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Abstract Melatonin has been proposed as regulating the

immune system by affecting cytokine production in

immunocompetent cells, enhancing the production of sev-

eral T helper (Th)1 cytokines. To further investigate the

melatonin’s role in IL-2/IL-2R system, we established an

inducible T-REx expression system in Jurkat cells in which

the protein levels of HIOMT enzyme or MT1 receptor were

significantly down-regulated upon tetracycline incubation.

We found that T-REx Jurkat cells with lower levels of

HIOMT activity, and consequently lower content of

endogenous melatonin, showed IL-2 production decrease

after activation with lectin. Likewise, tetracycline-induc-

ible stable cell line expressing MT1 antisense produced

decreased amounts of IL-2 (mRNA and protein levels)

after stimulation. Moreover, in T-Rex-MT1 cells incubated

with tetracycline, a sub-optimal PHA dose failed to induce

the early activation marker CD25 on the cell surface. The

results shown here support the relevance of endogenous

melatonin and its signaling in T cell activation.

Keywords T-REx cells � IL-2 � HIOMT � Melatonin �
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Introduction

Melatonin (MLT), a widespread substance in the animal

kingdom, is the product of a multistep metabolic pathway

that starts with the hydroxylation of L-tryptophan by the

tryptophan hydroxylase (TPH, EC 1.14.16.4). Decarbox-

ylation of hydroxytryptophan by aromatic amino acid

decarboxylase (AAD, EC 4.1.1.28) generates serotonin,

which can act as a neurotransmitter, besides its actions as a

regulator of vascular tone, an immunomodulator, a growth

factor, and a precursor for MLT. In this metabolic pathway,

acetylation of serotonin catalyzed by arylalkylamine

N-acetyltransferase (AANAT, EC 2.3.1.87) generates

N-acetylserotonin (NAS), which is further methylated by

hydroxyindole-O methyltransferase (HIOMT, EC 2.1.1.4)

[1]. It should be noted that serotonin can be acetylated by

other enzymes than just AANAT, such as arylamine

N-acetyltransferases (NAT) [2], and in vivo AANAT

activity does not always correlate with MLT production

[3]. Therefore, the recent evidence demonstrates that

HIOMT but not AANAT is the rate-limiting enzyme in

MLT biosynthesis [2, 4].
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Melatonin is produced by several organs and tissues

besides the pineal gland. In mammals, this extrapineal

MLT synthesis has been identified in the brain, retina,

Harderian gland, ciliary body, lens, thymus, airway epi-

thelium, bone marrow, gonads, placenta, GI tract, skin, and

immune cells [1, 5–8]. It can act through membrane bound

receptors MT1 and MT2 and nuclear orphan receptors from

the RORa/RZRa family [9–11].

Jurkat T cells have also been described as a source of

physiologically active MLT, which takes part in IL-2

production through an action mechanism mediated by

both membrane and nuclear receptors [12, 13]. Although

the MLT/IL-2 connection suggests a relevant role of MLT

in immune control, signaling and regulatory mechanisms

are still poorly understood. Some in vitro studies to test

the immunomodulatory role of MLT have been contro-

versial due to contradictory results which disagree with

those obtained in in vivo models in which MLT behaved

as a positive modulator of lymphocyte proliferation and

cytokine production [14]. This discrepancy could be

explained, at least in part, by endogenous MLT produc-

tion by cultured cells [6, 15] which would be masking the

effect of exogenous MLT. Taking account of this

hypothesis, we consider that a model lacking of MLT

would be useful to study the role of this indolamine in the

T cell response. Therefore, we designed two stable

inducible cell lines with regulated expression of human

HIOMT enzyme and MT1 membrane melatonin receptor

and evaluated the influence of endogenous MLT on

lymphocyte activation, focusing on the IL-2/IL-2R

system. To make it possible, we have applied the tetra-

cycline-regulated technology, T-REx [16], in order to

express an antisense sequence that blocks translation of

the interest proteins in Jurkat cells. The efficiency of these

models was analyzed as well as the physiological effects

of such inhibition showing that the alteration in MLT

signaling could affect critical functions in T cell biology

and, consequently, in the immune system.

Materials and methods

Cell line and culture conditions

The T-REx-Jurkat cell is a derivative of human leukemic

T cell line which stably expresses a tetracycline repressor

(Invitrogen, Carlsbad, CA, USA). Cells were grown and

maintained in RPMI 1640 culture medium supplemented

with 25 mM HEPES, 10% FBS, 2 mM L-glutamine, and

10 lg/ml blasticidin. Transfected T-Rex-Jurkat cells were

grown in the same medium with 100 lg/ml zeocin.

PCR and cloning

The coding sequence of Hiomt and MT1 receptor genes

were amplified by nested PCR from the human leukaemia

lymphoblastic marathon-ready cDNA (BD Biosciences,

Franklin Lakes, NJ, USA) using the Advantage 2 PCR

enzyme system (Clontech, Palo Alto, CA, USA). The

amplification conditions were: 94�C for 30 s for an initial

incubation followed by 94�C for 10 s, 74�C for 30 s, and

68�C for 2 min, for five cycles; 94�C for 10 s, 72�C for

30 s, 68�C for 2 min, for 10 cycles; 94�C for 10 s, 70�C for

30 s, 68�C for 2 min for 15 cycles, and a final extension at

68�C for 10 min in a standard buffer. Two-step nested

primers for each amplification were designed using Hiomt

and MT1-specific sequence information generated by

GenBank. Primers used are listed in Table 1, and were

designed to place EcoRI and KpnI restriction sites at the 50

and 30ends of the amplified sequence. After extraction gel

with a QIAquick gel purification kit (Qiagen, Charsworth,

CA, USA), the PCR products (865 bp for the Hiomt and

808 bp for the MT1 receptor) were cloned into pGEM-T

vector (Promega, Madison, WI, USA) and transformed into

JM109 competent cells (Promega). The constructs were

confirmed by restriction digestion with EcoRI and KpnI and

DNA sequencing (Neocodex, Sevilla, Spain). After inserts

liberation from pGEMT-T vector, the HIOMT and the MT1

Table 1 Primers used for

amplification of cDNA of

HIOMT and MT1 genes

Restriction sites are underlined

in the oligonucleotide

sequences

Primer Sequence (50 ? 30)

HIOMT

Forward CGTCGAATTCTCCCTGAAGCTGCTGAAAGT

Reverse CGACGGTACCGTTCCAGGTCACAAGAAACAGTTAT

Nested forward CGTCGAATTCAAAAGCTTTCTATCGAAACACAGAG

Nested reverse CGACGGTACCGGCATCATAAATGGCTCCTG

MT1

Forward CGTCGAATTCATCTTCACCATCGTGGTGGA

Reverse CGACGGTACCGGAGACGGTTTCCATTTAACC

Nested forward CGTCGAATTCCTGTCGGTGTATCGGAACAA

Nested reverse CGACGGTACCCTGGCTGTACAGAGCGAGACTAT
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receptor sequences were inversely cloned into the KpnI and

EcoRI restriction sites of the pcDNA4/TO vector (Invitro-

gen) containing the zeocin-resistance gene and two

tetracycline operator sites within the human cytomegalovi-

rus immediate-early promoter to allow for tetracycline-

regulated expression of the antisense sequence in transfected

cells. The constructs pcDNA4/TO-HIOMT expressing

antisense HIOMT and pcDNA4/TO-MT1 expressing anti-

sense MT1 receptor were confirmed by restriction digestion

with EcoRI and KpnI and DNA sequencing (Neocodex)

(Fig. 1).

Transfection

Before transfection, T-REx-Jurkat cells (1.5 9 106 cells)

were grown in the medium described above and, 48 h later,

different concentrations of zeocin (from 50 to 1,000 lg/ml)

were added to choose the optimal concentration for selec-

tion of transfected cells (data not shown). T-REx-Jurkat

cells were transfected with pcDNA4/TO-HIOMT or

pcDNA4/TO-MT1 by use of DMRIE-C reagent (Invitro-

gen) in accordance with the manufacturer’s protocol.

Aliquot 0.5 ml of Opti-MEM I reduced serum medium

(Invitrogen) and 10 ll of DMRIE-C reactive were placed

into each well of 6-well sterile plates, then 4 lg of

pcDNA4/TO-HIOMT vector or pcDNA4/TO-MT1 vector

diluted in 0.5 ml of DMRIE-C was added. After mixing

and incubating for 30 min at room temperature, 2–3 9 106

T-Rex-Jurkat cells in 0.5 ml of Opti-MEM I without anti-

biotics were added to each well, and incubated at 37�C in a

CO2 incubator for 4 h. Finally, 2 ml of RPMI medium with

15% serum fetal, 1 lg/ml PMA (phorbol 12-myristate

13-acetate; Sigma), and 50 ng/ml PHA (phytohemagglutinin;

Sigma) was added. After 48 h, 100 lg/ml zeocin was added

for selection of transfected cells.

Expression studies

Induction of antisense expression in transfected cells was

accomplished by exposing cells (1 9 106 cells/ml) to

0.1–1 lg/ml of tetracycline for 24 h. The expression levels

of antisense HIOMT were followed by HIOMT activity

analysis and MLT determinations. The expression levels of

antisense MT1 were tested by western blots and flow

cytometry analysis. As control cells were used the same

transfected cells without tetracycline addition.

HIOMT activity assay

Transfected cells (1 9 106 cells/ml) were cultured for 24 h

with 1 lg/ml of tetracycline and then were centrifuged for

10 min at 600g. The cell precipitate was resuspended in

1 ml of 0.05 M PBS pH 6.8 and disrupted at 4�C using a

cell sonicator (Sonics and Materials, Danbury, CT, USA).

The cell lysate was centrifuged for 10 min at 3,000g and

used for assay of HIOMT activity [17]. Then, 40 ll of this

supernatant was mixed with 20 ll 0.05 M PBS, pH 7.9,

containing 20 nCi S-[methyl-14C] adenosyl-L-methionine

and 3 mM N-acetyl serotonin. The reaction was incubated

for 20 min at 37�C and was stopped by the addition of

100 ll 0.2 M sodium borate buffer pH 10 and 1 ml chlo-

roform at 4�C. Synthesized MLT was measured following

extraction in 1 ml chloroform and the radioactivity by

liquid scintillation spectrometry counted with a beta coun-

ter. HIOMT activity was expressed as pmol melatonin/mg

protein/h and then normalized as % of control. Protein

content was measured following the Bradford protocol [18].

Melatonin content

Transfected cells were cultured for 24 h (1 9 106 cells/ml)

with 1 lg/ml of tetracycline and then were centrifuged for

10 min at 600g.The culture supernatants were collected for

MLT determination by specific Melatonin ELISA (Immuno

Biological Laboratories, Hamburg, Germany) according to
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Fig. 1 Cloning of antisense sequences. a Nested-PCR of HIOMT

cDNA. Nested PCR using specific primers was performed to place

EcoRI and KpnI restriction sites at the 50 and 30ends of the amplified

sequence. PCR molecular size marker (/) was used, and PCR

reaction without cDNA (–) was used as PCR control. b HIOMT

cloning in pGEMT vector. After extraction gel, the PCR product was

cloned into pGEM-T vector and transformed into JM109 competent

cells. The constructs were confirmed by restriction digestion with

EcoRI and KpnI and DNA sequencing. c HIOMT Cloning in TREx

vector. After inserts liberation from pGEMT-T vector by restriction

digestion with EcoRI and KpnI, the HIOMT sequence was inversely

cloned into the KpnI and EcoRI restriction sites of the pcDNA4/TO

vector (left). The constructs pcDNA4/TO-HIOMT expressing anti-

sense HIOMT were confirmed by restriction digestion with EcoRI and

KpnI (right). und: Undigested vector, dig: digested vector. The same

procedure was followed to create T-Rex-MT1 cells
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the manufacturer’s instructions. Melatonin from 500 ml of

the samples, standards and controls was extracted (90–

100% yield recovery) using C18 reversed phase columns

(Immuno Biological Laboratories) and methanol elution.

The dried extracts (after evaporating methanol) were stored

at -20�C for up to 48 h. Melatonin levels were measured

in duplicate using 96-well microtiter plates coated with

captured antibody goat anti-rabbit Ig. Each microtiter plate

was filled either with 50 ml blank reagent, extracted cali-

brators, extracted samples or extracted standard solutions

(containing 0, 3, 10, 30, 100, or 300 pg/ml of melatonin).

Then, 50 ml of melatonin biotin and 50 ml of rabbit-anti-

serum were added into each well, shaken carefully, sealed

with adhesive foil and incubated overnight (14–20 h) at

2–8�C. After washing three times with 250 ll diluted assay

buffer, 150 ll of anti-biotin conjugate to alkaline phos-

phatase was added to each well and incubated for 2 h at

room temperature. The reaction was developed using

p-nitrophenyl phosphate and optical densities were deter-

mined at 450 nm in an automatic microplate reader. The

sensibility of the MLT assay was 3 pg/ml. Both the intra-

and inter-assay coefficients of variation (CV) were \10%.

Western blots

Cells were solubilised for 30 min at 4�C in lysis buffer

containing 50 mM HEPES; pH 7,5; 150 mM NaCl;

1,5 mM MgCl2; 1 mM EGTA; 10% glycerol; 1% Triton

X-100 with protease inhibitor cocktail (Sigma–Aldrich, St.

Louis, MO, USA). After centrifugation, protein concen-

tration was determined by the Bradford method. Total

proteins [19] were denatured at 85�C for 5 min in Laemmli

Buffer 29 (Sigma–Aldrich), subjected to sodium dodecyl

sulphate–polyacrylamide gel electrophoresis (SDS–PAGE)

and transferred to PVDF membrane. The membranes were

blocked with Tris-buffered saline–0.05% Tween 20

(TBST) containing 5% non-fat dry milk for 1 h at RT. The

blots were then incubated with polyclonal anti-human

Melatonin Receptor 1A antibody (Abcam, Cambridge, UK)

for 2 h, washed in TBST, and further incubated with sec-

ondary antibody linked to horseradish peroxidase

(Promega). Bound horseradish peroxidase was visualized

using a high-sensitive chemiluminescence system (Super-

Signal; Pierce, Rockford, IL, USA). The bands obtained in

the blots were scanned and analyzed by the PCBAS2.0

program. The amount of protein loaded in each lane was

controlled by immunoblot with monoclonal anti-GAPDH

antibody (Chemicon, Germany).

Flow cytometry analysis

MT1-transfected cells (1 9 106 cells/ml) were cultured

with or without 1 lg/ml of tetracycline. After 24 h, cells

were centrifuged, washed in phosphate-buffered saline

(PBS) and incubated with polyclonal anti-human MEL-1A-

R (N-20) antibody (Santa Cruz Biotechnology, Santa Cruz,

CA) for 30 min. Afterwards, cells were centrifuged,

washed with PBS and incubated with FITC-anti goat

antibody (BD Biosciences PharmingenTM) for 30 min.

Finally, cells were washed and fixed for flow cytometry

analysis. To analyze the percentage of cells expressing

CD25, after incubation with or without 1 lg/ml tetracy-

cline for 24 h, MT1-transfected cells were cultured in the

presence of appropriate stimuli (PHA 0,5 lg/ml; Sigma–

Aldrich) for 24 h more to detect the activation marker on

the cell surface. PHA, like other carbohydrate-binding

proteins, binds to specific configurations of T-lymphocyte

glycoprotein’s, including TCR and CD3, and so activates

the lymphocytes [20]. At the end of the stimulation time,

cells were centrifuged, washed in phosphate-buffered sal-

ine (PBS) and resuspended in 100 ll PBS containing

ethylenediamine tetraacetic acid (EDTA) (FACS-Flow; BD

Biosciences). Finally, cells were incubated with phycoer-

ythrin-conjugated anti-CD25 antibody (BD PharMingen,

San Diego,CA) for 20 min, washed and fixed for flow

cytometry analysis. We gated Jurkat T cells according to

side scatter (SSC) and forward scatter (FSC). A total of

20,000 cells were acquired.

RNA extraction and reverse transcription

Transfected cells were cultured for 24 h with or without

1 lg/ml of tetracycline and then cultured in presence of

PHA (8 lg/ml) for 24 h. Cells were collected and stored at

-20�C for RNA analysis. Total RNA was extracted from

the samples by a modification of Chomczynski and Sac-

chi’s method using TriPure Isolation Reagent (Roche,

Mannheim, Germany) as denaturing solution and appro-

priate chloroform volume. After cell lysis and RNA

extraction, RNA was precipitated with isopropanol, and the

pellet was washed in 75% ethanol. The RNA samples were

recovered by centrifugation at 14,000g for 5 min and then

dried. Each RNA pellet was dissolved in 50 or 100 ll

RNase-free water and the quantified spectrophotometri-

cally at 260 nm.

Single-strand cDNA was then synthesized using the

following method: 2 lg of RNA was denatured in 19 ll

RNase-free water at 85�C for 10 min, and then rapidly

chilled on ice. Then, 21 ll of a mixture formed by 19

reverse transcription (RT) buffer, 20 mM dithiothreitol

(DTT), 20-deoxyribonucleoside-50-triphosphates (0.5 mM

of each), 40 U recombinant RNasin ribonuclease inhibitor,

0.5 lg oligo (dT)15 primer and 200 U Moloney murine

leukemia virus reverse transcriptase (M-MLV RT) were

added to give a final volume of 40 ll and incubated for

60 min at 42� C (all reagents were purchased from

3166 P. J. Lardone et al.



Promega). The RT reaction was terminated by placing it on

ice after deactivation at 95�C for 5 min.

Real-time PCR

Real-time quantitative PCR was performed by the

MiniOpticon cycler system (BioRad�). Reactions were

done in a 25-ll volume containing 5 ll of RT product as

template DNA [21], 2X FastStart SYBR Green Master

(Roche Molecular Biochemicals) and 200 nM for each

primer set. The following experimental protocol was used:

denaturation program (95�C for 10 min), amplification and

quantification program repeated 45 times (95�C for 10 s,

60�C for 20 s, 72�C for 30 s with fluorescent data acqui-

sition after extension step), melting curve program (60–

95�C with a heating rate of 0.5�C/s with continuous fluo-

rescence measurement), and finally a cooling step at 30�C.

The following oligonucleotides (50 to 30) (Roche) were

used as primers for RT–PCR: human IL-2, ATG TAC

AGG ATG CAA CTC CTG TCT T (exon 1) and GTC

AGT GTT GAG ATG ATG CTT TGA C; and human

b-actin, TCCCTGGAGAAGAGCTACGA (exon 4) and

AGCACTGTGTTGGCGTACAG (exon 5).

The cycle number at which the fluorescent signal of a

given reaction well crossed the threshold value was deno-

ted as the CT. CT data for multiplex targets were

normalized to the internal standard, b-actin CT, by use of

the formula: DCT = target CT - internal standard CT.

Calculations for relative quantitation were performed as

outline in User Bulletin #2: ABI Prism 7700 Sequence

Detection System (PE Applied Biosystems). The relative

expression of each mRNA was calculated with the

comparative DDCT method since the amplification effi-

ciencies of the target and the endogenous reference are

approximately equal. The calculation of DDCT involves

subtraction by the DCT calibrator value. This is subtraction

of an arbitrary constant, so the standard deviation of DDCT

is the same as the standard deviation of the DCT value. The

relative amount of each mRNA was determined by evalu-

ating the expression of 2-DDCT and then represented as a %

of its respective control (cells without tetracycline).

IL-2 determination

Transfected cells were cultured for 24 h with or without

1 lg/ml of tetracycline and then cultured in presence of

PHA (8 lg/ml) for 24 h. IL-2 concentrations in the cell free

supernatants were determined by using a specific ELISA kit

(Pharmingen, San Diego, CA, USA). Mouse anti-human

IL-2 in 0.2 M sodium phosphate pH 9.0 was coated over-

night to high-binding microtiter plates. The plates were

washed twice with PBS/0.05% Tween 20, incubated with

1% BSA in PBS/Tween 20 for 1 h as a blocking step, and

washed again. Samples and standards (recombinant human

IL-2) were diluted in 1% BSA PBS/Tween 20 and incubated

overnight. After being washed three times, biotinylated

mouse anti-human IL-2 mAb was added, and bound IL-2

detected using streptavidin-horseradish peroxidase conju-

gate, and 3,30, 5,50tetramethylbenzidine and hydrogen

peroxide as the substrate of the enzyme.

Statistical analysis

Differences between two groups were evaluated with Stu-

dent’s t test. A probability value (P)\0.05 was considered

statistically significant. Statistical analyses were performed

using SPS SYSTAT 10 program (Systat Software, Rich-

mond, CA, USA).

Results

Suppression of HIOMT activity and MLT production

by tetracycline-regulated HIOMT antisense expression

To interfere with the synthesis of endogenous MLT in

Jurkat cells, T-Rex-HIOMT cells were cultured with tetra-

cycline (1 lg/ml) for 24 h. Unfortunately, we were not

able to analyze the expression of HIOMT protein using

western blot analysis because anti-human HIOMT antibody

generated in our laboratory failed to recognize native

antigen in this assay. For this reason, the efficiency of

HIOMT blocking was determined by measuring HIOMT

activity, which was reduced by 50% in T-Rex-HIOMT

cells treated with tetracycline when they were compared to

untreated cells (Fig. 2a). The effect of the antisense

expression was also analyzed by the quantification of MLT

levels. As we expected, the translational blockade of the

Hiomt gene induced by tetracycline leaded to a decrease in

MLT content by Jurkat cells (Fig. 2b).

Suppression of MT1 levels by tetracycline-regulated

MT1 antisense expression

To further assess the efficiency of the tetR-mediated MT1

translation repression, western blot analysis using anti-MT1

antibody was performed. As shown in Fig. 3a, after 24 h,

MT1 receptor expression in T-Rex-MT1 cells was

decreased in a tetracycline-concentration-dependent man-

ner. As the maximum effect was observed with 1ug/ml of

the antibiotic, we chose this concentration as the optimum

for the subsequent experiments. Equal loading was con-

trolled by re-probing the blot with an anti-GAPDH

antibody.

To further confirm the inhibition of MT1 receptor levels,

flow cytometry was performed in the absence or presence

Melatonin deficiency impairs T-cell activation 3167



of tetracycline. T-Rex-MT1 cells treated with tetracycline

(Fig. 3b) showed a significant fall in FITC fluorescence in

comparison to untreated cells (Fig. 3b, positive control),

and this expression was comparable to the negative control

(Fig. 3b, negative control).

Endogenous MLT is necessary for IL-2 production

in Jurkat cells

To determine the role of endogenous MLT in the regulation

of IL-2 production by lymphocytes, the IL-2 levels in

T-Rex-HIOMT cells treated with tetracycline were asses-

sed by RT–PCR and ELISA. After 24 h of tetracycline

incubation, PHA-activated cells showed a significant

decrease in IL-2 mRNA expression almost reaching 70%.

In accordance with this result, the IL-2 protein levels in the

corresponding supernatants from these experiments also

significantly diminished in presence of tetracycline

(Fig. 4).

To study the involvement of membrane MLT signalling,

Jurkat cells transfected with the tetracycline-controlled

MT1 antisense expression system were cultured with tet-

racycline for 24 h and then stimulated with PHA 8 lg/ml.

Then, 24 h later, IL-2 mRNA levels decreased by 80% in

MT1 down-regulated cells (Fig. 5). Accordingly, IL-2

levels in the supernatant of cultures were also significantly

lower as compared with untreated cells.

To rule out the possibility that the effect observed in

IL-2 levels was due to the inhibition of protein translation

promoted by tetracycline, untransfected T-REx-Jurkat cells

were also treated with tetracycline and assayed for prolif-

eration. Data did not show any significant effect of

tetracycline on cell proliferation or IL-2 production (data

not shown). However, normal Jurkat cells treated with

tetracycline showed a decrease in IL-2 production after

PHA stimulation (data not shown) which shows that

T-Rex-Jurkat cells are prepared to be cultured with tetra-

cycline without suffering any toxic effect.

Fig. 3 Dose-dependent regulation of MT1 receptor expression in

T-Rex-MT1 Jurkat cells by tetracycline. a T-Rex-MT1 Jurkat cells

were cultured with different concentrations of tetracycline for 24 h.

After treatment, the MT1 receptor protein levels were analyzed by

western blot. A representative picture of MT1 from three experiments

with similar results is shown (left) as well as a graph representing

quantification of the bands by densitometry after normalization

against GAPDH (right). Anti-GAPDH immunoblot was employed to

check the general amount of protein in the blots. b The expression

level of MT1 receptor was measured by flow cytometry. T-Rex-MT1

Jurkat cells were cultured with or without tetracycline (1 lg/ml) for

24 h. After treatment, they were incubated with anti-MT1 primary

antibody and stained with FITC-conjugated secondary antibody. Total

cells were analysed by a fluorescence activated sorter (FACS)

Calibur. Viable cells were gated by side-forward-scatter characteris-

tics. Representative histograms from three independent experiments

are shown

Fig. 2 Tetracycline decreased HIOMT activity and melatonin pro-

duction. T-Rex-HIOMT Jurkat cells were cultured in presence or

absence of tetracycline (1 lg/ml) for 24 h. a After treatment, HIOMT

activity of those cells was assayed. Data were first expressed in pmol

and then averaged from five experiments performed in duplicate.

Control value of HIOMT activity: 56.27 ± 17 pmol/mg protein/h.

b Melatonin content in cells was measured by ELISA. Statistically

significant differences were observed between cells treated with

tetracycline and the group without the antibiotic. *P \ 0.05,

**P \ 0.005, Student t test

3168 P. J. Lardone et al.



MT1 melatonin receptors are necessary for CD25

expression

We have previously reported that endogenous MLT is

involved in the regulation of the IL-2/IL-2R expression

through an action mechanism involving both membrane and

nuclear receptors [15]. It is well known that, under T cell

activation through its antigen receptor, one of the most rapid

consequences is the de novo synthesis of IL-2 which is

quickly followed by the expression of the a-chain (CD25) on

the cell surface [22]. In the present study, T-Rex-MT1 cells

were incubated with or without tetracycline and then cul-

tured with PHA 0.5 lg/ml to induce the early activation

marker CD25 on the cell surface. As shown in the repre-

sentative histogram in Fig. 6, CD25 expression was

up-regulated by PHA activation (b) and this increased

expression was inhibited by pre-incubation with tetracycline.

Discussion

Our previous studies have demonstrated that human lym-

phocytes in culture not only synthesize MLT [6] but this

endogenous melatonin is also biologically active because it

is involved in the regulation of the IL-2/IL-2R expression

through a mechanism of action in which both membrane

and nuclear receptors are implicated [12, 15]. However,

many questions about the MLT effects on the immune

system are difficult to answer because there are not good

models of immune cells where MLT production had been

abolished. The ability to suppress gene expression in vitro

and in vivo is a valuable tool for studying biological pro-

cesses. Through these models, it is possible to regulate the

expression of specific proteins and study these effects on

downstream signaling processes.

Several inducible gene expression systems have been

developed and the inhibition of a specific protein expres-

sion is now possible [23]. The tetracycline-regulated

technology, T-REx, employs the use of host cell lines that

have been stably transfected with a constitutively expres-

sed tetR protein and a plasmid containing the gene of

interest, under the control of the cytomegalovirus (CMV)

promoter upstream of a dimeric tetracycline operator

(tetO2) [24]. In the absence of tetracycline, four tetR

molecules binds to tetO2 thereby repressing activation,

while the addition of tetracycline in the culture medium

causes the tetR molecules to be released from tetO2

resulting in the activation of transcription [25].

In the present study, we created two stable inducible cell

lines with regulated expression of human HIOMT enzyme

and MT1 membrane melatonin receptor as a starter material

to evaluate the influence of endogenous MLT and the

interaction with its receptor on lymphocyte activation.

Fig. 4 Antisense HIOMT expression inhibits IL-2 production from

PHA activated Jurkat cells. T-Rex-HIOMT Jurkat cells were cultured

with or without tetracycline (1 lg/ml) and then incubated for 24 h

with PHA (8 lg/ml). Left Real-time PCR was performed and results

of IL-2 mRNA expression were calculated using the method of

2-DDCT in relation to stimulated cells without tetracycline after

normalization against b-actin. Then, they were expressed as a

percentage and the values in HIOMT(?) cells were considered as

100%. Data were obtained from three experiments performed in

triplicate. DCtHIOMT(?) ± SD: 3.906 ± 1.0531; DCtHIOMT(-) ± SD:

5.433 ± 1.687. Right IL-2 content was determined by ELISA in

culture supernatants. Data are expressed as percentage of mean

values ± SD of 5 experiments performed in triplicate. Control value

of IL-2 production: 304.73 ± 90.55 pg/ml. HIOMT(?) Cells without

tetracycline, HIOMT(-) cells with tetracycline. Statistically signifi-

cant differences were observed between cells treated with tetracycline

and the group without the antibiotic. *P \ 0.05, ***P \ 0.0001,

Student t test

Fig. 5 Antisense MT1 receptor expression inhibits PHA activated

Jurkat cell IL-2 mRNA transcripts and supernatant concentration.

T-Rex-MT1 Jurkat cells were cultured with or without tetracycline

(1 lg/ml) and then incubated for 24 h with PHA (8 lg/ml). Left Real-

time PCR was performed and results of IL-2 mRNA expression were

calculated using the method of 2-DDCT in relation to stimulated cells

without tetracycline after normalization against b-actin. Then, they

were expressed as percentage and the values in MT1(?) cells were

considered as a 100%. Data were obtained from three experiments

performed in triplicate. DCtMT1(?) ± SD: 0.73 ± 0.549; DCtMT1(-)

± SD: 3.355 ± 0.382. Right IL-2 content was determined by ELISA

in culture supernatants. Data are expressed as percentage of mean

values ± SD of 5 experiments performed in triplicate. Control value

(100%) of IL-2 production: 543.55 ± 131.85 pg/ml. MT1(?) Cells

without tetracycline; MT1(-) cells with tetracycline. Statistically

significant differences were observed between cells treated with

tetracycline and the group without the antibiotic. *P \ 0.05,

***P \ 0.0001, Student t test
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For the first model, considering that MLT is enzymati-

cally formed, the only way to avoid its biosynthesis was

blocking one of the two last enzymes. Thus, we decided to

create a cell line with regulated expression of the last

enzyme HIOMT using T-Rex system. The efficiency of

HIOMT blocking was about 50%, and it was monitored

measuring HIOMT activity and melatonin production.

Both parameters showed a perfect correlation as many

authors have described [26, 27].

With the second cellular model, we wanted to block one

of the MLT action mechanisms, and we focused on the

inhibition of MT1 receptor translation since no specific

antagonist for this receptor subtype has been reported. The

choice of MT1 and not MT2 was based in the fact that the

majority of MLT effects described for lymphocytes seem

to be mediated through this receptor subtype [28]. How-

ever, some evidence shows that MLT-induced

enhancement of immune function is also mediated via MT2

receptors, as Drazen et al. have shown about splenocyte

proliferation in mice [29, 30].

The inhibition in MT1 receptor protein levels by tetra-

cycline was evaluated with double confirmation through

western blot and also by flow cytometry analysis. The

difference between the results obtained with both tech-

niques could be due to a different specificity of antibodies,

since the antibody used in the cytometer was not the same

as the one we used in western blot. To avoid permeabili-

zation of cells, a polyclonal antibody raised against

extracellular N-terminus extreme of the receptor was used

in flow cytometer.

Once the efficiency of the models was evaluated, we

analyzed the physiological effect of MLT decreasing and

the down-regulation of its membrane receptor in terms of

IL-2 production. Assessment of cytokine expression during

an immune response is a critical requirement for studies of

basic immune mechanisms and the pathogenesis of disease.

As an alternative to measuring cytokine protein levels,

analysis of cytokine mRNA may also be appropriate,

because production of many cytokines is primarily trans-

criptionally regulated. Thus, those cells where the

expression of antisense against HIOMT was induced with

tetracycline showed less IL-2 levels after stimulation with

an optimum dose of PHA, especially at transcriptional

level. The same effect was found in the cells with less

expression of MT1 receptor, which would suggest that

endogenous MLT action in lymphocyte activation,

Fig. 6 Effect of antisense MT1

expression on CD25 expression

in Jurkat cells. T-Rex-MT1

Jurkat cells were cultured with

or without tetracycline (1 lg/

ml) and then incubated for 24 h

with a suboptimal concentration

of PHA (0.5 lg/ml). The

expression level of CD25 was

measured by flow cytometry

with a fluorescence activated

sorter (FACS)Calibur. Viable

cells were gated by side-

forward-scatter characteristics.

One-color immunofluorescence

analysis was performed with

anti-CD25-PE (x-axis). Basal

levels of fluorescence in un-

activated cells (with or without

tetracycline) are also shown.

MFI Medium fluorescence

intensity. Representative

histograms from three

independent experiments are

shown
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reflected as IL-2 production, is mediated, at least in part,

through its MT1 receptor. Actually, we have previously

described a significant interaction between membrane and

nuclear melatonin receptors, since activated cells with less

expression of MT1 receptor also showed decreased

expression of ROR/RZR mRNA [13]. These data support

the hypothesis that considers MLT endogenously synthe-

sized in lymphocytes as an autocrine, intracrine and

paracrine factor involved in the regulation of IL-2

production.

Over recent years, several specific melatonin membrane

and nuclear receptor agonists and antagonists have been

described, which have been extensively used in the study of

melatonin effects in several systems, including the immune

system. In fact, previous papers published by our group

[12, 13, 15] have shown a decrease on IL-2 production in

lymphocytes after the incubation with luzindole and CGP

55644. However, the use of molecular approaches for

melatonin action’s inhibition is now considered more cor-

rect and easier to control than pharmacological ones.

The expression of IL-2 ends up a CD25 expression in

membrane. IL-2Ra expression is undetectable on resting T

cells but it can be induced by exposure to antigen or

mitogen [31] after the up-regulation of IL-2 gene happens.

In this line, Carrillo-Vico et al. showed that peripheral

blood mononuclear cells (PBMCs) cultured with PHA and

melatonin receptor antagonists had a deficient expression

of CD25 protein and it would be overcome adding exog-

enous melatonin, which supported the role of the

indolamine in the process [28]. In our conditions, it was

reasonable to think that, if the decrease in melatonin-MT1

receptor interaction induced less expression of IL-2 pro-

duction, it may also affect CD25 expression as an indirect

effect. Confirming our hypothesis, pre-incubation of

T-Rex-MT1 cells with tetracycline prevented its activation

induced by PHA reaching CD25 levels close to control

values (unstimulated cells). These results show us the

permissive role of melatonin-MT1 receptor system in T

lymphocyte activation after mitogenic response.

IL-2, or T-cell growth factor (TCGF), is produced

mainly by T helper (CD4?) lymphocytes, stimulates cell-

mediated immune responses, controls growth and differ-

entiation of B lymphocytes, and intensifies proliferation

and activity of all cytotoxic cell clones [32]. The finding of

endogenous MLT production by human lymphocytes is

related to enhanced release of IL-2 and up-regulation of

IL-2R suggests that MLT may be involved in the clonal

expansion of antigen-stimulated human T lymphocytes.

The results shown here confirm MLT as an intrinsic factor

involved in the natural activation of cells in the immune

response, and they are consistent with those previously

observed in PBMCs using MT1, MT2, and RORa phar-

macological blockers [15].

Moreover, they support the relevance of a good cellular

model lacking of MLT to explore the various signals

triggered by the indolamine and then discuss its role into

biological function. The results obtained in our models

were sufficiently robust in relation to the influence of MLT

in IL-2 regulation, even in spite of the depth of inhibition

with the antisense was not as high as we expected since

other authors have described almost a 90% inhibition in the

target protein with the T-REx system [33, 34].

The induction of IL-2 expression following T cell

stimulation depends on the activation of several transcrip-

tion factors [35], so further studies are necessary to

investigate if the signaling pathways activated for MLT

would be involving the regulation of some of these factors.

The respective functions of these molecules, the mode in

which they are activated, and the identities and functions of

their targets are some of the questions that still need to be

answered to more fully describe this complex mechanism.
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