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Scaffolding protein Gab1 regulates myeloid dendritic cell 

migration in allergic asthma
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Asthma is a common allergic disorder involving a complex interplay among multiple genetic and environmental 

factors. Recent studies identified genetic variants of human GAB1 as a novel asthma susceptibility factor. However, 

the functions of Gab1 in lung remain largely unexplored. In this study, we first observed an elevation of Gab1 level in 
peripheral blood mononuclear cells from asthmatic patients during acute exacerbation compared with convalescence. 

Mice with a selectively disrupted Gab1 in myeloid dendritic cells (mDCs) considerably attenuated allergic inflamma-

tion in experimental models of asthma. Further investigations revealed a prominent reduction in CCL19-mediated 

migration of Gab1-deficient mDCs to draining lymph nodes and subsequent impairment of Th2-driven adaptive acti-
vation. Mechanistically, Gab1 is an essential component of the CCL19/CCR7 chemokine axis that regulates mDC mi-

gration during asthmatic responses. Together, these findings provide the first evidence for the roles of Gab1 in lung, 
giving us deeper understanding of asthmatic pathogenesis.
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Introduction

Bronchial asthma is a common chronic inflammation 
with well-defined pathological features including inter-
mittent airway hyperresponsiveness (AHR), pulmonary 

eosinophil infiltration, and excessive mucus secretion [1, 

2]. There is currently no proven cure for this allergic lung 
disease, which is caused primarily by intricate interac-

tions between genetic susceptibility and environmental in-

fluences [3, 4]. Numerous studies have demonstrated that 

allergic asthma is driven predominantly by a Th2 type of 
immune response in both human and mouse models of 

asthma [5]. This suggests that a therapeutic option target-

ing Th2-driven allergic inflammation would be valuable 
for treating asthma [6]. Dendritic cells (DCs), the most 

potent antigen-presenting cells (APCs), play an essential 

role in allergic asthma by inducing Th2 immunity to in-

haled allergens. Following persistent antigen uptake and 

recognition, respiratory DCs are recruited and migrate to 

draining lymph nodes (DLNs), activating naive T cells 

and initiating the adaptive immune response [7, 8]. Thus, 

there is an urgent need to elucidate the molecular mecha-

nisms controlling DCs in asthmatic inflammation.
DCs are the most competent myeloid-lineage cells, 

linking the innate and adaptive immune responses. Con-

ceptually, they are categorized into two major subsets: 

myeloid DCs (mDCs) and plasmacytoid DCs (pDCs). 

pDCs are characterized by their ability to produce abun-

dant type-1 interferon, thus contributing to antiviral re-

sponses; they play a major role in innate immunity but a 
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limited role in antigen presentation. Conversely, mDCs 

are important in allergic asthma because they have the 

ability to phagocytose the antigen and subsequently ac-

tivate naive T cells in the lymph nodes [8-10]. DCs at 

mucosal surfaces are one of the first lines of defense to 
counter inhaled allergens during the early onset of aller-
gic inflammation. In response to a variety of environmen-

tal allergens, these immature DCs mature into activated 

APCs upon antigen capture. Activation of DCs triggers 
their migration from lung to mediastinal lymph nodes, 
where they present processed antigen to naive T cells 

and induce their polarization into Th2 cells, eventually 

driving allergic inflammation [8, 11]. The fact that mDC 
function is crucial to the etiology of chronic asthma is 
well established, and elucidating the signaling events in-

volved in DC function could help guide the development 
of novel therapeutic options for allergic asthma.

Tyrosine phosphorylation has received considerable 

attention in asthma research over the past few years [12-

14]. In general, this protein modification is post-tran-

scriptionally catalyzed by tyrosine kinases and phospha-

tases in a highly flexible manner [15]. More importantly, 

this reversible phosphorylation is finely orchestrated 
by various scaffolding proteins which confer signal di-
versity, specificity and integration. These scaffolding 
proteins are apparently devoid of catalytic domains, 
and in most cases, they serve as adaptors by providing 

multiple tyrosine phosphorylation sites that function as 
binding sites for kinases and phosphatases [16, 17]. The 

present study was designed to characterize a novel func-

tion of Gab1 in DC-mediated asthmatic inflammation. 
Gab1 belongs to the Gab family of scaffolding mole-

cules (Gab1, Gab2, and Gab3 in mammals). It has been 
documented that Gab1 is rapidly phosphorylated upon 

stimulation by many extracellular stimuli, and subse-

quently activates Erk/MAPK, PI3K/Akt, and JAK/STAT 
pathways through direct binding with the phosphatase 

Shp2, members of the Crk kinase family, or the p85 sub-

unit of PI3K [18-20]. Recently, Gab1 has attracted much 

interest because genetic variants of human GAB1 have 

been identified as a risk factor for asthma [21]. Gab1 is 

ubiquitously expressed at a relatively low level, except 

for elevated expression in the heart and blood [22]. In 
this study, we found an elevated Gab1 level in periph-

eral blood mononuclear cells (PBMCs) collected from 
asthmatic patients during acute exacerbation. PBMCs 

originating from a common myeloid lineage in the bone 
marrow are the main source of inflammation mediators. 
In asthmatic inflammation, PBMCs are recruited and 
circulate in inflamed peripheral sites, where they further 
differentiate into macrophages and DCs [23]. Thus, it has 

been hypothesized that myeloid Gab1 may participate in 

the pathogenesis of allergic asthma. Using genetic ap-

proaches, we found striking protection from ovalbumin 
(OVA)- and house dust mite (HDM)-induced asthma in 

mice lacking Gab1 in their myeloid cells. Further exper-

iments suggested that this effect was a consequence of 
loss of Gab1 in mDCs rather than in macrophages. We 
identified Gab1 as a critical signaling component of the 
CCL19-mediated C-C chemokine receptor 7 (CCR7) sig-

naling pathway, which thereby contributes to DC migra-

tion in the development of asthmatic inflammation. This 
result highlights the importance of Gab1 as a clinical-
ly-relevant genetic risk factor for asthma and suggests a 
novel therapeutic strategy for targeting the pathogenesis 
of asthma.

Results

Myeloid Gab1-deficient mice are protected from OVA- 

and HDM-induced allergic asthma

We first conducted a paired comparison study to assess 
the changes of Gab1 levels in PBMCs from patients suf-
fering from recurrent asthma. It was evident that the lev-

el of Gab1 increased during exacerbation compared with 
convalescence, while the level of Gab2 was unaltered 
(Figure 1A). This clinical finding implies a functional 
requirement of Gab1 for asthmatic inflammation. In ad-

dition, mice were sensitized and challenged by OVA to 

induce asthma. We observed an increase in both mRNA 
and protein levels of Gab1 in PBMCs from OVA-sensi-
tized mice compared with unsensitized mice (Figure 1B 

and 1C). Taken together, our findings support the poten-

tial clinical importance of Gab1 in the myeloid lineage in 
driving asthmatic inflammation.

To determine the physiological role of Gab1 in asth-

ma, we generated mice with a conditional Gab1 deletion 

in myeloid cells (LysMcreGab1
fl/fl

). Conditional disrup-

tion of Gab1 was confirmed by western blot analysis 
(Supplementary information, Figure S1A). LysMcre-

Gab1
fl/fl

 mice appeared to be normal, with weights and 

lifespan similar to littermate controls. Histological evalu-

ation also revealed no signs of pathological changes and 
inflammation in LysMcreGab1

fl/fl
 lungs (Supplementary 

information, Figure S1B-S1D).
To test our hypothesis, we first examined the effect 

of Gab1 deficiency on asthmatic injury. Mice were 
challenged with OVA or HDM to induce asthma and as 

expected, Th2 responses were augmented: remarkable 

increases in secreted IL-4, IL-5 and IL-13 were observed 
in bronchoalveolar lavage fluid (BALF) of OVA- and 
HDM-sensitized mice compared with saline-treated 

mice. In contrast, we found that Th2 responses in the 
LysMcreGab1

fl/fl
 asthmatic model were dramatically re-
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Figure 1 Gab1 expression is increased in PBMCs during acute exacerbation in asthmatic patients and mice. (A) Gab1 ex-

pression was enhanced in PBMCs from asthmatic patients during acute exacerbation compared with convalescence, while 

Gab2 expression did not change. Each dot represents one patient. n = 20/group, **P < 0.01. (B) A significant increase in 
Gab1 expression occurred in PBMCs from asthmatic mice. In contrast, there was no significant change in Gab2 expression. 
n = 9/group, *P < 0.05. (C) Gab1 and Gab2 protein levels in asthmatic mice were examined by western blot. Each sample 

represents three mice.

duced (Figure 2A and 2G). Meanwhile, we measured 

IFN-γ levels in the BALF and the results showed that 
this protein was increased in LysMcreGab1

fl/fl
 mice chal-

lenged with OVA or HDM, which suggest that this al-

tered signaling contributed to the phenotypic switch from 
predominant Th2 to Th1 (Supplementary information, 
Figure S2). Furthermore, the total number of leukocytes 
in BALF was determined by cell counting, and a remark-

able reduction was found in LysMcreGab1
fl/fl

 mice (Figure 

2B and 2H). Differential cell counts revealed a notable 
decrease in the number of eosinophils and slight decreas-

es in macrophages, lymphocytes, and neutrophils in Ly-

sMcreGab1
fl/fl

 mice compared with Gab1
fl/fl

 mice (Figure 

2C and 2I). To further assess the effect of Gab1 on aller-
gic inflammatory responses, the lungs were removed and 
sectioned for histochemical analysis. Periodic acid-Schiff 
(PAS) staining showed reduced mucus production in the 

airways of LysMcreGab1
fl/fl

 mice (Figure 2D, 2E, 2J and 

2K). Meantime, immunohistochemical analysis of Mu-

c5ac, which is a prominent component of airway mucus 
and commonly used to evaluate airway inflammation [24], 

indicated a notable attenuation of mucus production and 

airway remodeling in LysMcreGab1
fl/fl

 mice compared 

with controls (Figure 2F and 2L). Collectively, our find-

ings showed that Gab1 positively regulates OVA- and 

HDM-stimulated allergic asthma and that myeloid Gab1 

deficiency may protect mice from asthmatic attacks.

Adoptive transfer of wild-type BMDCs reconstitutes al-

lergic inflammation in LysMcreGab1fl/fl
 mice 

In OVA-immunized LysMcreGab1
fl/fl

 mice, we also 

noted a reduction of CD11c+ MHC-II+ 
cells in the medi-

astinal lymph nodes (MLN; Supplementary information, 
Figure S3), where Th2 responses are primed. CD11c

+
 

MHC-II+ 
cells include macrophages and DCs. There-

fore, adoptive transfer experiments were performed to 
determine which subtypes of myeloid cells contributed 
to the attenuation of asthmatic inflammation in Gab1-de-

ficient mice. Briefly, BMDCs or BMDMs prepared from 
Gab1

fl/fl
 and LysMcreGab1

fl/fl
 donor mice were adoptively 

transferred into Gab1
fl/fl

 and LysMcreGab1
fl/fl

 recipients. 

LysMcreGab1
fl/fl

 mice that received wild-type BMDCs 

exhibited Th2 responses and asthmatic injury like Gab1
fl/

fl mice following OVA challenge (Figure 3A-3C). This 
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Figure 2 Gab1 deficiency in myeloid-derived cells attenuates OVA- and HDM-stimulated allergic airway inflammation. (A) 

ELISA results showing that levels of Th2 cytokines (IL-4, IL-5 and IL-13) in BALF were reduced in OVA-challenged LysMcre-

Gab1
fl/fl

 mice. n = 6 or 10/group, **P < 0.01. (B, C) Total and differential leukocyte counts in BALF from saline- or OVA-chal-
lenged Gab1

fl/fl
 and LysMcreGab1

fl/fl
 mice. n = 6 or 10/group, **P < 0.01, ***P < 0.001. (D) OVA-induced mucus production 

(visualized by PAS-positive staining) was decreased in LysMcreGab1
fl/fl

 mice. Scale bar, 100 µm; n = 6 or 10/ group. (E) Per-

centages of PAS-positive cells in airway epithelial cells. n = 6 or 10/ group, **P < 0.01. (F) Decreased Muc5ac expression in 
LysMcreGab1

fl/fl
 mice treated with OVA. Scale bar, 100 µm; n = 6 or 10/ group. (G) ELISA results showing that levels of Th2 

cytokines (IL-4, IL-5 and IL-13) in BALF were reduced in HDM-challenged LysMcreGab1
fl/fl

 mice. n = 4/group, **P < 0.01. (H, 

I) Total and differential leukocyte counts in BALF from saline- or HDM-challenged Gab1
fl/fl

 and LysMcreGab1
fl/fl

 mice. n = 4/

group, *P < 0.05. (J) HDM-induced mucus production (visualized by PAS-positive staining) was decreased in LysMcreGab1
fl/fl

 

mice. Scale bar, 100 µm; n = 4/group. (K) Percentages of PAS-positive cells in airway epithelial cells. n = 4/group, **P < 0.01. (L) 

Decreased Muc5ac expression in LysMcreGab1
fl/fl

 mice treated with HDM. Scale bar, 100 µm; n = 4/group. Eos, eosinophils; 

Macs, macrophages; Lymphs, lymphocytes; Neuts, neutrophils.
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phenotypic reconstitution in LysMcreGab1
fl/fl

 mice was 

demonstrated by Th2 cytokines (Figure 3A), total num-

ber of leukocytes (Figure 3B), and differential counts of 
leukocytes (Figure 3C) in the BALF. In contrast, Gab1

fl/fl
 

mice receiving Gab1-deficient BMDCs appeared similar 
to LysMcreGab1

fl/fl mice after OVA administration, with 
lower Th2 responses and attenuated leukocyte infiltration 
(Figure 3A-3C). Consistent with these results, histolog-

ical analysis of asthmatic airway remodeling suggested 
that the adoptive transfer of wild-type BMDCs restored 
OVA-induced mucus secretion in LysMcreGab1

fl/fl 
mice 

(Figure 3D). Meanwhile, BMDMs from Gab1
fl/fl

 and Ly-

sMcreGab1
fl/fl donor mice were adoptively transferred to 

LysMcreGab1
fl/fl

 and Gab1
fl/fl

 recipients, respectively, and 

indicators of allergic asthma were assessed. As shown in 

Figure 3E-3H, Th2 cytokine secretion (Figure 3E), total 

leukocytes (Figure 3F) and differential leukocyte counts 
(Figure 3G) in BALF, as well as mucus production (Figure 

3H) remained decreased in OVA-challenged LysMcre-

Gab1
fl/fl mice compared with controls after transfer of 

wild-type BMDMs. Furthermore, transfer of Gab1-defi-

cient BMDMs to control mice had no apparent influence 
on the development of asthma (Figure 3E-3H). Collec-

tively, this result clearly defines a unique function of 
Gab1 in mDCs rather than macrophages in the regulation 

of allergic asthma.

Gab1 deficiency in DCs relieves allergic asthma
To further verify our finding, CD11c-CreGab1

fl/fl
 mice 

were generated by crossing floxed Gab1 (Gab1
fl/fl

) mice 

Figure 3 Normal BMDCs, rather than BMDMs, reconstitute allergic inflammation in LysMcreGab1
fl/fl

 mice. (A) ELISA results 

(IL-4, IL-5 and IL-13 in the BALF) showing that LysMcreGab1
fl/fl mice that received wild-type BMDCs exhibited normal Th2 

responses and asthmatic injury, while the Th2 cytokine level was lower when control mice received Gab1-deficient BMDCs. 
n = 4/group, **P < 0.01. (B, C) Total and differential leukocyte counts were unchanged in OVA-challenged LysMcreGab1

fl/

fl mice compared with controls after transfer of wild-type BMDCs. On the contrary, the number of leukocytes was decreased 
when control mice received Gab1-deficient BMDCs. n = 4/group, *P < 0.05. (D) OVA-induced mucus production (visualized 
by PAS-positive staining) was unchanged in OVA-challenged LysMcreGab1

fl/fl
 mice compared with controls after transfer of 

wild-type BMDCs, while mucus production was reduced when control mice received Gab1-deficient BMDCs. Scale bar, 100 
µm; n = 4/group. (E) Th2 cytokine levels (IL-4, IL-5 and IL-13) in BALF were still attenuated in OVA-challenged LysMcreGab-

1
fl/fl mice compared with controls after transfer of wild-type BMDMs, while Th2 cytokine level was unchanged in control mice 

receiving Gab1-deficient BMDMs compared with those receiving normal BMDMs. n = 4/group, *P < 0.05, ***P < 0.001. (F, 

G) Total and differential leukocyte counts were lower in OVA-challenged LysMcreGab1
fl/fl

 mice than in controls after transfer 

of normal BMDMs. On the contrary, the number of leukocytes remained unchanged in control mice receiving Gab1-deficient 
BMDMs compared with those receiving normal BMDMs. n = 4/group, *P < 0.05, **P < 0.01, ***P < 0.001. (H) OVA-induced 
mucus production (visualized by PAS-positive staining) was still blocked in OVA-challenged LysMcreGab1

fl/fl
 mice compared 

with controls after transfer of normal BMDMs, while mucus production was unchanged in control mice receiving Gab1-defi-

cient BMDMs compared with those receiving normal BMDMs. Scale bar, 100 µm; n = 4/group. 
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with CD11c-Cre mice, in which Gab1 was conditionally 

knocked out in CD11c-positive DCs. These mice were 

treated with OVA and the allergic inflammation was as-

sessed as discribed above. We also found relieved asth-

matic injury in CD11c-CreGab1
fl/fl

 mice compared with 

control mice, including reduced Th2 inflammation factor 
secretion (Figure 4A), total leukocytes (Figure 4B), and 

differential leukocyte counts (Figure 4C) in BALF. In ad-

dition, the goblet cell metaplasia and mucus production 

in airways were also blocked (Figure 4D and 4E). These 

results further proved the unique role of Gab1 in regulat-
ing DC-mediated allergic asthma.

Gab1-deficient mDCs exhibit normal maturation, antigen 
uptake and antigen presentation

The scaffolding protein Gab1 has been reported as a 
crucial signaling element involved in many aspects of 
cell physiology [25-28]. In allergic asthma, the functions 
of mDCs vary greatly at different stages of development, 
from their origin in the bone marrow and migration 
into the circulation to their full maturation in the lymph 
nodes.

To further investigate the role of Gab1 in mDC func-

tions, we next explored whether loss of Gab1 influences 

mDC maturation or antigen uptake and presentation. 

First, immature DCs were harvested and induced to ma-

ture following OVA stimulation in vitro. CD80, CD86, 

and MHC-II on mDCs as markers of maturation were 
analyzed by flow cytometry. Our findings revealed that 
Gab1 deficiency had no effect on the OVA-induced 
maturation of mDCs (Figure 5A). Further experiments 

evaluated the ability of mDCs to capture and internalize 
antigen. Immature DCs were incubated with Alexa Fluor 
647-conjugated chicken OVA (Alexa Fluor 647-OVA) 

and we found no detectable difference in phagocytosis 
between Gab1-deficient and control BMDCs (Figure 

5B). In addition, an in vitro antigen presentation assay 

indicated that Gab1-deficient BMDCs exhibited normal 
antigen presentation, characterized by unaltered prolif-
eration of OT-II CD4+

 T cells stimulated by OVA-pulsed 

control and Gab1-deficient BMDCs (Figure 5C and 5D). 

These results suggest that Gab1 deficiency in BMDCs 
has no effect on maturation, antigen uptake, or antigen 
presentation in vitro.

Gab1 is required for mDC migration to lymph nodes in 

vivo

In vitro evidence suggested a limited involvement of 

Figure 4 Gab1 deficiency in DCs relieves OVA-induced allergic asthma. (A) ELISA results showing that levels of Th2 cyto-

kines (IL-4, IL-5 and IL-13) in BALF were reduced in OVA-challenged CD11c-CreGab1
fl/fl

 mice. n = 3 or 7/group, *P < 0.05, 

**P < 0.01, ***P < 0.001. (B, C) Total and differential leukocyte counts in BALF from saline- or OVA-challenged Gab1
fl/fl

 and 

CD11c-CreGab1
fl/fl 

mice. n = 3 or 7/group, *P < 0.05, **P < 0.01. (D) OVA-induced mucus production (visualized by PAS-posi-
tive staining) was decreased in CD11c-CreGab1

fl/fl 
mice. Scale bar, 100 µm; n = 3 or 7/group. (E) Percentages of PAS-positive 

cells in airway epithelial cells. n = 3 or 7/group, **P < 0.01.
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Figure 5 Gab1-deficient DCs exhibit normal maturation, antigen uptake, and antigen presentation compared with control 
DCs. (A) FACS analysis of cell surface markers showing that Gab1 deficiency in DCs had no influence on their maturation. 
Data are representative of three independent experiments. (B) Antigen uptake (OVA-Alexa Flour 647) by DCs measured 
with FACS showed no difference between control and Gab1-deficient DCs. Data are representative of three independent ex-

periments. (C) FACS analysis of naive T cell proliferation showing that Gab1 deficiency in DCs had no influence on antigen 
presentation. Data are representative of three independent experiments. (D) Mean fluorescence intensity of CD4+

 T cell pro-

liferation.

Gab1 in the modulation of DC maturation, antigen up-

take, and antigen presentation, thus enabling us to focus 
more on its role in mDC migration. At times of allergen 
challenge, immature DCs in the airways migrate into the 

DLNs, where Th2 responses are initiated. Migratory DCs 

are known to play a crucial role in the development of al-
lergic asthma. We thus hypothesized that direct alteration 
of mDC migration might be responsible for the attenuat-
ed asthma in LysMcreGab1

fl/fl 
mice. To test this possibil-

ity, equal numbers of mDCs from Gab1
fl/fl

 and LysMcre-

Gab1
fl/fl mice were labeled with different fluorescent dyes 

and subcutaneously injected into congenic mice. Then, 

DLNs were disaggregated for analysis of mDC migra-

tion. As shown in Figure 6A and 6B, the loss of Gab1 
dramatically reduced mDC migration to DLNs. Similar 

results were obtained with exchanged dyes, showing that 

the differences were not due to variation of dyes. Fur-
thermore, reduced migration of antigen-loaded DCs to 
DLNs due to Gab1 deficiency also led to impaired T cell 
activation (Figure 6C). Carboxyfluorescein succinim-

idyl ester (CFSE)-labeled CD4
+ T cells from OT-II mice 

were intravenously injected into recipient mice. After 24 
h, these mice were subcutaneously injected at the hind 

footpads with OVA-loaded mature BMDCs from Gab1
fl/fl 

or LysMcreGab1
fl/fl mice. T cell proliferation evaluated by 

monitoring CFSE dilution of OT-II T cells from DLNs rep-

resented DC migration capacity since we had ruled out the 

possibility that Gab1 contributes to antigen presentation 

in DCs (Figure 5C and 5D). Altogether, we demonstrated 

that Gab1 deficiency disturbs mDC migration and ulti-
mately results in defective T cell activation in vivo.

Loss of Gab1 impairs the chemotactic motility of mDCs 

in vitro

mDCs play a major role in the pathogenesis of aller-
gic asthma, and targeting their migration is a promising 

strategy for curing asthma [29, 30]. CCL19 binding with 

CCR7 is critical for DC homing to lymph nodes [31-35]. 

We thus determined whether Gab1 removal influenced 
CCL19-dependent mDC migration. Live-cell imaging 

experiments revealed a similar random migration path 

(Figure 7A) and velocity (Figure 7B) in control and 
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Figure 6 Loss of Gab1 impairs migration of BMDCs in DLNs. (A) Gab1-deficient DCs were unable to migrate to DLNs. Upper 
panel, more CFSE-labeled control DCs migrated to DLNs than eFluor670-labeled Gab1-deficient DCs. Lower panel, fewer 
CFSE-labeled Gab1-deficient DCs migrated to DLNs than eFluor670-labeled control DCs. Each plot represents one mouse. 
n = 3/group. (B) Percentage of labeled-DCs migrating to DLNs. n = 6/group, **P < 0.01. (C) Gab1-deficient DCs failed to mi-
grate to DLNs and prime naive T cells. Each plot represents one mouse. n = 3/group.

Gab1-deficient mDCs. However, in a CCL19 concentra-

tion gradient, Gab1-deficient mDCs showed disorganized 
and blocked migration (Figure 7C) compared with the 

directional and ordered movement of control mDCs, and 
the velocity of Gab1-deficient mDCs was reduced (Figure 

7D). Similarly, impaired CCL19-mediated chemotaxis 

was also observed in Gab1-deficient DCs using an in 

vitro transwell assay (Figure 7E). Collectively, these 

observations clearly define a unique function of Gab1 in 
CCL19-mediated mDC migration.

Gab1 positively regulates the CCL19-mediated CCR7/
Rho/Pyk2 axis by bridging p115-RhoGEF and Rho

CCL19/CCR7 is essential for DC migration to lymph 
nodes, but it remains largely elusive which intracellular 

signaling components are involved. To correlate Gab1 

function with CCL19-dependent signaling events, mDCs 

were treated with CCL19 in an in vitro time-course ex-

periment and then analyzed for activation of Pyk2, Cofi-

lin, Akt, JNK, and p38, which have been reported to be 

involved in DC migration [34, 36]. As shown in Figure 

8A, levels of phosphorylated Akt, Pyk2, and its down-

stream Cofilin were markedly reduced, but there was no 
evident impairment of Erk, p38, or JNK activation in 
Gab1-deficient mDCs. In addition, the diminished acti-
vation of Pyk2 and Cofilin were found in DCs of MLNs 
from OVA-induced LysMcreGab1

fl/fl 
mice (Supplementary 

information, Figure S4). Moreover, activation of JNK 
and p38 were slightly altered in Gab1-deficient DCs, 
possibly due to a compromised environment in vivo. 

Pharmacological suppression of Pyk2 activation notably 
reduced CCL19-induced DC migration in vitro while 

inhibition of Akt activation had no detectable influence 
(Figure 8B), suggesting that the CCL19/CCR7/Akt axis 
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may not be a major factor contributing to mDC migra-

tion. Activated Pyk2 plays a pivotal role in controlling 

Cofilin activity and cytoskeleton rearrangement [36, 37]; 

accordingly, we observed migratory defects in Gab1-de-

ficient DCs, visualized as less-polarized actin polymer-
ization in response to CCL19 (Figure 8C). These findings 
indicated a role of Gab1 in modulating CCL19-mediated 
Rho/Pyk2/Cofilin activation. 

As a small GTP-binding protein, Rho has both GDP/

GTP-binding and GTPase activities and functions as a 
binary switch, assisting CCR7 to convey intracellular 

signals and regulate actin organization, cell polarity and 

migration. Guanine nucleotide exchange factors (GEFs) 
are necessary for the activation of Rho by catalyzing the 
exchange of bound GDP for GTP [38, 39]. Gab1 serves 

as an essential docking protein for integrating the cyto-

plasmic elements involved in transmembrane signal am-

plification and previous studies have suggested a role of 

Gab1 in the activation of Rho family members [40, 41]. 

Here, we hypothesized that Gab1 regulates the activation 

of CCL19 downstream elements by facilitating the bind-

ing of p115-RhoGEF to Rho, which is necessary for Rho 
activation. To test this, we performed co-immunoprecip-

itation assays and indeed, the results showed that Gab1 

interacted with CCR7, Rho, and p115-RhoGEF (Figure 

8D), and further study implied that CCR7 bound Gab1 
through its C-terminal domain of 332-378 in cytoplasm 
(Figure 8E). More importantly, Gab1 deficiency disrupt-
ed the assembly of Rho and p115-RhoGEF, while had no 
influences on the interaction of CCR7 and Rho (Figure 

8F). Correspondingly, CCL19-induced Rho activation 

was also inhibited in Gab1-deficient DCs (Figure 8G). 

Collectively, the findings obtained in this study define 
a novel role of the docking protein Gab1 in regulating 
CCL19-dependent mDC migration in the pathogenesis of 
allergic asthma. It is most likely that Gab1 serves as an 

Figure 7 Genetic removal of Gab1 results in attenuated CCL19-induced chemotactic motility in BMDCs. (A, B) Normal ran-

dom migration of Gab1-deficient DCs in a planar under-agarose assay. Migration tracks (A) and cell velocity (B) of random-

ly-selected cells were shown. (C, D) Impaired directional motility of Gab1-deficient DCs. Migration tracks (C) and velocity 

(D) of randomly-selected cells were shown. Each dot represented one cell and > 30 cells were tracked. ***P < 0.001. (E) 

Transwell assay showing that fewer Gab1-deficient DCs migrated toward CCL19. All data represent three independent exper-
iments. **P < 0.01.
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Figure 8 Gab1 positively regulates CCL19-mediated CCR7/Pyk2 signaling by mediating the interaction of p115-RhoGEF with 

Rho. (A) Loss of Gab1 in DCs inhibited the phosphorylation of Pyk2, Cofilin, and Akt in response to CCL19 stimulation, while 
the phosphorylation of Erk, JNK and p38 was little changed. BMDCs were stimulated with CCL19 (100 ng/ml) for 0, 2, 5, 10 
and 30 min. β-Actin was used as loading control. Data are representative of three independent experiments. (B) Transwell 

assays using control DCs pre-treated with specific inhibitors of Pyk2 (PF-431396) or PI3K (LY294002) demonstrated that 
Gab1 regulates DC trafficking to lymph nodes via the Pyk2/Cofilin pathway rather than the PI3K/Akt pathway. ***P < 0.001. (C) 

F-actin staining showing that Gab1 deficiency in DCs impaired the actin cytoskeleton rearrangement in response to CCL19. 
Scale bar, 10 µm. (D) Co-immunoprecipitation assays indicating that Gab1, CCR7, Rho, and p115-RhoGEF formed a com-

plex upon CCL19 stimulation. Data are representative of three independent experiments. (E) Co-immunoprecipitation assays 

in 293T cells indicating that CCR7 interacted with Gab1 through its C-terminal domain of 332-378. Data are representative of 
three independent experiments. (F) Removal of Gab1 in DCs reduced the interaction of Rho with p115-RhoGEF, while had 
slight influence on the interaction of CCR7 and Rho upon stimulation by CCL19. Whole-cell lysates were immunoprecipitat-
ed with anti-Rho or anti-p115-RhoGEF antibody and then immunoblotted with anti-p115-RhoGEF, anti-Rho, or anti-CCR7 

antibodies. Data are representative of three independent experiments. (G) The activation of Rho induced by CCL19 was 

attenuated in Gab1-deficient DCs. Whole-cell lysates were incubated with GST-Rhotekin-RBD and then immunoblotted with 
anti-Rho antibody. Data are representative of three independent experiments.
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essential docking protein that integrates CCL19/CCR7/

Rho signals, thus contributing to Rho-induced Pyk2 ac-

tivity.

Discussion

Asthma is a highly prevalent form of allergic in-

flammation, but the fundamental causes are still largely 
unknown. An important pathogenesis of asthma is the 
development of an allergic inflammatory response to in-

haled allergens [42, 43]. In the present study, we defined 
a unique role of the scaffolding protein Gab1 in regulat-
ing DC-mediated asthma. First, overexpression of Gab1 
was found in PBMCs from asthma patients during exac-

erbations. Second, selective deletion of Gab1 in myeloid 
monocytes significantly attenuated OVA- and HDM-in-

duced asthmatic inflammation. Further experiments re-

vealed the importance of Gab1 in the regulation of mDC 
migration. Mechanistically, Gab1 acts as a docking pro-

tein, linking Rho with p115-RhoGEF, which is required 

for the activation of Rho- and CCL19-directed cell mi-
gration. Our findings add new insight into the pathogen-

esis of allergic asthma and indicate that Gab1 may be an 
attractive therapeutic target for this lung disease.

It is becoming increasingly understood that pertur-
bations in tyrosine phosphorylation underlie the devel-

opment of asthma, and this has prompted great efforts 
to develop inhibitors targeting the tyrosine kinases and 

phosphatases implicated in asthma and other inflammato-

ry diseases [44-46]. It has become evident that scaffold-

ing proteins are integral parts of signal modification by 
controlling signal diversity, specificity and crosstalk [47, 

48]. Elucidating the mechanism by which these proteins 

finely orchestrate phosphorylation would provide not 
only a better understanding of the fundamental processes 
in asthma but also desirable specific targets for curing 
this disease. Although lacking enzymatic activity itself, 
Gab1 contains multiple tyrosine-based activation motifs 
and domains for direct binding with kinases, phospha-

tases, and other signal partners. It is most likely that 
Gab1 serves as a docking site to amplify more specific 
signaling in a fine-tuned manner [16]. In contrast to other 
GAB family proteins, Gab1 and Gab2 are ubiquitously 
expressed. It has been suggested that they are functional-
ly redundant, owing to their high homology and similar 

expression profiles. However, emerging evidence indi-
cates that Gab1 and Gab2 have distinct physiological 

functions in vivo. Gab1 deficiency in mice leads to em-

bryonic lethality, with profound developmental defects 
in heart, placenta, and skin, whereas Gab2-deficient mice 
appear normal and are generally healthy, without obvi-

ous developmental defects [22, 24]. In recent years, the 

Cre-driven conditional knockout system has been used to 

demonstrate the importance of Gab1 in the liver and car-
diovascular system [49-51]. Hepatic Gab1 is required for 
liver regeneration and hepatoprotection [52]. Disruption 

of Gab1 in the liver enhances hepatic insulin sensitivity 
and glucose tolerance [51]. Gab1 has crucial functions 
in coordinating ErbB signaling in regulating the post-

natal maintenance of cardiac function [53]. Endothelial 

Gab1 is also required for postnatal angiogenesis and 
vascular inflammation after injury. Endothelial-specific 
Gab1-knockout mice show exacerbated vascular inflam-

mation and impaired angiogenesis following ischemic 
injury [49]. However, the roles of Gab1 in lung and in 
inflammation remain largely unknown. Previous studies 
have defined a unique function of Gab2 in allergic re-

actions, i.e., mediating IgE-induced mast cell activation 
[54]. Intriguingly, we found that both Gab1 and Gab2 are 
involved in allergic asthma but have distinct roles. Gab2 

is highly expressed in the airway epithelium with a weak 

expression in myeloid cells in an OVA-induced asthmatic 

mouse model. Gab2-knockout mice exhibit a reduction 

in mucus production and attenuated goblet cell hyperpla-

sia, suggesting a major role of Gab2 in airway epitheli-
um [24]. Additional evidence has shown that migration 

of Gab2-deficient mDCs is not affected in response to 
CCL19 stimulation (Supplementary information, Figure 
S5). Conversely, Gab1 is mainly elevated in PBMCs in 

asthmatic patients and asthmatic mouse models. We first 
introduced LysMcreGab1fl/fl

 mice in which Gab1 is selec-

tively disrupted in macrophages, neutrophils, eosinophils, 

and mDCs. Considering the key roles of eosinophils in 
asthma and a significant reduction of eosinophil infiltra-

tion in LysMcreGab1
fl/fl

 mice, eosinophils were isolated 

and transwell assay showed that the eosinphil migration 

was unaltered in LysmcreGab1
fl/fl

 mice (Supplementary 

information, Figure S6). Then adoptive transfer of mDCs 
in LysMcreGab1

fl/fl mice suggests a primary role of Gab1 
in DC-mediated asthma. Furthermore, gab1 gene was 

targeted for deletion with a CD11c-Cre, whose activity 
is largely restrained in mDCs while relatively limited in 

alveolar macrophages. Previous studies have reported 

that DCs, rather than alveolar macrophages, mediated 

the Th2 airway inflammation [55, 56]. We therefore hy-

pothesized that Gab1 dominates DC functions, which are 
essential for initiating and maintaining adaptive Th2 cell 
responses to allergens.

CCL19/CCR7 signaling plays a pivotal role in tissue 

DC migration. Blockade of CCR7 impairs dermal and 
ocular DC trafficking to neighboring lymphoid nodes, 
suggesting that targeting CCR7 would be therapeutically 

beneficial in the treatment of atopic allergic inflammation 
[57, 58]. Here, we defined the docking protein Gab1 as 
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a novel component of CCL19/CCR7-induced Rho/Pyk2 
pathway. The CCR7/Gab1/p115-RhoGEF/Rho com-

plex is formed in response to CCL19 stimulation, upon 
which, Gab1 is coupled with CCR7 to facilitate p115-
RhoGEF interaction with Rho, finally activating Rho 
and downstream Pyk2. Our study provides new insight 

into the molecular mechanism by which Gab1 modulates 

CCL19-dependent signals for DC trafficking to lymph 
nodes. Despite previous studies showing that Gab1 

mediates cell migration via the PI3K/Akt and MAPK 
pathways [26, 27, 59], we demonstrated that it acts as a 

docking protein to facilitate p115-RhoGEF interaction 
with Rho, thereby contributing to DC migration. First, 

we found that loss of Gab1 in DCs resulted in impaired 
CCL19-induced activation of Akt and Pyk2, while the 
activation of three MAPK family members (Erk1/2, p38, 
and JNK) was unchanged. Further study using specific 
inhibitors of the two pathways demonstrated that Gab1 
regulates DC trafficking to lymph nodes via the Pyk2/
Cofilin pathway rather than the PI3K/Akt pathway. 
Consistent with this result, attenuated activation of Rho, 
upstream of Pyk2, was also detected in Gab1-deficient 
DCs. All these results suggest that Gab1 modulates DC 

migration by positively regulating Rho activation. As an 

adaptor protein, Gab1 recruits p115-RhoGEF, and me-

diates the interaction of Rho with p115-RhoGEF in DCs 
and finally regulates DC migration.

The pathogenesis of allergic asthma is strongly ge-

netic in origin. Over the past decade, major advances in 

high-throughput technologies for genome-wide associ-
ation studies (GWASs) have enabled screening of some 
important chromosomal regions, including loci that may 

contain susceptibility genes affecting the development 
of asthma. To date, over a hundred such genes have been 
identified in population-based genetic studies, and many 
of them are thought to be immune-relevant [60, 61]. In 
fact, asthma is highly atopic, involving a complicated 
interplay between genetic variants and the environment, 

highlighting the complexity of these interactions in its 
etiology [62]. A recent GWAS identified a novel and 
narrow region on chromosome 4q31, USP38-GAB1, a 

potential susceptibility region for asthma [21]. Here, we 

used a genetic approach to functionally characterize the 
unique role of Gab1 in DC-mediated asthmatic inflam-

mation, providing additional information linking genetic 
evidence with functional relevance for this common 
atopic inflammation. Germline mutations in gab1 gene 

have been identified in cancer [63], and further studies 
focusing on genetic analysis of gab1 polymorphisms in 

asthma may contribute to the understanding of asthma 
susceptibility.

In conclusion, our findings support a functional re-

quirement for Gab1, a recently identified genetic risk 
factor for asthma, in allergic inflammation. Overexpres-

sion of human GAB1 was found in PBMCs during exac-

erbation in asthma patients and deleting Gab1 in myeloid 

monocytes attenuated asthmatic injury and inflammation. 
Further, our results indicate that Gab1 links Rho and 

p115-RhoGEF, thereby promoting Pyk2-activated DC 

migration. Recently, a novel structure-based screening 

approach, targeting conformational changes of Gab1 
upon specific ligand binding, has been reported [64]. 

Further studies may shed light on the detailed mecha-

nisms underlying the interplay between the scaffolding 
protein Gab1 and CCL19/CCR7 signaling in regulation 

of DC migration during allergic responses. Based on 
these findings, it may be possible to develop a promising 
therapeutic option for asthma.

Materials and Methods

Preparation of human peripheral blood monocytes 
We collected peripheral blood from children who were diag-

nosed with asthma in Lishui Children’s Hospital. Monocytes were 

isolated using a human monocyte isolation kit (Haoyang Biologi-

cal, Tanjin, China) according to the manufacturer’s recommenda-

tions. This study was approved by the Medical Ethics Committee 

of Zhejiang University School of Medicine. 

OVA- or HDM-induced asthma model
Gab1

fl/fl
 mice and LysMcre mice were generous gifts from Dr 

Gen-Sheng Feng (University of California, San Diego, CA, USA) 
and Dr Ximei Wu (Zhejiang University, China). CD11c-Cre mice 

were bought from Jackson Laboratory. Gab1 conditional knock-

out mice (LysMcreGab1
fl/fl

, 129Sv × C57B6/J; CD11c-CreGab1
fl/fl

, 

C57B6/J) were generated by crossing Gab1
fl/fl

 mice with LysMcre 

mice and CD11c-Cre mice. OT-II TCR transgenic mice were gifts 
from Dr Shumin Duan (Zhejiang University, China). Gab1

fl/fl
 and 

LysMcreGab1
fl/fl

 littermates or CD11c-CreGab1
fl/fl

 (6-8 weeks old) 

were challenged with 100 µg OVA (Sigma-Aldrich, St. Louis, 

MO, USA) adsorbed on 2 mg aluminum hydroxide in the foot-
pad, neck, back, and groin on day 0 and then given with the same 

amount of OVA by intraperitoneal injection on day 14. Beginning 
on day 21, the sensitized mice were exposed to aerosolized 1% 

OVA for 30 min daily for 7 days. Control group mice (Gab1
fl/fl

 and 

LysMcreGab1
fl/fl

 or CD11c-CreGab1
fl/fl

 mice) were treated with sa-

line using the same protocol. On day 28, mice were sacrificed for 
pathological examinations. Gab1

fl/fl
 and LysMcreGab1

fl/fl
 littermates 

were sensitized intratracheally on day 0 with 100 µg HDM (Greer 

Laboratories, Lenoir, NC, USA) and again on days 7, 8, 9, and 10 
with 25 µg HDM, and sacrificed on day 13. All experiments in this 
study were reviewed and approved by the Animal Care and Use 
Committee of Zhejiang University School of Medicine. 

BALF analysis and cytokine detection 
Twenty-four hours after allergen challenge, mice were sacri-

ficed by injection of pentobarbital. BALF from each animal was 
collected as described previously [13, 24]. All BALF samples were 

centrifuged at 930× g at 4 °C for 10 min. Cell pellets were resus-
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pended in 100 µl phosphate-buffered saline (PBS), and differential 
cell counts were performed using standard morphological criteria 
after Wright-Giemsa staining. The BALF supernatant from each 
experimental mouse was stored at −80 °C until use. The Th2 cyto-

kine levels in the BALF supernatant were measured using ELISA 
kits (IL-4, IL-5 and IL-13; eBioscience, San Diego, CA, USA) 
according to the manufacturer’s recommendations.

Histology and immunohistochemistry
Lungs were equivalently inflation-fixed with an intratrache-

al injection of 4% paraformaldehyde in PBS at 25 cm H2O and 

immersed in the same fixative to preserve the pulmonary archi-
tecture. The left lung of each mouse was embedded in paraffin 
according to standard procedures. Sections (5 µm) were mounted 

on slides for histological or immunohistochemistry (IHC) analysis. 
Hematoxylin and eosin staining was used to evaluate changes in 

lung morphology. Mucus secretion was assessed by PAS staining. 

IHC analysis was performed using an indirect method with an 
antibody against the Muc5ac protein (Thermo Scientific, Bremen, 
Germany) and 3,3′-diaminobenzidine and hematoxylin for general 
morphology.

Generation of BMDCs and BMDMs
To generate BMDCs, mouse bone marrow cells were cultured 

for 7 days at 1 × 106 cells/ml in complete medium (RPMI 1640 
with 10% heat-inactivated fetal bovine serum (FBS), 50 U/ml 
penicillin, and 50 U/ml streptomycin) supplemented with 10 ng/ml 
mouse GM-CSF (Peprotech, Rocky Hill, NJ, USA) and 10 ng/ml 
mouse IL-4 (Peprotech). The culture medium was changed every 2 
days. On day 7, non-adherent cells were collected and purified us-

ing anti-mouse CD11c magnetic beads (Miltenyi Biotec, Auburn, 

CA, USA) with an AutoMacs device (Miltenyi Biotec). The purity 
was determined by FACS analysis (> 98% CD11c

+). The purified 
cells were immature DCs. To obtain mature DCs, these cells were 

treated with 100 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich) 

for 16 h. Bone marrow cells were cultured in complete medium 
supplemented with 10 ng/ml mouse M-CSF (Peprotech) for 7 days 
to obtain BMDMs as described above.

Adoptive transfer of BMDCs and BMDMs
Adoptive transfer of BMDCs and BMDMs was performed 

according to a previously described method [65]. BMDCs or 

BMDMs (1 × 10
7 cells/mouse) were adoptively transferred to 

Gab1
fl/fl

 or LysMcreGab1
fl/fl

 mice via tail vein injection on days 0, 6, 

and 12 when mice were treated with OVA.

RT-PCR and real-time PCR
Total RNA from human peripheral blood monocytes was ex-

tracted using TRIzol (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions. The concentration of RNA was 
measured using a Nanodrop spectrophotometer (Thermo Scientif-
ic). Total RNA (1 µg) was reverse-transcribed using the ReverTra 

Ace qPCR RT Kit (Toyobo, Osaka, Japan). Real-time quantitative 

PCR was performed using the FastStart Universal SYBR Green 
Master Kit (Roche, Mannheim, Germany).

FACS analysis
Cells were subjected to FACS analysis using an FC 500 MC 

system (Beckman Coulter, Fullerton, CA, USA). For DC matura-

tion studies, immature DCs were incubated with 10 µg/ml OVA 

for 24 h and then stained with anti-CD80-FITC, anti-CD86-APC, 
anti-CD11c-PE, and anti-MHC-II-PE (eBioscience). For antigen 
uptake analysis, phagocytosis by DCs was detected using FACS 

analysis. For the in vitro antigen presentation assay, OT-II T cells 
were labeled with CFSE (eBioscience) and T cell proliferation was 
assessed with FACS. For in vivo DC migration studies, mature 

DCs from Gab1
fl/fl

 and LysMcreGab1
fl/fl 

mice were labeled with 

CFSE and eFluor 670, respectively, and the migration of DCs was 
evaluated by FACS. A minimum of 20 000 cells were collected 
and the data were analyzed using FlowJo software (Tree Star, Eu-

gene, OR, USA) and CXP analysis software (Beckman Coulter).

Analysis of antigen uptake
Alexa Fluor 647-conjugated chicken OVA (Alexa Fluor 647-

OVA, Invitrogen) was used to detect antigen uptake by DCs. Im-

mature DCs (1 × 10
6
 cells/ml) were incubated with Alexa Fluor 

647-OVA (25, 50, and 100 µg/ml) at 37 °C for 45 min. Control 
incubations were performed at 4 °C. Cells were then washed three 
times with cold PBS and analyzed by FACS.

In vitro antigen presentation assay
CD4

+ T cells were isolated from the spleen of OT-II Ly5.2+
 

TCR transgenic mice and enriched by negative selection using a 

mouse CD4 T Lymphocyte Enrichment Set-DM according to the 

manufacturer’s protocol (BD Biosciences, San Diego, CA, USA). 
Wild-type and Gab1-deficient BMDCs were incubated with 250 
µg/ml OVA (Sigma-Aldrich) for 45 min at 37 °C in culture medi-
um, washed three times, and then co-cultured with CFSE-labeled 

CD4
+ T cells in round-bottom 96-well plates at ratios of 1:5, 1:10, 

and 1:20 (1 × 10
5 T cells) for 72 h. T cell proliferation was as-

sessed by FACS.

In vivo T cell proliferation assay
CD4

+ T cells isolated from the spleen of OT-II Ly5.2+
 TCR 

mice were purified and then labeled with 1.25 µM CFSE. About 5 
× 10

6 CFSE-labeled OT-II T cells were intravenously injected into 
control recipient mice. After 24 h, those mice were subcutaneous-

ly injected at the hind footpads with 6 × 105
 OVA-loaded mature 

BMDCs from Gab1
fl/fl

 or LysMcreGab1
fl/fl mice. After 72 h, popli-

teal DLNs were digested and T cell proliferation was assessed by 
FACS.

In vivo migration of DCs
Equal numbers of mature DCs from Gab1

fl/fl
 and LysMcreGab-

1
fl/fl

 mice were labeled with 1.25 µM CFSE (eBioscience) and 1.25 

µM eFluor 670 (eBioscience), respectively, and then mixed. A to-

tal of 4 × 106
 DCs were suspended in 20 µl PBS and then subcuta-

neously injected into the hind footpads of control littermates. After 
48 h, popliteal DLNs were disaggregated and digested with 1 mg/

ml collagenase D (Sigma-Aldrich) and 0.4 mg/ml DNase I (Roche) 
for 30 min at 37 °C. The enzymatically treated cell suspension was 
evaluated by FACS.

Chemotaxis assay
Chemotaxis of mature DCs was determined by measuring the 

number of cells that migrated through a polycarbonate filter (5 µm 
pore size) in 24-well transwell chambers (Corning Costar, Cam-

bridge, MA, USA). DCs (1 × 105) from Gab1
fl/fl

 or LysMcreGab1
fl/

fl mice were resuspended in 100 µl RPMI 1640 with 0.1% bovine 
serum albumin and then added to the upper chamber. The lower 



Yun Zhang et al.

1239

www.cell-research.com | Cell Research | SPRINGER NATURE

chamber contained 400 µl of the same medium with or without the 
chemokine CCL19 (100 ng/ml and 300 ng/ml; Peprotech). After 
incubation for 3 h at 37 °C, DCs that migrated to the bottom cham-

ber were counted by a Cedex XS cell analysis system (Roche). To 

determine which pathway was involved in CCL19-mediated DC 

migration, wild-type DCs were pre-treated with 0.5, 1 and 2 µM of 
PF-431396 (inhibitor of Pyk2, Sigma-Aldrich) or 0.5, 1 and 2 µM 
of LY294002 (inhibitor of PI3K, Cell Signaling Technology, Dan-

vers, MA, USA) for 2 h and the transwell assay was performed.

In vitro migration assay (under-agarose chemotaxis assays) 
Under-agarose chemotaxis assays were performed as described 

previously [66]. Briefly, 2.5% UltraPure agarose (Invitrogen) in 
distilled water was heated and mixed with prewarmed (56 °C) 

RPMI 1640 containing 20% FBS and 2× Hanks’ Balanced Salts 
(Sigma-Aldrich) at a ratio of 1:2:1 to achieve a final agarose con-

centration of 6.25 mg/ml. Two milliliters of liquid agarose-medium 
mixture was used to coat 35-mm dishes (Shengyou Biotechnology, 

Hangzhou, China) and allowed to polymerize at room temperature. 

Two holes (1 mm) were punched into the agarose: a “responder” 

hole for DCs and an “attractor” hole for chemokine CCL19. After 
equilibration at 37 °C for 30 min, 2 × 104 DCs from Gab1

fl/fl
 or 

LysMcreGab1
fl/fl mice were transferred into the responder hole and 

1.2 µg/ml CCL19 was transferred into the attractor hole. After cul-
ture at 37 °C for 1 h, live-cell imaging on an IX81-FV1000 con-

focal microscope (Olympus, Tokyo, Japan) was initiated to record 
the directional migration of DCs. For under-agarose chemotaxis 
assays with homogenous CCL19, CCL19 was added when the 

agarose-medium mixture had cooled to about 37 °C, resulting in 

a final CCL19 concentration of 2.5 µg/ml. One hole (1 mm) was 
punched into the agarose and 2 × 10

4 DCs from Gab1
fl/fl

 or LysM-

creGab1
fl/fl mice were transferred into the hole. After culture at 37 

°C for 1 h, live-cell imaging was initiated to record the migration 
of DCs. The results were analyzed using Imaris 7.6.3 (Bitplane 
AG, Zurich, Switzerland).

Immunofluorescence 
Immunofluorescence of BMDCs was carried out as follows. 

Mature BMDCs (1 × 10
4) from Gab1

fl/fl
 or LysMcreGab1

fl/fl
 mice 

were grown on poly-L-lysine-coated (Sigma-Aldrich, 100 µg/

ml) coverslips in 12-well plates for 1 h. CCL19 (100 ng/ml) was 
added to stimulate the cells for 0, 0.5, 1, or 2 h and then the cells 
were washed three times with calcium- and magnesium-free PBS, 
fixed with 4% paraformaldehyde for 20 min, permeabilized with 
0.1% Triton X-100 (Sigma-Aldrich) for 20 min, blocked with 4% 
normal goat serum for 1 h, and incubated overnight with phalloi-
din-FITC (Beyotime, 1:200 dilution). 4′,6-diamidino-2-phenylin-

dole (DAPI) was used to stain nuclei (blue). Confocal images of 
stained BMDCs were analyzed with an inverted microscope (Carl 

Zeiss, Göttingen, Germany) using the Zeiss LSM program.

Active Rho detection
Rho activity was assessed using a commercially available ac-

tive Rho detection kit (Cell Signaling Technology). According to 

the manufacturer’s protocol, CCL19 (100 ng/ml) was added to 
DCs (1 × 10

7/sample) and incubated for 0, 0.5, and 2 min. Then 
the cells were washed with ice-cold PBS. PBS was removed and 0.5 

ml ice-cold 1× lysis buffer/binding/wash buffer plus 1 mM PMSF 
was added to each sample, followed by vortexing and incubating 
on ice for 5 min. Cell lysates were collected by centrifugation at 4 

°C. Next the 50% resin slurry was washed once with 1× lysis buf-
fer/binding/wash buffer and mixed with GST-Rhotekin-RBD. The 
lysates were then transferred. The reaction mixture was incubated 
at 4 °C for 1 h with gentle rocking. The resin was washed 3 times 
with 1× lysis buffer/binding/wash buffer (400 µl). The resin was 
suspended in 50 µl of SDS sample buffer and boiled for 5 min. 
Bound Rho proteins were detected by western blot using a Rho 

antibody (Cell Signaling Technology) and the total amount of Rho 
in cell lysates served as control. 

Immunoblotting analysis and co-immunoprecipitation
Primary cells were homogenized in RIPA buffer (150 mM 

NaCl, 50 mM Tris, pH 8.0, 1% Triton X-100, 0.5% sodium deoxy-

cholate, and 0.1% SDS, supplemented with protease and phospha-

tase inhibitors) before further analysis. Cell lysates (40 µg) were 
separated on SDS-PAGE and immunoblotted using antibodies 

against the following proteins: Gab1, phospho-Akt (Thr308), phos-

pho-Akt (Ser473), Akt, phospho-Erk, Erk, phospho-Pyk2 (Tyr402), 

Pyk2, P-Cofilin (Ser3), Cofilin, p-p38, p38, P-JNK and JNK (Cell 
Signaling Technology), CCR7 (Abcam, Cambridge, MA, USA), 
and β-actin (Sigma-Aldrich). For co-immunoprecipitation assays, 

cells were lysed in NP-40 buffer (150 mM NaCl, 50 mM Tris, pH 
7.4, 1% NP-40) containing protease and phosphatase inhibitors, and 

the lysates were immunoprecipitated overnight at 4 °C using anti-

bodies against the following proteins: Gab1, CCR7, Rho, and p115-
RhoGEF (Cell Signaling Technology) coupled to protein A-agarose 

(Roche). Immunoprecipitates were washed three times with lysis 
buffer. Protein levels were determined by western blotting as in-

dicated above. Scanned immunoblots were representative of three 
independent experiments.

In 293T cells, 4 µg of Flag-Gab1 were co-transfected with 
HA-CCR7 (4 µg) or GST-CCR7332-378 (4 µg) plasmids for 48 h. 
Flag co-transfected with HA-CCR7 or GST-CCR7332-378 plasmids 

were as control. Then cells were lysed in NP-40 buffer contain-

ing protease and phosphatase inhibitors, and the lysates were 

immunoprecipitated overnight at 4 °C using HA or GST antibod-

ies (Cell Signaling Technology) coupled to protein A-agarose. 

Immunoprecipitates were washed three times with lysis buffer. 
Protein levels were determined by western blotting as indicated 

above. Scanned immunoblots were representative of three inde-

pendent experiments.

Statistical analysis

Data are expressed as mean ± SEM and were assessed for sig-

nificance by Student’s t-test or ANOVA when appropriate. P val-

ues < 0.05 were considered significant.
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