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Multiple cytokines sharing the common receptor y chain can induce
CD154/CD40 ligand expression by human CD4™ T lymphocytes
via a cyclosporin A-resistant pathway

JOHN D. FAYEN Department of Pathology, Case Western Reserve University, Cleveland, OH, USA

SUMMARY

Expression of CD154/CD40 ligand (CD154/CD40L), an important molecular component of CD4*
T-cell help, can be triggered by T-cell receptor (TCR) stimulation. Dephosphorylation of the
transcriptional element Nuclear Factor of Activated T cells-1 (NFAT]1) is a critical activation step
in the TCR-initiated signal transduction cascade which promotes CD154/CD40L expression.
Cyclosporin A (CsA), which interferes with NFAT1 activation, has been shown to be an effective
inhibitor of TCR-triggered CD154/CD40L expression by resting T cells. We now report that
recombinant interleukin-2 (rIL-2) is also capable of inducing CD154/CD40L on CD4* T
lymphoblasts via a pathway triggered independently of the CD3/TCR receptor complex.
Recombinant IL-2-mediated CD154/CD40L expression, in contrast to that triggered by CD3/
TCR stimulation, is only partially inhibited by CsA. The capacity of rIL-2 to induce CD154/CD40L
expression by T lymphoblasts also extends to a restricted number of cytokines sharing the cytokine
receptor common v chain, including IL-15, and, to a lesser extent, IL-7, but not IL-4. A similar CsA-
resistant CD154/CD40L induction pathway can be triggered in primary T cells by the combination
of anti-CD3 stimulation and recombinant lymphokines. In contrast to T lymphoblasts, the
CsA-resistant CD154/CD40L induction in primary lymphocytes can be efficiently triggered by
multiple cytokines which bind the common vy chain receptor family. The data outline a novel
pathway of CD154/CD40L induction which is, at least in part, independent of NFAT1 and resistant
to CsA. A more complete understanding of the mechanisms governing CD154/CD40L expression

may facilitate the rational design of specifically targeted immunotherapeutic agents.

INTRODUCTION

CD154/CD40 ligand (CD154/CD40L) is a critical molecular
component of CD4" T-cell help. There is extensive evidence
supporting a role for CD154/CD40L in the maturation of
both humoral and cellular immune responses to antigenic chal-
lenge (reviewed in refs. 1-3). Although CD154/CD40L is not
found on resting CD4* T cells, its expression can be induced by
T-cell receptor (TCR) stimulation. Triggering stimuli include
antibodies directed against the CD3 complex,' * TCR engage-
ment during presentation of antigens® or superantigens,® and
mitogen exposure.’ '

Two independent lines of investigation have implicated the
transcriptional element Nuclear Factor of Activated T cells
(NFAT) as a key determinant of CD154/CD40L induction.
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First, the human CD154/CD40L gene has two NFAT binding
sites within its promoter region.!® Both sites mediate non-
redundant promoter function in reporter gene assays.'> Second,
TCR-mediated induction of CDI154/CD40L is substantially
inhibited by cyclosporin A (CsA).'*!? The inhibitory activity
of CsA is governed by its capacity to alter the function of the
cellular phosphatase calcineurin. Elevated levels of intracellular
calcium initiate calcineurin activation, which docks with and
removes phosphate groups from N-terminal residues of NFAT
(reviewed in refs. 19, 20). The dephosphorylated NFAT is then
transported into the nucleus, where, along with the companion
transcriptional element AP-1, it functions as a transactivator
of selected genes,'>*' including CD154/CD40L. Although
the inhibitory activity of CsA may in some cases extend to
transcriptional events mediated by Rel family members,* its
inhibition of CD154/CD40L induction has been ascribed to
interference with the functional activation of NFATI, the most
abundant NFAT isoform found in resting T cells.'>~7
Despite unequivocal evidence tying CDI154/CD40L
induction to NFAT1, NFAT1~/~ knockout mice have been
shown to express CD154/CD40L, albeit at reduced levels,?®
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suggesting the existence of NFATI1-independent induction
pathway(s) for CD154/CD40L. In the present report, we pro-
vide evidence for a novel cytokine-triggered CD154/CD40L
induction pathway which is, at least in part, resistant to the
inhibitory activity of CsA and independent of NFATI.

MATERIALS AND METHODS

Cells and cell lines

The human T-cell line Jurkat E6-1 and murine hybridomas
OKT?3 and 5¢c8 were obtained from the American Type Culture
Collection (Manassas, VA).

Peripheral blood mononuclear cells (PBMC) were isolated
from whole blood obtained from healthy human donors by
density gradient sedimentation, as previously described.? After
plastic adherence, primary T-cell populations were depleted
of contaminating monocytes and B cells by incubation with
Lympho-Kwik T (One Lambda, Canoga Park, CA) at 37° for
20 min, in accordance with the manufacturer’s protocol. Cells
were cultured in RPMI-1640 medium (GibcoBRL, Grand
Island, NY) supplemented with L-glutamine, penicillin/strepto-
mycin, and 10% fetal bovine serum (GibcoBRL) (complete
medium). T lymphoblasts were generated from stimulation of
human PBMC. After plastic adherence, PBMC were placed in
a 48-well plate (Costar, Corning, NY) at a density of 2 x 10°
cells per well in the presence of 50 ng/ml staphylococcal
enterotoxin B (SEB) (Sigma, St Louis, MO). After a 6-day
incubation, T-cell blasts were harvested, sedimented over
Ficoll-Paque Plus (Amersham Pharmacia, Uppsala, Sweden),
and washed. Contaminating monocytes and B cells were lysed
by exposure to Lympho-Kwik T (One Lambda). In some experi-
ments, T-cell lymphoblasts were partially depleted of CD8™"
T cells by exposure to anti-CD8-coated microbeads (Miltenyi
Biotec, Auburn, CA), followed by passage over a MS™ column
(Miltenyi Biotec) in a magnetic field. Lymphoblasts which
failed to bind to the column were used as responder cells after
extensive washing. T lymphoblast responder cell populations
were found to be >98% CD3-positive in routine preparations.

Proliferation assay

Responder T lymphoblasts were plated at 2x10° cells per
well in a 96-well plate (Becton Dickinson Labware, Franklin
Lake, NY) in the presence of serial dilutions of Proleukin/
recombinant interleukin-2 (rIL-2; Chiron, Emeryville, CA),
rIL-4, rIL-7, rIL-12, or rIL15 (PeproTech, Rocky Hill, NIJ).
The final volume in all wells was 200 pl. Each well was pulsed
with 0-5 pCi [PH]thymidine (ICN, Costa Mesa, CA) during
the last 16 hr of a 72-hr culture period and harvested onto a
glass fibre filter. [PH]thymidine incorporation was assessed by
a Betaplate scintillation counter (Wallac, Gaithersburg, MD).

CD154/CD40L expression by FACS analysis

Responder populations were plated in a 48-well plate
(1-0 x 10° cells per well for primary T cells, 0-5 x 10° cells per
well for T lymphoblasts) in 0-5 ml complete medium. In some
cases, the wells had been precoated overnight with 1 ug/ml
OKT3. Recombinant cytokines were added at 200 ng/ml. The
incubation period for each stimulus was 20 hr, except for
ionomycin (500 ng/ml) (Sigma), for which the incubation was
6 hr. CsA (Sigma) or FK506 were added, where indicated,

at a final concentration of 5 pg/ml. In some experiments,
responder T cells were preincubated with cycloheximide
(20 pg/ml) for 30 min and then washed once prior to stimula-
tion with rIL-2. Stimulated lymphoblasts were harvested and
stained with fluorescein isothiocyanate (FITC)-conjugated
anti-CD4 (DAKO, Carpenteria, CA) plus either phycoerythrin
(PE)-conjugated anti-CD154/CD40 (TRAPI1) (Pharmingen,
San Diego, CA) or a PE-conjugated isotype-matched control
monoclonal antibody (MOPC-21) (Pharmingen) in phosphate-
buffered saline (PBS) supplemented with 5% bovine serum
albumin and 1% sodium azide (Sigma). After a 1-hr incubation,
stained cells were washed and analysed on a FACStar flow
cytometry machine (Becton Dickinson, San Jose, CA).
Statistics were performed using CeLLQUEsT 3.0 software
(Becton Dickinson).

NFATI1 Western blot

Responder T-lymphoblast populations were harvested and
lysed in extraction buffer (1% Triton X-100 in 200 mm Tris
pH 7-5, 400 mm NaCl, 1 mm ethylenediaminetetraacetic acid,
I mm dithiothreitol, 5% glycerol) plus protease inhibitors,
using 10 pl of extraction buffer per 10° cells. Cellular lysates
were resolved by 7% sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransferred onto
a polyvinyldifluoride filter (NEN, Boston, MA) using a semi-
dry transfer cell (BioRad, Hercules, CA). After blocking in 5%
milk in PBS, the filter was blotted with a 1:2000 dilution
of anti-NFATI (Transduction Laboratories, Lexington, KY),
followed by a 1:3000 dilution of horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin G (IgG;
BioRad). Bands were visualized by incubation with West
Pico chemiluminescent substrate (Pierce, Rockford, IL) for
1 min, followed by X-ray film (Fuji Medical, Stamford, CT)
exposure and development. In some experiments, responder
T-lymphoblast populations were stained for CD154/CD40L
expression and sorted using a cell sorter prior to lysis. T lympho-
blasts were stained with a 1:5 dilution of 5¢8 hybridoma
supernatant, followed by a 1:100 dilution of FITC-conjugated
goat anti-mouse IgG (Boehringer Mannheim, Indianapolis,
IN). Stained cells were analysed on a flow cytometer and
sorted into two populations: CD154/CD40L-negative cells,
and lymphoblasts bearing the highest CD154/CD40L levels.
These subpopulations, each representing 20% of the total
lymphoblasts, were collected and lysed for Western blot
analysis.

RESULTS

SEB-stimulated T lymphoblasts proliferate in response
to rIL-2, rIL-4, rIL-7, and rIL-15

T lymphoblasts have been shown to express an array of
cytokine receptors, including members of the cytokine recep-
tor common 7y chain family (e.g. 1L-2, 1L-4, IL-7, IL-9 and
IL-15). Each of these cytokines possesses a unique range
of bioactivities, though all are recognized as T-cell growth
factors. The defining feature of this receptor family is its
heterodi- or -trimeric structure, with high-specificity binding
chain(s) unique for each cytokine coupled to a non-binding
common vy chain critical for receptor function (reviewed
in ref. 30).

© 2001 Blackwell Science Ltd, Immunology, 104, 299-306
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In order to screen for cytokines with the capacity to
induce phenotypic changes in helper CD4* T cells, recombi-
nant cytokines which share the cytokine receptor common
v chain were added to T lymphoblasts which had been
initially stimulated with the superantigen SEB. In agreement
with previous reports,3 1233 1IL-2, rIL-4, rIL-7 and rIL-15 all
demonstrated significant activity as growth factors for T-cell
lymphoblasts (Fig. 1). Recombinant IL-12, which is not a
member of this family of cytokines, failed to stimulate pro-
liferation, and served as a reproducible negative control in
these assays.

Recombinant IL-2, rIL-7 and rIL-15 induce CD154/CD40L
expression on CD4 " T-cell lymphoblasts

The capacity of this set of recombinant cytokines to induce
CD154/CD40L expression by T lymphoblasts was examined
next. Recombinant cytokines were used at a concentration
which exceeded that necessary to induce lymphoblast growth.
There was no significant expression of CDI154/CD40L by
unstimulated T lymphoblasts (Fig. 2a). Lymphoblasts stimu-
lated for 24 hr with either rIL-2 (Fig. 2b) or rIL-15 (Fig. 2f)
demonstrated expression of CD154/CD40L on a significant
number of CD4 7 cells. Of note, rIL-2-stimulated lymphoblasts
expressing CD154/CD40L were predominantly confined to
the CD4* subset, thus mimicking the restricted pattern of
CD154/CD40L expression in anti-CD3-stimulated lympho-
cytes.” '1* The percentage of cells expressing CD154/CD40L
after rIL-2 stimulation was approximately twice as high as
that induced by rIL-15 in multiple experiments (data not
shown). T-cell lymphoblasts stimulated by rIL-7 (Fig. 2d)
also expressed CD154/CD40L on a small subpopulation
of CD4™" cells. The IL-7-stimulated induction, though quanti-
tatively less than that induced by rIL-2 and rIL-15, was
reproducibly seen in lymphoblasts from multiple donors
(data not shown). In contrast, rIL-4, which showed activity
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Figure 1. Cytokines employing the common receptor y chain support
T-lymphoblast proliferation; 2 x 10° responder T lymphoblasts were
cultured in the presence of the indicated concentrations of selected
recombinant cytokines. Induction of [*H]thymidine incorporation
was determined during the last 18 hr of a 72-hr culture period.
Results are presented as the mean of [°H]thymidine incorporation
in triplicate wells +standard error. Representative results from one of
four experiments are shown.
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as a T-cell growth factor (Fig. 1), failed to induce CD154/
CD40L on a significant number of T lymphoblasts (Fig. 2¢).
Recombinant IL-12, which has been previously demonstrated
to augment anti-CD3-stimulated CD154/CD40L expression,**
failed to induce significant CD154/CD40L expression on
T-cell lymphoblasts (Fig. 2e). Assessment of the expression of
cytokine receptors by FACS analysis showed high levels of the
IL-2 receptor chains; IL-4 receptor expression was low (data
not shown). Thus, the differential activity of cytokines to
induce CD154/CD40L expression may reflect levels of cytokine
receptor expression on CD4* T lymphoblasts. In summary,
induction of CD154/CD40L was confined to a subset of the
cytokine family sharing the common receptor y chain, although
all demonstrated some activity as T-cell growth factors (Fig. 1).

The induction of CDI154/CD40L on T lymphoblasts
was further characterized by quantifying the induction of
CDI154/CD40L on T lymphoblasts stimulated by titred
amounts of rIL-2 and rIL-15. Recombinant IL-2 demon-
strated a lower threshold for inducing both T-lymphoblast
proliferation (Fig. 1) and CD154/CD40L expression (Fig. 3)
than rIL-15. The concentration of both rIL-2 and rIL-15
for triggering CD154/CD40L expression paralleled that for
triggering proliferation.

Cyclosporin A only partially inhibits the rIL-2-triggered
induction of CD154/CD40L on T lymphoblasts

Given the well-established inhibitory activity of CsA for
the induction of CDI154/CD40L on anti-CD3-stimulated
T cells,'®"” we next examined the inhibitory capacity of CsA
(and an inhibitor with similar activity, FK506) for cytokine-
triggered CD154/CD40L induction. Both CsA and FK506
abrogated CDI154/CD40L expression by T lymphoblasts
stimulated by either plate-bound anti-CD3 (Fig. 4b,c) or
ionomycin (Fig. 4e,f). In contrast, CD154/CD40L expression
induced by rIL-2 was only partially inhibited by CsA (Fig. 4h)
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Figure 2. Recombinant IL-2 and IL-15 induce CD154/CD40L expres-
sion by CD4™" T lymphoblasts; 5 x 10° responder T lymphoblasts were
cultured with the indicated cytokine (50 ng/ml) for 24 hr. Assessment
of surface expression of CD4 (x-axis) and CD154/CD40L ( y-axis)
was performed using directly conjugated monoclonal antibodies and
FACS analysis. The percentage of CD154" CD4" lymphoblasts is
indicated in the upper right hand corner of each panel. Representative
results from one of five experiments are shown.
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or FK506 (Fig. 4i). Inhibition of CD154/CD40L expression
by CsA or FK506 was routinely 20-30% for rIL-2-stimulated
T lymphoblasts, versus inhibition of greater than 90% for
anti-CD3-stimulated cells.
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Figure 3. Recombinant 1L-2 is a potent inducer of CD154/CD40L
expression. Responder T lymphoblasts were cultured in the indicated
concentrations of either rIL-2 or rIL-15. Assessment of CD154/CD40L
expression by CD4" T cells was performed using directly conjugated
monoclonal antibodies and two-colour FACS analysis, and the per-
centage of CD154% CD4™" lymphoblasts was graphed as a function of
recombinant cytokine concentration. Representative results from one
of three experiments are shown.
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Figure 4. CD154/CD40L expression by CD4* T lymphoblasts induced
by rIL-2 is partially resistant to the inhibitory activity of either CsA or
FK506; 5x 10° responder T lymphoblasts were stimulated by plate-
bound OKT3 (a,b,c), ionomycin (0-5 pug/ml) (d,e.f), or rIL-2 (50 ng/ml)
(g,h,1). Inhibitors of NFAT activation [CsA (b,e,h) or FK506 (c,f,i)]
were added to a final concentration of 5 pg/ml. Assessment of surface
expression of CD4 (x-axis) and CD154/CD40L ( y-axis) was performed
using directly conjugated monoclonal antibodies and FACS anal-
ysis. The percentage of CD154" CD4™" lymphoblasts is indicated in
the upper right hand corner of each panel. CD154/CD40L expres-
sion by unstimulated lymphoblasts was <1% in this experiment.
Representative results from one of three experiments are shown.

One plausible explanation for this resistance to CsA is
that rIL-2 drives the mobilization of previously synthesized
pools of CD154/CD40L from cellular stores. Cycloheximide,
an inhibitor of protein synthesis, completely abrogated
CD154/CD40L induction in T lymphoblasts (Fig. 5), suggest-
ing that rIL-2-stimulated surface expression of CD154/CD40L
reflects new protein synthesis.

rIL-2 induces NFAT1 dephosphorylation
in CD154/CD40L-expressing cells

CD154/CDA40L expression induced by rIL-2 stimulation, unlike
that induced by anti-CD3 stimulation, was only partially
inhibited by CsA and FK506 (Fig. 4). Three hypotheses
were put forward to explain this differential susceptibility to
CsA inhibition: (1) rIL-2-induced CD154/CD40L expression
results from a pathway entirely independent of NFATI,
with partial inhibition reflecting an interaction between CsA
and a target other than NFAT; (2) rIL-2-induced CD154/
CD40L expression results from NFATI1 activation and
dephosphorylation by a phosphatase other than calcineurin;
(3) rIL-2-induced CD154/CD40L expression results from
calcineurin-mediated NFAT1 dephosphorylation, although
this pathway’s standard CsA susceptibility is altered. In order
to discriminate between these hypotheses, the phosphorylation
status of NFAT1 in T lymphoblasts was investigated.

The phosphorylation status of NFATI was evaluated by
Western blot. Dephosphorylation of NFAT1 by calcineurin
results in an activated NFAT1 band which migrates faster in
SDS-PAGE than its resting counterpart.’>>**3 The calcium
ionophore ionomycin induced substantial dephosphorylation
of NFATI! (Fig. 6, lane 2) and served as a reproducible
positive control in these experiments. Anti-CD3 stimulation
induced partial NFATI1 dephosphorylation at early time-
points after stimulation (1-4 hr) (data not shown), consistent
with earlier reports.”> NFATI dephosphorylation was not
appreciated in the cellular lysates of unseparated T lympho-
blasts stimulated with rIL-2 (Fig. 6, lane 3); after cell
sorting, however, NFAT1 dephosphorylation was noted on
lymphoblasts expressing higher levels of CD154/CD40L
(Fig. 6, lane 4). In contrast, NFAT1 dephosphorylation was
not seen in rIL-2-stimulated T lymphoblasts treated with CsA
(Fig. 6, lanes 6, 7). Thus, analysis of the NFATI activation
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Figure 5. Cycloheximide inhibits rIL-2-driven CD154/CD40L induc-
tion. Responder cells were stimulated with rIL-2 (50 ng/ml) after a
30 minute preincubation in the absence (panel B) or presence (panel C)
of cycloheximide. Cell staining and FACS analysis was performed
as described in Figure 4. Shown are representative results from one

of three experiments.
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Figure 6. Recombinant IL-2 induces CsA-susceptible NFAT1 dephos-
phorylation in CD154/CD40L-expressing T lymphoblasts. T lympho-
blasts were cultured in the presence of rIL-2 (lanes 3-7) or left
unstimulated (lane 1). CsA (5 pg/ml) was added to a subset of rIL-2-
stimulated cells (lanes 6,7). After a 24-hr culture, surface expression
of CD154/CD40L by stimulated lymphoblasts was assessed using
indirect immunofluorescence and FACS analysis. Lymphoblasts were
sorted into rlL-2-stimulated populations expressing high levels
of CD154/CD40L (rIL-2H, designating 20% of the cells with the
highest expression) (lanes 4,6), and populations expressing no detect-
able CD154/CD40L (rIL-2L) (lanes 5,7). Cells were then lysed, and
the NFATI1 activation state was assessed by Western blotting.
The positions of the inactivated (phosphorylated) and activated
(non-phosphorylated) forms of NFATI are indicated to the right of
the blot. Lysates from lymphoblasts which had been stimulated with
ionomycin (and showed substantial NFAT1 dephosphorylation) were
used as a positive control (lane 2). Shown are representative results
from one of three experiments.

state by Western blotting disclosed this key finding: rIL-2-
stimulated T lymphoblasts expressed substantial amounts of
surface CD154/CD40L (Fig. 4, panel H) even when NFATI1
dephosphorylation was completely inhibited by CsA (Fig. 6,
lanes 6, 7), suggesting that NFAT1 dephosphorylation is not
an essential determinant of rIL-2-triggered CD154/CD40L
induction.

Multiple cytokines sharing the common receptor y chain
induce CsA-resistant CD154/CD40L expression
in primary T cells

Having documented CD154/CD40L induction by rIL-2 and
rIL-15 for T lymphoblasts, CsA susceptibility patterns for
CD154/CD40L induction in primary T lymphocytes were
investigated. We anticipated that rIL-2 and rIL-15 might
induce significant CsA-resistant CD154/CD40L expression
in primary T cells. Responder T cells were stimulated with
the combination of plate-bound anti-CD3 in the presence
of recombinant cytokines (Fig. 7a—f). Each of the selected
cytokines induced a modest increase in the percentage of
lymphocytes expressing CD154/CD40L. In all cases, CD154/
CD40L-expressing lymphocytes were predominantly confined
to the CD4* subpopulation (Fig. 7a—f).

CsA inhibited anti-CD3-stimulated CD154/CD40L expres-
sion in CD4" T lymphocytes by over 90% (Fig. 7g). As was
the case with T lymphoblasts (Fig. 2), both rIL-2, and, to a
lesser extent, rIL-15 induced significant CsA-resistant CD154/
CD40L expression in anti-CD3-stimulated T cells (Fig. 7h,]).
Surprisingly, both rIL-4 and rIL-7 also induced substantial
CsA-resistant CD154/CD40L expression. Although rIL-4 was

© 2001 Blackwell Science Ltd, Immunology, 104, 299-306
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Figure 7. Multiple cytokines which share the common y chain induce
CsA-resistant CD154/CD40L expression in anti-CD3-stimulated
primary CD4" T cells; 1 x 10® monocyte- and B-cell-depleted PBMC
were stimulated by plate-bound OKT3 (1 ug/ml) and the indicated
recombinant cytokine in the absence (a—f) or presence (g-1) of CsA
(5 pg/ml). Assessment of surface expression of CD4 (x-axis) and
CDI154/CD40L (y-axis) after 18-hr culture was performed using
directly conjugated monoclonal antibodies and FACS analysis. The
percentage of CD154" CD4* lymphocytes is indicated in the upper
right hand corner of each panel. CD154/CD40L expression by
unstimulated lymphocytes was < 1% in this experiment. No cytokine
induced a significant amount of CD154/CD40L surface expression in
the absence of OKT3 stimulation (data not shown). Representative
results from one of three experiments are shown.

a poor inducer of CD154/CD40L T lymphoblasts (Fig. 2c),
this cytokine was the most potent inducer of CsA-resistant
CD154/CD40L expression in primary lymphocytes obtained
from multiple donors (Fig. 7i). Thus, the capacity to induce
CsA-resistant gene expression is a property shared by multiple
members of the common receptor y chain family of cytokines.

DISCUSSION

The induction of CD154/CD40L triggered by TCR stimulation
has been previously shown to be dependent upon NFAT
binding sites within the CD154/CD40L promoter region.!>!®
As a consequence, TCR-triggered CD154/CD40L induction
can be inhibited by CsA.'®' Surprisingly, NFATI =
knockout mice maintain some capacity to produce CD154/
CD40L.?® This might be ascribed to redundant functional
activities by other NFAT isoforms (e.g. NFAT-2 and -4)
found in the lymphocytes of NFAT1 '~ knockout animals.
It must be noted, however, that these NFAT family members
remain fully susceptible to CsA inhibition.?****” Recombinant
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IL-2-triggered CD154/CD40L induction, in contrast, is
substantially resistant to the action of CsA (Figs 4, 7), sug-
gesting a degree of independence from the NFAT family of
transcriptional factors.

Recombinant IL-2 initiates CD154/CD40L induction with
two distinct patterns of CsA susceptibility. First, rIL-2-
triggered CD154/CD40L expression remains susceptible to
CsA in a subset of lymphoblasts, with a 20-30% loss of signal
in the presence of inhibitor (Fig. 4). This was accompanied
by CsA-susceptible NFAT1 activation in a subpopulation of
CD154/CD40L-expressing T Ilymphocytes (Fig. 6). TCR stim-
ulation induces a transient, high-amplitude calcium flux
which activates calcineurin, and subsequently results in NFAT
dephosphorylation. The pattern of TCR-triggered calcium
fluxes that initiates NFAT activation has not been previously
described in rIL-2-stimulated lymphoblasts. It should be noted,
however, that NFAT dephosphorylation and nuclear trans-
location can be induced by a sustained calcium flux of low
amplitude.®® This contrasts with the high-amplitude calcium
flux required for the activation of other transcription factors,
including the Rel family member NFkB.*® Thus, rIL-2
stimulation triggers CsA-susceptible CD154/CD40L expres-
sion apparently mediated by NFAT in a subpopulation of
T lymphoblasts.

Significantly, a second pattern of CsA susceptibility is
demonstrated for the larger population of stimulated lympho-
blasts. CD154/CD40L induction on the majority of rIL-2-
stimulated T lymphoblasts is resistant to the inhibitory activity
of both CsA and FK506 (Fig. 4). Substantial CD154/CD40L
expression in the face of complete inhibition of NFAT
activation (Fig. 6, lanes 6, 7) suggests the existence of an
NFAT-independent CD154/CD40L induction pathway initi-
ated through the IL-2 receptor. A recent report by Skov
et al. has demonstrated a similar pattern of CsA susceptibility
for rIL-2-stimulated CD154/CD40L expression in T lympho-
blasts stimulated by the combination of anti-CD3 and anti-
CD28.%° The cytoplasmic tail of the IL-2 receptor § chain is
a known interaction site for a variety of signalling kinases,
including JAKs, STATs, src family kinases and PI-3 kinase
(reviewed in refs 30, 40-42). Each of these represents a
possible site of initiation for the CsA-resistant signalling
cascade leading to CD154/CD40L expression. We speculate
that these two different CsA susceptibility patterns reflect two
discrete (and possibly independent) pathways for the induc-
tion of CD154/CD40L. The capacity of rIL-4 (as well as the
other common vy receptor cytokines) to induce CsA-resistant
CD154/CD40L expression in primary CD4% lymphocytes
(Fig. 7h-1) suggests that triggering the CsA-resistant pathway
is a function shared by the cytoplasmic domains of each of
the specific cytokine-binding receptors within this family.
Alternatively, the common receptor y chain itself may be key
signal-transducing component.

Along with one other very recent report,® this is the first
demonstration of cyclosporin-resistant CD154/CD40L induc-
tion. The phenomenon of cyclosporin resistance, however, has
been described in other genes for which NFAT is a major
transcriptional regulator. For example, TCR-triggered IL-2
production by T lymphocytes can be inhibited by CsA,'*""
reflecting the presence of critical NFAT sites within the
promoter region of the IL-2 gene.'>'® The addition of CD28
co-stimulation triggers IL-2 expression which is no longer

susceptible to CsA inhibition.***® It has been suggested that
the well-documented capacity of anti-CD28 co-stimulation to
induce IL-2 production may contribute to the CsA resistance
seen for some gene products.*> Similar patterns of CsA
resistance mediated by CD28 co-stimulation have been docu-
mented for several additional cytokines, including tumour
necrosis factor, interferon-y, and granulocyte-macrophage
colony-stimulating factor.**

Triggering stimuli other than anti-CD28 co-stimulation
have also been implicated in conferring CsA resistance. For
example, production of IL-5 by activated T lymphocytes can be
induced by rIL-2 via a CsA-resistant pathway.*’ In a similar
fashion, we have demonstrated CD154/CD40L induction in
SEB-stimulated T lymphoblasts by either rIL-2 or rIL-15
via a CsA-resistant pathway. The relationship between the
CsA-resistant pathway induced by CD28 co-stimulation and
that induced by exogenous recombinant cytokines has not
been determined.

Given its central position in the maturation of immune
responses to antigenic stimulation, the regulatory control of
CD154/CDA40L is a matter of some importance. Consequently,
CD154/CD40L represents a particularly attractive target for
immunotherapeutic intervention. Monoclonal antibodies with
a specificity for CD154/CD40L have shown substantial efficacy
in clinical solid organ transplantation.*** Previous studies
have emphasized the susceptibility of TCR-triggered CD154/
CD40L induction to CsA inhibition.'®'® Data presented here
demonstrate that, in some cases, CD154/CD40L induction
can be resistant to the inhibitory activity of CsA. Induction
of CD154/CD40L via a TCR-independent pathway could
generate a subset of helper T cells which contribute to the
pathogenesis of autoimmune diseases. In this regard, the
description of aberrant CD154/CD40L-expressing T cells,
which are frequently found in patients with systemic lupus
erythematosus, is of particular interest.’>>! A more complete
understanding of the mechanisms governing CD154/CD40L
expression may allow the design of additional immuno-
therapeutics specifically targeted to alternative induction
pathway(s) for this key mediator of T-cell help.
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