
Somatostatin Increases Mitogen-Induced IL-2 Secretion
and Proliferation of Human Jurkat T Cells via sst3
Receptor Isotype
Alicia Cardoso,1 Christelle El Ghamrawy,1 Jean-Pierre Gautron,2 Branka Horvat,1 Nicole Gautier,3

Alain Enjalbert,2 and Slavica Krantic1*
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Abstract The neuropeptide somatostatin (SRIF) modulates normal and leukemia T cell proliferation. However,
neither molecular isotypes of receptors nor mechanisms involved in these somatostatin actions have been elucidated as
yet. Here we show by using RT-PCR approach that mitogen-activated leukemia T cells (Jurkat) express mRNA for a single
somatostatin receptor, sst3. This mRNA is apparently translated into protein since specific somatostatin binding sites
(KI1 5 78 6 3 pM) were detected in semipurified plasma membrane preparations by using 125I-Tyr1-SRIF14 as a
radioligand. Moreover, somatostatin inhibits adenylyl cyclase activity with similar efficiency (IC50 5 23 6 4 pM) thus
strongly suggesting a functional coupling of sst3 receptor to this transduction pathway. The involvement of sst3 receptor
in immuno-modulatory actions of somatostatin was assessed by analysis of neuropeptide effects on IL-2 secretion and on
proliferation of mitogen-activated Jurkat cells. Our data show that in the concentrations comprised between 10 pM and
10 nM, somatostatin potentiates IL-2 secretion. This effect is correlated with somatostatin-dependent increase of Jurkat
cell proliferation since the EC50 concentrations for both actions were almost identical (EC50 5 22 6 9 pM and EC50 5
12 6 1 pM for IL-2 secretion and proliferation, respectively). Altogether, these data strongly suggest that in mitogen-
activated Jurkat cells, somatostatin increases cell proliferation through the increase of IL-2 secretion via a functional sst3
receptor negatively coupled to the adenylyl cyclase pathway. J. Cell. Biochem. 68:62–73, 1998. r 1998 Wiley-Liss, Inc.
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Somatostatin (Somatotrope Release Inhibit-
ing Factor, SRIF) is a potent inhibitor of numer-
ous endocrine and exocrine secretions. Major
endocrine targets of SRIF are pituitary and
pancreas where it inhibits growth hormone/
thyrotropin/prolactin and insulin/glucagon se-
cretion, respectively. The best documented exo-
crine role of SRIF is inhibition of gastric acid
release in stomach. In the central nervous sys-
tem, SRIF acts as a neurotransmitter/neuro-
modulator activating hyperpolarizing K1 cur-
rent and inhibiting Ca21 influx; it is believed to
be involved in the central regulation of locomo-
tor activity and cognitive functions. Two natu-

rally occuring SRIF isoforms (SRIF14 and
SRIF28) are underlying these biological actions
of SRIF. SRIF14 and SRIF28 isoforms consist of
14 and 28 amino acids, respectively, and the
entire SRIF14 sequence is present in the C-
terminus of SRIF28. The predominant biologi-
cally isoforme is SRIF14 [for review, see Reisine
and Bell, 1995].

During the last decade a substantial body of
evidence has been compiled on the bidirectional
relationship between immune and neuroendo-
crine systems. Molecular and cellular mecha-
nisms underlying these interactions involve the
sharing of chemical messengers and their recep-
tors [Felten et al., 1985]. A pertinent example of
such neuro-immuno-endocrine interactions is a
recently reported stimulatory action of growth
hormone and prolactin on T lymphocyte re-
sponse to mitogen- and antigen-stimulation
[Postel-Vinay et al., 1997]. Indeed, effector T
cells bear receptors for these two particular
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hormones [Postel-Vinay et al., 1997] as well as
for all major neurotransmitters and neurohor-
mones yet assessed [Stanisz et al., 1987]. Conse-
quently, T lymphocyte function may be modu-
lated by neuropeptides circulating in the blood
as hormones or liberated as neurotransmitters
at the nerve endings innervating lymphoid or-
gans [Elliott et al., 1992; Felten et al., 1985].

In the immune system, SRIF14 is localized in
the lymphoid organs [Aguila et al., 1991] includ-
ing the proximity of sensory nerve terminals
[Felten et al., 1985]. In particular, it is also
produced, stored, and probably secreted by a
subpopulation of T cells [Aguila et al., 1991].
SRIF14-specific binding has been detected on
the surface of human T lymphocytes and T cell
lines [Blum et al., 1992; Hiruma et al., 1990;
Sreedharan et al., 1989; Stanisz et al., 1987].
Physiological roles of SRIF14 in the modulation
of T cell activity include SRIF14 inhibition of
some cytokine (e.g., IFNg) secretion by CD41 T
cells [Hinterberger et al., 1978].

In addition, SRIF14 modulates the prolifera-
tion of normal T cells and leukemia T cells [Nio
et al., 1993; Pawlikowski et al., 1985; Payan et
al., 1984]. According to the radioligand binding
studies, it appears that the SRIF14 actions on T
cells proliferation involve heterogenous bind-
ing sites [Sreedharan et al., 1989]. The hetero-
geneity of relevant SRIF14 receptors has been
supported by the observed multimodal (inhibi-
tory and stimulatory) and complex (depending
on the neuropeptide concentration) SRIF14 ef-
fects on T cell proliferation. Indeed, in addition
to the well-established inhibitory actions [Nio
et al., 1993; Pawlikowski et al., 1985; Payan et
al., 1984], reported also in other cell types [for
review, see Reisine and Bell, 1995], SRIF14
specifically enhances the proliferative response
of T cells [Nordlind and Mutt, 1986]. However,
these opposite SRIF14 effects may be explained
by the heterogeneity of T cell populations used
in these studies. Otherwise, they might be ex-
plained by different SRIF14 effects on IL-2 se-
cretion (IL-2 is the major lymphocyte growth
factor necessary to trigger T cell proliferation
[Taniguchi and Minami, 1993]). Indeed, SRIF14
is able to modulate IL-2 secretion by human
colonic lamina propria mononuclear cells [Nio
et al., 1993; Payan et al., 1984]. Precise molecu-
lar characteristics of SRIF14 receptors mediat-
ing these neuropeptide effects are not known.

Recent molecular characterization of rodent
and human SRIF receptors indicated that all

five cloned receptors (sst1–sst5) belong to the
superfamily of G protein-coupled receptors with
seven transmembrane domains. They are en-
coded by five different genes and are highly
conserved between species (e.g., sst1 of mouse
and human share 99% of the amino acid se-
quence) and within the same species (different
SRIF receptors present 45–61% identity). The
known SRIF receptors are coupled to multiple
signaling pathways. After expression of the
cloned receptors in heterologous cell lines, all of
them (sst1–sst5) inhibit the adenylyl cyclase
activity but in parallel also selectively activate
other transduction effectors such as PLCb, tyro-
sine phosphatase, and ionic channels [for re-
view, see Reisine and Bell, 1995].

The expression of mRNA for the five cloned
receptors is tissue- and cell type-specific. For
example, sst1, sst2, sst3, and sst5 mRNAs are
expressed in adult human pituitary [Miller et
al., 1995; Panetta and Patel, 1994]. All five
receptor isotype mRNAs are expressed in the
adult rat brain but with distinct regional pat-
terns of distribution [see for example Beaudet
et al., 1995; Pérez and Hoyer, 1995]. Data on
SRIF14 receptor isotype expression in the im-
mune system are very scarce. It has been re-
ported that rat spleen cells express the mRNAs
specific for all five receptor isotypes [Bruno et
al., 1993]. In addition, it has been shown that
murine T lymphocytes from hepatic granulo-
mas of Schistosome-infected animals display
only sst2 receptor [Elliott et al., 1994].

In the present study we analyzed the molecu-
lar isotypes of SRIF receptors expressed in the
homogeneous human T cell line, Jurkat. Our
RT-PCR data show that Jurkat cells express
exclusively mRNA specific for sst3 receptor. The
expression and function of these receptors on
Jurkat cells were confirmed by the observed
SRIF14-dependent inhibition of 125I-Tyr1-
SRIF14 specific binding and adenylyl cyclase
activity in semipurified membrane prepara-
tions. The assessment of SRIF14 effects on IL-2
secretion and proliferation strongly suggests
the involvement of sst3 receptors in modulation
of these cellular responses by the neuropeptide.

METHODS
Cell Culture and Mitogen Stimulation

Jurkat cells (clone J77.6.8) were grown in
RPMI 1640 medium (Gibco, Cergy-Pontoise,
France) supplemented with 10% (v/v) heat inac-
tivated FCS (Boehringer Meylan, France), 2 mM
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L-glutamine, 100 U/ml gentamycin in a 5% CO2

humidified atmosphere at 37°C.
In order to test the effects of SRIF14 (Penin-

sula Laboratories, Belmont, CA) on IL-2 secre-
tion, we treated Jurkat cell suspensions
(0.5 3 106 cell/ml) with a combination of phor-
bol ester, TPA (10 ng/ml, Sigma, L’Isle d’Abeau,
France) and lectin PHA-L (2 µg/ml, Sigma, L’Isle
d’Abeau). The mitogen-driven IL-2 production
by Jurkat cells increased up to 24 h of culture
and then reached a plateau; the half-time of
maximal stimulation was estimated to be 16 h
(data not shown). For further experiments, Jur-
kat cells were therefore activated for overnight
(16 h) period.

RT-PCR Analysis of Jurkat T Cell SRIF Receptors

Total cellular RNA was extracted from Jur-
kat cell pellets by using the RNANOW (Biogen-
etex, Ozyme, Montigny-le-Bretonneux, France)
according to the manufacturer’s instructions.
To exclude any genomic DNA contamination of
RNA samples, an aliquot (10 µg/5 µl) of each
sample was treated with 0.1 µl (0.75 U) of
DNA-se (Pharmacia Biotech, Uppsala, Sweden)
for 10 min at 37°C. DNA-se was then inacti-
vated at 75°C (10 min) and RT-PCR performed
as follows. Cellular RNA (10 µg) was reversely
transcribed (1 h, 42°C) with Moloney monkey
leukemia virus reverse transcriptase (400 U)
by using an 18-mer of oligo-dT (20 µM) as a
primer in the reaction mixture containing 1 µl
of 10 mM dNTP (Pharmacia Biotech), 2 µl of 0.1
M DTT (Gibco-BRL, Cergy Pontoise, France), 1
µl of RNAsin (Promega, Charbonnière, France)
in a final buffer (Gibco-BRL) volume of 20 µl as
previously described [Frohman, et al., 1988]. To
ascertain that cDNA was not contaminated by
genomic DNA, reverse transcription was also
performed in the absence of Moloney monkey
leukemia virus reverse transcriptase.

One-tenth (2 µl) of the first strand cDNA
synthesis reaction mixture was added to PCR
buffer (100 mM Tris) containing 0.2 mM dNTP,
1.25 U Taq DNA polymerase (Promega) in a
total volume of 50 µl. Concentration of MgCl2 in
the reaction mixture was 2.5, 4, 1.5, 1.5, 1, and
4 mM for sst1–sst5 and b-actin, respectively. Prim-
ers for SRIF receptors were added in a final concen-
tration 0.4 µM and were as follows: for sst1, the
sense primer was 58-GGAACTCTATGGTCATC-
TAC-38 and the antisense primer was 58-GCTGAG-
CACAGTCAGACAGT-38 [Kubota et al., 1994]; for
sst2, the sense primer was 58-TCATCAAGGT-

GAAGTCCTCTGG-38 and the antisense primer
was 58-AGATACTGGTTTGGAGGTCTCCA-38
[Rohrer et al., 1993]; for sst3, the sense primer
was 58-TCATCTGCCTCTGCTACC-38 and the
antisense primer was 58-GAGCCCAAAGAAG-
GCAGCT-38 [Miller et al., 1995]; for sst4, the
sense primer was 58-ATCTTCGCAGACAC-
CAGACC-38 and the antisense primer was 58-
ATCAAGGCTGGTCACGACGA-38 [Miller et al.,
1995]; for sst5, the sense primer was 58-GCCG-
GCCTCTACTTCTTCGTG-38 and the antisense
primer was 58-CCGTGGCGTCAGCGTCCT-
TGG-38 [Miller et al., 1995]. Amplification of
cDNA encoding human b-actin by using the
sense primer 58-CTAGAAGCATTTGCGGTG-
GACGATGGAGGG-38 and the antisense primer
58-TGACGGGGTCACCCACACTGTGC-
CCATCTA-38 (Stratagene, Cambridge, UK) was
used as a positive control of reverse transcrip-
tion. Expected amplification products were of
the following lengths (bp): 233, 414, 222, 321,
154, and 661 for sst1–sst5 receptors and human
b-actin. After initial denaturation (150 s, 94°C),
the samples were subjected to 40 cycles (for
sst1–sst5 receptors) or 25 cycles (for human
b-actin) of amplification including denatur-
ation (60 s, 94°C), hybridization (60 s, 65°C,
60°C, 65°C, 65°C, 60°C, and 67°C for sst1–sst5
receptors and b-actin, respectively) and elonga-
tion (75 s, 72°C). Final elongation was achieved
at 72°C for 5 min. The absence of reactive
contamination by DNA was checked by PCR
amplifications systematically carried out in par-
allel by replacing cDNA by water.

125I-Tyr1-SRIF14 Binding Assay

Mitogen-activated Jurkat cells were sedi-
mented by quick centrifugation (1,000g, 5 min,
25°C) and washed three times in cell culture
medium. After the last wash, the cell pellets
were resuspended in a small volume of 50 mM
Tris-HCl buffer, pH 5 7.4, transferred to a
glass-glass homogenizer and broken by 20 hand
strokes. Homogenates were centrifuged for 3
min at 1,800g (4°C); pellets were discarded
while supernatants were recentrifuged for 15
min at 28,000g (4°C). Resulting pellets were
resuspended in an incubation buffer consisting
of 50 mM Tris-HCl buffer, pH 5 7.4 supple-
mented with 5 mM MgCl2, 0.2% (w/v) of BSA
and 0.05% (w/v) bacitracin. Aliquots of these
semipurified plasma membrane preparations
were frozen and kept at 280°C until used.
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125I-Tyr1-SRIF14 binding assays were per-
formed as previously described [Krantic et al.,
1992]. In brief, 50 µl aliquots of semi-purified
membrane preparations (40–80 µg of protein
equivalent) were incubated with 25 µl of 125I-
Tyr1-SRIF14 in a final volume of 150 µl for 90
min at 25°C. Non-specific component of total
binding was determined in the presence of 1
µM SRIF14. Membrane-bound radioligand was
separated from free one by rapid filtration un-
der reduced pressure through Whatman GF/C
glass fiber filters (pre-soaked for 2 h in incuba-
tion buffer). After the wash (3 3 5 ml of 50 mM
Tris-HCl, pH 5 7.4), radioactivity retained by
filters was determined in LKB Rackgamma
counter with 72% of efficiency.

Results were expressed in fmol of 125I-Tyr1-
SRIF14 bound per mg of protein. Protein concen-
tration was determined according to the method
of Lowry and coworkers [1951].

Adenylyl Cyclase Assay

Semipurified plasma membrane fractions for
adenylyl cyclase assay were prepared as de-
scribed for binding assays except that cells were
homogenized by 10 hand strokes in 1 mM Tris-
HCl buffer, pH 5 7.2 supplemented with 10 mM
EGTA and 1% (w/v) sucrose and frozen in the
same buffer containing 10 mM EGTA and 10%
(w/v) sucrose.

Adenylyl cyclase activities were measured by
conversion of a32P-ATP to 32P-cAMP [Enjalbert
et al., 1986]. The final incubation medium (50
µl) contained 50 mM Tris-maleate buffer
(pH 5 7.2), 1.5 mM MgSO4, 1 mM cAMP, 5 mM
creatine phosphate, 0.1 mg/ml creatine kinase,
0.15 mM ATP, 0.01 mM GTP, 10 mM theophy-
line, 1 µCi a32P-ATP and 0.001 µCi of 3H-cAMP.
The reaction was initiated by addition of 10 µl
homogenate. Incubation was performed under
conditions of linear 32P-cAMP production (37°C
for 30 min). 32P-cAMP was separated from a32P-
ATP by two-step elution as previously reported
[Enjalbert et al., 1986]. Recovery of 3H-cAMP
on individual columns varied from 70–80%. Ad-
enylyl cyclase activity was expressed in pmol of
32P-cAMP (corrected for elution efficiency of each
individual column (determined on the basis of
3H-cAMP recovery)) formed per mg protein over
30 min.

The basal adenylyl cyclase activity measured
in these conditions was at the limit of the
method sensitivity (i.e., it equaled two- to three-
fold blank values). We therefore used a plant

alkaloid, forskolin, to increase the enzyme activ-
ity by targeting directly its catalytic domain
[Seamon et al., 1981]. Indeed, forskolin (10 µM)
increased the adenylyl cyclase activity three- to
four-fold from basal values. This increase is in
perfect agreement with those reported previ-
ously [Seamon et al., 1981]. The effects of SRIF
on adenylyl cyclase activity were therefore as-
sessed in the presence of 10 µM forskolin in all
further experiments.

HPLC Assessment of SRIF Stability

During initial experiments, a trace amount
(1.5 µl corresponding to 100,000 cpm, specific
activity, 2,200 Ci/mmol) of 125I-Tyr1-SRIF14
(NEN Dupont de Nemours) was added to an
aliquot (1 ml) of culture supernatants obtained
both at the beginning and after 4 h incubation
of mitogen-activated Jurkat cells in the pres-
ence of the highest SRIF14 concentration tested
(1 µM). These aliquots were diluted (1:1, v/v) in
water solution of acetonitrile (48%, v/v) contain-
ing 0.1% (v/v) of trifluoroacetic acid (pH 5 2).
The intact peptide and its degradation products
were separated by HPLC using C18 µBondapak
(3.9 3 300 mm, Waters) column with a gradient
of 24–60% acetonitrile. Elution (flux 5 1 ml/
min) was accomplished between 24 and 36 min.
The radioactivity in collected (1 ml) fractions
was determined using a LKB Rackgamma
counter with 72% of efficiency.

IL-2 Assays

We first assured that biological assay of IL-2
(based on the measurement of survival of IL-2-
dependent CTLL-2 cells [Mosman, 1983]) can
be used for determination of IL-2 content in the
culture supernatants of Jurkat cells previously
incubated in the presence of SRIF14. To do that
we studied the effects of SRIF14 on CTLL-2
survival. Our results show that in conditions in
which SRIF degradation was minimized (see
SRIF stability assays), SRIF14 (in the concen-
tration range from 1 pM to 1 µM) has any
obvious effect on CTLL-2 survival (Table I).
This was evidenced both in the absence and in
the presence of exogenously added human IL-2
(Table I) thus indicating that somatostatin could
neither support CTLL-2 survival in the absence
of exogenously added recombinant IL-2 (Boeh-
ringer-Mannheim, Germany) nor could alter
CTLL-2 viability in the presence of exogenous
IL-2.
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For quantification of somatostatin effects on
IL-2 secretion, mitogen-activated Jurkat cells
were first washed twice in RPMI 1640 medium
(0% FCS) and distributed in 24 well plates
(Costar, Cambridge, MA) as a suspension con-
taining 0.5 3 106 cells per well. They were then
incubated in the same medium supplemented
with 0.5 g/l bacitracin (see SRIF stability as-
says). After a 4 h incubation in the absence or in
the presence of SRIF14 in the concentration
range 1 pM to 1 µM, culture supernatants were
collected and frozen at 220°C until assayed.

To increase the accuracy of the measure-
ment, the Jurkat cell supernatants were seri-
ally diluted. IL-2 content was quantified in 100
µl of each dilution by the assessment of CTLL-2
survival (2 3 104 cells per well) in 96 well flat-
bottomed microplates over 19 h incubation. MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide, Sigma, L’Isle d’Abeau, France)
solution (7.5 mg/ml, 20 µl per well) was then
added for 4 h. Crystal products of MTT, formed
by enzymatic conversion in surviving cells, were
dissolved by adding 200 µl 0.04 M HCl in DMSO
to each well and the absorbance determined at
490/650 nm. Measured O.D. values were plot-
ted against dilution for each initial Jurkat cell
culture supernatant (corresponding to the cul-
tures incubated in the absence or in the pres-
ence of somatostatin in the concentration from
1 pM to 1 µM) in order to determine the dilution
range in which the absorbance at 490/650 nm is
a linear function of the IL-2 content [Mosman,
1983]. For the dilution 1⁄9 all curves obtained for
initial Jurkat cell supernatants satisfied this
criterium: corresponding O.D. values were
therefore taken as a reference value. Since these
absolute O.D. values fluctuated in different ex-

periments, they were normalized against the
O.D. value measured for the culture superna-
tants obtained after Jurkat cell incubation in
the absence of SRIF14 in each individual experi-
ment.

Cell Proliferation Assay

Jurkat cells were either mitogen-activated
(10 ng/ml TPA and 2 µg/ml PHA-L for 16 h) or
left untreated. They were then cultured in 96-
well plaques in 200 µl final volume (2 3 105

cells per well) of the complete, 10% FCS supple-
mented RPMI medium in the absence or in the
presence of SRIF14 (1 pM to 1 µM). 3H-CH3-
thymidine (Dupont-NEN, Les Ulis, France; spe-
cific activity: 88.7 Ci/mmol) was added at the
rate 1 µCi per well at the same time as SRIF14
and incubation was carried out for 5 h. The
cultures were stopped by culture filtration on
cell harvester (Tomtec) and the filters were
counted in a liquid scintillation beta counter
(Wallac 1450 Microbeta Trilux).

Data Analysis

Variance existing between individual experi-
ments, as well as differences between the ef-
fects of SRIF14 concentrations studied on IL-2
secretion and proliferation of mitogen-acti-
vated Jurkat cells were statistically evaluated
by using an analysis of variance (ANOVA). The
effects of the experimental factors on the ob-
served differences were considered significant
for the P-value (probability) of F-statistics less
than 0.05.

Pharmacological parameters (concentration
necessary to inhibit 50% of maximal response,
IC50; concentration necessary to trigger 50% of
maximal response, EC50) were estimated by
computer-assisted non-linear regression analy-
sis using McPherson’s modified method [McPh-
erson, 1983].

RESULTS
sst3 Receptor Isotype Expression by

Mitogen-Activated Jurkat Cells

In order to assess the expression of SRIF
receptors, we performed the analysis of cDNA
reversely transcribed from mRNAs isolated
from mitogen-activated Jurkat cells. When
primers specific for sst3 receptor were used, the
expected 222-base pair fragments were de-
tected (Fig. 1). As sst3 receptor gene contain no
introns [Reisine and Bell, 1995] their size was

TABLE I. Somatostatin Effects on CTL-L2 Cell
Proliferation

SRIF
concentration (M)

SRIF 14

1IL-2a 2IL-2

0 1.075 6 0.007b 0.102 6 0.002
10212 0.919 6 0.027 0.126 6 0.012
10211 0.945 6 0.026 0.103 6 0.002
10210 1.055 6 0.070 0.134 6 0.022
1029 0.923 6 0.075 0.107 6 0.001
1028 0.967 6 0.003 0.097 6 0.001
1027 0.948 6 0.051 0.113 6 0.009
1026 0.937 6 0.008 0.115 6 0.002

aThe concentration of IL-2 added was 5 U/ml.
bValues correspond to O.D. at 490/650 nm.
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expected to be identical to the size of the frag-
ments amplified from genomic DNA of Jurkat
cells (Fig. 1). However, no amplification product
was obtained from cDNA used as a template
with primers specific for sst1, sst2, sst4, and
sst5 receptors in any sample of Jurkat RNA
tested. The same primers amplified the frag-
ments of the expected size from genomic DNA
(Fig. 1). In addition, the primers specific for
sst1, sst2, sst3, sst4, and sst5 (sst1–sst5) recep-
tors used in our study could amplify the frag-
ments of expected size for all five receptors
when the mRNA from either fetal (Clonotech,
PaloAlto, CA) or adult (Clonotech) human brain
was used as a template for reverse transcrip-
tion (data not shown). Both fetal and adult
human brain have been previously described to
contain sst1–sst5 receptors [Panetta and Patel,
1994; Rohrer et al., 1993]. In contrast, no ampli-
fication occured when RT-PCR was performed
by omitting Moloney monkey leukemia virus
reverse transcriptase (Fig. 1).

Functional Expression of sst3 Receptor: SRIF14
Effects on 125I-Tyr1-SRIF14 Binding

and Adenylyl Cyclase Activity

In the absence of mitogen stimulation, Jur-
kat cells express a putative SRIF14 receptor at
their surface [Sreedharan et al., 1989]. We first
assessed whether the mitogen activation alters
the characteristics of these receptors by analys-
ing the competition between 125I-Tyr1-SRIF14
and nonradioactive SRIF14 for binding on
plasma membrane preparations obtained from
mitogen-activated Jurkat cells. This radioli-
gand was chosen since it binds with subnanomo-
lar affinity all five cloned SRIF receptors (such
a choice was obvious given that sst3-selective
ligand is still lacking). The analysis of SRIF14
inhibition of 125I-Tyr1-SRIF14 specific binding
yielded two binding sites characterized with KI1

of 78 6 3 pM and KI2 of 12.4 6 3.9 nM (Fig. 2A).
One of these two binding sites, having the high-
affinity for SRIF (i.e., the site characterized by
KI1 of 78 6 3 pM) corresponds to the cloned
SRIF receptors as estimated by its affinity for
non-selective ligand. The molecular identity of
the low-affinity site (i.e., the site characterized
by KI2 of 12.4 6 3.9 nM) remains unknown.

In addition, SRIF14 inhibits adenylyl cyclase
activity of mitogen-activated Jurkat cells in a
monophasic manner with an IC50 value of 23 6
4 pM (Fig. 2B) thus suggesting that at least the
high-affinity binding site is functionally coupled

to the adenylyl cyclase. However, the SRIF14-
dependent inhibition of adenylyl cyclase was
moderate (Imax 5 18 6 6%): it was achieved at 1
nM concentration and remained unchanged up
to 1 µM (Fig. 2B).

SRIF Stability Assays

Given the instability of SRIF14 in the pres-
ence of serum proteases (the half-life of SRIF14
in circulation is few min [McMartin and Pur-
don, 1978; Sheppard et al., 1979]), to study its
effects on IL-2 secretion, we first extensively
washed mitogen-activated Jurkat cells in cul-

Fig. 2. sst3 receptor is functionally expressed at the mitogen-
activated Jurkat cell plasma membrane. SRIF14 inhibits both
125I-Tyr1-SRIF14 specific binding (A) and adenylyl cyclase activ-
ity (B) in a dose-dependent manner. Each depicted value repre-
sents the mean 6 S.D. and is expressed as % of inhibition
calculated against the reference value taken as 100%. These
reference values correspond to 125I-Tyr1-SRIF14 specific binding
(A) and adenylyl cyclase activity (B) measured in the absence of
SRIF14. They were 21 6 3 fmol/mg protein and 126 6 7
pmol/mg protein/30 min in (A) and (B), respectively.
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ture medium without FCS and then incubated
them in fresh serum-free medium without or in
the presence of maximal SRIF14 concentration
tested (1 µM). The assays were carried out for
different time periods (1–5 h) in order to estab-
lish the incubation time necessary to allow IL-2
accumulation in the culture medium sufficient
for detection by bioassay. This criterium was
satisfied for incubation times longer than three
hours (data not shown). We therefore chose 4 h
incubation periods for further experiments.

HPLC verification of SRIF14 stability indi-
cated however that only 26% of the initially
added SRIF14 was not degraded after 4 h incu-
bation of mitogen-activated Jurkat cells in cul-
ture medium without FCS (Fig. 3C). An endo-
peptidase inhibitor, bacitracin (0.5 g/l) was
therefore included in the culture medium
(trypan blue exclusion assays showed that in
the concentration used, bacitracin did not alter
the cell viability, data not shown). In these
experimental conditions, 82% of initially added
SRIF14 was preserved after a 4 h incubation
(Fig. 3B).

SRIF14 Effects on IL-2 Secretion

Jurkat cells used in the present study are not
spontaneously producing IL-2 but can be trig-
gered to do so after mitogenic stimulation as
previously described [Manger et al., 1985; Weiss
et al., 1984]. SRIF14 (in the concentration range
from 1 pM to 1 µM) could not induce detectable
IL-2 secretion from nonactivated Jurkat cells
thus excluding any agonist action of SRIF14 on
IL-2 release (data not shown). In contrast, the
presence of SRIF14 increased IL-2 secretion by
mitogen-activated Jurkat cells with an EC50

concentration of 22 6 9 pM and a peak of
secretion comprised between 0.1 and 1 nM con-
centrations (Fig. 4). This SRIF14-dependent
increase of IL-2 secretion was modest, but sig-
nificant (P , 0.05). In the concentration range
from 10 nM to 1 µM, SRIF14 had no effect on
IL-2 production (Fig. 4).

SRIF14 Effects on Cell Proliferation

The basal rate of 3H-CH3-thymidine incorpo-
ration of Jurkat cells (i.e., in the absence of
IL-2) was of 148185 6 7563 cpm. Mitogen stimu-
lation (10 ng/ml TPA and 2 µg/ml PHA-L for 16
h) did not significantly alter the incorporation
of 3H-CH3-thymidine (155,263 6 2,221 cpm) as
expected for the IL-2-independent proliferation
of these cells [Manger et al., 1985; Weiss et al.,

Fig. 3. HPLC assessment of SRIF stability in the supernatant of
mitogen-activated Jurkat cells. A: SRIF elution profile of the
Jurkat cell culture supernatant at the time 0 (i.e., time of the
neuropeptide addition). Ninety-three percent of the initially
added peptide (as determined by the comparison to the elution
profile of 125I-Tyr1-SRIF14 in 50 mM Tris-HCl, pH 5 7.4) is
intact. B: After 4 h of incubation in the presence of Jurkat cells
and 0.5 g/l bacitracin, 82% of initially added SRIF is preserved.
C: In the absence of bacitracin, only 26% of the initially added
SRIF is not degraded after 4 h of incubation. Note the appear-
ance of two additional peaks corresponding to the SRIF degrada-
tion products with smaller size (lower retention time). Acetoni-
trile (ACN) gradient is given by dashed line in (A).
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1984]. However, SRIF14 was able to increase
the proliferation rate of mitogen-treated cells in
a dose-dependent manner with an EC50 concen-
tration of 12 6 1 pM. The maximal effect (30%
increase) was achieved between 0, 1 and 10 nM
SRIF14 concentrations and remained un-
changed up to 1 µM (Fig. 5).

DISCUSSION

In the present study we report for the first
time the expression of SRIF receptor mRNA in
the mitogen-activated human Jurkat T cell line.
Our data show that, in these conditions, Jurkat
T cells express one single (i.e., sst3) out of five
cloned receptor isotypes. The experimental ap-
proach used was validated by the fact that the
length of RT-PCR fragments obtained for the
amplification by using the primers specific for
sst3 receptor from either genomic or cDNA were
identical in size as expected for intronless genes
such as genes encoding SRIF receptors [for
review, see Reisine and Bell, 1995].

sst3 receptor mRNA is apparently expressed
as a protein at the surface of mitogen-activated

Jurkat cells since specific binding sites for SRIF
were attested in plasma membrane prepara-
tions by competitive inhibition of 125I-Tyr1-
SRIF14 specific binding in the presence of non-
radioactive SRIF14. The subnanomolar affinity
(as determined in 125I-Tyr1-SRIF14 binding as-
says) of the sole SRIF14 receptor identified
here by RT-PCR (i.e., sst3) is in perfect agree-
ment with those reported previously for the
high-affinity SRIF14 binding site of nonacti-
vated Jurkat cells [Sreedharan et al., 1989]. As
expected for the functional somatostatin recep-
tor, it is negatively coupled to the adenylyl
cyclase. Indeed, SRIF14 inhibits both 125I-Tyr1-
SRIF14 specific binding and adenylyl cyclase
activity with similar efficiencies. However, non-
selective radioligand used in our study recog-
nizes an additional, low-(submicromolar) affin-
ity receptor. The existence of such low-affinity
SRIF receptor on Jurkat T cells [Sreedharan et
al., 1989], on other T cells [Hiruma et al., 1990],
and on T lymphocytes [Bhathena et al., 1981]
has already been suggested. However, the pre-
cise molecular and pharmacological character-
istics of the low-affinity receptor remain un-
known.

Our study provide further data on the mecha-
nisms involved in neuroimmuno-modulatory ef-
fects of SRIF14. In order to study these effects,
we took advantage of the homogeneity of the
Jurkat T cell line. Moreover, the use of this cell

Fig. 4. Effects of SRIF14 on IL-2 secretion by mitogen-activated
Jurkat cells. O.D. values (reflecting CTLL-2 survival, see Meth-
ods) for each individual experimental point obtained for SRIF14
effects on IL-2 secretion were normalized against O.D. values
obtained in the absence of SRIF14. This reference O.D. value
was 0.115 6 0.006. Each point depicted is the mean 6 S.D.
obtained in three independent experiments for initial Jurkat
culture supernatant dilutions 1⁄9 assayed in replicates. The aster-
isks point to the peptide concentrations for which a significant
(P , 0.05) difference of IL-2 content was observed when com-
pared to the IL-2 secretion measured in the absence of SRIF14.

Fig. 5. Effects of SRIF14 on Jurkat cell proliferation. The incor-
poration of 3H-CH3-thymidine in the presence of increasing
concentrations of SRIF14 is expressed as a percentage of in-
crease of 3H-CH3-thymidine uptake measured in the absence of
SRIF14 (this reference value was 155,263 6 2,221 cpm per
2 3 105 cells). Data presented are the mean (6S.D.) of triplicate
determinations obtained in four independent experiments. *P ,

0.05.
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line as a model to study the modulation of cell
proliferation vs. IL-2 secretion is of particular
interest because in these cells, proliferation on
one hand, and IL-2 secretion on the other hand,
can be dissociated (proliferation of Jurkat cells
is IL-2 independent). Additionally, previous to
the assessment of neuroimmuno-modulatory ac-
tions of SRIF in Jurkat cells, we ensured that
SRIF14 added to the culture medium was not
degraded. Indeed, all previous studies ad-
dressed SRIF14 actions on T cells 24, 48, or 96 h
after a single neuropeptide addition in the cul-
ture medium containing FCS [Nio et al., 1993;
Scicchitano et al., 1988]. In these experimental
conditions, all SRIF14 is proteolytically cleaved
during the first few minutes after addition [S.
Krantic and J.-P. Gautron, unpublished re-
sults] thus implying that the analysis of its
effects a few days later is very difficult.

Our data show that the addition of SRIF14
subsequent to the mitogen-activation of Jurkat
cells leads to an increased IL-2 secretion. This
is in agreement with the previously reported
data obtained on another type of immune cells
[Nio et al., 1993]. The SRIF14 concentrations,
efficient in the potentiation of IL-2 secretion
reported here are well correlated with the affini-
ties (Kd 5 0, 1 to 1 nM) of cloned SRIF recep-
tors (sst1–sst5) [Reisine and Bell, 1995]. More-
over, we were able to show that in this
concentration range SRIF14 inhibits the produc-
tion of cAMP by Jurkat cells (see above), a
condition necessary to allow the increase in
IL-2 production [Mary et al., 1987]. sst3 recep-
tor appears thus to be functionally involved in
the transduction of SRIF14 effects on IL-2 secre-
tion since it is the only SRIF14 receptor that we
could detect in mitogen-activated Jurkat cells
by RT-PCR. However, the unequivocal demon-
stration of the involvement of sst3 receptor in
the positive modulation of IL-2 secretion must
await the development of sst3-selective ago-
nists, antagonists, and antibodies.

In our experimental conditions, SRIF14 could
not trigger IL-2 secretion in the absence of
mitogens. This is in contrast with the reported
stimulatory effects of another neuropeptide,
Substance P, on IL-2 production in Jurkat cells
[Calvo et al., 1992], colonic lamina propria
mononuclear cells and human T cell clone [Nio
et al., 1993] irrelevantly of whether these cells
have been mitogen-stimulated or not. It ap-
pears thus that some neuropeptides (e.g., Sub-
stance P; luteinizing hormone-releasing hor-

mone [Azad et al., 1997]) can both trigger and
modulate the immune response while the ac-
tion of others (e.g., SRIF14) is limited to the
immune-modulation.

In accord with observed SRIF14-dependent
enhancement of IL-2 secretion by Jurkat cells,
we were able to evidence an increase in the cell
proliferation rate in the presence of SRIF14.
Indeed, it is currently well established that
antigen- or mitogen-activation of a quiescent T
cells renders the cells competent to proliferate
in the presence of appropriate growth factors
such as IL-2 [for review, see Taniguchi and
Minami, 1993]. The induction of IL-2 secretion
and T cell proliferation appears therefore regu-
lated according to a coordinated pattern. Consis-
tently, vasoactive intestinal peptide (VIP) inhib-
its IL-2 secretion by activated murine [Ganea
and Sun, 1993; Sun and Ganea, 1993; Xin et al.,
1994] and human [Nio et al., 1993] T cells and
inhibits T cell proliferation [Boudard and Bas-
tide, 1991; Xin et al., 1994]. However, it is
worth noting that SRIF14 also enhances the
Jurkat cell proliferation at higher (10 nM to
1 µM) concentrations which have no significant
effect on IL-2 secretion. A considerable body of
experimental evidence suggests the existence
of additional, yet uncloned SRIF receptors [for
review, see Reisine and Bell, 1995]. sst3 recep-
tor isotype identified here by RT-PCR might
therefore not be the only receptor mediating
the observed SRIF14 actions on mitogen-acti-
vated Jurkat cell proliferation.

It is particularly intriguing that in colonic
lamina propria mononuclear cells SRIF14 inhib-
its proliferation whereas it stimulates IL-2 se-
cretion [Nio et al., 1993]. The molecular iso-
types of SRIF receptors expressed by these cells
are currently unknown and further studies are
needed to determine if sst3 receptor is ex-
pressed in these cells and if it is involved in the
positive modulation of IL-2 secretion. However,
an interesting hypothesis to explain the oppo-
site SRIF14 actions on IL-2 secretion and cell
proliferation in colonic lamina propria mono-
nuclear cells in contrast to the positive modula-
tion of both parameters in Jurkat cells would be
that different T cells express different set of
SRIF14 receptors. According to such a hypoth-
esis, colonic lamina propria mononuclear cells
would express, besides sst3, additional recep-
tors mediating the inhibitory effects of SRIF14
on cell proliferation. Indeed, sst2 and sst5 recep-
tors have been reported to inhibit the prolifera-
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tion of other cell types [for review, see Reisine
and Bell, 1995].

Altogether our results suggest that in mito-
gen-activated human Jurkat T cells, at least
sst3 receptor isotype mediates SRIF14 stimula-
tory actions on IL-2 secretion and cell prolifera-
tion. However, our data do not allow to exclude
the involvement of additional mechanisms in
the regulation of IL-2 secretion and cell prolif-
eration including those involving the transduc-
tion via yet unknown SRIF receptor(s). The
data presented here bring therefore some new
insights on the mechanisms underlying the
neuro-immune-endocrine actions of SRIF. In
the larger context, they further document the
poorly understood positive regulation of cellu-
lar proliferation by this neuropeptide. Future
studies using different cell types will show
whether this positive regulation is confined to
the particular immune cells and whether sst3
receptor is generally involved in the transduc-
tion of SRIF-mediated enhancement of prolifera-
tion.

ACKNOWLEDGMENTS

We thank Dr. Ch. Gautier for suggestions on
statistical analysis of the data. We also acknowl-
edge the help of S. Houchat and J. Longin
during the initial phase of the work. We are
grateful to Dr. J. Maryanski for a critical read-
ing of the manuscript and English revision.
This work was realized in the group of Molecu-
lar immunobiology (UMR 49, CNRS-ENS) di-
rected by Dr. C. Rabourdin-Combe and was
supported by ARC to S.K.

REFERENCES

Aguila MC, Dees WL, Haensly WE, McCann SM (1991):
Evidence that somatostatin is localized and synthesized
in lymphoid organs. Proc Natl Acad Sci USA 88:11485–
11489.

Azad N, LaPaglia N, Kirsteins L, Uddin S, Steiner J,
Williams DW, Lawrence AM, Emanuele NV (1997): Jur-
kat cell proliferative activity is increased by luteinizing
hormone-releasing hormone. J Endocrinol 153:241–249.

Beaudet A, Greenspun D, Realson J, Tannenbaum GS
(1995): Patterns of expression of SSTR1 and SSTR2 so-
matostatin receptor subtypes in the hypothalamus of the
adult rat: relationship to neuroendocrine function. Neuro-
science 65:551–561.

Bhathena SJ, Louie J, Schechter GP, Redman RS, Wahl L,
Recant L (1981): Identification of human mononuclear
leucocytes bearing receptors for somatostatin and gluca-
gon. Diabetes 30:127–131.

Blum AM, Metwali A, Mathew RC, Cook G, Elliott D,
Weinstock JV (1992): Granuloma T lymphocytes in mu-
rine schistosomiasis mansoni have somatostatin recep-

tors and respond to somatostatin with decreased IFNg

secretion. J Immunol 149:3621–3626.
Boudard F, Bastide M (1991): Inhibition of mouse T cell

proliferation by CGRP and VIP: Effects of these neuropep-
tides on IL-2 production and cAMP synthesis. J Neurosci
Res 29:29–41.

Bruno JF, Xu Y, Song J, Berelowitz M (1993): Tissue distri-
bution of somatostatin receptor subtype messenger ribo-
nucleic acid in the rat. Endocrinology 133:2561–2567.

Calvo CF, Chavanel G, Senik A (1992): Substance P en-
hances IL2 expression in activated human T cells. J
Immunol 148:3498–3504.

Elliott DE, Metwali A, Blum AM, Sandor M, Lynch R,
Weinstock JV (1994): T lymphocytes isolated from the
hepatic granulomas of schistosome-infected mice express
somatostatin receptor subtype II (SSTR2) messenger
RNA. J Immunol 153:1180–1186.

Elliott L, Brooks W, Roszman T (1992): Inhibition of anti-
CD3 monoclonal antibody-induced T-cell proliferation by
dexamethasone, isoproterenol, or prostaglandin E2 ei-
ther alone or in combination. Cell Mol Neurobiol 12:411–
427.

Enjalbert A, Sladeczek P, Guillon G, Bertrand P, Shu C,
Epelbaum J, Garcia-Sainz JA, Jard S, Lombard S, Kor-
don C, Bockaert J (1986): Angiotensin II and dopamin
modulate both cAMP and inositolphosphate production
in anterior pituitary cells. Involvement in prolactin secre-
tion. J Biol Chem 261:4071–4079.

Felten DL, Felten SY, Carlson SL, Olschowska JA, Livnat S
(1985): Noradrenergic and peptidergic innervation of lym-
phoid tissue. J Immunol 135:755s–765s.

Frohman MA, Dusch M, Martin GR (1988): Rapid produc-
tion of full-length cDNAs from rare transcripts: amplifica-
tion using a single gene-specific oligonucleotide primer.
Proc Natl Acad Sci USA 85:8998–9002.

Ganea D, Sun L (1993): Vasoactive intestinal peptide down-
regulates the expression of IL-2 but not of IFN gamma
from stimulated murine T lymphocytes. J Neuroimmunol
47:147–158.

Hinterberger W, Cerny C, Kinast H, Pointner H, Tragl KH
(1978): Somatostatin reduces the release of colony-
stimulating activity (CSA) from PHA-activated mouse
spleen lymphocytes. Experientia 34:860–862.

Hiruma K, Koike T, Nakamura H, Sumida T, Maeda T,
Tomioka H, Yoshida S, Fujita T (1990): Somatostatin
receptors on human lymphocytes and leukaemia cells.
Immunology 71:480–485.

Krantic S, Robitaille Y, Quirion R (1992): Deficits in the
somatostatin SS1 receptor sub-type in frontal and tempo-
ral corticies in Alzheimer’s disease. Brain Res 573:299–
304.

Kubota A, Yamada Y, Kagimoto S, Shimatsu A, Imamura M,
Tsuda K, Imura H, Seino S, Seino Y (1994): Identification
of somatostatin receptor subtypes and an implication for
the efficacity of somatostatin analogue SMS 201-995 in
treatment of human endocrine tumors. J Clin Invest
93:1321–1325.

Lowry OH, Rosebrough NJ, Farr AL, Randall R (1951):
Protein measurement with the folin phenol reagent. J
Biol Chem 193:265–275.

Manger BA, Weiss A, Weyand C, Gorozny J, Stobo JD
(1985): T cell activation: differences in the signals re-
quired for IL-2 production by non-activated and activated
T cells. J Immunol 135:3669–3674.

72 Cardoso et al.



Mary D, Aussel C, Ferrura B, Fehlmann M (1987): Regula-
tion of interleukin 2 synthesis by cAMP in human T cells.
J Immunol 139:1179–1184.

McMartin C, Purdon GE (1978): Early fate of somatostatin
in the circulation of rat after intravenous injection. J
Endocrinol 77:67–74.

McPherson GA (1983): A practical computer-based ap-
proach to the analysis of radioligand binding experi-
ments. Comput Prog Biomed 17:107–114.

Miller GM, Alexander JM, Bikkal HA, Katznelson L, Zer-
vas NT, Klibanski A (1995): Somatostatin receptor sub-
type gene expression in pituitary adenomas. J Clin Endo-
crinol Metab 80:1386–1392.

Mosman T (1983): Rapid colorimetric assay for cellular
growth and survival: Application to proliferation and
cytotoxic assays. J Immunol Methods 65:55–63.

Nio DA, Moylan RN, Roche JK (1993): Modulation of T
lymphocyte function by neuropeptides. J Immunol 150:
5281–5288.

Nordlind K, Mutt V (1986): Influence of beta-endorphin,
somatostatin, substance P and vasoactive intestinal pep-
tide on the proliferative response of human peripheral
blood T lymphocytes to mercuric chloride. Int Arch Al-
lergy Appl Immun 80:84–89.

Panetta R, Patel YC (1994): Expression of mRNA for all five
human somatostatin receptors (hSSTR1-5) in pituitary
tumors. Life Sci 56:333–342.

Pawlikowski M, Stepien H, Kunert-Radek J, Schally AV
(1985): Effect of somatostatin on the proliferation of mouse
spleen lymphocytes in vitro. BBRC 129:52–55.

Payan DG, Hess CA, Goetzl EJ (1984): Inhibition by somato-
statin of the proliferation of T-lymphocytes and Molt-4
lymphoblasts. Cell Immunol 84:433–438.
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