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Abstract

Background—Src homology 2 domain–containing inositol 5-phosphatase 1 (SHIP-1) controls 

the intracellular level of the phosphoinositide 3–kinase product phosphotidylinositol-3,4,5-

trisphosphate and functions as a negative regulator of cytokine and immune receptor signaling. 

Emerging evidence suggests that the phosphoinositide 3-kinase pathway might be involved in 

allergic inflammation in the lung. However, the functional relevance of SHIP-1 in the TH2 

activation pathway has not been established. SHIP-1−/− mice have spontaneous myeloproliferative 

inflammation in the lung, the nature of which has not been elucidated. We hypothesized that 

SHIP-1 plays an important role as a regulator in pulmonary allergic inflammation and in 

maintaining lung homeostasis.

Objective—To test our hypothesis, we characterized the pulmonary phenotype of SHIP-1−/− 

mice.

Results—Analyses of lung histopathology and bronchoalveolar lavage cellularity revealed that 

the majority of SHIP-1−/− mice had progressive and severe pulmonary inflammation of 

macrophages, lymphocytes, neutrophils, and eosinophils; mucous hyperplasia; airway epithelial 

hypertrophy; and subepithelial fibrosis. These pathologic changes were accompanied by 

exaggerated production of TH2 cytokines and chemokines, including IL-4, IL-13, eotaxin, and 

monocyte chemoattractant protein 1, in the lung. Furthermore, the number of mast cells 

significantly increased, and many of these cells were undergoing degranulation, which was 

correlated with increased content and spontaneous release of histamine in the lung tissue of 

SHIP-1−/− mice.

Reprint requests: Zhou Zhu, MD, PhD, Johns Hopkins University School of Medicine, Division of Allergy and Clinical Immunology, 
Johns Hopkins Asthma and Allergy Center, 5501 Hopkins Bayview Circle, Baltimore, MD 21224. zzhu@jhmi.edu. 

Disclosure of potential conflict of interest: D. L. Barber has received grant support from Hoffman-La Roche. The rest of the authors 
have declared that they have no conflict of interest.

HHS Public Access
Author manuscript
J Allergy Clin Immunol. Author manuscript; available in PMC 2016 February 18.

Published in final edited form as:
J Allergy Clin Immunol. 2007 January ; 119(1): 123–131. doi:10.1016/j.jaci.2006.08.029.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion—These findings provide strong evidence that mice lacking SHIP-1 have an allergic 

inflammation in the lung, suggesting that SHIP-1 plays an important role in regulating the TH2 

signaling pathway and in maintaining lung homeostasis.

Clinical implications—SHIP-1 as a regulator might be a potential therapeutic target for 

controlling allergic inflammation in diseases such as asthma.
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Src homology 2 domain–containing inositol 5-phosphatase 1 (SHIP-1) is a negative 

regulator in a variety of cytokine, immunoreceptor, and growth factor signaling pathways. 

SHIP-1 has important functions in T cells, B cells, mast cells, basophils, and neutrophils.1-7 

The phosphoinositide 3-kinase (PI3K) pathway is critical in many biologic processes, 

including cell proliferation, apoptosis, and migration. Activated PI3K catalyzes the 

formation of the lipid product phosphotidylinositol-3,4,5-trisphosphate (PIP3), which 

mediates downstream responses. As one of the negative regulators in this pathway, SHIP-1 

controls the intracellular level of PIP3. The major mechanism of SHIP-1 has been elucidated 

in the interaction between SHIP-1 and the inhibitory receptor FcγRIIB of B lympho-cytes.8,9 

On B-cell antigen receptor–FcγRIIB coligation, SHIP-1 is recruited to the immunoreceptor 

tyrosine–based inhibitory motif domain of the receptor. After localizing to the cell 

membrane, SHIP-1 dephosphorylates PIP3 to PI-3,4-bisphosphate, effectively reducing or 

terminating the downstream signaling of the PI3K pathway.

Asthma is a chronic inflammatory disorder of the lung. TH2 inflammation of the airway is a 

major component in the pathogenesis of asthma. In animal models of allergic asthma, proper 

allergens can elicit TH2 inflammation in the airways and can cause a series of 

pathophysiologic changes in the lung. The TH2 cytokines IL-4 and IL-13 are essential in this 

response. Both cytokines signal through IL-4 receptor complexes and activate signal 

transducer and activator of transcription 6 pathway and downstream target genes. However, 

several recent studies have suggested that the PI3K pathway might also be involved in the 

TH2 inflammatory response in mouse models of allergic asthma.10,11 Either PI3K 

inhibitors10 or expression of a dominant-negative PI3K subunit reduced the inflammatory 

response of the airway to antigen challenge.11 The intracellular level of PIP3 is a critical 

point for regulation. SHIP-1 and phosphatase and tensin homolog deleted on chromosome 

10 are known to be able to hydrolyze PIP3. Recently, phosphatase and tensin homolog 

deleted on chromosome 10 has been suggested to play a role in a mouse model of allergic 

asthma.12 An in vitro study also showed that IL-4 induced tyrosine phosphorylation of 

SHIP-1 in 32D cells,13 suggesting an interaction between SHIP-1 and the IL-4 signaling 

pathway. However, a functional relationship between SHIP-1 and the TH2 signaling 

pathway remains undefined.

In previous studies it was noticed that some SHIP-1−/− mice had inflammatory infiltration of 

macrophages and neutrophils in the lung,3,4 but the nature of the inflammation has not been 

characterized. Whether eosinophils and other allergic responses were present in the lungs of 

these mice was not examined, and the role of SHIP-1 in lung biology is not clear.

Oh et al. Page 2

J Allergy Clin Immunol. Author manuscript; available in PMC 2016 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We hypothesized that SHIP-1 is a negative regulator of lung inflammation and maintenance 

of lung homeostasis. We investigated the nature of the inflammatory response in the lungs of 

SHIP-1−/− mice, and our results demonstrate that mice lacking SHIP-1 spontaneously have a 

remarkable allergic inflammatory response in the lung, accompanied by TH2 cytokine and 

chemokine upregulation, suggesting that under physiologic conditions, SHIP-1 is an 

essential negative regulator in maintaining lung homeostasis.

Methods

Animals

SHIP-1−/− mice on a genetic background of C57BL/6 × 129sv were generated as previously 

described.2 Heterozygous mice (SHIP-1+/−) were bred to generate SHIP-1−/− and SHIP-1+/+ 

(wild-type [WT]) mice, which were used as control animals. Mice were used at 9 to 11 

weeks of age. 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 

Johns Hopkins University Institutional Animal Use and Care Committee.

Lung and bronchoalveolar lavage fluid samples

Lung tissue and bronchoalveolar lavage (BAL) fluid samples were obtained as previously 

described.14,15 Briefly, mice were anesthetized, the trachea was isolated by means of blunt 

dissection, and small-caliber tubing was inserted and secured in the airway. Three 

successive volumes of 0.75 mL of PBS with 0.1% BSA were instilled and gently aspirated 

and pooled. BAL fluid samples were centrifuged, and supernatants were stored at −70°C 

until use. The number 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 clean. The whole lung was excised either for RNA and protein analyses or 

inflated with fixatives for histology.

Histologic evaluation

Hematoxylin and eosin, periodic acid–Schiff (PAS), Masson's trichrome, and toluidine blue 

stains were performed on lung sections after pressure fixation with Streck solution (Streck 

Laboratories, La Vista, Neb), as previously described.15 The same microscopic 

magnification was used for the sample slides from WT and SHIP-1−/− mice under 

comparison. Mast cells in the lung tissues were identified by metachromatic granules stained 

with toluidine blue and were quantified in 20 distinct microscopic fields per lung section per 

mouse.

mRNA analysis

Total cellular RNA from lungs was obtained with Trizol Reagent (Invitrogen, Carlsbad, 

Calif). The mRNA of specific genes was evaluated by means of RT-PCR with specific 

primers, as previously described.15 β-Actin was used as an internal control. Amplified PCR 

products were analyzed by means of electrophoresis, and the intensity of the bands and the 

ratio of specific mRNA to β-actin were analyzed with the Bio-Rad Gel Doc system and the 

Quantity One 4.4.1 software (Bio-Rad Laboratories, Hercules, Calif).
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Cytokines, chemokines, and total IgE levels

The levels of cytokines, chemokines, and total IgE in the BAL fluid were determined by 

using commercial ELISA kits per the manufacturer's instructions (R&D Systems, Inc, 

Minneapolis, Minn).

Chitinase and histamine assays

Chitinase activity in the BAL fluid was determined by using a fluorogenic substrate, as 

described previously.16 Total histamine and spontaneously released histamine levels were 

determined by using single-cell suspensions from spleens and lungs, as previously 

described17 and in as described detail in the Methods section in the Online repository at 

www.jacionline.org.

Statistics

Data were assessed by using the Student t test and expressed as means ± SEM. Differences 

between samples with P values of less than .05 were considered statistically significant.

Results

Lung inflammation

To define the nature of the inflammation seen in SHIP-1−/− mice, we compared the lung 

histopathology and BAL fluid cellularity of WT and SHIP-1−/− mice. Lung sections from 

WT mice had no inflammation. In contrast, cellular infiltration of the airway and lung 

parenchyma was readily seen in lung sections from SHIP-1−/− mice. Some infiltration 

involved focal areas and others more diffuse areas, yet some involved nearly an entire lobe 

(Fig 1). Further analysis of a set of 12 SHIP-1−/− mice demonstrated that there was 

considerable variation in the degree of severity of inflammation among these mice (see 

Table E1 in the Online Repository at www.jacionline.org). In some mice (16.6%) no 

obvious inflammation was detected by means of either lung histology or BAL fluid cell 

counts. However, in some mice (16.6%) inflammation was only detected on the basis of 

increased BAL fluid cell counts. Nonetheless, the majority of the SHIP-1−/− mice (66%) by 

the age of 9 to 11 weeks had obvious pulmonary inflammation, varying in degree from mild 

to severe (see Table E1). Under high-power viewing, clusters of eosinophils and activated 

macrophages were seen in the lung (Fig 2, A). The presence of large numbers of eosinophils 

in the lung is a clear sign of allergic inflammation. Consistent with these findings, BAL fluid 

cellularity analysis showed significant increases in all cell types, including macrophages, 

eosinophils, lymphocytes, and neutrophils, in SHIP-1−/− mice when compared with that seen 

in WT mice (Fig 2, B). These results indicate that the pulmonary inflammation seen in 

SHIP-1−/− mice is a characteristic TH2 response.

Mucus hyperplasia/metaplasia

To determine whether mucus hyperplasia was present, we analyzed lung sections from WT 

and SHIP-1−/− mice using PAS staining for mucin. As expected, no PAS-positive staining 

was found in the lung sections of WT mice (Fig 3, A). In contrast, markedly increased PAS-

positive cells were readily seen in the airways of SHIP-1−/− mice (Fig 3, A). In some areas 
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airway epithelia were almost completely covered by goblet cells (Fig 3, A). To further 

understand the mechanisms, we assessed the expression of the mucin gene MUC5AC at 

mRNA levels in the lung. RT-PCR results showed that low levels of MUC5AC mRNA was 

seen in the lungs of WT mice, whereas increased MUC5AC mRNA was found in SHIP-1−/− 

mice (Fig 3, B). Densitometric analysis confirmed the RT-PCR results (see Fig E1 in the 

Online Repository at www.jacionline.org). These results indicate that SHIP-1 deficiency 

resulted in goblet cell hyperplasia, mucus hyperproduction, and upregulation of MUC5AC 

gene expression in the airways.

Epithelial hypertrophy

Airway epithelial hypertrophy can be found in mouse models of allergic asthma and in 

IL-13–transgenic mice.14 When airways of comparablesize from WT and SHIP-1−/− mice 

were examined, significantly thickened epithelia were readily seen in the lungs of SHIP-1−/− 

mice (Figs 3, A, and 4, A). Under the same magnification, the average thickness of the 

airway epithelia of SHIP-1−/− mice was more than double that of WT mice (Figs 3, A, and 4, 

A). The size of the airway lumen was severely reduced (Fig 3, A).

Subepithelial fibrosis in the lung

To assess fibrotic changes in the lung, Masson's trichrome staining was used to detect 

collagen deposition. As shown in Fig 4, A, trichrome positively stained thin layers of 

collagen, as part of the normal structure, can be seen around the airways of WT mice (Fig 4, 

A). However, significantly increased collagen deposition was easily seen in the subepithelial 

areas of the airways of SHIP-1−/− mice (Fig 4, A). To understand the molecular mechanisms 

of the fibrotic change, we determined the expression of TGF-β1 in the lungs of WT and 

SHIP-1−/− mice. As shown in Fig 4, B, either total or activated TGF-β1 was barely 

detectable in the BAL fluid from WT mice. In contrast, TGF-β1 production was highly 

increased in the lungs of SHIP-1−/− mice, including spontaneously activated TGF-β1 (Fig 4, 

B). These data indicate that pulmonary fibrosis, as part of the inflammation, resulted from 

SHIP-1 deficiency.

Chitinase upregulation

Chitinase and chitinase-like genes were significantly upregulated in SHIP-1−/− mice (see the 

Results section in the Online Repository at www.jacionline.org).

Increased IgE levels in the lung

The concentration of total IgE was significantly increased in the BAL fluid of SHIP-1−/− 

mice compared with that of WT mice (see Fig E2 in the Online Repository at 

www.jacionline.org).

Increased and activated mast cells in the lung

We examined numbers of mast cells in the lung tissues of SHIP-1−/− mice and compared 

these with levels seen in WT mice by using toluidine blue staining. Few mast cells were 

found in the lungs of WT mice. In contrast, mast cells were readily seen in the lungs of 

SHIP-1−/− mice (Fig 5, A). These cells were forming clusters and distributed in the lung 
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parenchyma. More importantly, mast cells in the lungs of WT mice were intact, whereas 

nearly all mast cells in the lungs of SHIP-1−/− mice appeared in a degranulating state (Fig 5, 

A). Quantification showed that the number of mast cells was significantly higher in the 

lungs of SHIP-1−/− mice than in those of WT mice (Fig 5, B).

Histamine content and release

Measurement of histamine in tissue cells isolated from spleens and lungs of SHIP-1−/− mice 

and compared with that of WT mice showed that total histamine content in these cells was 

3-fold and 1.5-fold higher in the spleens and lungs, respectively (see Fig E3 in the Online 

Repository at www.jacionline.org). Furthermore, cells from SHIP-1−/− mice released more 

histamine after incubation in culture for 24 hours (Fig E3). These findings are consistent 

with the histologic observations above.

Cytokines and chemokines in the lung

To understand the underlying molecular mechanisms of the pulmonary inflammation in 

SHIP-1−/− mice, we investigated the cytokine expression profiles in the lung. As determined 

by means of RT-PCR, the expression of IL-4, IL-5, and IL-13 was increased at the mRNA 

level, whereas the expression of IFN-γ was not, in the lungs of SHIP-1−/− mice (Fig 6, A). 

Densitometric analysis confirmed the RT-PCR results (see Fig E4 in the Online Repository 

at www.jacionline.org). ELISA results showed that both IL-4 and IL-13 proteins were 

significantly increased in the BAL fluid of SHIP-1−/− mice (Fig 6, B). IL-5 levels did not 

change at the protein level. IFN-γ levels did not show any differences between WT and 

SHIP-1 mice (Fig 6, B). Next we examined the chemokine expression in the lung. As shown 

in Figs 7 and E5 (see Fig E5 in the Online Repository at www.jacionline.org), TH2-related 

chemokines, such as eotaxin and monocyte chemoattractant protein (MCP) 1, MCP-2, 

MCP-3, and MCP-5,18 were upregulated in the lungs of SHIP-1−/− mice at the mRNA level, 

and some were significantly increased at the protein level in the BAL fluid of SHIP-1−/− 

mice. However, the expression of the IFN-γ–inducible 10 kD protein (IP-10) gene did not 

change.

Discussion

Several recent studies have suggested that the PI3K pathway is involved in pulmonary TH2 

inflammation in animal models.10-12 Several lines of evidence have suggested that SHIP-1, 

as a regulator of the PI3K pathway, might have a role in allergic response. In vitro studies 

have shown that SHIP-1 functioned as a negative regulator in mast cell degranulation in 

mouse cells19 and human cells.20 IL-4 stimulation of 32D cells resulted in phosphorylation 

of SHIP-1,13 suggesting its involvement in the TH2 signaling. Dendritic cells from Lyn-

deficient mice had decreased phosphorylation of SHIP-1, suggesting that SHIP-1 might 

participate in regulating dendritic cell (DC) activation in response to allergen.21 SHIP-1 

knockout mice exhibited a general myeloproliferative response that affects several tissues 

and organs. Some SHIP-1– null mice had a spontaneous inflammatory response in the lung, 

indicating that SHIP-1 is an important regulator in the lung.2,3 Recently, it was reported that 

macrophages isolated from SHIP-1−/− mice display an alternatively activated (M2) 

phenotype, suggesting that SHIP-1 is a negative regulator of M2 generation.22 However, the 
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nature of the inflammation, the cell types infiltrating the lung, and the pathologic changes in 

the lung are not clear. Furthermore, whether SHIP-1 plays a role in regulating the TH2 

signaling pathway, particularly IL-4 receptor–mediated signaling, is not clear. Whether 

SHIP-1 has any function in maintaining lung homeostasis also remains unknown.

To define the nature of the inflammation seen in SHIP-1−/− mice, we analyzed the lung 

pathology in detail. Our results showed that several features characteristic of allergic 

inflammation were present in the SHIP-1−/− mice. Cellular infiltration of the airway and 

lung parenchyma with varying degrees of severity was seen in SHIP-1−/− mice (Fig 1 and 

see Table E1 in the Online Repository at www.jacionline.org). Detailed analyses showed 

that although some mice did not show obvious inflammation, either by histology or BAL 

fluid cell counts, the majority of SHIP-1−/− mice had mild, moderate, or severe pulmonary 

inflammation by 9 to 11 weeks of age (see Table E1). This observation is in accordance with 

the results of survival analysis in a previous study, in which 40% of SHIP-1−/− mice died 

from lung inflammation by the age of 12 weeks.3 Pulmonary eosinophilia is a major feature 

of TH2 inflammation commonly seen in patients with allergic asthma and in animal models 

of asthma. Further histologic analysis at high power revealed large numbers of inflammatory 

cells, particularly eosinophils, in the airways and lung parenchyma of SHIP-1−/− mice (Fig 

2, A). BAL analysis confirmed these findings (Fig 2, B). In addition, genetic background 

might not have a major role in the development of pulmonary inflammation because 

SHIP-1−/− mice on a BALB/c background also showed similar lung pathology (data not 

shown).

Mucus hyperproduction is an important component of TH2 response and a part of airway 

remodeling in patients with allergic asthma and in mouse models of asthma.14 PAS staining 

of lung sections revealed increased numbers of mucin-secreting goblet cells in the airways 

of SHIP-1−/− mice (Fig 3, A), accompanied by upregulated MUC5AC mRNA (Fig 3, B, and 

see Fig E1 in the Online Repository at www.jacionline.org). In addition, epithelial 

hypertrophy was noticed in the lungs of SHIP-1−/− mice (Figs 3, A, and 4, A). One of the 

consequences of mucus hyperproduction and airway epithelial hypertrophy is severely 

decreased size of the airway lumen (Figs 3, A, and 4, A), which could lead to restricted 

airflow.

Pulmonary fibrosis is a process of airway remodeling usually seen in the chronic phase of 

asthma. Lung sections from SHIP-1−/− mice had increased collagen deposition (Fig 4, A). 

This is accompanied by significantly increased production of TGF-β1, particularly 

spontaneously activated TGF-β1 in SHIP-1−/− mice (Fig 4, B).

The expression of several chitinases is closely associated with the TH2 phenotype of the 

lung.23-25 Chitinase-like proteins YM-1 and YM-2 had been found in crystal forms in the 

lungs in mouse models of asthma.23,24 Crystal particles were readily appreciated in the BAL 

fluid and in the lungs of SHIP-1−/− mice (see Fig E6, A, in the Online Repository at 

www.jacionline.org). RT-PCR confirmed that acidic mammalian chitinase (AMCase), 

YM-1, and YM-2, but not chitotriosidase, were upregulated in the lungs of SHIP-1−/− mice 

(Fig E6, B). Increased chitinase activity was also seen in the BAL fluid of SHIP-1−/− mice 

(Fig E6, C).
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SHIP-1−/− mice showed increased B-cell function and increased serum Ig levels, including 

IgG2a and IgG2b levels.26 However, IgE levels were not determined in that study. We 

found that SHIP-1−/− mice had increased total IgE levels in the BAL fluid. It is likely that 

the increased IgE levels in the lung tissue of SHIP-1−/− mice are a result of increased B-cell 

function and increased Ig production in general. It is also possible, however, that they are 

part of the TH2 inflammatory response. Mast cells have increased sensitivity in the absence 

of SHIP-1,19 and increased IgE levels in the lung might further increase the mast cell 

response to various stimulations.

Taken together, these results demonstrated that the inflammation seen in SHIP-1−/− mice is a 

typical TH2 inflammation in the lung. To understand the underlying mechanisms of the lung 

phenotype in SHIP-1−/−mice, we investigated the cytokines and chemokines that might be 

involved. In the lungs of SHIP-1−/− mice, levels of the TH2 cytokines IL-4 and IL-13 were 

increased at both the mRNA and protein levels, whereas levels of the TH1 cytokine IFN-γ 

were not (Fig 6). Consistent with the TH2 cytokine profile, chemokines also showed a TH2-

dominant pattern (Fig 7).

The current view of the initiation of TH2 inflammation is that after allergen stimulation, 

antigen-presenting cells interact with naive CD4+ T cells. In the presence of IL-4, these cells 

differentiate into TH2 cells. When encountering the allergen again, TH2 cells respond by 

proliferating and producing TH2 cytokines, which activate downstream genes, leading to 

tissue inflammation and other effects. However, it is possible that the differentiation phase 

might be bypassed. Under experimental conditions, direct administration or transgenic 

overexpression of the effector cytokines IL-4 and IL-13 can elicit TH2 inflammation in the 

lung.14,27,28 The inflammation seen in the lungs of SHIP-1−/− mice has many features of 

TH2 immune responses and occurs in the absence of overt immunologic sensitization and 

challenge. It is unclear whether the pulmonary phenotype requires TH2 cell differentiation 

and activation or is only part of the TH2 effector response. The role of T and B cells in the 

process is not clear. Mast cells and basophils are part of the innate immune system. Mast 

cells can release mediators and have an important role in mediating allergic responses. 

Recently, mast cells and basophils have been recognized to be able to produce TH2 

cytokines that might be important for TH2 cell differentiation and TH2 effector 

functions.29-31 Given the fact that SHIP-1 has a regulatory role in mast cells, it is reasonable 

to speculate that SHIP-1 acts as a negative regulator to keep mast cells or basophils in check. 

When lacking SHIP-1, mast cells and basophils might have increased sensitivity or a 

decreased threshold for releasing mediators and cytokines, such as IL-4 and IL-13, which 

might be responsible for the TH2 phenotype in SHIP-1−/− mice. Our histologic analysis and 

mediator experiments showed that the number of mast cells was significantly increased in 

the lungs of SHIP-1−/− mice, the majority of these cells were activated and in a 

degranulation state, and total and spontaneously released histamine by the lung cells and 

splenocytes was significantly increased (Fig 5 and see Fig E3 in the Online Repository at 

www.jacionline.org). Whether mast cells are the source of the increased TH2 cytokines seen 

in the lungs of SHIP-1−/− mice is under investigation. These observations, however, do not 

exclude the potential contributions by other cell types, such as T cells, lung epithelial cells, 

or dendritic cells. In addition, the low magnitude of increase in TH2 cytokines and the 
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relatively higher increase in chemokines in SHIP-1−/− mice suggests that dysregulation of 

the signaling downstream of IL-4Rα is potentially more important in generating the 

pulmonary phenotype.

In conclusion, our studies demonstrated that the inflammatory response seen in the lungs of 

SHIP-1−/− mice has many features of allergic inflammation. These pathologic changes are 

accompanied by increased and activated mast cells in the lung and upregulation of TH2 

cytokines and chemokines. These findings strongly support a role for SHIP-1 in regulating 

TH2 immune response and in maintaining lung homeostasis. A potential role of SHIP-1 in 

allergen-induced response is under investigation. Further studies of the functions of SHIP-1 

will provide valuable insights into the regulation of the TH2 signaling pathway and potential 

therapeutic targets for the development of effective treatment of TH2 inflammatory diseases 

in the lung.
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BAL Bronchoalveolar lavage

MCP Monocyte chemoattractant protein

PAS Periodic acid–Schiff

PI3K Phosphoinositide 3-kinase

PIP3 Phosphotidylinositol-3,4,5-trisphosphate

SHIP-1 Src homology 2 domain–containing inositol 5-phosphatase 1

WT Wild type
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Fig 1. 
Pulmonary inflammation of SHIP-1−/− mice. Hematoxylin and eosin (H&E) staining of lung 

sections from WT and SHIP-1−/− mice is shown. Lung sections from WT mice showed 

normal structure of airways and alveoli. In contrast, mild, medium, and severe cellular 

infiltration was seen in the airways and lung parenchyma of SHIP-1−/− mice.
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Fig 2. 
Pulmonary eosinophilia in SHIP-1−/−mice. A, High-power view of a hematoxylin and eosin 

(H&E)–stained lung section from a SHIP-1−/− mouse. Enlarged and activated macrophages 

(arrowheads) and eosinophils forming clusters (arrows) are indicated. B, BAL cellularity 

analysis. Total cell counts and differentials were obtained from WT mice (open column) and 

SHIP-1−/− mice (solid column). Each group had 6 mice. *P < .01.
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Fig 3. 
Mucus metaplasia and airway epithelial hypertrophy. A, PAS staining of lung sections from 

a WT mouse and a SHIP-1−/− mouse is shown. PAS-positive cells in the airways and 

thickened airway epithelium were readily seen in SHIP-1−/− mice. The bars show the 

thickness of the airway epithelium. B, RT-PCR analysis of MUC5AC gene expression in 

WT and SHIP-1−/− mice is shown. Specific primers were used to amplify MUC5AC mRNA. 

Shown are representative results of 3 experiments.
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Fig 4. 
Subepithelial fibrosis and TGF-β1 expression in SHIP-1−/− mice. A, Masson's trichrome 

staining of lung sections from a WT mouse and a SHIP-1−/− mouse is shown. The bars show 

the thickness of the airway epithelium. B, TGF-β1 protein levels in the BAL fluid of WT 

(open column) and SHIP-1−/− (solid column) mice are shown. ELISA was used to determine 

the total and spontaneously activated TGF-β1 levels in the BAL fluid and expressed as 

means ± SEM (n = 6 for each group, *P < .05).
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Fig 5. 
Mast cells and histamine content in the lung. A, Toluidine blue staining of lung sections 

from WT and SHIP-1−/− mice is shown. Degranulating mast cells were readily seen in the 

lungs of SHIP-1−/− mice. B, Quantification of mast cells is shown. Mast cells were counted 

and expressed as mean ± SEM numbers of mast cells per view field (n = 4 for each group).
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Fig 6. 
Cytokine expression in the lung. A, RT-PCR analysis of total lung RNA from WT and 

SHIP-1−/− mice using cytokine gene-specific primers is shown. Amplified products were 

analyzed by means of electrophoresis. Shown is a representative of 3 experiments. B, 

ELISA analysis of cytokines in the BAL fluid of WT and SHIP-1−/− mice is shown (n = 6-7 

mice for each group, *P = .01 and **P < .01 vs WT group).
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Fig 7. 
Chemokine expression in the lung. A, RT-PCR analysis of total lung RNA from WT and 

SHIP-1−/− mice using chemokine gene-specific primers is shown. Amplified products were 

analyzed by means of electrophoresis. Shown is a representative of 3 experiments. MIP, 

macrophage inflammatory protein. B, Chemokine concentrations in the BAL fluid of WT 

and SHIP-1−/− mice were determined by means of ELISA (n = 6-7 mice for each group, *P 

< .05 vs WT group).
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