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Involvement of P-Glycoprotein in the Transmembrane Transport of
Interleukin-2 (IL-2), IL-4, and Interferon-y in Normal Human T
Lymphocytes

By Johannes Drach, Andrea Gsur, Gerhard Hamilton, Shourong Zhao, Jutta Angerler, Michael Fiegl, Niklas Zojer,
Markus Raderer, Ines Haberl, Michael Andreeff, and Heinz Huber

The physiological role of the multidrug resistance P-glyco-
protein (P-gp), which is expressed by normal human T lym-
phocytes, is still largely unknown. To investigate whether or
not P-gp is involved in the transport of cytokines, peripheral
blood lymphocytes were stimulated with phytohemaggluti-
nin (PHA) in the absence or presence of P-gp inhibitors, and
concentrations of cytokines (interleukin-2 [IL-2], IL-4, IL-6,
interferon-y [IFN-y]) in the supernatants of these cultures
were quantitated by enzyme-linked immunosorbent assay.
P-gp inhibitors included verapamil (Ver), tamoxifen (Tmx),
and the P-gp specific monoclonal antibody UIC2. Release
of IL-2 was significantly suppressed by these inhibitors at
concentrations that were also effective in blocking efflux
of Rhodamine-123 from normal T lymphocytes. IL-2 mRNA
expression in lymphocytes was not different between PHA
control and the cultures with P-gp inhibitors. Ver and Tmx
did not interfere with T-cell activation as determined by

-GLYCOPROTEIN (P-gp), the 170-kD product of the
MDRI gene, is a member of the ABC (adenosine tri-
phosphate [ATP]-binding cassette) superfamily of active
transporters' and was first discovered in drug resistant tumor
cells.” As an energy dependent transmembrane protein, P-
gp uses ATP hydrolysis to pump cytotoxic drugs out of cells
thus reducing the intracellular concentration of drug and, as
a consequence, toxicity. P-gp was also found to be expressed
in normal tissues, particularly on the Iuminal surfaces of
transporting epithelia, such as proximal tubules of the kid-
ney, epithelial cells of the small intestine and colon, and
biliary hepatocytes of the liver.*'® The pattern of tissue distri-
bution suggested a physiological role of P-gp in secreting
metabolites and natural xenobiotics. P-gp was also detected
at high levels in the adrenal cortex, and subsequent studies
provided evidence that cortisol and aldosterone are physio-
logical substrates of P-gp.'"'?

Several groups, including ours, have reported that expres-
sion of P-gp is a feature of certain cell populations from
normal human bone marrow and peripheral blood (PB).'**
Besides hematopoietic progenitor cells, normal T lympho-
cytes express significant levels of a functional P-gp as deter-
mined by efflux of fluorescent dyes. The function of P-gp
on normal lymphocytes is still largely unknown. It has been
recently suggested that P-gp in CD8" lymphocytes and natu-
ral killer (NK) cells may play a role in mediating cytotoxic-
ity.'>?® However, P-gp is also abundantly expressed on lym-
phocytes not exerting cytotoxicity, which implies that
additional functional roles of P-gp must exist.

Upon stimulation, lymphocytes exert their immunological
functions in part by production of various cytokines. Because
P-gp may be involved in the transmembrane transport of
endogenous proteins,?*?® we hypothesized that P-gp could
have a physiological function as a transporter of cytokines.
In this report, we provide evidence that inhibition of P-gp
by both small molecules and a monoclonal antibody (MoAb)
blocking P-gp activity results in a significantly suppressed
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CD25 and CD69 expression. In a nonhematological model,
the P-gp expressing HCT-8 adenocarcinoma cell line, exoge-
nously added IL-2 was shown to exert an inhibitory effect
on P-gp mediated Rhodamine-123 efflux. In addition, trans-
epithelial transport of IL-2 by electrophysiologically tight
and polarized HCT-8 monolayers was examined. A time-de-
pendent flux of IL-2 across dense monolayers, which was
partially inhibited by Ver, was observed. We aiso investi-
gated whether or not P-gp inhibitors suppressed release of
other cytokines produced by activated T cells (IL-4, IL-6, IFN-
v). Release of IL-4 and IFN-y was significantly inhibited by
Ver, Tmx, and UIC2; however, release of IL-6 remained unaf-
fected. These data show P-gp mediated transmembrane flux
of IL-2 in T lymphocytes and HCT-8 cells. We conclude that
P-gp participates in the transport of cytokines (IL-2, IL-4, and
IFN-v) in normal peripheral T lymphocytes.

© 1996 by The American Society of Hematology.

release of interleukin-2 (IL-2), IL-4, and interferon-y (IFN-
v) from phytohemagglutinin (PHA)-stimulated normal T
lymphocytes. In addition, we have tested the effects of IL-
2 on P-gp—mediated transport in a nonhematological in vitro
system, namely the P-gp expressing human ileocecal adeno-
carcinoma cell line HCT-8. We also present data showing
transepithelial translocation of IL-2 across polarized HCT-8
monolayers.

MATERIALS AND METHODS

Stimulation of lymphocytes. PB lymphocytes were obtained
from 10 healthy individuals (median age 26 years, range 22 to 31)
and separated by density gradient centrifugation over Ficoll-Hy-
paque (Pharmacia, Uppsala, Sweden). After 2 washes with RPMI-
1640 medium, cells were resuspended at a concentration of 10° cells/
mL in growth medium (RPMI-1640 supplemented with 10% fetal
calf serum, penicillin [100 U/mL], and streptomycin [100 pg/mL]).
Stimulation was performed by adding PHA (Sigma, St Louis, MO)
at 1 pg/mL or 10 pug/mL. After 24 and 48 hours, cells were procured
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for mRNA analysis, and culture supernatants were obtained for de-
termination of cytokine levels.

Inhibitors of P-gp. Small molecule inhibitors and P-gp specific
MoAbs were used in stimulation experiments. Small molecule inhib-
itors included verapamil (Ver) (used at final concentrations of 1 ug/
mL and 10 pg/mL), tamoxifen (Tmx) (1 umol/L, 10 umol/L, and
50 pmol/L), and cyclosporin-A (CsA) (0.1 pg/mL, 1 pg/mL, and
10 pg/mL). All these drugs were shown to bind to P-gp and block
its function by competitive inhibition of other substrates.””** Experi-
ments with antibodies were performed with UIC2 (generously pro-
vided by Dr L.B. Roninson, University of Illinois at Chicago, to
M.A.), which is a P-gp specific MoAb also blocking its function,™
and MRK-16 (Immunotech, Marseille, France). MRK-16 reacts with
a different external epitope of P-gp* and was shown to be P-gp
inhibitory only for certain substrates.** An isotypic IgG2a antibody
(Becton Dickinson, San Jose, CA) was used as control. All antibodies
were used at a concentration of 10 pg/mlL, which was shown to be
a saturating concentration for these P-gp antibodies.'*™

Determination of cytokine production. Levels of 1L-2, IL-4, IL-
6, and IFN-v in the culture supernatants were quantified by enzyme-
linked immunosorbent assay (ELISA) according to instructions of
the manufacturer (Quantikine ELISA kits for IL-2, IL4, IL-6, IFN-
v; R&D Systems, Minneapolis, MN).

RNA preparation and reverse transcriptase-polymerase chain re-
action (RT-PCR). RNA was isolated according to the acid-guanid-
ium-phenol-chloroform method.* ¢cDNA sequences were synthe-
sized from 2 ug of total cellular RNA in the presence of 5 X ¢cDNA
buffer (Promega, Southampton, UK), 3 ug of DNAse/RNAse-free
bovine serum albumin, 10 mmol/L of deoxytriphosphate nucleotides,
100 pmol/L of pd(N)6 as primer (Boehringer Mannheim, Mannheim,
Germany), 40 U of RNasin (Promega), and 150 units of M-MLV
(Promega) in a final reaction volume of 25 uL. After preparation of
this mixture on ice, incubation was performed at 37°C for 60 minutes,
then at 95°C for 5 minutes, followed by a quick chill to 4°C.

Five microliters of the large scale cDNA preparation (equivalent
to 200 ng of starting RNA template) was used for amplification of
specific DNA sequences. PCR was performed in a final volume of
50 upL containing 100 pmol/L of the specific primer set, 1.25 mmol/
L of deoxytriphosphate nucleotides, 1X PCR buffer, and 2 U Taq
DNA polymerase (all reagents were obtained from Promega). The
IL-2 specific primer set was obtained from Clontech (Palo Alto, CA)
and is expected to generate a cDNA fragment of 305 base pairs. -
Actin was used as internal control (primers were also purchased
from Clontech). Amplifications were performed for 30 cycles. Each
cycle contained a denaturation step at 94°C for 45 seconds, an an-
nealing step at 60°C for 45 seconds, and an elongation step at 72°C
for 2 minutes. After the last cycle, a final elongation step was per-
formed at 72°C for 7 minutes. Twenty microliter aliquots of the
PCR products were separated electrophoretically on 2% agarose gels
containing ethidium bromide. The products were then visualized on
an UV transilluminator and photographed. HL-60 cells were in-
cluded as IL-2" control (data not shown).

Efflux of Rhodamine-123 (Rh-123). Flow cytometric determina-
tion of P-gp function using efflux of Rh-123 was performed as
previously described.'® To study the effect of P-gp inhibitors on
efflux of Rh-123 from lymphocytes, cells were incubated with 200
ng/mL Rh-123 in RPMI-1640 for 15 minutes at 37°C, washed twice
with ice-cold medium, and then transferred into dye-free medium
with or without P-gp inhibitors. After incubation at 37°C for 90
minutes, cells were analyzed on a FACScan flow cytometer (Becton
Dickinson) using the LYSIS 1I Research software provided by the
manufacturer (Becton Dickinson).

Immunofluorescence and flow cytometry. For the determination
of antigen expression on T lymphocytes, the following MoAbs were
used: CD3/Leu-4 (conjugated with fluorescein isothiocyanate
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[FITC]), CD25/anti-IL-2R (conjugated with phycoerythin {PE}),
CD69/Leu-23 (conjugated with PE), all obtained from Becton Dick-
inson. Experiments were performed as two-color immunofluores-
cence studies combining CD3-FITC with either CD25-PE or CD69-
PE. Following the manufacturer’s recommendations, 10° cells were
incubated with the antibodies at saturation concentrations for 30
minutes at 4°C and washed twice with phosphate-buffered saline
(PBS) afterwards. Samples with appropriate isotype-matched control
antibodies were processed in parallel. Analysis was performed on a
FACScan flow cytometer, and events from 10,000 cells were ac-
quired using the LYSIS Il Research software.

HCT-8 cells. Human ileocecal adenocarcinoma HCT-8 cells
were obtained from ATCC (American Tissue Culture Collection,
Rockville, MD). Cells were maintained in bicarbonate-buffered 10%
fetal bovine serum/RPMI 1640 medium (Seromed, Berlin, Germany)
supplemented with 4 mmol/L. L-glutamine and 75 ug/mL genta-
mycin at 37°C in a humidified atmosphere containing 5% CO,.
Confluent monolayers were subcultured every 3 to 4 days by treat-
ment with 0.05% trypsin and 0.02% EDTA in Ca’*- and Mg’ -free
PBS.

For experiments in which efflux of Rh-123 was examined, HCT-
8 cells were procured, washed with medium, and loaded with Rh-
123 as previously described. The effects of Ver (1 umol/L), CsA (1
pg/mL), and IL-2 (300 ng/mL) on Rh-123 efflux were quantitated
by comparing the slopes of linear regression lines for the mean
fluorescence intensities of aliquots sampled at 0, 10, and 20 minutes
of incubation.

Directed IL-2 flux across HCT-8 epithelial monolayers. Prepara-
tion of HCT-8 epithelial monolayers and directed transepithelial
transport were performed as previously described.”** In brief, 1 X
10° HCT-8 cells in RPMI-1640 medium were seeded into porous
filter cups (25 mm diameter, low density and 0.45 pm pore size;
Falcon, Becton Dickinson) and cultured until polarized monolayers
of transepithelial resistance exceeding 800 Ohm cm® were obtained.
IL-2 (3 pg/mL) was added to the basolateral compartment, medium
without or with the P-gp inhibitor Ver (1 umol/L) to the apical
compartment, and the transport rates were calculated from linear fits
to IL-2 ELISA determinations using samples taken each hour for a
total of S hours from the apical side of the cultures.

RESULTS

Release of IL-2 from normal lymphocytes in the presence
of small molecule inhibitors of P-gp. Normal PB lympho-
cytes were stimulated with PHA (final concentrations 1 ug/
mL and 10 pg/mL) in the presence or absence of P-gp inhibi-
tors (Ver or Tmx). IL-2 present in the supernatant of these
cultures was measured by ELISA. Data from the literature
suggested that a significant inhibition of P-gp in MDR/I ex-
pressing cell lines can be achieved with 10 pg/mL of Ver
as well as with 10 gmol/L and 50 zmol/L of Tmx.*** These
concentrations of small molecule inhibitors of P-gp were
also effective in blocking P-gp pumping activity in normal
lymphocytes as shown in efflux experiments with Rh-123
as P-gp substrate (Fig 1).

In cultures of normal lymphocytes without P-gp inhibitors,
levels of released IL-2 were 53.8 ng/mL (median, range 48.8
to 156.2) after 24 hours of stimulation with 1 pg/mL of
PHA, 620.7 ng/mL (median, range 300.5 to 1,905) after 24
hours of stimulation with 10 ug/mL of PHA, and 783.4
ng/mL (median, range 315.3 to 2408.2) after 48 hours of
stimulation with 10 pg/mL of PHA. However, PHA-stimula-
tion of lymphocytes in the presence of Ver (10 ug/mL) or
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Fig 1. Effect of small molecule inhibitors and
MoAbs on Rh-123 efflux from normal lymphocytes.
Lymphocytes were loaded with Rh-123 {200 ng/
mL) and efflux was measured after incubation in
dye-free medium for 90 minutes. Fluorescence in-
tensity as determined by flow cytometry is shown
on the abscissa (logarithmic scale, arbitrary units),
and the ordinate gives the relative cell number.
Zero minutes, Rh-123 fluorescence of lymphocytes
after loading; 90 minutes, Rh-123 fluorescence of
lymphocytes after 90 minutes of efflux in the ab-
sence of P-gp inhibitors. All other histograms show
Rh-123 fluorescence of lymphocytes when efflux

was performed in the presence of verapamil (VER,

' +
103 10t 109 10l 102 103 104

CsA 0.1 pg/ml

CsA lpg/ml

A), tamoxifen (TMX, B), (MoAbs, C), and
cyclosporin A (CsA, D), respectively.

Tmx (10 pmol/L and 50 umol/L) resulted in a significant
reduction of IL-2 levels in the supernatant (P < .05, Fig 2).
Tmx was almost as effective as CsA (Fig 2C), which is
an inhibitor of P-gp function (Fig 1D), but it also has an
immunosuppressive effect by inhibiting transcription of the
IL-2 gene.”

To exclude the possibility that low levels of IL-2 in cul-
tures with Ver and Tmx were a consequence of altered IL-
2 expression, we examined IL-2 mRNA expression in
lymphocytes from these cultures. Using RT-PCR and IL-2
specific primers, we did not observe downregulation of IL-
2 mRNA expression in response to Ver and Tmx, which was
in contrast to cultures treated with CsA at concentrations
between 0.1 and 10 ug/mL (Fig 3).

We also tested whether or not stimulation of lymphocytes
in the presence of Ver or Tmx had any effect on expression
of CD2S5 and CD69, which are surface markers known to be
expressed by activated T cells. Lymphocytes from 3 healthy
individuals were stimulated with PHA (10 pg/mL), and as
expected expression of CD25 and CD69 was upregulated as
determined by flow cytometry at 24 and 48 hours (Table 1).
Addition of Ver (10 pg/mL) or Tmx (10 gmol/L) resulted
in a similar pattern of antigen expression on CD3" cells,
and neither the percentage of antigen expressing cells nor
fluorescence intensity of positive cells (Fig 4) was different
compared to control (PHA only). In contrast, in the presence
of CsA (1 pg/mL) we observed not only a lower frequency
of CD25 expressing T cells (P = .02), but also reduced
fluorescence intensity of CD25 expression (Fig 4).

Inhibition of P-gp function by MoAbs. Next, we used
the P-gp specific MoAb UIC2 which is a potent inhibitor of

T 1CsA10ug/ml
100 10! 102 108 04

P-gp function in both MDRI expressing cell lines* and nor-
mal lymphocytes.'” At a saturating concentration of 10 ug/
mL, UIC2 efficiently blocked Rh-123 efflux from normal
lymphocytes (Fig 1C). In contrast, MRK-16, which is also
P-gp specific, as well as an IgG2a isotypic control antibody
did not have any blocking effect on Rh-123 efflux (Fig 1C).
These antibodies (final concentrations 10 pg/mL) were then
used in experiments in which normal lymphocytes from 5
individuals were stimulated with 10 pg/mL of PHA for 24
hours. In cultures with the IgG2a antibody, we did not ob-
serve suppressed levels for IL-2 compared to PHA controls.
Significantly suppressed levels of IL-2 were detected in cul-
tures with the UIC2 MoAb (16.6% * 5.8% of IgG2a control,
mean *+ SD; P = .0001), but only a minor effect could be
seen with the MRK-16 antibody (84.9% =+ 1.8%) (Fig 5).
As shown in Fig 6, strong bands for IL-2 mRNA were de-
tected in lymphocytes obtained from all cultures confirming
that IL-2 gene expression was not influenced by the addition
of any of these antibodies.

Effect of IL-2 on P-gp mediated transport of HCT-8 sus-
pension cells and polarized monolayers. To further investi-
gate the association between IL-2 and P-gp mediated trans-
port, we used the human ileocecal adenocarcinoma cell line
HCT-8 as a nonhematological MDR! expressing model.
HCT-8 cells exhibit significant P-gp expression and high
rates of Rh-123 efflux, which is sensitive to P-gp inhibitors
like Ver, CsA, and others.®® The effect of IL-2 on Rh-123
efflux of HCT-8 cells in suspension was compared to media
controls, 1 umol/L Ver and 1 ug/mL CsA, respectively (Fig
7A). Exogenously added IL-2 could be shown to exert an
inhibitory effect on P-gp mediated Rh-123 efflux, reaching
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Fig 2. IL-2 present in supernatants of cultures of PHA-stimulated
normal lymphocytes in the presence of P-gp inhibitors. Concentra-
tions of IL-2 were measured by ELISA, and results are expressed as
percent of control (no inhibitor). Control is designated as 100%. (A)
verapamil (VER), (B) tamoxifen (TMX), (C) cyclosporin A (CsA). Re-
sults are derived from duplicate experiments with PB lymphocytes
from 6 to 10 healthy individuals.

25% and 33% of the effects found in response to Ver and
CsA, respectively.

Transepithelial transport of IL-2 by HCT-8 monolayers
was studied as described for the P-gp substrate vinblastine in
a previous report.™ Briefly, IL-2 was added to the basolateral
compartment of electrophysiologically tight monolayers of
polarized HCT-8 cells on porous filter cups (resistance >
800 Ohm cm?) and aliquots of the apical compartment were
collected for up to 5 hours and tested for their IL-2 content.
Because P-gp mediated transport is linear in the HCT-8
model, the measured IL-2 concentrations were approximated
by a linear fit and the slopes of the regression lines for media
controls and for the addition of 1 gmol/L Ver at the apical
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Fig 3. Expression of IL-2 mRNA in PHA-stimulated normal PB lym-
phocytes (10 ug/mL of PHA for 24 hours) as detected by RT-PCR (for
details see Materials and Methods). IL-2 gene expression is inhibited
by cyclosporin A (CsA), but not by verapamil (VER) and tamoxifen
(TMX). B-Actin was used as internal standard.

side used for further calculations. These results show a time-
dependent flux of IL-2 across dense monolayers (apical con-
centration of IL-2 [pg/mL] = —11.5 + 135.2 X time [hours]),
which could be partially inhibited by Ver (24.3 *= 3.6%
inhibition, Fig 7B). A low flux of IL-2 was observed in
the apical to basolateral direction and this transport was
stimulated by Ver, indicating passive and paracellular flux
processes with opening of the gap junctions by apical Ver
(data not shown).

Effect of P-gp inhibitors on release of IL-4, IFN-vy, and
IL-6. Using lymphocytes from healthy individuals and
PHA stimulation as described earlier, we investigated
whether or not P-gp inhibitors also suppressed release of
other cytokines (IL-4, IFN-vy, and IL-6). After 24 hours of
stimulation with PHA at 10 pg/mL, the following concentra-
tions of cytokines (mean = SD from 4 to 6 experiments)

Table 1. Expression of CD25 and CD69 on CD3" T Lymphocytes

% CD25' % CD69*

Culture Condition (mean * SD) (mean + SD)
Unstimulated 19.3 £ 6.5 6.8 + 2.2
24 hours:

PHA 89.4 + 4.6 96.8 + 0.9

PHA + VER 87.7 *:5.2 96.6 = 1.2

PHA + TMX 87.1 £ 5.2 96.6 + 1.1

PHA + CsA 78.5 + 2.8 93.6 + 2.7
48 hours:

PHA 97.1 = 1.8 95.5 * 0.9

PHA + VER 97.0 = 1.8 925 * 1.5

PHA + TMX 96.5 + 1.5 93.4 = 1.0

PHA + CsA 87.1 = 0.8 90.2 = 4.1
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Fig 4. Expression of CD25 on CD3+ lymphocytes after 24 hours
of stimulation with 10 ug/mL of PHA. Lymphocytes treated with PHA
without inhibitor and in the presence of verapamil (VER, 10 ug/mL)
or tamoxifen (TMX, 10 umol/L) expressed CD25 to a similar extent,
whereas treatment of lymphocytes with cyclosporin A (CsA, 1 ug/
mL) resulted in a significantly lower expression of CD25.

were determined in the supernatants: 52.2 = 31.2 pg/mL for
IL-4, 1.2 = 0.86 ng/mL for IFN-vy, and 290.5 = 18.9 ng/
mL for IL-6. Both small molecule inhibitors of P-gp (Fig 8)
and the UIC2 MoAb (Fig 5) significantly inhibited release

% OF CONTROL (IgG2a)
120

100 +
80
60 +

40+ 1

20 +

IL-2 IL-4 IFN-gamma  IL-6

Fig 5. Cytokine levels determined in supernatants of PHA-stimu-
lated normal lymphocytes (10 ug/mL of PHA for 24 hours) in the
presence of P-gp specific MoAbs. Results are expressed as percent of
control (PHA-stimulated lymphocytes in the presence of an isotypic
IgG2a antibody). All antibodies were used at 10 ug/mL. Release of
IL-2, IL-4, and IFN-y was significantly inhibited by the UIC2 MoAb;
release of IL-6, however, remained unaffected. (C]), MRK-16; (H), UIC2.
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Fig 6. IL-2 gene expression in normal lymphocytes after 24 hours
of PHA-stimulation (10 xg/mL) in the absence (control) or presence
of MoAbs (IlgG2a isotypic control, MRK-16, UIC2). Bands for IL-2
mRNA were similar under each culture condition.

of IL-4 and IFN-vy, but there was no evidence for reduced
concentrations of IL-6 in the presence of these P-gp inhibi-
tors.

DISCUSSION

Several recent studies have reported on P-gp expression by
normal human and murine peripheral T lymphocytes.'*'*!*!
Differential expression of P-gp by subpopulations of T cells
has been noted, but its role in T-cell activation and function
has been unclear. In this report, we show that release of IL-
2, IL-4, and IFN-y from stimulated normal lymphocytes is
significantly suppressed in the presence of P-gp inhibitors.
Several lines of evidence suggest that decreased levels of
cytokines are a consequence of P-gp inhibition rather than
a more generalized effect on T-cell function or interference
with T-cell activation.

First, decreased levels of cytokines were observed not
only in the presence of small molecule inhibitors of P-gp
(Ver, Tmx), which are drugs with known pleiotropic effects,
but also in cultures with the MoAb UIC2, a specific inhibitor
of P-gp function. In contrast to UIC2, almost no inhibitory
effect on cytokine release was found with another P-gp spe-
cific MoAb, MRK-16, which recognizes a different external
epitope of P-gp. In efflux experiments with Rh-123 as P-gp
substrate, inhibition of P-gp function was observed with
UIC2, but not with MRK-16. Both antibodies gave the ex-
pected positive results when MDRI expressing cell lines
were stained and analyzed by flow cytometry (data not
shown), which rules out the possibility of antibody degrada-
tion. We believe that our present data are in agreement with
previous observations that MRK-16 is inhibitory only for
some P-gp substrates,*** and that inhibition of P-gp function
by means of MoAbs may be epitope specific.**

Second, stimulation of normal lymphocytes in the pres-
ence of P-gp inhibitors (Ver, Tmx, and UIC2) did not result
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Fig 7. (A) Effects of 1 umol/L Ver, 1 ug/mL CsA, and 300 ng/mL
IL-2 on Rh-123 efflux from HCT-8 cells (mean + SEM; 5 independent
experiments). The slope of the regression line for efflux tests (20
minutes) using medium alone was taken as 100%. (B) Transepithelial
flux of IL-2 across electrophysiologically tight polarized HCT-8 mono-
layers following addition of 3 ug/mL IL-2 to the basolateral compart-
ment (mean = SEM; 5 independent experiments). The increase in
apical IL-2 concentration is shown in the absence (solid line) and
presence (broken line) of 1 umol/L Ver. Values of these two series
are significantly different at all time points (P < .02; paired t-test).
Inhibition was calculated from the slopes of linear regression lines
fitted to each data set.

in a significant downregulation of IL-2 mRNA expression,
although small differences in gene expression may be diffi-
cult to detect by a semiquantitative RT-PCR assay. However,
a significantly lower expression of IL-2 mRNA was found
in the presence of CsA, which is known to inhibit IL-2 gene
transcription.” P-gp inhibitors at blocking concentrations
suppressed IL-2 release almost as effectively as CsA. Even
if these inhibitors caused a slight change in IL-2 mRNA
expression that was undetectable by RT-PCR, this effect
could not be the primary explanation for the marked reduc-
tion of released IL-2.

Third, we have also examined if Ver and Tmx had any
effect on other events of early T-cell activation. There was
no difference in CD69 and CD25 expression compared to
control with PHA only as determined by flow cytometry at
24 and 48 hours of stimulation. This was again in contrast
to T cells obtained from cultures with the immunosuppres-
sive agent CsA, which exhibited significantly lower CD25
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expression. In addition, if P-gp inhibitors exerted a more
generalized effect on T cells with interference with activation
events, one would expect decreased levels for all cytokines
produced by activated T lymphocytes. Similar to IL-2, con-
centrations of IL-4 and IFN-y were lower in cultures with
P-gp inhibitors compared to controls. However, when IL-6
was examined, neither small molecule inhibitors nor MoAb
UIC2 had any effect on released IL-6.

To further exclude any possibility that decreased levels
of IL-2 were caused by alterations of lymphocyte biology
under these culture conditions, experiments were performed
with P-gp expressing HCT-8 adenocarcinoma cells. HCT-
8 cells show formation of electrophysiologically tight and
polarized monolayers upon cultivation of cells on porous
filter supports. These layers are almost impermeable to small
molecules transported by the paracellular route like manni-
tol, but exhibit directed transepithelial flux of P-gp substrates
like doxorubicin and vinca alkaloids by passive basolateral
uptake and active efflux by apically located P-gp.*” Endocy-
tosis, which is a well-characterized mechanism of protein
uptake by intestine derived cell lines,* is the most likely
pathway of IL-2 uptake through the basolateral barrier in
HCT-8 cells. In our experiments with HCT-8 cups of proven
resistance, IL-2 passed from the basolateral to apical com-
partment with near linear kinetics as previously measured
for the P-gp substrate vinblastine.” Because transport of IL-

% OF CONTROL
120

CIVER, 1ug/mi
60T M VER, 10ug/ml

IL-4 IFN-gamma IL-6

% OF CONTROL
120

100 -

80 1

JTMX, 10uMol
60 B TMX, 50uMol

40

20

IL-4 IFN-gamma IL-6

Fig8. Cytokine release from PHA-stimulated normal lymphocytes
in the presence of (top) verapamil or (bottom) tamoxifen: Small mole-
cule inhibitors suppress release of IL-4 and IFN-y, but not of IL-6.
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2 is partially inhibited by Ver added to the apical compart-
ment, it is concluded that P-gp participates in the transloca-
tion of this cytokine across HCT-8 monolayers. The high
concentrations of IL-2 in the basolateral compartments were
a precondition to obtain significant transepithelial fluxes in
our filter inserts with low density of pores (1.6 X 10%4.3
cm®) where only a small fraction of the basolateral cell sur-
face is accessible. We have also shown that addition of IL-
2 to Rh-123 preloaded HCT-8 cells resulted in a significant
inhibition of P-gp mediated dye efflux. In agreement with
the transepithelial flux of IL-2 observed with HCT-8 mono-
layers, this finding points to an inhibitory modulation of P-
gp function by IL-2 in this nonhematological in vitro model.

Results from previous studies suggested that the function
of P-gp in mammalian cells may include the transmembrane
transport of endogenous peptides or proteins. In yeast, the
product of the STE6 gene has been identified as a homologue
of the mammalian MDR1/P-gp.* Its function includes export
of hydrophobic peptides, which is different from the classical
signal sequence-recognizing secretory pathway.**** Based on
this observation, IL-1 would be a candidate for secretion
by P-gp because IL-1 precursors lack recognizable signal
sequences®' and are absent from organelles of the classical
secretory pathway.*> A subsequent report indeed showed an
association between MDRI expression and transport of IL-
1 5: When COS cells were cotransfected with vectors encod-
ing for IL-1 8 and MDRI, secretion of IL-1 8 was detected;
in contrast, COS cells transfected with IL-1 8 only or with
1I-1 B and 3 failed to secrete II-1 8.* Our present report as
well as the findings by Raghu et al* provide evidence for
the involvement of P-gp in the transport of IL-2 and other
cytokines from stimulated normal human lymphocytes.

Human and murine T cells can be subdivided into several
populations that differ in their functions. In the mouse sys-
tem, P-gp expression was found to identify a novel subset
of activated CD4* T lymphocytes that could not be distin-
guished by staining for other surface markers.*'*> Using the
ability of these cells to extrude Rh-123, it was shown that
expression of mRNA for IL-4 and IFN-vy in addition to IL-
2 mRNA occurred only in the subsets with Rh-123 efflux,
which also correlated with production of these cytokines
upon polyclonal stimulation.** Based on our findings we may
postulate that the described association between expression
of P-gp and cytokine mRNA by T-cell populations is not
coincidental but rather is a reflection of a physiological func-
tion of P-gp. However, it is worth mentioning that P-gp
expressing T-cell subpopulations may still be heterogenous
in their function because in mice Rh-123 extruding, CD4"*
T cells were reported to show diminished IL-2—driven IL-
4 production.?'

There is now increasing evidence for an important role of
P-gp in metabolic and secretory functions of normal human
cells, independent of their tissue distribution. Expression of
P-gp has been shown to be associated with a volume-regu-
lated chloride channel,*s and P-gp has also been found to be
a channel for the export of ATP.* In addition, cellular prod-
ucts like steroid hormones'"'? and metabolites (eg, biliru-
bin)* are transported by P-gp. Our results extend these ob-
servations and show that P-gp is involved in the
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transmembrane transport of certain cytokines. P-gp can be
important for the pharmacology of drugs other than antican-
cer agents, such as dexamethasone, digoxin, and morphine.*
Functions of P-gp in normal cells such as hematopoietic
progenitors'>'®? and epithelial cells at the blood-brain bar-
rier”® still need to be elucidated. Future work should also
determine the function of P-gp in immune cells other than
T lymphocytes, because also NK cells and B lymphocytes
express significant levels of P-gp.'®!?*# Knowledge of
physiological functions of P-gp may be important for our
understanding of both beneficial and unwanted effects of
cancer therapies combining multidrug resistant-reversing
agents with chemotherapy.
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