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Summary

Human intestinal lamina propria T lymphocytes (LPT), when investigated ex
vivo, exhibit functional properties profoundly different from those of periph-
eral blood T lymphocytes (PBT). One prominent feature represents their
enhanced sensitivity to CD2 stimulation when compared to PBT. Given that
LPT are hyporesponsive to T cell receptor (TCR)/CD3 stimulation, an alter-
native activation mode, as mimicked by CD2 triggering in vitro, may be
functional in mucosal inflammation in vivo. This study provides insight into
signalling events associated with the high CD2 responsiveness of LPT. When
compared to PBT, LPT show an increased activation of the phosphoinositide
3/protein kinase B/glycogen synthase kinase 3b (PI3-kinase/AKT/GSK-3b)
pathway in response to CD2 stimulation. Evidence is provided that
up-regulation of this pathway contributes to the enhanced CD2-induced
cytokine production in LPT. Given the importance of TCR-independent
stimulation for the initiation of intestinal immune responses analysis of sig-
nalling pathways induced by ‘co-stimulatory’ receptors may provide valuable
information for therapeutic drug design.
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Introduction

The intestinal mucosa represents the body’s largest interface
with its environment - the latter containing a multitude of
repeatedly occurring foreign antigens. Under normal condi-
tions lamina propria lymphocytes are reduced in their ability
to mount an adaptive immune response: T lymphocytes
when isolated from the normal human intestinal lamina
propria are poor responders towards antigen receptor trig-
gering, a finding that correlates well with in situ analysis
where very few T cells proliferate [1–3]. Furthermore,
mucosal myeloid cells express only low levels of
co-stimulatory molecules (e.g. CD58, CD80/86) and CD14
[4–6]. Under inflammatory conditions, however, monocytes
expressing these co-stimulatory molecules are present in the
lamina propria and enable lamina propria T lymphocytes
(LPT) to mount immune responses towards luminal anti-
gens [7]. Importantly, LPT from normal tissue respond vig-
orously to CD2 (receptor for CD58) triggering in vitro
compared to autologous peripheral blood T lymphocytes
(PBT) [1,8–10]. CD2 stimulation represents an alternative
‘non-specific’ mode of T cell activation [11,12], suggesting
that T lymphocytes - in addition to antigen-specific

immune responses - can also subserve an ‘innate’ immune
function, e.g. when homing to mucosal surfaces.

While recent data provide conclusive evidence regarding
the mechanisms of how adaptive T cell receptor-driven
responses are prevented in the healthy lamina propria [13],
so far the molecular basis for the enhanced CD2 responsive-
ness of LPT has not been elucidated in detail. In this study we
analysed the CD2-induced activation of the phosphoi-
nositide 3-kinase/protein kinase B/glycogen synthase kinase
3b (PI3/AKT/GSK-3b) pathway in isolated CD4+ lPT and
PBT, and its potential contribution to the high cytokine pro-
duction in LPT was investigated.

Materials and methods

Reagents

CD2 monoclonal antibodies M1 and M2 were produced in
our own laboratory. Mouse monoclonal antibody (mAb)
3PT was kindly provided by Drs S. F. Schlossman and E. L.
Reinherz (Dana-Farber Cancer Institute, Boston, USA).
Ly294002, Calyculin A as well as phospho-GSK-3b (Ser9),
phospho-AKT (Ser473 and Thr308), and AKT-specific
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antibodies were purchased from Cell Signalling Technology
(Danvers, MA, USA). GSK-3b mAb was obtained from BD
Bioscience (Heidelberg, Germany).

Tissues/samples

All human studies were approved by the ethics committee of
the University of Heidelberg and were performed in accor-
dance with the principles laid down in the Declaration of
Helsinki. Informed consent was obtained from the patients.
Gut specimens were derived from individuals undergoing
resection for localized colon cancer or benign colonic
diseases. Colonic mucosa, being microscopically normal, was
dissected from the surgical specimen near the resection
margin and processed immediately for isolation of lamina
propria cells.

Preparation of T lymphocytes

Lamina propria mononuclear cells were isolated according
to a modified method of Bull and Bookman [14]. Briefly,
the mucosal layer was dissected from the fresh tissue and
washed extensively in RPMI-1640 (Invitrogen, Karlsruhe,
Germany) and antibiotics. Mucus as well as part of the epi-
thelial cells were removed by carefully scraping the tissue
surface with a scalpel. Subsequently, the mucosa was cut
into 2–4 mm pieces and incubated in a shaking waterbath
at 37°C with 0·7 mM ethylenediamine tetraacetic acid
(EDTA) (Sigma, Munich, Germany) in Hanks’ balanced salt
solution (HBSS) without Ca2+ and Mg2+ for 45 min to
remove epithelial cells. This incubation was repeated twice.
After extensive washing the tissue was digested in a shaking
waterbath at 37°C for 10–12 h by 45 U/ml collagenase
(Sigma) and 27 U/ml deoxyribonuclease I (Sigma) in
RPMI-1640 containing 2% fetal calf serum (FCS) (Sigma),
2% l-glutamine (Invitrogen) and antibiotics. The resulting
cell suspension was separated from undigested tissue by fil-
tration through a 70 mm nylon mesh (Becton Dickinson,
Heidelberg, Germany). For further isolation of lamina
propria T lymphocytes, the cell suspension was subjected to
Percoll (GE Healthcare, Munich, Germany) density gradi-
ent centrifugation. CD4+ lPT were purified using anti-CD4+

magnetic beads (Invitrogen). Briefly, lamina propria lym-
phocytes were incubated with anti-CD4 magnetic beads
and separated from unlabelled cells using the MPC-L
magnet (Invitrogen). Subsequently, beads and antibody
were released from the cells by a polyclonal anti-Fab anti-
body specific for the CD4 antibody on the Dynabeads
(Invitrogen) [purity > 98% as determined by fluorescence
activated cell sorter (FACS) analysis]. Peripheral blood was
taken during the operation. Peripheral blood CD4+ T cells
were obtained by Ficoll-Hypaque (GE Healthcare) density
gradient centrifugation and magnetic beads separation as
described above. For preparation of CD45RO+ CD4+ PBT
lymphocytes were subject to negative magnetic cell separa-

tion using CD45RA MicroBeads (Miltenyi) prior to purifi-
cation of CD4+ T lymphocytes (see above).

Stimulation of T lymphocytes

CD4+ PBT and CD4+ lPT were cultured in the presence of
soluble CD2 mAb M1 (1 mg/ml), M2 (1 mg/ml) and 3PT
(0·33 mg/ml) for the indicated time-periods in the absence of
TCR/CD3 stimulation. No cytokines were added.

Gene expression analysis

PBT (5 ¥ 105) (or CD4+ PBT) and LPT (or CD4+ LPT) were
collected in 300 ml lysis buffer from the MagnaPure mRNA
Isolation Kit I (Roche Diagnostics, Mannheim, Germany)
and mRNA was isolated with the MagnaPure-LC device
using the mRNA-I standard protocol. The elution volume
was set to 50 ml. An aliquot of 8·2 ml RNA was reverse tran-
scribed using avian myeloblastosis virus reverse transcriptase
(AMV-RT) and oligo-(dT) as primer (first-strand cDNA
synthesis kit, Roche Diagnostics) according to the manufac-
turer’s protocol in a thermocycler. After termination of the
cDNA synthesis, the reaction mix was diluted to a final
volume of 500 ml and stored at -20°C until polymerase chain
reaction (PCR) analysis. Primer sets optimized for the Light-
Cycler (RAS, Mannheim, Germany) were developed and
provided by SEARCH-LC GmbH (Heidelberg, Germany).
The PCR was performed with the LightCycler FastStart DNA
Syber Green I kit (RAS) according to the protocol provided
in the parameter-specific kits. To control for specificity of the
amplification products, a melting curve analysis was
performed. No amplification of unspecific products was
observed. The number of transcripts was calculated from a
standard curve, obtained by plotting known input concen-
trations of four different plasmids at log dilutions to the
PCR-cycle number (CP) at which the detected fluorescence
intensity reaches a fixed value. This approach reduced varia-
tions dramatically due to handling errors over several loga-
rithmic dilution steps. To correct for differences in the
content of mRNA, the calculated transcript numbers were
normalized according to the expression of the housekeeping
gene cyclophilin B. Values were thus given as transcripts per
1000 transcripts of CPB.

Measurement of interleukin (IL)-2 production

Cells (2 ¥ 105/well) were cultured in round-bottomed
microtitre plates (Nunc, Wiesbaden, Germany) in RPMI-
1640 supplemented with 10% FCS, 2% l-glutamine and
antibiotics as well as reagents, in a total volume of 200 ml/
well. After 60 h, the supernatants were harvested, cleared by
centrifugation and frozen at -20°C until assayed. The IL-2
content of the supernatants was determined by a cytokine-
specific enzyme-linked immunosorbent assay (ELISA) (BD
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Bioscience, Heidelberg, Germany). The tests were performed
according to the manufacturer’s instructions.

Preparation of cell extracts and Western blot analysis

Whole cell extracts of CD4+ PB-T and CD4+ LP-T were pre-
pared as described previously [15]. Briefly, cells were resus-
pended in 40 mM Tris (pH 8·0), 60 mM sodium-PPi, 10 mM
EDTA, 100 nM Calyculin A and lysed by addition of an equal
volume of 10% sodium dodecyl sulphate (SDS) and boiling
for 20 min. Cell extracts were resolved by 12% SDS-
polyacrylamide gel electrophoresis (PAGE), transferred onto
a polyvinylidene difluoride (PVDF) membrane (Pall,
Dreieich, Germany) and stained with the appropriate anti-
body. Following incubation with horseradish peroxidase-
conjugated goat anti-mouse (dilution : 10 000; Dianova,
Hamburg, Germany) or goat anti-rabbit (dilution 1 : 2000;
Cell Signalling Technology, Danvers, MA, USA) immuno-
globulin (IgG) the signal was visualized by enhanced
chemiluminescence (GE Healthcare, Munich, Germany).
Densitometric analysis was performed using a scanner (GS-
800; Biorad, Munich, Germany) and Quantity One Software
(Biorad). The phosphorylation index was determined as
follows: phospho-AKT or phospho-GSK-3b levels were nor-
malized based on total AKT and GSK-3b levels, respectively.
Phospho-AKT and phospho-GSK-3b levels after 1 h of CD2
stimulation were set to 1. Phosphorylation levels at all other
conditions were calculated as a fraction/multiple of 1.

Statistical analysis

Where indicated, data are presented as the mean � standard
deviation/standard error of the mean or as box plots. The
probability of differences was assessed using Student’s paired
t-test. P-values < 0·05 were considered as significant.

Results

CD2-induced phosphorylation of AKT and GSK-3b is
enhanced in LPT compared to PBT

The PI3-kinase pathway is involved in cytokine gene tran-
scription [e.g. IL-2, interferon (IFN)-g] in response to
co-stimulatory signals such as those delivered through the
CD28 receptor [16,17]. Here, we have analysed the
phosphorylation/activation state of two major downstream
mediators of PI3-kinase, namely the serine/threonine
kinases AKT and GSK-3b [18,19], in both resting and CD2-
activated CD4+ PBT as well as CD4+ LPT, the latter isolated
from healthy human mucosal tissue. While AKT activity is
induced following phosphorylation at Ser473 and Thr308
[20–22], the constitutively active GSK-3b can be inactivated
functionally by AKT-dependent phosphorylation at Ser9
[23,24]. As shown in Fig. 1a, resting LPT show a higher
degree of phosphorylation of GSK-3b at Ser9 than PBT

(average increase 1·6 � 0·4-fold; n = 4). Treatment of LPT
with the PI3-kinase inhibitor LY294002 [25] at a maximal
inhibitory concentration of 10 mM reduces significantly the
constitutively enhanced GSK-3b phosporylation, suggesting
that the latter results at least in part from basal in vivo activ-
ity of PI3-kinase.

In response to CD2 stimulation, both AKT (Ser473) and
GSK-3b (Ser9) phosphorylation increase strongly in LPT
(Fig. 1a,b): 15 min after initiation of CD2 activation AKT
and GSK-3b phosphorylation are clearly detectable in LPT
[AKT (Ser473)]: average increase of 8·3 � 2·2 above basal
levels; n = 3; GSK-3b (Ser9): average increase of 3·8 � 1·5
above basal levels; n = 5) but only marginally increased in
PBT [AKT (Ser473)]: average increase of 2 � 0·4 above basal
levels; n = 3; GSK-3b (Ser9): average increase of 1·5 � 0·3
above basal levels; n = 5). Treatment with Ly294002 (10 mM)
completely inhibits CD2-induced AKT phosphorylation at
Ser473 in both LPT and PBT (time-point 15 min; Fig. 1a)
and 1 h (data not shown). This confirms that in both cell
populations AKT activity is controlled predominantly by the
PI3-kinase pathway. Unlike AKT phosphorylation, Ly294002
treatment (10 mM) inhibits CD2-induced GSK-3b phospho-
rylation only partially at 15 min of stimulation (74 � 11%
inhibition; n = 3; Fig. 1a) and 1 h (data not shown). Kinetic
analysis reveals that at all time-points tested during a 4-h
stimulation period, phosphorylation levels of AKT at Ser473
remain significantly higher in LPT when compared to PBT
(Fig. 1b,c). Peak activation levels during this time-period
exist 30 min to 1 h after CD2 engagement in both cell
populations. Similarly, AKT phosphorylation at Thr308
(although only weakly detectable under the experimental
conditions employed) is enhanced in LPT when compared to
PBT at 15 min to 1 h of CD2 stimulation (2 h and 4 h not
tested). CD2-induced GSK-3b phosphorylation in LPT also
exceeds that in PBT after a stimulation period of 15 and
30 min (Fig. 1b,c). However, at later time-points, similar
GSK-3b phosphorylation levels are observed in the two cell
populations.

Up-regulation of PI3-kinase pathway activation
contributes to high CD2-induced cytokine/CD40L
gene expression in LPT

Activation of freshly isolated CD4+ LPT from healthy colonic
mucosa by a mitogenic combination of CD2 mAbs induces
significantly higher IL-2 gene expression (Fig. 2a, left panel)
and secretion (Fig. 2a, right panel) than by autologous CD4+

PBT. Similar to IL-2, CD2-induced expression of the genes
encoding granulocye–macrophage colony-stimulating factor
(GM-CSF), tumour necrosis factor (TNF)-a, IFN-g and
CD40L is also enhanced (Fig. 2b; shown is the ratio of
mRNA expression of CD4+ LPT/CD4+ PBT after CD2
stimulation). The enhanced expression of all genes analysed
in LPT and PBT, respectively, is not due to different kinetics
in the two cell populations. Figure 2c shows data for IL-2 and
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CD40L responses that are representative for all other cyto-
kines tested. While activation of the PI3-kinase pathway
through CD2 stimulation [26] has been studied with regard
to up-regulation of integrin activation [27,28] and cytoskel-
etal reorganization [29], its involvement in CD2-mediated
cytokine production has not been demonstrated as yet. As
shown in Fig. 3a, Ly294002 treatment inhibits significantly
CD2-induced IL-2, IFN-g and GM-CSF gene expression in
both PBT and LPT in a dose-dependent manner, indicating
that the PI3-kinase pathway contributes to optimal CD2-
induced IL-2/IFN-g/GM-CSF gene transcription. Similar
results were obtained for TNF-a and CD40L (data not
shown). Inhibition of CD2-induced PI3-kinase activity by
Ly294002 (0·5–1 mM) in LPT to levels induced in PBT
(comparable AKT phosphorylation; Fig. 3b) results in
a significant decrease in IL-2 (19 � 12%-40 � 9%; n =
3–6), IFN-g (39 � 4%-44 � 14%; n = 3–6) and GM-CSF
(21 � 9%-45 � 18%; n = 3–6) gene expression (Fig. 3a) as
well as TNF-a (16 � 7%-26 � 9%; n = 3–6) and CD40L
(17 � 5–27 � 11%; n = 3–6) gene expression (data not
shown) in LPT. This indicates that the up-regulation of the
PI3-kinase pathway contributes to the enhanced CD2-
induced cytokine and CD40L gene expression in LPT when
compared to PBT.

Up-regulation of the PI3-kinase pathway in
CD2-activated LPT is unrelated to their
CD45RO+ phenotype

Differential CD2-induced PI3-kinase pathway activation and
cytokine production by PBT and LPT could, perhaps, result
from the differing composition of T cell subsets in the two
compartments: whereas the T cell population in the intestinal
lamina propria consists almost exclusively of CD45RO+
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Fig. 1. Enhanced CD2-induced phosphorylation of protein kinase B

(AKT) and glycogen synthase kinase 3b (GSK-3b) in lamina propria T

lymphocytes (LPT). (a) CD4+ peripheral blood T lymphocytes (PBT)

and LPT were cultured in the presence or absence of CD2 monoclonal

antibody (mAb) M1 (1 mg/ml), M2 (1 mg/ml) and 3PT (0·33 mg/ml)

for 15 min. Ly294002 was added 30 min prior to stimulation. The

phosphorylation state of GSK-3b (Ser9) and AKT (Ser473) was

determined by immunoblotting of whole cell extracts. Results are

representative of at least three independent experiments.

*Non-specific band. The phosphorylation index of GSK-3b (Ser9)

(lower panel) was determined as described in Materials and methods.

Data are expressed as mean � standard deviation (s.d.) (n = 3). (b)

CD4+ PBT and LPT were cultured in the presence or absence of

CD2 mAb M1 (1 mg/ml), M2 (1 mg/ml) and 3PT (0·33 mg/ml) for the

indicated time-periods. The phosphorylation state of GSK-3b (Ser9)

and AKT (Ser473) was determined by immunoblotting of whole cell

extracts. Results are representative of at least three independent

experiments. *Non-specific band. (c) Densitometric determination of

the phosphorylation index of AKT (Ser473 and Thr308; upper panels)

and GSK-3b (Ser9; lower panel) in CD4+ PBT and LPT in response to

CD2 activation. Data are expressed as mean � s.d. (n = 2–8).
�
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T cells (~90%) [30,31], the blood population contains
approximately equal numbers of CD45RA+ and CD45RO+ T
cells [32,33]. To address this possibility, we compared phos-
phorylation levels of AKT and GSK-3b as well as cytokine
production in CD2-activated CD45RO+ CD4+ PBT with total
CD4+ PBT. As shown in Fig. 4a, both AKT (Ser473) and
GSK-3b (Ser9) phosphorylation are similar in both cell popu-
lations following CD2 stimulation. Note that basal GSK-3b
phosphorylation is increased in CD45RO+ PBT when com-
pared to CD4+ PBT (average increase 1·5 � 0·6-fold; n = 3) to
a similar extent as in LPT when compared to PBT (average
increase 1·6 � 0·4-fold; see above). CD2-triggered IL-2 secre-
tion is not enhanced in CD45RO+ CD4+ PBT in comparison to
total CD4+ PBT (Fig. 4b). A 1·7–2-fold increased induction of
cytokine/CD40L gene expression can be observed in
CD45RO+ CD4+ PBT (Table 1); however, this increase is lower
than that observed in LPT when compared to PBT, in particu-
lar with regard to IL-2, GM-CSF and IFN-g.

Discussion

The body’s outer surfaces are exposed permanently to
foreign antigens yet contain vast numbers of immunocom-
petent cells. This is particularly true for the intestinal
mucosa, where large numbers of T lymphocytes and myeloid
cells of the lamina propria are in close proximity to an enor-

mous load of microbial and nutritional antigens. Adaptive
immune responses in this microenvironment would lead to
immunization and clonal expansion of antigen reactive T
cells with the result of chronic inflammation. Importantly,
adaptive T cell responses are controlled tightly in the human
lamina propria by a number of mechanisms, including pro-
duction of inhibitory cytokines such as IL-10 [34] and
TGF-b by epithelial cells [35], cysteine metabolism [13] and

Fig. 2. Enhanced cytokine/CD40L production

by CD2-activated lamina propria T

lymphocytes (LPT). Isolated peripheral blood

T lymphocytes (PBT) and LPT were activated

by CD2 monoclonal antibody (mAb) M1

(1 mg/ml), M2 (1 mg/ml) and 3PT (0·33 mg/ml).

(a) After 4 h, interleukin (IL)-2 mRNA

expression was determined by quantitative

reverse transcribed polymerase chain reaction.

Culture supernatant was harvested after 24 h,

and the IL-2 content was determined by

enzyme-linked immunosorbent assay (detection

limit 16 pg/ml). Results are representative of at

least three independent experiments. (b) Ratio

cytokine (and CD40L) mRNA expression of

CD4+ LPT/CD4+ PBT after CD2 stimulation for

4 h (box plot diagrams showing median, 25th

and 75th percentile, minimum and maximum;

n = 5). (c) Time–course of CD2-induced IL-2

and CD40L mRNA expression in PBT and LPT.

Results are representative of three independent

experiments.
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RO+CD4+PBT/CD4+PBT* CD4+LPT/CD4+PBT*

IL-2 1·7 � 0·3 21·6 � 3·6

GM-CSF 2·0 � 0·6 18·8 � 8·7

TNF-a 1·7 � 0·3 4·1 � 0·9

IFN-g 1·8 � 0·3 10·7 � 3·8

CD40L 1·9 � 0·3 3·0 � 0·5

*Cells were activated by CD2 monoclonal antibpdy M1 (1 mg/ml),

M2 (1 mg/ml) and 3PT (0·33 mg/ml). After 4 h, cytokine/CD40L mRNA

expression was determined by quantitative reverse transcribed poly-

merase chain reaction. Normalization was performed as described in

Materials and methods. Ratios are expressed as mean � standard error

of the mean (n = 3–5). GM-CSF: granulocyte–macrophage colony-

stimulating factor; IL: interleukin; IFN: interferon; TNF: tumour necro-

sis factor.
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low expression of co-stimulatory molecules on myeloid cells
[4]. Accordingly, the differentiation state of LPT is clearly
distinct from that of PBT. One prominent feature of LPT is
their inability to proliferate in response to T cell receptor/
CD3 directed stimuli in vitro [1,36]. However, T cells of the
intestinal lamina propria do not represent an anergic T cell
population, e.g. due to chronic antigen exposure: unlike T
lymphocytes that have been ‘tolerized’ through antigen
receptor engagement [11], LPT respond vigorously when
stimulated through the CD2 receptor [1,8–10], or in the
context of autologous monocytes from circulating blood, or
in the presence of 2-ME [4,13]. It is therefore tempting to
speculate that an alternative mode of activation that can be
mimicked by CD2-mediated stimulation enables T lympho-
cytes to fulfil an ‘innate’ immune function when homing to
the intestinal mucosa.

As yet, few studies have addressed the molecular mecha-
nisms underlying this enhanced CD2 responsiveness. In this

regard, increased thioredoxin production has been shown to
contribute to the high CD2-inducible cytokine production
in LPT [37]. Furthermore, differential usage of promoter
elements regulating IFN-g expression in PBT and LPT has
been demonstrated [38]. In the present report we provide
evidence for an enhanced up-regulation of the PI3-kinase
pathway in CD4+ LPT when compared to CD4+ PBT follow-
ing CD2 stimulation. When LPT from healthy colonic
mucosa and autologous PBT, respectively, are activated
through CD2, in vitro phosphorylation of the serine/
threonine kinase AKT at Ser473 is enhanced significantly in
LPT as opposed to PBT. Furthermore, inhibitory Ser9 phos-
phorylation of GSK-3b, a direct target of AKT, is also
increased in LPT when compared to PBT, at least during the
initial period of CD2 stimulation. The PI3-kinase inhibitor
Ly294002 completely blocks CD2-induced AKT phosphory-
lation and markedly inhibits GSK-3b phosphorylation in
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interferon (IFN)-g and granulocyte–macrophage colony-stimulating

factor (GM-CSF) mRNA expression was determined by quantitative

reverse transcribed polymerase chain reaction. Relative inhibition (in

percentage) of cytokine/CD40L gene expression by Ly294002 is

shown. Data are expressed as mean � standard deviation (n = 3–6).

The effectiveness of cytokine/CD40L inhibition was tested statistically

for 1 mM Ly294002 (n = 6). (b) CD2-induced AKT phosphorylation in

CD4+ PBT and lamina propria T lymphocytes (LPT) in the presence

or absence of Ly294002 was quantified by densitometry (n = 3–4).
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Fig. 4. Protein kinase B glycogen synthase kinase 3b (AKT/GSK-3b)

phosphorylation and cytokine/CD40L gene expression in

CD2-activated CD45RO+ CD4+ peripheral blood T lymphocytes

(PBT) and total CD4+ PBT. (a) CD4+ PBT and CD45RO+ PBT were

cultured in the presence or absence of CD2 monoclonal antibody

(mAb) M1 (1 mg/ml), M2 (1 mg/ml) and 3PT (0·33 mg/ml) for the

indicated time-periods. The phosphorylation state of GSK-3b (Ser9)

and AKT (Ser473) was determined by immunoblotting of whole cell

extracts. The phosphorylation index of AKT (Ser473 and Thr308;

upper panels) and GSK-3b (Ser9; lower panel) was determined as

described in Materials and methods. Data are expressed as

mean � standard deviation (n = 3). (b) Isolated CD4+ PBT and

CD45RO+ PBT were activated by CD2 mAb M1 (1 mg/ml), M2

(1 mg/ml) and 3PT (0·33 mg/ml). After 4 h, IL-2 mRNA expression was

determined by quantitative reverse transcribed polymerase chain

reaction. Culture supernatant was harvested after 24 h and the IL-2

content was determined by enzyme-linked immunosorbent assay

(detection limit 16 pg/ml). Results are representative of three

independent experiments.
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LPT, indicating that these phosphorylation events are con-
trolled solely (AKT) or significantly (GSK-3b) by the PI3-
kinase pathway. The enhancement of Ly294002-sensitive
AKT/GSK-3b phosphorylation in CD2-stimulated LPT
therefore reflects an up-regulation of the PI3-kinase pathway
in this cell population in comparison to PBT.

Further investigations will address the signalling events
causing the enhanced CD2-induced AKT phosphorylation
in LPT. In particular, it will be examined whether the latter
is due to inactivation of the lipid phosphatase PTEN by
thioredoxin [39], a thiol disulphide oxidoreductase highly
expressed in LPT [37]. It also remains to be analysed as to
whether the residual Ser9 phosphorylation of GSK-3b in the
presence of saturating concentrations of LY294002 is related
to the kinetics of reversible phosphorylation in the PI3-
kinase pathway and/or, alternatively, up-regulation of other
signalling pathways in LPT such as those regulating protein
kinase C, protein kinase A, p90rsk kinase and/or
extracellular-regulated kinase (ERK)activity. These kinases
have all been shown to phosphorylate GSK-3b directly at
Ser9 - or at least prime it for subsequent phosphorylation
[24,40]. Differential regulation of the above-mentioned sig-
nalling events in PBT versus LPT may also account for the
discrepancy between similar GSK-3b phosphorylation but
lower AKT phosphorylation in PBT in comparison to LPT at
1–4 h of CD2 stimulation.

The role of the PI3-kinase pathway for CD2-induced
expression of the IL-2, TNF-a and CD40L gene expression is
evident from the fact that these responses are reduced sig-
nificantly in the presence of LY294002 in both cell
populations. That up-regulation of PI3-kinase pathway acti-
vation in LPT indeed contributes to the high cytokine/
CD40L expression in response to CD2 stimulation is
demonstrated by the fact that inhibition of this pathway to
levels induced in PBT clearly reduces cytokine/CD40L gene
expression in LPT. Downstream mechanisms by which PI3-
kinase activation contributes to up-regulation of gene
expression may involve AKT-dependent nuclear factor
kappa B (NF-kB) activation [41,42] or nuclear retention of
nuclear factor of activated T cells (NFAT) due to GSK-3b
inhibition [43].

Apart from regulating cytokine gene expression, the PI3-
kinase/AKT pathway is involved in the control of cellular
metabolism and promotes cell survival and cell cycle pro-
gression [44–48]. Up-regulation of this pathway in LPT may
lead, therefore, to enhanced cell cycling. Interestingly, a
recent report demonstrated that the cell-doubling time fol-
lowing CD2 activation of LPT is markedly shorter than that
of PBT. This was associated with increased Rb phosphoryla-
tion [49]. Note that Rb phosphorylation is influenced nega-
tively by inhibition of PI3-kinase in T lymphocytes [44].

The reasons for the altered signalling state in activated
LPT remain unknown. It cannot be attributed to the high
proportion of CD45RO+ T lymphocytes within the LPT
population, as the CD2-induced PI3-kinase pathway activa-

tion is not up-regulated in CD45RO+ T lymphocytes com-
pared to total T lymphocytes. Moreover, CD2 expression
levels are similar in both PBT and LPT. We have also carefully
excluded that any of the functional and molecular features
that we have described to be characteristic for LPT are
related to the preparation procedure.

Importantly, protective effects of PI3-kinase inhibitors
have been demonstrated recently in two experimental
animal models of chronic inflammation [50,51]. It may
therefore be interesting to investigate whether targeting the
PI3-kinase pathway would be a useful therapeutic strategy to
control inflammation in the human intestine in the case of
inflammatory bowel disease.
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