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 Fundamental Elements of Inositol Phospholipid 
Signaling 

 Inositol phospholipid-modifying enzymes play an im-
portant role in both intracellular trafficking of vesicles 
and in cell signaling at the plasma membrane. In  figure 
1 , we illustrate the key enzymes and inositol phospho-
lipid species that play a role in cell signals that originate 
at the intracellular leaflet of the plasma membrane lipid 
bilayer. The pivotal class of enzymes that promote these 
signals are the phosphoinositide-3 kinases (PI3K). In re-
sponse to activating ligands, PI3K are phosphorylated 
and activated by receptor-associated tyrosine kinases. 
PI3K in turn phosphorylates the D3 position of nearby 
PI(4,5)P 2  molecules to yield PI(3,4,5)P 3 . The accumula-
tion of PI(3,4,5)P 3  in the plasma membrane signaling pro-
vides recruitment sites for signaling proteins containing 
pleckstrin homology (PH) domains. Signaling proteins 
that can associate with PI(3,4,5)P 3  include PDK1, Akt, 
Grp1, DAPP and Tec family kinases (e.g. Btk). These 
downstream mediators of PI3K signaling promote a di-
vergent array of cellular functions including survival, 
proliferation or effector functions. Phosphatase and ten-
sin homolog (PTEN) can prevent the initiation of these 
PI3K effector signals by removal of the D3 phosphate to 
revert PI(3,4,5)P 3  to PI(4,5)P 2 , and thereby, limiting re-
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 Abstract 
 A family of phosphoinositide-3 kinase (PI3K) isoenzymes cat-

alyzes the production of second messengers that recruit crit-

ical regulators of cell growth, survival, proliferation and mo-

tility. Conversely, 3 � - (phosphatase and tensin homolog) and 

5 � -inositol polyphosphatases (SH2-containing inositol phos-

phatases 1/2, SHIP1/2) are recruited to sites of PI3K signaling 

at the plasma membrane to oppose or, in some cases, to 

modify and enhance PI3K signaling. A substantial and grow-

ing body of literature demonstrates that these enzymes 

which mediate interchange of phosphates on inositol phos-

pholipid species at the plasma membrane have prominent 

roles in natural killer cell biology, including development, ef-

fector functions and trafficking. Here, we review the salient 

points of these recent papers with a special emphasis on the 

role of p110 �  and SHIP1 in natural killer cells. 
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cruitment of these PI3K effectors. In this sense, PTEN 
opposes the actions of PI3K. Alternatively, PI(3,4,5)P 3  can 
be converted to PI(3,4)P 2  by SH2-containing inositol 
phosphatase 1 (SHIP1) or its paralog SHIP2. This reac-
tion may also extinguish signals from PI3K effectors with 
PI(3,4,5)P 3  selective PH domains; however, the SHIP1/2 
product, PI(3,4)P 2  also provides recruitment sites for oth-
er PI3K effectors that have PH domains selective for 
PI(3,4)P 2  (e.g. Akt, Bam32, TAPP1/2, Irgm1), and thus, 
SHIP1/2 may also in certain contexts promote or modify 
PI3K signals. Thus, depending upon the PH domain con-
taining effectors of PI3K signaling available for recruit-
ment to a given receptor complex in a cell, SHIP can op-
pose, enhance or modify PI3K signaling  [1] . An activating 
role for SHIP in PI3K signaling is context dependent, as 
recently shown in certain blood cell cancers like acute 
myelogenous leukemia or multiple myeloma where SHIP 
actually enhances Akt/PKB activation and thus survival 
of these cancer cells  [2] . Recently, a new class of inositol 
phospholipid signaling enzymes, inositol phospholipid 
phosphatase 4A (INPP4A)  [3]  and INPP4B  [4] , have been 
shown to preferentially hydrolyze the SHIP product 
PI(3,4)P 2  to PI(3)P  [3, 4] . Loss or mutation of INPP4A or 

INPP4B leads to transformation of mouse embryonic fi-
broblasts and malignant transformation of mammary 
epithelium, respectively, confirming a promoting role
for SHIP1 and SHIP2 in certain cancers  [2] . Although 
I(1,4,5)P 3  is not a membrane-anchored inositol phospho-
lipid, it can also promote cell proliferation, survival or 
effector functions by increasing intracellular Ca 2+  levels 
following activation of phospholipase C enzymes by ty-
rosine kinases activated following their recruitment to 
PI(3,4,5)P 3  (e.g. Btk). Thus, Ca 2+  release, in certain con-
texts, can be promoted by PI3K and opposed by SHIP  [5] .

  PI3K and SHIP1 

 The PI3K pathway is executed by a number of isoen-
zymes that organize vital functions in all cells. Class I 
PI3Ks are the most thoroughly studied in mammalian 
cells and are composed of 4 isoenzymes subdivided into 
class IA (p110 � , p110 � , p110 � , p110 � ) and class IB (p110 � ) 
kinases, which pair with 5 (p85 � , p50 � , p55 � , p85 �  and 
p55 � ) and 2 (p101 and p84) PI3K regulatory subunits, re-
spectively. p110 �  and p110 �  are ubiquitously expressed, 
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whereas p110 �  and p110 �  are mainly expressed in leuko-
cytes  [6] . The 4 PI3K isoenzymes catalyze a biochemical 
reaction that produces the transient, yet critical, lipid sec-
ond messenger PI(3,4,5)P 3  that, upon association with the 
signaling molecules mentioned above, control disparate 
aspects of cell biology, including growth, survival, me-
tabolism and motility  [7]  and are prominent pharmaco-
logical targets  [8–11] .

  Despite the invariant nature of the final product, ac-
cumulating evidence suggests that the 4 p110 isoforms 
have specific functions  [10] . The complexity of the path-
way poses, on the one hand, a stimulating intellectual 
challenge and, on the other, offers the opportunity to in-
tervene therapeutically using small molecule inhibitors 
that selectively target specific PI3K catalytic isoforms  [8] . 
Small molecule inhibitors of PI3K isoforms have entered 
clinical trials to treat cancer and inflammatory diseases 
 [8–10] , and some of the expected therapeutic effects are 
through inhibition of leukocyte migration  [11] . There-
fore, it is important to learn the consequences of the cell-
specific inactivation of individual PI3K isoforms on 
health and disease. The ubiquity of the pathway notwith-
standing, tissue-specific expression of some catalytic iso-
forms creates the possibility of limiting the inhibitory ef-
fect of these small molecules to specific cell types and/or 
target tissues. For example, p110 �  is preferentially ex-
pressed in both normal leukocytes, including natural 
killer (NK) cells and leukemic cells.

  We and others identified a gene currently referred to 
as SHIP  [12–16] . SHIP was isolated by gene trapping of 
lipopolysaccharide response genes in B-lymphoid cells 
 [12] , for its ability to associate with the phosphotyrosine 
binding domain of Shc  [13, 15]  or the SH3 domain of Grb2 
 [14] . The sequence of SHIP indicated that it is likely to 
play a role in several signal transduction pathways due to 
its SH2 domain, an inositol 5 � -phosphatase domain, poly-
proline-rich regions for binding to SH3 domains (PxxP), 
a C2 domain that can bind to its product PI(3,4)P 2 , NPXY 
sequences that can be phosphorylated and associate with 
phosphotyrosine binding domains and a YIGM motif 
that can be recognized by the 85-kDa regulatory subunit 
of PI3K  [12–17] . In hematolymphoid cells, SHIP can be 
recruited to a wide variety of receptor complexes includ-
ing growth factor receptors  [13, 18–23]  and immune re-
ceptors such as FcR � IIb, Fc � RIII, Ly49A-C, KLRG1 and 
2B4  [24–28] . SHIP is recruited to receptor-associated sig-
naling complexes via adapters (e.g. Shc, Grb2, Dok3), 
scaffold proteins like Gab1/2 or directly via its SH2 do-
main  [13, 19–23, 29, 30] . After recruitment to the plasma 
membrane, SHIP can then hydrolyze PI(3,4,5)P 3  and in 

so doing attenuate several different PI3K effector path-
ways. Hydrolysis of PI(3,4,5)P 3  inhibits recruitment of PH 
domain-containing kinases like Akt, Btk and phospholi-
pase C- �  to the plasma membrane. By antagonizing the 
membrane recruitment and activation of these PH-con-
taining kinases, SHIP limits several different down-
stream PI3K effectors that control survival, differentia-
tion and/or proliferation. These include downstream cy-
toplasmic kinases like MAP/ERK  [31, 32] , JNK/SAPK 
 [33] , p38 MAPK  [31, 32]  and key transcription factors 
such as nuclear factor- � B  [31]  and NFAT  [5] . Subsequent 
to the cloning of the SH2-containing isoform, we identi-
fied a stem cell-specific isoform of SHIP, s-SHIP, that 
lacks the SH2 domain due to initiation at an intronic pro-
moter between exons 5 and 6  [29] . s-SHIP is biochemi-
cally distinct from SHIP in that it is constitutively recruit-
ed to the plasma membrane of stem cells in association 
with Grb2  [29] . Moreover, it is recruited to the plasma 
membrane in the absence of tyrosine phosphorylation 
 [29] .

  NK Cells 

 The discovery of NK cells was based on their propen-
sity to recognize and spontaneously lyse tumor cells  [34–
36] . Subsequently, an important immunoregulatory role 
of NK cells was appreciated. NK cells have physiological 
roles in reproduction and tissue homeostasis and partici-
pate in immunological surveillance of cancer and infec-
tion. Furthermore, they regulate adaptive immunity and 
constitute an important histocompatibility barrier, par-
ticularly in bone marrow (BM) transplantation. Being 
endowed with these important recognition systems and 
instant effector function potential, NK cells have become 
a prominent immune effector in modern medicine.

  The common denominator of the diverse roles of NK 
cells is probably to be found in a set of genes that encode 
a wide array of receptors. These receptors interact with 
other cell surface molecules within the individual, be-
tween individuals and across genomes. Examples of the 
elements recognized by NK cells are self-major histocom-
patibility complex (MHC)-I antigens, stress-inducible li-
gands during infections or tumor transformation, donor 
antigens on tissue grafts, paternal antigens at the mater-
nal-fetal interface and viral products. The nature of these 
interactions sets the threshold for NK cell activation, 
which in turn has downstream consequences on innate 
immunity and adaptive responses. An important aspect 
of NK cell biology emerging in recent years is that the 
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functional versatility of NK cells is the result of subset 
heterogeneity and appropriate location. NK cells develop 
primarily in the BM, but development has also been re-
ported in the thymus and lymph nodes. They are distrib-
uted throughout all lymphoid tissues, as well as in most 
organs, including the uterus, liver, lungs, intestine and 
peritoneum.

  Inositol Phospholipid Signaling in NK Cell 
Development, Homeostasis and Repertoire 
Formation 

 Following the pioneering work of Kanakaraj et al.  [37]  
and Bonnema et al.  [38]  who first investigated the role of 
PI3K in NK cell antibody-dependent cell-mediated cyto-
toxicity and spontaneous cytotoxicity, Jiang et al.  [39]  el-
egantly dissected the PI3K ] Rac1 ] PAK1 ] MEK ] ERK 
pathway that leads to degranulation. We uncovered Syk-
independent functions in NK cells that were dependent 
on PI3K  [40, 41] . These studies were all performed using 
general inhibitors of PI3K such as wortmannin and 
LY2940002. The first studies on lymphocytes of PI3K-
targeted mice was described in 1999  [42, 43] , and the first 
study on NK cells of PI3K-targeted mice was described in 
2007  [44] . Five more papers followed shortly after  [45–
49] . These papers, while not always in agreement, have 
generated a critical mass of information that we review 
below with the aim of summarizing the common themes 
revolving around the role of p110 �  in NK cell biology.

  Recent advances in NK cell development have high-
lighted critical stages identifiable by flow cytometry. For 
example, NK cell maturity is marked by the expression of 
CD11b and CD27, and p110 �  knockin mice have fewer 
mature CD11b + CD27 +  NK cells  [48] . The acquisition of 
MHC receptors marks an important event in NK cell ed-
ucation  [50, 51] . Signaling through these receptors during 
development is thought to be a prerequisite for the acqui-
sition of NK cell functional competence under certain 
conditions  [52] , while in others, such as mouse cytomeg-
alovirus infection  [53]  and human melanoma  [54] , ‘un-
educated’ NK cells are functionally competent. Indeed, 
mice that are deficient for surface expression of ‘licens-
ing’ MHC-I ligands exhibit normal NK control of cyto-
megalovirus infection  [55] . Ly49G2 +  NK cells are under-
represented in H-2 d  p110 �  –/–  mice  [45] , and Ly49C + Ly49I +  
cells are underrepresented in H-2 b  mice  [47, 48] . The ab-
normalities in the Ly49 repertoire are maintained in BM 
chimeras  [47] , suggesting that the acquisition of Ly49 re-
ceptors that bind self-MHC is regulated cell-autono-

mously by p110 � . The p110 �  isoform cooperates with 
p110 �  in establishing the Ly49 repertoire, as suggested by 
the finding that some Ly49 receptors are downregulated 
in p110 �  knockout (KO) mice  [45, 47]  and that p110 �  �  
compound KO mice have a more profound dysregulation 
of Ly49 expression  [47] .

  Mice lacking SHIP develop lower frequencies of most 
Ly49 +  NK cells; however, certain Ly49 receptors can be 
upregulated, particularly in the presence of strong MHC-
I ligands  [26, 56] . Interestingly, receptors that do not de-
tect the presence of MHC-I ligands, but rather detect 
non-MHC self-ligands such as CD48, are also impacted 
in SHIP –/–  NK cells  [57, 58] . Moreover, T-cell-specific 
conditional KO of PTEN, the other negative regulator of 
the pathway, dysregulates the repertoire of Ly49 receptors 
in NK T cells. The Ly49 repertoire of NK T cells is re-
stored to the normal pattern in PTEN –/–  mice lacking also 
p110 �  and/or p110 �   [59] . These data corroborate the no-
tion that PI3K positively regulates the expression of Ly49 
receptors in NK cells and introduce the concept that the 
negative regulators of the PI3K pathway may oppose this 
function. Although it appears evident that PI3K positive-
ly regulates the frequency of NK cells expressing certain 
Ly49 receptors, the mechanisms by which this regulation 
occurs remain to be elucidated, although effects of PI3K 
and SHIP/PTEN on the relative survival of different 
Ly49 +  NK cell subsets appear to contribute  [26] . Although 
we do not know at what stage of NK cell development 
p110 �  plays its unique role, it is likely to be after commit-
ment to NK lineage differentiation, which is marked by 
the expression of the  � -chain of the interleukin (IL)-2/
IL-15 receptor (i.e. IL2Rb or CD122). Indeed, NK cell pre-
cursors are present in normal numbers in p110 �  mutant 
mice  [48] .

  Development, repertoire and function of NK cells 
have been analyzed in mice that have targeted mutations 
in the 5 � -proximal promoter and first exon of SHIP  [26] . 
This mutation ablates expression of SH2-containing 
SHIP isoforms, but leaves intact the expression of the 
stem cell-specific SHIP isoform, s-SHIP, which initiates 
transcription from an internal promoter located between 
exons 5 and 6  [29, 60] . However, we do not detect expres-
sion of s-SHIP protein in FACS-purified NK cells  [26] . 
Our genetic analysis demonstrated that the SH2-contain-
ing isoforms of SHIP play a prominent role in NK cell 
physiology via its participation in signaling pathways that 
control survival, homeostasis and repertoire diversity in 
the peripheral NK compartment  [26, 56–58] . Despite the 
altered repertoire of SHIP –/–  NK cells which includes un-
derrepresentation of most Ly49 receptors, NK cell devel-
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opment appears to be intact as normal or increased num-
bers of NK cells are present in the spleen of SHIP –/–  mice. 
In fact, rejection of missing self-BM grafts, a unique func-
tion of NK cells, is intact in SHIP –/–  hosts indicating that 
a cytolytically mature NK compartment is present  [26] . 
We have observed a small but significant increase in pe-
ripheral NK cell numbers in SHIP –/–  mice that is due to 
decreased turnover rather than to increased production 
of NK cells  [26, 56] . Consistent with this enhanced sur-
vival, Akt/PKB expression and phosphorylation are in-
creased in SHIP –/–  NK cells  [26] . 2B4 and Ly49 receptors 
that detect self-ligands like CD48 and MHC-I, respec-
tively, may promote enhanced peripheral survival of 
SHIP –/–  NK cells as both PI3K and SHIP are recruited to 
these receptors for self-ligands  [26, 27] . We have recently 
provided direct evidence for 2B4 providing homeostatic 
signals for peripheral NK cells as increased splenic NK 
cell numbers are not observed in 2B4 –/– SHIP –/–  NK mice 
 [56] . Ly49 receptor interaction with MHC-I ligands may 
also provide homeostatic signals for murine NK cells  [61]  
that require regulation by SHIP  [26, 56] . Thus, PI3K and 
SHIP may be recruited to an array of NK receptors for 
self-ligands in order to control the relative numbers of 
various NK cell subsets in the periphery  [62] .

  Although SHIP1 has yet to be directly linked to killer 
cell immunoglobulin-like receptor (KIR) signaling in hu-
man NK cells, others have found that antibody cross-link-
ing of an endogenously expressed KIR in the NK3.3 cell 
line triggers activation of the PI3K/Akt pathway  [63] . Be-
cause SHIP can oppose PI3K-mediated activation of Akt 
and is recruited to the KIR analogs expressed by murine 
NK cells  [26] , we proposed that human SHIP1 may also 
oppose PI3K/Akt signals at KIR in human NK cells  [26] . 
In fact, because the immunoglobulin superfamily KIR re-
ceptors have greater affinity for their human leukocyte 
antigen ligands than their murine analogs, C-type lectin 
Ly49 receptors, we propose a more prominent role for 
SHIP in human KIR signaling. Combined KIR  and hu-
man leukocyte antigen transgenic SHIP-deficient mouse 
models are under development to test this possibility.

  Inositol Phospholipid Signaling and the Cytolytic 
Function of NK Cells 

 Five papers published by three independent groups 
have shown that p110 �  is dispensable for NK cell cytotox-
icity, as the lysis of lymphoma cells in vitro is only mar-
ginally affected or not affected at all  [44, 45, 47, 48]  and 
p110 �  knockin NK cells are capable of rejecting class-I-

deficient lymphoma cells when administered at the site of 
tumor growth  [46] . However, Zebedin et al.  [49]  showed 
that the lack of p110 �  is associated with reduced degran-
ulation, as measured by CD107 and lysis of a panel of 
target cells. This study was done using mice with mixed 
129  !  C57BL/6 background, whereas the four preced-
ing studies used mice with C57BL background (B6 or 
B10.D2). NK cells of 129 mice are poorly cytotoxic due to 
a proximal signaling defect that has yet to be character-
ized  [64] . We propose that the 129 background may con-
tribute modifier genes that, in the absence of p110 � , fur-
ther exacerbate this cytotoxicity defect. Indeed, we have 
confirmed that p110 �  –/–  NK cells of mixed 129  !  C57BL/6 
are poorly cytotoxic  [46]  as opposed to p110 �  mutant NK 
cells of C57BL/6 and B10.D2 mice, which do mediate cy-
totoxicity that was found to be not significantly different 
from that of wild-type mice in three works  [44, 45, 47]  
and only marginally decreased in one work  [48] .

  Cytotoxicity in the p110 � -deficient NK cells may be 
sustained by compensatory activity of p110 �  since simul-
taneous inactivation of both p110 �  and p110 �  severely 
 reduced lysis of target cells in both NK cells  [45, 47] . Tas-
si and colleagues  [47]  demonstrated that catalytically ac-
tive phospho-ERK 1/2 disappears during target cell con-
jugation only in the absence of both isoforms, suggesting 
that, at least within the MAPK transduction pathway, 
p110 �  and p110 �  are capable of performing similar roles.

  SHIP deficiency leads to severe NK repertoire disrup-
tions that compromise certain NK functions  [26, 56–58] . 
Other groups have also begun to observe that SHIP plays 
a pivotal role in signaling pathways that control human 
NK cell function in vitro, including inhibition of Fc � RIII 
signaling such that antibody-dependent cell-mediated 
cytotoxicity is enhanced when SHIP function was blocked 
in a human NK cell line by expression of a dominant neg-
ative mutant  [25] . We have recently identified a critical 
role for SHIP in 2B4/CD244 signaling in NK cells such 
that the absence of SHIP expression leads to increased 
expression of both 2B4/CD244 and SHP1 and to inappro-
priately high recruitment of SHP1 to 2B4 that leads to 
compromised NK cytolysis via either NKG2D or Ly49H 
 [56–58] . This inhibitory dominance by 2B4 occurs in 
C57BL6 mice with an H2 b  MHC-I haplotype. Intrigu-
ingly, when the SHIP mutation is transferred to an MHC-
I H2 d  homozygous background, 2B4 expression remains 
dysregulated; however, cytolysis was not compromised 
and, in fact, was substantially enhanced for MHC-I mis-
matched targets like H2 b+  RMA lymphoma cells  [56] . 
One possible explanation for the disparate effects of SHIP 
deficiency on H2 b  and H2 d  haplotype NK cells is that 
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Ly49A, a potent NK licensing or educating receptor for 
H2 d   [52, 65] , is expressed at inappropriately high levels on 
SHIP –/–  H2 d  NK cells  [56] . The Ly49A receptor is down-
regulated in the presence of H2 d  ligands  [66] . Perhaps 
SHIP deficiency allows H2 d+  NK cells to express the poly-
specific MHC-I receptor Ly49A at sufficient levels to en-
able NK licensing or education of a greater proportion of 
the NK cell compartment, thus increasing lytic capacity 
of the NK compartment for MHC-I mismatched tumor 
targets. This finding and the recent identification of small 
molecule inhibitors of SHIP1  [2]  suggest the possibility 
that certain human NK or BM donors could be identified 
that would have greater capacity for killing of residual 
cancer cells when patients are treated with a SHIP1 in-
hibitor following allogeneic BM transplantation or after 
adoptive transfer of donor NK cells. We also find that H2 d  
haplotype SHIP –/–  mice die with greater frequency and at 
earlier onset than their H2 b  counterparts, suggesting the 
possibility that SHIP is required to maintain NK self-tol-
erance when a high-affinity MHC-I receptor/ligand pair 
(e.g. Ly49A-H2D d ) is present in the genome – a possibil-
ity we are currently testing.

  Inositol Phospholipid Signaling and NK Cell 
Migration 

 Despite some discrepancies on the role of p110 �  in NK 
cell-mediated lysis, the role of p110 �  in NK cell-mediated 
tumor rejection is clear. Three independent groups have 
shown that p110 �  knockin  [44, 46, 48]  and p110 �  KO 
mice  [49]  fail to reject lymphomas and melanoma cells, 
unless, as stated above, the mutant NK cells are adminis-
tered at the site of tumor growth  [46] . This observation 
led us to propose a role for p110 �  in NK cell migration to 
tumor sites. Indeed, while both p110 �    and p110 �  isoforms 
were required for chemotaxis to SDF-1/CXCL12 and 
CCL3, only p110 �  was indispensible for chemotaxis to 
S1P and CXCL10. In the absence of p110 � , NK cell distri-
bution was perturbed and extravasation to tumors failed 
to occur. While S1P and CXCL10 have been implicated in 
both distribution and extravasation of NK cells, the scope 
of p110 �  involvement in these complex processes remains 
to be clearly established. However, since the receptors
for S1P and CXCL10 are G-protein-coupled S1PR and 
CXCR3, these findings suggest that G-protein-coupled 
receptor signaling may not be the exclusive domain of 
p110 � . Besides its role in NK cell migration towards the 
site of tumor, p110 �  is also required for the migration of 
NK cells towards the site of acute inflammation and to-

wards the uterus in pregnant mice  [44, 46] . Given the 
prominent role that NK cells are believed to play at the 
feto-maternal interface, it will be interesting to investi-
gate whether defective PI3K function in uterine NK cells 
has downstream consequences on reproductive biology.

  The role of SHIP in NK cell migration and chemotax-
is has not been investigated to date. However, there is ev-
idence for a prominent role of SHIP in the CXCR4-SDF1/
CXCL12 axis. SHIP –/–  myeloid progenitors were found to 
chemotax to an SDF1/CXCL12 gradient in vitro with 
greater efficiency  [67] , suggesting that SHIP opposes the 
activity of PI3K at CXCR4. However, the situation in vivo 
is less clear as SDF1/CXCL12 expression in the BM and 
secondary lymphoid tissues of SHIP-deficient mice is 
profoundly diminished  [68] . Moreover, CXCR4 levels are 
also downmodulated on SHIP –/–  hematopoietic stem 
cells  [69]  suggesting that both ligand and receptor expres-
sion in the CXCR4-SDF1/CXCL12 axis are impaired in 
vivo by SHIP deficiency. The mechanism for this down-
modulation remains to be defined. Nishio et al.  [70]  have 
recently shown that chemotaxis by SHIP-deficient neu-
trophils is severely impaired, because the cells fail to po-
larize PI(3,4,5)P 3  to the leading edge of the chemotaxing 
cell. Thus, it should not be assumed that chemotaxis and 
migration of SHIP-deficient cells will be enhanced due to 
unopposed PI3K signaling at chemotactic receptors.

  Inositol Phospholipid Signaling in Cytokine 
Secretion by NK Cells 

 NK cells require PI3K signaling for cytokine secretion, 
but, like cytotoxicity, this requirement is not absolute and 
can be circumvented by high concentrations of IL-2 or 
IL-12/18, thus highlighting various pathways that con-
verge around this key NK cell function. In the absence or 
in limiting concentrations of stimulatory cytokines, NK 
cells appear to be more dependent on p110 � , thus linking 
this isoform to the ITAM-based signal to initiate cyto-
kine secretion. However, no deficiency in the phosphory-
lation of ERK or JNK could be demonstrated in these mu-
tants  [47] . The two groups who measured cytokine accu-
mulation in supernatants found it to be severely impaired 
in the cells with non-functional p110 �   [45, 48] . We sug-
gested that since intracellular cytokine levels were indis-
tinguishable from wild type in these cells, the defect must 
be at the level of the mechanics of secretion. Interestingly, 
in the kinase-dead p110 �  mutants, JNK phosphorylation 
was reduced in response to signaling through the NKG2D 
receptor, and the resulting cytokine secretion defect 
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could be recapitulated by a JNK inhibitor  [48] . In the 
p110 �  KO, JNK might have been adequately phosphory-
lated under the same conditions, perhaps because p110 �  
can compensate in the complete absence of p110 � , but not 
in the presence of a non-functional p110 � . This discrep-
ancy serves to highlight the differences between the two 
experimental approaches used by the different groups in 
dissecting this crucial signaling cascade.

  One deficiency that is uniformly observed in SHIP-
deficient NK cells, regardless of MHC haplotype or 2B4 
genotype, is impaired induction of interferon (IFN)- �  af-
ter engagement of activating NK receptors, including 
NK1.1, NKG2D and NKp46  [56] . In fact, IFN- �  induction 
is compromised even in H2 d  haplotype SHIP –/–  NK cells 
despite their normal or enhanced cytolytic function. The 
discordant capacity of H2 d+  SHIP –/–  NK cells to mediate 
these two key NK functions indicates that SHIP plays dis-
tinctly different signaling roles in control of cytolytic 
function and IFN- �  production. That SHIP is required 
for IFN- �  induction indicates a positive role for SHIP sig-
naling in promoting this NK effector function. This pos-
itive signaling role for SHIP may be related to its produc-
tion of PI(3,4)P 2 , and hence, the activation of distal effec-
tor kinases selectively recruited by PI(3,4)P 2 . Intriguingly, 
SHIP appears to inhibit IFN- �  production by human NK 
subsets in response to combined stimulation with IL-12 
plus IL-18  [71] . The disparity between these findings 

could simply reflect that the role of SHIP in control of 
IFN- �  production differs depending on the receptor that 
activates the NK cell. Similarly, IFN- �  production by IL-
12-stimulated p110 �  KO NK cells was greater than that of 
wild-type NK cells, although no differences were found 
when KO and wild-type cells were stimulated through 
other receptors  [47] . However, we  [45]  and Guo et al.  [48]  
found that cytokine secretion by p110 �  mutant cells was 
invariably decreased regardless of the stimulus. The na-
ture of this discrepancy is currently unknown. It has re-
cently been shown that SHIP deficiency leads to a pro-
found Crohn’s disease-like disease in mice  [72] . An in-
triguing possibility is that mucosal SHIP –/–  NK subsets 
are also defective for the production of IL-22  [73–75] , a 
cytokine critical for the maintenance of an intact intesti-
nal epithelial cell barrier  [76] .
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