and airways (Elastance [Ers], B) after challenge with increasing doses of methacholine. (C,D) Levels of serum IgE (C) and HDME-specific IgE (D) in WT

and Cd2−/− mice treated with PBS or challenged with HMDE. Data is shown as mean ± SEM and pooled from 3 to 4 independent experiments with a total of 8–13

mice per cohort. Statistical significance was determined by two-way ANOVA (A,B) and Student’s unpaired t-test with Welch’s correction (C,D). **p ≤ 0.01, *p ≤ 0.05.

treatment (Figures 1E,F). However, there was an increased
influx of various CD2-bearing immune cell populations in the
lungs following allergen exposure. Specifically, a 1.9 ± 0.23,
2.0 ± 0.35, 2.5 ± 0.32 and 5.6 ± 1.6 fold increase was
observed in CD4T, CD8T, macrophage and DC cell counts,
respectively, as compared to cell numbers in the lungs of PBS-
control mice.

CD2 Regulates AHR but Not IgE Production
in HDME-Induced Allergic Asthma
To assess the role of CD2 in allergic asthma, PBS-control and
HDME-treated WT and Cd2−/− mice were anesthetized and
AHR parameters were assessed in response to methacholine
(Mch) challenge. Baseline central airway resistance (Rrs) and
lung elastance (Ers) were virtually identical in the WT and
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Cd2−/− mice injected with PBS (Figures 2A,B). Compared
to PBS controls, HDME-exposed WT mice demonstrated
significant elevation in Rrs and Ers measurements, in a dose-
dependent manner over a range of 6.25–100 mg/ml of Mch. In
contrast, HDME-treated Cd2−/− mice manifested a decreased
AHR compared to similarly treated WT mice (Figures 2A,B),
suggesting that CD2 regulates AHR in HDME-induced asthma.

Allergic asthma is characterized by elevated levels of
serum IgE (3). Accordingly, we observed that serum IgE was
significantly higher in HDME-treated WT and Cd2−/− mice as
compared to their respective saline controls (Figure 2C). HDME-
induced total serum IgE (Figure 2C) as well as HDME-specific
IgE (Figure 2D) levels were comparable in the allergen-treated
WT and Cd2−/− mice, indicating that CD2 does not regulate IgE
production after allergen exposure.

CD2 Regulates Lung Inflammation in an
HDME-Induced AHR Model
Acute exposure to allergen increases AHR that is often
associated with airway inflammation characterized by an influx
of inflammatory cells (3). Having observed that CD2 regulates
HDME-induced AHR and that there is an increased infiltration
of CD2-bearing immune cells in the lungs of HDME-exposed
mice (Figures 1D–F), we next determined if CD2 promotes lung
inflammation. Histological analysis of the lungs revealed that
while HDME induced lung inflammation in WT mice, it was
substantially attenuated in Cd2−/− mice (Figure 3A), which was
more evident around the peribronchial and perivascular areas of
the lung tissue sections (Figure 3B). To determine whether the
decreased lung pathology observed in the absence of CD2 was
due to a reduction in the recruitment of inflammatory cells to the
airways, we harvested BALF and analyzed for total (Figure 4A)
and differential inflammatory cell counts (Figure 4B). Following
exposure to HDME, an acute inflammation was seen in the
BALF of WT mice. The inflammatory infiltrate consisted of
>80% eosinophils along with lower percentages of monocytes,
lymphocytes and neutrophils. Consistent with lung histology,
Cd2−/− HDME mice exhibited reduced total BALF cell counts
(Figure 4A). Specifically, monocyte, eosinophil and neutrophil
counts were all lower in the BALF of Cd2−/− HDME mice,
with no change in lymphocyte counts (Figure 4B). Further
analysis of chemokines and chemokine receptors revealed that
while gene expression of CCR8 (Figure 4C), CXCL2, CXCL5
(Figure 4D), CCL3 and CCL4 (Figure 4E) were significantly
reduced in Cd2−/− HDMEmice, mRNA levels of CXCL1, CCL5,
CCL11, and CCL24 were comparable in HDME-treated WT and
Cd2−/− mice (Figures 4D,E).

CD2 Promotes Asthma Pathogenesis via
IL-13 Regulation
Th1 cytokines can counter regulate Th2 cytokine expression and
vice versa (10, 11). However, we observed that gene expression
of Th1 cytokine such as IFNγ and other pro-inflammatory
cytokines such IL-1α, IL-1β, and TNFα were comparable in
PBS and HDME-treated WT mice (Figure 5A). In contrast,
gene expression of these pro-inflammatory cytokines (except for
IFNγ) were significantly decreased in Cd2−/− HDMEmice when
compared to PBS controls or WT HDME mice (Figure 5A). As

HDMEmanifest a Th2-high endotype (12), we next analyzed Th2
cytokines in the lung tissues of allergen-exposedWT and Cd2−/−

mice (Figure 5B). We observed HDME-induced increase in the
mRNA levels of IL-4, IL-5, and IL-13 in the lungs of bothWT and
Cd2−/− mice. However, themost dramatic increase was observed
for IL-13 (155 ± 33 fold change) that was significantly reduced
in Cd2−/− HDME mice (45 ± 6, fold change, Figure 5B). Since
only IL-13 (but not IL-4 or IL-5) expression was diminished in
Cd2−/− HDME mice, our data demonstrate a specific regulation
of IL-13 by CD2 in asthma. In contrast, IL-10 levels were not
affected by HDME or absence of CD2 (Figure 5B).

Recent evidence suggests that cytokines of the IL-17 family
are also increased in BALF samples from patients with asthma
(13). However, we observed little differences in IL-17A and IL-
17F levels of HDME-exposedWT and Cd2−/− mice (Figure 5C).
Furthermore, epithelial cell-derived cytokines such as IL-33 and
IL-25 (also known as alarmins) can play major role in the
initiation of Th2-high asthma (14). We observed a significant
increase in IL-33 levels in HDME treated WT mice that tended
to be reduced in Cd2−/− HDME mice. (Figure 5D). In contrast,
IL-25 was significantly reduced in HDME treated Cd2−/− mice
(Figure 5D). This is particularly interesting because studies have
shown that IL-25 can regulate the local production of IL-13 in
the lungs (15). Consistent with the gene expression data, we also
observed a reduction only in IL-13 but not IL-4 protein levels
in the BALF of Cd2−/− HDME mice when compared to WT
allergen-challengedmice (Figure 5E). Taken together, our studies
reveal a previously undefined role of CD2 in the regulation
of IL-13.

CD2 Regulates IL-13Rα1 and IL-13Rα2
Expression in the Lungs of
Allergen-Treated Mice
IL-13 signaling occurs through IL-4Rα and IL-13Rα1
heterodimer to promote Th2 immunity (16) and IL-13 signaling
induces IL-13Rα2 expression (17). Evidence suggests that
IL-13Rα1 and IL-13Rα2 can modulate HDME-induced AHR,
lung inflammation and mucus production (17–20). As CD2
specifically affected HDME-induced IL-13 production, AHR and
lung inflammation, we analyzed IL-13Rα1 and IL-13Rα2 gene
expression in the lungs of WT and Cd2−/− mice challenged with
HDME (Figure 5F). We observed that basal IL-13Rα1 expression
was comparable in WT and Cd2−/− mice, however, following
HDME treatment, IL-13Rα1 expression was downregulated
only in Cd2−/− mice. In contrast to IL-13Rα1, IL-13Rα2 was
robustly increased in response to HDME, in both cohorts,
but the expression of IL-13Rα2 was dramatically decreased in
Cd2−/− HDME mice (27.2 ± 2.9 fold change), relative to WT
allergen-treated mice (49.4 ± 9.4 fold change). Thus, it is likely
that CD2 regulates the pathogenesis of HDME-induced AHR
and inflammation via the regulation of IL-13Rα1 and IL-13Rα2.

CD2 Regulates HDME-Induced Gene
Expression of Polymeric Mucins and
Goblet Cell Hyperplasia
The direct downstream target of IL-13 is mucus production by
goblet cells in the airways (21). Increased numbers of goblet
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FIGURE 3 | Cd2−/− mice have reduced HDME-induced lung inflammation. Hematoxylin and eosin (H&E) staining of lung section of WT and Cd2−/− mice injected

with PBS or challenged with HMDE. Scale bar: 200µm. (A) Representative micrographs of the lung sections of PBS-injected (top panels) and HDME-treated (lower

panels) WT and Cd2−/− mice at 4X magnification. (B) Representative images of bronchioles (top panels) and blood vessels (lower panels) from WT and Cd2−/− mice

challenged with HDME, at 10X magnification. Yellow arrows indicate cellular infiltration (inflammation). Data is representative of 3 independent experiments with a total

of 8–13 mice per cohort.
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FIGURE 4 | Reduced cellular infiltration and chemokine expression in Cd2−/− mice challenged with HDME. (A,B) BALF from WT and Cd2−/− mice injected with PBS

or challenged with HMDE were analyzed for total leukocyte counts (TLC, A) and diffential cell counts (showing total monocytes, eosinophils, monocytes, neutrophils,

and lymphocytes, B). Data is shown as mean ± SEM and pooled from 4 independent experiments with a total of 10–16 mice per cohort. (C,D) Lung tissue

homogenates of WT and Cd2−/− mice injected with PBS or HMDE were analyzed for mRNA levels of Ccr8 (C) and various neutrophil (D) and eosinophil chemokines

(E) by qPCR. Data is shown as mean fold change ± SEM and pooled from 3 independent experiments with a total of 8–13 mice per cohort. Statistical significance

was determined by Student’s unpaired t-test with Welch’s correction. *p ≤ 0.05, **p≤ 0.01.

cells (goblet cell hyperplasia) in part contributes to airway
remodeling in asthma that evokes mucus hypersecretion and
airflow obstruction (3). We analyzed goblet cell hyperplasia
through PAS staining of lung sections from WT and Cd2−/−

HDME treated mice. Consistent with the diminished IL-13
expression, HDME-treated Cd2−/− mice exhibited reduced PAS
staining (Figure 6A). We also quantified PAS+ cell count and
percent area of PAS+ staining and observed a decrease in these
parameters in the HDME-challenged Cd2−/− mice (Figure 6B).

In mice, excess mucus production is a cardinal feature of
asthma that is regulated by 2 polymeric mucins: Muc5ac and
Muc5b (22). We observed that both Muc5ac and Muc5b gene
transcripts were significantly upregulated in the lungs of HDME-
treated mice and consistent with prior studies (22), expression of
Muc5ac was more than Muc5b in these animals (Figure 6C). In
agreement with the PAS histology data (Figure 6A), mRNA levels
of Muc5ac andMuc5b were decreased in HDME-treated Cd2−/−

mice. As these genes are direct downstream targets of IL-13, our

data suggests that CD2 promotes goblet cell hyperplasia via IL-13
that in turn regulates these polymeric mucins.

CD2 Regulates Various miRNA Expression
in Asthma
Several microRNAs (miRNAs) play either a protective or
proinflammatory role in asthma (23). As depicted in the heat
map, we screened for various miRNAs that have known roles
in different aspects of asthma pathogenesis (Figures 7A,B).
Both WT and Cd2−/− PBS controls had comparable levels
of most miRNAs analyzed (Figure 7A) indicating that the
absence of CD2 did not alter the basal miRNA expression
in the lungs. Furthermore, most of these miRNAs with the
exception of miR-23b-3p, were increased in WT HDME mice
in comparison to their PBS controls (Figure 7B). Strikingly,
in comparison to allergen-treated WT mice, Cd2−/− HDME-
treated mice had higher expression of miRNAs that regulate
polymeric mucin expression (24) (Figure 7C), inflammation
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FIGURE 5 | IL-13 and IL-13 receptor expression is significantly reduced in the lungs of HDME-challenged Cd2−/− mice. (A–D) Lungs of WT and Cd2−/− mice

injected with PBS or HMDE were analyzed for gene expression of (A) Th1 (Ifnγ ) and pro-inflammatory cytokines (Tnfα, Il1α and Il1β), (B) Th2 cytokines (Il4, Il5, Il10

and Il13), (C) IL-17 family of cytokines (Il17a and Il17f ), and (D) Alarmins (Il25, Il33). (E) IL-4 and IL-13 cytokine levels in the BALF supernatant of WT and Cd2−/− mice

challenged or not with HMDE. (F) Lungs of WT and Cd2−/− mice injected with PBS or HMDE were analyzed for gene expression of IL-13 receptors (Il13ra1 and

Il13ra2). Data is presented as mean ± SEM and is pooled from 3 independent experiments with a total of 8–13 mice per cohort. Statistical significance was

determined by using Student’s unpaired t-test with Welch’s correction. *p ≤ 0.05, **p ≤ 0.01.

(25–27) (Figure 7D), airway smooth muscle proliferation and
AHR (28–33) (Figure 7E). Recently it has been shown that Let-
7 family of miRNAs can directly bind to the 3′ UTR of IL-13

mRNA and degrade it (34). Consistently, we observed that with
the exception of Let-7c, all the Let-7 family of miRNAs were
significantly increased in theCd2−/− HDMEmice in comparison
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FIGURE 6 | Reduced goblet cell hyperplasia and mucin production in the

lungs of HDME-challenged Cd2−/− mice. WT and Cd2−/− mice were

challenged with or without HMDE. Twenty-four hours after the last injection of

HDME, mice were sacrificed and lung tissues were analyzed for PAS staining

(A,B) and gene expression (C) of polymeric mucins (Mus5ac and Muc5b).

Representative lung images (A) and PAS positive cell counts and % area of

PAS positive cells (B) are shown. Scale bar: 200µm. Data in B, C are

presented as mean ± SEM and are pooled from 3 independent experiments

with a total of 10–12 mice per cohort (A,B) and 8–13 mice per cohort in (C).

Statistical significance was determined using Student’s unpaired t-test with

Welch’s correction. *p ≤ 0.05.

to similarly treated WT animals (Figure 7F). Thus, our data
suggest that in the absence of CD2, IL-13 gene expression is
suppressed at least in part by Let-7 family of miRNAs.

DISCUSSION

CD2 is expressed on several hematopoietic cells including T
and B lymphocytes, natural killer cells, macrophages/monocytes

and dendritic cells (35). Previous studies have shown that a
subset of CD2high monocytes expressing FcεRI correlate with
higher serum IgE levels (9) in asthma patients. Indeed, we
observed higher CD2 gene expression in the lungs of human
asthmatics as compared to healthy donors. Consistently, we also
observed increased CD2 mRNA levels in the lungs of HDME-
exposed WT mice which was largely due to increased infiltration
of several CD2-bearing immune cells into the lungs. Our
results are consistent with a prior study where CD2 expression
was upregulated in ovalbumin (OVA)- and Aspergillus-exposed
asthmatic mice, although the increase was more pronounced in
the OVAmodel (36). In the same study, the authors demonstrate
that CD48, the ligand for CD2 was robustly upregulated in
both the models. However, contrary to this study (36), we did
not observe any allergen-induced change in CD48 expression.
These discrepancies highlight that depending on the allergen
and the sensitization protocol, the physiological outcomes and
immune responses are likely to vary. For the current study, we
used a HDME-challenged murine model of asthma as HDM is
associated with allergic responses in up to 85% of asthma patients
worldwide (37, 38). Furthermore, HDME is a naturally-inhaled
antigen and repeated exposure to this allergen does not induce
tolerance (12).

A striking finding of our study is that CD2 promotes lung
inflammation, AHR and goblet cell hyperplasia that is specifically
regulated by IL-13 levels. Indeed, several studies support the
notion that IL-13 is the major effector molecule in asthma
(21, 39). IL-13 regulates AHR by inducing airway smooth
muscle cell (ASMC) proliferation and contraction (40, 41).
Additionally, IL-13 may increase AHR by augmenting mucus
secretion that results in thickening of the airways (42, 43).
In line with this notion, transgenic mice overexpressing IL-13
have increased mucus production (42–44) whereas Il13−/− mice
have a marked reduction in mucus secretion (45). Moreover,
while administration of IL-13 into the lungs of WT mice
induces mucus production (39, 46), neutralization of IL-13
reverses this effect (39). Consistent with these observations,
we demonstrate that polymeric mucins, Muc5ac and Muc5b,
that primarily regulate mucus production in mice (22) are
significantly reduced in allergen-treated Cd2−/− mice. Thus, our
studies reveal that CD2 regulates goblet cell hyperplasia and
mucus overproduction by modulating IL-13 and its downstream
targets Muc5ac and Muc5b.

IL-13 also modulates serum IgE levels as transgenic mice
overexpressing IL-13 have higher (43, 44) and Il13−/− mice
have reduced serum IgE (47). However, we did not observe any
decrease in serum IgE levels in Cd2−/− HDME mice. Consistent
with our data, blockade of IL-13 by systemic administration of
a soluble IL-13Rα2-IgG Fc fusion protein results in diminished
OVA-induced AHR andmucus hypersecretion but has no impact
on allergen-specific IgE levels (39). It is well-established that B
cell differentiation and IgE production is primarily controlled
by IL-4 (14). Thus, the comparable levels of IgE in HDME-
exposed WT and Cd2−/− mice can be attributed to similar
expression of IL-4 in these mice. Indeed, a prior study supports
that IL-13 facilitates IgE production, particularly in the absence
of IL-4 (48). Although IL-4 and IL-13 share many functional
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FIGURE 7 | Increased expression of various miRNAs in the lungs of Cd2−/− mice challenged with HDME. Lungs tissues of PBS-injected or HDME-treated WT and

Cd2−/− mice were analyzed for gene expression of various miRNAs as indicated in the figure. (A) Heat map of gene expression of various miRNAs in lungs of

PBS-treated Cd2−/− mice normalized to similarly treated WT animals. (B) Heat map of gene expression of various miRNAs in the lungs of WT and Cd2−/− mice

injected with HDME, normalized to respective PBS control mice. (C–E) Fold change in expression of various miRNAs regulating mucin production (C), inflammation

(D), airway smooth muscle proliferation and AHR (E) and IL-13 production (F) in the lungs of WT and Cd2−/− mice that were injected with HMDE. Fold change for

each genotype was normalized to respective PBS control mice. Data is presented as mean ± SEM and are pooled from 2 independent experiments with a total of 7–8

mice per cohort. Statistical significance was determined using Student’s unpaired t-test with Welch’s correction. *p ≤ 0.05 or **p ≤ 0.01.
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activities, it is believed that IL-13 is the central mediator of
Th2-dominant immune responses (16), which is likely due to
its greater production and persistence. Consistent with this
notion, IL-13 is produced 100-fold greater than IL-4 and sustains
for a longer period in a murine model of fibrosis induced by
Schistosoma mansoni infection (17). Similarly, we observe that
IL-13 is dramatically higher than IL-4 in the lungs and BALF of
WT asthmatic mice. Given that CD2 regulates only IL-13 but not
IL-4, our studies indicate that CD2 promotes an IL-13-dominant
induction of Th2-allergic responses.

Airway eosinophilia is a characteristic feature of Th2-high
allergic asthma (1). IL-5 is a key cytokine for the differentiation,
activation and survival of eosinophils and together with IL-
4 and IL-13, it regulates the recruitment of these cells into
the lungs (14). As both IL-4, and IL-5 mRNA levels are
unaffected by CD2 deficiency, yet eosinophilia was greatly
reduced in HDME-treated Cd2−/− mice, our observations
highlight the importance of IL-13 as the central regulator of
HDME-induced lung inflammation. This is further supported by
the ability of IL-13 to induce VCAM-1 expression on endothelial
cells, which results in recruitment of T cells, monocytes
and eosinophils to the sites of allergic inflammation (49).
Additionally, several chemokines, particularly CCL5, CCL11,
and CCL24 are known to regulate eosinophil trafficking to
the lungs (50, 51). Surprisingly, in our model, HDME failed
to upregulate CCL5, but increased expression of CCL11and
CCL24, as well as other eosinophil recruiters CCL3 (MIP-
1α) and CCL4 (MIP-1β) (50, 51). Interestingly, while CCL3
and CCL4 levels were decreased in allergen-exposed Cd2−/−

mice, the expression of CCL11 and CCL24 were unaltered
in these mice. Given that CCL3 regulates initial eosinophil
localization whereas CCL11 plays a role in secondary eosinophil
infiltration and degranulation (52), our data suggest that CD2
regulates early events in allergic eosinophilia. We demonstrate
that CD2 also regulates monocyte and neutrophil infiltration
into asthmatic lungs. This is consistent with reduced IL-13
(chemoattractant for monocytes) (53), CCL3 and CCL4 (recruit
monocytes and neutrophils) (50, 51) as well as CXCL2 and
CXCL5 (recruit neutrophils) (50, 51) levels in HDME-treated
Cd2−/− mice.

CCR8 is expressed on regulatory T helper cells, CD4+

thymocytes, a subset of dendritic cells, macrophages and Th2
(but not Th1) cells (54, 55). In a previous study (56), it was
demonstrated that the CCL8-CCR8 chemokine axis is a crucial
regulator of Th2 cell homing that drives IL-5–mediated chronic
allergic inflammation. Paradoxically, although the chemokine
receptor CCR8, was decreased in allergen-exposed Cd2−/− mice,
total lymphocyte numbers were intact. Given the redundancy
of chemokine and chemokine receptor functions in leukocyte
trafficking, it is tempting to speculate that other chemokine
receptors are normally expressed on Th2 cells of HDME-treated
Cd2−/− mice. This would be also consistent with normal levels
of IL-4 and IL-5 in these mice.

Although IL-13 is primarily produced by Th2 cells (14),
tissue eosinophils can also rapidly produce bioactive IL-13
following activation with cytokines or CD28-ligation (57, 58).
As eosinophils outnumber T cells in the lungs of Th2 asthmatic

mice, the presence of eosinophils is an important determinant
for local tissue IL-13 levels. Accordingly, reduced IL-13 in the
lungs of HDME-exposed Cd2−/− mice can be attributed, at
least in part, to the reduced eosinophil numbers. IL-13 mediates
its effector functions via a receptor complex that includes IL-
4Rα, IL-13Rα1 and IL-13Rα2. Although prior studies have
demonstrated that both IL-13Rα1 and IL-13Rα2 regulate AHR
and mucus production (17–20), the high affinity IL-13Rα2 but
not IL-13Rα1 is induced by HDME. Interestingly, IL-13Rα2 and
its ligand IL-13 cross-regulate each other (17) which is in line
with our data that both IL-13 and IL-13Rα2 are decreased in
HDME-exposed Cd2−/− mice. Thus, our studies implicate that
CD2 regulates the expression of IL-13 and its receptors, however,
the exact mechanism remains to be elucidated.

Epithelial-derived cytokines such as thymic stromal
lymphopoietin (TSLP), IL-25 and IL-33 are important factors
in the pathogenesis of asthma as they promote Th2-associated
immune responses via activation of DCs (14). Alternatively,
these epithelial cytokines can induce activation and terminal
differentiation of effector Th2 cells, innate lymphoid cells and
other innate immune cells such as basophils, macrophages
and eosinophils (14). While we observed a significant increase
in IL-33 in HDME-treated Balb/c mice, gene expression of
IL-25 or TSLP (data not shown) were unaltered in these mice.
Similarly, proinflammatory cytokines such as IL-1α, IL-1β,
and TNF-α, also produced by epithelial cells were not affected
by HDME exposure in Balb/c mice. However, these epithelial
cytokines (IL-25, IL-1α, IL-1β, and TNF-α) were significantly
downregulated in HDME-exposed Cd2−/− mice. Interestingly,
in an experimental mouse model of chronic lung disease after
viral infection (59), activation of NKT cell-macrophage immune
axis leads to increased expression of IL-13R and production
of IL-13 that drives a positive feedback loop to amplify IL-13
production and differentiation of airway epithelial cells and
ASMC to become hyperreactive. Thus, while it is unclear how
CD2 regulates airway epithelial cells, it is likely that reduced
IL-13 production and lower IL-13R expression in HDME-treated
Cd2−/− mice dampens cytokine production by airway epithelial
cells and ameliorates AHR in our model.

Recent studies suggest that miRNAs modulate multiple
aspects of asthma pathogenesis (23). For example, increasedmiR-
145-5p downregulates Muc5ac expression in an OVA-induced
model of allergy (24). MiR-155-5p, has been implicated to play
varied roles in asthma in many different cell types (25) and
can directly target IL-13Rα1 mRNA preventing translation into
protein (27). Similarly, miR-223 inversely regulates eosinophil
and neutrophil progenitors (24, 26). Furthermore, increased
expression of several miRNAs inhibit ASMC proliferation
or AHR via different pathways. Specifically, miR-19b-3p,
miR23b-3p and miR-142-3p inhibit TGFβ-dependent ASMC
proliferation (28–30). MiR-150-3p and miR-708-5p inhibit
ASMC proliferation by downregulating BCYRN1 (31) and
CD38 (33), respectively, while miR-384-5p reduces ASMC
autophagy (32). Strikingly, all these miRNAs were increased in
HDME-treated Cd2−/− mice. Additionally, most Let-7 family
of miRNAs were upregulated in these mice. Let-7 miRNAs
can directly target IL-13 transcripts and intranasal delivery of
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Let-7 miRNA attenuates allergen-induced AHR in OVA-treated
mice (34). Thus, it is plausible that increased Let-7 miRNAs
downregulate IL-13, that ameliorates AHR and inflammation in
HDME-treated Cd2−/− mice. Collectively, these data provide
a novel mechanistic insight into the regulation of IL-13,
mucus production, lung inflammation and AHR by CD2.
However, the exact mechanism by which CD2 regulates the
expression of various miRNAs in specific immune cell types,
that in turn, control HDME-induced allergic reponse warrants
further investigation.

Although IL-13 regulates a wide spectrum of allergic response
in murine models of asthma, anti-IL-13 therapy has not been
successful in clinical trials suggesting that blocking IL-13 alone
is not effective (60). As IL-13 and IL-13 receptors cross-regulate
each other, an alternative approach could be to block both IL-
13 and its receptors simultaneously. Recent studies have shown
that the combined blockade of IL-13 and IL-33 (61) or IL-13
and IL-25 (62) leads to greater inhibition of allergic reponse
than suppressing the activity of a single cytokine. While the role
of CD2 in human lung disease remains largely unknown, our
data are the first to demonstrate that genetic ablation of CD2 in
mice results in significant reduction in AHR, lung inflammation
and goblet cell hyperplasia that is specifically associated with the
expression of IL-13 and its receptors. Consistently, in a prior
study, antibody blockade of CD2 or CD48 (ligand for CD2)
abrogated OVA-induced lung inflammation, ASMC thickening,
goblet cell hyperplasia and mucus production (36). As CD2
is primarily expressed on immune cells, but impacts functions
of airway epithelial cells and AMSCs as well as expression of
several miRNAs, our data provide a foundation to explore the
mechanistic basis of HDME-induced immunopathology with the
potential to develop novel therapies for allergic asthma.
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Supplemental Figure 1 | Immunophenotyping of Cd2−/− mice on Balb/c

background. (A,B) Peripheral blood mononuclear cells (PBMCs) from C57BL/6
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are shown.

Supplemental Figure 2 | Cd2−/− mice have normal immune cell distribution.

(A,B) Representative flow cytometry analysis showing various lymphocyte (B, NK,

iNKT, T, CD4 T, CD8 T cell) populations (A), and gating strategy for innate cells (B)

in lungs of naïve WT mice, as indicated. (C,D) Absolute numbers of lymphocytes

(C) and innate cells (D) in lungs of naïve WT and Cd2−/− mice. Data shown is

representative of 4 mice for each genotype. Statistical significance was

determined by Student’s t test with Welch’s correction. ∗p ≤ 0.05, ∗∗p ≤ 0.01.
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