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Abstract

Phosphatase Src homology region 2 domain-containing phosphatase 1 (SHP-1)-deficient mice
display an allergic asthma phenotype that is largely IL-13 and STATG6 dependent. The cell types
responsible for the Th2 phenotype have not been identified. We hypothesized that SHP-1
deficiency leads to mast cell dysregulation and increased production and release of mediators and
Th2 cytokines, leading to the allergic asthma phenotype. We examined SHP-1 regulation of mast
cell differentiation, survival, and functional responses to stimulation using bone marrow-derived
mast cells from viable motheaten (mev) mice. We assessed pulmonary phenotypical changes in
mev mice on the mast cell-deficient KitW-S" genetic background. The results showed that SHP-1
deficiency led to increased differentiation and survival, but reduced proliferation, of mast cells.
SHP-1-deficient mast cells produced and released increased amounts of mediators and Th2
cytokines IL-4 and -13 spontaneously and in response to H,O5, LPS, and Fcel cross-linking,
involving c-Kit—-dependent and —independent processes. The FceRI signaling led to binding of
SHP-1 to linker for activation of T cells 2 and enhanced linker for activation of T cells 2
phosphorylation in mev bone marrow-derived mast cells. Furthermore, the number of mast cells in
the lung tissue of mev mice was increased and mast cell production and release of Th2 cytokines
were distinctly increased upon FceRI stimulation. When backcrossed to the Kit"-S" background,
mev mice had markedly reduced pulmonary inflammation and Th2 cytokine production. These
findings demonstrate that SHP-1 is a critical regulator of mast cell development and function and
that SHP-1-deficient mast cells are able to produce increased Th2 cytokines and initiate allergic
inflammatory responses in the lung.

Address correspondence and reprint requests to Dr. Zhou Zhu, Division of Allergy and Clinical Immunology, The Johns Hopkins
Asthma and Allergy Center, 5501 Hopkins Bayview Circle, 1A.2, Baltimore, MD 21224. zzhu@jhmi.edu.

Disclosures

The authors have no financial conflicts of interest.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 2

Asthma is a chronic inflammatory disorder of the airways and the prevalence of asthma in
industrialized countries has dramatically increased in the last few decades (1). Allergen-
induced Th2 cell activation and Th2 inflammation are believed to be major components of
asthma pathogenesis (2, 3). Th2 cytokines IL-4, -5, and -13 are critical in the generation of
the allergic asthma phenotype (4-8). However, it is increasingly appreciated that there are
different forms of asthma. The allergen—-Th2 mechanism is probably one of many in the
immunopathogenesis of asthma, and non-T cell Th2 responses may exist (9). We previously
reported that mice deficient in phosphatase SHIP-1 or Src homology region 2 domain-
containing phosphatase (SHP)-1 develop spontaneous Th2-like inflammatory responses in
the lung without obvious allergen exposure, suggesting the involvement of innate immune
cells in the phenotype generation (10, 11).

IL-13 is a potent effector cytokine that can directly induce an allergic asthma phenotype in
mice when administered into the airway or transgenically expressed in the lung (6-8). Thus,
it is conceivable that, regardless of the source, a sufficient quantity of Th2 cytokines, such as
IL-13, can be expected to induce a Th2-like inflammatory response in the tissue. Th2
cytokines are produced primarily by activated Th2 cells, but also by other cell types,
including mast cells and basophils.

Mast cells are known as effector cells in mediating allergic and anaphylaxis responses
through Ag activation of IgE bond to FceRland subsequent degranulation and release of
inflammatory mediators in the tissues. The role of mast cells in allergic asthma models is
less clear. Some studies showed that mast cells play a role in host allergic responses to
inhaled allergen without adjuvant, but they are not required in the Th2-biased sensitization
with i.p. injection of allergen and adjuvant (12-14). Dysregulated mast cells may play a role
in enhancing allergen-induced responses. SHP-1-deficient bone marrow-derived mast cells
(BMMCs) produced increased amounts of proinflammatory cytokines TNF-a, IL-6, and -13
after IgE-FceRI stimulation (15, 16). Also, it has been reported that SHIP-1-deficient mast
cells were important in allergen-induced allergic and anaphylactic responses in mice (17).
However, whether mast cells are able to produce sufficient cytokines to initiate a particular
inflammation in local tissues in response to environmental stimulation is not clear.

The protein tyrosine phosphatase SHP-1 has been recognized as a critical negative regulator
in intracellular signaling (18, 19). The motheaten (me) and viable motheaten (mev) mice (20,
21) have mutations that lead to SHP-1 deficiency, resulting in severe and earlyage onset of
systemic inflammatory diseases, including pneumonitis (22, 23). When mev mice were
backcrossed to RAG-1 null mice, which lack mature T and B cells, the pathology did not
change, indicating that T and B cells are not required for the development of the mev
phenotype (24). Instead, backcrossing of me mice to strains deficient in myeloid progenitors
showed that the me phenotype, including lung pathology, was partially reduced, indicating
the involvement of the myeloid cell population (25, 26).

In a previous study, we defined the spontaneous lung inflammation in homozygous mev
mice as an allergic inflammatory phenotype, in which the Th2 cytokines and signaling
pathway, particularly IL-13, play a major role (11). Because these mice are not exposed to
known allergens, it is unclear whether the adaptive immune system is involved in the
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generation of the phenotype. The cellular source of Th2 cytokines in these mice has not been
identified. We hypothesized that SHP-1 is critical in regulating mast cell development and
function, especially in the production of Th2 cytokines in response to various stimuli,
including those from the environment, and mast cells play a critical role in the generation of
allergic inflammatory responses in mev mice. We demonstrate herein that mast cells
deficient in SHP-1 have increased cell differentiation, survival, and production and release
of Th2 cytokines. Mice deficient in SHP-1 had increased mast cells, as well as increased
mediators and Th2 cytokines in the lung tissue. Furthermore, the mev pulmonary phenotype
was mast cell dependent, as evidenced by dramatically reduced pulmonary inflammation in
mev mice with mast cell deficiency.

Materials and Methods

Animals

Cell culture

mev (Ptpn6™Y) mice and mast cell-deficient (Kit"-s) mice on C57BL/6 genetic
background were from The Jackson Laboratory (Bar Harbor, ME). Heterozygous
(Ptpn6™e-Y/*) mice were interbred to generate wild-type (WT), heterozygous, and
homozygous mice (Ptpn6™&V, hereafter abbreviated as mev). To generate mev mice with
mast cell deficiency, heterozygous mev/+ mice were backcrossed to Kit"-s" background and
then interbred to obtain SHP-1-deficient and mast cell-deficient mev/Kit"¥sh mice. The
genotype of the mice was determined using PCR primers and protocols provided by The
Jackson Laboratory. Mice were used for experiments at 7-9 wk of age, unless indicated
otherwise. All mice were housed in cages with microfilters in the specific pathogen-free
environment. All procedures performed on mice were in accordance with the National
Institutes of Health guidelines for humane treatment of animals and were approved by the
Institutional Animal Care and Use Committee of The Johns Hopkins University.

BMMCs were obtained by in vitro differentiation of bone marrow cells obtained from femur
and tibia of WT and mev mice by culturing in RPMI 1640 (Invitrogen, Carlshad, CA)
containing 30% WEHI-3B—conditioned media supplemented with 10% heat-inactivated FBS
(Invitrogen), 100 uM 2-ME (Sigma-Aldrich, St. Louis, MO), 10 uM MEM nonessential
amino acids solution, .-glutamine, sodium pyruvate, HEPES buffer (Sigma-Aldrich), and
antibiotics. Bone marrow cells in culture were analyzed at specified time points. By 4 wk in
culture, the purity of BMMCs was >98%. Unless otherwise indicated, mature BMMCs
between 4-8 wk, with viability >95% by the trypan blue exclusion assay, were used for
experiments.

Mast cell maturation

Cultured bone marrow cells were sensitized with IgE (Southern Biotechnology Associates,
Birmingham, AL) overnight, stained for cell surface markers c-Kit and FceRI using APC-
conjugated and FITC-conjugated anti-mouse CD117- and FceRla-specific Abs, respectively
(eBioscience, San Diego, CA), and analyzed by flow cytometry using a FACScan cytometer
at different time points.
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Proliferation assays for bone marrow cells and BMMCs

Two methods were used to assess cell proliferation. For bone marrow cells, the total number
of cells before culture and at specified time points during culture was determined. For
mature mast cells, BMMCs were serially diluted in WEHI-3B—conditioned medium and
seeded in triplicate in a microplate using 100 pl the cells with indicated densities. Medium
alone was used as a background reference. After 3 d, cells were incubated with XTT
Working Solution (R&D Systems, Minneapolis, MN) for 4 h at 37°C under 5% CO,.
Absorbance values were obtained at 450 nm, with a reference correction at 520 nm, in an
ELISA plate reader.

Apoptosis assay

BMMC apoptosis was initiated by growth factor withdrawal. After replacing WEHI-3B-
conditioned medium with regular medium for 3 h, BMMCs were incubated in the presence
or absence of WEHI-3B (30%), Gleevec (1 uM; Novartis Pharmaceuticals, East Hanover,
NJ), LY294002 (10 uM; LC Laboratories, Woburn, MA), or IgE (5 pg/ml; Sigma-Aldrich)
for 24 h. The percentage of apoptotic cells in culture was determined by FACS analysis of
Annexin V (BD Pharmingen, San Diego, CA), a protein that preferentially binds to
negatively charged phosphatidylserine residues that are exposed on the cell surface of early
apoptotic cells.

BMMC cytokine production and mediator release in response to stimulation

Before stimulation, BMMCs were rested by removing WEHI-3B—conditioned medium for 3
h. Equal numbers of cells were incubated with appropriate concentrations of H,O,, N-
acetylcysteine (NAC; Sigma-Aldrich), LPS, Gleevec, or PMA/ionomycin in IL-3—free
media. At the indicated time, the supernatant and cell samples were collected by
centrifugation for 5 min at 1200 rpm. The supernatant was tested for cytokines, and cellular
RNA was extracted for RT-PCR. The concentrations of cytokines in the supernatant were
determined using commercially available ELISA kits (R&D Systems) per the
manufacturer’s instructions. Mast cell degranulation was determined by measuring f-
hexosaminidase release. BMMCs were sensitized by anti-DNP IgE (1 pg/ml; Sigma-
Aldrich) overnight. Then the cells were stimulated with or without DNP-human serum
albumin (HSA) (100 ng; Sigma-Aldrich) in the presence or absence of stem cell factor
(SCF) or Gleevec. After 15 min, B-hexosaminidase activity in supernatant was measured as
follows. Triplicate samples of 10 pl each were added to a 96-well plate followed by 10 pl 1
mM 4-nitrophenyl N-acetyl-p-o-glucosaminide (Sigma-Aldrich N9376). After incubation at
37°C for 1 h, 250 pl 0.1 M Nay,CO3/NaHCO3 was added to stop the enzyme reaction. Then
the absorbance was measured at 450 nm. The total amount of $-hexosaminidase was also
determined after lysing cell samples without any treatment. The values of all samples were
relative to the total f-hexosaminidase of WT BMMCs. Single-cell suspensions prepared
from lung and spleen were stimulated with PMA/ionomycin, and total and released
histamine was determined as described previously (10). Similarly, cell suspensions were
stimulated by anti-FceRla Ab (0.1 pg/ml) for 21 h, and cytokines secreted into the
supernatant were determined by ELISA.
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MRNA analysis

Total cellular RNA from BMMCs was obtained using TRIzol reagent (Invitrogen) after
appropriate stimulation. The mRNA of specific genes was evaluated by RT-PCR using
specific primers with -actin as an internal control. The primer sequences and PCR
conditions for IL-4 and -13 and IFN-y were described previously (27). The primers for Bcl-2
were sense: 5-AAG CTG TCA CAG AGG GGC TA-3 and antisense: 5-GAC GGT AGC
GAC GAG AGA AG-3, and the annealing temperature was 60°C, with 25 cycles of
amplification. RT-PCR products from three independent sets of samples were analyzed by
electrophoresis and densitometry.

Immunoprecipitation and Western blot analysis

Protein binding and phosphorylation of signaling molecules were analyzed by
immunoprecipitation and Western blot. Specific Abs to SHP-1, linker for activation of T
cells 2 (LAT2), phosphotyrosine, and protein A/G agarose beads were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Immunoprecipitation and Western blot were
performed following the manufacturers’ protocols.

Lung and bronchoalveolar lavage samples

Lung tissue and bronchoalveolar lavage (BAL) samples were obtained as previously
described by our laboratories (8, 27). Briefly, the mice were anesthetized, and the trachea
was isolated by blunt dissection. A small-caliber tubing was inserted and secured in the
airway. Three successive volumes of 0.75 ml PBS with 0.1% BSA were instilled, gently
aspirated, and pooled. BAL samples were centrifuged, and supernatants were stored at
=70°C until assayed. Cells were counted in 100-pl aliquots. One hundred thousand viable
BAL cells were centrifuged onto slides by a Cytospin 11l (Thermo Shandon, Runcorn, U.K.)
and stained with the Hema 3 System (Fisher Scientific, Newark, DE). The numbers and
types of cells in the pellet were determined. The lung was perfused with cold PBS through
the right ventricle with cut vena cava until the pulmonary vasculature was cleared of blood.
The whole lung was excised for RNA and protein analyses or for mediator analysis or was
inflated with fixatives for histology.

Histology evaluation

Statistics

H&E stains were performed on lung sections after fixation with Streck solution (Streck
Laboratories, La Vista, NE) as described (27). The same microscopic magnification was
used for the sample slides from WT and mev mice.

Most of the data were assessed by the Student t test and expressed as mean + SD. One-way
ANOVA was used for comparison of multiple groups. Differences between groups with p
values < 0.05 were considered statistically significant.
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SHP-1 regulates mast cell differentiation, maturation, and proliferation

To examine the function of SHP-1 in regulating mast cell differentiation and maturation, we
determined the percentage of mature mast cells by FACS analysis of cell surface markers c-
Kit (CD117) and FceRI before culture and at different time points in culture. As shown in
Fig. 1A, before culture, bone marrow cells from WT mice contained nearly undetectable
levels of c-Kit/FceRI double-positive cells (0.02%), whereas bone marrow cells from mev
mice contained significantly more c-Kit/FceRI double-positive cells (0.94%), indicating
increased mast cell maturation in the bone marrow of mev mice in vivo. Once in culture in
conditioned medium, the number of mature mast cells in WT and mev cells increased
rapidly. However, the percentage of mature mast cells in mev cells was significantly greater
than that of WT cells from days 2-10 in culture (Fig. 1A). After day 16, there was no
difference in the percentage of mature mast cells between WT and mev cells. These results
suggest that SHP-1 is critical in regulating the rate of mast cell differentiation and
maturation in vivo and ex vivo, particularly in the early stage. A similar pattern was seen in
the c-Kit single-positive cell population, indicating that a significantly bigger pool of
hematopoietic progenitors is present in the bone marrow of mev mice (Fig. 1B).

We noticed that fewer BMMCs from mev mice were obtained compared with WT mice. To
determine whether there was a difference in cell proliferation, bone marrow cells from mev
and WT mice were cultured and counted at specified time points. From start to the first 10 d
in culture, there was no difference in the numbers of bone marrow cells between mev and
WT mice, even with a similar decrease in cell numbers at day 2 (Fig. 1C). However, on day
16, when ~80% of the cells in culture became mature mast cells, the number of mev cells
decreased slightly; thereafter, it gradually increased. In contrast, the number of WT cells
increased significantly from day 16 (Fig. 1C). To directly assess whether there was a
difference in mast cell proliferation without interference from other cell types, we cultured
mature mast cells with the same cell densities for 3 d and evaluated cell proliferation using
the XTT assay. At a density of 10° and 108 cells/ml, mev BMMCs showed a significantly
slower rate of proliferation than WT BMMCs (Fig. 1D). These results demonstrate that mast
cells lacking SHP-1 are deficient in cell proliferation in culture.

mev BMMCs are more resistant to apoptosis

To determine whether mev BMMCs have altered survival capability, we tested the apoptotic
response of BMMCs under different conditions. After withdrawing WEHI-3B—conditioned
medium, BMMCs were cultured in the presence or absence of 1L-3 (WEHI-3B), kinase
inhibitor Gleevec, PI3K inhibitor LY294002, or IgE for 24 h, and the percentage of
apoptotic cells was determined as the Annexin V-positive population by FACS. In the
continued presence of IL-3, ~32% of WT BMMCs were apoptotic, but the Annexin V-
positive population in mev BMMCs was significantly smaller. The addition of c-Kit
inhibitor Gleevec increased the apoptotic population in WT and mev BMMCs, but the
difference between them became even larger, suggesting that mev BMMCs were less
sensitive to Gleevec inhibition. The presence of LY294002 showed a similar pattern as
Gleevec, indicating that the antiapoptotic effects seen in mev BMMCs were probably
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through c-Kit and then the PI3K pathway. Interestingly, in the absence of IL-3, the numbers
of apoptotic cells in WT and mev BMMCs increased significantly, and Gleevec and
LY294002 further enhanced the apoptotic populations. The difference between WT and mev
BMMCs disappeared, indicating that SHP-1 deficiency-induced antiapoptotic activity was
IL-3 dependent (Fig. 2A). In addition, in the absence of IL-3, incubation with IgE provided
some protective effect for BMMCs from apoptosis (Fig. 2B). There was still some difference
between WT and mev BMMCs with regard to apoptosis, although it was not statistically
significant. We analyzed Bcl-2 mRNA in BMMCs to assess whether the antiapoptosis gene
Bcl-2 was involved. In the absence of IL-3 or IgE, Bcl-2 mRNA was seen in WT BMMCs.
A clear increase in Bcl-2 mRNA was seen after IgE stimulation, and a significant increase
was noted in the presence of IL-3 (Fig. 2C). However, the Bcl-2 mRNA levels were higher
in mev BMMCs compared with WT BMMCs under the same conditions (Fig. 2C). These
results show that mev BMMCs are more resistant to apoptosis, and the expression of the
Bcl-2 gene is highly upregulated in these cells.

Increased expression of IL-4 and -13 by mev BMMCs in response to reactive oxygen

species

BMMCs can produce inflammatory cytokines in response to H,O, (28), and SHP-1-
deficient mice are more susceptible to oxidant stress in vivo (29). To determine how mev
BMMCs would respond to oxidant stress, we examined the expression and production of
IL-4 and -13 and IFN-y by BMMCs after H,O, stimulation for 24 h. In WT BMMCs, IL-4
MRNA was barely detectable at baseline, but it increased significantly with increasing
concentrations of HyOo. Interestingly, the IL-4 mRNA level was significantly higher in mev
BMMC:s at baseline, but no further increased occurred with H,O, stimulation. I1L-13
expression showed a very similar pattern, whereas IFN-y expression did not change under
these conditions (Fig. 3A). To test whether the expression of IL-4 in mev BMMCs was
related to oxidant stress, we incubated the cells with an antioxidant (NAC). Compared with
the high-level basal expression in these cells, IL-4 mRNA was significantly reduced in the
presence of NAC for 12 h and was barely detectable at 24 h, suggesting that the increased
expression of IL-4 in mev BMMCs was mediated by oxidant (Fig. 3B). A similar pattern was
seen at the IL-4 protein level. There was a basal level of IL-4 in the culture medium of WT
BMMC:s and a significantly increased level in mev BMMCs. With H,0, stimulation, IL-4
was increased in WT BMMCs, but there was no further increase in mev BMMCs. Again,
these changes were blocked by NAC (Fig. 3C). These results demonstrate that mev BMMCs
have a higher basal level expression of IL-4 and -13 that may be related to oxidant stress.

Increased IL-13 production in response to LPS

Next, we examined the production of IL-13 by mev BMMCs in response to LPS stimulation.
We established that WT BMMCs had very low baseline production of 1L-13 and responded
well to LPS in a dose-dependent manner (Fig. 4A). However, compared with WT BMMCs,
mev BMMCs produced higher levels of IL-13 without any stimulation, and the production of
IL-13 was significantly increased when stimulated by LPS. This response was slightly
reduced by costimulation with H,O, without significance (p > 0.05), and it was not affected
by NAC, an antioxidant and a potent inhibitor of NF-xB. This suggests that reactive oxygen
species (ROS) have little effect on LPS-induced IL-13 production and that the NF-xB
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pathway is probably not involved in this process (Fig. 4B), which is consistent with the
finding in a previous report (30). Interestingly, kinase inhibitor Gleevec had no effect on
LPS-induced IL-13 production, indicating that this process is c-Kit independent (Fig. 4C).

Increased mast cell degranulation in response to FceRIl and SCF signaling

To compare the biological activity of mast cells in degranulation, WT and mev BMMCs
were sensitized with anti-DNP IgE and stimulated with DNP-HSA, SCF, and a combination
of the two in the presence of kinase inhibitor Gleevec. WT BMMCs had some basal level
release of p-hexosaminidase. DNP or SCF stimulation increased the release, but DNP and
SCF together had a synergistic effect on the release. This response was significantly reduced
by Gleevec. In contrast, mev BMMCs showed a significantly increased release of 3-
hexosaminidase compared with WT BMMC:s in the presence of various stimuli, except SCF.
In addition, mev BMMCs had a significantly higher amount of total cellular 8-
hexosaminidase (Fig. 5A). These results suggest that SHP-1-deficient mast cells may release
more mediators into the tissues with or without stimulation, likely reflecting increased
degranulation and/or increased mediator production.

SHP-1 binds and regulates LAT2 in FceRlI signaling

To explore the molecular mechanisms by which SHP-1 regulates mast cell function, we
examined the relationship between SHP-1 and the signaling molecule LAT2 (also called
NTAL). Sequential immunoprecipitation and immunoblotting of SHP-1 and LAT2 in WT
BMMC:s after DNP stimulation showed that LAT2 could be coprecipitated with SHP-1 by
a-SHP-1 or vice versa (Fig. 5B). Furthermore, immunoprecipitation and immunoblot using
anti-LAT2 and a-phosphotyrosine Abs in WT and mev BMMCs showed that
phosphorylated LAT2 was increased after DNP stimulation in WT BMMCs, but it had
increased even more in mev BMMCs (Fig. 5C). These results demonstrate that SHP-1 can
bind and possibly dephosphorylate LAT2 in mast cells upon FceRI stimulation.

Increased overall cytokine response in mev BMMCs

In the presence of a strong and general stimulation in the form of PMA plus ionomycin, WT
and mev BMMCs responded by producing more proinflammatory cytokines. However, mev
BMMCs produced significantly more IL-13, TNF-a, and IFN-vy, but similar levels of IL-4
(Fig. 6). These results indicate that SHP-1 regulates mast cell responsiveness to
proinflammatory stimulation.

Increased number and activity of mast cells in the lung of mev mice

We previously reported that homozygous mev mice develop spontaneous Th2-like allergic
inflammation in the lung without known allergen stimulation (11). We examined the
inflammatory status of mast cells in mev mice to determine whether mast cells are involved
in this process. Toluidine blue staining of lung sections revealed that the number of mast
cells in the lung tissue of mev mice was significantly greater than that of WT mice (Fig. 7A).
In addition, the levels of total IgE in the BAL fluid of mev mice were significantly higher
than those of WT mice, providing a potential basis for mast cell sensitization (Fig. 7B).
Total cellular histamine and spontaneously released histamine were detected in isolated lung
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cells from WT mice. However, total and spontaneously released histamine was significantly
increased in mev lung cells, indicating increased mast cell numbers and increased
spontaneous release of mediators (Fig. 7C). Similar findings were seen in the spleen of mev
mice (Fig. 7D). We next tested a panel of cytokines produced by splenocytes when
stimulated by anti-FceRla; compared with the cells from WT mice, splenocytes from mev
mice produced significantly increased levels of IL-13 and -4 and MIP-1a, suggesting that
mast cells, and perhaps basophils, were involved in Th2 cytokine responses. In contrast,
IP-10 levels were higher, IFN-vy levels were the same, and I1L-12 levels were lower in the
spleen of mev mice compared with WT mice, regardless of FceRI activation. These data
indicate that cells other than mast cells or basophils were involved in the Thl cytokine
responses (Fig. 8). These findings indicate that mast cell numbers and activity significantly
increased in the lung and spleen of mev mice, and these cells may have been responsible for
increased Th2 cytokine production.

Pulmonary Th2 inflammatory phenotype is mast cell dependent

To determine whether the Th2 lung phenotype of mev mice was mast cell dependent, we
cross-bred mev mice with the mast cell-deficient Kit"¥-s mice and examined the changes in
lung inflammation. We chose this strain because, unlike WV mice, the deficiency in KitW-sh
mice is more restricted to mast cells (31). Lung histology revealed that WT mice and KitW-sh
mice had no inflammation in the lung, whereas mev mice developed severe lung
inflammation, as described before (11). However, mev/Kit"V-sh mice had significantly
reduced inflammation (Fig. 9A). BAL cell counts showed that the total number of cells in
the airway was dramatically reduced, although there was some residual inflammation, in
mev/Kit"-S" mice compared with mev mice, and the reduction was in macrophages,
eosinophils, and lymphocytes (Fig. 9B). An evaluation of the cytokine production in the
lungs of these mice showed that with considerable variations among the samples, Th2
cytokines and chemokines had the most dramatic changes in the mev mice and mev/KitW-sh
mice (Fig. 9C). These studies indicate that mast cells deficient in SHP-1 are the main
producers of Th2 cytokines in the lung and are largely responsible for the generation of the
allergic asthma phenotype of mev mice.

Discussion

SHP-1 deficiency causes spontaneous inflammation involving multiple organs and tissues in
mice (20, 32, 33). We defined the pulmonary pathology in mev mice as a Th2-dominated
allergic asthma phenotype (11). Several studies showed that myeloid cells, not T cells or B
cells, are important in the development of the inflammatory phenotype in me mice (24-26).
More specifically, SHP-1 was shown to interact with the SCF receptor c-Kit (34), and c-Kit
deficiency, as in the WY mice, ameliorates the pathology in me mice (25, 26). In contrast,
SHP-1 deficiency partially restored mast cell numbers in the skin of c-Kit—deficient WY
mice (25, 26). SHP-1 was reported to play a regulatory role in BMMCs in vitro (15, 16).
However, the mechanisms by which SHP-1 regulates mast cells, the function of mast cells in
initiating immune responses to various stimuli, and the role of mast cells in generating
allergic inflammatory responses in the lung, particularly in the absence of specific allergen
stimulation, have not been defined.
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In this study, we presented evidence that SHP-1 is a critical regulator of mast cell
differentiation and function, and we identified mast cells as an important cell type in Th2
cytokine production and allergic asthma phenotype generation in SHP-1 deficiency.

The percentage of mature mast cells was significantly greater in the bone marrow of mev
mice compared with that of WT mice. This difference was maintained until day 16 in culture
(Fig. 1A). The higher seeding density in mev BMMC:s is probably an important contributor
to this difference. However, in the later stage, the difference between mev and WT mast cell
populations disappeared, possibly because the proliferation curves of both genotypes
remained flat until day 16, when there was a more obvious acceleration of growth in WT
cells.

It was reported that the expression of catalytically inactive SHP-1 mutant constructs in 1L-3-
dependent transformed mouse pro-B cells or human breast cancer cells enhanced cell
proliferation and increased cell survival, suggesting that SHP-1 is a negative regulator in
these processes (35, 36). However, our data on mast cell proliferation and survival show
that, despite increased differentiation and increased resistance to apoptosis, the proliferation
of mev BMMCs was much slower than that of WT BMMC:s, indicating a dissociation of
these processes. The reason for this is unclear. It was noted that upregulation of Bcl-2 was
associated with protection from cell death and, at the same time, a reduced rate of
proliferation, possibly through cell accumulation in the Gy/G1 phase of the cell cycle (37).
Our finding that Bcl-2 was highly upregulated in mev BMMCs suggests that this could be
one reasonable explanation for our observations of increased cell survival and decreased
proliferation. Other possible explanations for the discrepancy between our study and those
mentioned above may include the fact that transfected SHP-1 variant constructs were used in
those studies, whereas SHP-1-deficient cells were used in our study, and that the cell types
in those studies were different from our primary BMMCs (35, 36).

Of note is our observation that SHP-1 deficiency per se did not offer protection from growth
factor withdrawal-induced apoptosis. This suggests that the target of SHP-1 regulation does
not generate intrinsic antiapoptotic signals but rather amplifies those initiated by growth
factors.

SCF and c-Kit signaling are essential for the development of murine mast cells (38, 39), and
SHP-1 negatively regulates c-Kit (34). It is conceivable that SHP-1 deficiency can lead to
enhanced c-Kit signaling, but it remains unclear why there is a significant increase in the c-
Kit—positive progenitor population in the bone marrow in SHP-1 deficiency, some of which
are mast cell progenitors.

In this study, we evaluated the function of SHP-1 in regulating the mast cell cytokine
response to oxidant stress and to bacterial product LPS. Our results show that, even at
baseline, mev BMMCs had significantly increased expression of IL-4 and -13, but not IFN-
v, and the change was blocked by antioxidant NAC. Mast cells are able to generate
intracellular ROS (40), and SHP-1 deficiency led to lower tolerance to oxidant stress in
alveolar macrophages and to allergen-induced airway inflammation in vivo (29). Our
findings are consistent with the notion that SHP-1 also regulates ROS response in mast cells.
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Similarly, mev BMMCs had markedly increased production of IL-13 in response to LPS
stimulation, which was not affected by H,O, or NAC, suggesting that ROS and NF-«xB were
not involved in this activation pathway. A similar finding was reported by Stassen et al.
(30). Furthermore, kinase inhibitor Gleevec had no effect on LPS-stimulated production of
IL-13 by mast cells, indicating that this process is c-Kit independent. It is likely that
signaling molecules in the MAPK pathway, such as ERK, p38, or JNK, are involved (41),
and SHP-1 is a regulator of this pathway (42). Studies have shown that SCF—c-Kit signaling
cooperates with FceRI activation in stimulating mast cell degranulation (43), and SHP-1
regulates c-Kit function (34). It was predicted that SHP-1 deficiency would further increase
mast cell degranulation in response to FceRI stimulation. Indeed, mev BMMCs had
significantly increased total cellular -hexosaminidase, increased spontaneous
degranulation, and increased degranulation upon FceRI ligation. This result seems different
from what was reported in a recent study by Nataka et al. (16) on SHP-1-deficient me
BMMCs. Several explanations may account for the discrepancy. There were some
differences in the experimental procedures. For instance, we tested BMMCs derived from
mev mice, and the cells were stimulated with 100 ng/ml DNP-HSA for 15 min before
mediator measurement; Nataka et al. (16) treated me BMMCs with Tyrode’s buffer for 4 h
before stimulation with 5-50 ng/ml DNP-HSA for 30 min. Probably more importantly,
Nataka et al. showed the percentage of 3-hexosaminidase released from individual samples,
which emphasizes the releasability, whereas we presented the release of $-hexosaminidase
of all samples relative to the total amount of f-hexosaminidase of WT BMMCs, taking into
account that increased release also reflects increased total mediator in mev BMMCs (Fig.
5A).

LATZ2, also called NTAL, is an adaptor molecule that can be phosphorylated upon FceRI
cross-linking and c-Kit activation in mast cells; it may function as a positive and negative
regulator in human mast cell activation (44). The Y110 of the cytosolic domain of LAT2 is
speculated to be a putative site for Src kinase phosphorylation and SHP-1 binding (45).
However, the interaction has not been demonstrated. In this study, we demonstrated that
upon FceRl ligation, SHP-1 binds LAT2, and SHP-1 deficiency in mast cells leads to
significantly increased phosphorylation of LAT2, which correlates with an overall increase
in mast cell activity.

To determine whether SHP-1 dysregulation also affects mast cell behavior in vivo, we
examined the number and activity of mast cells in the lung and their potential role in the
allergic asthma phenotype in mev mice. These studies revealed that SHP-1 deficiency led to
increased mast cell numbers in the lung and, more importantly, markedly increased mast cell
activity as evidenced by increased mediator release and Th2 cytokine production in the lung
and spleen, both spontaneously and in response to stimulation. This correlates well with our
previous finding that the levels of Th2 cytokines in the lung of mev mice were significantly
increased (11). In addition, the levels of IgE in the lung tissue were significantly increased.
Increased levels of IgE are correlated with increased tissue mast cell numbers and activity
(46) and increased mast cell survival in the absence of growth factor in vitro (Fig. 2B).
However, the exact role of IgE in the mev phenotype needs to be determined. Finally, a
critical role of mast cells in the mev allergic asthma phenotype was demonstrated by
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dramatically reduced airway inflammation, improved lung pathology, and decreased IL-13
and chemokines in mev mice on the mast cell-deficient Kit"-S" background.

In this study, we demonstrate that mast cells deficient in SHP-1 have increased
differentiation, are more resistant to apoptosis, and are hyperresponsive to various stimuli,
including oxidant stress, FceRI cross-linking, and LPS, with enhanced release of mediators
and production of proinflammatory cytokines. Furthermore, without SHP-1 regulation in
vivo, mast cells are increased in number in the lung, have increased spontaneous activity,
and produce more cytokines, favoring a Th2 cytokine milieu in tissues. Our findings support
the notion that mast cells are largely responsible for the generation of the Th2-like allergic
inflammatory pulmonary phenotype in mev mice. These findings demonstrate an important
role of SHP-1 in regulating mast cell functions and a role of mast cells as an initiator, not a
mere effector, of tissue inflammation in the lung in response to environmental stimulation.
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FIGURE 1.
BMMC differentiation and proliferation. At different time points, aliquots of cultured bone

marrow cells from WT and mev mice were incubated with IgE overnight, stained for c-Kit
and FceRlI, and analyzed by FACS. For each sample, 10,000 events were counted.
Percentage of c-Kit/FceRI double-positive cells (A) and percentage of c-Kit positive cells
(B). Results are mean + SD of eight pairs of WT and mev mice. C, Total number of bone
marrow cells from each sample was determined before culture and at specified time points
in culture. Results from three sets of independent experiments. D, After 4 wk in culture,
mature BMMCs were serially diluted in conditioned medium and seeded in a microplate
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using 100 pl of the cells with indicated densities in triplicate. Medium alone was used as a
baseline reference. Three days later, cell proliferation was determined by the XTT method.
A representative of three experiments with similar results is shown.
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FIGURE 2.
Apoptosis of BMMCs under different conditions. After replacing WEHI-3B—conditioned

medium, BMMCs were cultured in the presence or absence of WEHI-3B medium (30%),
Gleevec (1 uM), or LY?294002 (10 uM) for 24 h and analyzed by FACS with Annexin V and
Pl staining. A, The percentage of apoptotic cells. Three independent experiments were
performed with triplicates for each sample. B, The percentage of apoptotic cells in the
presence of IgE. C, RT-PCR analysis of expression of antiapoptosis gene Bcl-2 in WT and
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mev BMMCs. B-Actin mRNA was used as an internal control. A representative of two
experiments is shown.
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FIGURE 3.

BMMC expression and secretion of IL-4 and -13 and IFN-y in response to H,0,
stimulation. A, BMMCs (2 x 106 cells/ml) were stimulated with indicated concentrations of
H,0, overnight, and cDNA from the cells was analyzed for IL-4 and -13 and IFN-y mRNA
expression. Densitometry analysis was performed on three independent experiments and
normalized to B-actin (*p < 0.01). B, RT-PCR analysis of IL-4 expression after NAC
treatment. cDNA from mev BMMCs treated with NAC (10 ng/ml) was analyzed for IL-4
expression at two time points. Densitometry was performed in three independent
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experiments and normalized to p-actin. C, IL-4 secretion by BMMCs after H,0, (10 nM)
stimulation or NAC (10 ng/ml) treatment. IL-4 protein in the BMMC culture medium was
evaluated by ELISA after stimulation for 24 h (n = 8 for each group).
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FIGURE 4.
BMMC production of IL-13 in response to LPS. A, Dose-response of WT BMMCs to LPS

stimulation. WT BMMCs (1 x 107 cells/ml) were incubated with LPS of increasing
concentrations for 24 h, and IL-13 in the supernatant was measured by ELISA (n= 3). B,
IL-13 production by WT and mev BMMCs (1 x 107 cells/ml) after incubation with LPS (100
ng/ml) with or without H,O, or NAC (n =5 for each group). The difference between mev
BMMCs stimulated with LPS and LPS+H,0, was not statistically significant (p > 0.05). C,
Effect of Gleevec on LPS-stimulated BMMC production of 1L-13. WT BMMCs were
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incubated with LPS for 24 h in the presence of varying concentrations of Gleevec, and IL-13
in the supernatant was measured by ELISA (n = 3 for each group).
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FIGURE 5.
BMMC degranulation in response to FceRI and c-Kit signaling. A, BMMCs (1 x 107

cells/ml) were sensitized with anti-DNP IgE overnight. Then cells were stimulated with
DNP-HSA (100 ng), SCF (10 ng/ml), or a combination of DNP-HSA/SCF or DNP-
HSA/SCF/Gleevec (1 uM). After 15 min, p-hexosaminidase released in the supernatant was
measured by ELISA. Total amount of 3-hexosaminidase was also determined after lysing
unstimulated control cell samples. Data shown are mean percentage + SD of triplicates of
each sample relative to the total amount of -hexosaminidase in WT control cells. Three
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independent experiments were performed with similar results. B, Binding of SHP-1 to
LAT?2. Protein samples from IgE-sensitized WT BMMCs stimulated with DNP-HSA or
control were immunoprecipitated with anti-SHP-1 Ab and subsequently immunoblotted
using anti-LAT2 Ab or vice versa. The relative positions of the molecular markers are
indicated (arrow). C, LAT2 phosphorylation. Protein samples from WT and mev BMMCs
with/without DNP-HSA stimulation for 3 min were immunoprecipitated with
antiphosphotyrosine and then immunoblotted with anti-LAT2 or only immunoblotted with
anti-LAT?2 for total LAT2. The numbers are ratios of p-LAT2/LAT2 of individual samples
that were normalized to that of the WT unstimulated sample. A representative of two
experiments is shown.

J Immunol. Author manuscript; available in PMC 2016 February 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 26

[] Medium
Bl PMA/lono
IL-13 I1L-4
10000 T
100000 T *
—_ 10000 T — 1000 T
= =
~ Ry
o) 1000 + el
8 & 100
100 +
10 +
10 +
1 1
WT mey WT mey
TNF-a IFN-y
1000000 T *
10000 T
100000 -+
*
~ 10000 1 1000 T
= Camry
Bp 1000 g 100 +
Q. oh)
~ Q.
100 + —
10 T
10 + .
1 1~
WT mey WT mey
FIGURE 6.

BMMC production of cytokines in response to PMA/ionomycin stimulation. Equal numbers
(1 x 10%/ml) of BMMCs were incubated with PMA (40 ng/ml)/ionomycin (200 ng/ml) for
24 h, and cytokines in the supernatant were measured by ELISA. Mean + SD values are in
log scale (n= 3 for WT group and n =6 for mev group). *p < 0.05.
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Mast cells in the lung tissue. A, Toluidine blue-positive mast cells in the lung sections from
WT (n =5) and mev mice (n = 6) were counted under the microscope. B, BAL IgE levels in
WT and mev mice (n = 6). C, Single-cell suspensions of the lung (1 x 108) from WT and
mev mice were lysed for total histamine or incubated for 45 min at 37°C without stimulation
for spontaneous release of histamine (n =5 for each group). D, Single-cell suspensions of
splenocytes (1 x 108) from WT and mev mice were lysed for total histamine or incubated
with/without PMA/ionomycin, and released histamine was determined (n = 5 for each

group).
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FIGURE 8.
Cytokine production by splenocytes after stimulation. Equal numbers of isolated splenocytes

(1 x 106) were incubated with or without anti-FceRla Ab (0.1 pg/ml) for 21 h, and cytokines
and chemokines in the supernatant were measured by ELISA (n = 3). *p < 0.05 mev versus
WT stimulated BMMCs.
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Involvement of mast cells in the spontaneous allergic asthma phenotype of homozygous mev
mice. Comparison of WT, mev, Kit"S" and mev/Kit"-S" mice for lung histology (A;
original magnification x10), BAL cellularity (B), and BAL cytokines (C) (*p < 0.05).
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