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Downregulation of Interleukin-18 in Human Mixed Lymphocyte Reactions
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Tacrolimus (FK-506) and cyclosporin A (CsA)
are calcineurin antagonists used widely as T-cell
immunosuppressants; however, their relative
efficacy on the production of interleukin-18 (IL-
18) remains undefined. We have examined the
effects of FK-506 and CsA on the cytokine
generation of human peripheral blood mononu-
clear cells (PBMCs) in mixed lymphocyte reaction
(MLR) with lipopolysaccharide (LPS). We studied
the levels of interleukin-18 (IL-18), IL-12, IL-
10, IL-6, IL-2 and interferon-y (IFN-y) in the
supernatant in allo-MLR by ELISA assay. Super-
natant levels of IFN-y, IL-2, IL-6, IL-10 and IL-
12 were detected 12 h after MLR and markedly
increased thereafter. In contrast, production of
IL-18 was detected at 12 h, reached a near
maximum level at 24 h and decreased at 72 h.
These results suggested that IFN-y production
depended on IL-18, IL-12 and IL-2 in the early
phase of MLR and depended mainly on IL-12 and
IL-2 in the late phase. Both calcineurin antago-
nists inhibit the generation of IL-18, which plays
a large role in allogeneic cell interactions, in
macrophages and they also promote an equiva-
lent down-regulation of T helper1(Th1) and Th2
responses in a concentration-dependent manner.
About 90% of IFN-y production induced by MLR
was inhibited by an anti-lL-18 antibody, showing
that IL-18 can trigger IFN-y production in MLR.
These results suggest that dual signaling consist-
ing of antigen-driven nuclear factor of activated
T cells (NFAT) activation and LPS-mediated
NF-»B activation is crucial for IL-18 production
in macrophages, and that IL-18 can trigger IFN-
v production in T-cells by MLR.
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I nterleukin-18 (I1.-18) was identified as a cytokine

that induced interferon-y (IFN-y) in the sera of
mice with septic shock (1). IL-18 is secreted from
lipopolysaccharide (LPS)-activated macrophages but also
from a wide variety of cells. Subsequent studies have
shown that I1.-18 performs a wide variety of activities in
various cells, and recent reviews summarize these activ-
ities (2, 3). The cytokine was found to enhance produc-
tion of T helper 1 (Thl)-type cytokines (IFN-y and
granulocyte/ macrophage-colony stimulating factor (GM-
CSF)) but not Th2 cytokines (IL.-4 and IL.-10) in nonad-
herent murine spleen cells and human peripheral blood
mononuclear cells (PBMCs) with T cell receptor (TCR)/
CD3 stimulation (1, 4, 5). It was also reported that IL.-18
induced the production of IL-2 and [FN-vy and prolifera-
tion of TCR/CD3-stimulated murine Thl clones; how-
ever, the cytokine did not affect the production of IL.-4
nor the proliferation of Th2 clones in vitro (6, 7). In a
previous study, we demonstrated that I1.-18 upregulated
ICAM-1 expression in a KG-1 monocytic cell line through
an IFN-y-independent pathway (8) and that IL-18 is
involved in allo-mixed lymphocyte reactions (MLR) (9).

Tacrolimus (FK-506) and cyclosporin (CsA) are
calcineurin antagonists used widely as T-cell immunosup-
pressants to prevent allograft rejection after solid organ
transplantation. Investigations have indicated that uses
for these agents also include prevention of graft-versus-
host disease after allogeneic bone marrow transplantation
and treatment of severe, steroid-dependent asthma. FK-
506 and CsA act through ligation of distinct intracellular
binding protein targets (FK binding protein for FK-506,
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cyclophilin A for CsA). These drug-binding protein com-
plexes inhibit the function of calcineurin, which normally
activates various transcription factors, including nuclear
factor of activated T cells (NFAT) and nuclear factor-xB
(NF-xB), that regulate the expression of key cytokines
and signaling proteins (9, 10). The potential differential
regulation of human antigen-stimulated T-cell subsets by
calcineurin antagonists has not been fully described. We
herein present a comprehensive study of the effects of
calcineurin antagonists on cytokine generation, including

that of IL.-18, in an allo-MLR system.
Materials and Methods

Reagents. One mM each of FK-506 and CsA
were dissolved in ethanol and further diluted in medium
and added to the cultures. FK-506 and CsA were gener-
ous gifts from Fujisawa Pharmaceutical Co., Ltd. (Iba-
raki, Japan) and Sandoz Ltd (Basel, Switzerland), re-
spectively. Anti-recombinant human (rHu) IL-18 anti-
body (Ab) and anti-HulFN-y Ab were prepared as
described elsewhere (4). Anti-Hull.-12 Ab and anti-
Hull.-2 Ab were purchased from PharMingen (San
Diego, CA, USA).

Culture conditions in mixed lymphocyte
reaction (MLR). Human peripheral blood mononu-
clear cells (PBMC) were isolated from buffy coats of 5
healthy volunteers by centrifugation on a density gradient
of Ficoll-Paque (Pharmacia Uppsala, Sweden). The
PBMC were then washed 3 times in an RPMI 1640
medium (Nissui Co., Tokyo, Japan) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS), 20
g/ml kanamycin, and 100 xg/ml streptomycin and
penicillin (Sigma Chemical Co., St. Louis, MO, USA).
The PBMC were suspended at a final concentration of
1.25 X 10° cells/ml in the RPMI 1640 medium sup-
plemented with 10% (v/v) heat-inactivated FBS. In the
MLR, cells from an individual were mixed with cells from
an unrelated person. The final concentration of cells was
adjusted to 2.5 X 10° cells/ml. Triplicate wells were
incubated with 5 xg/ml LPS (Sigma). The plates were
incubated at 37 °C in 5% CO0,/95% air for 72 h, after
which the supernatants were aspirated and stored at — 20
°C until being assayed for cytokines. When the effect of
calcineurin antagonists or other reagents was to be
examined, all reagents were added to the media at the
start of incubation and cultured for 48 h under the same
condition. All experiments were performed in at least
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triplicate samples.

Cytokine assays. The cytokines were measured
using ELISAs employing the multiple Abs sandwich
principle (for IL.-18, MBL; for other cytokines, Quanti-
kine, R & D systems, Minneapolis, MN, USA). The
detection limits of the ELISAs for IL-18, IL.-12, [1.-10,
IL-6 and IFN-y were 10 pg/ml, and for IL-2 it was 5
pg/ml.

Statistical analysis. Data are expressed as
mean = SEM. For mean comparisons, one-way analysis
of variance (ANOVA) was used. Differences were con-
sidered statistically valid at P < 0.05.

Results

(1) Kinetics of IL-18 production in MLR

[1-18 production was observed 12 h after MLLR, reach-
ed a near maximum level at 24 h, and decreased at 72 h
(Fig. 1).
(2) Kinetics of Thl cytokine productions in
MLR

Production of IL.-12, IL-2 and IFN-y was upregulat-
ed at 12 h and increased during the culture period. (Fig.
2).
(3) Kinetics of Th2 cytokine productions in
MLR

Production of IL.-6 and IL.-10 was upregulated at 12
h and reached a near maximum level at 24 h (Fig. 3).
(4) Effect of FK-506 and CsA on IL-18
production in MLR

Both calcineurin  antagonists induced significant
concentration-dependent inhibition of IL.-18 production in
MLR. The concentration of FK-506 required for com-
plete inhibition was approximately 10 times lower than
that of CsA (Fig. 4).
(5) Effect of FK-506 and CsA on Thl cyto-
kine productions in MLR

Both calcineurin  antagonists induced significant
concentration-dependent inhibition of Thl cytokines
produced in MLLR. The concentration of FK-506 required
for complete inhibition was approximately 10 times lower
than that of CsA (Fig. 5).
(6) Effect of FK-506 and CsA on Th2 cyto-
kine productions in MLR

Both calcineurin  antagonists induced significant
concentration-dependent inhibition of Th2 cytokines
produced in MLLR. The concentration of FK-506 required
for complete inhibition was approximately 10 times lower
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than that of CsA (Fig. 6). reduced IFN-y production in MLR. In contrast,

(7) Blocking test in MLR amounts of IL-10 were significantly downregulated after
To investigate cytokine interactions in MLR, we the addition of anti-I[.-18 Ab and anti-IFN-y Ab, but

examined the effect of anti-IL-18 Ab, anti-IL-12 Ab, they were not downregulated by the addition of anti-IL.-12

anti-IL-2 Ab and anti-IFN-y Ab on production of IFN-y  Ab and anti-IL-2 Ab (Fig. 7).

and I1.-10 at 48 h. The addition of these Abs significantly
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Fig. | Kinetics of IL-18 production in MLR.
Closed circles show the levels of IL-18 in pooled nupersatants from
MLR. Values of IL-18 are expressed as pg/ml. Assays were perform-
ed in triplicate, and values are means + SEM.
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Fig. 2  Kinetics of Thl cytokine productions in MLR.
Closed circles show the levels of cytokines in pooled supernatants from MLR. Values of IL-12, IL-2 and IFN-y are expressed as pg/ml. Assays
were performed in triplicate, and values are means + SEM.
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Fig. 3  Kinetics of Th2 cytokine productions in MLR.

Closed circles show the levels of cytokines in pooled supernatants from MLR. Values of IL-10 and IL-6 are expressed as pg/ml. Assays were
performed in triplicate, and values are means = SEM.
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Fig. 4  Effect of FK506/CsA on IL-18 production in MLR.

FK506 and CsA were added to the media at the start of incubation and cultured for 48 h. Assays were performed in triplicate, and values are
mean + SEM.
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Fig. 5  Effect of FK506/CsA on Thl cytokine productions in MLR.
FK506 and CsA were added to the media at the start of incubation and cultured for 48 h. Assays were performed in triplicate, and values are
mean = SEM.
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Fig. 6  Effect of FK506/CsA on Th2 cytokine productions in MLR.

FK506 and CsA were added to the media at the start of incubation and cultured for 48 h. Assays were performed in triplicate, and values are
mean + SEM.
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Fig. 7 Blocking test in MLR.

MLR was treated with anti-IL-18 Ab, anti-IL-12 Ab, anti-IL-2 Ab and anti-IFN-y Ab for 48 h. The assay was performed in triplicate, and values

represent means + SEM. *P < 0.01 versus Ab untreated.

Discussion

FK-506 and CsA are calcineurin antagonists. These
agents act, in part, through the inhibition of nuclear
transcription factors such as NFAT and NF-»B. Func-
tionally, FK-506 and CsA inhibit the transcription of
numerous cytokines and immunomodulators involved in
T-cell activation and proliferation (8, 9). Previous studies
have demonstrated the ability of calcineurin antagonists to
downregulate IFN-y (12-15). However, cellular activa-
tion in these studies was achieved with mitogens; there-
fore, the relevance of these systems to antigen-presenting
cell (APC) and antigen-driven Thl and Th2 phenotypic
responses Is unclear.

The MLR is an important in vitro model for studying
alloresponsiveness. Using the MLLR, we can measure the
disparity in major histocompatibility complex (MHC)
antigens between individuals (16, 17). Because cytokines
play a crucial role in the posttransplantation response,
cytokine release and interactions in MLLR are important in
the field of transplantation medicine. In human MLR,
responder cells recognize alloantigens on the surface of
stimulator cells and undergo proliferation. It has been
shown that IFN-y is secreted predominantly into the
supernatant and that the IFFN-y response depends on
differences in HLA-DR between the 2 individuals (18, 19).

The current study showed that production of I1.-18
was upregulated at 12 h, reached a near maximum level at

24 h, and decreased at 72 h. The decrease of I1.-18 at 72
h might be attributable to its consumption and degradation
or to the negative effect on the IL.-18-initiating cytokine
cascade caused by the accumulation of Th2 cytokines.
Production of both I1.-12 and IL-2 was observed at 12 h
and then increased markedly. Production of IFN-y was
detected at 12 h and increased there after (Fig. 1, Fig. 2).
These results suggested that production of IFN-y
depends on I1.-18, IL.-12 and IL-2 in the early phase
(12-48 h) and predominantly on both IL.-12 and IL-2 in
the late phase (48-72 h) of the human MLR system.

The synergistic actions of 11.-18 and I1.-12 have been
observed in the production of IFN-y (20-23). Yo-
shimoto et al. demonstrated that I1.-12 upregulated the
expression of IL.-18 receptors in T cells, Th1 cells and B
cells, which enabled the synergistic production of IFN-y
(21). In contrast, I1.-18 can stimulate IFN-y production
in an IL-12-independent manner in KG-1, a monocytic
cell line (8). It is quite likely that the cooperative coexis-
tence of IL-18 and IL-12 can induce a strong Thl
response in the human MLR system.

The potential differential regulation of human antigen-
stimulated T cell subsets by calcineurin antagonists has
not been fully described. The present research has
demonstrated concentration-dependent inhibition by cal-
cineurin antagonists of IL.-18, Thl and Th2 cytokine
productions in the MLR system (Fig. 4, Fig. 5, Fig. 6).
These results suggested that calcineurin antagonists
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promoted an equivalent down-regulation of Thl and Th2
responses in the human MLR system. However, a num-
ber of reports have suggested a relative resistance of Th2
cytokines to the effects of calcineurin antagonists (24-35).
Differences in cell populations and methods of cellular
activation used in these experiments complicate their
interpretation and are likely to account for the contradic-
tory results.

It has been reported that mitogenic stimulation of
phenotypically speciic CD4* CD4* T cell clones results
in nonphenotypically selective cytokine generation; how-
ever, subsequent restimulation with antigen and antigen-
presenting cells (APCs) will restore phenotypic specificity
(36, 37). Thus, mitogen stimulation appears to obviate
phenotypic specificity. Moreover, mitogen stimulation is
clearly less physiologic than antigen stimulation. Finally,
it has been reported that sensitivity to calcineurin antago-
nists may vary with the quantity of the activation signal
applied to the responder cells (38).

We also found differences in cytokine production
profiles of IFN-y and IL-10 between I1.-18 and other
cytokines in the MLR system. In the blocking test, the
addition of anti-IL.-18 Ab and anti-IFN-y Ab significantly
(P < 0.01) reduced the production of IFN-y and II.-10.
In contrast, treatment with anti-IL.-12 Ab and anti-IL-2
Ab significantly (P < 0.01) inhibited IFN-y production
but not IL-10 production, as shown in Fig. 5. These
results suggested that I1.-18 and IFFN-v play a role in the
induction of IL-10, which may function as a negative
feedback for excessive Thl response in the MLR system.

In contrast, I1.-12 and IL.-2 do not induce IL-10
directly, at least in the MR system. It has also been
reported that treatment with IL-18 and anti-CD3 Ab
produced IL-2 and IFN-y in Thl cells (39, 40). 1L.-18
strongly induced NF-xB activation, which was detected
by electrophoretic mobility shift assay using an NF-xB
binding site of the IL.-2 promoter and reporter gene
analysis in Thl cells (41). Taking these results into
consideration, it is likely that IL.-18 is an important
triggering cytokine in allogeneic cell interactions and is
present in the most upstream of cytokine cascades in
immune responses, at least in the MLR system.

I1.-12 has also reportedly induced IFN-v production
by Thl cells, and the immune responses induced by
I1.-12 are similar to those induced by IL-18 in vivo (41).
However, the signals for IFN-y production by I1.-18
have been revealed to be different from those induced by
IL-12, since I1.-18 with IL-12 synergistically induced
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IFN-y production (42), which was consistent with the
results of the present study. As a unique signal activated
by IL-12, it was reported that STAT4 was essential for
IFN-y production. Furthermore, it has been reported
that IL-18 could not induce STAT4 activation in Thl
cells (7). A recent report suggested that dual signaling
consisting of I1.-18-induced NF-»B activation and TCR/
CD3-mediated NFAT activation is crucial for [FN-y
production in Thl cells (43).

As described above, I1.-18 is secreted from LPS-
activated macrophages. Although LPS alone did not
induce I1.-18 production in PBMCs (9), the combination
of the LPS/MLR system dramatically induced IL.-18, as
shown in the present study. Furthermore, calcineurin
antagonists inhibited IL.-18 production dose-dependently
in human antigen-stimulated PBMCs. These results sug-
gested that dual signaling consisting of LPS-induced
NF-kB activation and antigen-driven NFAT activation is
crucial for IL.-18 production in macrophages.

In conclusion, the present study clearly demonstrated
the importance of IL.-18 in allogeneic cell interactions and
that its generation in the human MLR system was
strongly inhibited by either FK-506 or CsA. Although
there is evidence that calcineurin antagonists can effect T
cell responses through interference with antigen presenta-
tion from APCs (44), the similarity of PBMCs in the
MLR system of this study militate against significant
confounding of these data. The current study also sug-
gested that dual signaling consisting of antigen-driven
NFAT activation and LPS-mediated NF-£B activation is
crucial for I1.-18 production in monocytes/macrophages.

Recent research has clarified the mechanism of
Caspase-1-independent, Fas/Fas ligand-mediated I1.-18
secretion from macrophages. Administration of
Propionibacterium acnes upregulated functional Fas
expression of macrophages in an IF'N-y-dependent man-
ner, and these macrophages became able to secrete
mature IT.-18 upon stimulation with FasL (45). However,
which molecules induce IL-18 has not yet been fully
elucidated. Further research is warranted for elucidating

the production of IL.-18.
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