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Abstract

Different T cell lines, which can be induced to secrete interleukin
2 (IL-2) in vitro, were used to dissect the effect of cyclosporin
A (CsA). The T leukemia cell Jurkat requires an increase in
cytoplasmic calcium concentration ({Ca**]) and phorbol myris-
tate acetate (PMA) for the induction of IL-2 production, which
is completely blocked by CsA. Another T cell line, HUT 78,
also produces IL-2 in response to a rise in [Ca**}; and PMA;
however, in HUT 78, PMA alone induces low levels of IL-2
production that is not blocked by CsA. After treatment with 5-
azacytidine, HUT 78 cells produced maximal levels of IL-2 in
response to PMA alone without requiring [Ca**}) increasing
stimuli. In these cells no inhibitory effect of CsA on PMA-induced
activation could be demonstrated. In addition, CsA does not in-
hibit PMA-induced translocation of protein kinase C. These data
suggest that CsA does not globally inhibit IL-2 gene expression,
but rather interferes with signaling events of T cell activation.

Introduction

The fungal metabolite cyclosporin A (CsA)' has found wide-
spread use as an immunosuppressive agent in human organ
transplantation. Unlike other immunosuppressants, CsA has in-
hibitory effects primarily on the activation of T lymphocytes
(1-3). It has been demonstrated that CsA inhibits the production
of interleukin 2 (IL-2) and interferon-y (IFN-y) by T cells (4-
6). It also reduces the expression of HLA-DR antigens and
transferrin receptors on stimulated T cells; it has no effect, how-
ever, on the induction of IL-2 receptor expression (7, 8).

We have recently studied the human T cell leukemia line
Jurkat as a model for T cell activation. Two stimuli are required
for the induction of IL-2 secretion by Jurkat. One stimulus is
represented by phytohemagglutinin (PHA) or antibodies against
the T3/antigen receptor complex that lead to a rapid increase
in cytoplasmic-free calcium ([Ca**];). Thus, these stimuli can
be bypassed by calcium ionophores. The other stimulus is pro-
vided by phorbol myristate acetate (PMA) (9, 10). No substantial
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IL-2 production can be observed with either stimulus alone.
Recent studies from different groups have demonstrated that
the IL-2 production by Jurkat can be completely and specifically
blocked by CsA at a pretranslational level (11, 12).

Another human T cell line, HUT 78, represents an activated
T cell, as evidenced by its surface expression of the activation
markers HLA-DR and the IL-2 receptor. HUT 78 also produces
IL-2 in vitro in response to the same stimuli as Jurkat (13).
However, in contrast to Jurkat, HUT 78 produces low levels of
IL-2 upon stimulation with PMA only. To further dissect mech-
anisms of activation signaling for the expression of the IL-2 gene,
we investigated the effects of the nucleoside analogue 5-azacy-
tidine (AZA) on HUT 78. AZA treatment can provide one signal,
which in conjunction with a second stimulus leads to the expres-
sion of various inducible eukaryotic genes (mouse metallothi-
onein, chicken embryonic globin, and human HLA-DR alpha)
(14-16). After HUT 78 was treated with AZA, the requirement
for [Ca**]; increasing stimuli, such as lectins, T3 antibodies, or
Ca** ionophore, could be overcome. AZA-treated HUT 78 cells
produced maximal amounts of IL-2 in response to PMA only.
One subclone, designated D4, was obtained from AZA-treated
HUT 78, which maintained this functional characteristic in cul-
ture for several months.

The cell lines Jurkat, HUT 78, and D4 were used in this
study to investigate the effects of CsA on the signaling of acti-
vation in T cells. We demonstrate that CsA treatment does not
always lead to a global blockade of IL-2 gene expression, as has
been suggested using Jurkat cells (11). Using HUT 78 and D4,
we demonstrate that the CsA-sensitive step is located in the sig-
naling pathway of T cell activation. It appears that in HUT 78
and D4 the pathway regulated by PMA alone is not affected by
CsA. CsA exerts its inhibitory effect upon the activation pathway
regulated by either [Ca**]; alone or in combination with PMA
along a common final pathway.

Methods

Cells. The T cell lines HUT 78 and E6-1, an IL-2-producing clone of
Jurkat-FHCRC (Fred Hutchinson Cancer Research Center, Seattle, WA),
were obtained from Dr. R. Miller (Becton-Dickinson & Co., Sunnyvale,
CA) and Dr. K. Smith (Department of Medicine, Dartmouth Medical
School, Hanover, NH), respectively, and passaged in RPMI 1640 with
10% fetal calf serum. The IL-2-dependent mouse T cell line CTLL-20
was obtained from Dr. F. Fitch (Department of Microbiology and Pa-
thology, University of Chicago, IL) and maintained in IL-2 containing
medium as described (10).

Stimulation of T cell lines and determination of IL-2 activity. T cells
were stimulated at 1 X 10/ml in 96-well flat bottom plates (Flow Lab-
oratories, Inc., McLean, VA) for 24 h. The following concentrations of
stimulating agents were used: Phytohemagglutinin (PHA; Burroughs-
Wellcome, Research Triangle Park, NC) at 1 ug/ml; OKT3 antibody
(Ortho Pharmaceutical Corp., Raritan, NJ) at a dilution of 1:400; io-
nomycin (a gift from Squibb Corp., Princeton, NJ) at 1 uM; PMA (Sigma
Chemical Co., St. Louis, MO) at 50 ng/ml for Jurkat and 25 ng/ml for
HUT 78 and D4 cells. For inhibition of IL-2 production, 1 ug/ml CsA
was added simultaneously with the various stimulants and was present
throughout the culture. IL-2 activity in cell-free supernatants was deter-
mined using the CTLL-20 line according to previously described methods
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(10, 17). Neither CsA, nor any of the stimulants, had any influence upon
the IL-2-induced proliferation rate of CTLL-20 cells. The lower limit
for the detection of IL-2 production in this assay was 2 U/ml.

AZA treatment and subcloning of HUT 78. 4 X 10° HUT 78 cells
were incubated in 10 ml cell culture medium containing 3 uM of AZA.
After 48 h, 10 ml of a 6-uM solution of fresh AZA was added and cells
were incubated for an additional period of 24 h. Recovery of cells after
this treatment was 30-60% of control cultures without AZA. The per-
centage of viable cells by trypan blue staining was always >95%. Cells
were washed three times before they were stimulated for IL-2 production.

The clone D4 was obtained by limiting dilution of HUT 78 cells
after AZA treatment as described above. A total of 11 clones were tested
for their IL-2 production in response to PHA (1 ug/ml) plus PMA (25
ng/ml) versus IL-2 production in response to PMA (25 ng/ml) only.
Clone D4 produced virtually identical amounts of IL-2 activity with one
or two stimuli.

Analysis of RNA transcripts. Total cellular RNA was purified using
guanidium hydrochloride (18). It was analyzed for the content of IL-2-
specific sequences by Northern blot hybridization to an IL-2 cDNA probe
nick-translated to ~2 X 10® cpm/ug with 32P. 40 ug of total cellular
RNA was applied to each lane before electrophoresis and blotting. In
parallel, duplicate RNA samples immobilized on nylon filters were hy-
bridized to actin as a positive control. The hybridization signals using
actin cDNA showed virtually equal intensity for all samples.

Protein kinase C (pkC) translocation assay. To investigate possible
effects of CsA on PMA-induced translocation of pkC, Jurkat cells were
incubated for 12 h in culture medium containing 1 ug/ml CsA. Thereafter,
PMA was added to the media to a final concentration of 50 ng/ml and
cells were incubated for 20 min at 37°C. Cells (1 X 107) were washed
twice in Ca**- and Mg**-free phosphate-buffered saline and thereafter
lysed in 100 pl distilled water. The lysate was reconstituted with 2 ml
buffer (20 mM Tris, pH 7.5, 0.33 M sucrose, 2 mM EDTA, 0.5 mM
EGTA, and 2 mM phenylmethylsulfonylfluoride). Cytosol and particulate
fractions were separated by centrifugation at 100,000 g for 30 min. The
pellets were gently agitated for 30 min in buffer containing 1% NP40
and after that centrifuged at 12,000 rpm for 10 min. Cytosol and solu-
bilized membrane fractions were passed through a 1-ml column of DES2.
Columns were washed with 5 ml of buffer without sucrose followed by
0.5 ml of 50 mM NaCl. 1.5 ml of 100 mM NaCl eluate was collected.
As demonstrated by others, all pkC activity can be detected in this fraction
(19). The activity of the calcium-activated phospholipid-dependent pkC
was determined in aliquots of 50 ul as transfer of >?P from [y-*2P]JATP
to histone III-S (Sigma Chemical Co.) as described in detail (20). The
specific pkC activity (after subtraction of background activity in the ab-
sence of phospholipids) is given as picomoles *2P-incorporation into his-
tone within 3 min.

Results

Inhibition of IL-2 production in Jurkat and HUT 78 cells by
CsA. We have recently demonstrated a two-signal requirement
for the activation of the T cell line Jurkat (9, 10). The first signal
can be provided by the mitogen PHA or T3/antigen receptor
complex antibodies. These lead to an increase in cytoplasmic-
free calcium that can be bypassed by calcium ionophores (9,
21). To induce substantial IL-2 production by J urkat, however,
a second signal is necessary which is represented by the phorbol
ester PMA. As shown in Table I, and as previously reported
(12), the presence of 1 ug/ml CsA throughout the 24-h culture
completely abrogates the IL-2 production by Jurkat.

Another T cell line, HUT 78, can also be induced to produce
IL-2 by a combination of the above listed stimuli (Table I).
Compared with Jurkat, HUT 78 represents phenotypically a
more activated T cell, evidenced by the display of activation
antigens Tac and Ia (13). A functional difference between HUT
78 and Jurkat is that HUT 78 produces small amounts of IL-2
activity in response to stimulation with PMA only. This low but
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Table 1. Differential Inhibitory Effect of Cyclosporin
on the IL-2 Production by Jurkat and HUT 78

Jurkat HUT 78
Stimulants —CsA +CsA —CsA +CsA
0 <2* <2 <2 <2
PMA <2 <2 6.2 5.8
PHA 2.8 <2 <2 <2
PHA + PMA 48.0 <2 31.0 6.5
Anti-T3 <2 <2 <2 <2
Anti-T3 + PMA 14.2 <2 19.5 5.1
Ionomycin <2 <2 <2 <2
Ionomycin + PMA 21.1 <2 340 5.4

Jurkat and HUT 78 were stimulated at 1 X 10/ml for 24 h using the
following concentrations of stimulants: PMA, 50 ng/ml, for Jurkat, 25
ng/ml for HUT 78; PHA, 1 ug/ml; anti-T3 (Leu 4), at a dilution of
1:400, ionomycin, 1 uM. Cultures were performed in parallel in the
presence (+CsA) or absence of cyclosporin A (—CsA) using a concen-
tration of 1 ug/ml. IL-2 activity in cell-free supernatants was deter-
mined as described in Methods.

* Figures are representative of three independent experiments and are
expressed as IL-2 units per milliliter.

consistent IL-2 production induced by PMA alone is not affected
by the presence of CsA. Furthermore, when HUT 78 cells ex-
posed to CsA are stimulated with PHA or T3 antibodies plus
PMA, the IL-2 production cannot be blocked completely, but
is reduced to the amount observed with PMA only.

5-Azacytidine treatment increases PMA sensitivity of HUT
78 cells. AZA is a nucleoside analogue that in combination with
a second stimulus can selectively activate eukaryotic gene
expression (14-16). Therefore, we examined whether AZA pre-
treatment of HUT 78 cells had any influence on the two-signal—
induced IL-2 gene activation in these cells. When HUT 78 cells
were incubated with 3 uM AZA for 72 h (with addition of fresh
AZA after 48 h), the requirement for PHA for the induction of
IL-2 production could be overcome. The IL-2 production by
HUT 78 after AZA treatment in response to PMA alone
(58.7£16.0 U/ml) was comparable with the response observed
with PHA plus PMA (58.2+15.3 U/ml).

Fig. 1 illustrates the effect of the duration of AZA preincu-
bation on the IL-2 response of HUT 78 cells. The production
of IL-2 induced by PHA plus PMA or PMA only after various
AZA incubation periods is shown. An incubation period of 72
h, with addition of fresh AZA after 48 h, maximally increased
the responsiveness of HUT 78 to PMA only. This time course
probably reflects the requirement for the presence of AZA during

Figure 1. AZA-induced ef-
fect on IL-2 production by
HUT 78 is dependent on
the incubation period. HUT
78 cells were incubated for

-2 U/mi

indicated time intervals
with 3 uM AZA. = Indicates
0 & 21 4 72 7o the addition of fresh AZA
h OF AZA PREINCUBATION after 48 h. Thereafter, cells
were washed and stimulated

with 1 ug/ml PHA plus 25 ng/ml PMA or 25 ng/ml PMA only. IL-2
activity in cell-free supernatants was determined as described in Meth-
ods.



several cycles of DNA synthesis and cell division. The average
doubling time for HUT 78 in our experiments is ~20 h. The
IL-2 production in response to different concentrations of PMA
before and after AZA treatment is shown in Fig. 2. This shows
that AZA preincubation increases the sensitivity of HUT 78 to
PMA ~20-50-fold both in the presence and absence of PHA.
In this dose-response experiment, there was some low level con-
stitutive IL-2 production detectable in AZA treated cells.

CsA does not block IL-2 production by AZA-treated HUT
78 clone D4. In the following experiments, we cloned AZA-
treated HUT 78 cells by limiting dilution (see Methods) and
tested 11 clones for their sensitivity to PMA. 8 out of those 11
clones exhibited a similar increased PMA sensitivity, the highest
in a clone designated D4, as described for the AZA-treated bulk
culture cells. This functional characteristic of D4 proved to be
stable in culture over several months.

The availability of this clone, which produced high levels of
IL-2 in response to PMA, only allowed a more detailed inves-
tigation of the CsA effect on this pathway of activation. Fig. 3
shows that, in contrast to the wild type HUT 78, D4 cells produce
almost identical amounts of IL-2 in response to PHA plus PMA
as in response to PMA only. In addition, CsA did not show any
inhibitory effect on the induction of IL-2 secretion in D4 by
various concentrations of PMA. This is not simply due to an
increased resistance to CsA, because even a 10-fold increased
dose of CsA (10 ug/ml, the highest dose that did not produce
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Figure 2. AZA treatment increases PMA sensitivity in HUT 78. HUT
78 cells were treated with 3 uM AZA for 72 h as described with the
addition of fresh AZA after 48 h. After washing, cells were stimulated
using indicated concentrations of PMA in the presence (o) and ab-
sence (0) of 1 pg/ml PHA. The PMA dose-response of untreated HUT
78 cells in the presence (a) and absence () of PHA is shown for com-
parison.

50—

o HUT 78

iL-2 U/ml
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Figure 3. IL-2 production by D4 cannot be blocked by CsA. HUT 78
and D4 cells were stimulated at 1 X 10%/ml using indicated concentra-
tions of PMA in the presence and absence of 1 pg/ml PHA and 1
ug/ml CsA, respectively. The different symbols represent: PHA

+ PMA (0), PMA only (a), PHA + PMA + CsA (e), and PMA

+ CsA (a).

direct toxic effects on D4) did not substantially reduce IL-2 pro-
duction (data not shown).

It has recently been shown that the inhibition of lymphokine
production by CsA represents an effect on a pretranslational
event. When IL-2 specific transcripts were analyzed in a Northern
blot, a small amount of IL-2 mRNA was detectable in unstim-
ulated D4 cells (Fig. 4). PMA treatment markedly increased the
appearance of transcripts, and no blocking effect could be ob-
served in the presence of CsA. In parallel control experiments,
the PHA/PMA-induced appearance of IL-2 mRNA in Jurkat
could be completely blocked by the same concentration of CsA,
in agreement with previously published data (11, 12). This again
suggests that the PMA-induced pathway of T cell activation is
not affected by CsA.

D4 Jurkat Figure 4. CsA does not in-
ma - + - + - + - + -+  hibit the PMA-induced in-
mA T Tt T T Tt i crease of IL-2-specific tran-

scripts in D4. IL-2 cDNA
was hybridized to total cel-
s lular RNA of D4 or Jurkat

cells (40 pg per lane). Be-
fore RNA was isolated, cells
were incubated for 6 h in
the presence (+) and absence (—) of indicated stimuli and CsA, respec-
tively, using the following concentrations: PHA, 1 ug/ml, PMA, 50
ng/ml, and CsA, 1 ug/ml.
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CsA does not inhibit PMA-induced translocation of protein
kinase C. It has recently been demonstrated that the enzyme
protein kinase C (pkC) is one of the target structures for PMA
and plays a crucial role in cell activation (22). This Ca**- and
phospholipid-dependent enzyme, under resting conditions, is
present in an inactive soluble form in the cytoplasm of cells.
Upon stimulation with PMA, the pkC becomes activated and
tightly associated with the plasma membrane (19). We therefore
examined whether preincubation of Jurkat cells with CsA and
the presence of CsA during a 20-min stimulation with PMA had
any influence on pkC translocation. Whereas PMA induced a
marked shift of pkC activity from the cytosol to the membrane
fraction, CsA did not interfere with this early intracellular ac-
tivation signal (Table II). This again supports the findings that
CsA does not inhibit the PMA-induced pathway of T cell acti-
vation.

Discussion

We have studied stimulation requirements and intracellular sig-
naling of T cell activation using human T cell lines as a model.
IL-2 gene expression in Jurkat requires the combination of an
increase in [Ca**}; and the presence of PMA (9, 10). The syn-
ergism of these signals also induces maximal IL-2 production
in another T cell line, HUT 78. In contrast to Jurkat, however,
low levels of IL-2 in HUT 78 are induced by PMA only, and
small amounts of IL-2 transcripts can be detected even in the
resting state (23).

To obtain further information about the intracellular mech-
anisms leading to IL-2 gene expression we investigated the effect
of AZA in this system. AZA, a cytidine analogue, has been shown
to selectively activate eukaryotic gene expression in a variety of
systems (i.e., mouse metallothionein, chicken embryonic globin,
and human DR alpha). In these experiments, AZA treatment,
presumably causing DNA hypomethylation, provided one signal
which together with another stimulus (i.e., dexamethasone, bu-
tyrate, and y-IFN, respectively) induces activation of transcrip-
tionally inactive genes (14-16). In HUT 78, AZA treatment
could overcome the requirement for [Ca**}; increasing stimuli
in the induction of IL-2 production. In AZA-treated HUT 78,
maximal production of IL-2 could be induced by PMA only.
This might be due to (a) A demethylation event in a regulatory
element of the IL-2 gene itself, by which the requirement for a

Table II. Cyclosporin A Does Not Inhibit
PMA-Induced Translocation of Protein Kinase C

Cytosol Membrane
Untreated cells Unstimulated 8,320* 938
+PMA 1,616 2,239
12-h CsA incubation Unstimulated 8,184 867
+PMA 2,065 2,444

1 X 107 Jurkat cells were incubated for 12 h at 37°C in the presence and
absence of 1 ug/ml CsA. Thereafter, PMA was added to the medium to
a final concentration of 50 ng/ml, and PMA-stimulated and control
cultures were incubated for another 20 min. After washing, cells were
lysed and protein kinase C activity in the cytosol and membrane fractions
determined as described in Methods.

* Figures give picomoles **P-incorporation into histone per 3 min.
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[Ca**)i-induced activation signal is bypassed; (b) The transcrip-
tion of a protein with regulatory function in activation signaling
might be increased by AZA, thus bypassing the need for a rise
in [Ca**};; (c) Selective gene activation induced by AZA might
occur on a level different from methylation events altogether,
because methylation is obviously not the only factor governing
gene expression and AZA has a broad spectrum of effects on a
variety of cells (24).

Finally, yet another possibility could account for the observed
increased PMA sensitivity in HUT 78 after AZA treatment. If
HUT 78 was comprised of distinct subpopulations of different
PMA sensitivity, selective killing of a major percentage of cells
with low PMA sensitivity could lead to the observed effect. Al-
though this cannot be ruled out entirely, it appears unlikely,
because under the described conditions AZA incubation slowed
down cell growth but did not have any substantial effect on cell
viability. In the subsequent experiments we were able to culture
a subclone with a high response to PMA alone from AZA-treated
HUT 78 cells, designated D4. It maintained this functional
characteristic in long-term culture.

The availability of these T cell lines with different stimulation
signal requirements enabled us to analyze the inhibitory mech-
anisms of CsA in T cell activation. CsA, a potent immunosup-
pressive agent, inhibits the production of lymphokines by
activated T cells (4-6). When added to PHA/PMA-stimulated
Jurkat, CsA prevents the appearance of transcripts for IL-2 and
~-IFN (11, 12). CsA, therefore, clearly affects events during T
cell activation that occur before the translation of lymphokine
genes. However, from these studies it is not clear which pathway
of activation signaling is affected by CsA.

Additional information was obtained by investigating the
CsA effect on HUT 78. The addition of CsA to HUT 78 had no
effect on the response to PMA alone, but completely inhibited
the synergistic effects with agents that increase [Ca**); (PHA,
T3-antibodies, or ionomycin). In addition, maximal IL-2 pro-
duction induced by PMA in the AZA-treated HUT 78 subclone
D4 was not blocked by CsA. Furthermore, as has been reported
with other models of T cell activation, CsA has no effect on the
ability of PMA alone to induce the expression of IL-2 receptors
in HUT 78 (11; data not shown). Finally, CsA does not inhibit
translocation and activation of pkC, which is known to be one
of the primary targets for PMA (22). These findings suggest that
CsA does not affect signaling pathways that are controlled by
PMA alone. Thus, the CsA-sensitive step in T cell activation
signaling can be (a) part of a pathway regulated by [Ca**}; alone,
or (b) regulated by [Ca**]; and PMA at a later stage after these
two pathways converged.

CsA does not prevent lectin- or antigen-mediated increases
in [Ca**};, and CsA induced inhibition cannot be overcome
with Ca** ionophores (12, 25). The effect of CsA, then, is on
pathways distal to the increase in [Ca**); and not on the initial,
plasma membrane-associated events in activation. Many intra-
cellular Ca**-dependent events are in turn regulated by the Ca**
binding protein, calmodulin. Of considerable interest is the
demonstration by Colombani et al. (26) that CsA binds to cal-
modulin and inhibits calmodulin-dependent phosphodiesterase
activity in vitro. Although inhibition of a specific Ca**-calmod-
ulin regulated event in T cell activation signaling is an attractive
explanation for the inhibitory effects of CsA, CsA also binds to
cyclophilin, a cytosolic protein whose function is unknown (27).

As previously reported, HUT 78 represents, compared with
Jurkat, a T cell on a higher activation level (13). This also reflects



in the fact that HUT 78 (and D4), in contrast to Jurkat, produce
low levels of IL-2-specific transcripts even without stimulation.
Therefore, it is possible that CsA blocks only the [Ca**]; and
PMA-regulated de novo expression of the IL-2 gene in Jurkat,
but has no influence on the “PMA only”-induced enhancement
of the appearance of IL-2 mRNA in HUT 78 or D4.

In contrast to the findings reported here are studies using
the mouse thymoma cell line ELA. This cell line can be induced
to produce IL-2 by PMA alone (28), and this induction is blocked
by CsA on the level of mRNA (29, 30). This might support the
possibility that CsA inhibits a later signaling step after the [Ca**};-
and PMA-regulated pathways have converged. Activation sig-
naling in EL4 cells, however, appears to be different from the
cell lines reported in this study because we did not observe any
increase in [Ca**]; in EL4 upon stimulation with lectins or an-
tigen receptor antibodies (Weiss, A., unpublished observations).
What the differences are in activation signaling between EL4
and the cell lines used in this study remains to be elucidated.

Although the experiments reported here were performed us-
ing T cell lines as models for T cell activation, similar obser-
vations have been made for human T lymphocytes from pe-
ripheral blood. Accessory cell-depleted T cells showed a mod-
erate proliferative response to PMA, which was only slightly
reduced in the presence of CsA (6). Furthermore, Britton and
Palacios described a human T cell clone in which activation
induced by PMA only was not inhibited by CsA (31).

In summary, our studies demonstrate that the inhibitory
effect of CsA is not a global blockade of IL-2 gene expression.
Despite considerable recent progress in understanding the
mechanism of T cell activation, little is known about the intra-
cellular pathways that regulate lymphokine gene expression. It
is of interest, then, that CsA selectively inhibits a pathway that
requires an increase in [Ca**];. Thus, CsA may be a useful tool
for further characterization of intracellular pathways in T cell
activation.
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