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Protein tyrosine phosphatase 11 acts through
RhoA/ROCK to regulate eosinophil accumulation
in the allergic airway

Chengyun Xu,*' Xiling Wu,"! Meiping Lu,’ Lanfang Tang," Hongyi Yao,* Jirong Wang,* Xing Ji,*
Musaddique Hussain,* Junsong Wu,%* and Ximei Wu*?

*Department of Pharmacology, "Department of Respiratory Medicine, The Affiliated Children’s Hospital, *Department of Pharmacy, The
Second Affiliated Hospital, and *Department of Orthopedic Surgery, The First Affiliated Hospital, School of Medicine, Zhejiang University,
Hangzhou, China

ABSTRACT: Src homology domain 2—containing protein tyrosine phosphatase 2 (SHP2) participates in multiple cell
functions including cell shape, movement, and differentiation. Therefore, we investigated the potential role of SHP2
in eosinophil recruitment into lungs in allergic airway inflammation and explored the underlying mechanism. Both
SHP2 and Ras homolog family member A (RhoA) kinase were robustly activated in the airway eosinophils of
children with allergic asthma and of a mouse model with allergic airway inflammation. Moreover, inhibition of
SHP2 activity by its specific inhibitors reverses the dephosphorylation of p190-A Rho GTPase-activating protein and
in turn attenuates RhoA/Rho-associated protein kinase (ROCK) signaling, resulting in the attenuation of eosinophil
migration in response to platelet-activating factor stimulation. Specifically, SHP2 deletion in myeloid cells did not
affect the number and classification of circulating leukocytes but significantly attenuated the allergen-induced
inflammatory cell, especially eosinophil, infiltration into lungs, and airway hyperreactivity. Notably, genetic in-
teraction between RhoA and SHP2 indicated that RhoA inactivation and SHP2 deletion synergistically attenuated
the allergen-induced eosinophil infiltration into lungs and airway hyperreactivity, whereas overexpression of active
RhoA robustly restored the SHP2 deletion—-resultant attenuation of allergen-induced eosinophil recruitment into
lungs and airway hyperreactivity as well. Thus, this study demonstrates that SHP2 via RhoA/ROCK signaling
regulates eosinophil recruitment in allergic airway inflammation and possibly in allergic asthma.—Xu, C., Wu, X.,
Lu, M., Tang, L., Yao, H., Wang, J., Ji, X., Hussain, M., Wu, J., Wu, X. Protein tyrosine phosphatase 11 acts through
RhoA/ROCK to regulate eosinophil accumulation in the allergic airway. FASEB J]. 33, 000-000 (2019).
www.fasebj.org

KEY WORDS: SHP2 - asthma - cell migration - airway inflammation

ABBREVIATIONS: BALF, bronchoalveolar lavage fluid; caRhoA, constitu-
tively active form of RhoA; caRhoA" ~, caRhoA knock-in mouse strain;
CCL, C-C motif chemokine; CCR3, C-C chemokine receptor type 3;
dnRHoA, dominant-negative RhoA; dnRhoAY ~, knock-in mouse strain;
ECP, eosinophil cationic protein; FBA, foreign body aspiration; H&E,
hematoxylin and eosin; HBSS + C, calcium containing HBSS; HBSS-C,
calcium-free HBSS; LysM-Cre, lysozyme M-Cre; MLC2, myosin light chain
2; MYPT1, myosin phosphatase target subunit 1; NS, normal saline; OVA,
ovalbumin; PAF, platelet-activating factor; PBST, Triton X-100 in PBS;
PHPS1, phenylhydrazonopyrazolone sulfonate 1; RhoA, Ras homolog
family member A; RhoGAP, Rho GTPase-activating protein; ROCK,
Rho-associated protein kinase; SHP2, Src homolo;f?z domain 2-containing
protein tyrosine phosphatase 2; SHP2%, SHP21ox/flox

! These authors contributed equally to this work.

2 Correspondence: Department of Orthopedic Surgery, The First Affiliated
Hospital, Zhejiang University School of Medicine, 79 Qingchun Rd.,
Hangzhou 310003, China. E-mail: wjs1288@zju.edu.cn

3 Correspondence: Department of Pharmacology, School of Medicine,
Zhejiang University, 866 Yuhangtang Rd., Hangzhou 310058, China.
E-mail: xiwu@zju.edu.cn

doi: 10.1096/1).201900698R
This article includes supplemental data. Please visit http://www.fasebj.org to
obtain this information.

0892-6638/19/0033-0001 © FASEB

Allergic asthma is a chronic inflammatory disease char-
acterized by the significant infiltration of eosinophils into
the airway (1, 2). Mounting evidence has demonstrated the
critical role of eosinophils in allergic asthma pathogenesis,
including airway hyperreactivity, excessive mucus pro-
duction, and airway remodeling (1, 2). Animal studies
have demonstrated that eosinophil-lineage deficiency
protected the mice against the cardinal features of asthma
(3,4), and clinical studies have also indicated an important
role of eosinophils in asthma exacerbation (5, 6). In re-
sponse to allergen challenge, eosinophils develop from the
committed bone marrow progenitors, exit the bone mar-
row to migrate into the blood, and subsequently accu-
mulate in peripheral tissues, where they survive for up to 2
wk and reside under homeostatic conditions (7). The mo-
bilization of eosinophils from bone marrow to peripheral
blood and the subsequent migration of eosinophils toward
inflammatory sites are the hallmarks of asthma (2, 7); thus,
blocking the recruitment of eosinophils into lungs and
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impairing the survival of mature eosinophils are rationally
considered as 2 major approaches to drug development for
eosinophil-associated diseases (2, 7, 8).

Like neutrophil migration, eosinophil migration is a
tightly controlled process that depends on the cytoskeletal
rearrangements (9). The Rho small GTPases, including
Rac, cell division cycle 42, and Ras homolog family mem-
ber A (RhoA), act as molecular switches that cycle between
inactive guanosine triphosphate (GTP)-bound and active
GTP-bound forms and regulate the cytoskeletal re-
arrangements and migration. The activation state of Rho
small GTPases is controlled by regulatory proteins, gua-
nine exchange factors, which catalyze the exchange of GDP
for GTP, thereby activating Rho, and GTPase-activating
proteins (GAPs), which increase the Rho-GTP hydration
and hence inactivate Rho (10, 11). Leukocyte migration
requires protrusion at a leading edge, contraction of cell
body, and detachment of adhesions at cell rear (10, 11).
Racl and cell division cycle 42 are believed to control cell
protrusion at a leading edge, whereas RhoA is thought to
regulate rear detachment through effector proteins such as
Rho-associated protein kinase (ROCK) (10, 11). In addition
to the importance of RhoA in inflammatory cell re-
cruitment, RhoA plays critical roles in the pathogenesis of
asthma. Inhibition of RhoA/ROCK signaling attenuates
smooth muscle contraction, remodeling, and hyperreac-
tivity in the airway (12, 13); thus, targeting the RhoA/
ROCK signaling is a promising approach for the thera-
peutic intervention of allergic asthma (14).

Src homology domain 2—-containing protein tyrosine
phosphatase 2 (SHP2) is an intracellular protein tyrosine
phosphatase that dephosphorylates multiple kinase sub-
strates in regulation of cell functions (15-19). The abun-
dant and universal expression of SHP2 in lungs implies its
potential importance in pulmonary diseases, including
asthma, chronic obstructive pulmonary disease, and pul-
monary fibrosis (15-19). SHP2-mediated up-regulation of
TGF-B1 production in airway epithelia contributes to
asthmatic airway remodeling, SHP2 promotes the eosino-
phil development from the committed bone marrow pro-
genitors, and modulation of eosinophil survival and
activation by intercellular adhesion molecule 1 and
granulocyte-macrophage colony-stimulating factor re-
ceptor is SHP2-dependent (16, 19, 20). In addition, SHP2
has been believed to regulate the cytoskeleton by control-
ling focal adhesion kinase, guanine nucleotide exchange
factor Vav2, RhoGAP-p190, ROCK, and 3-catenin (21-25).

In the present study, we have uncovered that SHP2 and
RhoA /ROCK exhibit high activities in pulmonary eosin-
ophils of both asthmatic children and mouse models with
allergic airway inflammation and that SHP2 signals
through RhoA /ROCK to regulate eosinophil recruitment
into lungs, which is the hallmark of asthma.

MATERIALS AND METHODS
Materials

Sephadex G-200 and Percoll were purchased from Pharmacia
(Pfizer, New York, NY, USA), and calcium-free HBSS (HBSS-C)
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and calcium containing HBSS (HBSS + C) were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Ovalbumin
(OVA), methacholine, specific SHP2 inhibitor phenyl-
hydrazonopyrazolone sulfonate 1 (PHPS1; 314291-83-3), and
specific ROCK inhibitor Y27632 (129830-38-2) were obtained
from MilliporeSigma (Burlington, MA, USA). RMC4550
(2172651-73-7) was obtained from Selleck Chemicals (Houston,
TX, USA). Platelet-activating factor (PAF; 74389-68-7) was pur-
chased from Tocris Bioscience (Bristol, United Kingdom). Active
RhoA Pull-Down and Detection Kit was obtained from Thermo
Fisher Scientific. Mouse eosinophil cationic protein (ECP), C-C
motif chemokine (CCL)11 (eotaxin-1), and CCL24 (eotaxin-2)
ELISA kits were obtained from Cusabio (Houston, TX, USA).
Bradford Protein Assay Kit was obtained from Beyotime (Hai-
men, China). Antibodies against phosphorylated (p-)Y580-SHP2,
p-Y542-SHP2, phosphorylated (p)-myosin phosphatase target
subunit 1 (MYPT1) (S695), phosphorylated (p)-myosin light chain
2 (MLC2) (519), MLC2, phosphorylated ERK1/2 (p-ERK1/2),
and ERK1/2 were obtained from Cell Signaling Technology
(Danvers, MA, USA). Antibodies against RhoGAP-p190A and
SHP2 were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Antibodies against C-C chemokine receptor type 3
(CCR3) and phosphorylated Rho-associated protein kinase 2
(p-51366-ROCK?2) were obtained from Abcam (Cambridge, MA,
USA). Antibody against phosphotyrosine was obtained from
Merck (Darmstadt, Germany). The IRDye 680 and 800s anti-
bodies were obtained from Li-Cor Biosciences (Lincoln, NE,
USA). Annexin V-FITC/PI Apoptosis Assay Kit was purchased
from Thermo Fisher Scientific, and guinea pig ECP ELISA Kit was
obtained from Gentaur Molecular Products (Kampenhout,
Belgium).

Children with foreign body
aspiration or allergic asthma

Children with the suspected diagnoses of foreign body aspiration
(FBA), tuberculosis, or bronchomalacia received diagnostic
fiberoptic bronchoscopy with bronchoalveolar lavage at the
Zhejiang University School of Medicine Children’s Hospital. The
remnant bronchoalveolar lavage fluids (BALFs) from children
with discharged diagnoses of FBA (1 = 4) or allergic asthma (1 =
7) were used in the current study. The clinical characteristics of
children with asthma or FBA were described in detail as pre-
viously described in Xu et al. (26). The BALFs were subjected to
preparation of the cytospins and supernatants. The cytospins
were further subjected to immunofluorescent staining for CCR3,
p-Y542-SHP?2, or p-S1366-ROCK?2.

Animal strains and care

Fifteen-week-old male or female Sprague-Dawley rats and
8-wk-old male or female C57BL/6] mice were purchased from
Shanghai Laboratory Animal Center (Shanghai, China). Male or
female Dunkin-Hartley guinea pigs (300-350 g) were obtained
from Vital River Laboratory Animal Technology (Beijing, China).
Lysozyme M-Cre (LysM-Cre) mice with the genetic background
of C57BL/6] were obtained from the Model Animal Research
Center of Nanjing University (Nanjing, China). SHP2/*/flox
(SHP2™) mice with the genetic background of C57BL/6] were a
gift from Dr. Gen-Sheng Feng (University of California—San
Diego, La Jolla, CA, USA) (17, 18). The conditional dominant-
negative RhoA (dnRhoA; T19N) knock-in mouse strain CAT-
dnRhoA*~ (dnRhoA*™'™), was a gift from Dr. Kazuto Kobayashi
(Fukushima Medical University, Fukushima, Japan) and gener-
ated as previously described in Kobayashi et al. (27). The condi-
tional constitutively active form of RhoA (caRhoA; G14V) was
cloned into the downstream of a constitutive EF1-a promoter
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followed by a transcriptional loxP-STOP-loxP cassette
(pRP.ExBi-EF1-a-Loxp-stop-Loxp-caRhoA), and a conditional
caRhoA knock-in mouse strain (caRhoA*~) was generated by
Cyagen Biosciences (Santa Clara, CA, USA). The description of
genetically modified mice is summarized in Table 1. SHP2
deletion in myeloid cell lineage was achieved by crossing the
SHP2” mice with mice carrying the LysM-Cre. To investigate
the role of dnRhoA, LysM-Cre;SHP2”* mice were crossed with
dnRhoA*™ mice to generate the LysM-Cre;SHP2"*;dnRhoA*~
mice. To investigate the role of caRhoA, LysM-Cre;SHP2”* mice
were crossed with SHP2"*:caRhoA*™ mice to generate the
LysM—Cre;SHPZf/f;caRhoAJ'/ ~ mice. All animals were housed at
the Zhejiang University Animal Care Facility according to the
Institutional Guidelines for Laboratory Animals, and the ani-
mal protocol was approved by the Zhejiang University
Institutional Animal Care and Use Committee.

Induction and isolation of eosinophils
from peritoneum of rats and mice

Stock solutions of Sephadex G-200 and discontinuous density
Percoll gradient were prepared for induction and isolation of rat
or mouse peritoneal eosinophils as previously described in ref.
28. Briefly, rats or mice intravenously received serial 1 or 0.2 ml
injection of Sephadex G-200 [4000 beads /ml normal saline (NS)],
respectively, and injections were performed once every 2-3 d for
a total of 4 to 5 injections. Twenty-four hours before harvesting
and at least 24 h after the last Sephadex injection, the rats or mice
received an intraperitoneal injection of 1.5 or 0.3 ml air, re-
spectively. After the rats or mice were euthanized, the peritone-
ums were lavaged with 40 or 8 ml cold HBSS-C, respectively, and
the cell suspensions were then centrifuged at 300 ¢ for 10 min at
20°C. The cell pellets were resuspended in HBSS-C, pooled, and
counted by hemocytometer. The cell suspensions were diluted in
5% rat or mouse serum to 1-2 X 107 cells/ml, and 2 ml was
carefully layered over discontinuous Percoll density gradients.
After centrifugation at 1000 g for 20 min at 20°C, the band at the
interface of 1.075 and 1.085 g/ml was isolated and pooled in
HBSS-C. The resultant cell suspension was washed and resus-
pended in HBSS + C, counted by hemocytometer, and subjected
to CCR3 immunostaining and Trypan blue staining for cell purity
assay, viability assay, and further experiments.

Eosinophil treatments

The isolated rat eosinophils were added into the HBSS + C so-
lution at a density of 1 X 107 cells/ml and treated with PAF at the
indicated concentrations for the indicated times or 30 min. In-
hibitors including PHPS1 at the indicated concentration or 50 uM
and Y27632 at 10 uM were administrated 2 h before and during

TABLE 1. Genetically modified mice

PAF treatments. After treatments, eosinophils were harvested for
protein extractions and subsequent Western blotting assays.

RhoA activation assays, immunoprecipitation, and
Western blotting

Total protein extracts were prepared in a whole cell lysis buffer
containing an inhibitor mixture. Protein concentrations were
determined using a standard Bradford assay. RhoA activation
assays were performed by an RhoA Activation Assay Kit, and
immunoprecipitation was performed by using an antibody
against RhoGAP-p190A as previously described in refs. 29 and
30. The protein lysates were subjected to SDS-PAGE followed by
a transfer onto PVDF membranes (MilliporeSigma). Membranes
were incubated overnight at 4°C with primary antibodies, and
the IRDye 680 and 800 from Li-Cor Biosciences were used as
second antibodies. The signals were visualized by an Odyssey
Infrared Imaging System (Li-Cor Biosciences). Semiquantification
of immunoblotting was performed by using Image] software
(National Institutes of Health, Bethesda, MD, USA; http://
rsb.info.nih.gov/ij/download.html). Total RhoA was used as an
internal control for the active form of RhoA and phosphorylated
proteins were normalized to total proteins, respectively. The
mean values that arose from 3 independent experiments were
presented under each band and the values of the first band were
defined as 1.

Eosinophil transwell migration
and chemotaxis assays

Eosinophil migration assays were performed by using a 24-well
transwell insert (3 wm; MilliporeSigma) as previously described
in refs. 29 and 30. Rat eosinophils at 4 X 10° cells were diluted
in 100 nl HBSS + C medium containing 0, 10, or 50 pM PHPS1
and plated on top of the filter membrane in a transwell insert, and
600 pl HBSS + C medium containing 10 M PAF was added
into the bottom of the lower chamber in the 24-well plate. The
migration toward PAF was allowed for 3 h and the migrated cells
recovered from the bottom well were counted by hemocy-
tometer; the effect of PHPS1 was assessed by the changes of
PAF-induced eosinophil migration within 3 h. Eosinophil che-
motaxis assays were performed by using a micropipette tip that
released PAF to induce the eosinophil migration as previously
described in ref. 31. Rat eosinophils at 1 X 10° cell/ml were plated
into gelatin-coated chamber slides (Nalge Nunc International,
Rochester, NY, USA) and allowed to settle for 30 min before the
experiment. PHPS1 at 50 uM or Y27632 at 10 wM were treated 2 h
before and during PAF treatments, and the micropipet loaded
with PAF at 100 .M was then screwed in the plate to allow for the
chemotaxis of eosinophils for 30 s. After that, cells were fixed and
subjected to immunofluorescent staining.

Genotype Description
LysM-Cre,SHP2"/ Two-copy deletion of SHP2 in myeloid cells
LysM-Cre;dnRhoA™~ Overexpression of 1-copy dominant-negative form of

RhoA in myeloid cells

LysM-Cre,SHP2"/*;dnRhoA*~

One-copy deletion of SHP2 and overexpression of 1-copy

dominant-negative form of RhoA in myeloid cells

LysM-Cre;caRhoA™~

Overexpression of 1-copy constitutively active form of

RhoA in myeloid cells

LysM—Cre*,SHPZf/f; caRhoA™~

Two-copy deletion of SHP2 and overexpression of 1-copy

constitutively active form of RhoA in myeloid cells
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Eosinophil apoptosis assays

Rat eosinophil apoptosis assays were performed by flow
cytometry as previously described in Lee et al. Briefly, the isolated
primary rat eosinophils were incubated with NS, PAF at 10 uM,
PHPSI at 10 and 50 pM, or RMC4550 at 0.5 and 1.0 pM for 4 h.
After washing with PBS, cells were subjected to preparation of
monoplast suspension and then stained by an Annexin V-FITC/
PI Apoptosis Assay Kit per manufacturer’s instructions. Apo-
ptosis was analyzed with a FACSCalibur Flow Cytometer (BD
Biosciences, San Jose, CA, USA).

Immunofluorescence staining

The BALF cells or eosinophils were fixed in ice-cold methanol
and permeabilized with 0.1% Triton X-100 in PBS (PBST).
After rinsing with PBST, cells were incubated with blocking
buffer for 30 min and further incubated with primary anti-
bodies including CCR3, p-Y542-SHP2, RhoGAP-p190A, and
p-1366-ROCK2 or PBS overnight at 4°C. After rinsing with
PBST, cells were incubated with Alexa Fluor 488- or 555—
conjugated secondary antibody (Thermo Fisher Scientific) or
FITC-labeled phalloidin. The nuclei were counterstained with
DAPI, and immunostaining was visualized by a confocal
microscope. Quantification of p-Y542-SHP2 or p-S1366-
ROCK?2 in CCR3" cells were performed as previously de-
scribed in Xu et al. (26), and quantification of percentages for
cells with long tails was performed by randomly counting 200
CCR3" cells from different fields.

PAF-induced pulmonary eosinophil
accumulation in guinea pigs

PAF-induced pulmonary eosinophil accumulation in guinea
pigs was performed as previously described in Sanjar et al.
(33). Briefly, guinea pigs were placed in a sealed acrylic case
with a length, width, and height of 40 X 40 X 20 cm, which
was connected to the outlet of a nebulizer. Aerosols were
generated by use of compressed air (10 L/min). Guinea pigs
were exposed for 15 min to aerosols of NS, 2 or 10 mg/ml
PHPSI1 dissolved in NS, or 10 or 50 pg/ml RMC4550 dis-
solved in NS. Two hours after exposure, guinea pigs were
further aerosolized with NS or PAF at 10 pg/ml for 1 h.
Forty-eight hours after last aerosolization, guinea pigs were
subjected to preparation of BALFs for eosinophil counting,
whereas lungs were used for ECP determination and hema-
toxylin and eosin (H&E) staining.

Mouse model with allergen-induced
airway inflammation

Mice with different genotypes were sensitized and chal-
lenged with OVA as previously described in Tang et al. (34).
Briefly, on d 0, mice were subcutaneously injected with
20 pg/mouse OVA emulsified in 4% aluminum hydroxide
adjuvant at footpad, neck, back, and groin. On d 14, the mice
were further intraperitoneally injected with 0.2 ml/mouse of
0.2% OVA. From d 21, OVA-sensitized mice were aerosolly
challenged with 1% OVA or NS by a jet nebulizer (Pari Re-
spiratory Equipment, Midlothian, VA, USA) for 30 min, once
daily for 7 d. Twenty-four hours after the last OVA challenge,
mice were subjected to examination of methacholine-provoked
airway hyperreactivity and were then sacrificed to preparation
of BALF cytospins, lung homogenates, and paraffin-embedded
sections of lungs.
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Measurement of airway resistance

The noninvasive lung function examination was performed by
using a Buxco Enhanced Pause Measurement System (Data Sci-
ences International, St. Paul, MN, USA) as previously described
in Xia et al. (19). Briefly, 24 h after final OVA challenge, mice were
placed into a whole-body plethysmograph and then aerosolly
challenged with 10 wl of methacholine at concentrations of 0,
3.125, 6.25, 12.5, 25, and 50 mg/ml, respectively. The enhanced
pause values were determined by the Buxco with the parameters
as follows: aerosol volume, 10 wl; aerosol period, 30 s; de-
termining duration, 2 min; and recovery duration, 3 min.

Preparation of BALFs and histologic examination

Preparation of BALFs and histologic examination were per-
formed as previously described in Tang et al. (34). The BALFs of
anesthetized mice or guinea pigs were obtained by washing the
left lungs with 0.5 or 5 ml of sterilized NS containing 1% bovine
serum albumin and 5000 IU/L heparin 3 times. BALFs were
diluted with 1.5 ml HBSS containing 2% fetal calf serum and
centrifuged at 500 g at 4°C for 10 min. The pellets were resus-
pended with HBSS for Wright-Giemsa staining and subsequent
cell counting and classification. Two hundred cells of each cyto-
spin were classified under light microscope. The results are
expressed as the numbers of each type of cell populationin 1 L of
BALFs. Right lungs were infused via trachea with 1 ml of 10%
neutral formalin and immersed in the same fixative for 7 d. After
tissues were paraffinized, 5-um sections were stained with H&E
staining and CCR3 immunostaining for observation of in-
flammatory cell and eosinophil infiltration, respectively.

ELISA determination for ECP, CCL11,
and CCL24 in lung homogenates

Mouse or guinea pig right lungs without lavage were homoge-
nized and subsequently centrifuged. The supernatants were
isolated for protein determination by standard Bradford protein
assays and ELISA measurements of ECP, CCL11, or CCL24 by
their respective kits according to the manufacturer’s instructions.
ECP, CCL11, and CCL24 levels were normalized to the protein
levels.

Statistics

Numerical data are presented as means = sp. Statistical analyses
were performed using SigmaStat software (v.2.0; IBM SPSS,
Chicago, IL, USA), 1-way ANOVA and Student-Newman-Keuls
multiple comparisons tests were used to calculate the difference.
Significance was assessed at P < 0.05 and P < 0.01 levels. Ex-
periments were repeated at least twice, and the results were
qualitatively similar.

RESULTS

Enhancement of SHP2 and ROCK phosphorylation in
BALF eosinophils of children with asthma and of mouse
models with allergic airway inflammation.

To determine the SHP2 and ROCK phosphorylation in
eosinophils, BALFs from children with allergic asthma
and from mice sensitized with OVA and challenged with
either OVA or NS were prepared for the cytospins and
immunofluorescent staining of p-Y542-SHP2 (an active
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form of SHP2), p-51366-ROCK2 (an active form of
ROCK?2), and CCR3 (a marker of eosinophils). CCR3-
derived immune signals were not detectable in the BALF
cells of children with FBA, but p-Y542-SHP2- and p-51366-
ROCK2-derived immune signals were readily detectable
in the CCR3-negative BALF cells of children with FBA
(Fig. 1A, B). CCR3-derived immune signals were robustly
detectable in the BALF cells of children with asthma, and
apparent overlapping immune signals from either p-Y542-
SHP2 and CCR3 or p-51366-ROCK2 and CCR3 were
readily observed in the BALF cells of children with asthma
(Fig. 1A, B). Consistently, CCR3-positive cells were also
robustly detectable in the BALF cells of OVA-challenged
mice but not in those of NS-challenged mice, and p-Y542-
SHP2- or p-51366-ROCK2-derived immune signals were
apparently colocalized with CCR3-derived immune sig-
nals in BALF cells of OVA-challenged mice but not of
NS-challenged mice (Fig. 1C, D). Thus, the phosphoryla-
tion of both SHP2 and ROCK is enhanced in the lung

A

CCR3 p-SHP2(Y542)

Isotype Control
of p-SHP2(Y542)

DAPI

CCR3

0.00+0.0

(@)

DAPI CCR3 p-SHP2(Y542)

eosinophils of not only a mouse model with allergic air-
way inflammation but also of children with allergic
asthma.

Requirement of SHP2 activity in PAF-induced
pulmonary eosinophil accumulation of
guinea pigs

To determine the potential role of SHP?2 in eosinophil mi-
gration, we used an established guinea pig model of eo-
sinophil recruitment into lungs in response to PAF, a
potent chemoattractant of eosinophils. Aerosolization
with 10 pg/ml PAF increased the numbers of eosinophil in
BALF and the ECP levels in lung by 1.9- and 2.0-fold,
respectively, whereas aerosol administration of SHP2 in-
hibitors including RMC4550 at 10 and 50 pg/ml and
PHPS1 at 2 and 10 mg/ml dose-dependently decreased
both the numbers of eosinophil in BALF and ECP levels in
lung by 42-58% (Fig. 2A, B). Consistently, histologic
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p-ROCK2(S1366)

DAPI Merge

0.00+0.0

O

DAPI p-ROCK2(S1366) Merge

Figure 1. Phosphorylation levels of SHP2 and ROCK in eosinophils from BALFs of children with allergic asthma or FBA and of
mice sensitized with OVA and challenged with OVA or NS. A, B) BALF cells from children with FBA or asthma were used for
immunostaining of CCR3 and p-Y542-SHP2 and p-S1366-ROCK2 or isotype IgG of p-SHP2 (Y542), p-S1366-ROCK2, and DAPI,
and subsequent quantification of p-Y542-SHP2 or p-S1366-ROCK2 in CCR3-positive cells. C, D) OVA-sensitized mice were
aerosolized with 1% OVA or an equal volume of NS for 30 min once daily for 7 d. Twenty-four hours after the last OVA challenge,
BALF cells were prepared for the immunostaining of CCR3, p-Y542-SHP2, p-S1366-ROCK2, and DAPI, and subsequent
quantification of p-Y542-SHP2 or p-S1366-ROCK2 in CCR3-positive cells. White arrows indicate the positive p-Y542-SHP2 or p-
S1366-ROCK2 staining in CCR3-stained cells. Children with FBA (n = 4); children with asthma (n = 7); mouse model, (n = 3).
Representative results are shown. **P < 0.01 wvs. children with FBA or mice challenged with NS.
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analyses of lung indicated that aerosolization with 10 p.g/ml
PAF led to a significant infiltration of inflammatory cells,
especially eosinophils, into the peribronchiolar tissues
in comparison with aerosolization with NS, whereas
aerosol administration of either RMC4550 at 10 and
50 wg/ml or PHPSI at 2 and 10 mg/ml markedly atten-
uated the PAF-induced infiltration of inflammatory cells,
especially eosinophils, into the peribronchiolar tissues in
comparison with aerosol administration of NS (Fig. 2C).
Thus, SHP2 activity is essentially required for the re-
cruitment of inflammatory cells, especially eosinophils,
into lungs in response to PAF stimulation.

Requirement of SHP2 activity in PAF-induced
eosinophil migration in vitro

We next induced the peritoneal eosinophils in rats by
Sephadex G-200 and performed CCR3 immunostaining
and Trypan blue exclusion assays. The purity of the pri-
mary rat eosinophils ranged from 94 to 97% (Fig. 3A) and
the viability of them was more than 92% (unpublished
results). We then investigated the roles of SHP2 in eosin-
ophil migration in response to PAF. PAF at 10 puM time-
dependently induced the phosphorylation of SHP2 at both

Y580 and Y542, the prerequisite for SHP2 activity, and the
phosphorylation of ERK1/2, the downstream effector of
SHP2 (16, 18, 19) within 10 min of stimulation, with
maximal induction at 7 min for both p-SHP2 and p-ERK1/
2 (Fig. 3B). To determine the specificity of SHP2 inhibitors
including PHPS1 and RMC4550, we treated the primary
rat eosinophils with PAF at 10 pM following the pre-
treatment with either PHPS1 at 50 uM or RMC4550 at
1.0 M. PAF at 10 pM increased the p-ERK1/2 by 4.8-fold,
whereas PHPS1 at 50 pM and RMC4550 at 1.0 pM negated
PAF-induced p-ERK1/2 by 60 and 74%, respectively (Fig.
3C). To determine the role of SHP2 activity in eosinophil
migration in response to PAF stimulation, we first vali-
dated the concentrations of PAF and SHP2 inhibitors in-
cluding PHPS1 and RMC4550 by examining the apoptosis
of eosinophils. Treatment with PAF at 10 uM, PHPS1 at 10
and 50 pM, or RMC4550 at 0.5 and 1.0 wM for 4 h did not
apparently affect the apoptosis of primary rat eosinophils
atall (Supplemental Fig. S1). However, transwell analyses
indicated that inhibition of SHP2 by its specific inhibitors,
PHPS1 and RMC4550, robustly attenuated PAF-induced
eosinophil migration; PHPS1 at 10 and 50 pM reduced
PAF-induced eosinophil transwell migration by ~57 and
80%, respectively, whereas RMC4550 at 0.5 and 1.0 pM
negated PAF-induced eosinophil transwell migration by
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Figure 2. Requirement of SHP2 activity in PAF-induced pulmonary eosinophil recruitment of guinea pigs. Guinea pigs were
aerosolized for 15 min with NS, 2 or 10 mg/ml PHPSI1 dissolved in NS, or 10 or 50 pg/ml RMC4550 dissolved in NS. After 2 h,
guinea pigs were further aerosolized with NS or PAF at 10 pg/ml for 1 h. Forty-eight hours after last aerosolization, guinea pigs
were subjected to preparation of BALFs for eosinophil counting (A), whereas lungs were used for ECP determination (B) and
H&E staining and histologic evaluation (C). Data are presented as means * sp (n=5). "'P < 0.01 vs. without PAF, PHPSI, or

RMC4550; **P < 0.01, *P < 0.05 vs. 10 wg/ml PAF alone.
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Figure 3. Involvement of SHP2 in PAF-induced eosinophil migration. A) Immunofluorescent staining of CCR3 in rat peritoneal
eosinophils. B) Enhancement of the phosphorylation of SHP2 and ERK1/2 by PAF. Rat peritoneal eosinophils were treated with
PAF at 10 uM for the indicated times and harvested for preparation of protein lysates and Western blotting. C) The specificity of
SHP2 inhibitors. The primary rat eosinophils were treated with PAF at 10 pM for 7 min following the pretreatment with either
PHPSI at 50 M or RMC4550 at 1.0 uM for 1 h. Cells were then harvested for preparation of protein lysates and Western blotting.
D, E) Attenuation of eosinophil migration by SHP2 inhibitors PHPS1 and RMC4550. Rat peritoneal eosinophil migration toward
10 wM PAF was analyzed by transwell inserts in the presence or absence of the indicated concentration of PHPS1 or RMC4550 for
3 h. The results were expressed as the number of migrated cells in bottom well. Data are presented as means * sp (n=3). ""P<
0.01 wvs. without PAF, PHPS1 and RMC4550; **P < 0.01 vs. 10 pM PAF alone.

~53 and 79%, respectively (Fig. 3D, E). Thus, SHP2 activity
is required for eosinophil recruitment toward PAF.

SHP2 targeting RhoA/ROCK to
regulate eosinophil migration

We next investigated the potential mechanism underlying
SHP2-mediated eosinophil migration in response to PAF
stimulation and emphasized on the RhoA /ROCK signaling
that was critical for cell movement and migration. PAF
ranging from 0 to 100 pM dose-dependently activated
RhoA, and 100 pM of PAF increased the active form of
RhoA (GTP-RhoA) by ~12-fold over the control at 5 min
poststimulation (average fold change at 100 uM: 12.8 £ 0.8;
n = 3) (Fig. 4A). To examine whether SHP?2 participates in
RhoA/ROCK signaling, eosinophils were treated with
PHPS1 and assayed for their responses to PAF in activa-
tion of RhoA. The RhoA activation by PAF was dose-
dependently diminished by PHPS1, and 50 uM of PHPS1
reduced PAF-induced RhoA activation by 75% (Fig. 4B).
The role of SHP2 in activation of RhoA /ROCK signaling in
response to PAF was further evaluated by Western analyses
of p-MYPT1 and p-MLC2, the downstream effectors of
RhoA/ROCK. In line with activation of RhoA, PAF at
10 uM increased p-MYPT1 (S695) and p-MLC2 (T118)
by 6.7- and 7.6-fold, respectively, whereas either SHP2

SHP2 AND EOSINOPHIL MIGRATION

inhibitor PHPSI at 50 pM or ROCK inhibitor Y27632 at 20
uM significantly attenuated p-MYPT1 (5695) (by 71 or 83%)
and p-MLC2 (T118) (by 72 or 83%) in response to PAF
stimulation at 10 wM (Fig. 4C).

Leukocyte migration requires protrusion at a leading
edge, contraction of cell body, and detachment of adhe-
sions at cell rear, and RhoA/ROCK signaling is im-
portant for the organization of stress fibers and also in
the regulation of actomyosin contractility (10, 11). We
immunostained the adherent (gelatin-coated surface) eo-
sinophils by FITC-labeled phalloidin and observed the
rear detachment by a confocal microscope. PAF treatment
induced a successful cell polarization and made mem-
brane protrusions at the front of eosinophils and retracting
fiber formation at the rear of eosinophils; however, a
striking delay in uropod release was observed in the mi-
grating eosinophils treated with either PHPS1 at 10 uM or
Y27632 at 20 pM, and the inhibition of uropod release by
PHPS1 was in a manner similar to Y27632 (Fig. 4D-F).
Thus, SHP2 behaves essentially in the same manner as
RhoA/ROCK in rear detachment during eosinophil
migration. Because RhoGAP-p190 served as a GAP to
inactive RhoA, we next immunoprecipitated RhoGAP-
Pp190A from eosinophils treated with PAF in the presence
or absence of PHPS1 and performed Western analyses of
phosphotyrosine levels of RhoGAP-p190A. PAF at 10 M
diminished the phosphotyrosine levels of RhoGAP-p190A
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Figure 4. Participation of RhoA/ROCK signaling in SHP2-mediated eosinophil migration. A) RhoA activation by PAF. Rat eosinophils
were treated with the indicated concentrations of PAF for 5 min. Cells were then harvested for RhoA pull-down assays and Western
blotting. GTP-RhoA was normalized to total RhoA. B, C) Inhibition of RhoA/ROCK signaling by PHPS1. Rat eosinophils were treated
with 10 uM PAF for 5 min in the presence or absence of 50 uM or indicated concentrations of PHPS1 or 10 nM Y27632. Cells were
then harvested for RhoA pull-down assays and Western blotting. Phosphorylated protein was normalized to total protein. D-F, H)
Eosinophil chemotaxis toward PAF. Rat eosinophils were plated into gelatin-coated chamber slides and pretreated with 50 wm PHPS1
or 10 wm Y27632 for 30 min. The micropipette loaded with 100 M PAF was then screwed in the plate to allow the chemotaxis of
eosinophils for 30 s. Cells were then fixed and subjected to immunostaining of FITClabeled phalloidin (D, F) and quantification (E) of
pY542-SHP2, RhoGAP-p190A, and DAPI (H). F) Representative cells from D. White arrow, membrane protrusions at the front of
eosinophil; red arrow, retracting fiber at the rear of eosinophil. G) Rat eosinophils were treated with 0 or 10 wM PAF in the presence or
absence of the indicated concentrations of PHPS1 for 5 min and cells were then harvested for immunoprecipitation by a RhoGAP-
p190A antibody. Western blotting was performed to detect the levels of phosphotyrosine and RhoGAPpl90A in the
immunoprecipitated complex. Data are presented as means * sp (n = 3). P < 0.01 vs. PBS and PBS; **P < 0.01 vs. PAF and PBS.
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by 99.8%, whereas PHPS1 at 10 and 50 pM restored
PAF-negated phosphotyrosine levels of RhoGAP-p190A
by ~20 and 40%, respectively (Fig. 4G). To confirm the
importance of SHP2 and RhoGAP-p190A in rear de-
tachment of eosinophils in response to PAF, we performed
the immunostaining. Consistent with the result that SHP2
dephosphorylates RhoGAP-p190A, p-Y542-SHP2 was
well colocalized with RhoGAP-p190A in the intact eosin-
ophils, and an apparent colocalization in uropods was
observed upon PAF stimulation at 10 uM in either the
presence or absence of PHPS1 (Fig. 4H). Thus, SHP2 de-
phosphorylates RhoGAP-p190A to activate RhoA during
eosinophil migration.

Attenuation of eosinophil infiltration
into allergic lungs by SHP2 deletion

To investigate the impact of SHP2 on eosinophil re-
cruitment in vivo, we genetically removed SHP2 from the
myeloid cells by the Cre-loxP technique and generated
age- and sex-matched SHP2”, LysM-Cre;SHP2"*, and
LysM-Cre;SHP2" mice for OVA sensitization and sub-
sequent challenge. Peritoneal eosinophils of SHP2, LysM-
Cre;SHP2”*, and LysM—Cre;SHPZf/f mice were induced by
Sephadex G-200, and the deletion efficiency of SHP2 was
examined by Western analyses. Peritoneal eosinophils of
LysM-Cre;SHP2"* and LysM-Cre;SHP2” mice exhibited 30
and 60% decreases in SHP2 expression, respectively,
compared with those of SHP2” mice (Supplemental Fig.
S2A). In intact mice, the number and classification of cir-
culating leukocytes in the LysM—Cre;SHPZf/f mice have no
significant difference with those in the SHP2” mice (Sup-
plemental Fig. S2B). In OVA-challenged mice, the num-
bers of circulating eosinophils were sifgm'ficantly increased
in LysM-Cre;SHP2”, LysM-Cre;SHP2”*, and SHP2” mice,
with no significant difference (Sl}pplemental Fig. 52C).

Upon OVA challenge, SHP2" mice exhibited a signifi-
cant increase in the numbers of total inflammatory cell,
macrophage, lymphocyte, eosinophil, and neutrophil in the
BALFs. LysM-Cre;SHP2"* mice exhibited a significant de-
crease in the numbers of BALF total inflammatory cells,
eosinophils, and neutrophils, whereas LysM—Cre;SHPZf/f
mice exhibited a significant decrease in the numbers of
BALF total inflammatory cells, macrophages, lymphocytes,
eosinophils, and neutrophils compared with SHP2” mice
(Fig. 5A). In line with the changes of eosinophil numbers,
both LysM—Cre;SHPZf/ *and LysM—Cre;SHPZf/f mice exhibited
a significant decrease in ECP levels in the lungs compared
with SHP2” mice, upon OVA challenge (Supplemental Fig,
S2D). OVA challenge caused significant increases in lung
levels of CCL11 and CCL24, critical chemokines for eosin-
ophil chemotaxis, in the SHP2" mice, whereas OVA chal-
lenge resulted in a similar increase in lung levels of CCL11
and CCL24 in either the LysM-Cre;SHP2"* or LysM-Cre;
SHP2” mice (Supplemental Fig. S2E, F).

Histopathological analyses indicated that OVA chal-
lenge caused a significant infiltration of inflammatory cells,
especially CCR3" eosinophils, into the peribronchiolar and
perivascular tissues in the SHP2” mice in comparison to NS
challenge, whereas LysM-Cre;SHP2”* or LysM-Cre;SHP2"

SHP2 AND EOSINOPHIL MIGRATION

mice exhibited moderate or severe decreases in OVA-
induced CCR3" leukocyte infiltration, in comparison
with SHP2” mice, respectively (Fig. 5B). Finally, OVA-
challenged SHP2” mice exhibited a significant increase in
airway hyperreactivity in response to nebulized meth-
acholine ranging from 6.25 to 50 mg/ml, whereas
OVA-challenged LysM-Cre;SHP2”* and LysM-Cre;SHP2”
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Figure 5. Effects of SHP2 deletion in myeloid cells on the
inflammatory cell infiltration into lungs and airway hyperreac-
tivity. Mice with the indicated genotypes were sensitized and
subsequently challenged with OVA; 24 h after the final OVA
challenge, mice were subjected to preparation of BALFs for
inflammatory cell counting and classification (A), paraffin-
embedded sections, H&E staining, and CCR3 immunostaining
(B), and examination of methacholine-provoked airway hyper-
rreactivity (C) (n = 6). *P < 0.05; "P < 0.01 vs. SHP2/ mice
challenged with NS; *P < 0.05; **P < 0.01 vs. SHP2"/ mice
challenged with OVA. Square frames define the magnified

regions.
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mice both exhibited a robust decrease in airway hyperre-
activity in response to nebulized methacholine ranging
from 12.5 to 50 mg/ml compared with OVA-challenged
SHP?” mice (Fig. 5C). Thus, specific deletion of SHP2 in
myeloid cells diminished not only the allergen-induced
inflammatory cell, especially CCR3" eosinophil, infiltration
into lungs but also the airway hyperreactivity.

Genetic interaction between RhoA and
SHP2 in eosinophil infiltration into lungs

To investigate the potential role of RhoA in SHP2-
mediated eosinophil recruitment into lungs, we geneti-
cally removed 1 copy of SHP2 and overexpressed 1 copy of
dnRhoA in the myeloid cells by the Cre-loxP technique and
generated age- and sex-matched dnRhoA™~;SHP2”, LysM-
Cre;SHP2™*, and LysM—Cre;anhoA+/ ~:SHP2"* mice for
OVA sensitization and subsequent challenge. Peritoneal
eosinophils of dnRhoA"~ and LysM-Cre;dnRhoA"~ mice
were induced by Sephadex G-200, and inactivation of
RhoA/ROCK signaling by dnRhoA in eosinophils was
examined by Western analyses. Peritoneal eosinophils of
LysM-Cre;dnRhoA™~ mice exhibited a 50% decrease in
ROCK2 activity compared with those of dnRhoA™~ mice
(Supplemental Fig. S3A). Removal of 1 copy of SHP2 and
overexpression of 1 copy of dnRhoA in the myeloid cells did
not significantly affect the number and classification of
circulating leukocytes in LysM-Cre;dnRhoA™ ;SHP2"*
mice in comparison with dnRhoA*~;SHP2”* mice (Sup-
plemental Fig. S3B). Upon OV A challenge, the numbers of
circulating eosinophils were significantly increased in mice
with different genotypes, whereas the number of circulat-
ing eosinophils in LysM-Cre;dnRhoA™~ or LysM-Cre;
dnRhoA"~;SHP2"* mice was increased less than that in
dnRhoA™~;SHP2"* or LysM-Cre;SHP2”* mice, respectively
(Supplemental Fig. S3C).

OVA challenge led to a significant increase in the
numbers of total inflammatory cells, macrophages, lym-
phocytes, eosinophils, and neutrophils in the BALF of
dnRhoA*"~;SHP2"* mice in comparison with NS challenge.
Either LysM-Cre;dnRhoA*~ or LysM-Cre;SHP2”* mice sig-
nificantly attenuated the OVA-induced increase in the
numbers of total inflammatory cells and eosinophils com-
pared with dnRhoA™~ :SHP2"* mice, whereas LysM-Cre;
dnRhoA*~;SHP2"* mice synergistically reduced the OVA-
induced increases in the numbers of total inflammatory
cell and eosinophil compared with LysM-Cre;dnRhoA*"~ or
LysM-Cre;SHP2”* mice (Fig. 6A). In line with the changes
of eosinophil numbers, both LysM-Cre;SHP2”* and LysM-
Cre;dnRhoA™~ mice exhibited a significant decrease in
lung ECP levels compared with dnRhoA*~;SHP2"* mice,
whereas LysM—Cre;anhoA+/ ~:SHP2"* mice exhibited a fur-
ther decrease in lung ECP levels in comparison with either
LysM-Cre;SHP2”* or LysM-Cre;dnRhoA*~ mice upon OVA
challenge (Supplemental Fig. S3D). OV A challenge caused a
significant increase in lung levels of CCL11 and CCL24 in the
dnRhoA*~;SHP2™* mice, whereas OVA challenge resulted
in a similar increase in lung levels of CCL11 and CCL24 in
the LysM—Cre;SHPZf/ * LysM—Cre;anh0A+/ -, or LysM-Cre;
dnRhoA™~;SHP2"* mice (Supplemental Fig. S3E, F).
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Histopathological analyses indicated that OVA
challenge caused a significant infiltration of inflam-
matory cells, especially CCR3" eosinophils, into the
peribronchiolar and perivascular tissues in comparison
with NS challenge in the dnRhoA*~;SHP2”* mice. Either
LysM-Cre;dnRhoA™~ or LysM-Cre;SHP2”* mice signifi-
cantly attenuated the OVA-induced infiltration of CCR3"
eosinophils into the peribronchiolar and perivascular tis-
sues, whereas LysM—Cre;anhoAJr/ ~:SHP2"* mice syner-
gistically reduced the OVA-induced infiltration of CCR3*
eosinophils (Fig. 6B). Finally, OV A-challenged dnRhoA*~;
SHP2”" mice exhibited a significant increase in airway
hyperreactivity in response to nebulized methacholine
ranging from 6.25 to 50 mg/ml compared with NS-
challenged dnRhoA™~;SHP2”" mice. OVA-challenged
LysM-Cre;dnRhoA™"~ or LysM-Cre;SHP2”* mice exhibited
a significant decrease in airway hyperreactivity in re-
sponse to nebulized methacholine ranging from 12.5 to
50 mg/ml compared with OVA-challenged dnRhoA*";
SHPY"™* mice, whereas OVA-challenged LysM-Cre;
dnRhoA*~;SHP2"* mice exhibited a further significant
decrease in airway hyperreactivity in response to nebu-
lizes methacholine ranging from 25 to 50 mg/ml com-
pared with OVA-challenged LysM-CrednRhoA™~ or
LysM-Cre;SHP2”* mice, respectively (Fig. 6C). Thus, re-
moval of 1 copy of SHP2 and overexpression of 1 copy of
dnRhoA in myeloid cells synergistically diminished not
only the allergen-induced inflammatory cell, especially
CCR3" eosinophil, recruitment into lungs but also the
airway hyperreactivity.

Restoration of the effects of SHP2 deletion
on eosinophil recruitment into lungs by
constitutive activation of RhoA

To determine whether activation of RhoA is sufficient to
restore the attenuation of eosinophil recruitment into
lungs caused by SHP2 deletion, we genetically removed 2
copies of SHP2 and overexpressed 1 copy of caRhoA in the
myeloid cells by Cre-loxP technique and generated age-
and sex-matched caRhoA":SHP?", LysM—Cre;SHPZf/f,
and LysM—Cre;caRhoA+/ ~:SHP2? mice for OVA sensitiza-
tion and subsequent challenge. Peritoneal eosinophils of
caRhoA*~ and LysM-Cre;caRhoA*~ mice were induced by
Sephadex G-200, and activation of RhoA /ROCK signaling
by caRhoA in eosinophils was examined by Western
analyses. Peritoneal eosinophils of LysM-Cre;caRhoA*~
mice exhibited a 2.3-fold increase in ROCK2 activity
compared with those of caRhoA*~ mice (Supplemental
Fig. S4A). Deletion of SHP2 and overexpression of caRhoA
in the myeloid cells did not significantly affect the number
and classification of circulating leukocytes in LysM-Cre;
caRhoA™~;SHP2" mice in comparison with caRhoA*™;
SHP2” mice (Supplemental Fig. S4B). Upon OVA chal-
lenge, the numbers of circulating eosinophils were signif-
icantly increased in mice with different genotypes,
whereas the numbers of circulating eosinophils in LysM-
Cre;caRhoA*™ or LysM—Cre;caRhoA*/ ~:SHP2” mice were
increased significantly more than those in caRhoA™";
SHP2” or LysM-Cre;SHP2” mice, respectively (Supple-
mental Fig. S4C).
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OVA challenge led to a significant increase in the
numbers of BALF total inflammatory cells, macrophages,
lymphocytes, eosinophils, and neutrophils in caRhoA™";
SHP2" mice in comparison with NS challenge. Upon OVA
challenge, SHP2 deletion significantly attenuated the
numbers of BALF total inflammatory cells, lymphocytes,
eosinophils, and neutrophils in LysM-Cre;SHP2” mice,
whereas activation of RhoA did not significantly affect the
numbers of these BALF inflammatory cells in LysM-Cre;
caRhoA*™ mice compared with caRhoA*~ ;SHP2" mice.
However, upon OVA challenge, activation of RhoA

SHP2 AND EOSINOPHIL MIGRATION

significantly restored the SHP2 deletion-negated numbers
of BALF total inflammatory cells, lymphocytes, eosino-
phils, and neutrophils in LysM-Cre;caRhoA*~;SHP2" mice
compared with LysM-Cre;SHP2” mice (Fig. 7A). In line
with the changes of eosinophil numbers, upon OVA
challenge, LysM-Cre;SHP2" mice exhibited a significant
decrease in lung ECP levels and LysM-Cre;caRhoA™~ mice
hadno si/g-niﬁcant effect on lung ECP levels compared with
caRhoA* ™ ;SHP2” mice, whereas LysM—Cre;caRhoA+/ -
SHP2” mice exhibited restored lung ECP levels in com-
parison with LysM-Cre;SHP2” mice (Supplemental Fig.
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54D). OVA challenge caused significant increases in lung
CCL11 and CCL24 levels of caRhoA™ ;SHP2"* mice,
whereas OVA challenge resulted in a similar increase in
lung CCL11 and CCL24 levels of LysM—Cre;SHPZf/f, LysM-
Cre;caRhoA*™, or LysM—Cre;caRhoA” ~:SHP2"f mice (Sup-
plemental Fig. S4E, F).

Histopathological analyses indicated that OVA
challenge caused a significant infiltration of inflamma-
tory cells, especially CCR3" eosinophils, into the peri-
bronchiolar and perivascular tissues in comparison with
NS challenge in caRhoA™ ;SHP2” mice. Upon OVA
challenge, LysM-Cre;SHP2” mice markedly attenuated the
OV A-induced infiltration of inflammatory cells, especially
CCR3* eosinophils, and LysM-Cre;caRhoA™~ mice did not

significantly affect the infiltration of inflammatory cells,
especially CCR3" eosinophils compared with caRhoA™";
SHP2” mice, whereas LysM—Cre;caRhoA+/ ~:SHP2” mice
apparently restored the infiltration of inflammatory cells,
especially CCR3" eosinophil, into the peribronchiolar and
perivascular tissues in comparison with LysM-Cre;SHP2”
mice (Fig. 7B). Finally, OV A-challenged caRhoA*~;SHP2"
mice exhibited a significant increase in airway hyperre-
activity in response to nebulized methacholine ranging
from 6.25 to 50 mg/ml compared with NS-challenged
caRhoA™;SHP2” mice. OVA-challenged LysM-Cre;
SHP2" mice exhibited a significant decrease in airway
hyperreactivity in response to nebulized methacholine
ranging from 6.25 to 50 mg/ml and OVA-challenged
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LysM-Cre;caRhoA™~ exhibited no significant changes in
airway hyperreactivity in response to nebulized meth-
acholine compared with OVA-challenged caRhoA™";
SHP2” mice; however, OVA-challenged LysM-Cre;caR-
hoA"~;SHP2” mice exhibited a significant restoration in
airway hyperreactivity in response to nebulized meth-
acholine ranging from 25 to 50 mg/ml compared with
OVA-challenged LysM-Cre;SHP2” mice (Fig. 7C). Thus,
overexpression of the active form of RhoA in myeloid cells
rescues deletion-negated SHP2 not only the inflammatory
cell, especially CCR3" eosinophil, recruitment into lungs
but also the airway hyperreactivity.

DISCUSSION

The present study, to our best knowledge, is the first to
reveal that SHP2 acts through RhoA /ROCK signaling to
regulate eosinophil recruitment into lungs in allergic air-
way inflammation and possibly in allergic asthma.
Concurrent activation of both SHP2 and RhoA /ROCK
signaling in BALF eosinophils of children with allergic
asthma and of a mouse model with allergic airway in-
flammation suggests the potential importance of them in
allergic airway diseases and the potential interactions be-
tween SHP2 and RhoA /ROCK signaling in the eosinophil
biology and pathogenesis of eosinophil-associated dis-
eases. Consistent with this finding, the present study in-
dicates that SHP2 acts through RhoA /ROCK signaling to
regulate the isolated eosinophil migration in response
to PAF stimulation and the eosinophil infiltration into
lungs in response to allergen challenge. Previous study
indicates that genetic deletion of SHP2 in myeloid cells
fails to induce eosinophil infiltration into lungs as well
as airway hyperresponsiveness in a mouse model with
allergen-induced asthma (19), and mounting evidence
demonstrates the importance of RhoA /ROCK signaling in
the inflammatory cell recruitment and the pathogenesis of
asthma in turn (10-14). In line with the previous finding
that phosphotyrosyl p190 proteins serve as target sub-
strates of SHP2 in serum- or platelet-derived growth
factor—stimulated cells and SHP2 control RhoGAP-p190A
phosphorylation levels and RhoA activation by angio-
tensin II type 1 receptor (35, 36), the present data indicate
that SHP2 activates RhoA/ROCK signaling possibly
through dephosphorylation of RnoGAP-p190A. Conflict-
ing with these proposals, a previous study suggests that
SHP2 mediates direct dephosphorylation of ROCK2 at
Y722 to fine-tune RhoA-dependent activation of ROCK2
(25). The discrepancy between this and our present study
could indicate that the role of SHP2 in ROCK activation
depends on the duration, degree, and cellular context.
Although SHP2 gain-of-function mutations caused
myeloid malignancy (37), in the intact mice, neither de-
letion of SHP2 nor overexpression of dnRhoA and caRhoA
in the myeloid cells affects the numbers and populations of
circulating leukocytes, this suggests that deletion of SHP2
and overexpression of dnRhoA and caRhoA in the myeloid
cells affect neither the development and differentiation
of myeloid progenitors nor the mobilization of myeloid
cells from bone marrow to peripheral blood, and that

SHP2 AND EOSINOPHIL MIGRATION

these mouse strains are applicable for the study of
allergen-induced airway inflammation. LysM-Cre mice
allow for both specific and highly efficient Cre-mediated
deletion of loxP-flanked target genes in myeloid cells,
with a deletion efficiency of 83-98% in mature macro-
phages, near 100% in granulocytes, 16% in CD11C" splenic
dendritic cells, and no significant deletion in purified T
and B cells (38). Given the fact that eosinophils are
overwhelmingly increased in the mouse model with
allergen-induced airway inflammation, the observed ef-
fects in the present study should effectively reflect the roles
of SHP2 deletion and dnRhoA and caRhoA overexpression
in eosinophil biologic behaviors.

In OV A-challenged mice, overexpression of caRhoA in
myeloid cells affects the numbers of neither circulating nor
lung eosinophils. Because RhoA is already activated in
OVA-challenged eosinophils, it is rational that further
overexpression of caRhoA in eosinophils is not able to po-
tentiate the effect of OVA challenge on eosinophil re-
cruitment into lungs. Because RhoA acts as a downstream
effector of SHP2 signaling, it is rational that over-
expression of caRhoA in eosinophils is able to rescue the
effect of SHP2 deletion on eosinophil recruitment into
lungs. In contrast, overexpression of dnRhoA in myeloid
cells reduces the numbers of circulating eosinophils by
20% and of lung eosinophils by 50%. This suggests that
inhibition of RhoA activity also effectively attenuates eo-
sinophil recruitment into lungs and possibly attenuates the
development of eosinophils from the committed bone
marrow progenitors as well, in response to OVA chal-
lenge. Further experiments are needed to address this is-
sue. Importantly, deletion of SHP2 in myeloid cells does
not affect the number of circulating eosinophils but rather
those of lung eosinophils. Because SHP2 knockdown does
not affect the life span (apoptosis) of eosinophils (19), we
suggest that SHP2 could regulate the migration of eosin-
ophils toward inflammatory sites, the hallmark of asthma.
Conflicting with our observations, previous study dem-
onstrates that genetic deletion of SHP2 in myeloid cells
fails to induce eosinophil infiltration into lungs because of
the attenuation of eosinophil differentiation in the bone
marrow of allergen-challenged mice (19). Although sys-
temic administration of PHPS1 decreases the numbers of
circulating eosinophils by 20% and of bone marrow eo-
sinophil by 45%, this study has not shown the number of
circulating eosinophils in LysM-Cre;SHP?” mice chal-
lenged with allergen.

In line with the in vitro data indicating that SHP2 reg-
ulates eosinophil migration through the activation of
RhoA/ROCK  signaling, genetic interaction between
RhoA and SHP2 indicates overexpression of 1 copy of
dnRhoA and deletion of 1 copy of SHP2 produce a syner-
gistic effect on attenuation of eosinophil recruitment into
lungs in response to OVA challenge. Consistently, over-
expression of caRhoA in myeloid cells apparently rescues
the SHP2 deletion—resultant attenuation of eosinophil re-
cruitment into lungs, further suggesting that RhoA/
ROCK lies on the downstream of SHP2 signaling in the
regulation of eosinophil migration. However, whether
SHP?2 acts through RhoA /ROCK to regulate the eosino-
phil biology other than cell migration (such as cell
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adhesion) but closely relates to the allergen-induced air-
way inflammation is still unknown. In addition, because
LysM-Cre mice delete the SHP2 or overexpress daRhoA and
caRhoA in not only eosinophils but also in other myeloid
cells, it is still possible that SHP2 acts through RhoA/
ROCK signaling in myeloid cells other than eosinophils to
attenuate the eosinophil recruitment.

Eosinophil recruitment into airway and resultant air-
way remodeling and hyperreactivity are the most striking
characteristics in allergic airway diseases (39, 40). The ac-
tivation of SHP2 and RhoA /ROCK in allergic eosinophils
has a significant implication in the pathogenesis of allergic
airway inflammation and possibly of asthma. Given the
fact that inhibition of ROCK by its specific inhibitor is
applauded for the therapy of allergic asthma (14), the
blockage of the SHP2-signaling pathway is also a prom-
ising therapeutic intervention for allergic airway in-
flammation, the hallmark of asthma pathogenesis.
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