
[Frontiers in Bioscience 12, 2836-2848, May 1, 2007]    

2836 

The role of SHIP in macrophages 
 
Laura M. Sly1, Victor Ho1, Frann Antignano1, Jens Ruschmann1, Melisa Hamilton1, Vivian Lam1, Michael J. Rauh1, 
Gerald Krystal1 
 
1The Terry Fox Laboratory, B.C. Cancer Agency, Vancouver, B.C., Canada V5Z 1L3 
 
TABLE OF CONTENTS 
 
1. Abstract 
2. Introduction 
3. The structure and expression of SHIP 
4. The phenotype of the SHIP knockout mouse 
5. SHIP’s mechanism of action 
6. The biological roles of SHIP  
7. The role of SHIP in macrophages 

7.1. SHIP is essential for TLR-induced tolerance 
7.2. SHIP skews myeloid differentiation towards M1 killer macrophages 

8. Summary and perspective 
9. Acknowledgements 
10. References 
 
 
 
 
 
 
 
 
 
 
 
1. ABSTRACT 
 

The SH2-containing inositol-5′-phosphatase, 
SHIP, represses the proliferation, survival, and activation of 
hematopoietic cells, in large part by translocating to 
membranes following extracellular stimulation and 
hydrolysing the phosphatidylinositol-3-kinase (PI3K)-
generated second messenger PI-3,4,5-P3 (PIP3) to PI-3,4-P2. 
SHIP-/- mice have, as a result, an increased number of 
monocyte/macrophages because their progenitors display 
enhanced survival and proliferation, as well as more rapid 
differentiation. Interestingly, SHIP-/- mice do not display 
lipopolysaccharide (LPS)- or CpG oligonucleotide-induced 
tolerance because this blunting of inflammatory mediator 
production is contingent upon LPS- and CpG-induced 
upregulation of SHIP in their macrophages and mast cells. 
This upregulation is mediated via the production of 
autocrine-acting TGFbeta which is induced via the MyD88-
dependent pathway. The increased levels of SHIP then 
inhibit both MyD88-dependent and independent signaling. 
Intriguingly, SHIP-/- peritoneal and alveolar macrophages 
produce less nitric oxide (NO) than wild-type macrophages 
because they have constitutively high arginase I levels and 
this enzyme competes with inducible nitric oxide synthase 
(iNOS) for the substrate L-arginine. It is likely that, in the 
face of chronically elevated PIP3 levels in their myeloid 
progenitors, SHIP-/- mice display a skewed development 
away from M1 (killer) macrophages towards M2 (healing) 
macrophages. This suggests that SHIP plays a critical role 
in programming macrophages.  

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The phosphatidylinositol (PI)-3-kinase (PI3K) 
pathway plays a central role in regulating many biological 
processes through the generation of the potent second 
messenger PI-3,4,5-P3 (PIP3) (1). This membrane-
associated phospholipid, which is present at low levels in 
resting cells, is rapidly synthesized from PI-4,5-P2 by PI3K 
in response to a diverse array of extracellular stimuli and 
attracts pleckstrin homology (PH)-containing proteins such 
as the survival/proliferation enhancing serine/threonine 
kinase, Akt (also known as protein kinase B (PKB)), and 
the Rac and cdc42 guanine nucleotide exchange factor, 
Vav, to membranes to mediate its effects. To ensure that 
the activation of this pathway is appropriately 
suppressed/terminated, the ubiquitously expressed 54 kDa 
tumour suppressor PTEN (i.e., phosphatase and tensin 
homologue deleted on chromosome ten) hydrolyzes PIP3 
back to PI-4,5-P2 while the 145 kDa hematopoietic-
restricted SH2-containing inositol 5'-phosphatase, SHIP 
(also known as SHIP1), the 104 kDa stem cell-restricted 
SHIP (sSHIP) and the more widely expressed 150 kDa 
SHIP2 break it down to PI-3,4-P2 (reviewed in (2)). The 
fact that many human cancers contain somatic activating 
mutations or gene amplification of the p110alpha subunit of 
PI3K (3) and that almost 50% of human cancers contain 
biallelic inactivating mutations of PTEN (4) highlights the 
importance of tightly regulating the PI3K pathway. In this 
review we will concentrate on the role that SHIP plays in 
macrophages. 
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Figure 1. The structures of SHIP, sSHIP and SHIP2. Some of the known binding partners of SHIP, sSHIP and SHIP2 are shown 
as well as the PH-containing proteins that are attracted to the transiently generated PIP3 and PI-3,4-P2. One of SHIP’s binding 
partners, Shc, has been shown in some receptor systems to facilitate the translocation of SHIP to membranes to hydrolyse PIP3 to 
PI-3,4-P2 (reviewed (132)). 
 
3. THE STRUCTURE AND EXPRESSION OF SHIP  
 

The gene for SHIP, which is located on 
chromosome 2q36/37 in the human and 1C5 in the mouse, 
codes for a 145 kDa protein that becomes both tyrosine 
phosphorylated (typically by members of the Src family 
((5), and Hughes & Krystal, manuscript in preparation) and 
associated with the adaptor protein Shc in hematopoietic 
cells after exposure to a diverse array of extracellular 
stimuli. These stimuli include cytokines, growth factors, 
antibodies, chemokines, integrin ligands (2,6) and 
hypertonic and oxidative stress (Cao & Krystal, 
unpublished). It possesses, as shown in Figure 1, an amino-
terminal Src homology 2 (SH2) domain that binds 
preferentially to the sequence pY(Y/S/T)L(M/L) (7) and 
has been shown to bind to the tyrosine phosphorylated 
forms of Shc, SHP-2, downstream of tyrosine kinases 
(Doks), Gabs, CD150, Cas, c-Cbl (8), certain 
immunoreceptor tyrosine based inhibitory motifs (ITIMs) 
and certain immunoreceptor tyrosine based activation 
motifs (ITAMs) (reviewed in (2)). SHIP also contains a 
centrally located phosphoinositol phosphatase domain that 
selectively hydrolyzes the 5'-phosphate from PIP3 and 
inositol-1,3,4,5-tetrakisphosphate (IP4), two NPXY 
sequences that, when phosphorylated, bind proteins with a 

phosphotyrosine binding (PTB) domain (eg, Shc, Dok2), 
and a critical proline rich C-terminus that binds a subset of 
SH3-containing proteins including Grb2, Src, Abl and 
PLCgamma1 (reviewed in (2,9,10)).  

 
During murine development, SHIP is first 

detectable, by RT-PCR, in 7.5 day postcoitus mouse 
embryos (coincident with and dependent upon the onset of 
hematopoiesis) and its protein expression pattern in the 
embryo appears restricted to hematopoietic cells (11). In the 
adult mouse, SHIP protein expression is also restricted to 
hematopoietic cells (and to spermatids) (11) but there is 
some evidence for SHIP mRNA expression in endothelial 
cells (12) and this perhaps may become translated under 
certain physiological conditions. Within the hematopoietic 
system SHIP protein levels vary considerably (11,13). For 
example, SHIP is lost during erythropoiesis when erythroid 
cells become Ter119+ (14) and there is some evidence that 
this loss may be required for terminal erythroid 
differentiation (15). In contrast, SHIP levels increase 
substantially with T cell maturation (11), show a bimodal 
expression pattern during B cell development and are 
dramatically increased when resting B cells are activated 
(16). SHIP is also present in mature granulocytes, 
monocyte/macrophages, mast cells, platelets and natural 
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killer (NK) cells (13,17-20). With regard to NK cells, there 
are two distinct subsets (ie CD56 bright and dim) in human 
peripheral blood and levels of SHIP are substantially lower 
in the CD56 bright cells, which may enable them to produce 
far more IFNgamma (20). Adding complexity to this 
expression pattern, there are two alternate splice forms of 
SHIP and the levels of these splice forms also change during 
hematopoiesis (21,22).  

 
In addition to full length SHIP and its two splice 

forms, a 104 kDa stem cell SHIP (sSHIP) has been 
identified. This sSHIP was originally cloned from a human 
placental cDNA library and called SIP-110 (23). sSHIP was 
subsequently shown to be the only form of SHIP expressed 
in embryonic stem (ES) cells (24) and was co-expressed 
with full length SHIP in hematopoietic stem cells (HSCs) 
(24). In both cases, it disappears with differentiation. sSHIP 
mRNA is transcribed from a promoter within the intron 
between exons 5 and 6 of the full length SHIP gene and 
Rohrschneider et al. (25) recently demonstrated, using 
transgenic mice expressing this promoter attached to green 
fluorescent protein (GFP), that sSHIP promoter activity is 
restricted to a subset of stem/progenitor cells during mouse 
embryo development. These results suggest that expression 
of this promoter might serve as a useful marker for stem cell 
populations in different tissues. Since sSHIP protein is 
truncated at its N-terminus it lacks an SH2 domain and, as a 
result, is neither tyrosine phosphorylated nor associated with 
Shc following stimulation (24). However, it does bind 
constitutively to Grb2 and may be recruited via Grb2’s SH2 
domain to the plasma membrane to regulate PIP3 levels in 
stem cells (24).  
 
4. THE PHENOTYPE OF THE SHIP KNOCKOUT 
MOUSE 
 

In 1998, SHIP-/- mice (26) (as well as B and T 
cell specific SHIP-/- mice (27)) were generated by deleting 
SHIP’s first exon. Although SHIP-/- mice are viable they 
have a shortened lifespan, likely due to a massive infiltration 
of neutrophils and macrophages into their lungs (26). 
Interestingly, granulocytic and monocytic/macrophage 
progenitors from these SHIP-/- mice are substantially more 
responsive to suboptimal levels of cytokines, growth 
factors and chemokines than their SHIP+/+ counterparts 
(26,28) and, even in the absence of added growth factors, 
develop into small colonies (26). This likely explains, at 
least in part, the finding that these SHIP-/- mice 
overproduce granulocytes and macrophages, forcing 
erythropoiesis out of the bone marrow and into the spleen 
and elsewhere. As a result, these mice suffer from 
progressive splenomegaly, due to both extramedullary 
erythropoiesis and myelopoiesis (26). Because SHIP-/- 
mice were generated by deleting its first exon, sSHIP is still 
expressed in these mice (14). In fact, the expression of 
sSHIP is higher and more prolonged in SHIP-/- than +/+ 
ES cells when they are induced to differentiate (14) and it 
is likely that the SHIP-/- mouse phenotype would be more 
severe if both sSHIP and SHIP were deleted. Interestingly, 
although red blood cell numbers remain within the normal 
range (even though primitive erythroid progenitors are at 
twice normal levels (29)), B cells are reduced as the SHIP-

/- mice age because the large number of 
monocyte/macrophages produce high levels of IL-6 which 
both inhibit B cell and enhance myeloid cell development 
(30). SHIP-/- mice also suffer from severe osteoporosis 
(due to an increased number of Paget-like, hyper-resorptive 
osteoclasts) (31). Interestingly, SHIP-/- mice also display a 
progressive perturbation of NK cell development, 
characterized by an abnormally high expression of 
inhibitory receptors, and this likely plays a major role in 
their reduced acute graft-versus-host disease and deficient 
allograft rejection (32). Related to this, SHIP-/- mice also 
possess a dramatically elevated number of Gr-1+Mac-1+ 
myeloid suppressor cells, which impair the priming of 
allogeneic T cells, and may therefore also play a role in 
suppressing graft-versus-host disease (33). Also related is 
the recent finding, described in more detail in Section 7.2, 
that macrophages in SHIP-/- mice tend to be skewed away 
from a killer M1 phenotype and toward a healer M2 
phenotype as the mice reach adulthood (34). 

 
Interestingly, SHIP-/- mice share many 

phenotypic characteristics with PTEN+/- mice (35). For 
example, it was shown in 2003 that a higher proportion of 
HSCs were in cycle in SHIP-/- mice and that competitive 
repopulating unit (CRU) recovery was 30-fold lower in 
mice that received transplants of SHIP-/- cells (36). This 
contrasts slightly with a more recent report suggesting that 
both HSC proliferation and numbers are increased in SHIP-
/- mice but these HSCs exhibit a reduced capacity for long 
term repopulation because they inefficiently home to the 
bone marrow of irradiated recipients (37). Regardless, these 
findings are very similar to a recent report showing that 
conditional deletion of PTEN in hematopoietic cells 
promotes HSC proliferation and their subsequent depletion 
(38). These similarities in the phenotype of SHIP deficient 
and PTEN deficient mice suggest that it is the higher levels 
of PIP3 in SHIP-/- mice that are primarily responsible for 
its phenotype. Related to this, mice heterozygous for both 
PTEN and SHIP develop a lymphoproliferative 
autoimmune syndrome more rapidly than do PTEN+/- mice 
(39,40). However, some caution should be exercised in 
ascribing all of the phenotype of SHIP-/- mice directly to 
the loss of SHIP since many of the characteristics of these 
mice appear, or worsen, with age and it is possible that they 
are the result of compensatory mechanisms to offset the 
damage induced by this deletion.  
 
5. SHIP’S MECHANISM OF ACTION  
 

Since SHIP's 5′-phosphatase activity does not 
appear to change following extracellular stimulation (41) or 
subsequent tyrosine phosphorylation (42), the current 
consensus is that SHIP mediates its inhibitory effects by 
translocating to sites of synthesis of PIP3 (and perhaps IP4). 
In support of this, GFP-tagged SHIP has been shown to 
translocate to the plasma membrane in response to 
stimulation (19,42,43) and both the SH2 domain and the 
proline rich C-terminus of SHIP are required for this 
translocation and for SHIP’s biological effects (44-46). In 
terms of how SHIP translocates to the plasma membrane, it 
is likely that different mechanisms are employed, 
depending on the stimulus and cell type (47-53). For 
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example, it may utilize its own SH2 domain to take it to the 
FcgammaRIIB, MAFA (mast cell function-associated 
antigen (Ag)) or the FcepsilonRI in mast cells or use Shc's 
PTB domain to take it to the interleukin-3 receptor in mast 
cells or Shc’s SH2 domain to take it to CD16 in NK cells 
(53). Interestingly, SHIP has been shown to translocate to 
the cytoskeleton as well (19,54). For example, thrombin 
stimulation of human platelets causes the tyrosine 
phosphorylation and translocation of SHIP to the actin 
cytoskeleton, perhaps via actin-binding filamins (19,54). 
Consistent with this finding, Lesourne et al. (55) recently 
reported that SHIP is constitutively associated with filamin-
1 in the rat mast cell line, RBL-2H3, and that when the 
negative co-receptor, FcgammaRIIB co-aggregates with the 
activated Fcepsilon receptor, they rapidly interact with the 
actin cytoskeleton and bind SHIP/filamin1 to inhibit IgE-
induced signalling. 

 
While most SHIP-induced effects are likely 

mediated by its hydrolysis of PIP3, SHIP may also 
hydrolyze IP4 in some cell types (56) and thus could affect 
the levels of the higher inositol polyphosphates like IP6, 
which has been shown to play an essential role in 
transporting mRNA out of the nucleus for translation (57) 
and IP7, which has been shown to compete with PIP3 for 
PH-domain containing proteins (58).  

 
Interestingly, there is also evidence that PI-3,4-P2 

may act as a second messenger in some cells by attracting 
PH-containing proteins, such as Bam32 and TAPP1 and 2 
(59-61). If so, one might expect a SHIP-/- hematopoietic 
cell (with its elevated PIP3 and reduced PI-3,4-P2 (62,63)) 
to be qualitatively different from a PTEN-/- hematopoietic 
cell (with its elevated PIP3 and PI-3,4-P2). 

 
SHIP has also been shown to mediate some of its 

effects by acting as an adaptor, eg. in the activation of 
SHP-2 (64), PLCgamma 1 (10), and the Doks (65). In 
terms of the Doks, there is evidence that during 
FcgammaRIIB-mediated inhibition of B cell activation, 
SHIP reduces Ras activity by recruiting p62Dok (i.e., Dok1) 
to RasGAP (65). As well, Andre Veillette’s group has 
found that SHIP associates with Dok3 in B cells in 
response to BCR engagement and the Dok3/SHIP complex 
suppresses B cell activation via inhibition of the Jnk 
pathway (66). More recently, Paul Rothman’s group has 
shown, using Dok1/SHIP double knock out mice, that the 
number of T cells from these mice is dramatically reduced 
and they possess a T regulatory cell phenotype (67). There 
is also evidence that SHIP (and SHIP2) may directly reduce 
Ras activation in some cells by competing with Grb2 for 
Shc (68,69).  
 
6. THE BIOLOGICAL ROLES OF SHIP 

 
As far as biological functions are concerned, SHIP 

appears to be the key negative regulator of IgE + Ag-
generated PIP3 levels in murine bone marrow derived mast 
cells (BMMCs) (70). By reducing the transient increase and 
duration of PIP3 levels, SHIP restricts extracellular calcium 
entry and the activation of PDK1 (which plays a key role in 
the activation of PKC isoforms involved in the cytoskeletal 

changes important to mast cell degranulation) (71,72) (and 
reviewed in (73)). These results reveal a vital role for SHIP 
in limiting and setting the threshold for mast cell 
degranulation. As well, SHIP has been shown to play a role 
in reducing mast cell degranulation at supra-optimal IgE or 
Ag levels (74). SHIP also plays a central role in negatively 
regulating IgE- or IgE+Ag-induced inflammatory cytokine 
secretion from mast cells, at least in part by dampening 
down PIP3-mediated activation of NFkappaB (reviewed in 
(75)). As well, IgE- or stem cell factor (SCF)-induced 
adherence of mast cells to fibronectin appears to be 
restrained by SHIP (76). These results suggest that SHIP 
negatively regulates degranulation, cytokine production and 
adhesion of mast cells. On the other hand, very recent 
studies looking into the non-specific desensitization that 
follows FcepsilonRI induced activation of human basophils 
suggest that SHIP may not play a role in this specific 
phenomenon since the kinetics of SHIP phosphorylation do 
not correlate with the duration of desensitization (77). 
However, this conclusion is based in part on the assumption 
that tyrosine phosphorylated SHIP is synonomous with 
activated SHIP and this may not be the case. In fact, while 
the tyrosine phosphorylation of SHIP likely indicates that 
SHIP has at some point been recruited to hydrolyze PIP3 
(and this is consistent with evidence that Lyn is required for 
SHIP activation in neutrophils (78)), phosphorylation might 
serve to release SHIP from the plasma membrane in other 
receptor systems (52). In addition to its inhibitory role in 
mast cells and basophils, SHIP has been shown to be a 
negative regulator of B cell proliferation, chemotaxis and 
activation (reviewed in (2,28)). It has also been shown to 
negatively regulate alphaIIbbeta3 integrin-induced 
spreading/adhesion (6), thrombin- and collagen-induced 
activation and fibrinogen-induced spreading of platelets 
(6,18,79,80). SHIP has also been reported to inhibit the G-
CSF-induced proliferation (81), Toll like receptor 2 (TLR2)-
induced activation (82) and survival of neutrophils (78). As 
well, SHIP has been demonstrated to inhibit phagocytosis, 
superoxide generation and M-CSF-induced chemotaxis (via 
inhibition of Vav/Rac activation) by 
monocytes/macrophages (19,83,84) and early erythroid 
(BFU-E) colony formation (29).  

 
Interestingly, although SHIP is not required for 

mast cell or macrophage development it restrains their 
differentiation since primitive progenitors or ES cells from 
SHIP-/- mice differentiate into mature mast cells and 
macrophages significantly faster than their wild type 
counterparts (85). This could suggest that elevated PIP3 
levels drive myeloid differentiation.  

 
In apparent contradiction to studies showing that 

SHIP reduces hematopoietic cell survival, a very recent 
report suggests that expressing SHIP in the SHIP-negative 
Jurkat T cell line actually protects against H2O2-induced 
apoptosis (86). Complicating matters further is a recent 
study showing that the malignancy-enhancing 
serine/threonine kinase Akt may actually suppress tumor 
metastasis by degrading the calcium dependent 
transcription factor, NFAT (87,88). Thus, since SHIP 
inhibits Akt (by hydrolyzing PIP3), it might on the one 
hand reduce tumorigenesis but increase invasion. 
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Perhaps one of the most exciting findings that has 
taken place in the last few years is the finding in Jean-
Jacques Lebrun’s lab that TGFbeta and activin, which are 
potent inhibitors of hematopoietic cell proliferation and 
survival, elicit their effects on hematopoietic cells, in part, 
by dramatically upregulating SHIP mRNA and protein levels 
(56). Interestingly, this TGFbeta/activin-induced 
upregulation in hematopoietic cells appears to be limited to 
SHIP since neither SHIP2 nor PTEN levels change 
significantly (89).  

 
As far as SHIP’s role in human disorders is 

concerned, there is evidence that it is downregulated within 
human basophils of a subset of patients with severe 
allergies (90). As well, there is a subset of patients with 
familial Paget-like osteoporosis that shows a loss of 
heterozygosity at chromosome 2q36 (91), the chromosomal 
location of human SHIP (92) and this could suggest that the 
osteoporosis in these patients is due to a reduction in SHIP 
levels. Recently, SHIP has also been shown to be 
upregulated in the oral mucosa of patients with chronic 
periodontitis. This upregulation may serve to induce 
tolerance to the Gram negative bacteria present within the 
plaques of these patients (93) (see Section 7.1). Also of 
interest, inactivating mutations of SHIP have recently been 
reported in the blast cells of patients with acute 
myelogenous leukemia (AML) and acute lymphoblastic 
leukemia (ALL) (94,95), suggesting that SHIP normally 
acts as a tumor suppressor in hematopoietic progenitors. 
Related to this, both SHIP and SHIP2 have been shown to 
be constitutively tyrosine phosphorylated and associated 
with Shc in chronic myelogenous leukemic (CML) 
progenitors (9) and SHIP levels are reduced in both mature 
primary cells from leukemic patients (96,97) and in Ba/F3 
cells following induced expression of BCR-ABL (96). In 
fact, there is an inverse relationship between the expression 
of BCR-ABL and SHIP (98), suggesting that reduced SHIP 
activity might be a prerequisite for the proliferative 
advantage of some CML and AML clones. Interestingly, a 
similar inverse relationship has just been reported between 
a constitutively active oncogenic c-kit receptor (ie, 
KITK641E) and SHIP in Ba/F3 cells (99). This mutant 
receptor has no effect on SHIP2 or PTEN levels and 
inhibition of its intrinsic tyrosine kinase activity with 
Gleevec reversibly raises SHIP levels (99).  

 
7. THE ROLE OF SHIP IN MACROPHAGES 

 
Despite arising from a common myeloid 

progenitor, both macrophages and the peripheral blood 
monocytes from which they are derived are very 
heterogeneous, both in phenotype and function. As far as 
the macrophages are concerned, their phenotype is very 
dependent on both the tissue in which they differentiate and 
the inflammatory state of that tissue (reviewed in (100-
102)). Together with mast cells, resident macrophages are 
the first cells within the innate immune system to respond, 
via their TLRs and other pathogen recognition receptors 
(PRRs), to invading microorganisms and to tissue damage. 
They typically respond by releasing pro-inflammatory 
molecules such as TNFalpha, interleukin-12, nitric oxide 
(NO), reactive oxygen species and arachidonic acid 

metabolites. These inflammatory agents directly and 
indirectly destroy both infectious agents and surrounding 
host tissues. As well, like dendritic cells, macrophages can 
phagocytose and present processed microbial peptides, via 
major histocompatibility class II (MHCII), to T cell 
receptors on primed T cells and thus act as a bridge 
between the innate and adaptive immune systems. 
However, in the late stages of an inflammatory response, 
macrophages with a helper or M2 phenotype predominate. 
These typically express scavenger receptors to phagocytose 
debris and produce anti-inflammatory and growth 
promoting molecules (102). Intriguingly, in tumor tissues, 
infiltrating macrophages tend to be skewed, via the tumor 
microenvironment, into M2 helper-like macrophages and 
these cells typically promote tumor growth and 
angiogenesis (103). 

 
As mentioned earlier, SHIP is normally present in 

myeloid progenitors as well as in mature monocytes and 
macrophages (17) and when it is deleted, myeloid 
progenitors survive and proliferate better in suboptimal 
growth conditions (i.e., in less than optimal levels of 
macrophage colony stimulating factor (M-CSF, aka CSF-1) 
(26). As also mentioned earlier, in the absence of SHIP, 
myeloid progenitors differentiate more rapidly into Mac1+ 
macrophages (85) and one of the hallmarks of the SHIP 
knockout mouse phenotype is a marked elevation of 
monocytes and macrophages (17). As well, in the absence 
of SHIP, the phagocytosis, H2O2 generation and M-CSF-
induced chemotaxis of monocyte/macrophages is more 
robust (19,83,84). Related to this, studies in Clay Marsh’s 
lab have shown that Lyn binds and likely tyrosine 
phosphorylates SHIP in human monocytes following M-
CSF stimulation and that SHIP negatively regulates Akt 
and NFkappaB activity in both these cells and mouse 
macrophages (5).  

 
Worthy of note is that while SHIP is likely the 

major negative regulator of PIP3 levels in activated 
macrophages there is recent evidence that SHIP2 also plays 
a role. For example, results from Clay Marsh’s lab indicate 
that SHIP2 is recruited to the cell membrane upon M-CSF 
stimulation and negatively regulates M-CSF-induced 
signalling (104). Also, studies in Susheela Tridandapani’s 
lab demonstrate that SHIP2 down regulates FcgammaR-
mediated phagocytosis in macrophages, independently of 
SHIP (105). 
 
7.1. SHIP is essential for TLR-induced tolerance 

Lipopolysaccharide (LPS, also known as 
endotoxin) is a major glycolipid in the outer membrane of 
Gram-negative bacteria (106) that potently triggers 
inflammation, by stimulating innate immune cells, via 
TLR4, to produce pro-inflammatory molecules, including 
pro-inflammatory cytokines and NO (reviewed in (106)). 
The production of high levels of NO by macrophages, in 
particular, is a major defense mechanism against bacterial 
and viral infections and also is responsible in large part for 
the anti-tumor effects of macrophages (107). LPS triggers 
this inflammatory response by binding to a soluble LPS 
binding protein (LBP) and this LPS/LBP complex binds 
CD14 on the cell surface. CD14 then presents the LPS/LBP
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Figure 2. The role of SHIP in TLR-induced events. While 
LPS activates both the MyD88-dependent 
TIRAP/IRAK/TRAF6/NFkappaB and MyD88-independent 
TICAM/IRF3/IFNbeta/JAK/Stat1 pathways, CpG only 
activates the former and dsRNA only activates the latter. 
TGFbeta expression is upregulated by the MyD88-
dependent pathway and this anti-inflammatory cytokine 
then activates the transcription of SHIP, increasing its 
protein levels about 10 fold in BMmacs over a 24 h period. 
A second dose of LPS or CpG does not activate the 
production of NO and pro-inflammatory cytokines because 
of the increased level of SHIP. As well, the elevated level 
of SHIP represses dsRNA-induced IFNbeta mRNA levels. 
 
complex to the MD-2/TLR4 complex and this triggers the 
dimerization of TLR4. Upon dimerization, the cytoplasmic 
tail of TLR4 recruits several intracellular adaptor proteins 
triggering a MyD88 dependent IRAK4/TRAF6/TAK1/ 
NFkappaB pathway and a MyD88-independent 
TRAM/TRIF/TBK1/IRF3/IFNbeta pathway (Figure 2). The 
production of IFNbeta via the MyD88-independent 
pathway then acts in an autocrine manner to activate 
STAT1 and this synergizes with the NFkappaB pathway to 
promote pro-inflammatory cytokine and inducible nitric 
oxide synthase (iNOS) (and thus NO) synthesis (reviewed 
in (89)).  

 
Although LPS-induced pro-inflammatory 

molecules are indispensable for destroying bacteria, 
overproduction can lead to endotoxic shock ie, sepsis 
syndrome, which is responsible for almost 50% of the 
deaths that occur in intensive care units in North America 
(108). However, if animals are first exposed to a low, non-
lethal dose of LPS, this makes them transiently (2-3 week) 
refractory to a second, high LPS exposure, such that far less 
pro-inflammatory cytokines and NO are produced 
following the second exposure and the animals survive. 
This phenomenon, referred to as endotoxin tolerance (108), 
is thought to protect the host from cellular damage and may 
represent an adaptation to a persistent bacterial infection. 
Although all the pathways underlying this phenomenon 
have not as yet been fully elucidated, it is known that it is 
not simply a global shut-down of LPS-induced events since 
normal or even elevated levels of anti-inflammatory 
molecules, such as interleukin-10 and TGFbeta are 
typically produced by LPS-stimulated tolerized cells (108). 
Relevant to this, SHIP-/- bone marrow derived 
macrophages (BMmacs) and BMMCs do not display 
endotoxin tolerance (89). Moreover, an initial LPS 
treatment of wild-type BMmacs or BMMCs increases the 

level of SHIP, but not SHIP2 nor PTEN, about 10 fold and 
this increase is critical for the refractoriness to subsequent 
LPS stimulation since SHIP antisense oligonucleotides, 
given at the same time as the initial dose of LPS to block 
the increase in SHIP protein levels, totally prevent 
endotoxin tolerance (89). Interestingly, this increase in 
SHIP protein is mediated by the LPS-induced production of 
autocrine-acting TGFbeta (89), which is reminiscent of 
previous work showing that TGFbeta and activin elicit their 
inhibitory effects on hematopoietic cells, in part, by 
dramatically upregulating SHIP, but not SHIP2 or PTEN 
(56).  

 
Although SHIP plays a crucial role in promoting 

endotoxin tolerance, it obviously does not do so in isolation 
but acts in concert with many other negative regulators. 
These include IRAK-M, SOCS1, SOCS3, Twist 1 and 2, 
MyD88s, the p50 subunit of NFkappaB and osteopontin 
(reviewed in (89)). However, these other molecules can not 
invoke tolerance in the absence of SHIP, suggesting, 
perhaps, that the elevated PIP3 levels which occur in the 
absence of SHIP raise the threshold required for hypo-
responsiveness invoked by these other negative regulators.  

 
To determine if SHIP is induced via the MyD88-

dependent or -independent pathway and to see if it plays a 
role in the tolerance observed for other TLRs (109), the 
responses of SHIP+/+ and -/- BMmacs to dsRNA (ie, poly 
IC) which binds to TLR3 and triggers the MyD88-
independent pathway and to CpG oligonucleotides (ie, 
unmethylated DNA), which bind to TLR9 and trigger a 
MyD88-dependent pathway were recently compared (110). 
It was found that CpG, like LPS, markedly increases SHIP 
levels but dsRNA does not and this correlates with the 
ability of CpG, but not dsRNA, to stimulate the production 
of TGFbeta. Thus the production of TGFbeta and its 
subsequent triggering of SHIP expression likely occur via 
the MyD88-dependent pathway and this has been 
confirmed using MyD88-/- BMmacs (L. Sly and G. 
Krystal, submitted). Importantly, pre-treatment of SHIP+/+ 
(but not -/-) BMmacs with CpG leads to tolerance when 
these cells are stimulated a second time with either CpG (or 
LPS, i.e., cross-tolerance). As well, CpG (or LPS) pre-
treatment reduces subsequent dsRNA-induced IFNbeta 
expression, consistent with the MyD88-dependent 
upregulation of SHIP negatively impacting MyD88-
independent induced events (L. Sly and G. Krystal, 
submitted) (see Figure 2). 

 
Worthy of note is that there is considerable 

controversy concerning the role of the PI3K pathway in 
LPS-induced pro-inflammatory mediator production and in 
endotoxin tolerance, with some investigators claiming this 
pathway is a positive and others, a negative regulator of 
these events (111-113). Possible reasons for these opposing 
conclusions include differences in the ability of LY294002 
and wortmannin, two often used PI3K inhibitors in these 
studies to inhibit kinases other than PI3K (we have found, 
for example, that LY294002 is far more potent than 
wortmannin at inhibiting mTOR (M. Rauh & G. Krystal, 
unpublished)). As well, it has recently been shown that the 
TLR-induced production of interleukin-10, which is
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Figure 3. A model suggesting that chronically elevated 
PIP3 levels skew monocytic progenitors towards M2 
"healer" macrophages. Bone marrow from SHIP-/- mice 
when cultured in the presence of M-CSF and mouse 
plasma, interleukin-10 ot TFGbeta, yield M2-like 
macrophages displaying constitutively high levels of 
arginase 1 whereas SHIP+/+ bone marrow under the same 
conditions yield M1-like macrophages. Interleukin-4 or 
interleukin-13, on the other hand (but not mouse plasma, 
interleukin-10 or TGFbeta) convert both SHIP+/+ and -/- 
mature M1-like macrophages into M2-like macrophages. 

 
positively regulated by PI3K, quickly suppresses 
interleukin-12 production (114,115). Related to this, SHIP-
/- mature peritoneal macrophages, as well as SHIP-/- bone 
marrow progenitors, secrete far more interleukin-10 and 
TGFbeta than their SHIP+/+ counterparts (34) and this may 
explain why SHIP sometimes appears to be a positive 
regulator of pro-inflammatory cytokines (34). Regardless 
of the outcome of this controversy, LPS and CpG-treated 
BMmacs upregulate SHIP levels and this upregulation 
leads to the dampening down of inflammatory cytokine 
release upon a subsequent exposure to either LPS or CpG 
(L. Sly & G. Krystal, submitted). 
 
7.2. SHIP skews myeloid differentiation towards M1 
killer macrophages 

Simplistically speaking, macrophages can be sub-
divided into “killer”, classically activated, M1 macrophages 
and “healer”, alternately activated, M2 macrophages (116). 
The M1 macrophages are characterized by being able to 
rapidly generate high levels of iNOS, at least in the mouse 
(34,117), in order to convert the substrate L-arginine into 
NO to kill bacteria, viruses and tumour cells (118,119). The 
M2 macrophages, on the other hand, which are very 
heterogeneous in nature, are characterized by constitutively 
high levels of arginase 1 (which sequesters L-arginine away 
from iNOS and generates ornithine) and are thought to play 
an important role in “cleaning up” after an infectious agent 
is destroyed by phagocytosing cellular debris and 
stimulating host cell proliferation (via ornithine-derived 
polyamines) and collagen synthesis (via ornithine-derived 
proline) (see Figure 3). Both M1 and M2 macrophages are 
derived from a common monocytic progenitor and there is 
considerable interest in understanding what regulates 
development into one type versus the other and how easily 

they can be interconverted. This is especially of interest 
given that successfully growing tumours (in which 
macrophages are prominent (i.e., tumour associated 
macrophages (TAMs)) appear to have manipulated the 
infiltrating macrophages so that they possess an M2 
phenotype and actually help the tumour cells grow (120). In 
keeping with this notion, there is a growing body of 
evidence that stimulation of TLRs, which skews 
macrophages to an M1 phenotype, may help to eradicate 
tumours (121). 

 
Although, as mentioned above, there is some 

controversy about whether the PI3K pathway is a positive 
or negative regulator of LPS-induced pro-inflammatory 
mediator production in macrophages (122,123), SHIP-/- 
BMmacs generated at low (but not high) cell densities 
produce higher levels of NO and inflammatory cytokines 
(consistent with the PI3K pathway being a positive 
regulator of either the NFkappaB or STAT1 pathways). 
However, when in vivo derived macrophages (peritoneal 
and alveolar macrophages) from SHIP-/- mice were 
examined, we were surprised to find that they produce 5-
10-fold less NO than their wild type counterparts. 
Subsequent studies revealed that this was because the 
macrophages within SHIP-/- mice, unlike those in wild 
type littermates, develop an M2 phenotype as they reach 5 
weeks of age (34). In spite of this, 5 week old SHIP-/- mice 
are substantially more susceptible than SHIP+/+ mice to 
LPS-induced death (89), likely because SHIP-/- mice are 
only modestly M2-skewed at 5 weeks of age, they possess 
ten fold more macrophages than SHIP+/+ mice and, most 
importantly, they do not display endotoxin tolerance (89). 

 
Interestingly, this M2 phenotype is not observed 

if macrophages are derived in vitro from SHIP-/- bone 
marrow using standard culture conditions (i.e., M-CSF + 
fetal calf serum). However, this in vivo skewing towards 
M2 macrophages could be duplicated in vitro by simply 
adding mouse plasma or human serum to the standard 
culture conditions. However, no skewing is observed if 
addition is delayed until the third day of culture, suggesting 
that they may be acting only on early macrophage 
progenitors (34). Importantly, this in vitro skewing does not 
occur with wild type bone marrow cells, suggesting that in 
vivo conditions are being mimicked. To gain some insight 
into the factor(s) present in mouse or human serum (but not 
in FCS) responsible for this in vivo M2 skewing of SHIP-/- 
progenitors, various TH2-derived cytokines that have been 
shown to shift mature BMmacs from an M1 to an M2 
phenotype, i.e., IL-4, IL-13, TGFbeta and IL-10 (124,125) 
were tested. From these studies it was concluded that 
interleukin 4 and 13 are not the factors in serum since they 
could significantly “convert’’ mature (i.e. Mac1+, F4/80+) 
BMmacs from an M1 to an M2 phenotype, whereas mouse 
plasma or human serum could not and they could skew 
both SHIP+/+ progenitors into an M2 phenotype to the 
same degree as SHIP-/- progenitors. However, both 
TGFbeta and IL-10 could only skew SHIP-/- progenitors, 
making them potential candidates for the M2-skewing 
factor in serum. Further studies using neutralizing 
antibodies to TGFbeta and IL-10 suggested that TGFbeta is 
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a critical factor in mouse plasma responsible for skewing 
towards an M2 phenotype.  

 
Based on these results, a possible model for M1 

versus M2 macrophage development is that elevated PIP3 
levels drive progenitors down an M2 pathway even in the 
presence of cytokines that are poor activators of the PI3K 
pathway (eg, TGFbeta and IL-10 (126-128). This is 
consistent with inhibition of PI3K in SHIP-/- BMmacs 
reducing M2 skewing and constitutive activation of the 
PI3K pathway (with P110alpha-CAAX) in SHIP+/+ 
BMmacs increasing M2 skewing (34). We also suggest that 
cytokines that are potent inducers of the PI3K pathway (eg, 
IL-4 and IL-13) (128-130) can skew progenitors down the 
M2 pathway in the absence of intrinsically elevated PIP3 
levels (i.e., in wild type macrophage progenitors (see 
Figure 3). The fact that SHIP-/- mice only develop an M2 
phenotype after 3-4 weeks of age suggests that this skewing 
is unlikely due solely to a cell autonomous deletion of 
SHIP in macrophages or macrophage progenitors. This is 
consistent with in vitro derived BMmacs not showing this 
skewing unless mouse plasma or human serum is added. 
Interestingly, the tolerant NK phenotype of SHIP-/- mice 
observed by Bill Kerr’s group also occurs with age (32). 
This could suggest that a “healer”, more tolerant phenotype 
occurs as SHIP-/- mice age as an attempt to counter the 
inflammatory phenotype of these mice.  
 
8. SUMMARY AND PERSPECTIVE 
 

As discussed in this review, SHIP appears, in 
general, to negatively regulate the survival and proliferation 
of hematopoietic progenitors and there is mounting 
evidence that it acts as a suppressor of leukaemias and 
lymphomas. This is suggested not only by the presence of 
phosphatase-reduced forms of SHIP in AML and ALL but 
also by its ability to act as an adaptor for the tumor 
suppressors, Dok1 and Dok2 (3,131). Moreover, the 
increased numbers of myeloid suppressor cells (33,67), M2 
healer macrophages (34), and T regulatory cells (67), in 
SHIP-/- mice suggest that SHIP plays a prominent role in 
skewing both innate and acquired immune cells into cancer 
eliminating cell types. On the other hand, SHIP has also 
been shown to dampen down the activation of many mature 
myeloid cells and thus restrain the inflammatory response. 
Obviously, much remains to be learned about SHIP but the 
results to date suggest that therapeutic targeting of SHIP 
could be very useful for treating solid tumors, leukemias 
and lymphomas, infections and inflammatory disorders. 
 
9. ACKNOWLEDGMENTS 
 

We thank Christine Kelly for typing the 
manuscript. This work was supported by the NCI-C, with 
funds from the Terry Fox Foundation and core support 
from the BC Cancer Foundation and BC Cancer Agency. 
 
10. REFERENCES 
 
1. G. Krystal.  Lipid phosphatases in the immune system. 
Semin Immunol 12, 397-403 (2000) 

2. L. M. Sly, M. J. Rauh, J. Kalesnikoff, T. Buchse, and G. 
Krystal:  SHIP, SHIP2 and PTEN activities are regulated in 
vivo by modulation of their protein levels: SHIP is 
upregulated in macrophages and mast cells by 
lipopolysaccharide. Exp Hematol 31, 1170-1181 (2003) 
3. I. G. Campbell, S. E. Russell, D. Y. Choong, K. G. 
Montgomery, M. L. Ciavarella, C. S. Hooi, B. E. Cristiano, 
R. B. Pearson, and W. A. Phillips:  Mutation of the 
PIK3CA gene in ovarian and breast cancer. Cancer Res 64, 
7678-7681 (2004) 
4. L. C. Cantley and B. G. Neel:  New insights into tumor 
suppression: PTEN suppresses tumor formation by 
restraining the phosphoinositide 3-kinase/AKT pathway. 
Proc Natl Acad Sci USA 96, 4240-4245 (1999) 
5. C. P. Baran, S. Tridandapani, C. D. Helgason, R. K. 
Humphries, G. Krystal, and C. B. Marsh:  The inositol 5'-
phosphatase SHIP-1 and the Src kinase lyn negatively 
regulate macrophage colony-stimulating factor-induced Akt 
activity. J Biol Chem 278, 38628-38636 (2003) 
6. M. J. Maxwell, Y. Yuan, K. E. Anderson, M. L. Hibbs, 
H. H. Salem, and S. P. Jackson:  SHIP1 and lyn kinase 
negatively regulate integrin αΙΙbβ3 signalling in platelets. J 
Biol Chem 279, 32196-32204 (2004) 
7. M. C. Sweeney, A. S. Wavreille, J. Park, J. P. Butchar, 
S. Tridandapani, and D. Pei:  Decoding protein-protein 
interactions through combinatorial chemistry: sequence 
specificity of SHP-1, SHP-2, and SHIP SH2 domains. 
Biochemistry 44, 14932-14947 (2005) 
8. K. Yogo, M. Mizutamari, K. Mishima, H. Takenouchi, 
N. Ishida-Kitagawa, T. Sasaki, and T. Takeya:  Src 
homology 2 (SH2)-containing 5'-inositol phosphatase 
localizes to podosomes, and the SH2 domain is implicated 
in the attenuation of bone resorption in osteoclasts. 
Endocrinology 147, 3307-3317 (2006) 
9. D. Wisniewski, A. Strife, S. Swendeman, H. Erdjument-
Bromage, S. Geromanos, W. M. Kavanaugh, P. Tempst, 
and B. Clarkson:  A novel SH2-containing 
phosphatidylinositol 3,4,5-trisphosphate 5- phosphatase 
(SHIP2) is constitutively tyrosine phosphorylated and 
associated with src homologous and collagen gene (SHC) 
in chronic myelogenous leukemia progenitor cells. Blood 
93, 2707-2720 (1999) 
10. M. Song, M. J. Kim, S. Ha, J. B. Park, S. H. Ryu, and 
P. G. Suh:  Inositol 5'-phosphatase, SHIP1 interacts with 
phospholipase C-γ1 and modulates EGF-induced PLC 
activity. Exp Mol Med 37, 161-168 (2005) 
11. Q. Liu, F. Shalaby, J. Jones, D. Bouchard, and D. J. 
Dumont:  The SH2-containing inositol polyphosphate 5-
phosphatase, ship, is expressed during hematopoiesis and 
spermatogenesis. Blood 91, 2753-2759 (1998) 
12. A. Zippo, A. De Robertis, M. Bardelli, F. Galvagni, and 
S. Oliviero:  Identification of Flk-1 target genes in 
vasculogenesis: Pim-1 is required for endothelial and mural 
cell differentiation in vitro. Blood 103, 4536-4544 (2004) 
13. S. J. Geier, P. A. Algate, K. Carlberg, D. Flowers, C. 
Friedman, B. Trask, and L. R. Rohrschneider:  The human 
SHIP gene is differentially expressed in cell lineages of the 
bone marrow and blood. Blood 89, 1876-1885 (1997) 
14. J. Kalesnikoff, L. M. Sly, M. R. Hughes, T. Buchse, M. 
J. Rauh, L.-P. Cao, V. Lam, A. Mui, M. Huber, and G. 
Krystal. The role of SHIP in cytokine-induced signaling. In 



Role of SHIP in Macrophages   

2844 

Reviews of Physiology, Biochemistry and Pharmacology, 
Springer-Verlag, Heidelberg, Germany, pp. 87-103, (2003) 
15. J. Siegel, Y. Li, and P. Whyte:  SHIP-mediated 
inhibition of K562 erythroid differentiation requires an 
intact catalytic domain and Shc binding site. Oncogene 18, 
7135-7148 (1999) 
16. A. Brauweiler, I. Tamir, S. Marschner, C. D. Helgason, 
and J. C. Cambier:  Partially distinct molecular mechanisms 
mediate inhibitory FcγRIIB signaling in resting and 
activated B cells. J Immunol 167, 204-211 (2001) 
17. D. L. Maresco, J. M. Osborne, D. Cooney, K. M. 
Coggeshall, and C. L. Anderson:  The SH2-containing 5'-
inositol phosphatase (SHIP) is tyrosine phosphorylated 
after Fcγ receptor clustering in monocytes. J Immunol 162, 
6458-6465 (1999) 
18. S. Giuriato, B. Payrastre, A. L. Drayer, M. Plantavid, R. 
Woscholski, P. Parker, C. Erneux, and H. Chap:  Tyrosine 
phosphorylation and relocation of SHIP are integrin-
mediated in thrombin-stimulated human blood platelets. J 
Biol Chem 272, 26857-26863 (1997) 
19. D. Cox, B. M. Dale, M. Kashiwada, C. D. Helgason, 
and S. Greenberg:  A regulatory role for Src homology 2 
domain-containing inositol 5'- phosphatase (SHIP) in 
phagocytosis mediated by Fcγ  receptors and complement 
receptor 3 (αMβ2; CD11b/CD18). J Exp Med 193, 61-71 
(2001) 
20. R. Trotta, R. Parihar, J. Yu, B. Becknell, J. Allard, J. 
Wen, W. Ding, H. Mao, S. Tridandapani, W. E. Carson, 
and M. A. Caligiuri:  Differential expression of SHIP1 in 
CD56bright and CD56dim NK cells provides a molecular 
basis for distinct functional responses to monokine 
costimulation. Blood 105, 3011-3018 (2005) 
21. D. M. Lucas and L. R. Rohrschneider:  A novel spliced 
form of SH2-containing inositol phosphatase is expressed 
during myeloid development. Blood 93, 1922-1933 (1999) 
22. I. Wolf, D. M. Lucas, P. A. Algate, and L. R. 
Rohrschneider:  Cloning of the genomic locus of mouse 
SH2 containing inositol 5-phosphatase (SHIP) and a novel 
110-kDa splice isoform, SHIPδ. Genomics 69, 104-112 
(2000) 
23. W. M. Kavanaugh, D. A. Pot, S. M. Chin, M. Deuter-
Reinhard, A. B. Jefferson, F. A. Norris, F. R. Masiarz, L. S. 
Cousens, P. W. Majerus, and L. T. Williams:  Multiple 
forms of an inositol polyphosphate 5-phosphatase form 
signaling complexes with Shc and Grb2. Curr Biol 6, 438-
445 (1996) 
24. Z. Tu, J. M. Ninos, Z. Ma, J.-W. Wang, M. P. Lemos, 
C. Desponts, T. Ghansah, J. M. Howson, and W. G. Kerr:  
Embryonic and hematopoietic stem cells express a novel 
SH2-containing inositol 5'-phosphatase isoform that 
partners with the Grb2 adapter protein. Blood 98, 2028-
2038 (2001) 
25. L. R. Rohrschneider, J. M. Custodio, T. A. Anderson, 
C. P. Miller, and H. Gu:  The intron 5/6 promoter region of 
the ship1 gene regulates expression in stem/progenitor cells 
of the mouse embryo. Dev Biol 283, 503-521 (2005) 
26. C. D. Helgason, J. E. Damen, P. Rosten, R. Grewal, P. 
Sorensen, S. M. Chappel, A. Borowski, F. Jirik, G. Krystal, 
and R. K. Humphries:  Targeted disruption of SHIP leads to 
hemopoietic perturbations, lung pathology, and a shortened 
life span. Genes Dev 12, 1610-1620 (1998) 

27. Q. Liu, A. J. Oliveira-Dos-Santos, S. Mariathasan, D. 
Bouchard, J. Jones, R. Sarao, I. Kozieradzki, P. S. Ohashi, 
J. M. Penninger, and D. J. Dumont:  The inositol 
polyphosphate 5-phosphatase ship is a crucial negative 
regulator of B cell antigen receptor signaling. J Exp Med 
188, 1333-1342 (1998) 
28. C. H. Kim, G. Hangoc, S. Cooper, C. D. Helgason, S. 
Yew, R. K. Humphries, G. Krystal, and H. E. Broxmeyer:  
Altered responsiveness to chemokines due to targeted 
disruption of SHIP. J Clin Invest 104, 1751-1759 (1999) 
29. Mason, J. M., Halupa, A., Hyam, D., Iscove, N. N., 
Dumont, D. J., and Barber, D. L. Ship-1 regulates the 
proliferation and mobilization of the erythroid lineage. 
Blood 100, 519a. (2002)  
 
30. K. Nakamura, T. Kouro, P. W. Kincade, A. Malykhin, 
K. Maeda, and K. M. Coggeshall:  Src homology 2-
containing 5-inositol phosphatase (SHIP) suppresses an 
early stage of lymphoid cell development through elevated 
interleukin-6 production by myeloid cells in bone marrow. 
J Exp Med 199, 243-254 (2004) 
31. S. Takeshita, N. Namba, J. J. Zhao, Y. Jiang, H. K. 
Genant, M. J. Silva, M. D. Brodt, C. D. Helgason, J. 
Kalesnikoff, M. J. Rauh, R. K. Humphries, G. Krystal, S. 
L. Teitelbaum, and F. P. Ross:  SHIP-deficient mice are 
severely osteoporotic due to increased numbers of hyper-
resorptive osteoclasts. Nat Med 8, 943-949 (2002) 
32. J. W. Wang, J. M. Howson, T. Ghansah, C. Desponts, J. 
M. Ninos, S. L. May, K. H. Nguyen, N. Toyama-
Sorimachi, and W. G. Kerr:  Influence of SHIP on the NK 
repertoire and allogeneic bone marrow transplantation. 
Science 295, 2094-2097 (2002) 
33. T. Ghansah, K. H. Paraiso, S. Highfill, C. Desponts, S. 
May, J. K. McIntosh, J. W. Wang, J. Ninos, J. Brayer, F. 
Cheng, E. Sotomayor, and W. G. Kerr:  Expansion of 
myeloid suppressor cells in SHIP-deficient mice represses 
allogeneic T cell responses. J Immunol 173, 7324-7330 
(2004) 
34. M. J. Rauh, V. Ho, C. Pereira, A. Sham, L. M. Sly, V. 
Lam, L. Huxham, A. I. Minchinton, A. Mui, and G. 
Krystal:  SHIP represses the generation of alternatively 
activated macrophages. Immunity 23 , 361-374 (2005) 
35. J. A. Fox, K. Ung, S. G. Tanlimco, and F. R. Jirik:  
Disruption of a single Pten allele augments the chemotactic 
response of B lymphocytes to stromal cell-derived factor-1. 
J Immunol 169, 49-54 (2002) 
36. C. D. Helgason, J. Antonchuk, C. Bodner, and R. K. 
Humphries:  Homeostatis and regeneration of the 
hematopoietic stem cell pool are altered in SHIP-deficient 
mice. Blood 102, 3541-3547 (2003) 
37. C. Desponts, A. L. Hazen, K. H. Paraiso, and W. G. 
Kerr:  SHIP deficiency enhances HSC proliferation and 
survival but compromises homing and repopulation. Blood 
107, 4338-4345 (2006) 
38. O. H. Yilmaz, R. Valdez, B. K. Theisen, W. Guo, D. O. 
Ferguson, H. Wu, and S. J. Morrison:  Pten dependence 
distinguishes haematopoietic stem cells from leukaemia-
initiating cells. Nature 441, 475-482 (2006) 
39. J. L. Moody, L. Xu, C. D. Helgason, and F. R. Jirik:  
Anemia, thrombocytopenia, leukocytosis, extramedullary 
hematopoiesis, and impaired progenitor function in Pten+/-



Role of SHIP in Macrophages   

2845 

SHIP-/- mice: a novel model of myelodysplasia. Blood 103, 
4503-4510 (2004) 
40. J. L. Moody and F. R. Jirik:  Compound heterozygosity 
for Pten and SHIP augments T-dependent humoral immune 
responses and cytokine production by CD4+ T cells. 
Immunology 112, 404-412 (2004) 
41. J. E. Damen, L. Liu, P. Rosten, R. K. Humphries, A. B. 
Jefferson, P. W. Majerus, and G. Krystal:  The 145-kDa 
protein induced to associate with Shc by multiple cytokines 
is an inositol tetraphosphate and phosphatidylinositol 3,4,5-
trisphosphate 5-phosphatase. Proc Natl Acad Sci USA 93, 
1689-1693 (1996) 
42. H. Phee, A. Jacob, and K. M. Coggeshall:  Enzymatic 
activity of the Src homology 2 domain-containing inositol 
phosphatase is regulated by a plasma membrane location. J 
Biol Chem 275, 19090-19097 (2000) 
43. H. Phee, W. Rodgers, and K. M. Coggeshall:  
Visualization of negative signaling in B cells by 
quantitative confocal microscopy. Mol Cell Biol 21, 8615-
8625 (2001) 
44. L. Liu, J. E. Damen, M. D. Ware, and G. Krystal:  
Interleukin-3 induces the association of the inositol 5-
phosphatase SHIP with SHP2. J Biol Chem 272, 10998-
11001 (1997) 
45. J. E. Damen, M. D. Ware, J. Kalesnikoff, M. R. 
Hughes, and G. Krystal:  SHIP's C-terminus is essential for 
its hydrolysis of PIP3 and inhibition of mast cell 
degranulation. Blood 97, 1343-1351 (2001) 
46. M. J. Aman, S. F. Walk, M. E. March, H. P. Su, D. J. 
Carver, and K. S. Ravichandran:  Essential role for the C-
terminal noncatalytic region of SHIP in FcγRIIB1-mediated 
inhibitory signaling. Mol Cell Biol 20, 3576-3589 (2000) 
47. S. Marchetto, E. Fournier, N. Beslu, T. Aurran-
Schleinitz, P. Dubreuil, J. P. Borg, D. Birnbaum, and O. 
Rosnet:  SHC and SHIP phosphorylation and interaction in 
response to activation of the FLT3 receptor. Leukemia 13, 
1374-1382 (1999) 
48. R. Galandrini, I. Tassi, S. Morrone, L. Lanfrancone, P. 
Pelicci, M. Piccoli, L. Frati, and A. Santoni:  The adaptor 
protein shc is involved in the negative regulation of NK 
cell-mediated cytotoxicity. Eur J Immunol 31, 2016-2025 
(2001) 
49. S. Tridandapani, Y. Wang, C. B. Marsh, and C. L. 
Anderson:  Src homology 2 domain-containing inositol 
polyphosphate phosphatase regulates NF-κB-mediated 
gene transcription by phagocytic FcγRs in human myeloid 
cells. J Immunol 169, 4370-4378 (2002) 
50. L. Velazquez, G. D. Gish, G. P. van Der, L. Taylor, J. 
Shulman, and T. Pawson:  The shc adaptor protein forms 
interdependent phosphotyrosine-mediated protein 
complexes in mast cells stimulated with interleukin 3. 
Blood 96, 132-138 (2000) 
51. H. Bone and M. J. Welham:  Shc associates with the IL-
3 receptor β subunit, SHIP and Gab2 following IL-3 
stimulation. Contribution of Shc PTB and SH2 domains. 
Cell Signal 12, 183-194 (2000) 
52. S. Tridandapani, M. Pradhan, J. R. LaDine, S. Garber, 
C. L. Anderson, and K. M. Coggeshall:  Protein 
interactions of Src homology 2 (SH2) domain-containing 
inositol phosphatase (SHIP): association with Shc displaces 
SHIP from FcγRIIb in B cells. J Immunol 162, 1408-1414 
(1999) 

53. R. Galandrini, I. Tassi, G. Mattia, L. Lenti, M. Piccoli, 
L. Frati, and A. Santoni:  SH2-containing inositol 
phosphatase (SHIP-1) transiently translocates to raft 
domains and modulates CD16-mediated cytotoxicity in 
human NK cells. Blood 100, 4581-4589 (2002) 
54. J. M. Dyson, C. J. O'Malley, J. Becanovic, A. D. 
Munday, M. C. Berndt, I. D. Coghill, H. H. Nandurkar, L. 
M. Ooms, and C. A. Mitchell:  The SH2-containing inositol 
polyphosphate 5-phosphatase, SHIP-2, binds filamin and 
regulates submembraneous actin. J Cell Biol 155, 1065-
1079 (2001) 
55. R. Lesourne, W. H. Fridman, and M. Daeron:  Dynamic 
interactions of Fcγ receptor IIB with filamin-bound SHIP1 
amplify filamentous actin-dependent negative regulation of 
Fcε  receptor I signaling. J Immunol 174, 1365-1373 (2005) 
56. H. Valderrama-Carvajal, E. Cocolakis, A. Lacerte, E. 
H. Lee, G. Krystal, S. Ali, and J. J. Lebrun:  Activin/TGF-
β induce apoptosis through Smad-dependent expression of 
the lipid phosphatase SHIP. Nat Cell Biol 4, 963-969 
(2002) 
57. Y. Feng, S. R. Wente, and P. W. Majerus:  
Overexpression of the inositol phosphatase SopB in human 
293 cells stimulates cellular chloride influx and inhibits 
nuclear mRNA export. Proc Natl Acad Sci USA 98, 875-
879 (2001) 
58. H. R. Luo, Y. E. Huang, J. C. Chen, A. Saiardi, M. 
Iijima, K. Ye, Y. Huang, E. Nagata, P. Devreotes, and S. H. 
Snyder:  Inositol pyrophosphates mediate chemotaxis in 
Dictyostelium via pleckstrin homology domain-
PtdIns(3,4,5)P3 interactions. Cell 114, 559-572 (2003) 
59. A. J. Marshall, A. K. Krahn, K. Ma, V. Duronio, and S. 
Hou:  TAPP1 and TAPP2 are targets of 
phosphatidylinositol 3-kinase signaling in B cells: sustained 
plasma membrane recruitment triggered by the B-cell 
antigen receptor. Mol Cell Biol 22, 5479-5491 (2002) 
60. A. K. Krahn, K. Ma, S. Hou, V. Duronio, and A. J. 
Marshall:  Two distinct waves of membrane-proximal B 
cell antigen receptor signaling differentially regulated by 
Src homology 2-containing inositol polyphosphate 5-
phosphatase. J Immunol 172, 331-339 (2004) 
61. A. Allam and A. J. Marshall:  Role of the adaptor 
proteins Bam32, TAPP1 and TAPP2 in lymphocyte 
activation. Immunol Lett 97, 7-17 (2005) 
62. M. Huber, C. D. Helgason, M. P. Scheid, V. Duronio, 
R. K. Humphries, and G. Krystal:  Targeted disruption of 
SHIP leads to Steel factor-induced degranulation of mast 
cells. EMBO J 17, 7311-7319 (1998) 
63. M. Huber, C. D. Helgason, J. E. Damen, M. P. Scheid, 
V. Duronio, V. Lam, R. K. Humphries, and G. Krystal. The 
role of SHIP in FcεRI-induced signalling. In M. Daeron 
and E. Vivier (eds), Curr.Top.Microbiol.Immunol., 
Springer, 1999, pp. 29-41. 
64. G. Koncz, G. K. Toth, G. Bokonyi, G. Keri, I. Pecht, D. 
Medgyesi, J. Gergely, and G. Sarmay:  Co-clustering of Fcγ 
and B cell receptors induces dephosphorylation of the 
Grb2-associated binder 1 docking protein. Eur J Biochem 
268, 3898-3906 (2001) 
65. S. P. Forestell, E. Bohnlein, and R. J. Rigg:  Retroviral 
end-point titer is not predictive of gene transfer efficiency:  
implications for vector production. Gene Ther 2, 723-730 
(1995) 



Role of SHIP in Macrophages   

2846 

66. J. D. Robson, D. Davidson, and A. Veillette:  Inhibition 
of the Jun N-terminal protein kinase pathway by SHIP-1, a 
lipid phosphatase that interacts with the adaptor molecule 
Dok-3. Mol Cell Biol 24, 2332-2343 (2004) 
67. M. Kashiwada, G. Cattoretti, L. McKeag, T. Rouse, B. 
M. Showalter, U. Al Alem, M. Niki, P. P. Pandolfi, E. H. 
Field, and P. B. Rothman:  Downstream of tyrosine 
kinases-1 and Src homology 2-containing inositol 5'-
phosphatase are required for regulation of CD4+CD25+ T 
cell development. J Immunol 176, 3958-3965 (2006) 
68. K. M. Coggeshall.  Inhibitory signaling by B cell Fcγ 
RIIb. Curr Opin Immunol 10, 306-312 (1998) 
69. H. Ishihara, T. Sasaoka, H. Hori, T. Wada, H. Hirai, T. 
Haruta, W. J. Langlois, and M. Kobayashi:  Molecular 
cloning of rat SH2-containing inositol phosphatase 2 
(SHIP2) and its role in the regulation of insulin signaling. 
Biochem Biophys Res Commun 260, 265-272 (1999) 
70. M. Huber, C. D. Helgason, J. E. Damen, M. Scheid, V. 
Duronio, L. Liu, M. D. Ware, R. K. Humphries, and G. 
Krystal:  The role of SHIP in growth factor induced 
signalling. Prog Biophys Mol Biol 71, 423-434 (1999) 
71. J. Kalesnikoff, N. Baur, M. Leitges, M. R. Hughes, J. E. 
Damen, M. Huber, and G. Krystal:  SHIP negatively 
regulates IgE+ antigen-induced IL-6 production in mast 
cells by inhibiting NFκΒ activity. J Immunol 168, 4737-
4746 (2002) 
72. M. Leitges, K. Gimborn, W. Elis, J. Kalesnikoff, M. R. 
Hughes, G. Krystal, and M. Huber:  Protein kinase C-δ is a 
negative regulator of antigen-induced mast cell 
degranulation. Mol Cell Biol 22, 3970-3980 (2002) 
73. M. Huber, J. E. Damen, M. Ware, M. Hughes, C. D. 
Helgason, R. K. Humphries, and G. Krystal. Regulation of 
mast cell degranulation by SHIP. In G. Marone, L. M. 
Lichtenstein, and S. J. Galli (eds), Mast Cells and 
Basophils in Physiology, Pathology and Host Defense, 
Academic Press, pp. 169-182 (2000) 
74. K. Gimborn, E. Lessmann, S. Kuppig, G. Krystal, and 
M. Huber:  SHIP down-regulates FCεR1-induced 
degranulation at supraoptimal IgE or antigen levels. J 
Immunol 174, 507-516 (2005) 
75. J. Kalesnikoff, V. Lam, and G. Krystal:  SHIP represses 
mast cell activation and reveals that IgE alone triggers 
signalling pathways which enhance normal mast cell 
survival. Mol Immunol 38, 1201-1206 (2002) 
76. V. Lam, J. Kalesnikoff, C. W. K. Lee, V. Hernandez-
Hansen, B. S. Wilson, J. M. Oliver, and G. Krystal:  IgE 
alone stimulates mast cell adhesion to fibronectin via 
pathways similar to those used by IgE+antigen but distinct 
from those used by Steel factor. Blood 102, 1405-1413 
(2003) 
77. D. MacGlashan, Jr. and N. Vilarino:  Nonspecific 
desensitization, functional memory, and the characteristics 
of SHIP phosphorylation following IgE-mediated 
stimulation of human basophils. J Immunol 177, 1040-1051 
(2006) 
78. S. Gardai, B. B. Whitlock, C. Helgason, D. Ambruso, 
V. Fadok, D. Bratton, and P. M. Henson:  Activation of 
SHIP by NADPH oxidase-stimulated Lyn leads to 
enhanced apoptosis in neutrophils. J Biol Chem 277, 5236-
5246 (2002) 
79. S. Giuriato, X. Pesesse, S. Bodin, T. Sasaki, C. Viala, 
E. Marion, J. Penninger, S. Schurmans, C. Erneux, and B. 

Payrastre:  SH2-containing inositol 5-phosphatases 1 and 2 
in blood platelets: their interactions and roles in the control 
of phosphatidylinositol 3,4,5-trisphosphate levels. Biochem 
J 376, 199-207 (2003) 
80. J.-M. Pasquet, L. Quek, C. Stevens, R. Bobe, M. Huber, 
V. Duronio, G. Krystal, and S. P. Watson:  
Phosphatidylinositol 3,4,5-trisphosphate regulates Ca2+ 
entry via Btk in platelets and megakaryocytes without 
increasing phospholipase C activity. EMBO J 19, 2793-
2802 (2000) 
81. M. G. Hunter, A. Jacob, L. C. O'donnell, A. Agler, L. J. 
Druhan, K. M. Coggeshall, and B. R. Avalos:  Loss of 
SHIP and CIS recruitment to the granulocyte colony-
stimulating factor receptor contribute to hyperproliferative 
responses in severe congenital neutropenia/acute 
myelogenous leukemia. J Immunol 173, 5036-5045 (2004) 
82. D. Strassheim, J. Y. Kim, J. S. Park, S. Mitra, and E. 
Abraham:  Involvement of SHIP in TLR2-induced 
neutrophil activation and acute lung injury. J Immunol 174, 
8064-8071 (2005) 
83. L. P. Ganesan, T. Joshi, H. Fang, V. K. Kutala, J. Roda, 
R. Trotta, A. Lehman, P. Kuppusamy, J. C. Byrd, W. E. 
Carson, M. A. Caligiuri, and S. Tridandapani:  FcγR-
induced production of superoxide and inflammatory 
cytokines is differentially regulated by SHIP through its 
influence on PI3K and/or Ras/Erk pathways. Blood 108, 
718-725 (2006) 
84. V. Vedham, H. Phee, and K. M. Coggeshall:  Vav 
activation and function as a rac guanine nucleotide 
exchange factor in macrophage colony-stimulating factor-
induced macrophage chemotaxis. Mol Cell Biol 25, 4211-
4220 (2005) 
85. M. J. Rauh, J. Kalesnikoff, M. Hughes, L. Sly, V. Lam, 
and G. Krystal:  The role of Src homology 2-containing-
inositol 5'-phosphatases (SHIP) in mast cells and 
macrophages. Biochem Soc Trans 31, 286-291 (2003) 
86. G. Gloire, E. Charlier, S. Rahmouni, C. Volanti, A. 
Chariot, C. Erneux, and J. Piette:  Restoration of SHIP-1 
activity in human leukemic cells modifies NF-κB 
activation pathway and cellular survival upon oxidative 
stress. Oncogene1-10 (2006) 
87. M. Yoeli-Lerner, G. K. Yiu, I. Rabinovitz, P. Erhardt, 
S. Jauliac, and A. Toker:  Akt blocks breast cancer cell 
motility and invasion through the transcription factor 
NFAT. Mol Cell 20, 539-550 (2005) 
88. S. L. Wyszomierski and D. Yu:  A knotty turnabout?: 
Akt1 as a metastasis suppressor. Cancer Cell 8, 437-439 
(2005) 
89. L. M. Sly, M. J. Rauh, J. Kalesnikoff, C. H. Song, and 
G. Krystal:  LPS-induced upregulation of SHIP is essential 
for endotoxin tolerance. Immunity 21, 227-239 (2004) 
90. S. M. MacDonald and B. M. Vonakis:  Association of 
the Src homology 2 domain-containing inositol 5' 
phosphatase (SHIP) to releasability in human basophils. 
Mol Immunol 38, 1323-1327 (2001) 
91. L. J. Hocking, C. A. Herbert, R. K. Nicholls, F. 
Williams, S. T. Bennett, T. Cundy, G. C. Nicholson, W. 
Wuyts, W. Van Hul, and S. H. Ralston:  Genomewide 
search in familial Paget disease of bone shows evidence of 
genetic heterogeneity with candidate loci on chromosomes 
2q36, 10p13, and 5q35. Am J Hum Genet 69, 1055-1061 
(2001) 



Role of SHIP in Macrophages   

2847 

92. M. D. Ware, P. Rosten, J. E. Damen, L. Liu, R. K. 
Humphries, and G. Krystal:  Cloning and characterization 
of the human 145 kDa SHC-associated inositol 5-
phosphatase, SHIP. Blood 88, 2833-2840 (1996) 
93. M. Muthukuru and C. W. Cutler:  Upregulation of 
immunoregulatory Src homology 2 molecule containing 
inositol phosphatase and mononuclear cell 
hyporesponsiveness in oral mucosa during chronic 
periodontitis. Infect Immun 74, 1431-1435 (2006) 
94. J. M. Luo, H. Yoshida, S. Komura, N. Ohishi, L. Pan, 
K. Shigeno, I. Hanamura, K. Miura, S. Iida, R. Ueda, T. 
Naoe, Y. Akao, R. Ohno, and K. Ohnishi:  Possible 
dominant-negative mutation of the SHIP gene in acute 
myeloid leukemia. Leukemia 17, 1-8 (2003) 
95. J. M. Luo, Z. L. Liu, H. L. Hao, F. X. Wang, Z. R. 
Dong, and O. Ryuzo:  Mutation analysis of SHIP gene in 
acute leukemia. Zhonghua Xue Ye Xue Za Zhi 25, 385-388 
(2004) 
96. M. Sattler, R. Salgia, G. Shrikhande, S. Verma, J. L. 
Choi, L. R. Rohrschneider, and J. D. Griffin:  The 
phosphatidylinositol polyphosphate 5-phosphatase SHIP 
and the protein tyrosine phosphatase SHP-2 form a 
complex in hematopoietic cells which can be regulated by 
BCR/ABL and growth factors. Oncogene 15, 2379-2384 
(1997) 
97. X. Jiang, M. Stuible, Y. Chalandon, A. Li, W. Y. Chan, 
W. Eisterer, G. Krystal, A. Eaves, and C. Eaves:  Evidence 
for a positive role of SHIP in the BCR-ABL-mediated 
transformation of primitive murine hematopoietic cells and 
in human chronic myeloid leukemia. Blood 102, 2976-2984 
(2003) 
98. R. Martino, M. D. Caballero, C. Canals, P. Simón, C. 
Solano, A. Urbano-Ispízua, J. Bargay, C. Rayón, A. Léon, 
J. Sarrá, J. Odriozola, J. G. Conde, J. Sierra, and J. S. 
Miguel:  Allogeneic peripheral blood stem cell 
transplantation with reduced-intensity conditioning: results 
of a prospective multicentre study. Br J Haematol 115, 
653-659 (2001) 
99. J. M. Vanderwinden, D. Wang, N. Paternotte, S. 
Mignon, K. Isozaki, and C. Erneux:  Differences in 
signaling pathways and expression level of the 
phosphoinositide phosphatase SHIP1 between two 
oncogenic mutants of the receptor tyrosine kinase KIT. Cell 
Signal 18, 661-669 (2006) 
100. S. Gordon and P. R. Taylor:  Monocyte and 
macrophage heterogeneity. Nat Rev Immunol 5, 953-964 
(2005) 
101. P. R. Taylor, L. Martinez-Pomares, M. Stacey, H. H. 
Lin, G. D. Brown, and S. Gordon:  Macrophage receptors 
and immune recognition. Annu Rev Immunol 23, 901-944 
(2005) 
102. A. Mantovani.  Macrophage diversity and 
polarization: in vivo veritas. Blood 108, 408-409 (2006) 
103. S. K. Biswas, L. Gangi, S. Paul, T. Schioppa, A. 
Saccani, M. Sironi, B. Bottazzi, A. Doni, B. Vincenzo, F. 
Pasqualini, L. Vago, M. Nebuloni, A. Mantovani, and A. 
Sica:  A distinct and unique transcriptional program 
expressed by tumor-associated macrophages (defective NF-
κB and enhanced IRF-3/STAT1 activation). Blood 107, 
2112-2122 (2006) 
104. Y. Wang, R. J. Keogh, M. G. Hunter, C. A. Mitchell, 
R. S. Frey, K. Javaid, A. B. Malik, S. Schurmans, S. 

Tridandapani, and C. B. Marsh:  SHIP2 is recruited to the 
cell membrane upon macrophage colony-stimulating factor 
(M-CSF) stimulation and regulates M-CSF-induced 
signaling. J Immunol 173, 6820-6830 (2004) 
105. J. Ai, A. Maturu, W. Johnson, Y. Wang, C. B. Marsh, 
and S. Tridandapani:  The inositol phosphatase SHIP-2 
down-regulates FcγR-mediated phagocytosis in murine 
macrophages independently of SHIP-1. Blood 107, 813-820 
(2006) 
106. B. Beutler and E. T. Rietschel:  Innate immune 
sensing and its roots: the story of endotoxin. Nat Rev 
Immunol 3, 169-176 (2003) 
107. W. Xu, L. Z. Liu, M. Loizidou, M. Ahmed, and I. G. 
Charles:  The role of nitric oxide in cancer. Cell Res 12, 
311-320 (2002) 
108. M. A. West and W. Heagy:  Endotoxin tolerance: A 
review. Crit Care Med 30, S64-S73 (2002) 
109. J. M. Cavaillon, C. Adrie, C. Fitting, and M. Adib-
Conquy:  Endotoxin tolerance: is there a clinical relevance? 
J Endotoxin Res 9, 101-107 (2003) 
110. T. Kaisho and S. Akira:  Toll-like receptor function 
and signaling. J Allergy Clin Immunol 117, 979-987 (2006) 
111. H. Fan and J. A. Cook:  Molecular mechanisms of 
endotoxin tolerance. J Endotoxin Res 10, 71-84 (2004) 
112. M. J. Diaz-Guerra, A. Castrillo, P. Martin-Sanz, and L. 
Bosca:  Negative regulation by phosphatidylinositol 3-kinase 
of inducible nitric oxide synthase expression in macrophages. J 
Immunol 162, 6184-6190 (1999) 
113. H. Fang, R. A. Pengal, X. Cao, L. P. Ganesan, M. D. 
Wewers, C. B. Marsh, and S. Tridandapani:  
Lipopolysaccharide-induced macrophage inflammatory 
response is regulated by SHIP. J Immunol 173, 360-366 (2004) 
114. K. Saegusa, S. Yotsumoto, S. Kato, and Y. Aramaki:  
Phosphatidylinositol 3-kinase-mediated regulation of IL-10 
and IL-12 production in macrophages stimulated with CpG 
oligodeoxynucleotide. Mol Immunol 44, 1323-1330 (2007) 
115. M. Martin, R. E. Schifferle, N. Cuesta, S. N. Vogel, J. 
Katz, and S. M. Michalek:  Role of the phosphatidylinositol 3 
kinase-Akt pathway in the regulation of IL-10 and IL-12 by 
Porphyromonas gingivalis lipopolysaccharide. J Immunol 171, 
717-725 (2003) 
116. C. D. Mills.  Macrophage arginine metabolism to 
ornithine/urea or nitric oxide/citrulline: a life or death issue. 
Crit Rev Immunol 21, 399-425 (2001) 
117. P. Sinha, V. K. Clements, S. Miller, and S. Ostrand-
Rosenberg:  Tumor immunity: a balancing act between T cell 
activation, macrophage activation and tumor-induced immune 
suppression. Cancer Immunol Immunother 54, 1137-1142 
(2005) 
118. A. Mantovani, S. Sozzani, M. Locati, P. Allavena, and A. 
Sica:  Macrophage polarization: tumor-associated 
macrophages as a paradigm for polarized M2 mononuclear 
phagocytes. Trends Immunol 23, 549-555 (2002) 
119. S. Gordon.  Alternative activation of macrophages. Nat 
Rev Immunol 3, 23-35 (2003) 
120. C. E. Lewis and J. W. Pollard:  Distinct role of 
macrophages in different tumor microenvironments. Cancer 
Res 66, 605-612 (2006) 
121. T. Seya, T. Akazawa, J. Uehori, M. Matsumoto, I. 
Azuma, and K. Toyoshima:  Role of toll-like receptors and 
their adaptors in adjuvant immunotherapy for cancer. 
Anticancer Res 23, 4369-4376 (2003) 



Role of SHIP in Macrophages   

2848 

122. Y. Hattori, S. Hattori, and K. Kasai:  
Lipopolysaccharide activates Akt in vascular smooth 
muscle cells resulting in induction of inducible nitric oxide 
synthase through nuclear factor-kappa B activation. Eur J 
Pharmacol 481, 153-158 (2003) 
123. M. Guha and N. Mackman:  The phosphatidylinositol 
3-kinase-Akt pathway limits lipopolysaccharide activation 
of signaling pathways and expression of inflammatory 
mediators in human monocytic cells. J Biol Chem 277, 
32124-32132 (2002) 
124. I. M. Corraliza, G. Soler, K. Eichmann, and M. 
Modolell:  Arginase induction by suppressors of nitric 
oxide synthesis (IL-4, IL-10 and PGE2) in murine bone-
marrow-derived macrophages. Biochem Biophys Res 
Commun 206, 667-673 (1995) 
125. M. Munder, K. Eichmann, J. M. Moran, F. Centeno, 
G. Soler, and M. Modolell:  Th1/Th2-regulated expression 
of arginase isoforms in murine macrophages and dendritic 
cells. J Immunol 163, 3771-3777 (1999) 
126. A. R. Conery, Y. Cao, E. A. Thompson, C. M. 
Townsend, Jr., T. C. Ko, and K. Luo:  Akt interacts directly 
with Smad3 to regulate the sensitivity to TGF-β induced 
apoptosis. Nat Cell Biol 6, 366-372 (2004) 
127. I. Remy, A. Montmarquette, and S. W. Michnick:  
PKB/Akt modulates TGF-β signalling through a direct 
interaction with Smad3. Nat Cell Biol 6, 358-365 (2004) 
128. L. J. Montaner, R. P. da Silva, J. Sun, S. Sutterwala, 
M. Hollinshead, D. Vaux, and S. Gordon:  Type 1 and type 
2 cytokine regulation of macrophage endocytosis: 
differential activation by IL-4/IL-13 as opposed to IFN-γ or 
IL-10. J Immunol 162, 4606-4613 (1999) 
129. A. E. Kelly-Welch, E. M. Hanson, M. R. Boothby, and 
A. D. Keegan:  Interleukin-4 and interleukin-13 signaling 
connections maps. Science 300, 1527-1528 (2003) 
130. H. Ruetten and C. Thiemermann:  Interleukin-13 is a 
more potent inhibitor of the expression of inducible nitric 
oxide synthase in smooth muscle cells than in 
macrophages: a comparison with interleukin-4 and 
interleukin-10. Shock 8, 409-414 (1997) 
131. I. Tamir, J. C. Stolpa, C. D. Helgason, K. Nakamura, 
P. Bruhns, M. Daeron, and J. C. Cambier:  The RasGAP-
binding protein-p62dok is a mediator of inhibitory FcγRIIB 
signals in B cells. Immunity 12, 347-358 (2000) 
132. M. J. Rauh, L. M. Sly, J. Kalesnikoff, M. R. Hughes, 
L. P. Cao, V. Lam, and G. Krystal:  The role of SHIP1 in 
macrophage programming and activation. Biochem Soc 
Trans 32, 785-788 (2004) 
 
Abbreviations: Ag: antigen, ALL: acute lymphoblastic 
leukemia, AML: acute myelogenous leukemia, BMmacs: 
bone marrow derived macrophages, BMMCs: bone marrow 
mast cells, CML: chronic myelogenous leukemia, CRU: 
competitive repopulating units, Doks: downstream of 
tyrosine kinases, ES: embryonic stem, GFP: green 
fluorescent protein, HSCs: hematopoietic stem cells, iNOS: 
inducible nitric oxide synthase, IP4: inositol-1,3,4,5-
tetrakisphosphate, ITAMs: immunoreceptor tyrosine based 
activation motifs, ITIMs: immunoreceptor tyrosine based 
inhibitory motifs, LBP: LPS binding protein, LPS: 
lipopolysaccharide, MAFA: mast cell function-associated 
antigen, M-CSF: macrophage colony stimulating factor, 
MHCII: major histocompatibility class II, NO: nitric oxide, 

PI3K: phosphatidylinositol-3-kinase, PIP3: 
phosphatidylinositol 3,4,5-trisphosphate, PRRs: pathogen 
recognition receptors; PTB: phosphotyrosine based, PTEN: 
phosphatase and tensin homologue deleted on chromosome 
ten, SCF: stem cell factor, SHIP: Src homology 2 
containing inositol 5'-phosphatase, TLRs: Toll like 
receptors. 
 
Key Words: SHIP, Macrophages, Endotoxin tolerance, 
LPS, TLR3, TLR4, TLR9, M1/M2 Macrophages, Review 
 
Send correspondence to: Dr. Gerald Krystal, Terry Fox 
Laboratory, British Columbia Cancer Research Centre, 675 
West 10th Avenue, Vancouver, B.C. Canada V5Z 1L3, Tel:  
604-675-8130, Fax: 604-877-0712E-mail: gkrystal@bccrc.ca 
 
http://www.bioscience.org/current/vol12.htm 
 


