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SUMMARY

Cellular and molecular mechanisms of the immunomodulatory action of glycyrrhizin (GL) were

studied. We demonstrated that GL displays a unique action to prolong the duration of the T-cell
receptor-mediated in vitro splenic T-lymphocyte growth response to anti-CD3 monoclonal antibody
(mAb) or concanavalin A (Con A) through enhancement of interleukin-2 (IL-2) secretion and IL-2
receptor (IL-2R) expression. The augmentation by GL of IL-2 production was also found in spleen
cells stimulated with A23187 plus phorbol 12-myristate 13-acetate (PMA), suggesting that GL
primarily affects some post-receptor stage of the signal transduction. We also found that the time of
GL action for promoting IL-2 production and growth response was 2 hr or more after receptor
activation. Correspondingly, GL did not augment the anti-CD3 mAb or Con A-mediated protein
tyrosine phosphorylation and c-fos transcription. We concluded from these results that GL acts as a

promoter of the late signal transduction of T lymphocytes for IL-2 production.

INTRODUCTION

Glycyrrhizin (GL),' which is purified from licorice and used
clinically, is known to display a number of pharmacological
effects including anti-inflammatory,24 anti-viral,5-7 anti-tumour
promotion8'9 and immunoregulatory'0"II activities. We have also
shown that GL augments cell-surface H-2 class I antigen
expression on murine tumour cell lines and normal cell popula-
tions.'2 More recently we have revealed that GL modulates the
growth response oflymphocytes triggered through a cell-surface
receptor-bypassed and macrophage-bypassed pathway.'3 This
result does not however exclude the possibility that GL would
also affect an earlier stage of signal transduction.

In the present study, we have examined the action ofGL on
various steps of the T-cell receptor (TcR)-mediated signal
transduction to promote T-cell proliferation. We here show that
GL promotes receptor-mediated T-cell proliferation through
augmentation of interleukin-2 (IL-2) production and IL-2
receptor (IL-2R) expression. Further experiments have sug-
gested that the primary site of the action for augmented IL-2
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production is after activation of immediate early genes'4'5 such
as c-fos.

MATERIALS AND METHODS

Reagents and antibodies
GL, the structure of which was pictured previously,'6 was
supplied by Minophagen Pharmaceutical Co. (Tokyo, Japan) as
a solution of > 99% purity.'2 The monoclonal antibodies (mAb)
specific to CD3 (145-2CI 1), IL-2R (7D4), and IL-4 (IIB II)
were kindly donated by Dr T. Takahashi (Aichi Cancer Center),
Dr Y. Yoshikai (Nagoya University) and Drs H. Hayashi and
K. Onozaki (Nagoya City University). Concanavalin A (Con A)
and phorbol 12-myristate 13-acetate (PMA) were purchased
from Sigma Chemical Co. (St Louis, MO), calcium ionophore
A23187 from Boehringer Mannheim GmbH (Mannheim, Ger-
many), anti-Ig (anti-hamster Ig cross-reacting with mouse Ig)
from MBL (Nagoya, Japan) and fluorescein isothiocyanate
(FITC)-conjugated anti-mouse Ig from Tago Co., Inc. (Burl-
ingham, CA).

Cell preparation and culture
Spleen cells were obtained from C57BL/6 mice, 6-8 weeks old,
and suspended in RPMI-1640 medium supplemented with 10%
foetal calf serum (FCS) and 5 x 10-5 M 2-mercaptoethanol (2-
ME) (complete medium). Splenic T cells prepared by passing
through a nylon wool column'7 [contamination of B lympho-
cytes into this T-lymphocyte fraction was < 10% by flow
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cytometry (FCM) analysis] were incubated in 96-well tissue
culture plates at 106 cells/well, with or without addition of Con
A or anti-CD3 and GL under a humidified and conditioned
atmosphere (370, 5% CO2), for proliferation or IL-2 production
assay. Under this culture condition, GL was not cytotoxic to
spleen cells at the concentration of 200 pg/ml or less, when
assessed by trypan blue exclusion test. All cultures were made in
triplicate. For assay of IL-2, supernatants (100 p1/well) were
collected from the cultures of cells and stored at 40 until tested.

Proliferation assay
Cell proliferation in the culture was measured by [3H]thymidine
(0 5 pCi/well; Amersham-Japan Ltd, Tokyo, Japan) incorpora-
tion during the last 4 hr of culture. Cultures were harvested on
glass fibre filters, washed with water, dried with air and placed in
vials with scintillation cocktail for analysis in a scintillation
counter.'3 The samples were assayed in triplicate and the results
expressed as mean c.p.m. + SD

Assay of IL-2
Cells were cultured for 1-4 days, and 100 p1 of supernatant was
collected from each well and stored at 40 until tested. IL-2
activity was assayed by determining the ability of supernatants
to stimulate proliferation of CTLL-2.'8 Five thousand CTLL-2
in a volume of 100 p1 were dispersed into 96-well microtitre
plates and supernatant added to a final concentration of 50%.
The plate was incubated at 370 for 24 hr. For the overnight
culture 0-5 pCi of [3H]thymidine was added to each well and
thymidine incorporation (c.p.m.) was measured as described
above. This assay might also respond to IL-4. However, the
growth ofCTLL-2 in any culture supernatants tested was barely
(< 5%) inhibited by addition of anti-IL-4 mAb that specifically
inhibited > 70% of FDC-P2 cell growth in the culture with 10
U/ml IL-4. This ruled out the possibility that any significant IL-
4 activity was included in our CTLL-2 bioassay. In addition,
PMA (10 ng/ml) and A23187 (200-600 nM) did not detectably
affect the bioassay. This bioassay was further standardized by
measuring c.p.m. in culture of CTLL-2 added with serially
diluted standard IL-2 solution that had been prepared by
stimulating rat spleen cells with Con A. It was shown that the
concentration of IL-2 added related almost linerally to the value
of c.p.m. until 100,000 for 50% standard IL-2 solution. Because
all c.p.m. values for IL-2 activity of culture supernatants tested
were < 100,000, we presented these c.p.m. values to represent
the IL-2 activity.

FCM analysis ofIL-2R
The level ofexpression ofmembrane IL-2R was examined using
an anti-IL-2R mAb and FITC-conjugated anti-Ig as the second
antibody. Cells from triplicate cultures were pooled, washed and
then stained with the first and second antibodies. Only viable
cells, which were not stained with propidium iodide, were gated
for analysis of IL-2R expression.'2

Immunoblot analysis
Assay of phosphotyrosine-containing proteins was carried out
as described previously.'9,20 Suspensions of spleen cells in
minimal essential medium (MEM) (107/100 p1), which had been
treated with or without GL, were stimulated with Con A or anti-
CD3 mAb at 370 for 2 min, and then suspended in lysing buffer
(62-5 mm Tris hydrochloride, pH 6-8, 2% SDS, 5% 2-ME 10%

glycerol), which was immediately heated in boiling water for 2
min. Concentration of protein was assayed with a protein assay
kit (BioRad Laboratories, Richmond, CA), and 30 pg ofprotein
was analysed by SDS-7-5% polyacrylamide gel electrophoresis
(PAGE). After electrophoresis, proteins were transferred to a
nitrocellulose filter to be stained with affinity-purified anti-
phosphotyrosine rabbit antibody'7 followed by '251-labelled
protein A (ICN, Irvine, CA). The molecular weight (MW) of
stained bands was estimated by comparison with protein MW
standards (Bethesda Research Laboratories, Inc., Gaithers-
burg, MD). Autoradiography was performed on X-ray film with
an intensifying screen at -80° for 48 hr.

RNA preparation and Northern blot analysis
Total RNA from spleen cells was prepared by the method of
Maniatis, slightly modified, as described.'22' Fifteen micro-
grams of total RNA was subjected to 1% agarose gel electro-
phoresis, transferred to nylon membrane (Hybond N), and
hybridized with the DNA probe using a 2 4 kilobase (kb)
BamHI-SalI fragment of mouse c-fos cDNA22 (donated by Dr
T. Tokuhisa, Kobe University).

RESULTS

GL accelerates proliferation response of spleen cells to anti-CD3
and Con A

Spleen cells were stimulated with anti-CD3 mAb (1:1000
dilution of ascites) or ConA (5 pg/ml) in the presence or absence
of GL (200 pg/ml), and then proliferation responses were
measured after 1-4 or 5 days of incubation. As shown in Fig. 1,
anti-CD3 and Con A induced proliferation of the spleen cells
with a peak of 2 days after stimulation. Addition ofGL into the
culture enhanced the growth responses to anti-CD3 and Con A
later than 2 days after incubation, prolonging the duration of
response after the peak

GL promotes the IL-2 production by anti-CD3 and Con A-
stimulated lymphocytes

Whether the augmentation by GL of splenic cell growth
response was accompanied by accelerated lymphokine produc-
tion was then studied. Spleen cells were stimulated with anti-
CD3 (1:1000) or Con A (5 pg/ml) in the presence or absence of
GL (200 pg/ml). The culture supernatants were harvested at
different times after stimulation and assessed for their IL-2
content by their ability to stimulate the growth of the IL-2-
dependent murine cell line CTLL-2. As shown in Fig. 2a, spleen
cells produced significant amounts of IL-2 during the first 24 hr
in response to Con A and anti-CD3, which were quickly
decreased 1-2 days later. Addition of GL into the culture
accelerated the IL-2 production induced by Con A or anti-CD3
stimulation. The IL-2 production in the culture with added GL
has a higher peak than control at 24 hr of culture, and, more
significantly, lasted for a longer time (3 days in response to anti-
CD3 and 4 days in response to Con A). In addition, GL (100 pg/
ml) added into the culture ofCTLL-2 cells never accelerated the
IL-2-supported CTLL-2 growth (data not shown). This result
ruled out the possibility that the growth promotion of CTLL-2
in the IL-2 bioassay was directly mediated by GL which
remained in the culture supernatants.
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Figure 1. Modulation by GL of proliferation of mouse spleen cells in response to anti-CD3 or Con A. Cells were stimulated with anti-
CD3 (1:1000) (a) or Con A (5 yg/ml) (b) in the presence or absence of GL (200 yg/ml) for indicated days. Their growth response was
measured by [3H]thymidine uptake. (0) Nil control; (A&) GL; (0) anti-CD3 or Con A; (-) anti-CD3 or Con A +GL. Values are means
+SD of triplicate assays and are representative of four experiments (some error bars lie within the point symbols). * Significantly
(P< 0 05) different from that of GL (-) control.

(a)
-0- Nil
& GL

-0- aCD3
---- aCD3+GL

60,000

1 2 3 4 5

(b) ;

1 2 3 4 5
Days
50,000 (d)

X Con A
* Con A+GL

25,000

0
Nil 10-5 10-4

aCD3 (ollution)
Nil 0.1

co

Figure 2. Acceleration by GL of IL-2 production of mouse spleen cells in response to anti-CD3 or Con A. Cells were stimulated with

anti-CD3 (1: 1000) (a) or Con A (5 pg/ml) (b) in the presence or absence ofGL (200 yg/ml). At indicated days, 100 p1 ofsupernatant was
collected from individual cultures for assay of IL-2 activity. (0) Nil control; (A) GL; (0) anti-CD3 or Con A; (0) anti-CD3 or Con

A + GL. Cells were stimulated with various concentrations of anti-CD3 (c) or Con A (d) in the presence or absence ofGL. After 2 days
of incubation, IL-2 activity in supernatants was measured by [3H]-thymidine uptake. (E0) GL(-); (-) GL(+). Values are means +SD
of triplicate assays and are representative of four experiments (some error bars lie within the point symbols). *Significantly (P < 0 05)
different from that of GL (-) control.
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Figure 3. Modulatory actions of various concentrations of GL on

proliferation and IL-2 production induced by Con A. Spleen cells were

incubated with Con A (5 pg/ml) in the presence of different concentra-

tions of GL. After 2 days, the growth response (a) and IL-2 activity in

supernatants (b) were measured by [3HJthymidine uptake. Values are

means + SD of triplicate assays and are representative of four

experiments. *Significantly (P <005) different from that of GL()

control.

The effect of GL on the IL-2 production by spleen cells

stimulated with different concentrations of anti-CD3 or Con A

was tested. It was found that the level of IL-2 synthesis was

dependent on the concentration of Con A in the range of 0 1-5

pg/mi and anti-CD3 in the range of l0-5-l0-3 dilutions.

Addition ofGL into the culture induced spleen cells to produce

significantly more IL-2 in response to various concentrations of

Con A and anti-CD3, but this augmentation was most evident in

response to lower concentrations (10-5-10-4 of anti-CD3, pg/

ml of Con A) as shown in Fig. 2b

We further compared the actions of various concentrations

of GL to promote the growth response and IL-2 production.

Figure 3 shows that the modulatory effect of GL on both

proliferation and IL-2 production of Con A-stimulated spleen

cells was GL concentration dependent in the range of25-200 pg.

Maximum effect was found with 200 pg of GL, but the effect of

50 pg/mi was also significant. Similar results were obtained in

response to anti-CD3 (data not shown).

GL may primarily affect the step of late signal delivery for

proliferation/IL-2 production induced by anti-CD3 and Con A

The effect of time of addition of GL in relation to anti-CD3 or

Con A on the action of GL to promote proliferation and IL-2

synthesis was tested. Spleen cells were stimulated with Con A or

anti-CD3, and at different times after the start of culture, GL

was added into the culture. Cell growth response and IL-2

production in this culture were examined on 2 days. The results
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Figure 4. Effect of time of addition of GL on the modulation of
proliferation and IL-2 production induced by anti-CD3. GL (200 Pg/ml)
was added into culture at the indicated times after stimulation of anti-
CD3. After 2 days, the growth response of spleen cells (a) and IL-2
activity in supernatants (b) were tested by [3H~thymidine uptake. Values
are means + SD of triplicate assays and are representative of three
experiments. *Significantly (P<005) different from that of GL (-)

control.
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Figure 5. Acceleration by GL of IL-2 production induced by A23187
plus PMA. Spleen cells were stimulated with various concentrations of
A23 187 plus PMA (10 ng/ml) in the presence or absence ofGL (200 pg/
ml). After 2 days, IL-2 activity in supernatants was measured by
[3H]thymidine uptake. (EG) GL(-); (-) GL( +). Values are means +SD
of triplicate assays and are representative of four experiments. *Signifi-
cantly (P< 0 05) different from that of GL (-) control.
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Figure 6. Promotion by GL of IL-2R expression on anti-CD3-
stimulated CTLL-2 and splenic T cells. CTLL-2 cells (a) and nylon
wool-purified T cells (b) were stimulated with anti-CD3 (1: 1000) in the
presence or absence ofGL (200 pg/ml). After 2 days, cells were harvested
and stained with both anti-IL-2R mAb and FITC-labelled anti-Ig
antibody for analysis by FCM. (--- ) FITC-labelled anti-Ig antibody
only as negative control. Pictures oftwo negative controls ofGL-treated
and untreated cells were overlaid on each other; ( ) anti-IL-2R
stained, GL (-); (-) anti-IL-2R stained, GL(+).
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Figure 7. Effect of pretreatment of spleen cells with GL on anti-CD3 or

Con A-induced protein tyrosine phosphorylation. Mouse spleen cells
were treated or untreated with GL (200 pg/ml) for 30 min and were then
stimulated with Con A (5 ig/ml), anti-CD3 (1: 1000) plus cross-linking
anti-Ig ( 1: 200) or anti-Ig alone at 37° for 2 min. Cells were then lysed for
immunoblot assay of phosphotyrosine-containing proteins. The results
are representative of four experiments.

of the response to anti-CD3 are shown in Fig. 4. Both
proliferation and IL-2 production were enhanced by GL added
at 0-8 hr after the start of culture, and the augmenting effect of
GL peaked at 2 hr. Basically the same result was obtained in
response to Con A (data not shown). These results suggested
that the prime site of the action of GL was 2 hr after the initial
TcR activation by anti-CD3 or Con A.

The action of GL to augment IL-2 production can be TcR
bypassed

We have previously shown that GL augmented the proliferation
of T lymphocytes stimulated by A23187 plus PMA,'3 which
bypassed the TcR activation.23 Figure 5 shows that this was also
the case for IL-2 production. Spleen cells stimulated by different
concentrations of A23187 plus 10 ng/ml PMA produced IL-2
depending on the concentration of A23 187, and GL promoted
this IL-2 production. Interestingly, the level of promotion was

particularly high in response to lower concentrations ofA23 187.
This result confirmed that the primary site of GL action to
promote proliferation/IL-2 production was after TcR acti-
vation.

GL promotes expression of IL-2R on T lymphocytes induced by
anti-CD3 and Con A

We next tested the effect ofGL on the expression of IL-2R by T-
cell clone CTLL-2 and splenic T lymphocytes stimulated with
anti-CD3 mAb or Con A. IL-2R expression was examined by
immunofluoresence antibody technique. The level of IL-2R
expression by T-cell clone CTLL-2 and splenic T lymphocytes
stimulated with either anti-CD3 mAb or Con A for 48 hr was

enhanced by the addition ofGL into the culture. Representative
pictures are shown in Fig. 6.

IL-2 production-enhancing GL does not promote protein tyrosine
phosphorylation induced by anti-CD3 or Con A

We further tested whether GL would affect the TcR-regulated
protein tyrosine phosphorylation.24 The levels of protein tyro-
sine phosphorylation following stimulation with anti-CD3 or

Con A in the presence or absence of GL were compared. As
shown in Fig. 7, stimulation ofT cells with anti-CD3 plus cross-

linking anti-Ig or Con A or of B cells with anti-Ig induced
tyrosine phosphorylation in a number of proteins including
110,000 56,000 and 40,000 MW proteins. Pretreatment of the
spleen cells with 200 pg/ml of GL did not promote tyrosine
phosphorylation in any of these proteins, but rather inhibited
phosphorylation of 56,000 and 40,000MW proteins. Additional
experiments showed that pretreatment with any of different
concentrations (12-5-100 Mtg/ml) of GL or simultaneous addi-
tion of 200 pg/ml of GL with anti-CD3 or Con A did not
significantly modulate the level of the anti-CD3 or Con A-
induced protein tyrosine phosphorylation (data not shown).

IL-2 production-enhancing GL does not promote the anti-CD3-
induced c-fos expression
The effect of GL on the level of c-fos transcription induced by
anti-CD3 was tested. As shown in Fig. 8, anti-CD3 induced
accelerated transcription of c-fos in spleen cells with a peak at 30
min after stimulation. This response was not further accelerated,
but was suppressed by GL at a concentration of 200 ,g/ml,
which was most effective for enhancing IL-2 production.
However, a lower concentration ofGL (12-5 Mg/ml), which was

not active for accelerating the IL-2 production, accelerated this
response.

DISCUSSION

This study demonstrated a unique action of GL in accelerating
the anti-CD3 or Con A-induced growth response of splenic T
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Figure 8. Effect of pretreatment of spleen cells with GL on anti-CD3 mAb-induced c-fos transcription. (a) Mouse spleen cells were
stimulated with anti-CD3 (1: 1000) in the presence or absence of indicated concentrations ofGL for 30 min. (b) Cells were stimulated
with anti-CD3 in the presence or absence of GL (200 pg/ml) for 30 and 60 min. Total cellular RNA was extracted and analysed by
Northern blotting for transcripts hybridizing to a mouse c-fos-specific probe. Size of the transcription is indicated on the left. Ethidium
bromide staining of gel containing 28s and 18s RNA is shown below to indicate equal loading.

lymphocytes, mainly prolonging the duration of the response.
Further experiments revealed that this GL-mediated response
promotion was through acceleration of both IL-2 production
and IL-2R expression. Acceleration of IL-2R expression may,
however, be a consequence of up-regulation through the
marked production of IL-2. Because the GL-mediated augmen-
tation of IL-2 production was also observed with the spleen cells
stimulated with the cell-surface receptor-bypassing A23 187 plus
PMA, GL seemed to affect primarily some post-TcR stage ofthe
signal transduction. The experiment that determined the time of
addition of GL, which was effective for promotion of IL-2
secretion and growth response, further characterized the stage
ofGL action at 2 hr or later after TcR activation. These results
corresponded well to other observations that 100-200 pg/ml of
GL, which was most effective to promote IL-2 production, was
ineffective for promoting protein tyrosine phosphorylation and
c-fos transcription. Taken together, we concluded that GL is a
modulator of the late signal transduction between transcription
of immediate early genes such as c-fos and that of the IL-2 gene.
However, GL might as well work at the post-transcriptional/
translational level.

We have not yet identified the molecular target of GL for
controlling the late signal transduction. The core structure of
GL, glycyrrhetinic acid, resembles that of hydrocortisone.4"6
Glycyrrhetinic acid exhibited no affinity for corticosteroid
receptors.25 However, Irie et al. has recently shown that
glycyrrhetinic acid specifically binds 1 1-hydroxysteroid hydro-
genase ( I1 -HSD).26 They also showed that GL itselfdid not bind
II -HSD. Nevertheless it could be that GL was degraded to
glycyrrhitinic acid which should bind I I-HSD and modulate the
action of the corticosterioid-related transcription factor. This
hypothetical view is now under further investigation.

In addition to the primary action of GL on the late signal
delivery, GL displayed some negative action on the TcR-
activated early signal transduction. GL at 100-200 pg/ml
concentration decreased the level of Con A and anti-CD3-

induced tyrosine phosphorylation of 40,000 and 56,000 MW
proteins, and c-fos transcription. Actually we observed a
temporal suppression before augmentation of growth response
in the GL-treated cells (response on day 1 in Fig. 1), suggesting
another action of GL to down-regulate the early signal trans-
duction. This view might also explain why addition ofGL 2 hr
later, where no down-regulation ofthe early signal was expected
to work, most remarkably augmented the response (Fig. 4).

The relationship between the two opposite actions ofGL at
the molecular level remains to be determined. However, these
actions may partially explain the mechanism of biphasic
regulatory action of GL, which was demonstrated in our
previous paper." The balance between augmenting and sup-
pressing effects, which might be differentially dependent on the
level of stimulation and the maturation stage of the cell, would
determine the quality and quantity ofthe unique immunomodu-
latory action of GL.
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