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Ganoderma lucidum, a medicinal fungus is thought to possess and enhance a variety of human immune functions. An immuno-modulatory
protein, Ling Zhi-8 (LZ-8) isolated from G. lucidum exhibited potent mitogenic effects upon human peripheral blood lymphocytes (PBL).
However, LZ-8-mediated signal transduction in the regulation of interleukin-2 (IL-2) gene expression within human T cells is largely
unknown. Here we cloned the LZ-8 gene of G. lucidum, and expressed the recombinant LZ-8 protein (rLZ-8) by means of a yeast Pichia
pastoris protein expression system. We found that rLZ-8 induces IL-2 gene expression via the Src-family protein tyrosine kinase (PTK), via
reactive oxygen species (ROS), and differential protein kinase-dependent pathways within human primary T cells and cultured Jurkat
T cells. In essence, we have established the nature of the rLZ-8-mediated signal-transduction pathways, such as PTK/protein kinase C
(PKC)/ROS, PTK/PLC/PKCalpha/ERK1/2, and PTK/PLC/PKCalpha/p38 pathways in the regulation of IL-2 gene expression within human
T cells. Our current results of analyzing rLZ-8-mediated signal transduction in T cells might provide a potential application for rLZ-8 as a
pharmacological immune-modulating agent.
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Ganoderma lucidum (Reishi or Ling-Zhi), an oriental fungus with
reputed medical properties, has been widely used to promote
health and longevity (Wang et al., 2002; Chen et al., 2004; Chien
et al., 2004; Hsu et al., 2004); in recent studies, it has been
considered as an anti-tumor and immuno-modulating agent. An
immuno-modulatory protein, named Ling Zhi-8 (LZ-8) which
shown to exhibit certain mitogenic activity in vitro and some
immuno-modulating activity in vivo has been isolated previously
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(Kino et al., 1989), and cloned (Murasugi et al., 1991) from the
mycelial extract of G. lucidum. LZ-8 consists of 110 amino acid
residues, and features a molecular mass of 12.4 kDa including an
acetylated amino-end blocking group (Tanaka et al., 1989).
Comparing the LZ-8 polypeptide chain with the variable region
of the immunoglobulin heavy chain, coincidentally or not, it
appears that considerable similarity between these two entities
exists both in their sequence and in their predicted secondary
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structure (Tanaka et al., 1989). Hence, the molecular structure
of LZ-8 may provide valuable clues for further investigation into
the mechanism of action of LZ-8 within the mammalian immune
system (Tanaka et al., 1989). In addition, it has been
demonstrated that LZ-8 is capable of hemagglutinating sheep
red blood cells, but no such activity by LZ-8 would appear to
have been observed as regards human red blood cells (Kino
et al., 1989). The presence of LZ-8, in vivo, prevents a systemic
anaphylaxis reaction in bovine serum albumin sensitized mice
if the LZ-8 has been administered, with a reduction of IgE
production appearing to be the suggested mechanism
underlying such an effect (Kino et al., 1989).

From a previous study, LZ-8 has been shown to enhance the
internal expression of certain adhesion molecules, including
CD11b, ICAM-1, and CD2 within, respectively, the U937 cell
line, vascular endothelial cells, and human T cells (Miyasaka
et al., 1992). Moreover, it has also reported that stimulation of
human peripheral blood lymphocytes (PBL) with LZ-8 has
resulted in the induction of cytokine production including
interleukin-2 (IL-2) by PBL, and the corresponding upregulation
of IL-2 receptor expression by PBL (Haak-Frendscho et al.,
1993). Having said this, however, it needs be noted here that the
signal transduction pathways activated by LZ-8 and involved in
the regulation of IL-2 gene expression would appear to be quite
unclear and need to be further investigated.

IL-2 is originally described as a T-cell growth factor, essential
for the development of T cells in the thymus and for their
growth in the peripheral blood. IL-2 plays important roles as
regards regulating certain autoimmune processes and in the
generation and function of regulatory T cells (Furtado et al.,
2002; Malek et al., 2002). T cells activated by the T-cell receptor
(TCR) and the CD28 co-receptor induce activation of certain
mitogen-activated protein kinases such as ERK1/2, JNK1/2, and
p38 as well as relevant signal transduction cascades, such
activity typically leading to nuclear translocation of
transcription factors related to IL-2 gene expression (Serfling
et al., 1995; Serfling et al., 2000; Rincón et al., 2001). TCR
activation, in turn, induces phospholipase C activation, which
hydrolyzes phosphatidylinositol 4,5-bisphosphate to inositol
1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (Imboden
and Stobo, 1985; Berridge, 1993). IP3 releases Ca2þ from
intracellular stores and the free intracellular Ca2þ targets Ca2þ/
calmodulin-activated phosphatase calcineurin (Frantz et al.,
1994). Both Ca2þ and DAG activate protein kinase C (PKC)
isoforms that mediate a critical positive signal necessary for IL-2
induction (Clapham, 1995). As it known that PKC isoforms have
been classified into three subfamilies, including conventional
PKC (a, b1, bII, and g), novel PKC (d, e, h, and u), and atypical
PKC (z, l/i, and m) (Newton, 1995; Newton and Johnson,
1998). In essence, PKCa and PKCu are recruited to the inner
leaflet of the plasma membrane of activated human T cells
within minutes after stimulation, and play critical roles in IL-2
gene expression upon TCR activation (Szamel et al., 1998). In
addition, reactive oxygen species (ROS) play important roles as
second messengers as regards T-cell signal transduction and
related genes expression (Williams and Kwon, 2004).
However,G. lucidum including LZ-8 regulating T cell activity and
its immunity function are largely unknown.

In the current study, we have cloned the LZ-8 gene from
G. lucidum and have expressed the recombinant LZ-8 protein as
produced by Pichia pastoris, the protein as named rLZ-8. Since
LZ-8 has been demonstrated as a T cell mitogen and stimulates
IL-2 production (Haak-Frendscho et al., 1993). Here we first
analyze the molecular basis of rLZ-8 for T cell stimulation, and
demonstrate that rLZ-8 induces IL-2 secretion. Moreover, we
dissect the mechanisms by which rLZ-8 exerts its
immuno-modulatory functions via protein kinase-mediated
signal transduction pathways in the regulation of IL-2 gene
expression within human T cells.
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Materials and Methods
Cell cultures

Human primary T cells were isolated by the magnetic blood T cell
isolation kit (Miltenyi Biotech, Inc., Auburn, CA) from blood of
healthy persons obtained from Taiwan Blood Center (Taipei,
Taiwan). Human Jurkat T cells were obtained from ATCC
(Rockville, MD). All cell cultures were propagated in RPMI-1640
medium supplemented with 10% heated-inactivated fetal bovine
serum and 2 mM L-glutamine (Life Technologies, Inc., MD), and
cultured at a 378C, 5% CO2 incubator.

Materials

Human IL-2 ELISA Kit was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA); anti-PKCa antibody, anti-PKCu antibody,
anti-PKCd antibody, anti-ERK1 antibody, anti-JNK1 antibody, anti-
p38 antibody, anti-rabbit IgG-HRP, and anti-mouse IgG-HRP were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA);
anti-CD3 antibody, anti-phospho-PKCa (pT638) antibody, and
anti-phospho-PKCu (pT538) antibody were purchased from BD
Biosciences (Mountain View, CA); anti-phosphotyrosine
monoclonal antibody, clone 4G10 (mouse monoclonal IgG2b) was
purchased from Upstate Biotechnology, Inc. (Lake Placid, NY);
monoclonal anti-MAP kinase, activated (diphosphorylated ERK1/2)
antibody, monoclonal anti-JNK kinase, activated (diphosphorylated
JNK) antibody, monoclonal anti-p38 MAP kinase, activated
(diphosphorylated p38) antibody, monoclonal anti-actin antibody
and EGTA were purchased from Sigma Co. (St. Louis, MO); PP1,
PP2, Gö6976, Rottlerin, U73122, PD98059, SB203580, SP600125,
LY294002, PMA, and PHA were purchased from Calbiochem-
Novabiochem Corp. (La Jolla, CA); primers for IL-2 and GAPDH
were made from MD Bio., Inc. (Taipei, Taiwan).

Preparation of plasmids and strains for
the rLZ-8 by Pichia pastoris

The total DNA ofG. lucidumRSH RZ was extracted as described by
Al-Samarrai and Schmid (2000). The full-length of lz-8 gene was
amplified from chromosomal DNA of G. lucidum by polymerase
chain reaction (PCR) using forward primer
50-GAATTCATGTCCGACACTGCC-30 and reverse primer
50-TCTAGATAGTTCCACTGGGCG-30, while EcoRI and
XbaI restriction sites (underlined) were designed for flanking the
PCR product at the 50- and 30-terminus, respectively. The PCR
fragment was cloned into the EcoRI/XbaI site of pPICZaA
(Invitrogen, Co., Carlsbad, CA) in order to produce the expression
plasmid pPICZaA: lz-8. The LZ-8 expression plasmid was
transformed into P. pastoris KM71 (his4, aox1::ARG4, arg4, Muts;
Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction.

Media and culture conditions for expression of rLZ-8 protein

The P. pastoris transformant was cultured in a 500 ml Hinton’s flask
containing 100 ml buffered glycerol-complex medium (BMGY),
supplemented with 1% (v/v) glycerol as a carbon source and 100mg/
ml zoecine as a selection pressure. Cells were grown at 308C and
shaken at 250 rpm until an OD600 value of approximately 20 had
been reached, the cells then being harvested by centrifugation at
3,000g at 48C for a period of 5 min, following which the supernatant
was removed. Subsequent to washing with potassium phosphate
buffer (100 mM, pH 6.0), the pellet was resuspended in 100 ml
buffered methanol-complex medium (BMMY) and induced by
adding 0.5% (v/v) methanol every 24 h. BMGY and BMMY media
were also prepared according to the manufacturer’s instruction.
After 48 h of induction, the supernatant was collected by
centrifugation at 12,000g at 48C for 20 min. Recombinant LZ-8
protein was purified by a nickel affinity column, that is,
NiTA-agarose (QIAGEN, Valencia, CA), and eluted by a gradient of
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40–100 mM of imidazol. The various fractions were collected for
further immunological analyses.

Measurement of rLZ-8-induced intracellular ROS release

Intracellular ROS stimulated by rLZ-8 was measured as described
previously (Hsu et al., 2004) by detecting the fluorescent intensity
of 5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein
diacetate, acetyl ester (CM-H2DCFDA) or DHE (Molecular
Probes, Inc., Eugene, OR).

Preparation of membrane protein

Jurkat T cells (4� 106cells/ml) were sonicated on ice in 0.2 ml
relaxation buffer (10 mM Pipes, pH 7.4, 100 mM KCl, 3 mM NaCl,
3.5 mM MgCl2, 1.25 mM EGTA, 1 mM PMSF, 10 mg/ml leupeptin,
10 mg/ml pepstatin, and 10 mg/ml aprotinin) for three bursts of
10 sec. The nucleus and unbroken cells were removed by
centrifugation at 500g for 5 min. Then cytosol and membranes
were prepared by centrifugation on a discontinuous gradient of 15
and 34% (w/w) sucrose at 120,000g for 60 min at 48C. The
membrane pellets were re-suspended in lysis buffer, separated by
SDS–PAGE, and transferred to a nitrocellulose membrane
(Yamamori et al., 2002).

RNA isolation, RT-PCR for detecting the expression of IL-2
mRNA, western blotting for phosphorylation of ERK1/2, JNK1/2,
p38 and ELISA for measurement of IL-2

All methods and procedures followed the previous descriptions
(Hsu et al., 2004).

Knockdown experiments by SiRNA transfection

Jurkat T cells (2� 105) were transfected with 75 nM PKCa SiRNA,
PKCu SiRNA, PKCd SiRNA, or negative control (NC) SiRNA (HP
Validated siRNA, QIAGEN, Valencia, CA) using the RNAi start kit
(QIAGEN, Valencia, CA). After incubation at 378C for 48 h,
transfected cells were treated with rLZ-8 and processed for the
following experiments as indicated.

Statistical analysis

Statistical differences between the experimental groups were
examined by analysis of variance, and statistical significance was
determined at P< 0.05. The experiments were conducted three
times or as indicated, all data are expressed as mean� SE.

Results
rLZ-8 induces IL-2 gene expression within cultured
human Jurkat T cells and human primary T cells

In order to detect the effect of rLZ-8 upon IL-2 gene expression
within human T cells, we initially used an ELISA to quantitate
IL-2 secretion in the conditioned medium of cultured Jurkat
T cells. As shown in Figure 1A, an IL-2 protein level of around
16-, 45-, and 36-fold increased in the conditioned medium of
rLZ-8-treated Jurkat T cells at a concentration of, respectively,
0.1, 1, and 10mg/ml of rLZ-8 for a period of 6 h, compared to the
corresponding figure for control cells. By contrast, P-Laccase,
another G. lucidum protein of hemicellulase expressed by P.
pastoris was not able to stimulate IL-2 secretion from cultured
Jurkat T cells. In addition, PMA/PHA-induced around 60-fold
increased of IL-2 secretion within Jurkat T cells compared to
the control cells. Further, for the time-course study, IL-2
secretion from Jurkat T cells was able to be detected in
conditioned medium at around 3 h (�20-fold) subsequent to
rLZ-8 (1 mg/ml) stimulation, the corresponding value at 6 h
being �45-flod, and with the level peaking at around 12 h
(�110-fold), and remaining fairly constant up to 24 h
post-stimulation (Fig. 1B). Moreover, the effect of rLZ-8 on IL-2
secretion was confirmed within human blood isolated primary
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T cells (Fig. 1C). Following this investigation, using a RT-PCR
method, we determined that the incubation of Jurkat T cells
with rLZ-8 for a period of 3 h induced IL-2 mRNA expression as
compared to untreated control Jurkat T cells and the level of
thus-induced IL-2 mRNA expression reached its maximum at
12 h subsequent to Jurkat T cells being stimulated with rLZ-8
(Fig. 1D). By contrast, 24 h post-rLZ-8 stimulation of cells, the
level of expression of IL-2 mRNA had nearly returned to the
basal level.

Src-family kinases and PLC regulate IL-2 secretion
within rLZ-8-stimulated Jurkat T cells

In order to investigate the effect of rLZ-8 upon protein tyrosine
phosphorylation within cultured Jurkat T cells, cells were
initially stimulated with rLZ-8 for periods of 1, 5, 15, 30, and
60 min, respectively, such stimulation being followed by cell
lysis. Cell lysates were applied to SDS–PAGE and Western-blot
analysis with monoclonal anti-phosphotyrosine IgG (clone
4G10). As indicated in Fig. 2A, rLZ-8 treatment rapidly and
significantly induced many phosphotyrosyl proteins within
cultured Jurkat T cells compared to the case for untreated
control cells (Fig. 2A, samples 1–6). For example, upon
stimulation of cultured Jurkat T cells with rLZ-8 for a period of
5 min, some tyrosine-phosphorylated proteins featuring
molecular weights (MW) of around 56 and 140 kDa were
identified and observed to immuno-react with, respectively,
anti-Lck IgG (Fig. 2A, sample 7) and anti-PLC IgG
(Fig. 2A, sample 8); as well as some un-identified
tyrosine-phosphorylated proteins as indicated (Fig. 2A).

Incubation of Jurkat T cells with rLZ-8 induced some
protein tyrosine phosphorylation at molecular weight around
60–70 kDa (Fig. 2A), hence, we tried to investigate the possible
involvement of Src-family kinases, Lck, and/or Fyn with IL-2
secretion within rLZ-8-stimulated cultured Jurkat T cells. Test
cells were pretreated separately with the Src-family kinase
inhibitors, PP1 or PP2 for 30 min, followed by rLZ-8
stimulation for an additional 6 h; we observed that PP1 and PP2
inhibited IL-2 secretion from rLZ-8-stimulated Jurkat T cells
(Fig. 2B). We also found that both PP1 and PP2 inhibited
phosphorylation of ERK1/2 within rLZ-8-stimulated Jurkat
T cells (Fig. 2C). Taking together, we suggested that Src-family
kinases play important roles in the regulation of IL-2 secretion
and lie upstream of ERK1/2 within rLZ-8-stimulated Jurkat
T cells. In addition, PLC is a key enzyme in phosphatidylinositol
(PIP2) metabolism, which is possible activated by
transmembrane receptors with tyrosine kinase activity. PLC
converts PIP2 to DAG and IP3, which can act, respectively, on
PKC to increase its activity or on IP3 receptor (IP3R) to
open Ca2þ channel (Clapham, 1995). We found that IL-2
secretion from rLZ-8-stimulated Jurkat T cells has been shown
to be significantly reduced by treatment with U73122, an
inhibitor of PLC (Fig. 2D), suggesting that PLC involved in
rLZ-8-mediated IL-2 secretion.

PKC isoforms and Ca2R influx regulate IL-2 secretion
within rLZ-8-stimulated Jurkat T cells

At the resting stage of certain cells, some PKC isoforms reside
in the cytoplasm of cells as non-active enzymes, and
translocated to the cell membrane surface upon certain
stimulation, including PMA stimulation (Newton, 1995).
Localization of PKC isoforms such as PKCa and PKCu on the
cell membrane of certain T cells indicates enzyme activation
within such cells (Newton and Johnson, 1998). Using subcellular
PKC distribution analysis, we demonstrated that two PKC
isoforms: PKCa and PKCu both undergo translocation from
cytosol to the cell membrane of Jurkat T cells upon cellular
stimulation with rLZ-8 for a period of 5–10 min (Fig. 3A), this



Fig. 1. rLZ-8 induced IL-2 gene expression within human T cells. A: rLZ-8 induced IL-2 secretion in a does-dependentmanner by Jurkat T cells.
Cells were treated with one of following, rLZ-8 (0–10 mg/ml), PMA (15 nM)/PHA (2 mg/ml), P-Laccase (4 U/ml), and aCD3 (0.5 mg/ml),
respectively; conditionedmediumwas harvested at 6 h post-stimulation. Conditionedmediumwas assayed for IL-2 concentration using an IL-2
specific ELISA; one of four experiments is presented. B: Time-course response of ELISA analyses of IL-2 secretion within rLZ-8-treated Jurkat T
cells. Cells were treated with rLZ-8 (1 mg/ml) for 0–24 h, IL-2 concentration in conditioned medium was determined by ELISA, one of four
experiments is presented.C: rLZ-8 induced IL-2 secretionwithin humanprimaryTcells. Blood isolated freshhumanprimaryTcellswere treated
with rLZ-8 (0–10 mg/ml) for 6 or 24 h, respectively. Conditionedmediumwas assayed for IL-2 concentration using an IL-2 specific ELISA; one of
three experiments is presented. D: RT-PCR analysis of IL-2 mRNA expression within rLZ-8-treated Jurkat T cells. Total RNAwas isolated from
cells treated with rLZ-8 between 1 and 24 h or with PMARPHA for 24 h. Ethidium bromide-stained agarose gel with RT-PCR amplified IL-2
mRNA and GAPDH mRNA are indicated with arrows for IL-2 and GAPDH; one of three experiments is presented.
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reflecting the relative potency of rLZ-8 as regards the activation
of PKCa and PKCu. In addition, we found that rLZ-8 treatment
induced phosphorylation of PKCa and PKCu, respectively, at
tyrosine 638 and 538 (Fig. 3B). In order to further elucidate the
role of PKCa and PKCu as regards the regulation of IL-2
secretion within rLZ-8-stimulated Jurkat T cells, these cells
were pretreated with an inhibitor of, respectively, either PKCa
(Gö6976) or of PKCu (Rottlerin) for a period of 30 min,
followed by rLZ-8 stimulation for 6 h. Following this, the
conditioned medium of test cells was collected, and the
concentration of IL-2 in conditioned medium determined by
ELISA, we observing that Gö6976 and Rottlerin both
effectively inhibited IL-2 secretion from Jurkat T cells stimulated
with rLZ-8 (Fig. 3C). Moreover, the level of IL-2 secretion from
rLZ-8-stimulated Jurkat T cells was significantly reduced by
transfection of cells with small interfering RNA (SiRNA)
specifically targeting PKCa and PKCu, yet by contrast, IL-2
secretion from rLZ-8-stimulated Jurkat T cells was not reduced
by transfection of cells with PKCd or NC SiRNA (Fig. 3D).
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Together, the suite of current results would appear to suggest
that PKCa and PKCu activation within Jurkat T cells by rLZ-8
treatment play important roles in the regulation of IL-2
secretion within the tested cells.

Since it appears that PLC and PKCs were activated by rLZ-8,
it would seem reasonable to test the role of Ca2þ influx in the
IL-2 secretion within rLZ-8-stimulated Jurkat T cells. IL-2
secretion from rLZ-8-stimulated Jurkat T cells was inhibited by
treatment with EGTA, an extracellular Ca2þ chelator (Fig. 3E).
In addition, inhibition of intracellular Ca2þ by BAPTA/AM (an
intracellular calcium chelator) and TMB-8 (an intracellular Ca2þ

antagonist that blocks the release of Ca2þ from intracellular
stores), both cases resulting in a significantly reduced IL-2
secretion from rLZ-8-stimulated Jurkat T cells (Fig. 3E). The
results of the inhibitory effect of EGTA, BAPTA/AM, and
TMB-8 upon IL-2 secretion within rLZ-8-stimulated Jurkat T
cells indicated that both extracellular and intracellular Ca2þ

play important roles in IL-2 secretion within rLZ-8-stimulated
Jurkat T cells.



Fig. 2. Role of Src-family kinases and PLC in the regulation of rLZ-8-induced IL-2 secretion. A: Jurkat T cells were treated with rLZ-8 (1mg/ml)
for 0–60 min, cells were lysed and analyzed by Western blot with anti-phosphotyrosine monoclonal antibody (samples 1–6). The results of re-
probed the blot with anti-Lck IgG or anti-PLC IgG were shown as samples 7 and 8, respectively. The indicated bars on the left side represent
molecular weight (kDa). B: Src-family kinase inhibitors, PP1 and PP2, inhibited IL-2 secretion within rLZ-8-stimulated Jurkat T cells. Cells were
pre-incubated, respectively,withPP1 (0.5, 1, or 3mM)orPP2 (0.5, 1, or 3mM) for30min, followedby rLZ-8 (1mg/ml) stimulation for additional 6h.
Conditionedmediumwas assayed for IL-2 concentration using IL-2 specific ELISA; one of four experiments is presented. C: Src-family kinases lie
upstream of ERK1/2 within rLZ-8-stimulated Jurkat T cells. Cells were pre-incubated, respectively, with PP1 (1 or 3 mM) or PP2 (1 or 3 mM) for
30 min, followed by rLZ-8 (1 mg/ml) stimulation for additional 5 min. Phosphorylation of ERK1/2 was analyzed by Western blotting. D: Jurkat
T cells were pre-incubated with U73122 (2.5, 5, or 10 mM) for 30min, followed by rLZ-8 (1 mg/ml) stimulation for 6 h. Conditioned mediumwas
assayed for IL-2 concentration using IL-2 specific ELISA; one of four experiments is presented.
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MAPKs regulate IL-2 secretion within
rLZ-8-stimulated Jurkat T cells

In order to further examine rLZ-8-mediated signal transduction
pathways as regards the regulation of IL-2 gene expression,
we commenced by testing whether rLZ-8 stimulates the
phosphorylation of MAPKs within cultured Jurkat T cells. The
level of ERK phosphorylation within Jurkat T cells appeared to
increase at around 5 min post-rLZ-8 stimulation, and extended
to 60 min post-rLZ-8 stimulation (Fig. 4A). In order to explore
for the presence of any additional rLZ-8-mediated signal-
transduction molecules and pathways related to IL-2 gene
expression, we further examined whether the phosphorylation
level of p38, another important stress-related MAPK family
member, increased in level within Jurkat T cells upon rLZ-8
stimulation for 0–60 min. In this regard, we noted that the level
of p38 phosphorylation within cultured Jurkat T cells increased
significantly from basal levels at between 5 and 30 min
subsequent to rLZ-8 stimulation. Further, 60 min subsequent to
such stimulation, the p38 phosphorylation level had gradually
returned to around the basal level (Fig. 4A). In addition, rLZ-8
JOURNAL OF CELLULAR PHYSIOLOGY
treatment of Jurkat T cells also increased the phosphorylation
level of JNK, another MAPK family member, within Jurkat
T cells (Fig. 4A).

Next, we examined whether the MAPK-related signaling
constituted one of the main downstream signaling cascades in
the regulation of IL-2 secretion within rLZ-8-stimulated Jurkat
T cells. Cells were exposed, separately, to one of pharmaceutics
protein kinase inhibitor: PD98059, SP600125, and SB203580,
such exposure inhibiting, respectively, MEK1, JNK1/2, and p38
activity, this exposure then being followed by incubation with
rLZ-8 for a period of 6 h. The results indicated that PD98059
exposure at 50 mM completely inhibited of IL-2 secretion from
rLZ-8-stimulated Jurkat T cells (Fig. 4B), suggesting that the
MEK1/ERK1/2 pathway is involved in the process of IL-2
secretion within rLZ-8-stimulated Jurkat T cells. SB203580, a
p38 inhibitor, was observed to only slightly inhibit IL-2 secretion
from rLZ-8-stimulated Jurkat T cells, even at the relatively
substantial concentration of 10 mM (Fig. 4B). Moreover, the
JNK inhibitor, SP600125 appeared to exert no real effect upon
IL-2 secretion from rLZ-8-stimulated Jurkat T cells at a
concentration of less than 10mM; however, SP600125 revealed



Fig. 3. Role of PKCs andCa2R in the regulation of rLZ-8-induced IL-2 secretion. A: PKCa and PKCumigrated to plasmamembrane upon rLZ-8
stimulation. Jurkat T cells were incubatedwith rLZ-8 (1mg/ml) for 5 or 10min, respectively. After incubation,membrane fraction andwhole cell
lysates were subjected toWestern blotting analysis of PKCa and PKCu, respectively. CD45 acts as a loading control; one of three experiments is
presented. B: rLZ-8 induced phosphorylation of PKCa and PKCu. Jurkat T cells were incubated with rLZ-8 (1 mg/ml) for 0–60 min, the
phosphorylation levels of PKCa (T638) and PKCu (T538) were analyzed byWestern blotting; one of three experiments is presented. C: Jurkat
T cells were pre-incubated with Gö6976 (0.5, 1, or 2.5mM) or Rottlerin (1, 3, or 5mM) for 30min, followed by rLZ-8 (1mg/ml) stimulation for 6 h.
Conditioned medium was assayed for IL-2 concentration using IL-2 specific ELISA; one of four experiments is presented. D: The level of IL-2
secretion from rLZ-8-stimulated Jurkat T cells was significantly reduced by transfection of cells with small interfering RNA (SiRNA) specifically
targetingPKCaorPKCu, but notPKCdornegative control (NC)SiRNA.Theefficiencyof SiRNAwasverifiedbyWesternblotting as shown in the
small figure. E:RoleofCa2RonrLZ-8-induced IL-2 secretionwithin JurkatTcells. rLZ-8-induced IL-2 secretion fromJurkatTcellswas inhibitedby
EGTA,TMB-8, andBAPTA-AM treatment. JurkatT cellswere pre-incubatedwith EGTA (100, 1,000 and 3,000mM), TMB-8 (25, 50, and 100mM),
or BAPTA-AM (1, 3, and 10 mM), respectively, for 30min, followed by rLZ-8 (1 mg/ml) stimulation for 6 h. Conditionedmediumwas assayed for
IL-2 concentration using IL-2 specific ELISA; one of four experiments is presented.
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Fig. 4. A: Analysis of time-course of ERK1/2, JNK1/2, and p38 phosphorylation within rLZ-8-treated Jurkat T cells. Cells were stimulated
with rLZ-8 (1 mg/ml), and the cell lysates were collected at different periods of time. Cell lysates were analyzed by Western blot with
anti-diphosphorylated ERK1/2, anti-diphosphorylated JNK1/2 and anti-diphosphorylated p38 monoclonal antibody, respectively; one of three
experiments is presented. B: Effect of PD98059, SP600125, and SB203580 on IL-2 secretion within rLZ-8-stimulated Jurkat T cells. Cells were
pre-incubated with one of following, PD98059 (10, 50, or 100 mM), SP600125 (1, 10, or 30 mM), or SB203580 (1, 3, or 10 mM) for 30 min,
respectively, followed by rLZ-8 (1 mg/ml) stimulation for additional 6 h. Conditioned medium was assayed for IL-2 concentration using IL-2
specific ELISA; oneof four experiments is presented.C:MAPKs showed additive effectwith eachother on IL-2 secretionwithin rLZ-8-stimulated
Jurkat T cells. Jurkat T cells were pre-incubated with MAPK inhibitors for 30 min, followed by rLZ-8 (1 mg/ml) stimulation for 6 h. Conditioned
medium was assayed for IL-2 concentration using IL-2 specific ELISA; one of four experiments is presented.
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some slight inhibition of IL-2 secretion at a concentration of
30 mM (Fig. 4B). Interestingly, the combined use of these three
MAPK inhibitors resulted in an additive inhibition of IL-2
secretion from rLZ-8-stimulated Jurkat T cells (Fig. 4C). These
results indicated that MEK1/ERK1/2, JNK1/2, and p38 pathways
were three independent signaling pathways associated with IL-2
secretion within rLZ-8-stimulated Jurkat T cells, and that the
MEK1/ERK1/2 pathway played a more-important role as
regards IL-2 secretion within rLZ-8-stimulated Jurkat T cells
than was the case for p38- and JNK1/2-related pathways.

PKCa, but not PKCu lays upstream of ERK1/2
and p38 within rLZ-8-stimulated Jurkat T cells

As demonstrated above, PKCa, PKCu, and MAPKs play
important roles in the process of IL-2 secretion within
rLZ-8-stimulated Jurkat T cells. In order to dissect the inter-
relationship between these signaling molecules, we initially used
Gö6976 to examine the role of PKCa in the activation of ERK1/
2 and p38 within rLZ-8-stimulated Jurkat T cells. In the absence
of Gö6976, rLZ-8 induced the phosphorylation of ERK1/2 and
p38, by contrast, however, Gö6976 significantly inhibited the
rLZ-8-induced phosphorylation of ERK1/2 and p38 (Fig. 5A),
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although Rottlerin (Fig. 5B) did not inhibit the phosphorylation
of, respectively, ERK1/2 and/or p38 within rLZ-8-stimulated
Jurkat T cells. Further, rLZ-8-induced phosphorylation of
ERK1/2 and p38 were significantly reduced by transfection of
cells with SiRNA specifically targeting PKCa, but not by PKCu
(Fig. 5C). The results of such inquiry indicate that PKCa but not
PKCu lays upstream of ERK1/2 and p38 within rLZ-8-
stimulated Jurkat T cells.

ROS regulates IL-2 secretion within
rLZ-8-stimulated Jurkat T cells

In order to examine as to whether rLZ-8 treatment of
cultured Jurkat T cells could induce ROS release within
these cells, a procedure to detect the fluorescent oxidative
product of CM-H2DCFDA was used to examine H2O2 release
from Jurkat T cells. Similar to the effect of aCD3 treatment
on H2O2 release, within several minutes of Jurkat T cell
stimulation with rLZ-8, such treatment was observed to rapidly
induce significant H2O2 release from Jurkat T cells compared to
the case for untreated control Jurkat T cells (Fig. 6A). By
contrast, pre-treatment of Jurkat T cells with N-acetyl-cysteine
(NAC), a potent antioxidant, for 30 min, rapidly reduced



Fig. 5. PKCa acts as upstream signaling molecule of ERK1/2 and
p38 within rLZ-8-stimulated Jurkat T cells. A: Cells were pretreated
with Gö6976 (0.8, 1.5, 2.5, or 5mM) or (B) Rottlerin (1, 3, or 5mM) for
30 min, respectively, prior to stimulation with rLZ-8 (1 mg/ml) for
additional 15 min, followed by measuring the phosphorylation of
ERK1/2 and p38; one of three experiments is presented. C: The
phosphorylation level of ERK1/2 and p38 within rLZ-8-stimulated
Jurkat T cells was significantly reduced by transfection of cells with
small interfering RNA (SiRNA) specifically targeting PKCa, but not
PKCu or negative control (NC) SiRNA.

22 H S U E T A L .
rLZ-8-induced H2O2 release from Jurkat T cells (Fig. 6A).
Following these above-described experiments, we found that
transfection of cells with SiRNA specifically targeting PKCa and
PKCu reduced H2O2 release from rLZ-8-stimulated Jurkat T
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cells, although PKCa SiRNA proved to be more efficient at
inhibiting H2O2 release from Jurkat T cells than was PKCu
SiRNA (Fig. 6B), indicating that PKCa and PKCu
regulated H2O2 release from Jurkat T cells. As it known H2O2

was generated from O�
2 via SOD catalyzation upon T cells

stimulated with aCD3 (Jackson et al., 2004). Hence, we tested
whether rLZ-8 treatment induces O�

2 release within cultured
Jurkat T cells. We found that rLZ-8 treatment, like aCD3
treatment, induced O�

2 release within cultured Jurkat T cells
(Fig. 6C). Further, we also found that NAC and
diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase
(Hsu and Wen, 2002), were both able to elicit a
dose-dependent inhibition of IL-2 secretion within Jurkat T cells
(Fig. 6D), indicating that NADPH oxidase-derived ROS release
involved IL-2 secretion within rLZ-8-stimulated Jurkat T cells.
Further, rLZ-8 mediated phosphorylation of ERK1/2 and p38
were inhibited by NAC (Fig. 6E), suggesting that
H2O2-mediated IL-2 secretion was partially via ERK1/2 andp38.

TCR/CD3 complex is one of the putative
receptors for rLZ-8

Since IL-2 expression is one of the principal characteristics of
TCR-mediated T cell activation, we tested our hypothesis that
TCR is one of the putative binding sites/receptors for rLZ-8.
For this purpose, we used aCD3, an antibody which is able to
bind to TCR but which does not induce IL-2 expression within
cultured Jurkat T cells (Fig. 7), to compete with the TCR
binding site of rLZ-8. We found that pre-incubation of Jurkat
T cells with aCD3 reduced IL-2 secretion from the cells in a
dose-dependent manner; yet by contrast,aCD3 did not reduce
PMA/PHA-induced IL-2 secretion within cultured Jurkat T cells
(Fig. 7). These results suggest that TCR/CD3 complex is one of
the putative binding sites of, or receptors for, rLZ-8.

Discussion

It would appear that the number of studies describing the
immunological properties of polysaccharides (Wang et al.,
2002; Chen et al., 2004; Chien et al., 2004; Hsu et al., 2004) and
proteins (Miyasaka et al., 1992; Ko et al., 1995, 1997; Lin et al.,
1997; Hsieh et al., 2003) as derived from various fungi, including
edible mushrooms, is increasing with the passing of time;
however, the signaling pathways related to cytokine expression
in response to fungal immuno-modulatory protein within T cells
is less studied and unclear. It has been reported that LZ-8 could
stimulate human PBL to secret IL-2 (Haak-Frendscho et al.,
1993); however, the mechanism for mitogenic property of LZ-8
to T cells is not clear. In this study, we produced the
recombinant LZ-8 protein (rLZ-8) by yeast P. pastoris, and
demonstrated that rLZ-8 could stimulate human T cells to
secrete IL-2. The property of rLZ-8 on IL-2 induction is
similar to the case for native LZ-8 purified from mycelial extract
of G. lucidum (Haak-Frendscho et al., 1993). Native LZ-8
purified from mycelial extract of G. lucidum contains around
1.3% carbohydrate (Kino et al., 1989); interestingly, rLZ-8 did
not contain any carbohydrates (data not shown), suggesting
that carbohydrates on LZ-8 is not necessary for IL-2 induction,
yet the contribution of carbohydrates on IL-2 secretion need
further investigation. In addition, dimerization of native LZ-8
plays important role in its immuno-modulatory activity (Lin
et al., 1997), and we found that dimerization of rLZ-8 is also
required for rLZ-8 to induce IL-2 expression (data not shown).

Considering the rLZ-8-stimulated signal transductions in the
regulation of IL-2 gene expression, we systematically analyzed
the involved signaling molecules. Incubation of Jurkat T cells
with rLZ-8 resulted in significant protein tyrosine
phosphorylation, especially at molecular weight around
60–70 kDa (Fig. 2A). After re-probing the blot of protein
tyrosine phosphorylation, we identified the tyrosine
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phosphorylated proteins at molecular weight around
60–70 kDa were Src-family kinases, including Lck. Lck activity is
regulated, in part, by certain kinases and phosphatases
through controlling its phosphorylation status. Lck is activated
by CD45 (a protein tyrosine phosphatase) through
dephosphorylating its negative regulatory tyrosines upon TCR
cross-linking. After activation, Lck is inactivated by
Csk-mediated phosphorylation of the negative regulatory
tyrosine (Hermiston et al., 2003). Upon rLZ-8 stimulation, we
found that phospho-Lck starts out at a high level, decreases, and
then increases again (Fig. 2A), indicating that Lck is transient
activated by rLZ-8 stimulation. However, the detailed effect of
rLZ-8 on Lck activation is needed further investigation. In order
to test the role of Src-family kinases in the regulation of IL-2
Fig. 6. Role of ROS release in the regulation of IL-2 secretion within rLZ
CM-H2DCFDA (2 mM) for 30 min, followed by substitution with medium c
(1mg/ml) plusNAC (5mM), respectively, for additional 0–60min. The rela
excitation wavelength of 485 nm and an emission wavelength of 530 nmw
Tcellswas reduced by transfection of cellswith SiRNAspecifically targetin
Tcells. JurkatTcellswere stimulatedwith rLZ-8 (1mg/ml) oraCD3(0.5mg
andDPI inhibited IL-2 secretionwithin rLZ-8-stimulated JurkatT cells. Cel
respectively, for 30 min, followed by rLZ-8 (1 mg/ml) stimulation for 6 h.
specific ELISA; one of four experiments is presented. E: H2O2 lies upstream
pre-incubatedwithNAC(1, 5, or 10mM) for 30min; followedby rLZ-8 (1m
p38 were analyzed by Western blotting.

JOURNAL OF CELLULAR PHYSIOLOGY
expression within rLZ-8-stimulated T cells, we used inhibitors
of Src-family kinases (e.g., PP1 and PP2) to test the hypothesis.
Pretreatment of Jurkat T cells with PP1 and PP2, respectively,
resulted in a significant reduction and inhibition of IL-2
secretion followed by incubation with rLZ-8 (Fig. 2B). Together
these results, we suggested that rLZ-8-mediated activation of
Src-family kinases is important for IL-2 secretion within Jurkat
T cells.

Following T-cell stimulation, PKCu translocated to the
SMAC of the immunological synapse where it co-localizes with
the TCR. PKCu is required for the activation of the NF-kB and
activator protein-1 (AP-1), which mainly regulate the IL-2 gene
expression (Isakov and Altman, 2002). T cells deficient in PKCu
exhibit a reduction of both IL-2 production and proliferation
-8-stimulated Jurkat T cells. A: Jurkat T cells were pre-incubated with
ontaining rLZ-8 (1 mg/ml), aCD3 (0.5 mg/ml), NAC (5 mM), or rLZ-8
tive fluorescence intensity of fluorophoreCM-DCFwas detected at an
ith a fluorometer. B: The H2O2 release from rLZ-8-stimulated Jurkat
gPKCaorPKCu. C: rLZ-8 andaCD3 inducedOS

2 releasewithin Jurkat
/ml) for 0–60min,OS

2 releaseweremeasuredbyDHEstaining.D:NAC
lswerepre-incubatedwithNAC (1, 3, or 5mM)orDPI (3, 5, or 10mM),
Conditioned medium was assayed for IL-2 concentration using IL-2
of ERK1/2 and p38within rLZ-8-stimulated Jurkat T cells. Cells were

g/ml) stimulation for additional 15min. Phosphorylation ofERK1/2 and
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in vitro (Marsland et al., 2004); however, PKCu is critical for the
development of T helper (Th) 2 cells but not for Th1 cells’
responses in vivo (Marsland et al., 2004). Herein, we have
observed that rLZ-8 stimulates Jurkat T cells to produce a
Th1-predominant cytokine IL-2 via PKCu in vitro, however, the
specific biological function of rLZ-8 in promoting Th1 or Th2
responses in vivo clearly warrants further investigation. On the
other hand, it has been reported that PKCa acts upstream of
PKCu to activate the IKK complex and also NF-kB in
T lymphocytes subsequent to TCR activation (Trushin et al.,
2003). Here we were interested in examining whether various
PKC isoforms (e. g., PKCa and PKCu) played important roles in
the rLZ-8-induced signal transduction of IL-2 gene expression
within T cells. Herein, we have demonstrated that inhibition of
PKCa and PKCu by, respectively, Rottlerin and Gö6976, leads
to a rather strong decrease in the level of rLZ-8-induced IL-2
secretion by Jurkat T cells (Fig. 3C). Moreover, the rLZ-8-
induced phosphorylation of ERK1/2 as described herein was
significantly inhibited by the application of a PKCa inhibitor
Fig. 7. aCD3 inhibited IL-2 secretionwithin rLZ-8-stimulated Jurkat
T cells. Jurkat T cells were pre-incubated with aCD3 (0–1 mg/ml) for
30min, followed by stimulationwith rLZ-8 (1mg/ml) or PMA (15 nM)/
PHA (2 mg/ml) for additional 6 h. IL-2 concentration in conditioned
medium was determined by ELISA, one of three experiments is
presented.
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(Gö6976), but not so by the administration of a PKCu inhibitor
(Rottlerin) (Fig. 5), suggesting that rLZ-8-mediated PKCa, but
not PKCu, acts upstream of ERK1/2. Such an observation would
appear to be quite similar to PKCa-mediated ERK activation
within aCD3-treated T cells (Puente et al., 2000).

ROS generated from activated T cells leads to the activation
of downstream signaling pathways and certain genes expression
(Williams and Kwon, 2004). It has also been reported that
aCD3 stimulation of murine primary T lymphocytes in vitro
resulted in H2O2 and O�

2 release (Jackson et al., 2004). From
our studies, rLZ-8 appeared to induce rapid generation of ROS,
including H2O2 and O�

2 within cultured Jurkat T cells, a
response to rLZ-8, which would appear to be similar to the
result of aCD3 stimulation of Jurkat T cells (Figs. 6A, C). In
order to investigate signaling molecule(s) involving H2O2

release, we demonstrated that rLZ-8-induced H2O2 release in
the early period following stimulation (within 10 min of rLZ-8
stimulation) is sensitive to either a PKCa inhibitor (Gö6976) or
PKCu (Rottlerin) (Fig. 6B), an outcome which appears
compatible with the inhibition of ROS release by Rottlerin
within murine macrophages in vitro (Woo et al., 2004), and
within murine adipocytes (Talior et al., 2005) and within murine
endothelial cells (Jeon et al., 2005). It would appear, however,
that Gö6976 is more effective than Rottlerin at inhibiting H2O2

release especially in the later stages following stimulation
(i.e., 20 min subsequent to stimulation of Jurkat T cells), implying
that PKCa plays a more important role than PKCu does as
regards the regulation of rLZ-8-induced H2O2 release within
Jurkat T cells; although the details of the underlying mechanism
for such an outcome would appear to be unclear. In a general
sense, NADPH oxidase directly participates in the process of
ROS production, we found that pre-treatment of Jurkat T cells
with NAC or DPI (an inhibitor of NADPH oxidase) elicited
a dose-dependent inhibition of IL-2 secretion from
rLZ-8-stimulated Jurkat T cells, indicating that rLZ-8-stimulated
ROS is involved in the process of IL-2 secretion within Jurkat
T cells (Fig. 6D) (Tatla et al., 1999). Furthermore, inhibition
of H2O2 release by NAC leads to downregulate the
phosphorylation of ERK1/2 and p38 within rLZ-8-stimulated
Jurkat cells (Fig. 6E), indicating that H2O2 regulated the
activation of ERK1/2 and p38 within rLZ-8-stimulated Jurkat
cells.

Next, stimulation of MAPKs is a critical signal transduction
event for the activation of T cells (Serfling et al., 1995; Serfling
et al., 2000; Rincón et al., 2001). First, we demonstrated that the
phosphorylation of ERK increased rapidly in response to rLZ-8
stimulation (Fig. 4A). Further, using PD98059, an inhibitor of
MEK1 (the upstream protein kinase of ERK1/2), we
demonstrated that blockage of MEK1! ERK1/2 resulting in the
reduction of rLZ-8-induced IL-2 secretion within Jurkat T cells
(Fig. 4B), indicating that ERK1/2 are important signaling
molecules in rLZ-8-mediated IL-2 secretion. By contrast,
transfection of Jurkat T cells with a dominant negative mutant of
ERK also demonstrated the critical role of ERK in the mitogen-
stimulated IL-2 production within Jurkat T cells (Li et al., 1999).
Secondly, the p38 mediation of IL-2 production via the signal
integration of TCR/CD28 co-stimulation within T cells has been
reported on previously (Zhang et al., 1999). The p38 inhibitor,
SB203580 is able to fully abolish the production of IFNg induced
by FIP-fve, an immuno-modulatory protein deriving from
Flammulina velutipes within human peripheral blood
lymphocytes (Wang et al., 2004). By contrast, we found that
SB203580 pre-treatment reduced approximate 40% rLZ-8-
induced IL-2 secretion within cultured Jurkat T cells compared
to medium-pre-treated Jurkat T cells (Fig. 4B), suggesting p38
plays a less-significant role in rLZ-8-induced IL-2 secretion by
cultured Jurkat T cells than the case for ERK1/2, although we did
note that rLZ-8 acts quickly to induce the phosphorylation of
p38 (Fig. 4B). On the other hand, rLZ-8 appeared to be slightly



Fig. 8. The proposed rLZ-8-mediated signal transduction pathways
in the regulation of IL-2 gene expression within human T cells.
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to stimulate the phosphorylation of JNK1/2 (Fig. 4A), and in
addition, SP600125, a selective JNK1/2 inhibitor, appeared to
elicit no effect upon rLZ-8-induced IL-2 production (Fig. 4B).
Such an outcome would appear to suggest that the JNK1/2-
mediated pathway does not involve IL-2 secretion, a notion,
which is also consistent with the corresponding result of JNK1/
2 gene-deficient mice (Dong et al., 2000).

In summary, we have cloned the LZ-8 gene from G. lucidum
and we have expressed the recombinant LZ-8 protein as
produced by P. pastoris, named rLZ-8. Herein we used human
primary T cells and a human Jurkat T cell line to investigate, in
vitro, the immuno-modulating characteristic of rLZ-8. We have
demonstrated that binding of rLZ-8 to Jurkat T cells triggers the
activity of various protein tyrosine kinases (PTK), and these
processes being followed by activation of MAPKs, that related
to immunity activities including IL-2 gene expression within
human primary T cells and cultured Jurkat T cells. Further, we
systematically analyzed the mechanisms of rLZ-8-mediated
signaling pathways as regards the regulation of IL-2 secretion. In
essence, we have established the signal transduction pathways
of PTK/PKC/ROS; of PTK/PLC/PKCa/ERK1/2; and of PTK/
PLC/PKCa/p38 in the independent and/or cooperative
regulation of IL-2 gene expression (Fig. 7). Our current findings
will contribute to the greater understanding of how LZ-8 is
derived from G. lucidum-mediated immuno-modulation
activities, and further, how this novel immuno-modulatory
protein may potentially find pharmacological application for
certain therapeutic purposes (Fig. 8).
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