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Abstract
Aims—To determine if interleukin 2 (IL-2)
alters epithelial transport and barrier
function in cultured human small intesti-
nal enterocytes.
Methods—Confluent monolayers of small
intestinal cells derived from duodenal
biopsies were treated with IL-2 0.2–50
U/ml for 24 hours prior to study. Trans-
port measurements were performed
under short circuited conditions in Ussing
chambers, with and without the secreta-
gogues forskolin and 3-isobutyl-1-methyl
xanthine (IBMX). Serosal to mucosal flux
of 3[H] mannitol (permeability) and 3[H]
thymidine uptake (proliferation) were
measured. IL-2 receptor and cystic fibro-
sis transmembrane conductance regula-
tor (CFTR) mRNA were identified using
reverse transcription-polymerase chain
reaction (RT-PCR).
Results—IL-2 did not alter baseline elec-
trical parameters but caused a significant
increase in cAMP dependent chloride
secretion. The eVect was mediated by the
IL-2 receptor and paralleled a rapid
increase in tyrosine phosphorylation,
janus kinase 1, and signal transducers and
activators of transcription (STATs) 1, 3,
and 5. IL-2 significantly increased prolif-
eration but at a lower dose than observed
for enhanced secretion but did not alter
permeability. IL-2 receptor â and ãc
chains and CFTR mRNA were identified
by RT-PCR.
Conclusions—IL-2 treatment enhances
cAMP stimulated chloride secretion and
cellular proliferation in a human small
intestinal cell line expressing a functional
IL-2 receptor.
(Gut 2001;49:636–643)
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The ability to regulate epithelial fluid and elec-
trolyte secretion provides a potent defence
mechanism to protect the mammalian gastro-
intestinal tract against pathogenic organisms,
noxious dietary antigen, and parasitic infesta-
tion. Secretion of fluid and electrolytes, while
contributing to diarrhoea, enables the host to
flush the lumen in an attempt to expel potential
invaders. In recent years, it has become appar-
ent that the mucosal immune system plays an

important role in regulating fluid and electro-
lyte secretion as an integrated component of
mucosal host defence.1

Several mucosal immunocytes have the abil-
ity to regulate epithelial transport including
mast cells,2–6 polymorphonuclear
neutrophils,7–10 and peripheral blood mono-
cytes11 by releasing a range of secretagogues
such as eicosanoids, histamine, serotonin, and
5'AMP. Lymphocytes are also important me-
diators of inflammation in the gastrointestinal
tract but little is known about their role in
modulating epithelial function. Isolated in-
traepithelial lymphocytes from mice intestine
stimulate enterocyte proliferation when cocul-
tured with small intestinal enterocytes.12 More-
over, activation of mucosal lymphocytes in the
lamina propria of fetal small intestine grown in
organ culture stimulates crypt proliferation and
villus atrophy.13 Few studies have addressed the
question of whether lymphocytes modulate
epithelial transport. McKay and colleagues11

cocultured T84 cells with circulating human
lymphocytes but found that the activated lym-
phocytes did not alter ion transport or barrier
function in epithelial cells. However, given
their role in many inflammatory disorders of
the intestine, it is conceivable that lymphocytes
could modulate epithelial transport of fluid and
electrolytes.

Interleukin 2 (IL-2) is an important cytokine
secreted by lymphocytes and plays a major role
in stimulating proliferation of mucosal lym-
phocytes, natural killer cells, and macrophages.
Until recently, its role was thought to be
restricted to modulating the growth of immu-
nocytes. However, functional IL-2 receptors
have been identified in several intestinal cell
culture lines, in rat small intestinal enterocytes,
and in human colonocytes,14 15 implying a
physiological role for IL-2 in modulating
epithelial function.

We have previously described cultured
human small intestinal cell lines derived from
endoscopic biopsies.16 One such line, BN,
grows in a polarised monolayer, morphologi-
cally resembles immature small intestinal crypt
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cells with a rudimentary brush border express-
ing low levels of sucrase, and exhibits vectorial
transport. When studied under voltage clamp
conditions in Ussing chambers, monolayer
resistance varies from 30 to 200 Ù and addition
of secretagogue to the bathing solutions stimu-
lates an increase in apical chloride secretion.
Preliminary studies coincubating the monolay-
ers with isolated tonsillar lymphocytes resulted
in an increase in secretagogue stimulated
secretion (unpublished observations). We pos-
tulated that factors such as IL-2 required to
propagate the lymphocytes may have been
responsible for this eVect.

The aims of this study were to examine fur-
ther the eVect of IL-2 on epithelial function.
Specifically, we studied the eVect of IL-2 on ion
secretion, cellular proliferation, and epithelial
permeability utilising a human small intestinal
cell culture line, BN16.

Methods
CELL CULTURES AND IL-2 TREATMENT

Clones of human small intestinal enterocytes
(BN) were obtained from a single patient as
previously described.16 Cells were grown as
monolayers in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf
serum, L-glutamine, and antibiotics. Cells were
split after treatment with trypsin-versene and
cultured on permeable supports (Falcon cell
culture inserts, 4 µm pore and 24.5 mm diam-
eter; Becton Dickinson, Franklin Lakes, New
Jersey, USA) in a six well culture plate for 48
hours. After reaching confluence, the medium
was removed from the monolayers and re-
placed with fresh medium containing rIL-2 at
doses ranging from 0.2 to 50 U/ml and in some
experiments rIL-15 0.5–5 ng/ml (doses in U or
ng as per the manufacturers’ instructions).
Each experiment was performed with paired
control monolayers which contained medium
alone. The cells were grown for a further 24
hours at which time confluence of the mono-
layers was verified under an inverted micro-
scope and monolayers were then studied.

IN VITRO TRANSPORT STUDIES

Confluent monolayers were mounted in Ussing
chambers in quadruplicate and studied as pre-
viously described.16 Each chamber exposed
1.12 cm2 surface area to apical and basolateral
reservoirs containing 10 ml of Krebs buVer at
37°C, pH 7.4, containing (mmol/l): Na+ 140;
Cl− 127.5; HCO3

− 25; K+ 10; Ca2+ 1.25; Mg2+

1.1; H2PO4
− 2 with mannitol 5 mmol on the

mucosal side and glucose 5 mmol on the sero-
sal side. BuVers were oxygenated with 95% O2

and 5% CO2 and the buVers circulated by gas
lift. Spontaneous transepithelial potential dif-
ference (PD, millivolts (mV)) was determined
and the monolayer clamped at zero voltage by
introducing a continuous short circuit current
(Isc microamperes (µAmp)) by automatic volt-
age clamp (DVC 1000; World Precision
Instruments, New Haven, Connecticut, USA).
Open circuit PD was measured for 3–5 seconds
every 10 minutes and conductance (G, milli-
Siemens (mS)) determined by voltage clamp-
ing the monolayer at 10 mV and measuring the

resultant Isc. G was calculated from ÄPD and
ÄIsc using Ohm’s law. Monolayers were
discarded when G was >15 mS/cm2. Isc was
continuously recorded by pen chart recorder
and electrical parameters recorded at 10
minute intervals after an initial 10 minute
baseline equilibration period.

Secretagogue stimulated Isc
Electrical parameters were measured during a
basal period followed by a second period when
the secretagogues forskolin 10−5 M and IBMX
(3-isobutyl-1-methyl xanthine) 3×10−4 M were
added together to both sides of the monolay-
ers.17 Change in Isc (ÄIsc) was determined
from the peak increase after secretagogue addi-
tion. Time course experiments were performed
to determine the time of onset of action of
IL-2. Cells were incubated with IL-2 5 U/ml
for 30 minutes, two hours, and 24 hours. Initial
experiments indicated that 24 hour incubation
of the cell culture with 5 U/ml IL-2 induced the
maximum increase in secretagogue stimulated
Isc. This time point was used in subsequent
experiments. Experiments were repeated in
chloride free buVer in which chloride salts were
substituted with gluconate salts.18 To deter-
mine if IL-2 enhancement of secretagogue
stimulated secretion was mediated via the IL-2
receptor, cells were incubated with anti-
CD122 (anti-IL-2R â chain antibody;
Pharmingen, San Diego, California, USA) 0.5
µg/ml, added six hours after seeding the cells.
IL-2 5 U/ml was added at 24 hours and studies
performed at 48 hours post seeding. Treatment
of monolayers with a mouse IgG2, anti-IL-4 â
chain antibody (an irrelevant antibody of simi-
lar isotype) had no eVect on baseline electrical
parameters or secretagogue stimulated Isc.

The specificity of the IL-2 eVect on secreta-
gogue induced secretion was examined in
experiments where cells were treated with
IL-15 (0.5–5 ng/ml) using the same protocol as
for IL-2. IL-15 receptor shares common â and
ã chains with IL-2R and induces similar
biological eVects.19

Epithelial permeability
Monolayer permeability was assessed by meas-
uring serosal to mucosal flux of 3[H] mannitol.
Isotope (10 µCi) was added to the basolateral
side and allowed to equilibrate for 10 minutes.
Flux measurements were determined using
standard techniques as previously described20

during three 10 minute and one overall 30
minute period. Serosal to mucosal flux (Js-m)
was calculated and data are expressed as µmol/
cm2/h.

THYMIDINE INCORPORATION INTO BN CELLS

BN cells from monolayer cultures were seeded
in 100 µl aliquots at 5000–10 000 cells/well in
DMEM/10% fetal calf serum into wells of a 96
well flat bottomed microtitre plate. Medium
alone (100 µl) or medium containing IL-2
(0.2–40 U/ml) was added in triplicate into the
wells. After 24 hours of incubation, the cultures
were pulsed with 3[H] thymidine, 1 µCi/well for
the final six hours before harvesting and count-
ing in a liquid scintillation counter.21 Results
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are reported as per cent of non-IL-2 treated
controls.

RT-PCR DETECTION OF IL-2, IL-15 RECEPTORS,
AND CFTR mRNA

Complementary DNA (cDNA) synthesis and
amplification using reverse transcription-
polymerase chain reaction (RT-PCR) have
been previously described.16 The PCR primer
pairs for detection of á, â, and ãc chains of the
IL-2 receptor, cystic fibrosis transmembrane
conductance regulator (CFTR), and
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) genes, used according to published
sequences, are shown in table 1.15 22 23

IMMUNOBLOT DETECTION OF TYROSINE

PHOSPHORYLATED AND JAK AND STAT PROTEINS

BN cells were grown in transwells with six well
cluster plates (Becton Dickinson) for 36 hours
in DMEM containing 10% fetal calf serum.
The cells were then washed in phosphate buV-
ered saline (PBS) and recultured in serum free
medium with 5 U of IL-2 for various times. At
each time point, 300 µl of cell lysis buVer (250
mM Tris HCl, pH 6.8, 4% sodium dodecyl sul-
phate, 10% glycerol, 2% 2-mercaptoethanol,
1 mM phenylmethylsulphonyl fluoride) heated
at 95°C for five minutes was added to the insert.
The lysate was collected, heated for two
minutes, and centrifuged at 5000 rpm for five
minutes in a Microfuge. Samples were resolved
by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and transferred to Immobilon
membranes (Millipore, North Ryde, NSW,
Australia). Membrane blots were blocked with
5% non-fat skim milk at 4°C overnight before
incubating sequentially with anti-janus kinase 1
(JAK1) (1:1500), anti-signal transducers and
activators of transcription (STAT)-1, STAT-3
(1:1000), and STAT-5 (1:250), or antiphospho-
tyrosine (1:1000) mouse monoclonal antibod-
ies (Santa Cruz Biotechnology, California,
USA), biotinylated sheep antimouse IgG
(1:1000), and horseradish peroxidase conju-
gated streptavidin (1:2000) (Amrad Biotech,
Melbourne, Australia) according to the manu-
facturer’s instructions. Signals were detected
by enhanced chemiluminescence (ECL,
Amersham, Piscataway, USA).

ANALYSIS OF DATA

Values are depicted as mean (SEM). Because
of the variability of the Isc response to secreta-
gogue in diVerent preparations of BN cells, the
secretagogue stimulated Isc is depicted as per
cent increase over paired non-treated control

Table 1 Polymerase chain reaction primer pairs used for detection of á, â, and ãc chains of
interleukin 2 receptor (IL-2R), cystic fibrosis transmembrane conductance regulator
(CFTR), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes

IL-2Rá
Sense 5' TCTTCCCATCCCACATCCTC
Antisense 3' TCTGCGGAAACCTCTCTTGC

IL2-Râ
Sense 5' GGCTTTTGGCTTCATCATCT
Antisense 3' CTTGTCCCTCTCCAGCACTT

IL2-Rã
Sense 5' ACGGGAACCCAGGAGACAGG
Antisense 3' AGCGGCTCCGAACACGAAAC

GAPDH
Sense 5' ACCACAGTCCATGCCATCAC
Antisense 3' ATGTCGTTGTCCCACCACCT

CFTR
Sense 5' CAGAACTGAAACTGACTCGG (exon 7–5')
Antisense 3' GTTGGCATGCTTTGATGACGCTTC (exon 10–3')

Table 2 Electrical parameters in control and interlekin 2 (IL-2) treated BN monolayers

PD (mV) Isc (µAmp/cm2) G (mS/cm2)

Control −0.29 (0.06) 0.59 (0.17) 4.29 (0.35)
IL-2 (5 U/ml) −0.16 (0.05) 0.79 (0.20) 4.38 (0.32)
p NS NS NS

Values are mean (SEM) of 32 paired monolayers. Means were compared using the paired
Student’s t test.
PD, potential diVerence; Isc, short circuit current; G, conductance.

Figure 1 EVect of interleukin 2 (IL-2) on cAMP dependent chloride secretion in BN cells. (A) Representative traces of
control (Con) and IL-2 treated monolayers. (B) Representative traces of control and IL-2 treated monolayers in chloride
free buVer. (C) Secretagogue stimulated short circuit current (ÄIsc) in normal buVer and paired monolayers in chloride free
buVer (n=7–9 pairs, data are mean (SEM)). (D) Constitutive expression of cystic fibrosis transmembrane conductance
regulator (CFTR) mRNA in BN cells and controls (human small intestinal biopsy). Cells depicted in (A–C) were treated
with IL-2 5 U/ml for 24 hours prior to the study; secretion, stimulated with 3-isobutyl-1-methyl xanthine (IBMX) 3×10−4

M and forskolin 10−6 M (arrows). bp, base pairs. **p<0.01 compared with control and †p<0.02 compared with respective
control period by paired t test.
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values unless otherwise stated. The eVect of
IL-2 on study parameters was assessed by the
paired Student’s t test with Bonferroni correc-
tion for multiple analyses. The eVect of diVer-
ent doses of IL-2 on 3[H] thymidine uptake was
assessed using analysis of variance. If diVer-
ences were significant, means were compared
using Dunnett’s test for multiple comparisons.
p<0.05 was considered significant.

Results
CHLORIDE SECRETION

IL-2 had no obvious eVect on the ability of BN
cells to form a confluent monolayer. Baseline
electrical parameters are depicted in table 2 for
monolayers treated with 5 U/ml IL-2, the dose
which caused greatest enhancement of secreta-
gogue stimulated Isc. Consistent with our pre-
vious observations, untreated BN cells exhib-
ited low PD and Isc compared with other
intestinal cells such as T84 cells.24 25 Twenty
four hour treatment with IL-2 caused no
change in any baseline electrical parameter.
Thus IL-2 treatment had no eVect on baseline
electrogenic ion transport properties of the cell
monolayers.

IL-2 treatment at low doses enhanced the
eVect of the secretagogues IBMX and forskolin
in stimulating Isc. Data are depicted in figs 1
and 2. BN cells treated with 5 and 10 U/ml
IL-2 exhibited a significant increase in Isc
(p<0.001 compared with paired controls).
There was slight enhancement of Isc at the
lower dose of 2.5 U/ml and at doses greater
than 10 U/ml but these changes were not

statistically significance. Subsequent experi-
ments examining chloride secretion utilised 5
U/ml IL-2 treatment.

To determine whether enhancement of
secretagogue stimulated secretion was limited
to IL-2, experiments were repeated utilising
IL-15 and an unrelated interleukin IL-4. IL-15
exhibited a dose dependent enhancement of
secretagogue stimulated secretion (fig 2B) in
contrast with IL-4 which had no eVect (data
not shown).

We have previously demonstrated that for-
skolin stimulated Isc in BN cells is due largely
to chloride secretion as it is inhibited by
chloride free buVer and apical addition of the
chloride channel blocker diphenylamine-2-
decarboxylate.16 To confirm that IL-2 treat-
ment enhanced chloride secretion in response
to forskolin/IBMX, experiments were repeated
in chloride free buVer (fig 1C). In this group of
experiments, IL-2 significantly increased secre-
tagogue stimulated Isc from 5.96 (1.26) to
10.83 (1.88) µAmp/cm2 (n=7 pairs; p<0.02).
Removing chloride from the buVer caused a
significant reduction in secretagogue stimu-
lated Isc in both control and IL-2 treated mono-
layers (p<0.01), and inhibited any IL-2 in-
duced enhancement. The data suggest that
IL-2 enhances cAMP dependent chloride
secretion. This pathway of secretion is medi-
ated by CFTR in the gastrointestinal tract.25

Indeed, CFTR mRNA was detected in these
cells by RT-PCR (fig 1D) although IL-2 treat-
ment was not found to increase CFTR mRNA
at 24 hours. Forskolin/IBMX stimulated Isc
(ÄIsc) not inhibited by chloride free buVers
constituted approximately 20–25% of the total
stimulated Isc. This chloride independent ÄIsc
was significantly reduced by IL-2 treatment:
0.83 (0.09) µAmp/cm2 in IL-2 treated mono-
layers v 1.23 (0.10) in controls; p<0.02, n=13
pairs) (see fig 1C).

The time course of the IL-2 eVect on secre-
tion was examined in a separate group of mono-
layers and the data are depicted in fig 3. Thirty
minutes of exposure of the monolayers to IL-2
induced a slight but non-significant increase in
secretagogue stimulated Isc. However, by two
hours this had increased further to 36 (6)%
(p<0.01) and remained elevated at 24 hours. In

Figure 2 Dose response of (A) interleukin 2 (IL-2) and
(B) interleukin 15 (IL-15) secretagogue stimulated short
circuit current (Isc). Cells were incubated for 24 hours with
either IL-2 or IL-15. Anion secretion was stimulated with
forskolin 10−5 M and 3-isobutyl-1-methyl xanthine
(IBMX) 3×10−4 M. Data are mean (SEM). Change in
Isc (ÄIsc) is depicted as percentage of paired control
monolayer, n=14–31 pairs. **p<0.01 compared with
control by paired t test.
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contrast, IL-2 did not cause any significant
alteration of electrical conductance at any time
point.

The enhanced eVect of IL-2 incubation on
secretagogue stimulated Isc was inhibited in
four of five monolayers pretreated with the
IL-2 receptor antibody anti-CD122. Control
monolayers, without IL-2 treatment, exhibited
an increase in Isc of 6.3 (0.4) µAmp/cm2 which
was not significantly diVerent to IL-2 treated (5

U/ml, 24 hours) monolayers which had been
pretreated with anti-CD122 antibody (5.6
(1.6) µAmp/cm2).

CELL PROLIFERATION

These studies were performed without prior
depletion of fetal calf serum from the culture
medium. Despite this, IL-2 treatment stimu-
lated cell proliferation at low doses. Treatment
with 0.2–3.1 U/ml caused an increase in 3[H]
thymidine incorporation after 18 hours of
incubation. However, this increase was only
significant at a dose of 0.8 U/ml (159 (11.3)%;
p=0.001 compared with control) (fig 4A).

MANNITOL PERMEABILITY

Preliminary experiments with BN cells as-
sessed unidirectional and net fluxes of 3[H]
mannitol. Mucosal to serosal flux (Jms, 0.165
(0.07) µmol/cm2/h; n=13) was not significantly
diVerent to serosal to mucosal flux (Jsm, 0.141
(0.06) µmol/cm2/h; n=13). Jsm was used in sub-
sequent measurements of monolayer perme-
ability. IL-2 treatment had no significant eVect
at any dose between 2.5 and 40 U/ml (fig 4B)

IL-2 AND IL-15 RECEPTOR mRNA

Transcripts for á, â, and ãc chains were identi-
fied by northern blot analysis in peripheral
blood mononuclear cells, as expected (fig 5,
control lane). However, BN cells expressed
transcripts for â and ãc but not á chains. This
was compared with T84 cells, in lane 3, in
which only ãc transcripts were expressed.15

IL-15á chain mRNA was not detected (not
shown).

TYROSINE PHOSPHORYLATION AND STAT PROTEIN

EXPRESSION

IL-2 stimulated tyrosine phosphorylation of
multiple protein bands in BN cells (fig 6) as
previously reported for intestinal epithelial
cells.15 In addition, there was a time dependent
increase in expression of JAK1, STAT-1, -3,

Figure 4 Dose-response of interleukin 2 (IL-2) eVect on
(A) cellular proliferation and (B) mannitol permeability.
In (A), n=3 dose-response experiments. **p<0.01
compared with untreated monolayers. In (B), mannitol
fluxes are serosal to mucosal in n=13–23 pairs.
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and -5 which are all involved in signal
transduction of IL-2 (fig 7) (reviewed by
GaVen and colleagues26). Tyrosine phosphor-
ylated proteins appeared within 15 minutes
and expression of JAK1 and STAT-3 was
increased within 30 minutes of incubation with
IL-2, within the time frame of enhancement of
secretagogue stimulated secretion.

Discussion
The results of this study provide evidence that
IL-2 modulates ion transport in a small intesti-
nal cell line. Previous investigators have identi-
fied functional IL-2 receptor in the intestines of
rat and human large intestine and in rat small
intestinal and human colon cancer cell
lines.14 15 IL-2 has been shown to modulate
epithelial growth in intestinal cell cultures,
transforming growth factor â gene expression
in IEC-6 cells, and to activate signal transduc-
tion pathways via tyrosine phosphorylation in
human colon cancer cell cultures. To date,
studies have not assessed the eVect of IL-2 on
epithelial transport. The small intestinal cells
utilised in this study express a functional IL-2
receptor which was activated with IL-2 treat-
ment as evidenced by increases in tyrosine
phosphorylation and JAK and STAT proteins.
Treatment with IL-2 enhanced secretagogue
stimulated chloride secretion and stimulated
cellular proliferation but did not aVect perme-
ability.

We have developed and characterised novel
human small intestinal cell lines which grow in
polarised monolayers. Some exhibit vectorial
transport.16 When studied under voltage clamp
conditions, these cells exhibit low baseline lev-
els of electrogenic ion transport and when
treated with secretagogues such as forskolin
develop anion secretion. Incubation of one of
the lines, BN, with IL-2 did not alter baseline
electrical parameters (that is, electrogenic ion
transport) indicating that IL-2 is not a secreta-
gogue. However, low doses of IL-2 caused a
50% or more increase in secretagogue stimu-
lated chloride secretion. Demonstration that
CFTR mRNA is present in BN cells, and our
previous observation that secretion could be

blocked by the CFTR blocker diphenylamine-
2-decarboxylate,16 suggests that secretion is
occurring via CFTR chloride channels. BN
cells also exhibit a secretagogue stimulated Isc
which is independent of chloride, most likely
bicarbonate.17 Augmentation of chloride secre-
tory capacity is not specific to IL-2 as IL-15, a
cytokine which shares the IL-2R â and ãc
chains and produces similar biological eVects
to IL-2,19 also caused a dose dependent
increase in secretagogue stimulated anion
secretion. However, treatment of the cells with
IL-4 had no eVect.

It is not clear from our experiments how
IL-2 is increasing the capacity for chloride
secretion. The IL-2 eVect was mediated via the
IL-2R as it was blocked by preincubating the
cells with a blocking antibody directed against
the IL-2R â chain. IL-2 treatment also
increased tyrosine phosphorylation15 and ex-
pression of JAK1 and STAT-1, -3, and -5
(which are involved in the signal transduction
pathway of IL-2 receptor) all within the time
frame of the eVect on ion transport. If and how
these signals modulate secretion is unknown.
While interferon ã inhibits chloride secretion in
T84 cells primarily by inhibition of CFTR
gene expression27 and the subsequent decrease
in apical chloride channels, this mechanism is
unlikely to explain the eVect on BN cells. Time
course studies with the small intestinal cells
indicate that the IL-2 eVect occurs by 30 min-
utes to two hours after addition to the media,
suggesting that the eVect is not caused by
altered gene expression or new CFTR synthe-
sis. Other investigators have demonstrated that
IL-2 can induce an immediate increase in
potassium secretion when applied to the
surface of macrophages.28 This is also not likely
to explain our results as IL-2 failed to alter
baseline electrical parameters. The data imply
that IL-2 is aVecting the secretory apparatus,
for example by insertion of more CFTR into
the apical membrane or altering ionic gradients
driving chloride eZux, without aVecting secre-
tion per se.

The observations are in keeping with other
reports of cytokine modulation of epithelial
transport. IL-1 and IL-3 stimulate chloride
secretion in chicken intestine29 via cyclooxygen-
ase dependent mechanisms. IL-1 treatment in
an epithelial-subepithelial myofibroblast cocul-
ture model30 also enhanced epithelial respon-
siveness to secretagogues via myofibroblast
secretion of arachidonic acid metabolites such
as prostaglandin E2. In another study, Madsen
and colleagues31 demonstrated that IL-10 in-
creased sodium and chloride absorption in vitro
in rat small intestine and attenuated secreta-
gogue induced chloride secretion. The same
investigators observed that IL-10 treatment
reduced chloride secretion and inhibited the
cytokine induced increase in epithelial inulin
permeability in T84 cells.32 Recent reports pro-
vide additional evidence that inflammatory
mediators may reduce mucosal fluid and
electrolyte secretion.33 34 Mucosal hyporespon-
siveness to secretagogues has been observed in
animal models of TNBS colitis. Increased pro-
duction of nitric oxide in the inflamed mucosa

Figure 7 Time dependent increase in expression of janus
kinase 1 (JAK1) and signal transducers and activators of
transcription (STAT)-1, -3, and -5 in BN cells treated with
interleukin 2 (IL-2) 5 U/ml. Cells were treated with IL-2
and lysed at various time points from 0.5 to 24 hours of
treatment and proteins detected as described under methods.
IL-2 treatment increased expression of all proteins from 30
to 60 minutes post incubation.
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accounted for this inhibition of mucosal secre-
tion. Several other interleukin receptors, includ-
ing IL-4, -7, -9, and -15, have been identified on
human intestinal epithelial cells.15 35 Treatment
of the cells with these cytokines stimulates
signal transduction pathways suggesting a
physiological role, although functional studies
have not determined the role these cytokines
may play. Moreover, IL-15, which shares a
common ã chain with IL-2, modulates transepi-
thelial resistance in T84 monolayers35 and
induces a similar eVect on transport in our
small intestinal cells as we reported here for
IL-2. Taken together, the available data suggest
that the cytokine network can play a role in
modulating epithelial transport.

In contrast with the ion transport changes,
IL-2 did not aVect monolayer permeability, as
has been described for some cytokines such as
interferon ã and tumour necrosis factor á.11 35–37

IL-2 treatment stimulated cellular prolifera-
tion, consistent with previous observations.14 15

Ciacci and colleagues14 observed a biphasic
eVect of IL-2 on cellular growth in rat IEC-6
cells. Treatment with 10 and 100 U/ml stimu-
lated proliferation at 24 hours but the higher
dose caused growth inhibition at 48 hours. BN
cells exhibited proliferation at lower levels, less
than 1 U/ml. The diVerences in the studies
could be due to the relative amounts of IL-2Râ
and IL-2Rãc expressed on rat and human cells.
While we have not studied the diVerential sur-
face expression of the various IL-2R chains and
their relative binding aYnities, such studies
have been carried out on human lymphoid
cells.38 39 CD8+ T cells and natural killer cells
expressed high levels of IL-2Râ but very little
IL-2Rá, while CD4+ T cells expressed very low
amounts of IL-2Râ. Furthermore, diVerential
expression of these two IL-2R subunits on
CD4+ and CD8+ T cells accounted for the dif-
ferences in IL-2 responsiveness because âã
constituted the functional receptor.40 41 The
combination of â and ã chains is required for
signal transduction42 and the proliferative
response, and both â and ã chains were present
in our cell line. The á chain which provides a
high aYnity ligand for IL-2 does not appear to
be essential for the proliferative eVect and
could not be identified in our small intestinal
cells, consistent with previous reports.14 42

Interestingly, the dose required in our studies
to elicit cellular proliferation was considerably
less than that required for stimulation of chlo-
ride secretion, suggesting that the two biologi-
cal eVects are elicited by diVerent cellular
mechanisms. This eVect on epithelial cell pro-
liferation may play an important role in
maintaining mucosal integrity in intestinal
inflammation.

In conclusion, IL-2 was formerly considered
to be a cytokine primarily involved in stimulat-
ing the growth of lymphocytes, macrophages,
and other immunocytes. Functional IL-2R and
an eVect of IL-2 on epithelial cell proliferation
has been demonstrated in several diVerent cell
types. This study provides additional evidence
for a role of IL-2 in modulating epithelial func-
tion. Rather than stimulating ion secretion per
se, IL-2 treatment increases the maximal

secretory capacity of human small intestinal
enterocytes in response to known secretago-
gues. The data imply a possible role for IL-2 in
modulating enterocyte proliferation and ampli-
fying cellular secretion in some inflammatory
disorders of the intestine.
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