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Schiff base-mediated co-stimulation primes the T-cell-receptor-dependent

calcium signalling pathway in CD4 T cells

SIMON R. HALL & JOHN RHODES Departmentof Immunology and Virology, GlaxoSmithKline Research and Development,

Medicines Research Centre, Stevenage, UK

SUMMARY

In addition to macromolecular interactions that provide co-stimulation during antigen-presenting
cell (APC) and CD4% T-cell conjugation, covalent chemical events between specialized ligands
have been implicated in T-cell co-stimulation. These take the form of transient Schiff base
formation between carbonyls and amines expressed on APC and T-cell surfaces. Small Schiff
base-forming molecules, such as tucaresol, can substitute for the physiological donor of carbonyl
groups and provide co-stimulation to T cells, thereby functioning as orally active immuno-
potentiatory drugs. The Schiff base co-stimulatory pathway in T cells has been partially
characterized in terms of changes in Na™ and K™ transport, and activation of the mitogen activated
protein kinase (MAPK) ERK2. In the present study, the effects of Schiff base co-stimulation
by tucaresol on the T-cell receptor (TCR)-dependent pathway leading to Ca®' release were
investigated. Schiff base co-stimulation by tucaresol was found to prime for enhanced TCR-
dependent phospholipase C-y phosphorylation, inositol 1,4,5-triphosphate production, and Ca**
mobilization that correlated with functional enhancement of interleukin-2 production in primary
T cells. The effects on Ca>" occurred comparably in Jurkat and primary CD4 " T cells responding
to anti-CD3 monoclonal antibody. Enhancement of the Ca®" response required a 10-min priming
period and was prevented by prior covalent ligation of cell-surface free amino groups by sulpho-
N-hydroxy succinimido-biotin; clofilium-mediated inhibition of tucaresol-induced changes in
intracellular K*; and selective inhibition of the MAPK pathway. The data are consistent with
a priming mechanism in which late co-stimulation-triggered events exert a positive influence on
early TCR-triggered events. In additional studies of murine T cells expressing trans-gene TCRs,
tucaresol was likewise shown to prime for enhanced Ca>* mobilization in response to physiological
TCR-engagement by MHC-peptide complexes.

INTRODUCTION

The response of CD4™" T helper (Th) lymphocytes to ligation
of the clonally distributed T-cell receptor (TCR) is pivot-
ally regulated by co-stimulatory signals, many of which are
provided by macromolecular interactions during antigen-
presenting cell (APC) to T-cell conjugation.'> In addition,
transient covalent chemical events in the form of Schiff base
formation between carbonyls and amines expressed on APC
and T-cell surfaces have been implicated in the co-stimulatory
mechanism.> ¢ Small exogenous Schiff base-forming molecules
such as tucaresol can substitute for the natural donor of

Received 5 December 2000; revised 4 June 2001; accepted 12 June
2001.

Correspondence: Dr S. R. Hall, Immunology, Building 6,
GlaxoSmithKline Research and Development, Medicines Research
Centre, Stevenage, SG1 2NY, UK. E-mail: srh18219@gsk.com

carbonyl groups to provide a co-stimulatory signal to T cells.”
This form of co-stimulation activates Na* and K™ transport’
and converges with TCR-dependent signalling at the level of
the mitogen activated protein kinase (MAPK) ERK2.?
Previous studies have shown that simultaneous Schiff base-
mediated co-stimulation does not affect the TCR-dependent
Ca>" signal. Schiff base-mediated co-stimulation by tucaresol,
in protocols where the co-stimulatory signal precedes the TCR-
dependent signal, substantially enhances TCR-dependent
interleukin-2 (IL-2) production, favouring a Thl profile of
cytokine production.” Because it is orally bioavailable and
systemically active, tucaresol provides a unique mechanism-
based therapeutic strategy to potentiate the immune system.”

Intracellular free Ca>" is a principal second messenger in
mammalian cells generated in response to a wide range of
receptor-mediated events initiated at the plasma membrane.'?
TCR signal transduction events involving Ca** share many
of the general characteristics of such cascades.'* !¢ As a result
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of TCR activation, phospholipase C-y1 (PLCy1) is recruited to
the plasma membrane through the action of p36 LAT, an
adaptor protein, where it is activated by tyrosine phosphoryla-
tion. This leads to the hydrolysis of membrane lipids and
release of the second messengers inositol 1,4,5, triphosphate
(IP;) and diacylglycerol (DAG). IP; binds to p39™" phos-
phorylated receptors on the membrane of the endoplasmic
reticulum to stimulate the mobilization of Ca*" from intra-
cellular stores. This early increase in intracellular free Ca**
is followed by a sustained phase of mobilization dependent
on an influx of extracellular Ca®* through channels not yet
precisely characterized. A principal downstream target of
cytoplasmic Ca®t is the Ca*"/calmodulin-dependent serine
phosphatase, calcineurin.!” A constitutively active form of
calcineurin mimics the effects of Ca*" ionophore in promoting
T-cell activation, and in conjunction with activated Ras, is
sufficient to induce IL-2 transcription.'® Calcineurin acts on
nuclear factor of activated T cells (NFAT) transcription factors
that translocate to the nucleus and interact with activator
protein-1 (AP-1) binding co-operatively to the NFAT/AP-1 site
in the IL-2 gene, providing one positive pathway to the induc-
tion of IL-2." However, other Ca2+/calmodulin-dependent
pathways are also likely to be important in regulating IL-2
production and the recently identified CaM-kinase has also
been shown to function in this role.?® Recent evidence indicates
a role for the intensity of calcium signalling in diverting T-cell
responses towards Thl, providing an intracellular signalling
mechanism by which immune deviation may occur.>' Because
intracellular free Ca”" is central to the transmission of TCR-
dependent signals, and may influence Thl polarization, this
aspect of T-cell activation could provide a pivotal target for
co-stimulatory signals regulating the outcome of TCR ligation.
In the present study, the effects of prior Schiff base-mediated
co-stimulation of T cells on the subsequent triggering of the
TCR-dependent Ca>* signalling pathway was investigated.

MATERIALS AND METHODS

Preparation of human T cells and T-cell lines

Blood was obtained from healthy human volunteers and
peripheral blood mononuclear cells (PBMCs) were isolated
using Lymphoprep (Life Technologies, Paisley, UK). CD4 ™"
T cells were prepared by immunomagnetic negative selection.
Cells were incubated with saturating concentrations of anti-
CD14, anti-DR, anti-CD20, anti-CDS8 and anti-CD56 (Becton
Dickinson, San Jose, CA) for 30 min at room temperature.
Cells were washed twice and Dynal beads (Dynal, Oslo,
Norway) coated with sheep anti-mouse immunoglobulin G
(IgG) and mouse anti-human CD8 were added, mixed and
incubated for 15 min at room temperature. Cells were then
incubated with a Dynal magnet and non-magnetic cells were
harvested. The separation process was repeated before the cells
were washed twice and resuspended in 30 mm HEPES-buffered
RPMI-1640 (Life Technologies, UK). The resultant population
was 90% or greater CD47 cells with the remaining con-
taminating cells (null cells) negative for the depletion markers.
Jurkat J6 cells were maintained in continuous culture in RPMI-
1640 medium containing penicillin and streptomycin supple-
mented with 10% fetal bovine serum (Flow Laboratories,
Calne, UK).
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Preparation of murine T cells

Mice transgenic for the DO11.10 apTCR?*? specific for the
ovalbumin peptide (OVAszy3_339) were maintained on a
BALB/c genetic background. Heterozygous mice more than
75% positive for VB expression by flow cytometric (FCM)
analysis were maintained in isolators. BALB/c mice were
obtained from Charles River Breeding Laboratories (Margate,
UK). DO11.10 spleens were collected, and pooled cell suspen-
sions were subjected to red blood cell lysis. CD4% T cells
were purified using a CD4 enrichment column (R + D Systems,
Abingdon, UK) according to the manufacturer’s instructions.
This yielded a population that was 90% or greater CD4™"
murine T cells.

T-cell stimulation

TCR-CD3 stimulation was carried out by first adding cross-
linking goat anti-mouse IgG antibody (Sigma, Poole, UK)
followed 1 min later by mouse anti-CD3 monoclonal anti-
body (mAb; OKT3, American Type Culture Collection,
Rockville, MD) at the specified concentration. This provided
a precise zero time-point for anti-CD3 ligation. Tucaresol
co-stimulation was performed by preincubating cells for
10 min at 37°. Simultaneous co-stimulation was achieved by
adding tucaresol at the same time as the cross-linking antibody.

Stimulation of naive murine T cells was performed using
T-depleted BALB/c splenocytes (APC) pulsed for 1 hr with
20 um OVA peptide (P ISQAVHAAHAEINEAGR*?) at
37°. These were pelleted with T cells at a 1:1 ratio using
brief centrifugation at 300 g. Following a 3-min incubation
period, the cells were analysed for Ca®* mobilization as
described below. Control T cells were activated using non-
peptide-pulsed APC.

The selective inhibitor of MEK, 2-(2"-amino-3'methoxy-
phenyl)-oxanaphthalen-4-one (provided by David Miller,
GlaxoSmithKline, Stevenage, UK) was added 30 min prior
to tucaresol at a concentration of 25 pum. Sulpho-N-hydroxy
succinimido-biotin (S-NHS biotin) (Pierce and Warriner,
Tattenhall, UK) was added at a concentration of 100 um for
1 hr to ligate reactive cell surface amino groups before wash-
ing the cells and subjecting them to tucaresol treatment.
Clofilium tosylate (Research Biochemicals International,
Natick, MA), a selective inhibitor of clofilium-sensitive K*
channels, was added at a concentration of 30 um 1 min prior to
tucaresol treatment.

Measurement of TCR-dependent phosphorylation of PLCy

Jurkat cells were suspended in 30 mm HEPES-buffered RPMI
and prewarmed at 37° for 10 min. Tucaresol was added at the
concentrations shown with phosphate-buffered saline (PBS)
as a vehicle control. Anti-mouse IgG (Sigma) was added at a
final concentration of 20 pg/ml and incubated with the cells
for 2 min. The anti-CD3 antibody (Clone OKT3, ATCC)
was added at a final concentration of 20 pg/ml for 1 min.
Cells were snap frozen in liquid nitrogen and then lysed in 1%
n-octyl glucoside, 10 mm Tris pH 8-:0, 50 mm NaCl, 10 mm
iodacetamide, 10 mm sodium orthovanadate, 2 mwm ethylene-
diaminetetraacetic acid (EDTA), 1 mm phenylmethylsulphonyl
fluoride (PMSF), 0-:076 TIU/ml aprotinin, 10 pg/ml chymo-
statin, 10 pg/ml leupeptin and 10 pg/ml pepstatin (Sigma). The
lysate was separated from insoluble material by centrifugation
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for 5 min at 11000 g. Following the addition of sample loading
buffer (125 mm Tris pH 6-8, 4% (w/v) sodium dodecyl sulphate
(SDS), 20% (w/v) glycerol, 0-2 m dithiothreitol (DTT), 0-013%
(w/v) bromophenol blue (Sigma), samples were boiled for
10 min at 100°, prior to loading the equivalent of 4 x 10° cells/
track onto 4-20% gradient SDS-polyacrylamide gels. Proteins
were transferred to polyvinyl difluoride membrane (Millipore,
Watford, UK) by semi-dry electroblotting; membranes were
blocked to prevent non-specific binding of detecting reagents
using 5% bovine serum albumin (Sigma) in TBS. Phosphory-
lated PLCy was detected using the pY783 polyclonal antibody
(Biosource International, Nixelles, Belgium) followed by goat
anti-rabbit  horseradish  peroxidase-conjugated antibody
(Sigma) and then exposure to -electrochemiluminescence
(ECL) reagents (Amersham, UK). PLCy protein was
detected using mixed mAb (Upstate Biotechnology, Lake
Placid, NY) followed by goat anti-mouse horse radish
peroxidase-conjugated antibody (Sigma) and then exposure
to ECL reagents (Amersham).

Measurement of IP;

Jurkat J6 cells (10°) were incubated in 100 pl of 30 mm HEPES-
buffered RPMI-1640 at 37° before the addition of 15 pg/ml
goat anti-mouse IgG followed 1 min later by 15 pg/ml OKT3
for 1 min. Tucaresol prestimulation (50 um and 300 pum) was
for 10 min. Extraction was performed by the addition of
27 ul of 10% perchloric acid with incubation at 4° for 10 min.
The samples were centrifuged at 12000 g for 2 min and
the supernatant was neutralized before measurement of IP;
content using a radioligand binding assay.?

Measurement of Ca’" signalling

Jurkat J6, and CD4" T cells were suspended in 30 mm
HEPES-buffered RPMI-1640 and loaded with 3 um Fluo-3
AM and 8 um Fura-red AM (Molecular Probes Europe,
Leiden, the Netherlands) for 30 min at 37° in the presence of
pluronic F127 detergent (Sigma) at a final concentration of
0-05%. Cells were then washed and suspended at 5 x 10%/ml and
warmed to 37° for 10 min prior to use. The concentration of
intracellular free Ca®™ was measured ratiometrically as a func-
tion of time using a Coulter XL-MCL flow cytometer (Coulter,
Miami, FL). The mean ratio of Fluo-3/Fura-red fluorescence
was recorded during the acquisition time—course and expressed
graphically to indicate Ca®* flux.

Measurement of p42Ip44 M APK activity

Following the experimental treatments, cells were lysed in 20 pl
of extraction buffer containing glycerophosphate (50 mwm),
EGTA (1-5 mm), benzamidine (1 mm), DTT (1 mm), NazVOy
(0-5 mm), PMSF (0-1 mm), pepstatin (1 pg/ml), aprotinin
(10 pg/ml) and leupeptin (20 pum). After 15 min on ice, lysed
cells were centrifuged at 14000 g for 10 min at 4° and the
supernatant was harvested. MAPK activity was measured
using the Biotrak p42/p44 MAP Kinase Enzyme System
(Amersham Life Science) as previously described.® Briefly,
15 ul of lysate was used to determine [y-**PJATP phosphoryla-
tion of a specific substrate peptide under standard conditions
for 30 min at 30° according to the manufacturer’s instruc-
tions. Results were determined by liquid scintillation spec-
trometry and expressed as pmol of phosphate transferred
per minute per 10° cells.

Measurement of IL-2 generation

PBMCs (1 x 10° in 200 pl) were activated by anti-CD3 coated
onto tissue culture plastic at 10 pg/ml following pretreatment
for 10 min in the absence or presence of tucaresol, ranging in
concentration from 50 pm to 600 pm. After 24 hr, cell-free
supernatants were collected and assayed for IL-2 content using
commercial kits (Quantikine, R & D Systems). The amount
of cytokine was calculated by reference to a simultaneously
prepared standard curve.

RESULTS

Schiff base co-stimulation primes for enhanced TCR-induced
PLCy phosphorylation

PLCy phosphorylation is among the principal TCR-proximal
signalling events essential in T-cell activation. Schiff base
co-stimulation by tucaresol for a 10-min period prior to TCR
stimulation by cross-linked anti-CD3 significantly enhanced
TCR-dependent PLCy phosphorylation in a dose-dependent
manner in Jurkat cells (Fig. 1). The effect of tucaresol exhibiting
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Figure 1. Differences in the phosphorylation of PLCy following
tucaresol treatment and anti-CD3 activation in Jurkat cells. Proteins
from cell equivalents corresponding to 4 x 10° cells were resolved by
4-20% gradient SDS-PAGE, transferred to PVDF membrane and then
probed with anti-phospho-specific PLCy (a). Intensity of the bands
was measured by densitometry and is shown in (b). The filter was
stripped and re-probed with anti-PLCy (c) to demonstrate that the
differences were not due to different protein loading in the tracks
(d). Unstimulated cells (lane 1) have no phosphorylated PLCy, anti-
CD3 activation induces PLCy phosphorylation (lane 2), which is
enhanced by 10 pm (lane 3), 50 um (lane 4), 100 um (lane 5) and
300 pv (lane 6) tucaresol with a bell-shaped dose-response profile.
Tucaresol alone at 10 pm (lane 7) and 300 um (lane 8) does not induce
PLCy phosphorylation. The data are representative of three separate
experiments.
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a charactersitic bell-shaped dose-response with maximal
enhancement at 100 um. No phosphorylated PLCy was
present in unstimulated cells and tucaresol alone did not
induce PLCy phosphorylation.

Schiff base co-stimulation by tucaresol primes for enhanced
IP; generation

Activated PLCy leads to the hydrolysis of membrane lipids
and release of the second messengers IP; and DAG. We
therefore next investigated the effect of tucaresol priming
on the production of IP; as measured using a radioligand-
binding assay. The generation of IP; measured in response
to stimulation with cross-linked anti-CD3 was substantially
increased by a 10-min priming exposure to tucaresol (50 pm).
At a higher tucaresol concentration (300 pM) no enhance-
ment was observed, demonstrating the characteristic bell-
shaped dose-response in IP; priming (Fig. 2). Previously
published negative results on IP; were also obtained at the
high (300 pm) dose.®

Effect of Schiff base co-stimulation by tucaresol on
the TCR-CD3-induced Ca?* response in T lymphocytes

IP; binds to p59™" phosphorylated receptors on the membrane
of the endoplasmic reticulum to stimulate the mobilization of
Ca®* from intracellular stores. The effect of tucaresol prim-
ing on TCR-dependent calcium release was therefore investi-
gated next. Stimulation of the TCR complex with cross-linked
anti-CD3 induced a rapid rise in intracellular free Ca>* that
peaked within 2 min and was sustained unchanged over the
subsequent 2 min in Jurkat cells (Fig. 3a). Priming with
tucaresol (50 pum) for 10 min prior to the TCR-CD3 directed
stimulus resulted in a more rapid Ca®" response to cross-
linked anti-CD3. Co-stimulatory priming by tucaresol also
elevated the TCR-CD3-dependent Ca®" response to approx-
imately twice the level of non-co-stimulated cells, and this
enhancement was sustained throughout the 4-min period
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Figure 2. Enhancement of anti-CD3-induced IP; generation by
tucaresol. Jurkat cells were treated with cross-linked anti-CD3 at a
concentration of 5 pg/ml for 1 min. Pre-treatment with tucaresol at
50 pM, but not 300 pwM, significantly increases the generation of 1Pz in
response to the activation stimulus. The basal IP; level measured after
1 min of activation with the cross-linking antibody alone is unaffected
by tucaresol treatment at either 50 pm or 300 pum. Data shown are
means+ SEM of three separate experiments.

© 2001 Blackwell Science Ltd, Immunology, 104, 50-57

of observation (Fig. 3a). Tucaresol treatment given simulta-
neously with cross-linked anti-CD3 stimulation has been
shown not to increase the TCR-dependent rise in intracellular
free Ca?" whether at high (300 um)® or lower (unpublished
data) doses. In primary CD4* T cells TCR stimulation by anti-
CD3 produced an initial rapid rise in intracellular free Ca*"
followed by a gradual decline over the 4-min time-course.
Tucaresol (50 um) added 10 min before the TCR-directed
stimulus induced a more rapid Ca>" response that also peaked
at a higher level (Fig. 3b). This enhanced signal declined over
the 4-min time—course.

The data in Fig. 4 show that the effect of tucaresol on
the TCR-dependent Ca>" response in CD4 " primary T cells
exhibits a bell-shaped curve. The data shown are maximum
Ca®* responses induced by the standard TCR-CD3 stimulus
following priming by tucaresol at the concentrations indicated.
A bell-shaped dose-response curve is highly characteristic of
the immunopotentiatory effects of tucaresol.”

Effect of Schiff base co-stimulation by tucaresol on TCR-CD3
induced IL-2 generation in T lymphocytes

In order to establish the functional significance of the enhanced
calcium signal, the effects of Schiff base co-stimulation by
tucaresol on IL-2 production were examined over the same
time—course and under the same conditions. A 10-min priming
period by tucaresol was sufficient to enhance IL-2 production
in response to CD3 ligation in PBMC. Enhancement was
seen at 50, 100, 200 and 300 pm and inhibition at 600 pm
(Fig. 5). This is a somewhat broader dose-response than seen

Mean calcium ratio

Mean calcium ratio

Time (min)

Figure 3. The enhancement of calcium flux in T cells following
tucaresol treatment. Cross-linked anti-CD3 induced elevation in
intracellular calcium in (a) Jurkat cells and (b) human CD4" T cells.
IgG was added at the time indicated by (]) and anti-CD3 at (]).
PBS control treatment (A) shows no change in calcium concentration
when compared to basal levels. There is a sustained rise with anti-CD3
in Jurkat cells and a more transient rise and gradual decline in CD4*
cells ([(J). 50 pm tucaresol added 10 min before the antibody treatments
induces a more rapid and greater calcium mobilization that in Jurkat
cells is maintained for the 4-min time-course (@). The data shown are
the mean of three observations from one donor or batch of cells and
are representative of three separate assessments.
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Figure 4. Tucaresol has a bell-shaped dose-response profile of calcium
flux enhancement in CD4" T cells. A 10-min pretreatment with
tucaresol at the concentration indicated results in an enhanced mean
maximum intracellular calcium level with a bell-shaped dose-response
curve. CD4 " cells were activated with cross-linked anti-CD3 at 15 ug
per ml. The time taken to achieve the maximal response was 1 min
and did not differ significantly between tucaresol-treated samples and
controls.
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Figure 5. Tucaresol has a bell-shaped dose-response profile of IL-2
enhancement in T cells. A 10-min pretreatment with tucaresol at the
concentrations indicated results in an enhanced mean maximum
IL-2 generation compared to cells not pretreated with tucaresol. This
enhancement was evident at 50, 100, 200 and 300 um concentra-
tions of tucaresol. PBMC were activated with plastic coated anti-CD3
at 10 pg/ml. Cell-free supernatants were collected after 24 hr and
subjected to an IL-2 ELISA. Data shown depict mean+ SEM of
triplicate samples and are representative of two experiments. Control
samples not exposed to activating antibodies had no detectable 1L-2
generation (data not shown).

in the calcium response and is consistent with the the fol-
lowing general features invariably observed for the tucaresol
dose-response. In the absence of accessory cells the tucaresol
bell-shaped curve is narrow and peaks at a lower concen-
tration. In the presence of accessory cells the bell-shaped
curve is broader and peaks at a higher concentration. Effects
on MAPK in the absence of accessory cells (below and in
previous studies®) exhibit a broader dose—response curve.

Ligation of cell surface amines inhibits the tucaresol-induced
enhancement of Ca>* mobilization

Tucaresol is believed to act through Schiff base-formation on
cell surface amines, mimicking events that occur physiologi-
cally. However, tucaresol can readily enter cells where it could
exert effects at other loci. It is therefore important to know if
the effects of co-stimulation by tucaresol on the TCR-CD3-
induced Ca’" pathway are dependent on covalent reactions
with cell surface amino groups. This can be addressed by

blockade of cell-surface Schiff base-forming amines through
irreversible covalent ligation with S-NHS-biotin.” The data
in Fig. 6 show that this pretreatment prevented subsequent
tucaresol priming for an enhanced TCR-CD3-induced Ca*"
signal. Interestingly, while S-NHS-biotin treatment alone had
no effect on the TCR-CD3 induced Ca** signal, tucaresol
priming of S-NHS-biotin-treated cells resulted in an inhibition
of the TCR-CD3-dependent Ca>" response. Conceivably, this
could be due to diversion of tucaresol to another locus of
action in cells with blocked cell-surface Schiff base-forming
groups where its effects are inhibitory rather than potenti-
atory. Such inhibitory effects are known to occur with other
Schiff base-forming aldehydes acting at the level of NFAT.**

Blocking the activity of clofilium-sensitive K* channels inhibits
the tucaresol-induced enhancement of Ca>* mobilization

Tucaresol has been shown to produce a rapid and substan-
tial fall in the level of intracellular K* in T cells and this
effect is inhibited by the ion-channel antagonist clofilium.’
This K* channel antagonist also prevents tucaresol-induced
enhancement of TCR-dependent IL-2 production. The data in
Fig. 7 show that pretreatment of cells for 1 min with clofilium
tosylate prevented the priming effects of tucaresol on the TCR-
CD3-dependent Ca’* signal. Clofilium tosylate also reduced
the Ca®" signal to anti-CD3 stimulation alone indicating that
K* fluxes are involved in the TCR-dependent Ca®" signal
independently of the effects of tucaresol. The initial rapid rise
in response to CD3 cross-linking was less affected by clofilium
than the subsequent sustained elevation, suggesting that
clofilium-sensitive export of K* may be more important in
driving the influx of extracellular Ca®" rather than early release
of Ca®* from intracellular stores.

Selective inhibition of MEK inhibits the tucaresol-induced
enhancement of Ca>" mobilization

To determine further the dependency of tucaresol priming
on intracellular events, the effects of selective inhibition of
the MAPK pathway were investigated on priming of the
TCR-CD3-dependent Ca”* signal. This study employed the
well-characterized selective inhibitor 2-(2’-amino-3'-methoxy-
phenyl)-oxanaphthalen-4-one.>>?® The data in Fig. 8(a)
show that inhibition of MEK partially prevented the prim-
ing effect of tucaresol on the TCR-CD3 Ca’" response.
The profile of inhibition indicates a partial inhibition of
the enhanced initial rapid rise in Ca*" and a more complete
inhibition of the tucaresol-dependent sustained elevation
of Ca*". As expected, MEK inhibition produced no effect
on the TCR-CD3-induced Ca’" signal in the absence of
priming by tucaresol. Inhibition of tucaresol-induced MAPK
activation by the MEK inhibitor was also assessed in a
functional assay of MAPK activation, as previous studies
of this inhibitor were confined to band-shift assays.® Prior
incubation for 30 min with the MEK inhibitor (25 um), before
stimulation with cross-linked anti-CD3, produced substantial
inhibition of MAPK activity in response to combined tucaresol
and TCR-CD3 stimulation (Fig. 8b).
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Figure 6. Ligation of cell surface amines with S-NHS biotin completely
inhibits the tucaresol-induced enhancement of calcium flux in Jurkat
cells. The enhancement of the anti-CD3-induced calcium response in
Jurkat cells is completely inhibited by prior treatment for 1 hr with
S-NHS biotin at a concentration of 100 pm. 5 pg/ml IgG (]) and
anti-CD3 (]) were added at the times indicated and the treatment
groups were as follows: Anti-CD3 alone (), S-NHS Biotin/anti-CD3
(@), 50 u™ tucaresol/anti-CD3 (A) and S-NHS Biotin/50 um tucaresol/
anti-CD3 (V). S-NHS biotin alone has no effect on the control anti-
CD3 response, but in tucaresol-treated samples the calcium flux is less
than in the controls, suggesting that there are additional effects with
the combined stimulus.
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Figure 7. The enhanced calcium flux induced by tucaresol in Jurkat
cells is inhibited by prior treatment with clofilium tosylate. Tucaresol-
mediated enhancement of anti-CD3 induced calcium flux in Jurkat
cells ([J), is largely inhibited by pretreatment of cells with 30 pum
clofilium tosylate for 1 min (V). The initial sharp rise in calcium
is less affected than the subsequent sustained phase, and this suggests
that clofilium-sensitive K channels are implicated in the process
whereby an influx of extracellular calcium follows the emptying of
intracellular stores. The sustained calcium signal induced by anti-CD3
without tucaresol (M) is also inhibited by clofilium tosylate pretreat-
ment (A), indicating that K™ flux is also important in TCR-mediated
signalling in the absence of tucaresol.

Schiff base co-stimulation by tucaresol primes for enhanced
Ca”" mobilization during physiological TCR ligation

In order to confirm that priming effects of tucaresol on Ca*"
mobilization are not confined to mAb-induced activation, we
examined the response of DO11.10 murine T cells, expressing
OVA peptide-specific trans-gene TCRs, to peptide pulsed
APC. The data in Fig. 9 show that stimulation of CD4 " naive
T cells by peptide-pulsed APC produced a Ca’>" response
significantly greater than the background response seen in
the absence of peptide. Priming the T cells with tucaresol at
50 um and 300 um for 10 min before stimulation produced
a significant elevation in the antigen-induced Ca*" response
compared to the control. The enhanced signal was maintained
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Figure 8. The selective inhibitor of MEK partially prevents the
enhancement of calcium mobilization induced by tucaresol. Inhib-
ition of the tucaresol’s enhancement of the anti-CD3-induced calcium
response by the MEK inhibitor is shown in (a). Cells treated with
anti-CD3 alone ([J) or with anti-CD3 and 25 ym MEK inhibitor
pretreatment (@) show an equivalent calcium rise. Tucaresol priming
significantly enhances the anti-CD3 response (A). The MEK inhibitor
produces a partial inhibition of the initial rapid calcium rise induced by
tucaresol/anti-CD3 and the sustained component of tucaresol-induced
enhancement is completely inhibited (W¥). Data in (b) demonstrate a
synergistic increase in MAPK activity of Jurkat cells activated with
combined tucaresol (300 um) and anti-CD3. This enhancement is
inhibited by pretreatment with the MEK inhibitor.

180

160
i | '
120
g 1 111
0
20pm OVApeptide .=t/ =+, =+,

Control Tucaresol Tucaresol
50pum  300um

Mean calcium ratio

T-cell treatment

Figure 9. Tucaresol primes for enhanced calcium responses in CD4 ™"
T cells activated physiologically. An enhancement of calcium mobi-
lization is seen in CD4™ naive T cells derived from the OVA trans-
genic mouse. Stimulation of T cells by OVA-peptide-pulsed APC
produces a calcium response significantly higher than the background
level obtained from activation with unpulsed APC. Priming of the
T cells with tucaresol at 50 pm and 300 pm generated a calcium signal
significantly higher than that seen in the control, and this was
maintained for the duration of the time course. Data shown here are
representative of three separate experiments.

for the entire 10-min time-course. Tucaresol enhancement
occurred across a broader dose-range than for anti-CD3
induced respones — a consistent feature seen in the presence of
accessory cells/APC. Presumably the additional co-stimulation
provided by the latter may alter the balance between TCR
and co-stimulatory signals and thereby shift the tucaresol
dose-response relationship.
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DISCUSSION

The importance of Ca®* in T-cell activation is evident from
the fact that combining Ca®>* ionophore with a phorbol
ester that bypasses the TCR to activate directly protein kinase
C (PKC) and Ras, provides a sufficient signal for IL-2 produc-
tion.'® This importance is reinforced by the observation that
a principal site of action of the immunosuppressive drugs
cyclosporin and FK3506 is cytosolic calcineurin, a Ca®*/
calmodulin-dependent serine phosphatase that acts on NFAT
transcription factors.!” The latter translocate to the nucleus
where they interact with AP-1 to bind co-operatively to the
NFAT/AP-1 site in the IL-2 gene.'® Downstream of PLCy
phosphorylation and IP; generation, the mechanisms of
calcium release and the sustained elevation of intracellular
free calcium remain relatively poorly understood.'> Favoured
models have postulated an important role for an IP; receptor
cloned from Jurkat cells which appears to mediate IPs-
dependent release of Ca>" from stores in the endoplasmic
reticulum. These stores are replenished by sarcoplasmic/
endoplasmic reticulum Ca>* ATPases (SERCA). The type |
IP; receptor is phosphorylated on tyrosine by p59™® provid-
ing an additional TCR-dependent positive element for
increased [Ca’"];. A plasmalemmal IPs-gated channel and
capacitative entry through calcium-activated plasma mem-
brane calcium channels have also been discussed. A recent
study has implicated an additional principal mediator of
the TCR-dependent Ca?" signal in the form of a cytosolic
ADP-ribosyl cyclase that generates cADP ribose, a natural
compound that mobilizes Ca®" ions in several types of
eukaryotic cell.?® The target for this mediator appears to be
the type-3 ryanodine receptor—Ca’" channel through which
the sustained increase in intracellular Ca®* is achieved. This
second messenger may act in temporal sequence with the
initial IP; mediated events to produce the sustained phase
of Ca" elevation.

We have previously shown that simultaneous Schiff
base-mediated co-stimulation by tucaresol has no effect on
TCR-CD3-dependent calcium signalling (ref. 8 and unpub-
lished observations). The chief significance of the present study
is that it shows a priming effect of Schiff base co-stimulation
by tucaresol on this pivotal pathway, and this is shown to
correlate with enhanced IL-2 production by primary T cells.
Thus, PLCy phosphorylation, IP; generation and the release
of intracellular free calcium in response to TCR stimulation
were substantially enhanced by a 10-min priming exposure to
tucaresol. This enhancement was prevented by inhibition of
the tucaresol-induced signalling events characterized in pre-
vious studies, namely, the rapid formation of Schiff bases on
cell surface amines (inhibited by S-NHS-biotin blockade),
the subsequent activation of monovalent cation transport
(inhibited by clofilium), and the activation of MAPK (pre-
vented by inhibition of MEK activity). Importantly, the
simultaneous stimulation with tucaresol that fails to amplify
the TCR-dependent calcium signalling pathway also fails
to enhance IL-2 production which invariably requires a
co-stimulatory priming period.”® The co-stimulatory priming
observed here, and its prevention by inhibitors of down-
stream events, is therefore consistent with a mechanism in
which late co-stimulatory events exert a positive influence
on early TCR-mediated signalling events. This differs from

the conventional picture of co-stimulation as an exclusively
downstream integration of contemporaneous, convergent
events and provides a mechanism for amplification of the
TCR-dependent signal at a number of levels.

Given the importance of TCR-dependent elevation of
[Ca®"]; in the activation of IL-2 transcription, enhancement
of this signal by tucaresol is likely to contribute substantially
to the enhanced production of IL-2 seen with this form of
co-stimulation. In naive T-cells, tucaresol favours a Thl profile
of cytokine production in that TCR-induced IL-2 and
interferon-y production are enhanced while the Th2 cytokines
IL-4 and IL-6 are unaffected’ or down-regulated at the level
of mRNA (unpublished observations), although the mecha-
nistic basis for this has remained unknown. The present study
suggests a potential mechanism whereby tucaresol may favour
Thl responses. Recent studies of the differentiation of T cells
towards Thl or Th2 suggest that the intensity of Ca’"
signalling may be a principal intracellular determinant in the
immune deviation mechanism, with increased Ca®* signalling
associated with differentiation to the Thl phenotype.?!

The mechanism of TCR ligation by physiological ligand
provides for subtle regulation of T-cell responses at a number
of levels upstream of CD3-mediated activation. It is therefore
important to know if calcium signalling induced by physio-
logical ligation of the TCR is susceptible to enhancement by
Schiff base-mediated co-stimulation in the same way as anti-
CD3 initiated signalling. The data obtained using trans-gene
TCR ligation by peptide-major histocompatibility complex,
confirm the potential of tucaresol to enhance physiological
responses to antigen at the level of Ca®" and thus contribute to
our understanding of how tucaresol mediates antigen-specific
immunopotentiatory effects in vitro and in vivo.
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