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SUMMARY

Tight regulation of the phosphatidylinositiol 3-kinase (PI3K) pathway is essential not only

for normal immune system development and responsiveness, but also in the prevention of

immunopathology. Indeed, unchecked activation of the PI3K pathway in T cells induces

lymphoproliferation and systemic autoimmunity. Evaluating the importance of threshold levels

of two key PI3K pathway phosphoinositol phosphatases, we previously reported that mice

heterozygous for both Pten and SHIP develop a more rapid progression of a lymphoprolifer-

ative autoimmune syndrome than do Pten+ ⁄) mice. Investigating the basis for this difference,

we now describe a quantitative and qualitative difference in the antibody responses of C57BL ⁄6
Pten+ ⁄) SHIP+ ⁄) mice upon challenge with a T-dependent antigen. Suspecting that this

phenotypic difference might be the result, at least in part, of a T-helper cell defect, an in vitro

analysis of anti-CD3 ⁄ interleukin (IL)-2-expanded CD4+ T cells was performed. After stimu-

lation with anti-CD3, cells from mice heterozygous for both Pten and SHIP exhibited a striking

increase in IL-4 secretion (>>10-fold), without a corresponding increase in T helper 2 (Th2) cell

numbers being evident by intracellular staining for this cytokine. Modest increases were also

seen for both IL-13 and IFN-c. Perhaps in keeping with this abnormal in vitro cytokine profile,

IgG1 serum levels were significantly elevated in young C57BL ⁄6 Pten+ ⁄) SHIP+ ⁄)
mice.

Thus, the relative levels of Pten and SHIP appear to be key variables in CD4+ T-cell function,

primarily via their ability to regulate IL-4 production.
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INTRODUCTION

Tolerance induction is determined, in part, by intrinsic
lymphocyte reactivity, which, in turn, is regulated by the
balance of positive and negative signals emanating from

lymphocyte antigen receptors.1 While the causes of auto-
immunity are complex, involving a variety of pathogenic
mechanisms and cell types, dysregulation of T-cell activa-

tion, differentiation and survival often plays a role in the
genesis of autoimmunity (reviewed in ref. 2). T cells are
inherently and necessarily autoreactive. They depend on the

strength of extracellular signals, including differences in
antigen avidity and affinity, to control not only intrathymic

selection, but also the outcomes of responses to antigenic
stimuli encountered in the periphery. It follows, then, that

perturbations in the intracellular molecules which transduce
and regulate the strength or duration of antigenic signals
can potentially lead to immunosuppression and ⁄or auto-
immunity;2 for example, dysregulation of phosphatidy-

linositol-3 kinase (PI3K) signalling in murine T cells
has been shown to favour the emergence of autoimmune
phenotypes.3–5

The PI3K pathway has emerged as one of the key ele-
ments determining both T-cell reactivity and predisposition
to autoimmunity. PI3K, activated by many different types

of receptors in addition to those for antigens, catalyses the
phosphorylation of phosphoinositol species in the plasma
membrane. These second messengers induce the transloca-

tion of a variety of pleckstrin homology (PH) domain-
containing molecules, leading to the activation of func-
tionally diverse intracellular signalling pathways (reviewed
in ref. 6). As evidence of its importance, deficiencies in
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PI3K signalling in cells of the immune system leads
to immunodeficiency,7,8 while over-activity of PI3K can
trigger a severe lymphoproliferative, autoimmune pheno-
type.3

The importance of the PI3K pathway in normal cell
function has also been clearly demonstrated by studies in
mice with disruptions of genes encoding critical negative

regulators of this pathway, including the tumour sup-
pressor gene, phosphatase with tensin homology (Pten),
and the SH2-containing inositol phosphatase (SHIP).9–13

Pten, a ubiquitously expressed 3¢ inositol phosphatase, acts
to directly oppose PI3K by converting the product of the
latter, PI3,4,5P3 (PIP3), into PI4,5P2Æ

14 SHIP, restricted for

the most part to the haematopoietic lineage, contains a 5¢
phosphoinositol phosphatase domain that acts on the
same substrate as Pten, to generate the putative second
messenger, PI3,4P2Æ

15 Together, these enzymes share the

ability to negatively regulate pathways dependent on PIP3.
However, they potentially differ in their functions with
respect to pathways downstream of proteins having PH

domains with specificity for PI3,4P2. SHIP– ⁄– mice survive
for several weeks or months after birth, but eventually
succumb to a myeloproliferative syndrome, the main

pathological features of which are splenomegaly and se-
vere lung infiltration by macrophages and neutrophils.12,13

SHIP– ⁄– mice also show abnormal B-cell development,
accompanied by an increased reactivity of their peripheral

cells.16,17 SHIP+ ⁄– mice appear phenotypically normal.
Probably owing to the resistance of Pten– ⁄– cells to pro-
apoptotic stimuli, mice lacking Pten undergo embryonic

lethality.9–11 Unlike SHIP heterozygotes, mice with dis-
ruption of a single Pten allele develop a progressive
lymphoproliferative, autoimmune phenotype that becomes

clinically overt by » 6–9 months of age.18 The development
of immunopathology in the latter was of particular inter-
est, as it revealed a consequence of Pten haploinsufficiency

and also hinted at a critical role for Pten levels in the
regulation of threshold-dependent phenomena in the
murine immune system. Further support for the notion
that phosphoinositol phosphatase levels are important to

immune system function was provided by our finding of
an exacerbation of immunopathology when SHIP
heterozygosity was superimposed onto a Pten+ ⁄– back-

ground.19

In view of the important role played by T cells in the
pathogenesis of autoimmunity, and the importance of the

PI3K pathway in this cell type, we extended our analysis of
Pten+ ⁄– SHIP+ ⁄– mice. Specifically, we were searching for
evidence of immune response abnormalities that might
implicate CD4+ T-cell dysfunction in the process that leads

to the accelerated development of lymphoproliferation,
hypergammaglobulinaemia and autoimmunity in this com-
pound heterozygote.

MATERIALS AND METHODS

Mice

Pten+ ⁄– SHIP+ ⁄– mice, on a C57BL ⁄6 background (n ¼
7–8), were generated as previously described19 and were

pathogenic virus antibody-free. All experiments on mice
were performed in a barrier facility, in accordance with
Canadian Council for Animal Care guidelines and a
protocol approved by the University of Calgary Animal

Care Committee.

Splenic CD4+ T-cell isolation
CD4+ T cells were positively selected using the Miltenyi
Biotech magnetic separation system, as directed by
the manufacturer (Miltenyi Biotech, Auburn, CA). Cells

were plated at a density of 3–3Æ5 · 106 cells ⁄ml in AIMV
synthetic media (Gibco-BRL, Burlington, ON), with 3–6%
interleukin (IL)-2 conditioned media, in 24-well plates

precoated overnight with 0Æ5 lg ⁄ml anti-CD3 (2C11; BD
Pharmingen, San Jose, CA). After 48 hr of culture, cells
were washed and plated in the absence of CD3, but in the

presence of IL-2, for 5 days, with a 1 : 2 feeding of fresh
media + IL-2 approximately every 2 days. Cells were used
on day 8 after isolation.

Immunoblotting
Expanded CD4+ T cells from littermate Pten+ ⁄–,

SHIP+ ⁄–, Pten+ ⁄– SHIP+ ⁄– and wild-type mice, on post-
isolation day 8, were enumerated and resuspended in fresh
AIMV media. Then, 1 · 107 cells were lysed in phos-

phorylation solubilization buffer (consisting of 50 mm

HEPES, 100 mm NaF, 10 mm Na4P2O7, 2 mm Na3VO4,
2 mm EDTA, 2 mm NaMoO4, 1% Triton-X-100) in the
presence of a protease inhibitor cocktail (Roche Diag-

nostics, Laval, QC). Protein concentrations were deter-
mined by using the Bradford method-based assay
(Bio-Rad, Mississauga, ON); 80 lg of total protein was

separated by sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE) and transferred to poly-
(vinylidine difluoride) (PVDF) membranes by electroblot-

ting using a semidry transfer method. Filters were blocked,
then probed overnight at 4� with either anti-Pten (Cell
Signalling, Beverly, MA) or anti-SHIP (sc-8425; Santa

Cruz, Santa Cruz, CA) and subsequently incubated with
HRP-conjugated secondary antibody (Dako, Mississauga,
ON). Proteins were detected by chemiluminescence
(Amersham, San Francisco, CA), using a Fluor-S Max

Multi Imager equipped with quantity one

TM

software
(Bio-Rad Laboratories).

Immunizations
Six to seven female mice of each genotype, between the ages
of 8–10 weeks, were selected for this study. Blood samples

were taken on day 0, before immunization, by saphenous
puncture. Mice were injected intraperitoneally with 20 lg
of nitrophenylacetyl (NP)-Ficoll or 10 lg of NP-keyhole

limpet haemocyanin (KLH) (Biosearch Technologies Inc.,
Novato, CA). Mice injected with NP-Ficoll were boosted
with an additional dose of 20 lg of NP-Ficoll on day 7. A

final blood sample was obtained from the mice on day 17,
by vena cava puncture, immediately after killing. Mice
injected with NP-KLH were boosted with an additional

10 lg of NP-KLH on day 10. A final blood sample was
taken from the mice on day 21.
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Enzyme-linked immunosorbent assays (ELISAs) for
serum immunoglobulins, NP-specific antibody production
and cytokines
ELISA quantification of serum immunoglobulin levels was

performed, as previously described,19 using capture and
biotinylated detection antibodies for immunoglobulin G1
(IgG1), immunoglobulin G2b (IgG2b) and immunoglob-

ulin M (IgM) (BD Pharmingen). Concentrations were
determined from curves generated from mouse immuno-
globulin standards (BD Pharmingen). Cytokine ELISA on

cell supernatants were performed using capture and detec-
tion antibodies and recombinant standards for IL-4, inter-
feron-c (IFN-c) (both BD Pharmingen) and IL-13 (R & D

Systems, Minneapolis, MN). For NP-specific antibody
detection, 96-well plates were coated with 1 lg ⁄ml NP-
bovine serum albumin (BSA) (Biosearch Technologies Inc.)
in phosphate-buffered saline (PBS) overnight at 4�. Serial
dilutions of sera, performed in PBS + 10% fetal calf serum
(FCS), were plated in duplicate. Dilutions ranged from
1 : 100–1 : 1000 for day 0 samples, to 1 : 20 000–

1 : 2 560 000 for day 21 samples. Plates were washed and
then incubated with 2 lg ⁄ml biotin-conjugated secondary
anti-IgM (BD Pharmingen), or with a 1 : 10 000 dilution of

pan-anti-IgG (Jackson Immunoresearch, Westgrove, PA).
Plates were developed with 3,3¢,5,5¢ tetramethyl benzidine
(TMB) substrate, the reaction was stopped with 2 m H2SO4

and then the plates were read at 450 nm using a Multiscan

ELISA reader and Multiscan software. Each plate con-
tained blank wells, and the NP titres were defined as the
dilution that gave an absorbance at 450 nm which was

twice that of the background of the plate.

RNAse protection assay
Positively selected and expanded CD4+ T cells were plated
in fresh AIMV media at a concentration of 1 · 107 cells ⁄ml,
0Æ5 ml ⁄well in a 24-well plate. Cells were either left

unstimulated or were stimulated from 2 to 8 hr with
10 lg ⁄ml soluble anti-CD3. At various time-points, cells
were harvested and the supernatants reserved for ELISA

and stored at )20�. RNA was extracted using TRIZOL,
according to the manufacturer’s instructions (Ambion,
Austin, TX). Approximately 2 lg of RNA was utilized in

the RNAse protection assay kit (Kit mCk-1; BD Pharm-
ingen), according to the manufacturer’s instructions and
using P-33 as a radiolabel. Developed film was analysed by
densitometry with the Fluor-S-Max system (Biorad) using

Quantity One
TM

software. A loading control was achieved
by normalizing to the L32 or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) internal control bands, and val-

ues were expressed as fold-increase over wild-type levels at
each time-point on any given day.

Intracellular cytokine staining and apoptosis assay
For assessments of cell viability and apoptosis, expanded T
cells, after 12 hr of stimulation, with or without soluble

anti-CD3, were washed in ice-cold PBS and stained with
0Æ5 lg of propidium iodide and 5 ll of Annexin V (BD
Pharmingen) for 15 min in the dark. Ungated samples

were collected on a FACSCalibur (BD Pharmingen) and

analysed using the flowjo program (TreeSstar, Ashland,
OR). For intracellular staining, expanded T cells were
stimulated with 10 lg ⁄ml soluble anti-CD3 for 5 hr in the
presence of Golgi Stop (BD Pharmingen). Intracellular

staining was performed using the BD Pharmingen kit,
according to the manufacturer’s instructions, and permea-
bilized cells were stained with phycoerythrin (PE)-labelled

anti-IL-4 or fluorescein isothiocyanate (FITC)-labelled
anti-IFN-c (BD Pharmingen). In each experiment, 10 000
‘live events’, based on the forward- and side-scatter pattern,

were collected for analysis.

RESULTS

Pten+ ⁄) SHIP+ ⁄) mice demonstrate a significantly

increased T-dependent antigenic response

Our previous studies demonstrated the spontaneous eleva-
tion of serum immunoglobulin levels in older Pten+ ⁄–

SHIP+ ⁄– mice with lymphadenopathy.19 Searching for

evidence of an intrinsic abnormality that might have a
bearing on the eventual development of hypergammaglob-
ulinaemia, we therefore assessed humoral responses of

young mice in response to defined antigenic challenges. Day
0 baseline titres for both KLH- and Ficoll-immunized
groups showed no significant reactivity against NP-BSA in

serum samples from any of the groups of preimmunized
mice (Fig. 1a)1d). Titres of NP-specific antibodies in the
serum of mice immunized and boosted with NP-Ficoll
showed no significant differences in IgM or IgG responses

between the genotypes (Fig. 1a, 1b). In contrast, a
comparison of the different groups immunized with the
T-dependent antigen, NP-KLH, revealed a marginal yet

statistically significant increase in the IgM responses
of Pten+ ⁄– SHIP+ ⁄– mice over the other genotypes
(P < 0Æ05, Fig. 1c). Pten+ ⁄– SHIP+ ⁄– IgG responses to

NP-KLH were also significantly elevated over those of
wild-type and SHIP+ ⁄– mice (P < 0Æ005), but these ele-
vations were not significant when compared to Pten+ ⁄–

samples. The latter were statistically increased over those

from wild-type and SHIP+ ⁄– mice (P < 0Æ05) (Fig. 1d).
These results demonstrate that Pten+ ⁄–, and Pten+ ⁄–

SHIP+ ⁄– mice, in particular, are able to mount more vig-

orous humoral immune responses after immunization with
a T-dependent antigen.

Pten and SHIP protein levels are reduced in T cells

from heterozygous and doubly heterozygous mice

Although both Pten and SHIP are expressed in T cells,20,21

a reduction in the level of these proteins in cells from het-
erozygous mice has not been demonstrated. While the loss
of one co-dominant allele can lead to a reduction of » 50%
in the level of the encoded protein, the possibility of allelic

compensation remains. Thus, before carrying out a phen-
otypic analysis of in vitro-expanded CD4+ T-cell popula-
tions, it was important to assess Pten and SHIP protein

levels in lysates prepared from these cells. Figure 2 dem-
onstrates reduced levels of Pten and SHIP in lysates
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prepared from Pten+ ⁄– and Pten+ ⁄– SHIP+ ⁄– cells, and
SHIP+ ⁄– and Pten+ ⁄– SHIP+ ⁄– cells, respectively. Fur-

thermore, no change in the levels of Pten and SHIP, either
before or after stimulation with anti-CD3, was observed as

a result of activation of the T-cell receptor (anti-TCR)
(data not shown).

Pten+ ⁄) SHIP+ ⁄) T cells respond to stimulation with

anti-CD3 by producing greater amounts of IL-4, IL-13

and IFN-c, at both RNA and protein levels

The augmented humoral response to a T-dependent anti-

genic challenge suggested that T-helper cell function might
be abnormal in Pten+ ⁄– SHIP+ ⁄– mice. We thus hypo-
thesized that CD4+ T-cell cytokine production might be

altered as a result of compound heterozygosity for Pten and
SHIP. Using an RNAse protection assay template that
allowed quantification of nine individual cytokines (IL-4,

IL-5, IL-13, IL-10, IL-2, IL-6, IL-15, IL-9 and IFN-c), we
examined the pattern of cytokines produced by expanded
T-cell populations following stimulation with anti-CD3. In
three independent experiments we observed increases in IL-

4, IL-13 and IFN-c transcripts in RNA samples from
Pten+ ⁄– SHIP+ ⁄– cells, as compared to cells from the other
genotypes (Fig. 3). The data shown represent typical results

obtained 8 hr poststimulation, and the relative increases
were calculated versus wild-type cytokine RNA levels.
While there was some variation in the time-point at which

cytokines reached their maximum level after stimulation
(data not shown), increases were most often observed at the
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Figure 1. Pten+ ⁄– SHIP+ ⁄– (phosphatase with tensin homology ⁄SH2-containing inositol phosphatase) mice show an

increased humoral response to the T-dependent antigen, nitrophenylacetyl (NP)-keyhole limpet haemocyanin (NP-KLH).

Serum antibodies against NP-bovine serum albumin (NP-BSA) were assessed from six or seven mice of each genotype that had

been challenged with NP-Ficoll or NP-KLH. Anti-NP titres [immunoglobulin M (IgM) and pan immunoglobulin G (IgG)]

were determined by enzyme-linked immunosorbent assay (ELISA) on serially diluted serum samples. Bars indicate the average

titre, and triangles represent individual mice. No differences were observed in either the IgM or IgG response to NP-Ficoll (a,

b). However, statistically significant differences in IgM and IgG responses to NP-KLH were detected (c, d). *P < 0Æ05
compared with all genotypes, ***P < 0Æ005 compared with wild type and SHIP+ ⁄–, but not significant over Pten+ ⁄–.

**P < 0Æ05 compared with wild type and SHIP+ ⁄–. WT, wild type; SH, SHIP+ ⁄–; PH, Pten+ ⁄–; DH, Pten+ ⁄– SHIP+ ⁄–.
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8-hr time-point. No consistent differences in the levels of
transcripts of any of the other cytokines were observed.

To determine whether increases in transcripts were
reflected at the protein level, cytokine production in the cell

cultures was quantified by ELISA. Analysis of supernatants

from four independent experiments revealed significant
increases in the amounts of IL-4 and IL-13 protein in the
supernatant of Pten+ ⁄– SHIP+ ⁄– cells (Fig. 4a, 4b, P <
0Æ001 over all genotypes). These increases, relative to wild-

type levels, were approximately 14-fold and threefold, for
IL-4 and IL-13 protein secretion, respectively. Thus, the
increase in IL-13 over IL-4, seen in the RNAse protection

studies, was not reflected by the increased translation or
secretion of this cytokine. We also detected a 1Æ5-fold
increase in IFN-c secretion in Pten+ ⁄– SHIP+ ⁄– superna-

tants compared to those of wild-type cells, and this aug-
mented production was significant compared to wild-type
and Pten+ ⁄– supernatants (Fig. 4c, P < 0Æ05, not sig-

nificant over SHIP+ ⁄–). These results demonstrated, at
both the transcript and protein levels, that cultures of
Pten+ ⁄– SHIP+ ⁄– cells produced greater quantities of three
key T-helper cell cytokines following stimulation with anti-

CD3, with the increase in IL-4 protein production being
particularly impressive.

Increased cytokine production was not attributable to the

increased survival or altered percentages of polarized T cells

The ability of PI3K pathway activity to increase cellular

survival has been well characterized, primarily as a function
of Akt activation (reviewed in ref. 6). Having previously
demonstrated modest increases in Akt phosphorylation in
T cells from Pten+ ⁄– SHIP+ ⁄– mice,19 it was considered

possible that increased survival of cells might be a factor
contributing to the differences in cytokine concentrations in
the supernatants. To investigate this, we examined the

viability of expanded T cells from each of the different
genotypes, both with and without anti-CD3 stimulation,
using Annexin V ⁄propidium iodide (PI) staining and flow

cytometry. We found that cell viability did not differ bet-
ween the genotypes, either with no stimulation (results not
shown) or after 12 h of stimulation (Fig. 5a)5d). Thus, it
was not possible to attribute increased cytokine production
to an increased survival of Pten+ ⁄– SHIP+ ⁄– cells.

Given the elevation in levels of IL-4 and IL-13, it was
important to establish whether a genotype-dependent

increase in spontaneous polarization towards a Th2 phe-
notype was occurring. Figure 5(e))5(h) illustrates results
typical of at five independent experiments using an intra-

cellular staining method to detect IL-4 and IFN-c. There
was no significant difference in the percentage of IL-4- or
IFN-c-producing cells between the different genotypes.

Thus, the increased production of cytokines by Pten+ ⁄– -
SHIP+ ⁄– cells could not be accounted for by an abnor-
mality of T-cell polarization. Instead, it argued for an

increase in cytokine production by cells of this genotype on
a ‘per cell’ basis.

Increased levels of IgG1 in young Pten+ ⁄) SHIP+ ⁄) mice

Given the ability of purified Pten+ ⁄– SHIP+ ⁄– T cells to
generate increased levels of IL-4 and IL-13 in response to
stimulation with the TCR, we sought evidence for expres-

sion of this phenotype in vivo. IL-4 is involved in class
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Figure 3. Increased levels of transcripts for specific cytokines in

Pten+ ⁄– SHIP+ ⁄– (phosphatase with tensin homology ⁄SH2-
containing inositol phosphatase) T cells. Expanded CD4+ T cells

were stimulated with 10 lg ⁄ml soluble anti-CD3, and RNA levels

were analysed by using the RNAse protection assay (a) (lane 1, wild

type; lane 2, SHIP+ ⁄–; lane 3, Pten+ ⁄–; lane 4, Pten+ ⁄– SHIP+ ⁄–).

Quantification was carried out by densitometry using quantity

one

TM

software, with values normalized using endogenous glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) transcripts as the

internal control. Pten+ ⁄– SHIP+ ⁄– T cells show increases in (b)

interleukin-13 (IL-13) (c) interleukin-4 (IL-4) and (d) interferon-c
(IFN-c) transcripts after 8 hr of stimulation. These results were

from one representative experiment of three conducted on T cells

isolated from individual mice of each genotype.
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switching to IgG1 and immunoglobulin E (IgE),22 and
IL-13 might play a role in IgE switching in mice,23 while

IFN-c induces IgG2a. Using ELISA we examined immu-
noglobulin isotypes in the serum of 8-week-old mice, an age
well in advance of any evidence of lymphoproliferative

disease. At this time-point, the levels of IgG1 in Pten+ ⁄–

SHIP+ ⁄– mice were significantly elevated compared to all
the other genotypes (Fig. 6a). Increases in IgE, which were
significant versus SHIP+ ⁄– and wild-type mice, were also

seen, although these were not significant when compared to
Pten+ ⁄– samples (data not shown). Serum IgG2a levels
were variable within each group and did not show any

significant differences between the genotypes (data not
shown). Interestingly, regular monitoring of isotype-specific

serum immunoglobulin levels in individual mice up to

24 weeks of age revealed that IgG1 did not increase signi-
ficantly over time. In contrast, other isotypes, such as IgM
and IgG2b, continued to increase over time (Fig. 6a)6c).
The pattern of spontaneous immunoglobulin isotypes in
young mice was in keeping with the ability of anti-CD3-
stimulated Pten+ ⁄– SHIP+ ⁄– T cells to produce greater

amounts of IL-4 and IL-13 in vitro.
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formed on CD4+ T cells stimulated with anti-CD3: (e) wild type;

(f) SHIP+ ⁄–; (g) Pten+ ⁄–; and (h) Pten+ ⁄– SHIP+ ⁄–. The per-

centages of cells producing IL-4 and IFN-c did not differ signifi-

cantly between genotypes, and the Pten+ ⁄– SHIP+ ⁄– cells did not

appear to be polarized towards a greater proportion of T helper 2

(Th2) cells, implying increased cytokine production on a per-cell

basis. The results shown represent one experiment of five inde-

pendent experiments carried out.
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Figure 4. Increased cytokine secretion by Pten+ ⁄– SHIP+ ⁄–

(phosphatase with tensin homology ⁄SH2-containing inositol

phosphatase) T cells. Expanded CD4+ T cells were stimulated with

10 lg ⁄ml soluble anti-CD3, and cytokine protein levels were

measured by enzyme-linked immunosorbent assay (ELISA).

Pten+ ⁄– SHIP+ ⁄– T-cell cultures contained significantly increased

concentrations of (a) interleukin-13 (IL-13) and (b) interleukin-4

(IL-4) at 12 hr poststimulation. (c) Levels of interferon-c (IFN-c)
were only modestly increased. The data are the combined results of

four or five independent experiments performed on cells from

individual mice, with each data point assessed in duplicate. Error

bars represent the standard error of the mean (SEM) from all

readings. ***P < 0Æ001 compared with all genotypes; **P < 0Æ05
compared with Pten+ ⁄– and wild type only.
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DISCUSSION

The finding that Pten heterozygosity augmented the IgG

response to the T-dependent antigen, NP-KLH, is novel,
and this same property may play a role in the spontaneous
age-dependent hypergammaglobulinaemia that occurs in

these mice.18 The increased IgG and IgM responses of
Pten+ ⁄–SHIP+ ⁄– mice to this same antigen is suggestive of
an even greater level of responsiveness, and may be in

keeping with the spontaneous increases in IgM and various
IgG isotypes that we observed previously in this compound
heterozygote.19 The responses of Pten+ ⁄–, and especially

Pten+ ⁄–SHIP+ ⁄–, mice towards the NP-KLH, but not the
T-independent antigen, could be interpreted as implying
that reduced levels of inositol phosphatases exert their

impact at the level of T- and B-cell interactions. There is
already considerable evidence showing that dysregulation
of the PI3K pathway in T cells alone can induce autoim-
munity in vivo. For instance, expression of a constitutively

active mutant PI3K under the control of a T-cell-specific
gene promoter resulted in lymphadenopathy and autoim-
mune glomerulonephritis in transgenic mice.3 Similarly,

expression of a constitutively active protein kinase B (PKB)
mutant under the control of the CD2 promoter in trans-
genic mice resulted in lymphadenopathy and autoantibody

production.5 Lastly, in a T-cell-specific conditional knock-
out of Pten, autoreactivity and increased cytokine produc-
tion by CD4+ cells was associated with the development of

autoantibodies and hypergammaglobulinaemia.4 One cav-
eat of the former study was that it was carried out in the
context of B cells that were heterozygous for Pten, and for
this reason the potential contribution of B-cell dysfunction

to this process could not be excluded. Interestingly, and
probably owing to altered B-cell developmental fate deter-
mination, conditional deletion of Pten in B cells was not

associated with autoimmune phenomena.24,25 While our
in vitro studies revealed abnormalities of Pten+ ⁄– SHIP+ ⁄–

T-cell function, the possibility of an alteration of B-cell

responsiveness to T-cell help was not examined in this study
and therefore cannot be excluded as a factor in the in vivo
phenotype we observe. Given that abnormalities in B
and ⁄or T cells can lead to the development of lupus-like

disease in other murine models,26 the potential role of an
intrinsic defect of Pten+ ⁄– SHIP+ ⁄– B cells would be
interesting to explore.

The increase in IL-13 and IL-4 protein secretion by
Pten+ ⁄– SHIP+ ⁄– T cells in vitro was consistent with the
observation that young Pten+ ⁄– SHIP+ ⁄– mice (with no

signs of the lymphoproliferative syndrome that develops
many months later) showed significant spontaneous
increases in the levels of circulating IgG1. In contrast to

IgG1, the levels of IgM and another class-switched isotype,
IgG2b, in Pten+ ⁄– SHIP+ ⁄– mice increased steadily over
time, correlating with the increasing levels of immunopa-
thology seen in these animals. Consistent with the very

modest increase in IFN-c production by the T cells, signi-
ficant genotype-specific differences in IgG2a were not seen
in either the serum from the 8-week-old or older mice.19

The lack of T helper 2 (Th2) skewing of stimulated
populations of Pten+ ⁄– SHIP+ ⁄– T cells, as seen by flow
cytometry, suggested that the greater amounts of cytokine

produced were the result of increased protein production on
a per cell basis. As our FACS analysis did not reveal an
upward shift in intracellular IL-4 staining intensity in
Pten+ ⁄– SHIP+ ⁄– cells, it suggested that increased dur-

ation of secretion may have accounted for the higher levels
of IL-4 seen in the ELISA. Given our hypothesis that an
abnormality in the level and ⁄or half-life of the PIP3 second
messenger was responsible for the phenotypes we observed,
quantification of this species, both before and after stimu-
lation of primary T cells, was of great interest. Indeed, this

was attempted by several methods, and while a trend
of increased PIP3 levels was observed in Pten+ ⁄– SHIP+ ⁄–

T cells, variability between samples prevented us from
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Figure 6. Increased levels of serum immunoglobulin G1 (IgG1) in

Pten+ ⁄– SHIP+ ⁄– (phosphatase with tensin homology ⁄SH2-
containing inositol phosphatase) mice. (a) Spontaneous increases in

circulating serum IgG1 levels were detected in the sera of 8-week-

old Pten+ ⁄– SHIP+ ⁄– mice, as compared to the other genotypes,

and this pattern remained steady and elevated over time. (b) Serum

levels of circulating immunoglobulin M (IgM) were not signifi-

cantly increased over all genotypes at the 8-week point, but steadily

increased, becoming significant at later time-points. (c) Levels of

circulating immunoglobulin G2b (IgG2b) did not achieve statistical

significance compared to all genotypes until the 24-week time-

point. Values were representative of sera from at least nine animals

per genotype, assessed in duplicate. Error bars represent the

standard error of the mean (SEM) of the duplicate readings.

*P < 0Æ05 compared with all genotypes.
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obtaining statistically significant data (results not shown).
PIP3 levels are, in general, technically difficult to quantify in
primary cells and this difficulty was compounded by the
fact that the cells of interest only had partial deficiencies of

the two phosphoinositol phosphatases of interest. Addi-
tionally, studies of samples derived from the entire stimu-
lated CD4+ cell population failed to show consistent

differences in the activation and kinetics of phosphorylation
of members of a number of signalling pathways with the
potential to impact cytokine expression levels, including

phospho-STAT6, phospho-p42 ⁄44 MAPK and phospho-
p38MAPK, and phospho-GSK-3 (data not shown). It is,
however, conceivable that subtle changes in immediate-

early signalling events could translate into amplified
downstream signals. The significant differences in down-
stream events, such as the increased cytokine RNA and
protein secretion seen in this study, may support this

hypothesis. An alternative explanation for the increased
cytokine production we have observed also lies in the
possibility of an alteration in message stability, a factor

recently suggested to account for the strain differences in
cytokine production between C57BL ⁄6 and DBA ⁄2 mice.27

There is evidence that SHIP is able to regulate phos-

phoinositol metabolism in T cells, as Jurkat cells deficient
for both Pten and SHIP had much higher levels of PIP3
than did control cells lacking only Pten.28 Furthermore,
reintroduction of SHIP into Jurkat cells increased PI3,4P2
levels and decreased the membrane localization of
PKB ⁄Akt. Despite these studies, the functional role
of SHIP in T cells has remained elusive. The in vivo role of

SHIP was previously studied via the generation of SHIP– ⁄–

RAG1– ⁄– mice, which yielded lymphocytes deficient for this
phosphatase.21 Several different assays of T-cell function

revealed no differences from wild-type T cells, except for a
slight increase in the numbers of CD4+ cells in the SHIP– ⁄–

mice. In contrast, primary cells from SHIP– ⁄– mice revealed

increased chemotaxis by CD4+ and CD8+ thymocytes, as
well as CD4+ splenic T cells, indicating that the ability to
detect phenotypic differences depended on the specific assay
used.29 Our in vitro study of primary CD4+ T cells, how-

ever, provides evidence of a novel, functional role for SHIP
in the regulation of T-cell cytokine production, and IL-4
secretion in particular. The assays we employed revealed

that SHIP heterozygosity alone had no effect on T-cell
behaviour; however, when combined with Pten haploin-
sufficiency, the T-cell cytokine response was greatly altered.

Thus, we propose that Pten and SHIP probably co-operate
in the regulation of CD4+ T-cell function, specifically by
augmenting IL-4 production, apparently on a ‘per cell’
basis, in these C57BL ⁄6 background mice. It would be

interesting to study these responses in mice carrying con-
ditional mutants of SHIP in T cells, to further define the
role of this gene in this particular cell type. Furthermore, a

comparison of SHIP-deficient T cells with those condi-
tionally null for Pten might allow dissection of functional
differences stemming from alterations in PIP3 versus PI

3,4P2
intracellular pools.

Studying the impact of gene heterozygosity on T-cell
function and autoimmunity represents an important

approach when contemplating the relevance of mouse
models to human disease, as mutations that lead to
decreased function are more common than biallelic gene
inactivations. While the latter can reveal critical functions

of the encoded molecules, the absence of a protein can
potentially alter developmental and differentiation pro-
grammes of cells, and may even select for the up-regulation

of compensatory proteins or pathways. The potential
importance of synergistic heterozygosity has been recently
recognized for human metabolic disorders,30 prompting the

consideration of this phenomenon in the development of
other multigenic traits, possibly including human autoim-
mune diseases. In this study we have shown that compound

heterozygosity for two genes encoding PI3K pathway reg-
ulators induces both CD4+ T-cell dysfunction, manifested
by excess cytokine production, and an augmented humoral
response to a T-dependent antigen.
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