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Summary

In this study, I found the existence of muscarinic acetylcholine (mACh) receptors in
human peripheral blood lymphocyte (hPBL) as well as in human leukemic T cell line
Jurkat cells, and examined the roles of the mACh receptors in interleukin-2 (IL-2)
production in the cells.

In the first section, | examined the effects of a nonselective muscarinic receptor
agonist, oxtremorine-M (Oxo0-M), on IL-2 production in hPBL. The mACh receptor
subtype genes have been characterized as m1 tom5 (1). I found that m1 and m2
subtype receptor mRNAs are expressed in hPBL and the pretreatment of the receptors
with Oxo-M enhanced IL-2 production (2). I demonstrated that Jurkat cells also
expressed ml and m2 receptor mRNAs.

In the second section, I examined the physiological roles of the m1 and m2
receptors in Jurkat cells. The results showed that the m1 subtype stimulation enhanced
IL-2 production, while the m2 subtype stimulation decreased it throu gh the regulation of
mitogen-activated protein kinase (MAPK)- and c-Jun N-terminal kinase (JNK)-mediated
pathways.

In the third section, I examined the effects of cyclic AMP (cAMP) on IL-2
production.  Pretreatment with dibutyryl cAMP (DBcAMP) for 24 hr enhanced IL-2
production in Jurkat cells.  Fluorescence-activated cell sorter (FACS) analysis
demonstrated that Jurkat cells were arrested in G1 phase by DBCAMP treatment. The
enhancement of 1L.-2 production seemed to be correlated to the cell cycle progression.
Although the m2 receptors are known to couple with Gi protein which inhibits cAMP
accumulation. There were no effects of the m2 receptor stimulation on the cell cycle in
Jurkat cells.

In the sections 2 and 3, stimulation of m2 receptors for 18 hr did not affect the

amount of cCAMP, after PMA/A23187 stimulation for 30 min caused decreases of AP-1.




Concomitant stimulation with m2 receptors and PMA/A23187 for 30 min decreased the

amount of cCAMP and caused decreases of AP-1 and NF-xB. The relationships of these

events must be clarified in the future.

These findings may be important steps to further clarify the functional roles and the

intracellular mechanism of the neuro-immune interaction.




General Introduction

In Alzheimer’s disease, cholinergic activity is low in the central nervous system
(CNS).  Muscarinic receptor expression in hPBL of patients is markedly decreased,
although the receptor-ACh-affinity is not changed (3). The functions of T cells have
been shown to decrease with increasing age in several immuno-dysfunction diseases (4),
e.g., severe combined immunodeficiency (SCID) or acquired immunodeficiency
syndrome (AIDS). These findings suggest that a selective muscarinic receptor agonist
may be therapeutically useful for the treatment of several diseases which result from
dysfunction of TCR/CD3 complexes in T cells. It is important to further clarify the
functional roles and the intracellular mechanism of the neuro-immune interaction.

Several bi-directional interactions are known to exist between nervous and
immune systems via neurotransmitters and cytokines. Lymphoid organs such as spleen,
lymph nodes and thymus contain vagus nerve terminals, which may contact with
lymphocytes (5). In addition, receptors for many neurotransmitters, including
catecholamines and acetylcholine (ACh), have been detected on the surface of
lymphocytes (6, 7). ACh is a neurotransmitter which exists in both central and peripheral
nervous systems. Cholinergic system may hence take part in the immuno-neuroendocrine
system.  Despite of several reports on the existence of ACh receptors in lymphocytes,
biochemical mechanisms of the roles of ACh system in the immune system have not been

elucidated in detail. In this study, I examined the roles of muscarinic acetylcholine

receptors expressed in T lymphocytes on interleukin-2 (IL-2) production.
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Experimental procedures

Preparation of human peripheral blood lymphocytes (hPBL): hPBL
were extracted from the venous blood of healthy volunteers by dextran sedimentation
followed by Ficoll-Paque gradient centrifugation, and the cells were cultured in RPMI-
1640 medium supplemented with 5% heat-inactivated FCS in a humidified atmosphere of
10% CO, and 90% air at 2 x 10° cells/ml. Trypan blue dye staining revealed that the

viability of hPBL was more than 98%.

Positive panning separation of CD3-positive T cells from hPBL:
CD3-positive T cells were positively selected from hPBL by a panning technique (8).
Briefly, the antibody-coated flasks were washed three times with a PBS-Ca**-/Mg**-free

medium (PBS/CMF) prior to panning.  Approximately 5 x 107 fresh hPBL were

incubated at room temperature with 4 ml of PBS/CMF containing 0.5% human y-globulin

and then introduced into the anti-CD3 mAb coated T-25 flasks. After incubation for 1 hr
atroom temperature, non-attached cells were removed by pipetting and 10 ml of the
"release medium" (10% FCS-containing RPMI-1640) was added.  After 72 hr culture in
a humidified atmosphere of 5% CO, at 37 °C, adherent cells were removed from the
flasks by pipetting. The cells were then replated at 0.5 - 1 x 10° cells/ml in a fresh

RPMI-1640 medium.

Assay of IL-2 production: The amount of 1L-2 produced by cultured T cells
was determined using an ELISA kit for human IL-2. In brief, cell-free culture
supernatants were obtained by centrifugation at 500 x g for 5 min.  Samples were
assayed according to the manufacturer's instructions and analyzed on an automated
ELISA plate reader (MTP-120, Corona Electric). Data are expressed using international

unit (1.U. , 1 LU./ml=0.2 ng/ml).
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Measurement of [ Ca’* ]: hPBL at2 x 10° cells/ml in RPMI-1640 medium

i

containing 0.3% BSA were incubated with 5 uM Fura-2/AM at 37 °C for 20 min. To

remove free Fura-2/AM, the cell suspension was diluted 10-fold in RPMI-1640 medium,
incubated at 37 °C for 30 min, and centrifuged at 300 x g for 5 min. The cells were
resuspended in Tyrode-Hepes buffer at 2 x 10° cells/ml and monitored for intracellular
Fura-2 fluorescence by a fluorescence spectrophotometer (Hitachi F-2000) in a cuvette
controlled at 37 °C over stirring.  The fluorescence intensity in 1 x 10° cells was
monitored at 510 nm after excitation at 340/380 nm. The equation [Ca*' | = Kd(R-
R/ (R -R) x F_; (340 nm)/F, _ (380 nm) was used, where R is the ratio in the
fluorescence intensity of Fura-2-loaded cells at 340/380 nm, F,.. is the fluorescence
intensity of the Ca®*-free dye at 340 nm, determined in a 10 mM EGTA solution of Triton
X-100- lysed cells, and F,___ is the fluorescence intensity of the Ca**-saturated dye at 380
nm, determined in a Triton X-100-lysed cell suspensions containing I mM CaCl,. The
limiting ratios, R ;, (Ca**-free dye) and R__ (Ca**-saturated dye), were determined in
Triton X-100-lysed cell suspensions using EGTA or Ca** buffers, respectively. The
change in the ratio upon stimulation (R) was then used to calculate the change in [Ca®']..
The published Kd value for the Fura-2/Ca®* interaction, 224 nm, was used for the

calculations (9).

Flow cytometric analysis of CD3,CD2, CD4, CD8 and IL-2 receptor o

Subunit molecules on the cell surface: After incubation in PBS for 30 min at 4 °C

in the presence of 1 ug of murine mAb against CD3, CD2, CD4, CDS8, or IL-2 receptor o

subunit, 1 x 10° hPBL cells were reacted with 1.25 ug of FITC-labeled secondary anti-

mouse Ab for 30 min at4 °C.  The FITC-stained cells were analyzed with a flow

cytometer (EPICS-CS, Coulter Electronics) to assess the expression of CD3, CD2, CD4,
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CD8 or IL-2 receptor a subunit molecules on the cell surface.

RNA isolation and RT-PCR analysis: Total cellular RNA was extracted
from hPBL and Jurkat cells with 4 M guanidine thiocyanate as described by Chomczynski
and Sacchi (10).  The cells were washed twice with ice-cold PBS prior to lysis. The
RNA samples were spectrophotometrically quantified by absorbance at 260 and 280 nm.
PCR primers of 21 nucleotides were designed for human muscarinic receptors m1-m5
(11).  The sequences, corresponding base numbers relative to the coding initiation site,
sizes of expected PCR products and the registered sequence numbers (GenBank) are
shown in Table 1. Computer analyses revealed that all the primers were 100%

homologous to their target sequences but had no significant homologies with any other

genes registered in the GenBank. One ug of the total RNA was incubated at 37 °C for

60 min with a mixture of 100 units of RT, 1 x first strand buffer, 10 mM DTT, 0.5 mM

each dNTP, and 50 units RNase inhibitor in a final volume of 20 ul. The reaction

mixture was further incubated for 10 min at 70 °C to inactive RT. As control templates,

human fetal brain MATCHMAKER c¢DNA library were digested with EcoRI and

extracted. Two pl of the RT products or the control templates were mixed with 1 mU of

TUB DNA polymerase, 200 nM each of sense and antisense primers in a buffer

containing 1 x TUB buffer and 0.2 mM each dNTP in final volume of 20 ul. The

mixture was overlaid with 30 ul of liquid paraffin to prevent evaporation and then

amplified by 40 cycles of PCR. The PCR products were separated by electrophoresis in
a 1.5% agarose gel in | x TBE buffer. The gel was stained with ethidium bromide and

photographed.

Cell culture and transient transfection: ~ Human Jurkat cells were cultured

13




in IMDM supplemented with 10% FCS. Ten ug of the pIL-2LUC plasmid carrying the

human IL-2 promoter of 568 bp linked to the luciferase cDNA was transfected to the cells
(2 x 10° or 4 x 10° cells/ml) by the DEAE-dextran method (12) and the cells were

incubated for 48 - 72 hr before harvest.

Luciferase assays:  The transfected cells were harvested, washed with PBS,

lysed using 200 ul of a detergent solution (lysis buffer), and centrifuged at 12,000 rpm

for 10 min.  The supernatants were standardized and subjected to the luciferase reaction

in a total of 20 ul lysis buffer with 100 pl of luciferase substrates in the vials.

Immediately after mixing, the light intensities emitted by the samples were measured on a
luminometer (luminometer ATP-300, Advantec Toyo Ltd.). The extract from the cells

transfected with the promoterless plasmid pGV-B was assayed in parallel as a control.

Band shift assay: Nuclear extracts of Jurkat cells were prepared as described
by Dignam et al. (13), with minor modifications (14). The extract was resuspended in,

and dialyzed against a buffer containing 20 mM HEPES-KOH (pH 7.9), 20% glycerol,

20 mM KCI, 2 mM MgCl,, 0.2 mM EDTA and 0.5 mM DTT. As probes, one ug of

annealed oligonucleotides were end-labeled using [y-**P] and T4 polynucleotide kinase,

purified by gel filtration through Sephadex G50, separated in a 10% polyacrylamide gel,

and eluted from the gel. Binding reactions were carried out by incubating 0.2 - 1 pmole
of end-labeled DNA (10,000 cpm) with 2.5 ng of nuclear extract proteins and 2 pg of
poly(dI-dC) at room temperature for 15 min in a buffer containing SO mM KCI, | mM

EDTA, 4% Ficoll 400, 1 mM DTT and 4 mg/ml BSA in a final volume of 15 ul. After

incubation, the reaction mixtures were loaded on a 4% polyacrylamide gel in 0.25 x TBE

buffer and electrophoresed at 10 V/ecm.  For competition experiments, non-labeled

14




double-stranded oligonucleotides (5- or 50-fold excess amount of the labeled probe) were
added to the reaction mixture prior to addition of nuclear extracts. The sequences of
oligonucleotides used in this experiments were as follows, where small letters indicate

additional linker sequence: AP-1,

gatcCATCGTGACTCAGCGATCTCGTGACTCAGCGG; NF-xB,

GATCCGAGGGGACTTTCCGCTGGGGACTTTCCAGG: NF-AT,
ACGCCCAAAGAGGAAAATTTGTTTCATACA (15); Oct-1,
gatcGCATTTGCATGATCGATCGCATTTGCATGATC.

Western blot analysis:  Cells were harvested, washed with 3 ml of ice-cold

PBS, and lysed in 500 pl of a lysis buffer containing 10 mM Tris, 150 mM NaCl, 2 mM

EGTA, 2 mM DTT, | mM orthovanadate, | mM PMSF, 10 ug/ml leupeptin, 10 ug/ml

aprotinin (pH 7.4 measured at 4 °C).  The lysates were centrifuged at 12,000 rpm for 20
min at 4 °C and the supernatants were boiled for 5 min with the SDS sample buffer as
previously described by Chen er. al. (16) and stored at -70 °C until use. The samples
were re-boiled and subjected to a 7.5% SDS-PAGE followed by transfer on nitrocellulose
filters at 100 V for 1.5 hrat4 °C. The filters were then blocked with TBST (10 mM
Tris-HCI, pH 7.5, 100 mM NacCl, 0.1% Tween 20) containing 1% BSA for 1 hr and
incubated with the primary antibody in TBST for 1 hr at room temperature. After
washing three times with TBST, the filters were incubated with the secondary antibody
(an anti-mouse or an anti-rabbit IgG-horseradish peroxidase conjugate) for 30 min.

After washing with TBST three times, antibody-reactive bands were visualized by a

chemiluminescence detection kit (ECL Western detection kit).

p42/p44 MAP kinase assay:  Cell lysates were prepared and the supernatants
were stored as described above in Western blot analysis. The activity of p42/p44 MAP

15




kinase was assayed using the BIOTRAK™ MAP kinase assay system. Fifteen ul of

each sample were added to 10 pl of a buffer containing HEPES, sodium orthovanadate,

0.05% sodium azide (pH 7.4) and the peptide corresponding to EGF receptor carrying the

Thr669 phosphorylation site as a substrate. The reaction was triggered by adding 5 pl of a

magnesium-|"*PJATP buffer (optimized solution of ATP in a buffer containing HEPES

and magnesium chloride, pH 7.4), incubated for 30 min at 30 °C and terminated by the

addition of 10 pl of a stop reagent (solution of orthophosphoric acid containing carmosine

red). Thirty ul of each terminated reaction mixtures were applied on the center of each

paper disc, and the discs were washed twice with 250 ml of 75 mM orthophosphoric acid
for 2 min and then three times with 250 ml distilled water for 2 min. The paper discs
were dried, put in a 20 ml scintillation vial, added 10 ml of liquid scintillation cocktail and

counted in a scintillation counter for *2P.

Protein kinase assay:  Cell lysates were prepared as described above in
Western blot analysis. The lysates were centrifuged at 12,000 rpm for 20 min at 4 °C

and the supernatants were applied to 50 ml of protein G-Sepharose beads (50% slurry)

for I hr 4 °C to remove nonspecific immune complexes. Fifteen ug of an anti-JNK-1

mADb were added to the flow through fractions, and the mixture was incubated for 4 hr at

4°C.  Specific immune complexes were precipitated with 30 ul of protein G-Sepharose

beads (50% slurry) and washed five times with 1 ml of the ice-cold lysis buffer.

Immune-complex kinase assays were performed as previously described by Chen et. al.

(16) using GST-Jun (1-79) as a substrate. The reactions were carried out in 30 pl at 30

°C for 30 min, stopped by the addition of 30 ul of 2 x SDS sample buffer, and analyzed

on an SDS-polyacrylamide gel. The gel was dried and autoradiographed.
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Cell cycle analysis: Jurkat cells (2 x 10°) were washed with PBS, then

resuspended in 5 ml of 70% ethanol then incubated for 30 min at4 °C. Cells were

pelleted and resuspended in 0.4 ml PBS containing 20 ug RNase then incubated for 20

min at 37 °C.  Cells were pelleted and resuspended in 0.5 ml of 0.1% sodium citrate
containing 50 mg/ml propidium iodide, and incubated for 10 min on ice. The
proportions of cells in G1, S and G2 phases of the cell cycle were analyzed by flow
cytometry on a FACSort with CellQuest software (Becton Dickinson Advanced Cellular

Biology, San Jose, CA).

Jurkat cells synchronization: Cells were synchronized at G1/S phase
boundary by the double-thymidine block protocol (17). Briefly, Jurkat cells were
incubated in IMDM containing 2.5 mM thymidine for 24 hr, washed 3 times, and
incubated another 10 hr without thymidine. Thymidine was then added again at the

same concentration, and the cells were incubated another 14 hr.

CAMP enzyme immunoassay (EIA) system: Jurkat cells (2 x 10°) were
washed with PBS, then resuspended in 5 ml of 70% ethanol then incubated for 30 min at
4 °C.  The extracts were centrifuged at 5,000 rpm for 15 min at 4 °C and transferred the
supernatants to fresh tubes. The combined extracts were dried in vacuum oven. The
dried extracts were dissolved in 0.2 ml of assay buffer prior to analysis. The amount of
CAMP was assessed using the BIOTRAK™ cAMP EIA system. Samples were assayed
according to the manufacturer’s instructions and analyzed on an automated ELISA plate

reader (MTP-120, Corona Electric).

17




Table 1. PCR primers designed for human muscarinic receptors subtype m1-mS5.

receptor PCR primers relative base # size of PCR Sequence #
subtype (upper/lower) to initiation site product (bp) (GenBank)
m1 GAAGAAGAGGAAGAGGACGAA 826-847 373 X15263
CAGGAGAGGGGACTATCAGCA 1378-1399
m?2 GOLETCCICTCTTCATOCTCT 443-464 469 X15264
TCCTGGGTTATTTCATCATCT 891-912
ma3 AGCCAAACGAACAACAAAGAG 531-552 846 X15266
TTGAAGGACAGAGGTAGAGTG 1356-1377
m#4 CGCTATGAGACGGTGGAAATG 76-98 048 X15265
CGECTTGOCTTTICTTOICCTE 703-724
mS GGAAACAGAGAAGCGAACCAA ©654-675 800 M80333
AGCACAACCAATAGCCCAAGT 1433-1454

18




Section 1

Roles of muscarinic receptors on T cell antigen receptor-
mediated interleukin-2 production in human peripheral blood

lymphocytes
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1-1. Introduction

Activation of multicomponent TCR/CD3 complexes by antigens, lectins or anti-CD3
mADb results in activation of various signal transduction pathways, such as rapid PLC-
mediated hydrolysis of PIP, into Ins(1,4,5)P, and DAG (18). They cause activation of

[Ca**]; increase and PKC activation. Another rapid event that follows TCR/CD3

activation is phosphorylation of tyrosine residues of several proteins, including TCR ¢

subunit and PLC-y1 (19), which are possibly involved in p21"* activation (20).

IL-2 is the lymphocytotrophic hormones and has a pivotal role in the generation and
regulation of immune responses.  Activation of TCR/CD3 complexes induces 1L-2
production in T cells, and the IL-2 production is inhibited by some immunosuppressants,
such as CsA and FK-506 (21). CsA- and FK-506-binding proteins have been identified
as immunophilines (cyclophilins and FKBPs, respectively) (22), and are targets for
Ca’*/CaM-dependent phosphatase 2B which is also known as calcineurin (23). Detailed
mechanisms of the [L-2 production and regulation are, however, not clear.

In this section, I found that muscarinic ACh receptors exist in human peripheral

lymphocytes and that the activation of the receptors enhances the 1L.-2 production induced

by TCR/CD3 complexes.
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1-2. Results

Muscarinic agonist-induced IL-2 production in hPBL: Incubation of

hPBL with 1 uM ACh (in the presence of 100 uM physostigmine, a cholinesterase

inhibitor), 1 uM Oxo-M, or 1 uM nicotine for 24 hr did not induce IL-2 production (Fig.

1.1A).  When the cells were incubated with ACh or Oxo-M as mentioned above,
subsequent induction of IL-2 production by PHA was, however, enhanced (Fig. 1.1B).

Preincubation with nicotine did not affect the PHA-induced IL-2 production (Fig. 1.1B).

The IL-2 production induced by 1ug/ml of an anti-CD3 mAb was also enhanced by Oxo-

M (162 %) to a similar level in case of the PHA-induced 1L.-2 production (169 %) (data
not shown). The effects of Oxo-M on the IL-2 production induced by 10 ug/ml PHA in
CD3-positive T cells prepared by a positive panning selection from hPBL was also

examined. ~ As shown in Fig. 1.1C, the enhancement by Oxo-M pretreatment was

similarly observed in hPBL. The PHA-induced IL-2 production was enhanced by

preincubation with I uM Ox0-M to 176 % in CD3-positive cells while 169 % in hPBL

(Fig. 1.1B,C). Incubation with 1 uM Oxo-M for 24 hr by itself did not induce IL.-2

production in CD3-positive cells (data not shown). The enhancement of PHA-induced

[L-2 production by Oxo-M pretreatment for 24 hr was observed with Oxo-M at various

concentrations ranging from 10 nM to 10 uM (data not shown). Addition of 0.1 uM

Oxo-M together with PHA did not enhance the 11.-2 production, but pretreatment with
Oxo-M longer than 1 hr prior to PHA additjon resulted in the enhancement (Fig. 1.2A).
Furthermore, the 1L.-2 production was induced by PHA much earlier (within 3 hr) in
hPBL pretreated with Oxo-M for 24 hr than in untreated hPBL, and in 12 hr after PHA

addition, the production in the pretreated cells was increased 2-3 fold compared to that in
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the untreated cells (Fig. 1.2B).  Addition of PHA at low concentrations (1-3 ug/ml)

hardly induced IL-2 production in untreated hPBL, but induced in the cells pretreated with

Oxo-M (Fig. 1.3).

Effects of FK-506 and CsA on IL-2 production from hPBL: Two
immunosuppressant, FK-506 and CsA, are known to inhibit the production of several
cytokines including IL-2 (21). Therefore, the effects of FK-506 and CsA on the PHA -

induced IL-2 production as well as the enhancement of the IL-2 production by Oxo-M
pretreatment in hPBL were examined. Both FK-506 and CsA significantly inhibited the

IL-2 production either with or without Oxo-M pretreatment to similar extents (Fig. 1.4).

Effects of Oxo-M and PHA on [Ca*], in hPBL: Incubation with 10 ug/ml

PHA induced and sustained a marked increase of [Ca”’]i in hPBL (Fig. 1.5B).
Treatment with an anti-CD3 mAb (NU-T3) also induced an increased of [Caz*]i, to an

extent similar to PHA-induced [Ca®'], (24). Oxo0-M, on the other hand, hardly affected

[Ca*'|. in hPBL even at a high concentration (10 uM) (Fig. 1.5A). In Jurkat cells, Oxo-

M at concentrations higher than 1 uM is required for [Ca®']. increase (25). The results

suggest that [Caz’L]i increase may not be involved in the enhancement of PHA-induced IL-

2 production by Oxo-M.

Effects of Oxo-M treatment on expression of CD3, CD2, CD4, CDS8

and IL-2 receptor a subunits on hPBL and T cells: To assess a possibility that

Ox0-M pretreatment may upregulate the expression of cell surface molecules involved in
the PHA response in T cells, flow cytometric analysis was performed. The fluorescence

shifts with regards to CD3 and CD2 molecules were indistinguishable between untreated
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hPBL and the cells treated with 0.1 uM Oxo-M for 24 hr (Fig. 1.6A). Oxo-M did not

affect the expression of CD4, CD8 or IL-2 receptor a subunit molecules, either. Similar

results were obtained in CD3 positive T cells (Fig. 1.6B). Oxo-M thus did not

upregulate the expression of the cell surface molecules such as CD3, CD2, CD4, CD8

and IL-2 receptor a subunit in T cells.

Expression of muscarinic receptormRNA in hPBL: To investigate which
subtypes of muscarinic receptor mRNA are expressed in hPBL, RT-PCR analyses were
carried out on total RNA extracted from hPBL using primers for human muscarinic
receptors ml-m5.  As shown in Fig. 1.7, mRNA for muscarinic receptors ml and m2

mRNA were detected, but the expression of the receptors m3-m5 was not observed in

hPBL.
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1-3. Discussion

Oxo-M, a nonselective muscarinic receptor agonist, was previously found to induce
activation of PLC through different mechanisms from those by PHA in Jurkat cells (25).
Here I examined the effects of Oxo-M on IL-2 production in hPBL.

I'have shown that PHA-induced IL-2 production in hPBL was enhanced by
pretreatment of hPBL with Oxo-M or ACh, but not with nicotine (Fig. 1.1). The
enhancement of PHA-induced IL-2 production by Oxo-M required at least 1 hr
preincubation of hPBL with Oxo-M before PHA addition, and the longer preincubation
resulted in the stronger induction of IL-2 production (Fig. 1.2). These findings suggest
that there are muscarinic receptors in hPBL and stimulation of these receptors enhanced
[L-2 production.

FK-506 and CsA, immunosuppressive drugs which inhibit IL.-2 production (21),
form complexes with immunophilins (such as FKBPs and cyclophilins) and block Ca**-
pathways. A Ca**-pathway via calcineurin may be involved in IL-2 production by
stimulating the translocation of transcriptional factors such as NF-AT from the cytoplasm
into the nucleus.  Here I showed that FK-506 and CsA inhibited the PHA-induced I1L-2
production in Oxo-M-pretreated cells as well as in untreated cells. The decrease of the
IL-2 production due to FK-506 or CsA was comparable between Oxo-M treated and
untreated cells (Fig. 1.4). Oxo-M by itself caused a slight elevation of [Ca**]. in hPBL
(Fig. 1.5A), but the elevation was much lower than that induced by PHA. The results
indicate that Oxo-M-induced enhancement of 11-2 production is not, at least not largely,
due to [Ca*']. elevation and thereby that increase of [Ca®"|. may not be essential in the 1L-2
production enhanced via muscarinic receptors in hPBL.

Another possible mechanism of the enhancement by Oxo-M was that Oxo-M might

Increase the expression of the surface molecules involved in PHA responses, including

CD3, CD2, CD4, CD8 and IL-2Rc.  In FACS analyses using monoclonal antibodies
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against each protein, no changes in their expressions were observed between the cells
untreated and treated (Fig. 1.6). The results suggest that stimulatory effects of Oxo-M
on IL-2 production might be due to activation of intracellular signaling mechanisms.
Muscarinic receptor subtype genes have been classified as m1 to m5 based on
cDNA cloning (1). RT-PCR analyses revealed that only m1 and m2 receptors mRNA

were expressed in hPBL (Fig. 1.7A).  Subtype ml couples with Gq protein which

activates PLC-3 (26).  The signals from PLC-f may lead to activation of PKC through

Ins(1,4,5)P; and DAG, and hence may enhance IL-2 production. The PKC family

consists of heterogeneous PKC subspecies, including classical PKC group (a, BI, BII, v),

new PKC group (9, €, n, 0) and atypical PKC (T, M), which are identified in different

intracellular localization of particular cell types (27). A previous study indicated that
Oxo-M induce the activation of PLC through the different mechanisms from those by
PHA in Jurkat cells (25). The PLC and PKC activated by muscarinic receptors may be
different species from those activated by TCR/CD3.  Several studies showed that cAMP
inhibits IL-2 production in the T cell line (28, 29, 30). Since m2 receptor couples with
Gi protein which inhibits cAMP accumulation, signal transduction via m2 receptor may
inhibit the cAMP accumulation, followed by disinhibition of IL-2 production.

Muscarinic receptors m1 and m2 may thus cooperate in the enhancement of IL.-2
production.  The results [ showed here suggest that the receptors ml and m2 mRNA are
expressed in human T cells and enhance the TCR/CD3-mediated 1L.-2 production,

probably through G proteins and PLC, via pathways insensitive to both FK-506 and
CsA.
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1-4. Conclusion of Section 1

Muscarinic receptor m1 and m2 mRNAs were expressed in hPBL and pretreatment
of these receptors with Oxo-M enhanced PHA -induced IL-2 production. Oxo-M-
induced enhancement of IL-2 production may not be due to [Ca**], elevation.

Stimulatory effects of Oxo-M on IL-2 production could be due to the intracellular

signaling mechanism.
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None ACh Oxo-M Nicotine 4 None ACh Oxo-M Nicotine O None Oxo-M

Fig. 1.1. Influences of cholinergic agonists on PHA-induced IL-2 production

from hPBL and CD37 cells After hPBL were incubated with several cholinergic

agonists (1 uM ACh in the presence of 100 uM physostigmine, 1 uM Oxo-M, 1 uM nicotine)
for 24 hr, the vehicle (control) (A) or 10 ug/ml PHA (B) was added into the culture medium

and further incubated for 24 hr, the IL-2 content in the medium was measured by ELISA for
human IL-2. C, CD3-positive T cells prepared from hPBL by a positive panning selection

method. Cells were pretreated with 1 uM Oxo-M for 24 hr prior to 10 ng/ml PHA treatment

and further incubated for 24 hr, the IL-2 content in the medium was measured. PHA-induced

IL-2 production and Oxo-M-induced enhancement were found in all four experiments.
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Fig. 1.2. Effect of Oxo-M on PHA-induced IL-2 production in hPBL A, hPBL

were pretreated with 0.1 uM Oxo-M for O -24 hr prior to 10 pg/ml PHA treatment for 24 hr,
subsequently the amount of IL-2 was measured. B, hPBL were pretreated with vehicle ( O ) or O.

1 uM Oxo-M ( @) for 24 hr prior to 10 ug/ml PHA treatment for a further O - 24 hr. Typical data

of four independent experiments are shown. Each point is the mean of 4 samples.
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Fig. 1.3. Oxo-M enhanced PHA-induced IL-2 production in hPBL After

hPBL were pretreated with vehicle ( O ) or 0.1 mM Oxo-M ( @) for 24 hr, PHA at O - 100
ug/ml was added and they were further incubated for 24 hr. Typical data of four independent

experiments are shown. Each point is the mean of 4 samples.
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Fig. 1.4. Effects of FK506 and cyclosporin A on PHA-induced IL-2 production and

the Oxo-M-induced enhancement of IL-2 production After hPBL were preincubated in the
presence or absence of 10 nM FK506 or 100 nM CsA for 2 hr, hPBL were treated in the absence (A) or
presence (B) of 0.1 mM Oxo-M for 24 hr, then added 10 wg/ml PHA . They were incubated for a further

24 hr, the amount of IL-2 produced was measured in the medium. Each point is the mean of 4 samples.

*,p<0.05, ** p<0.01 versus none.
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Fig. 1.5. Effects of Oxo-M and PHA on the [Ca 2+]i in hPBL hPBL were

preloaded with 5 uM Fura-2/AM for 20 min and then washed. Time course of [Ca2+]i rise

was examined after addition of 10 uM Oxo-M (A) or 10 ug/ml PHA (B). The fluorescence

intensity of Fura-2, [Ca2+]i was determined using a Hitachi F-2000 spectrophotometer.

31




A. hPBL

anti-CD3 anti-CD2 anti-CD4 anti-CD8 anti-IL2a

none

Oxo-M

B. CD3T-T cells

anti-CD3 anti-CD2 anti-CD4 anti-CD8 anti-lIL2a

none

Oxo-M

Fig. 1.6. Effects of Oxo-M on the expression of CD3, CD2, CD4,
CDS8 and o subunit of the IL-2 receptor in hPBL and T cells

hPBL (A) and T cells (B) were treated with or without 100 uM Oxo-M for 24 hr

and then their fluorescence intensities were analyzed by flow cytometry using

anti-CD3 mAb, anti-CD2 mAb, anti-CD4 mAb, anti-CD8 mAb and anti-1L-2

receptor a subunit mAb. IL2Ra: the o subunit of the IL-2 receptor.
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Fig. 1.7. Expression of muscarinic receptor mRNA in hPBL A, RT-PCR was used

to amplify signals from isolated mRNA of hPBL. The size (bp) of the Hinfl cut pUC19 fragments
in the last lane are indicated. For each set of subtype specific primers, mRNA was run in the
presence ( + ) and absence ( - ) of reverse transcriptase. The blank lanes are the absence of reverse
transcriptase (absence of contamination from cellular DNA or amplified products). B, control
(human fetal brain cDNA library). Subsequently, the primer sequences and size of the PCR

products were described in the "Experimental Procedures".
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Section 2

Roles of muscarinic receptors on interleukin-2 production in

Jurkat cells
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Part 1

Roles of m1 receptors
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2-1. Introduction

IL-2 has a pivotal role in regulating the proliferation and differentiation of
hematopoietic cells (31). In Section 1, I have shown that muscarinic receptors ml and
m?2 are expressed on hPBL and that pretreatment of those receptors with Oxo-M enhanced
IL-2 production.  The IL-2 promoter activity is regulated by the 300 bp region adjacent

to the transcription initiation site (32, 33, 34).  This region contains specific binding

sites for various transcription factors including AP-1, NF-kB, NF-AT and Oct-1, and

cooperation of these factors is required for maximal activation of the IL-2 promoter (35).
Muscarinic receptors are typical G protein-coupled receptors. Each receptor contains

seven transmembrane regions of helix structure and activates a specific class of trimeric G

proteins, including Gq and Gi. Ggqa and/or GBy subunits activate PLC-B, resulting in

activation of PKC and an increase in the level of cytoplasmic Ca®* by release of Ca®* from
intracellular storage. A tyrosine kinase, PYK?2, has recently been reported to function as
a switch which relays message from PKC and cytoplasmic Ca* to Shc and thus to
activate Ras-mediated regulation systems in PC12 cells (36). Muscarinic receptor may

thus stimulate the MAPK cascade via activation of PYK2 which phosphorylates Shc.

Another report tells that Gy-mediated MAPK activation is initiated by a tyrosine

phosphorylation event and proceeds by a pathway common to both G protein-coupled
receptors and tyrosine kinase receptors in COS-7 cells (37).  Furthermore, the signals
from muscarinic receptors involve in the MAPKs in NIH-3T3 cells or Rat 1a fibroblast
cells (38, 39).

In this section, I evaluated the effect of muscarinic receptors on regulatory elements

of the IL-2 promoter and found the pathways mediated by those receptors in Jurkat cells.
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2-2. Results

Muscarinic agonist enhanced IL-2 production in Jurkat cells:
Triggering of TCR has been shown to result in hydrolysis of PI(4, 5)P, to generate DAG
and Ins(1, 4, 5)P, which induce Ca** mobilization. These events can be mimicked by
phorbol ester PMA and calcium ionophore A23187 (40). To determine the optimal
concentration of PMA for activation of human T cell line Jurkat cells, cells were treated
for 24 hr with PMA at various concentrations ranging 0 - 20 nM in addition to a constant
amount of A23187 (Fig. 2.1.1). In the presence of 500 nM A23187, IL-2 production
increased with 1 - 5 nM PMA and reached plateau, while PMA by itself did not induce IL-
2 production (Fig. 2.1.1).  The IL-2 production induced by 10 nM PMA together with
500 nM A23187 was enhanced by pretreatment of the cells with Oxo-M for 24 hr in a

dose dependent manner in the range of 0.1 - 100 uM (Fig. 2.1.2). The enhancement

was inhibited by cell treatment with an m1/m3 antagonist, 4-DAMP, or a non-selective
antagonist, atropine for 20 min prior to the Oxo-M treatment (Fig. 2.1.3).  Although

Oxo-M by itself did not induce IL-2 production (data not shown).

Expression of muscarinic receptor mRNA in Jurkat cells: The results
shown in Fig. 2.1.2 and Fig. 2.1.3 indicate that muscarinic receptors were present on
Jurkat cells.  To investigate which subtypes of muscarinic receptors are expressed in
Jurkat cells, RT-PCR analyses were carried out using total RNA extracted from Jurkat
cells as in the case of hPBL.  As shown in Fig. 2.1.4, the expressions of subtypes ml

and m2, but not of m3 - m5, were detected in Jurkat cells, similarly to those in hPBL.

Roles of m2 receptors on IL-2 production:  As shown in Fig. 2.1.3, an
m1/m3 antagonist, 4-DAMP, inhibited the Oxo-M-mediated enhancement of 11.-2

production.  Since not only m1 but also m2 receptor was expected to express in Jurkat
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cells, the involvement of m2 receptor in the 1L-2 production in Jurkat cells was verified.
When the cells were pretreated with an m2 antagonist, AFDX-116, the IL-2 production

enhanced by Oxo-M was further stimulated (Fig. 2.1.5).

ml receptor stimulation enhanced IL-2 promoter activity in Jurkat
cells: 'To examine whether the enhancement of IL-2 production via m1 receptor is
involved in the activation of the IL-2 promoter, pIL.2-LUC, a plasmid carrying the human
IL-2 promoter of 568 bp linked to the luciferase cDNA, was transfected into Jurkat cells
and the cells were treated with PMA and A23187. The IL-2 promoter activity increased

to the optimum by treatment with 1 nM PMA and 500 nM A23187 (Fig. 2.1.6A). The

optimal activity was strongly enhanced by pretreatment with 100 uM Oxo-M (Fig.

2.1.6A). The enhancement by Oxo-M was abolished when the cells were treated with

an m1/m3 antagonist, I uM 4-DAMP, for 20 min prior to the Oxo-M pretreatment (Fig.

2.1.6B). The results suggest that the IL-2 promoter activity was induced by

PMA/A23187 in Jurkat cells and further enhanced via muscarinic receptor m1.

Effects of ml receptor-enhanced IL-2 promoter activities on nuclear
transcription factors’ consensus sequence binding proteins in Jurkat cells:
Induction of the IL-2 promoter activity depends on the region of 300 bp upstream from

the transcription initiation site (32, 33, 34).  The region contains the specific binding

sites for AP-1, NF-kB, NF-AT and Oct-1, and cooperation of these transcription factors

is required for the maximal activation of the IL-2 promoter (35). Hence, I examined
whether the binding of the transcription factors to the respective cis elements was affected

by the m1 receptor-mediated signals on IL-2 production. ~Nuclear extracts were prepared

from Jurkat cells which were treated or untreated with an m2 antagonist, 1 uM AFDX-

116, and 100 uM Oxo-M prior to the stimulation with 1 nM PMA and 500 nM A23187
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for O -3 hr. I examined binding activity of the extracts to the target elements for AP-1,

NF-kB, NF-AT and Oct-1 by band shift assays. As shown in the right-end panel of Fig.

2.1.7A, the bands at the position indicated by arrowheads were due to the specific AP-1
nucleoprotéin complex, because the bands disappeared when excess amount of unlabeled
AP-1 oligonucleotides (x 5 or x 50 of the labeled probe) were added to the reactions as
competitors. The AP-1 nucleoprotein complex increased along the incubation with
PMA/A23187, and the stronger signals were detected in 2 - 2.5 hr for the extract prepared
from the cells pretreated with AFDX-116/Ox0-M than that from the cells without
pretreatment (Fig. 2.1.7A, B). In the Western blotting analyses, similar increases of c-
Fos and c-Jun proteins were observed and the cells pretreated with AFDX-116/Ox0-M

resulted in stronger signals than the cells without pretreatment (Fig. 2.1.7C).

Binding proteins to the consensus sequences for NF-kB, NF-AT and Oct-1 in the

cell extracts were assessed as described above for AP-1.  The nucleoprotein complex on

the NF-kB element remarkably increased in 0.5 - | hr, but decreased sharply in the

following half an hour, then increased gradually (Fig. 2.1.8A). No remarkable

differences were observed in the NF-kB complex between the cells pretreated with and

without AFDX-116/Oxo0-M (Fig. 2.1.8A). The proteins binding to the elements for NF-
AT or Oct-1 were observed constantly during the PMA/A23187 induction and were not

affected by the AFDX-116/0Ox0-M pretreatment (Fig. 2.1.8B, C).

Effect of cyclosporin A on m1 receptor-mediated IL-2 promoter
activity in Jurkat cells: Immunosuppresant, CsA, was examined for the effect on
the PMA/A23187-induced IL-2 promoter activity and the m1-mediated enhancement of

the promoter activity in Jurkat cells.  The cells were treated with 1 nM CsA for 2 hr prior

to the treatment with 1 uM AFDX-116 (m2 receptor antagonist) and 100 uM Oxo0-M for
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24 hr and then treated with 1 nM PMA and 500 nM A23187 for 24 hr. The CsA
treatment remarkably decreased the [L-2 promoter activity induced by PMA/A23187 and

there was no significant difference in the rates of inhibition, regardless of the treatment

with AFDX-116/0x0-M (Fig. 2.1.9).

Effect of herbimycin A on m1 receptor-mediated IL-2 promoter activity
in Jurkat cells: Herbimycin A is known as a potent inhibitor of tyrosine kinase (41).
To examine whether a signal transduction via tyrosine kinase was involved in the m1

receptor-mediated enhancement of the IL-2 promoter activity, the treatment with

herbimycin A was carried out.  The cells were treated with 0.01 - 1 ug/ml herbimycin A

for 1 hr before the 24 hr treatment with 1 uM AFDX-116 and 100 uM Oxo-M

pretreatment. Then the cells were stimulated with 1 nM PMA and 500 nM A23187 for

24 hr.  The treatment with 0.01 - 0.1 wg/ml herbimycin A decreased the induction of IL-

2 promoter activity and the induction was no longer observed after the treatment with 1

ug/ml herbimycin A (Fig. 2.1.10). The ml receptor-mediated enhancement of 11-2

promoter activity was significantly decreased by the 0.01 pwg/ml herbimycin A. The

results suggest that signal transduction pathways via tyrosine kinase were involved in the

ml receptor-mediated enhancement of the IL-2 promoter activity.

Effects of MAP kinase superfamily on m1 receptor-mediated
enhancement of IL-2 promoter activities in Jurkat cells: MAPKs belong to a
group of serine/threonine kinases and are shown in various cell systems to be engaged in
sequential phosphorylation cascades which transmit Ras activation signals to the nucleus.
To examine the possible involvement of MAPK(ERK)/MEK pathways in the m1

receptor-mediated enhancement of 1L-2 promoter activity, the cells were treated with
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PD98059, a specific inhibitor of the MEK activation (42). Prior to the 24 hr treatment

with I uM AFDX-116 and 100 uM Oxo-M followed by the treatment with 1 nM PMA
and 500 nM A23187 for 24 hr, the cells were treated with 3 - 30 uM PD98059 for 1 hr.

The treatment with 3 uM PD98059 decreased the m1 receptor-mediated enhancement

significantly, and at higher concentrations of PD98059 enhancement by Oxo-M and the
induction by PMA/A23187 decreased in a dose-dependent manner (Fig. 2.1.11).
Another MAPK superfamily, termed p38 MAP kinase, was also examined for the ml1

receptor-mediated enhancement of IL-2 promoter activity by use of a specific inhibitor of

p38 MAPK, SB203580 (43). The cells were treated with 1 - 10 uM SB203580 prior to

the 24 hr treatment with 1 uM AFDX-116 and 100 uM Oxo-M followed by the treatment

with 1 nM PMA and 500 nM A23187 for 24 hr. Both the enhancement and the
induction of IL-2 promoter activity were similarly inhibited by SB203580 in a dose
dependent manner, and there was no significant differences among the rates of inhibition
(Fig. 2.1.12).  The results suggest that pathways via MAPK(ERK)/MEK, but not via
p38 MAPK, were involved in the m1 receptor-mediated enhancement of 11.-2 promoter
activity.

Since the stimulation of muscarinic receptor by itself did not induce the 11.-2
production, namely the IL.-2 promoter activity, the induction of the production/promoter
activity by PMA and A23187 was indispensable as far as approaching the m1 receptor-
mediated enhancement by assaying IL-2 production or the promoter activity. To assess

direct effects of the muscarinic receptor stimulation, MAP kinase assays were carried out.
The cells were pretreated by 1 uM AFDX-116 for 20 min to block m2 receptors and then
treated with 100 uM Oxo-M for 5 min.  As shown in Fig. 2.1.13, the stimulation of m1

receptor by Oxo-M enhanced MAP kinase activity to about 130 % as compared to the

control treatment with AFDX-116 alone. The enhancement was abolished by
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pretreatment with 1 uM 4-DAMP for 20 min.  The results suggest that one of the effect
of the m1 receptor stimulation was MAPK activation. PMA by itself also increased the
MAPK activity.

JNK is a MAPK superfamily other than MAPK(ERK) and p38 MAPK. The JNK

activity was also examined by an immunocomplex kinase assay method before and after

the m1 receptor stimulation. The cells were pretreated with 1 uM AFDX-116 for 20 min

to block m2 receptors and then treated with 100 uM Oxo-M for O - 60 min. The

phosphorylation of GST-c-Jun was increased in 10 to 30 min after the stimulation (Fig.
2.1.14).  The results suggest that another effect of the m1 receptor stimulation was

activation of JINK.  The treatment with PMA/A23187 also increased the INK activity.
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2-3. Discussion

Muscarinic receptors were expressed in hPBL and stimulation of the receptors
resulted in enhancement of PHA-induced IL-2 production, as I showed in Section 1. To
further examine the involvement of the receptors in IL-2 production, I used human T cell
line Jurkat cells instead of hPBL.

Antigen-specific clonal proliferation of T cells is initiated through a process of
signal transduction wherein the specific interaction of antigen-major histocompatibility
complex (MHC) molecules and CD3/TCR complex triggers the expression of IL-2 and its
homologous receptor. These events bring about not only the antigen-specific T cell
proliferation but also a variety of cellular responses.  Stimulation of the TCR by itself is
insufficient to activate most T cells. In addition to TCR, a number of other T cell surface
molecules such as CD28, a 44-kD glycoprotein, are required for induction of several
cellular responses including IL-2 production. The phenomena can be mimicked by the
treatment of the cells with a phorbol ester PMA and a calcium ionophore A23187. The
treatment with PMA and A23187 may short-circuit unknown signals from TCR or CD28
towards IL-2 production.  IL-2 production was induced in Jurkat cells by 1 nM PMA
and 500 nM A23187 (Fig. 2.1.1). Pretreatment of the cells with Oxo-M enhanced the
IL-2 production in a dose dependent manner (Fig. 2.1.2). The enhancement due to
Oxo-M was eliminated when the cells were treated with an m1/m3 receptor antagonist, 4-
DAMP, or a non-selective muscarinic receptor antagonist, atropine, prior to the Oxo-M
addition (Fig. 2.1.3). The data indicate that there were muscarinic receptors on Jurkat
cells and stimulation of the receptors enhanced IL-2 production in the cells.

The RT-PCR analyses revealed thgt muscarinic receptors ml and m2, but not m3
- m5, were also expressed on Jurkat cells as well as on hPBL (Fig. 2.1.4). As shown

in Fig. 2.1.3, 4DAMP inhibited the Oxo-M-mediated enhancement of IL-2 production in

Jurkat cells. The pretreatment with an m2 receptor antagonist, | uM AFDX-116, on the
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other hand, further enhanced the Oxo-M-mediated enhancement of IL-2 production (Fig.
2.1.5). A positive effect via m1 receptor and a negative effect via m2 receptor were thus
overlapping in the enhancement as a whole by the stimulation of muscarinic receptors by
Oxo0-M.

To examine the IL.-2 promoter activity in response to various treatments,
transcriptional assays were performed using a plasmid which contained the human IL-2

promoter of 568 bp linked to the luciferase cDNA. The transcription, i.e. the 1L-2

promoter activity, was enhanced by pretreatment with 100 uM Oxo-M of the cells

transfected with the plasmid and the enhancement was inhibited by treatment with 4-
DAMP prior to the Oxo-M addition (Fig. 2.1.6A,B).

Induction of IL-2 promoter activity depends on the 300 bp region upstream from

the transcription initiation site. ~ This region contains the binding sites for AP-1, NF-xB,

NF-AT and Oct-1, and cooperation of these transcription factors induces the maximal
activation of the IL-2 promoter. Band shift assays were therefore carried out to
determine which transcriptional factors was involved in the m1 receptor-mediated
enhancement of IL-2 production. Increase of the nucleoprotein complex on the AP-1
consensus sequence was observed upon induction of the IL-2 production and the increase
was enhanced when the m1 receptors were stimulated before the induction (Fig. 2.1.7).
Western blotting analyses showed that similar increase and enhancement were observed in

the c-Fos and c-Jun proteins which specifically recognize the AP-1 sequence (Fig. 2.1.7,

upper panel). The NF-kB-like complex was also increased by the induction, but not

affected by the m1 pretreatment (Fig. 2.1.8A). The specific complex on either the NF-
AT or the Oct-1 consensus sequence were observed constantly, regardless of the 1L-2
induction or the m1 stimulations (Fig. 2.1.8B,C). The results suggest that the AP-1
element and its binding proteins were the major factors involved in the m1 receptor-

mediated enhancement of IL.-2 production.
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To investigate by which pathways the m1 receptors enhanced the 1L-2 promoter
activity, the cells were pretreated with several inhibitors specific for various signal
transduction pathways prior to the m1 receptors stimulation. Pretreatment with
cyclosporin A, which blocks translocation of NF-AT from cytoplasm to nucleus by
inhibiting the activity of calcineurin (44, 45), significantly diminished the IL-2 promoter
activity regardless of the m1 receptor stimulation (Fig. 2.1.9). The results indicate that
m1 receptor-mediated enhancement of IL-2 promoter activity may not be due to [Ca**],
elevation, as suggested in hPBL (Figs. 1.4 and 1.5). NF-AT was actually detected
constantly in NE before and after the m1 receptor stimulation (Fig. 2.1.8B).

Various growth factors and cytokines as well as stresses activate several signal
transduction pathways with specific physiological roles. The pathways contain at least
three different MAPK homologues. Among them, ERK and JNK play key roles in the
transmission of extracellular signals of T cells to the AP-1-binding sequence in T cell
nuclei. MAPK kinases (MAPKK) has a dual-specificity: it phosphorylates Ser/Thr
and Tyr of MAPK. Herbimycin A, a potent tyrosine kinase inhibitor, significantly
decreased the m1 receptor-mediated enhancement of IL-2 promoter activity (Fig. 2.1.10).
PD98059 has previously been shown to inhibit the phosphorylation form of MEK 1 and
thus inhibit the activation of MAPK/ERK through the inactivation of MEK 1. In Jurkat
cells, pretreatment of PD98059 significantly decreased the m1 receptor-mediated
enhancement of IL-2 promoter activity (Fig. 2.1.11).  The results indicate that a tyrosine
kinases and/or MEK1 and MAPK/ERK are involved in the transduction pathway from ml
receptor to the IL-2 promoter.  Another MAPK superfamily termed p38 MAPK is
specifically inhibited by SB203580. Pretreatment with SB203580 did not affect the m1
receptor-mediated enhancement of 1L-2 promoter activity (Fig. 2.1.12). The results
suggest that p38 MAPK was not involved in this enhancement. To assess the direct

effects of m1 receptor stimulation in absence of PMA/A23187, MAP kinase assays were

performed. I found that the m1 receptor stimulation enhanced MAPK/ERK activity (Fig.
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2.1.13). Immunocomplex kinase assays revealed that the stimulation of m1 receptors also
enhanced the activity of JNK, another MAPK superfamily (Fig. 2.1.14). The results
indicate that MAPK/ERK and JNK are involved in the m1 receptor-mediated enhancement.
MAPK/ERK and JNK may activate AP-1 proteins. Since the m1 receptor stimulation by
itself did not induce IL-2 production or promoter activity, AP-1 for itself may not induce
the production and the promoter activity, either, but the pre-activated AP-1 may function

rapidly to enhance them in response to the T cell stimulation by PMA/A23187.
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1.4, Conclusion of in Section 2, Part 1

PD98059

MAPK (ERK1,2) JNK/SAPK  p38 MAPKEIZFIREEY

- NF-ATOct-1 NF-xB

. T IL-2
NF-AT Oct-1

m1l system on IL-2 production

Jurkat cells expressed m1 and m2 receptor mRNAs.
Stimulation of ml receptors enhanced PMA/A23187-induced IL-2 production and IL-2 promoter

activity. AP-1 could be involved in this enhancement and both MAPK and JNK also seem to be involved.
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Fig. 2.1.1. Effects of PMA and A23187 on IL-2 production in Jurkat cells

Jurkat cells (4 x 105 cells/ml) were treated with PMA (0, 1, 2, 5, 10, 20 nM, respectively) and

in the presence or absence of A23187 (0, 500 nM). Cells were further incubated for 24 hr and

the amount of I1L-2 was estimated as described in the “Experimental procedures”. Each point

is the mean + SE of three assays.
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Fig. 2.1.2. Effect of Oxo-M on PMA/A23187-induced IL-2 production in

Jurkat cells Jurkat cells (4 x 10° cells/ml) were pretreated with Oxo-M (0, 0.1, 1, 10, 100

uM) for 24 hr, 10 nM PMA and 500 nM A23187 were added and cells were further incubated

for 24 hr. The amount of IL-2 was estimated as described in the “Experimental procedures”.
Each point is the mean + SE of three assays. The amount of PMA/A23187-induced IL-2

production was estimated as 100%.
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Fig. 2.1.3. Effects of muscarinic receptor antagonists on Oxo-M

enhanced PMA/A23187-induced IL-2 production in Jurkat cells
4-DAMP or atropine (0.01 - 10 uM) were treated 30 min before the Oxo-M
treatment. Cells were treated with 100 uM Oxo-M for 24 hr prior to 10 nM

PMA and 500 nM A23187 treatment for 24 hr. The amount of IL-2 was
estimated as described in the “Experimental procedures”. Each point is the mean

+ SE of three assays.
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Fig. 2.1.4 Expression of muscarinic receptor mRNA in Jurkat cells

A, RT-PCR was used to amplify signals from isolated mRNA of Jurkat cells. The
size (bp) of the Hinfl cut pUC19 fragments in the last lane are indicated. For each set
of subtype specific primers, mRNA was run in the presence ( + ) and absence ( - ) of
reverse transcriptase. The blank lanes are the absence of reverse transcriptase

(absence of contamination from cellular DNA or amplified products). B, control

(human fetal brain cDNA library). Subsequently, the primer sequences and size of

the PCR products were described in the "Experimental Procedures".
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Fig. 2.1.5. Effect of AFDX-116 on Oxo-M enhanced PMA/A23187-induced IL-2
production in Jurkat cells AFDX-116 (0.1 - 10 uM) was treated 30 min before the Oxo-M

treatment. Cells were pretreated with 100 uM Oxo-M for 24 hr prior to 10 nM PMA and 500 nM

A23187 treatment for 24 hr. The amount of IL-2 was estimated as described in the “Experimental

procedures”. Each point is the mean + SE of three assays.
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Fig. 2.1.6. Effects of Oxo-M and 4-DAMP on PMA/A23187-induced IL-2

promoter activity in Jurkat cells A, Jurkat cells were transfected with pIL2-LUC and

were treated with 100 mM Oxo-M for 24 hr prior to PMA and 500 nM A23187 treatment for 24

hr. B, Cell were pretreated with 4-DAMP ( 1 uM) for 30 min prior to Oxo-M treatment for 24 hr

then treated with PMA/A23187 for 24 hr. Cells were transfected at least three times, and the

average of data normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as

relative luciferase activity as 100% (+ SE).
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Fig. 2.1.7. Effect of m1 receptor stimulation on PMA/A23187-induced AP-1

consensus sequence binding proteins in Jurkat cells Jurkat cells were treated or untreated
with 1 uM AFDX-116 and 100 uM Oxo-M prior to treatment with 1 nM PMA and 500 nM A23187 for
0 to 3 hr then band shift assays were performed with using each nuclear extract (A). The bands
indicated by arrowheads were shown to be specific by competition analysis, using homologous
unlabeled oligonucleotides (x 5 or x 50 of the labeled probe). The quantities of each band were shown

in a bar chart (B). The amount of c-Fos and c-Jun was measured by Western blotting analysis (C).
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Fig. 2.1.8. Effect of m1 receptor stimulation on PMA/A23187-induced NF- kB, NF-AT

and Oct-1 consensus sequence binding proteins in Jurkat cells Jurkat cells were treated or
untreated with 1 uM AFDX-116 and 100 uM Oxo-M prior to treatment with 1 nM PMA and 500 nM A23

187 for O to 3 hr then band shift assays were performed with using each nuclear extract. The bands
indicated by arrowheads were shown to be specific by competition analysis, using homologous unlabeled
oligonucleotides (data not shown). The quantities of each band were shown in a bar chart. A, nuclear
complexes binding to the NF-xB site. B, nuclear complexes binding to the NF-AT site. C, nuclear

complexes binding to the Oct-1 site.
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Fig. 2.1.9. Effect of cyclosporin A on m1 receptor-mediated IL-2 promoter

activity in Jurkat cells Cells were pretreated with 1 nM CsA for 2 hr prior to treatment with
1 uM AFDX-116 and 100 uM Oxo0-M for 24 hr, and then treated 1 nM PMA and 500 nM A23187

for 24 hr. Cells were transfected at least three times (3 - 5), and the average of data normalized to

the value of PMA/A23187-stimulated pIL2-LUC is shown as relative luciferase activity (£ SE).
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Fig. 2.1.10. Effects of herbimycin A on m1 receptor-mediated IL-2 promoter
activity in Jurkat cells Cells were treated with 0.01 to 1 pg/ml herbimycin A for 1 hr prior to

treatment with 1 uM AFDX-116 and 100 uM Oxo-M for 24 hr followed by treatment with 1 nM

PMA and 500 nM A23187 for 24 hr. Cells were transfected at least three times (3 - 5), and the
average of data normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as relative

luciferase activity (+ SE). *, p <0.05 versus the enhancement rate of none.
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Fig. 2.1.11. Effect of PD98059 on m1 receptor-mediated IL-2 promoter activity
in Jurkat cells Cells were pretreated with 3 to 30 uM PD98059 for 1 hr prior to treatment with

1 uM AFDX-116 and 100 uM Oxo-M for 24 hr followed by treatment with 1 nM PMA and 500

nM A23187 for 24 hr. Cells were transfected at least three times (3 - 5), and the average of data
normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as relative luciferase

activity (£ SE). **, p <0.01 versus the enhancement rate of none.
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Fig. 2.1.12. Effect of SB203580 on m1 receptor-mediated IL-2 promoter activity

in Jurkat cells Cells were pretreated with 1 or 10 uM SB203580 for 1 hr prior to treatment with

1 uM AFDX-116 and 100 uM Oxo-M for 24 hr followed by treatment with 1 nM PMA and 500 nM
A23187 for 24 hr. Cells were transfected at least three times (3 - 5), and the average of data
normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as relative luciferase

activity (x SE).
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Fig. 2.1.13. Effect of m1 receptor stimulation on MAPK activities in Jurkat
cells Cells were treated 1 uM AFDX-116 for 20 min alone (lane 1) or pretreated 1 uM

AFDX-116 for 20 min then treated 100 uM Oxo0-M for 5 min (lane 2). Cells were treated 1 uM
of AFDX-116 and 4-DAMP for 20 min (lane 3) or pretreated 1 uM of AFDX-116 and 4-DAMP
for 20 min then treated 100 uM Oxo-M for 5 min (lane 4). Cells were treated 1 uM PMA for 5

min (lane 5). MAPK activities were assesed as described in the "Experimental procedures".
Each point was assayed three times. The activity of AFDX-116 was the same value as vehicle

and estimated as 100%.
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Fig. 2.1.14. Effect of m1 receptor stimulation on JNK activity in Jurkat cells

Cells were treated 1 uM AFDX-116 for 20 min alone (none) or pretreated 1 uM AFDX-116

for 20 min then treated 100 uM Oxo0-M for 0 to 60 min. Cells were treated 1 nM PMA and 500

nM A23187 for 60 min as the positive control. JNK activities were assesed as described in the

"Experimental procedures". The quantities of each band were shown in a bar chart. The

activity of AFDX-116 was the same value as vehicle and estimated as 100%.
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Part 2

Roles of m2 receptors
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2-5. Introduction

Since the pretreatment with an m2 antagonist, AFDX-116, further enhanced the Oxo-
M-mediated enhancement of 11.-2 production (Fig. 2.1.5), the m2 receptor signals may
function to decrease the IL-2 production in Jurkat cells. To evaluate this hypothesis,
several experiments such as ELISA, luciferase assay, band shift assay, MAPK assay and
immunocomplex kinase assay were performed using the same procedures as in the

analyses of m1 receptors.
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2-6. Results

Effect of m2 receptor stimulation on PMA/A23187-induced IL-2
production and promoter activity in Jurkat cells: To stimulate m2 receptors,

Oxo0-M was added in the presence of an m1/m3 receptor antagonist, & DAMP. The cells

were pretreated with 1 uM 4-DAMP for 20 min prior to the treatment of 100 uM Oxo-M

for O - 24 hr and then treated with 1 nM PMA and 500 nM A23187 for 24 hr. The m2
receptor stimulation decreased the IL-2 production although the decrease was biphasic
(Fig. 2.2.1).  Similar decrease by the m2 stimulation was also observed for the I1.-2

promoter activity (Fig. 2.2.2).

Effects of m2 receptor-mediated IL-2 promoter activity on
transcription factors in Jurkat cells: To examine whether the m2 receptor-
mediated signals would affect the binding of cis regulatory elements to the 1L-2 promoter,

band shift assays were performed. Nuclear extracts were prepared from Jurkat cells

stimulated by 1 nM PMA and 500 nM A23187 with or without pretreatment with 1 uM 4-
DAMP and 100 uM Oxo-M. The extracts were tested for their potential to bind the AP-1,

NF-kB, NF-AT and Oct-1 sequences by band shift assays. In the presence of 1 uM 4-

DAMP, the increase by Oxo-M of the induction of AP-1-like proteins (Fig. 2.1.7A) was
not observed and inhibited the induction occurred at 2 - 2.5 hr (P 2.2 34 B

Western blot analysis revealed that similar inhibition of the induction was also observed in
the c-Fos and c-Jun proteins (Fig. 2.2.3C).

The stimulation of m2 receptors did not affect the increase of the nucleoprotein

complexes on the NF-kB consensus sequence (Fig. 2.2.4A) nor the constant complex

formation on the NF-AT and Oct-1 sequences (Fig. 2.2.4B,C).
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Effect of cyclosporin A on m2 receptor-mediated inhibition of IL-2
promoter activity in Jurkat cells: The effect of CsA on the induction of 1L-2
promoter activity by PMA and A23187 as well as on the m2 receptor-mediated inhibition

of the promoter activity in Jurkat cells was examined. The cells were pretreated with 1

nM CsA for 2 hr prior to the treatment with 1 uM 4-DAMP and 100 uM Oxo-M for 24 hr,

and then treated with 1 nM PMA and 500 nM A23187 for 24 hr. CsA decreased the IL-
2 promoter activity, although there was no significant difference between the rates of

inhibition, regardless to the inhibition by 4DAMP/Ox0-M (Fig. 2.2,5).

Effect of herbimycin A on m2 receptor-mediated inhibition of I1L-2
promoter activity in Jurkat cells: To examine whether tyrosine kinase is involved
in m2 receptor-mediated decrease of the 1L-2 promoter activity, the cells were pretreated

with herbimycin A.  After the pretreatment with 10 ng/ml herbimycin A followed by the

treatment with 1 uM 4-DAMP and 100 uM Oxo-M for 24 hr, the cells were treated with 1

nM PMA and 500 nM A23187 for 24 hr.  Herbimycin A did not affect the 11.-2 promoter

activity either with or without the treatment with 4DAMP and Oxo-M (F1g. 2. 2:0).

Effects of MAP kinase superfamily on m2 receptor-mediated inhibition
of IL-2 promoter activity in Jurkat cells: To investigate which pathways underlie
the m2 receptor-mediated decrease of IL-2 promoter activity, the cells were pretreated
with PD98059 and SB203580 as in the analyses of m1 receptors. To examine the

involvement of MEK through MAPK (ERK) or p38 MAPK, the cells were pretreated

with 3 uM PD98059 or 1 uM SB203580 for 1 hr prior to the treatment with 1 uM 4-

DAMP and 100 uM Oxo-M for 24 hr then treated 1 nM PMA and 500 nM A23187 for 24

hr.  PD98059 or SB203580 decreased IL-2 promoter activity, although there was no
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significant difference between the rates of inhibition, regardless of the inhibition by 4-
DAMP/Oxo0-M (Figs. 2.2.7 and 2.2.8).

To assess the effects of m2 receptor stimulation, MAP kinase assays were also

performed.  The cells were pretreated with 1 uM 4-DAMP for 20 min to block m1

receptors, and then treated with 100 uM Oxo-M for 5 min. The m2 receptor stimulation
decreased MAP kinase activity to about 75% as compared to the control cells treated with
4-DAMP alone (Fig. 2.2.9). The decrease was blocked by pretreatment with an m2

receptor antagonist, | uM AFDX-116, for 20 min (Fig. 2.2.9).

To examine the effects of m2 receptors on JNK activities, immunocomplex kinase

assays were performed. The cells were pretreated with 1 uM 4-DAMP for 20 min to

block ml receptors, and then treated with 100 uM Oxo-M for O - 60 min. The

phosphorylation of GST-c-Jun by the cell extracts was decreased in 30 - 60 min after the

stimulation of m2 receptors (Fig. 2.2.10).

Effects of simultaneous m2 receptor stimulation with IL-2 promoter
induction on transcription factors in Jurkat cells: As shown in Figs. 2.2.1 and
2.2.2, simultaneous stimulation of m2 receptor with the I1.-2 promoter induction resulted
in the decrease of the promoter activity. The mechanism of the decrease mi ght be
different from that mediated by the long-term (18 hr) stimulation of m2 receptor prior to
the induction.  Therefore, to examine whether the simultaneous m2 receptor stimulation
would affect the binding activity of cis regulatory elements to the 11.-2 promoter, band

shift assays were performed. Nuclear extracts were prepared from Jurkat cells treated

with I nM PMA and 500 nM A23187 for O - 3 hr either with or without the 1 uM 4-

DAMP and 100 uM Ox0-M, and tested for potential binding to the AP-1, NF-xB, NF-AT

and Oct-1 sequences. The nucleoprotein complex on the AP-1 consensus sequence
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increased in 2 - 3 hr after the PMA/A23187 induction, but the increase was diminished in

the cells simultaneously treated with 4DAMP and Oxo-M (Fig. 2.2.11A). The proteins

bound to the NF-kB consensus sequence were also increased, by the stimulation of

PMA/A23187 on the IL-2 promoter induction. The simultaneous stimulation of m2
receptor inhibited the increase as well as in the case of AP-1 (Fig. 2.2.11B). The
DNA/protein complexes on the NF-AT and Oct-1 sequences were observed constantly
before and after the IL-2 promoter induction and were not affected by the simultaneous

m2 receptor stimulation (Fig. 2.2.12A,B).
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2-7. Discussion

Since m2 receptors were also expressed on Jurkat cells, I examined the effect of
signals via m2 receptors on IL-2 production in Jurkat cells. As shown in Fig. 2.1.5,
pretreatment of the cells with an m2 receptor antagonist, AFDX-116, further enhanced the
Oxo-M-mediated enhancement of 1L-2 production. The result indicates that m2
receptors negatively functions on IL-2 production. To investigate the mechanism of the
inhibition, the cells were treated with an m1/m3 antagonist, 4-DAMP, to block ml
receptors and to detect the phenomena only via m2 receptors. Pretreatment of the cells
with 4-DAMP and Oxo-M, i.e. stimulation of m2 receptors, decreased IL-2 production
and the promoter activity (Figs. 2.2.1 and 2.2.2). To examine whether the m2 receptor-
mediated signals affect the binding activity of specific proteins to various cis regulatory
elements in the IL-2 promoter, band shift assays were performed. The nucleoprotein
complex formed on the AP-1 consensus sequence as well as c-Fos and c-Jun proteins
increased on the induction of IL-2 production, but the increases were diminished by the

m?2 receptor stimulation (Fig. 2.2.3).  The biphasic increase of the complex on the NF-

KB element, on the other hand, was not affected by the m2 receptor stimulation (Fig.

2.2.4A). The specific complexes on the NF-AT and Oct-1 elements were constant:
neither the m2 receptor stimulation nor the IL-2 induction affected the DNA/protein
complexes (Fig. 2.2.4B,C). The results suggest that AP-1 is involved in the m2
receptor-mediated decrease of 1L.-2 production in Jurkat cells.

To investigate by which pathways m2 receptors mediated the inhibition of the 11.-2
promoter activity, the cells were pretreated with various inhibitors before the m2 receptor
stimulation.  Pretreatment with CsA did not affect the decrease of IL-2 promoter activity
(Fig. 2.2.5). The result indicated that the m2 receptor-mediated decrease of 11.-2
promoter activity may not due to the CsA-mediated pathways. The constant binding of

NF-AT (Fig. 2.2.4B) also supported a speculation. Herbimycin A, a potent tyrosine
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kinase inhibitor, did not affect the m2 receptor-mediated decrease of 1L-2 promoter
activity (Fig. 2.2.6). The result indicates that activation of tyrosine kinase is not
involved in the inhibition.

A previous report showed that stimulation of the m2 receptors resulted in the
activation of cytoplasmic MAPK in Rat la fibroblast cells (39). To examine whether the
m?2 receptors expressed on Jurkat cells also activate MAPKSs, the cells were pretreated
with a MEK inhibitor, PD98059, or a p38 MAPK inhibitor, SB203580, prior to the m2
receptor stimulation. The inhibitors blocked the enzyme activity regardless of the m2
receptor stimulation (Figs. 2.2.7 and 2.2.8). The results indicates that the decrease of
the [L-2 promoter activity by m2 receptors is not mediated by the activation of
MAPK/ERK and p38 MAPK. To assess the possibility that these MAPKs may be
inhibited by the m2 receptor stimulation, MAPK assays and JNK immunocomplex kinase
assays were performed. The m2 receptor stimulation resulted in the decrease of both
MAPK/ERK and JNK activities (Figs. 2.2.9 and 2.2.10). The data suggest that the
induction of the IL-2 promoter activity upon the m2 receptor stimulation is negatively
regulated by AP-1 through MAPK/ERK and JNK.

IL-2 production induced by simultaneous treatment with 4DAMP/Oxo0-M
(stimulation of m2 receptors) and PMA/A23187 resulted in the inhibition of the induction.

Band shift assays revealed that, in contrast with the case of the 18 hr pretreatment, not

only AP-1 but also NF-kB complexes were involved in the inhibition of IL-2 production

upon the simultaneous stimulation/induction (Fig. 2.2.11). Further clarification of the
different mechanisms of both 18 hr pretreatment and simultaneous stimulation of m2
receptors may provide a key of the general understanding of the muscarinic receptor-

mediated regulation of 1L.-2 production.
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1-8. Conclusion of Section 2, Part 2
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Pretreatment of m2 receptors for 18 hr decreased PMA/A23187-induced IL-2 production and
pomoter activity. AP-1 binding activity and MAPK and JNK activities were decreased by m2 receptor
simulation compared to those in the control cells. m2 receptors stimulation with simultaneous PMA/A23187

reatment decreased AP-1 and NF-xB binding activities.
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Fig. 2.2.1. Effect of m2 receptor stimulation on PMA/A23187-

induced IL-2 production in Jurkat cells Jurkat cells (2 x 10° cells/ml)

were pretreated with 1 uM 4-DAMP for 20 min prior to 100 uM Oxo-M for 0 to 24

hr followed by 1 nM PMA and 500 nM A23187 treatment for 24 hr. The amount of
IL-2 was estimated as described in the "Experimental procedures". Each point is the
mean * SE of three assays. The amount of 4-DAMP/PMA/A23187-induced 1L-2

production was estimated as 100%.
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Fig. 2.2.2. Effect of m2 receptor stimulation on PMA/A23187-induced

IL-2 promoter activity in Jurkat cells Jurkat cells were transfected with pIL2-
LUC and pretreated with 1 uM 4-DAMP for 20 min prior to 100 uM Oxo-M for O to 24 hr

followed by 1 nM PMA and 500 nM A23187 treatment for 24 hr. Cells were transfectred
at least three times (3 - 5). The value of 4-DAMP/PMA/A23187-induced IL-2 promoter

activity was estimated as 100%.
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Fig. 2.2.3. Effect of m2 receptor stimulation on PMA/A23187-induced AP-1
consensus sequence binding proteins in Jurkat cells Jurkat cells were treated or

untreated with 1 uM 4-DAMP and 100 uM Oxo-M prior to treatment with 1 nM PMA and 500
nM A23187 for O to 3 hr then band shift assays were performed with using each nuclear extract
(A). The bands indicated by arrowheads were shown to be specific by competition analysis, using
homologous unlabeled oligonucleotides (data not shown). The quantities of each band were
shown in a bar chart (B). The amount of c-Fos and c-Jun was measured by Western blotting

analysis (C).
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Fig. 2.2.4. Effect of m2 receptor stimulation on PMA/A23187-induced NF- kB, NF-AT

and Oct-1 consensus sequence binding proteins in Jurkat cells Jurkat cells were treated or

untreated with 1 uM 4-DAMP and 100 uM Oxo-M prior to treatment with 1 nM PMA and 500 nM A23187 for

Oto 3 hr then band shift assays were performed with using each nuclear extract. The bands indicated by
arrowheads were shown to be specific by competition analysis, using homologous unlabeled oligonucleotides
(data not shown). The quantities of each band were shown in a bar chart. A, nuclear complexes binding to the

NF-kB site. B, nuclear complexes binding to the NF-AT site. C, nuclear complexes binding to the Oct-1 site.
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Fig. 2.2.5. Effect of cyclosporin A on m2 receptor-mediated inhibition of IL-2
promoter activity in Jurkat cells Cells were pretreated with 1 nM CsA for 2 hr prior to

reatment with 1 uM 4-DAMP and 100 uM Oxo-M for 24 hr followed by treatment with 1 nM PMA

and 500 nM A23187 for 24 hr. Cells were transfected at least three times (3 - 5), and the average of

data normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as relative luciferase

activity (= SE).
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Fig. 2.2.6. Effect of herbimycin A on m2 receptor-mediated inhibition of IL-2
promoter activity Cells were pretreated with 10 ng/ml herbimycin A for 1 hr prior to treatment

with 1 uM 4-DAMP and 100 uM Oxo-M for 24 hr followed by treatment with 1 nM PMA and 500

nM A23187 for 24 hr. Cells were transfected at least three times (3 - 5), and the average of data
normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as relative luciferase activity

(£ 5E).
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Fig. 2.2.7. Effect of PD98059 on m2 receptor-mediated inhibition of IL-
2 promoter activity in Jurkat cells Cells were pretreated with 3 uM PD98059

for 1 hr prior to treatment with 1 uM 4-DAMP and 100 uM Oxo-M for 24 hr followed

by treatment with 1 nM PMA and 500 nM A23187 for 24 hr. Cells were transfected at
least three times (3 - 5), and the average of data normalized to the value of PMA/A23187

-stimulated pIL2-LUC is shown as relative luciferase activity (x SE).
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Fig. 2.2.8. Effect of SB203580 on m2 receptor-mediated inhibition of IL-2

promoter activity in Jurkat cells Cells were pretreated with 1 uM SB203580 for 1 hr

prior to treatment with 1 uM 4-DAMP and 100 uM Oxo-M for 24 hr followed by treatment 1 nM

PMA and 500 nM A23187 for 24 hr. Cells were transfected at least three times (3 - 5), and the
average of data normalized to the value of PMA/A23187-stimulated pIL2-LUC is shown as

relative luciferase activity (+ SE).
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Fig. 2.2.9. Effect of m2 receptor stimulation on MAPK activity in Jurkat cells

Cells were treated 1 uM 4-DAMP for 20 min alone (lane 1) or pretreated 1 uM 4-DAMP for 20 min
then treated 100 uM Oxo-M for 5 min (lane 2). Cells were treated 1 uM of 4-DAMP and AFDX-116
for 20 min (lane 3) or pretreated 1 uM of 4-DAMP and AFDX-116 for 20 min then treated 100 uM
Ox0-M for 5 min (lane 4). Cells were treated 5 uM PD98059 for 5 min (lane 5). MAPK activities

were assesed as described in the "Experimental procedures". Each point is the mean + SE of three

assays. The activity of 4-DAMP was the same value as vehicle and estimated as 100%.
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Fig. 2.2.10. Effect of m2 receptor stimulation on JNK activity in Jurkat cells

Cells were treated 1 uM 4-D AMP for 20 min alone (none) or pretreated 1 uM 4-D AMP for 20 min

then treated 100 uM Oxo-M for 0 to 60 min. Cells were treated 1 nM PMA and 500 nM A23187

for 60 min as the positive control. JNK activities were assesed as described in the "Experimental

procedures". The quantities of each band were shown in a bar chart. The activity of 4-DAMP was
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Fig. 2.2.11. Effects of simultaneous m2 receptor stimulation on PMA/A23187-
induced AP-1 and NF-kB consensus sequence binding proteins in Jurkat cells

Jurkat cells were treated or untreated with 1 uM 4-DAMP and 100 uM Oxo-M prior to treatment

with 1 nM PMA and 500 nM A23187 for O to 3 hr then band shift assays were performed with using
each nuclear extract. The bands indicated by arrowheads were shown to be specific by competition
analysis, using homologous unlabeled oligonucleotides (x 5 or x 50 of the labeled probe). The
quantities of each band were shown in a bar chart. A, nuclear complexes binding to the AP-1 site.

B, nuclear complexes binding to the NF-kB site.
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Fig. 2.2.12. Effects of simultaneous m2 receptor stimulation on PMA/A23187-induced

NF-AT and Oct-1 consensus sequence binding proteins in Jurkat cells

Jurkat cells were treated or untreated with 1 uM 4-DAMP and 100 uM Oxo-M prior to treatment with 1 nM

PMA and 500 nM A23187 for O to 3 hr then band shift assays were performed with using each nuclear

extract. The bands indicated by arrowheads were shown to be specific by competition analysis, using

homologous unlabeled oligonucleotides (data not shown). The quantities of each band were shown in a bar

chart. A, nuclear complexes binding to the NF-AT site. B, nuclear complexes binding to the Oct-1site.
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Section 3

Interleukin-2 production enhanced by cyclic AMP pretreatment
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3-1. Introduction

In T lymphocytes, activation of PKC and increased [Ca®*|, promote mitogenic
signals. T cell proliferation is, however, inhibited by agents such as prostaglandin El and
E2, cholera toxin, all of which increase intracellular cAMP levels (46 - 48), or cell-
permeable cAMP analogues (49 - 51). Initial attempts to characterize the mechanism of

cAMP-mediated inhibition of T cell mitogenesis have shown the interference with antigen-

induced PI turnover (52, 53) as well as the inhibition of PLCy1 tyrosine phosphorylation

and the enzymatic activity (54) and the inhibition of phosphorylation of the y and ¢ TCR

polypeptides (55, 56). cAMP inhibits T cell activation mediated by a variety of mitogens,
including IL-2 (57) and PMA plus ionomycin (58 - 61). In contrast, another report
showed a significant increase in the accumulation of intracellular cAMP within minutes of
the T cell stimulation and thus suggested that cAMP may positively regulate T cell
proliferation (62). The effect of cAMP has been suggested to depend on the
differentiation state of the cells (63).

Another effect of cAMP is to arrest cells in the G 1 phase of the cell cycle (64 -
66). The mechanism of the G1 arrest was cAMP indirectly , via p27*', prevents the
cdk-activating kinase (CAK) from phosphorylating cdk4 (67). Levels of the cdk
inhibitor p27*”' increase in cAMP-treated cells. Kipl dose not bind to CAK, but its
association with cyclin D-cdk4 prevents CAK from phosphorylating and activating the
holoenzyme.

Human normal T lymphocytes are an ideal system for studies of growth
regulation, because the cells are in the GO phase and semisynchronously enters the cell
cycle simply upon the activation of the TCR/CD3 complex (68). A number of
experiments have now established that the cell cycle progression in T cells occurs as a
result of the sequential expression of a series of the genes. In particular, stimulation of

the TCR/CD3 complex initiates the transition from GO to G 1, whereby the gene encoding
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the receptor for the T cell growth factor, [L-2, is expressed and thus the cells become
competent to proliferate (68 - 72). In addition, the IL-2 gene itself is simultaneously
transcribed and the interaction with IL-2 receptor promotes the G 1 progression towards
DNA replication.

The m2 receptor is predominantly coupled with Gi, the pertussis toxin-sensitive
G protein (73, 74).  Gi protein is ubiquitously expressed and is abundant G protein
found in fibroblasts and many other cell types. Inhibition of adenylyl cyclase activity

has been classically defined as a Gi-regulated response (75).  Since Gi protein is

expressed at sufficient levels in many cell types, dissociation of the By dimers subunits

from ai2/GTP upon activation may also contribute to the regulation of effectors including

the specific isoforms of adenylyl cyclase and PLC (76, 77).
Since the m2 receptor-mediated signals decreased 1L-2 production in Jurkat cells
(see Section 2), I examined here whether the m?2 receptor-mediated inhibition of 1L-2

production is mediated by the cAMP and/or the cell cycle regulations.
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3-2. Results

Effects of cAMP on PMAIA23187-induced IL-2 production and the
promoter activity in Jurkat cells: The IL-2 production induced by 10 nM PMA

and 500 nM A23187 was enhanced by pretreatment for 24 hr with forskolin at the

concentrations ranging 0.1 - 10 uM (Fig. 3.1A) or DBcAMP at the concentrations

ranging 0.01 - 1 mM (Fig. 3.1B) in a dose-dependent manner. When the cells were
pretreated for 24 hr with 0.01 - | mM DBcAMP, similar enhancement was also observed
in the IL-2 promoter activity linked to the luciferase gene (Fig. 3.2).

To determine the optimal pretreatment time, the cells were pretreated with 1 mM
DBcAMP for O - 24 hr and then treated with 1 nM PMA and 500 nM A23187 for 24 hr.
Short-term treatment (0 - 6 hr) with DBcAMP markedly inhibited the IL-2 production, up
to 75 % inhibition, but the long-term treatment (6 - 24 hr) resulted in the larger production
than short-term treatment.  In 24 hr, the 25 % enhancement was observed (Fig. 3.3).
Similar effects of DBcAMP, namely decrease in short-term and then increase in long-term,

were observed on the IL-2 promoter activity (Fig. 3.4), except that the activity stayed

higher than the control at all the time for 24 hr.

Effects of H-89 on DBcAMP-enhanced IL-2 production and the
promoter activity in Jurkat cells: To examine the effect of PKA mediated by

cAMP on the I[L-2 production and the promoter activity, the cells were pretreated with a
PKA inhibitor, H-89, at the concentrations ranging 0.1 - 10 uM for 3 hr, prior to the
treatment with 1 nM PMA and 500 nM A23187 for 24 hr. H-89 inhibited the

PMA/A23187-induced IL-2 production (Fig. 3.5A) and the promoter activity (Fig. 3.5B)

in a dose dependent manner, regardless of the enhancement by DBcAMP.
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Effects of DBcAMP on the cell cycle in Jurkat cells: Flow cytometric
analysis of the cell cycle indicated that the treatment with 1 mM DBcAMP for 24 hr
resulted in the cell cycle arrest in the G1 phase (Fig. 3.6). The number of the cells in the
G1 phase started to decrease at 6 hr after the DBcAMP addition, whereas the cells in the
G2 phase increased (Fig. 3.6). The results indicate that the regulation of 1L-2
production is correlated with the cell cycle. To examine the speculation, the cells were
synchronized using the double-thymidine block protocol to trap in the G1/S phase and
assayed for the IL-2 production. The IL-2 production was higher in the cells trapped in
the G1/S phase (O hr) than the randomly cultured cells (control). In the cells in the

G2/M phase (18 hr), on the contrary, the IL-2 production was decreased (Fig. 3.7).

Effects of m2 receptor stimulation on the cell cycle in Jurkat cells: If the
[L-2 production is correlated with the cell cycle regulation, stimulation of m2 receptor
might affect the cell cycle progression. The results of cell cycle analysis, however,
suggested that the treatment with 4DAMP/Oxo-M for O - 24 hr hardly affected the cell
cycle in Jurkat cells (Fig. 3.8). The following PMA/A23187 treatment did not affect the

cell cycle, either (data not shown).

Effects of m2 receptor stimulation on cAMP accumulation in Jurkat

cells: Muscarinic m2 receptors are known to inhibit cAMP accumulation. The

intracellular amount of cAMP of the cells treated with 1 uM 4-DAMP for 20 min was

decreased by the following treatment of the cells with 100 uM Oxo-M for 30 min (Fig.

3.9, lanes 1 and 2). The PMA/A23187-induction for 30 min, on the other hand,

increased the cAMP accumulation of the 4-DAMP-treated cells (Fig. 3.9, lane 3). When
the cells were simultaneously treated with 4-DAMP/Oxo-M and PMA/A23187, the cAMP
amount was decreased, but the PMA/A23187-induction after the 18 hr incubation with 4-

DAMP/Oxo-M the decrease was abolished (Fig. 3.9, lanes 4 and 5). The results
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suggest that the m2 receptor stimulation by 4-DAMP/Oxo0-M transiently inhibited the
cAMP accumulation, but this inhibition was disappeared when m2 receptors were

stimulated for 18 hr.

88




3-3. Discussion

A cell-permeable cAMP analogue, DBcAMP, has been shown to inhibit T cell
mitogenesis induced by various agonists including alloantigen, IL-2 and PMA plus
ionomycin. The mechanism of inhibition was initially assumed to reflect interference
with the TCR-coupled PI turnover (52, 53, 54).

Pretreatment of Jurkat cells with forskolin or DBcAMP for 24 hr enhanced the
PMA/A23187-induced IL-2 production (Fig. 3.1) and the promoter activity (Fig. 3.2),
but the short-term treatment with DBcAMP inhibited both the 1L-2 production and the
promoter activity (Figs. 3.3 and 3.4). It has been suggested that the effect of cAMP
may depend on the differentiation state of cells (63). These data indicate that cells may
enter into the differentiation state, for example, different stage of the cell cycle, after
DBcAMP treatment. The major function of cAMP is to regulate the activity of PKA as a
second messenger. When Jurkat cells were treated with H-89, a PKA inhibitor, prior to
the DBcAMP treatment, the PMA/A23187-induced 1L.-2 production as well as the
promoter activity was inhibited, but the inhibition was similarly observed regardless of
the DBcAMP treatment (Fig. 3.5). Previous study showed the increase in the
accumulation of cAMP within minutes after the induction in lymphocyte (62). Increase
in intracellular cAMP may result in activation of PKA. PMA/A23187-induced IL-2 may
bind to the IL-2 receptor expressed in Jurkat cells.  The signals from IL-2 receptor may
activate autocrine system and induce further IL-2 production and whole cell activation.
PKA may be involved in this autocrine system and H-89 may partially inhibit this
activation by inhibition of PKA. The results suggest that PKA is involved in the
induction of IL-2 production, but not in the enhancement by the DBcAMP pretreatment
for 24 hr.

cAMP blocks mitogenic effects in lymphocytes and induces a cell cycle arrest in the

mid-G1 phase and indirectly prevents the cdk-activating kinase from phosphorylating
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cdk4.  The inhibition is mediated by p27*7/ (67). 1L-2 plays a pivotal role in the
immune response by inducing TCR-activated lymphocytes in the G1 phase to progress
into the replicative phase of the cell cycle (68). Correlation among cAMP, 1L.-2
production and the cell cycle have been thus suggested. FACS analysis revealed that the
treatment with DBCAMP for 24 hr arrested the cells in the G1 phase, but that for 6 hr,
Jurkat cells were arrested in the G2 phase (Fig. 3.6). The results indicate that Jurkat
cells produce IL-2 and proliferate in response to PMA/A23187 treatment while they are in
the G1 phase, but that once they are committed to replicate DNA, they may mostly ignore
the signals until they complete mitosis and re-enter the G1 phase. The pretreatment with
DBcAMP for 6 hr (i.e. the short-term) hence inhibited the IL-2 production, because the
cells were in the G2 phase. When the cells were synchronized and trapped in the G1/S
phase by the double-thymidine block protocol, the I1L.-2 production was enhanced in the
cells in the G1/S phase, while decreased in the cells in the G2 phase (Fig. 3.7). The
results indicate that the IL-2 production depends on the cell cycle.

[ have shown that the pretreatment of m2 receptor decreased IL-2 production in
Jurkat cells.  Since m2 receptor is reported to couple with Gi protein and to inhibit
cAMP accumulation, FACS analyses were performed to examine the correlation of the
cAMP accumulation with the inhibitory effect of m2 receptor on the IL-2 production and
the cell cycle progression.  Neither the stimulation of m2 receptor (Fig. 3.8) nor the
PMA/A23187 induction (data not shown) affected the cell cycle in Jurkat cells. The
results suggest that the inhibition of IL.-2 production by the m2 receptor stimulation is not
corresponding to the cell cycle regulation via cAMP.  As for the intracellular amount of
cAMP, the short term stimulation (30 min) of m2 receptor inhibited the cAMP
accumulation, but the long term stimulation~ (18 hr) did not affect the cAMP amount in
Jurkat cells (Fig. 3.9). The results indicate that the decrease in IL-2 production mediated
by m2 receptor may be corresponding to the transient decrease in the cAMP amount, but

not to the cell cycle progression mediated by cAMP.
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3-4. Conclusion of Section 3

Pretreatment with | mM DBcAMP for 24 hr enhanced the 1L-2 production, in
contrast, pretreatment for 6 hr inhibited it in Jurkat cells. In addition, the DBcAMP
treatment arrested the cell cycle. The mechanism of these biphasic IL-2 productions by
DBcAMP may be due to the cell cycle. The m2 receptor stimulation, however, did not
affect the cell cycle, but transiently affected the cAMP accumulation. The inhibition of IL-
2 production by the m2 receptor stimulation is thus suggested to be mediated by the

suppression of cAMP pathways, but not by the cell cycle progression mediated by cAMP.
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Fig. 3.1. Effects of cAMP on PMA/A23187-induced IL-2 production in

Jurkat cells Jurkat cells were pretreated with forskolin (0.1 to 10 uM, in panel A) or

DBcAMP (0.01 to 1 mM, in panel B) for 24 hr, 10 nM PMA and 500 nM A23187 were added
and they were further incubated for 24 hr. The amount of IL-2 was estimated as described in
the "Experimental procedures". Each point is the mean + SE of three assays. The amount of

PMA/A23187-induced IL-2 production was estimated as 100%
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Fig. 3.2. Effect of DBcAMP on PMA/A23187-induced IL-2 promoter

activity in Jurkat cells Jurkat cells were transfected with pIL2-LUC and were
pretreated with DBcCAMP (0.01 to 1 mM) for 24 hr prior to treatment with 1 nM PMA and
500 nM A23187 for 24 hr. Cells were transfected at least three times (3 - 5). The value of

PMA/A23187-induced IL-2 promoter activity was estimated as 100%.
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Fig. 3.3. Effect of DBcAMP on PMA/A23187-induced IL-2 production

Jurkat cells were pretreated with | mM DBcAMP for 0 to 24 hr prior to 10 nM PMA and 5
00 nM A23187 treatment for 24 hr. The amount of IL-2 was estimated as described in the

"Experimental procedures". Each point is the mean + SE of three assays. The amount of

PMA/A23187-induced IL-2 production was estimated as 100%
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Fig. 3.4. Effects of DBcAMP on PMA/A23187-induced IL-2 promoter

activities Jurkat cells were transfected with pIL2-LUC and pretreated with 0.1 mM (M)

I mM (®) DBcAMP for 0 to 24 hr prior to 1 nM PMA and 500 nM A23187 treatment for

24 hr. Cells were transfectred three times. The value of PMA/A23187-induced IL-2

promoter activity was estimated as 100%.
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Fig. 3.5. Effects of H-89 on DBcAMP-enhanced IL-2 production and
promoter activity in Jurkat cells Cells were pretreated with H-89 (0.1to 10

mM) for 3 hr prior to presence or absence of 1 mM DBcAMP for 24 hr followed by 1 nM
PMA and 500 nM A23187 treatment for 24 hr. A, [L-2 productions assessed by ELISA.
B, IL-2 promoter activities assessed by luciferase assay. Each point is the mean + SE of
three assays. The amount of PMA/A23187-induced IL-2 production or the value of

PMA/A23187-induced IL-2 promoter activity was estimated as 100%.
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Fig. 3.6. Effect of DBcAMP on cell cycle in Jurkat cells Cells were

treated with I mM DBcAMP for O to 24 hr, then flow cytometric analysis of cell

cycle were done as described in the "Experimental procedures
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Fig. 3.7. Effects of thymidine on following cell cycle with PMA/A23187-
induced IL-2 promoter activity in Jurkat cells Cells were synchronized using

double-thymidine block protocol as described in the "Experimental procedures". After
synchronized, cells were treated with | nM PMA and 500 nM A23187 for 24 hr in the
several phases. The amount of I1.-2 was estimated as described in the "Experimental
procedures". Each point is the mean + SE of three assays. Control: the randomly cultured

Jurkat cells.
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Fig. 3.8. Effect of m2 receptor stimulation on cell cycle in Jurkat cells

Cells were treated with 1 uM 4-DAMP for 20 min then 100 uM Oxo-M for O to 24 hr,

then flow cytometric analysis of cell cycle were done as described in the "Experimental

procedures".
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Fig. 3.9. Effects of m2 receptor stimulation on cAMP accumulation in Jurkat
cells Cells were treated 1 uM 4-DAMP for 20 min alone (lane 1) or pretreated 1 uM 4-DAMP

for 20 min then treated 100 uM Oxo-M for 30 min (lane 2). Cells were treated 1 uM of 4-DAMP
for 20 min then treated 1 nM PMA and 500 nM A23187 for 30 min (lane 3) or pretreated 1 uM of
4-DAMP for 20 min then treated 100 uM Oxo-M and 1 nM PMA and 500 nM A23187 for 30 min
(lane 4). Cells were treated 1 uM 4-DAMP for 20 min and treated 100 uM Oxo-M for 18 hr, then

added 1 nM PMA and 500 nM A23187 for 30 min (lane 5). The amount of cAMP was assesed as
described in the "Experimental procedures". Each point is the mean + SE of three assays. The

activity of 4-DAMP was the same value as vehicle and estimated as 100%.
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General conclusions
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m1l, m2 acetylcholine systems and cAMP system on IL-2 production

1. Muscarinic receptor m1 and m2 mRNAs were expressed in hPBL and
pretreatment of these receptors with Oxo-M enhanced PHA-induced IL-2
production. Oxo-M-induced enhancement of I1L-2 production may not be due to
[Ca2+]i elevation. Stimulatory effects of Oxo-M on IL-2 production could be due

to the intracellular signaling mechanism.

2. a) Jurkat cells expressed m1 and m?2 receptor mRNA.

Stimulation of m1 receptors enhanced PMA/A23187-induced 1L-2 production and
IL-2 promoter activity. AP-1 could be involved in this enhancement and both

MAPK and JNK also seem to be involved.

b) Pretreatment of m2 receptors for 18 hr decreased PMA/A23187-induced IL-2
production and promoter activity. AP-| binding activity and MAPK and JNK
activities were decreased by m2 receptor stimulation compared to those in the

control cells. m2 receptors stimulation with simultaneous PMA/A23187 treatment

decreased AP-1 and NF-«xB binding activities.
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3. Pretreatment with | mM DBcAMP for 24 hr enhanced the IL-2 production, in
contrast, pretreatment for 6 hr inhibited it in Jurkat cells. In addition, the DBcAMP
treatment arrested the cell cycle. The mechanism of these biphasic IL-2
productions by DBcAMP may be due to the cell cycle. The m2 receptor
stimulation, however, did not affect the cell cycle, but transiently affected the
CAMP accumulation. The inhibition of 11.-2 production by the m2 receptor
stimulation is thus suggested to be mediated by the suppression of cAMP pathways,

but not by the cell cycle progression mediated by cAMP.
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