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Abstract: Chemokine (C-X-C motif) ligand 12 (CXCL12) and its receptor chemokine receptor 4 (CXCR4) have been 
recognized to play a crucial role in the pathogenesis of bronchial asthma, but the underlying molecular mechanisms 
are yet to be fully addressed. In the present report we demonstrated that CXCL12/CXCR4 signaling mediates aller-
gic airway inflammation through induction of matrix metalloproteinase 9 (MMP-9) in a murine asthmatic model. We 
noted that administration of AMD3100, a specific CXCR4 antagonist, significantly attenuated OVA-induced asthmat-
ic responses along with reduced epithelial MMP-9 expression. Our studies in a bronchial epithelial cell line, 16HBE 
cells, further revealed that CXCL12/CXCR4 signaling synergizes with IL-13 to enhance epithelial MMP-9 expression. 
Our mechanistic studies demonstrated that CXCL12/CXCR4 enhances epithelial MMP-9 expression by inducing 
ERK1/2 expression and activation. Together, these studies would bring novel insight into the understanding for the 
role of CXCL12/CXCR4 signaling in asthmatic responses during the course of bronchial asthma development. 
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Introduction

Chemokine (C-X-C motif) ligand 12 (CXCL12) or 
stromal cell-derived factor (SDF)-1 is a chemo-
kine with a board range of functions. CXCL12 
binds to its receptor, chemokine receptor 4 
(CXCR4)，and by which it attracts a variety of 
immune cells such as T lymphocytes and eosin-
ophils implicated in allergic inflammation [1, 2]. 
Previous studies revealed that blockade of 
CXCR4 attenuates pathological features rele-
vant to asthmatic inflammation in a murine 
asthma model [3, 4]. Significantly higher levels 
of CXCL12 have also been noted in bronchoal-
veolar lavage fluids (BALF) of asthmatic 
patients, and the concentration of CXCL12 is 
correlated with the number of inflammatory 
cells in BALF [5]. These data support that 
CXCL12 may play a role to recruit inflammatory 
cells in asthmatic condition; however, the exact 
underlying mechanisms are yet to be fully 
addressed.

Matrix metalloproteinases (MMPs) are a large 
family of zinc- and calcium-dependent endo-
peptides that degrade most components of the 
extracellular matrix with distinct specificities for 
substrates, a crucial process during the course 
of asthma development including airway inflam-
mation, angiogenesis and airway remodeling [6, 
7]. Among all MMPs, MMP-9 is the major pro-
teinase that has been recognized closely relat-
ed to asthmatic pathologies. Particularly, mice 
deficient in MMP-9 manifest decreased airway 
inflammation and peribronchial mononuclear 
cell infiltration, and therefore, these mice are 
resistant to allergen-induced airway hyperre-
sponsiveness (AHR) as compared with wild-type 
(WT) animals [8]. Similarly, higher levels of 
MMP-9 are found in the sputum and BALF of 
stable asthmatic patients [9, 10], and severe 
asthmatic patients also manifest higher MMP-9 
activity [11]. Therefore, MMP-9 is also found to 
be involved in the disease process of bronchial 
asthma. 
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Although both experimental and clinical data 
support that CXCL12 and MMP-9 are implicat-
ed in the pathogenesis of asthma, their rela-
tionship during the course of asthmatic 
responses, however, remains unknown. We 
thus hypothesize that CXCL12 enhances bron-
chial epithelial cells expression of MMP9, which 
then promotes allergic inflammatory response 
during the course of asthmatics. Asthmatic 
mice induced by OVA and bronchial epithelial 
16HBE cell line were employed to test the 
above hypothesis. 

Materials and methods

Reagents

Ovalbumin was purchased from Sigma (St. 
Louis, MO, USA). Recombinant human CXCL12 
and IL-13 were purchased from Peprotech 
(Rocky Hill, USA). AMD3100, a specific CXCR4 
antagonist [12, 13] was purchased from 
Cayman chemical company (Ann Arbor, MI, 
USA). PD98059, a specific ERK inhibitor, was 
obtained from Enzo Life Sciences (Shanghai, 
China). Antibodies against MMP-9 and CXCR4 
were purchased from Abcam (Cambridge, MA, 
USA), while anti-ERK1/2 antibody was obtained 
from Cell Signaling (Danvers, MA, USA). 

Mice

Female BALB/c mice were purchased from 
Laboratory Animal Center of Hubei Province, 
Wuhan, China. All mice were housed in an SPF 
facility in microisolator cages supplied with 
autoclaved food and acidified water with a 
12/12 h light/dark cycle. The studies involving 
mice were done according to a protocol 
reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) at the 
Tongji Hospital. 

Generation of asthmatic model and treatment

To generate an asthmatic model, mice were 
sensitized and challenged with OVA as previ-
ously reported [14]. Briefly, mice were immu-
nized intraperitoneally on days 0, 7 and 14 with 
100 μg OVA plus 1 mg alum in 200 μL saline. 
The mice were then challenged by intranasal 
administration of 1 mg of OVA in 50 μL saline 
on days 21, 22 and 23. AMD3100 was freshly 
dissolved in saline and then administered intra-
peritoneally at the dose of 10 mg/kg on day 20.

Collection of bronchoalveolar lavage fluid 
(BALF) and histological analysis

Mice were sacrificed 24 h after last OVA or 
saline challenge. The lungs were lavaged 3 
times with 0.8 ml of saline, and the collected 
cells were centrifuged and subjected to Wright-
Giemsa staining. Culture supernatants were 
collected for assay of MMP-9 activity. Left lungs 
were isolated and fixed in 4% paraformalde-
hyde, and then embedded in paraffin. The 
blocks were sectioned at 5 μm thickness and 
then subjected to H&E staining as previously 
reported [14].

Cell culture and treatment

The human bronchial epithelial cell line (16HBE) 
was obtained from Fuxiang Biotechnology Co. 
Ltd (Shanghai, China). 16HBE cells were main-
tained in DMEM medium supplement with 10% 
fetal bovine serum, 100 U/ml penicillin and 
100ug/ml streptomycin at 37°C in a humidified 
atmosphere containing 5% CO2. The cells were 
plated onto six-well plates. Subconfluent cell 
monolayers were first deprived of serum for 24 
h, and then stimulated with CXCL12 in the 
absence or presence of IL-13 at indicated time. 
Culture medium was replaced every 24 h, and 
PD98059 was added into the culture 30 min 
before stimulation.

Immunostaining

HBE cells were fixed, permeabilized and probed 
with a CXCR4 antibody, followed by staining 
with a secondary antibody conjugated with 
FITC, and nuclei were stained with PI using the 
established techniques [14].

Western blotting

Whole cell lysates were prepared after 72 h of 
stimulation from 16HBE cells using RIPA lysis 
buffer with protease inhibitors (Beyotime, 
China). The loaded proteins (20 µg) were sepa-
rated by 10% SDS-PAGE, and then transferred 
onto PVDF membranes. After blocking with 5% 
milk, the membranes were probed with anti-
bodies against MMP-9 or ERK1/2, followed by 
incubation with an HRP-conjugated secondary 
antibody. These reactive bands were developed 
using an ECL chemiluminescence detection kit 
as instructed (Thermo Pierce, USA).
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Figure 1. Blockade of CXCL12/CXCR4 signaling attenuates OVA-induced asthmatic responses along with sup-
pressed MMP-9 expression. BALB/c mice (n = 5) were intraperitoneally administered AMD3100 (10 mg/kg) on the 
day before OVA challenge. BALF and lungs were collected 24 h after OVA last challenge. A. Cell counts in the BALF 
for macrophages (Mac), eosinophils (Eos), lymphocytes (Lymph) and neutrophils (Neu). Saline, normal control mice 
treated with saline only; OVA, OVA-sensitized/challenged mice; OVA+AMD3100; OVA-sensitized/challenged mice 
along with AMD3100 treatment. *, P < 0.05 as compared with Saline group; #, P < 0.05 as compared with OVA 
group. B. Histological analysis of lung sections. Images for H&E stained sections were taken under × 200 magnifi-
cation. Three mice were analyzed for each study group. C. Zymographic results for MMP-9 expressions. Consistent 
results were obtained for all mice (n = 5) analyzed in each group.

Zymographic analysis 

To assay MMP-9 activity, 16 μL of BALF or cul-
ture supernatant were used for the analysis. 
BALF or culture supernatant were mixed with 
SDS-PAGE loading buffer (lacking reducing 
agents), and then fractionated by SDS-

polyacrylamide gel electrophoresis at 4°C on 
10% gels containing 0.1% gelatin. The gels 
were next washed in 2.5% Triton X-100 for 1h to 
promote the recovery of protease activity 
before incubation for 42 h at 37°C in a reaction 
buffer containing 50 mM Tris-HCl (pH 7.5), 5 
mM CaCl2 and 1% Triton X-100. Subsequently, 
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Figure 2. Results for immunostaining of CXCR4 in bronchial epithelial cells. CXCR4 in 16HBE cells were first probed 
with a rabbit derived mAb and then stained a green fluorescent labeled anti-rabbit IgG (green). Nuclei were stained 
in red by PI (original magnification × 400).

the gels were stained with brilliant blue. After 
washes, MMP-9 was detected as transparent 
bands on the blue background of a Coomassie 
blue-stained gel.

Statistical analysis

All data were presented as mean ± SEM. 
Statistical differences were assessed by one-
way analysis of variance (ANOVA) followed by 
the Tukey’s multiple comparison test or the 
unpaired Student’s t-test. In all cases, P < 0.05 
was considered with statistically significance. 

Results

Administration of AMD3100 provides protec-
tion for mice against OVA-induced asthma 

Given that AMD3100 acts as a CXCR4 antago-
nist, we first sought to demonstrate its role in 
OVA-induced inflammatory infiltration in the 
lung. It was noted that AMD3100 administra-
tion significantly reduced total cell counts and 
eosinophil counts in the BALF after OVA sensiti-
zation and challenge (Figure 1A). Histological 

analysis of lung sections further confirmed 
these observations (Figure 1B).

We next examined the impact of AMD3100 on 
MMP-9 expression, in which we assayed 
MMP-9 activity in the BALF between control 
and experimental mice. As expected, OVA-
challenged mice demonstrated significantly 
elevated MMP-9 activity. In sharp contrast, 
treatment of mice with AMD3100 (10 mg/kg) 
attenuated MMP-9 activity by almost 2-fold 
(Figure 1C). Together, our data indicate that 
administration of AMD3100 provides protec-
tion for mice against OVA-induced asthma.

CXCL12/CXCR4 signaling induces bronchial 
epithelial cells expression of MMP-9

Given the role of bronchial epithelial cells 
played in the pathogenesis of asthma, we next 
conducted studies with focus on epithelial cells 
to dissect the mechanisms underlying the 
implication of CXCL12/CXCR4 signaling in asth-
matic mechanism. We first examined CXCR4 
expression in human bronchial epithelial cells, 
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Figure 3. CXCL12/CXCR4 synergizes with IL-13 to enhance epithelial MMP-9 expression. A. CXCL12 time-depend-
ently induced epithelial cells expression of MMP-9. 16HBE cells were cultured in serum-free medium at 37°C for 24 
h and then stimulated with CXCL12 (200 ng/ml) as indicated times. B. Gelatin zymographic results for conditioned 
media collected from CXCL12 treated 16HBE cells. C. Western blot analysis of epithelial MMP-9 expression after 
CXCL12 and/or IL-13 stimulation. 16HBE cells were treated for 24 h with 10 ng/ml IL-13, 200 ng/ml CXCL12, 10 ng/
ml IL-13 and 200 ng/ml CXCL12, CXCL12 and saline, CXCL12 and AMD3100, respectively. The cells were then har-
vested for Western blot analysis of MMP-9 expression. D. A bar graphic figure showing the results of 5 independent 
experiments conducted. *, P < 0.05 as compared with Control group; #, P < 0.05 as compared with CXCL12 group.

in which 16HBE cells were used for the study. 
Immunostaining of 16HBE cells revealed high 
levels of CXCR4 expression (Figure 2). We fur-
ther noted that CXCR4 is constitutively 
expressed in bronchial epithelial cells.

We next sought to address the impact of 
CXCL12/CXCR4 signaling on the induction of 
MMP-9 expression in bronchial epithelial cells. 
We assumed that MMP-9 is downstream of 
CXCL12/CXCR4 signaling, we thus first stimu-
lated 16HBE cells with recombinant CXCL12, 
and then examined MMP-9 synthesis. We first 
conducted pilot studies to optimize the CXCL12 
dose, and through which 200 ng/ml of CXCL12 
was noted to be the most optimal dose for our 
purpose. Interestingly, CXCL12 time-depend-
ently induced high levels of MMP-9 expression 
as manifested by Western blot analysis (Figure 
3A). Of which, a significant increase for MMP-9 
expression in response to CXCL12 stimulation 
was noted within the first 24 h, and the maxi-
mal response was achieved around 6 h stimu-
lation. To further confirm these results, we con-
ducted zymographic analysis of MMP-9 protein 
levels, and similar results were obtained as 

shown in Figure 3B. Collectively, our data sup-
port that CXCL12/CXCR4 signaling enhances 
asthma by inducing MMP-9 expression in bron-
chial epithelial cells.

CXCL12/CXCR4 signaling synergizes with IL-13 
to induce MMP-9 expression 

Previous studies including ours also de- 
monstrated a critical role for IL-13 in asthmatic 
pathogenesis [15-17]. We thus further assumed 
that CXCL12/CXCR4 signaling synergizes with 
IL-13 to promote MMP-9 expression. It was 
noted that IL-13 possesses almost similar 
potency to induce MMP-9 expression in 16HBE 
cells, while stimulation of 16HBE cells with 
combined CXCL12 and IL-13 induced much 
higher levels of MMP-9 expression as compared 
with that of IL-13 or CXCL12 alone (Figure 3C 
and 3D), indicating a synergistic effect between 
CXCL12 and IL-13 in terms of induction of 
MMP-9 expression in bronchial epithelial cells. 
More importantly, addition of AMD3100, a 
specific small-molecule CXCR4 antagonist, 
completely attenuated the effect of CXCL12 
stimulation on 16HBE cells (Figure 3C, 3D), 
which further confirmed that the enhanced 
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MMP-9 expression in bron-
chial epithelial cells. Of 
which, blockade of CXCL12/
CXCR4 signaling by AMD3- 
100 completely attenuated 
CXCL12 induced MMP-9 ex- 
pression in 16HBE cells. We 
also noted CXCL12/CXCR4 
synergizes with IL-13 to pro-
mote bronchial epithelial 
cells expression of MMP-9. 
Our mechanistic studies 
further revealed that CXCL- 
12/CXCR4 mediates MMP- 
9 expression by inducing 
ERK1/2 expression and ac- 
tivation. Together, those da- 
ta would be important to 
understand the mechani- 

MMP-9 expression was caused by CXCL12/
CXCR4 signaling. 

CXCL12/CXCR4 signaling induces MMP-9 ex-
pression via ERK1/2 pathway 

To further address the molecular mechanisms 
by which CXCL12/CXCR4 signaling induces 
MMP-9 expression, we examined ERK1/2 activ-
ity. For this purpose, 16HBE cell lysates after 
CXCL12 stimulation were prepared at indicated 
time points, and then subjected to Western blot 
analysis of total ERK1/2 and activated (phos-
phorylated) ERK1/2. Interestingly, CXCL12 
stimulation significantly enhanced the protein 
levels for both total and activated ERK1/2 
(p-ERK1/2). Specifically, the increase of total 
ERK1/2 and pERK1/2 could be noted 15min 
after CXCL12 stimulation, and the increase 
reached a peak 45 min after CXCL12 stimula-
tion (Figure 4A). To confirm the involvement of 
ERK1/2 pathway in CXCL12/CXCR4 induced 
MMP-9 expression, we then treated 16HBE 
cells with CXCL12 in the presence of PD98059, 
a specific ERK1/2 kinase inhibitor. As expect-
ed, addition of PD98059 diminished the stimu-
latory effect of CXCL12 on 16HBE cells (Figure 
4B). Collectively, our data support that CXCL12/
CXCR4 signaling induces MMP-9 expression 
through ERK1/2 pathway.  

Discussion

We demonstrated evidence supporting that 
CXCL12/CXCR4 signaling implicates in OVA-
induced lung allergic inflammation by inducing 

sms for CXCL12/CXCR4 signaling in the patho-
genesis of asthmatic responses.

Although the CXCL12/CXCR4 signaling has long 
been recognized to play a crucial role in asth-
matic inflammation, the exact underlying mech-
anisms are yet to be fully addressed. Other 
than CXCL12/CXCR4 signaling, MMP-9 has 
also been suggested to play a crucial role in 
bronchial inflammation and airway remodeling 
[18-21]. In the present report, we sought to 
address that MMP-9 is a downstream molecule 
of CXCL12/CXCR4 signaling. Previous study 
showed that the expression of CXCL12 and 
CXCR4 increased in asthmatic mice model [22], 
and our results further demonstrate the role of 
CXCL12/CXCR4 signaling in OVA-induced asth-
matics. We next treated OVA-challenged mice 
with AMD3100, and found blockade of CXCL- 
12/CXCR4 signaling significantly attenuated 
MMP-9 expression. Histological studies and 
analysis of BALF further confirmed these 
results. To further address that MMP-9 is down-
stream of CXCL12/CXCR4 signaling, we then 
conducted studies in 16HBE cells. In line with 
studies in animals, CXCL12 was noted time-
dependently to induce epithelial MMP-9 expres-
sion, as manifested by Western blot analysis 
and zymographic studies. Together, these data 
provided convincing evidence indicating that 
CXCL12 stimulates bronchial epithelial cells 
expressing and releasing of MMP-9. 

IL-13 is a pleiotropic cytokine that has been 
suggested to play a critical role in the patho-
genesis of asthma. Indeed, IL-13 showed simi-

Figure 4. CXCL12/CXCR4 signaling induces ERK1/2 expression and activation. 
16HBE cells were incubated with 200 ng/ml CXCL12 as the indicated time and 
then subjected to Western blot analysis of ERK1/2 expression and activation. 
A. CXCL12 potently increased total ERK1/2 protein levels and pERK1/2 levels. 
The results are a representative of 3 independent experiments conducted. B. 
Blockade of ERK1/2 signaling by PD98059 abolished the stimulatory effect 
of CXCL12 on epithelial MMP-9 expression. 16HBE cells were pretreated with 
PD98059 (50 μM) for 30 min before CXCL12 stimulation. Addition of PD98059 
completely diminished CXCL12 induced MMP-9 expression in 16HBE cells.
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lar potency to stimulate HBE16 cells expres-
sion of MMP-9. More interestingly, when 16HBE 
cells stimulated with combination of CXCL12 
and IL-13, the expression of MMP-9 was signifi-
cantly higher than that of CXCL12 or IL-13 
alone. As expected, addition of AMD3100 com-
pletely diminished the stimulatory effect of 
CXCL12 on epithelial MMP-9 expression. These 
data suggest a synergistic effect between 
CXCL12/CXCR4 and IL-13 signaling on epitheli-
al MMP-9 expression.

ERK1/2 can be induced and activated by a vari-
ety of cytokines such as IL-4 [23], IL-13 [24]  
and IL-17 [25], and a greater level of ERK1/2 
activity was observed in the asthmatic mice 
model [26], suggested that ERK1/2 pathway 
may play an essential role in asthmatic inflam-
mation. Given that MMP-9 expression has been 
suggested to be regulated by ERK pathway in a 
number of cell types [27-29], we thus conduct-
ed studies in 16HBE cells to demonstrate 
whether CXCL12/CXCR4 regulates epithelial 
MMP-9 expression through ERK1/2 pathway. 
Interestingly, CXCL12 not only promoted 
ERK1/2 activation, but also enhanced ERK1/2 
expression. More importantly, stimulation of 
16HBE cells with CXCL12 in the presence of 
PD98059, a specific ERK1/2 inhibitor, almost 
completely abolished the stimulatory effect of 
CXCL12 on epithelial MMP-9 expression. 
Altogether, we demonstrated evidence indicat-
ing that CXCL12/CXCR4 regulates epithelial 
MMP-9 expression through ERK1/2 pathway. 
Nonetheless, it is worthy of note that additional 
pathways other than ERK1/2 may be involved 
in CXCL12/CXCR4 induced MMP-9 expression 
in epithelial cells, additional studies would be 
necessary to fully address this question. 

In summary, we demonstrated evidence for the 
first time that CXCL12/CXCR4 signaling impli-
cates in asthmatic pathology through induction 
of epithelial MMP-9 expression, which involves 
induction of ERK1/2 expression and activation. 
These studies would bring novel insight into the 
understanding of mechanisms underlying the 
implication of CXCL12/CXCR4 signaling in asth-
matic responses during the course of disease 
development.
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