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Abstract

A transmembrane pump for organic anions was identified
in resting murine T helper (Th) 2, but not Th1 lymphocyte
cell clones, as revealed by extrusion of a fluorescent dye.
Dye extrusion inhibition studies suggested that the pump
may be the multidrug-resistance protein (MRP). The differ-
ent expression of the pump in resting Thl and Th2 cell
clones correlated with their respective levels of MRP mRNA.
The pump was inducible in Th1 cells by antigenic stimula-
tion in vitro leading to equal expression in activated Thl
and Th2 cell clones. This suggested that dye extrusion might
allow the detection of Th2 (resting or activated) or of acti-
vated Th1 cells ex vivo based on a functional parameter. To
test this, mice were infected with Leishmania major para-
sites to activate L. major-specific T cells of either Thl
(C57BL/6 mice) or Th2 (BALB/c mice) phenotype: 2-3% of
CD4+ lymph node T cells of both strains of mice extruded
the dye, defining a cell subset that did not coincide with sub-
sets defined by other activation markers. Fluorescence-acti-
vated cell-sorting revealed that the lymphokine response
(Th1 or Th2, respectively) to L. major antigens was re-
stricted to this dye-extruding subset. (J. Clin. Invest. 1998.
101:703-710.) Key words: multidrug-resistance protein « T
helper 1 « T helper 2 « leishmaniasis

Introduction

The fluorescent dye Fluo-3-AM readily passes through cell
membranes due to its estered lipophilic tail. After cleavage by
cell-membrane esterases, the more hydrophilic free anion is
normally sequestered in the cytoplasm (1, 2). Previously, we
have described a CD4+ T helper 2 (Th2)! lymphocyte cell
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clone (secreting IL-4, IL-5, and IL-6, but not IL-2 or IFN-y)
able to efflux free anionic Fluo-3 from the cell using an energy-
dependent transport system for organic anions (3). Dye extru-
sion was prevented by probenecid (3), an inhibitor of anion
transport, as well as by cyclosporin A (CsA). This led us to
speculate that the Th2 cell clone might express a transmem-
brane pump possibly related to either P-glycoprotein or multi-
drug-resistance protein (MRP), both of which mediate multi-
drug resistance in cancer cells (4, 5). Such an idea was further
stimulated by reports from several laboratories showing a rela-
tive insensitivity of Th2 cells to a number of compounds, such
as prostaglandin E, or cholera toxin (6, 7). This insensitivity
could potentially be explained by enhanced transport of either
of these compounds or of their metabolites out of the cell. In
contrast, Thl cells were always found to be more sensitive to
the same compounds (6, 7).

Therefore, we set out to determine whether the presence of
a Fluo-3-extruding pump was a general characteristic of Th2
cells and whether or not a similar pump was also present in
Th1 cells. To investigate these possibilities, we used murine T
cell clones in vitro, as well as an in vivo model, experimental
murine leishmaniasis (for review see reference 8). This latter
model allowed the study of both Th1 and Th2 cells in vivo, be-
cause infection leads to expansion of parasite-specific Th1 cells
in the resistant C57BL/6 mouse strain and of Th2 cells in the
susceptible BALB/c strain.

Methods

Reagents. Verapamil, probenecid, leukotriene (LT) B,, LTC,, and
Fluo-3-AM were purchased from Sigma (Deisenhofen, Germany).
CsA and PSC833 were kindly provided by Dr. Richardson (Sandoz,
Basel, Switzerland). MK571 was kindly provided by Dr. Ford-Hutch-
inson (Merck-Frosst Inc., Quebec, Canada).

T cell lines. The following Thl cell lines and clones were used:
B10BI and F3.1, specific for bovine insulin, LNC-2 specific for Myco-
bacterium tuberculosis purified protein derivative (PPD) and C57/4
specific for LmAg, a Leishmania major antigen preparation (9-12).
Th2 cell lines and clones used were D10G4.1 specific for ovalbumin,
BEL-16 and L1/1 specific for LmAg, and LNC-4 specific for PPD
(10-14). The in vitro propagation of these T cells has been described
(9). Briefly, 5 X 10° cells/well were restimulated every 3 wk in 12-well
tissue culture plates (Costar, Cambridge, MA) with syngeneic, irradi-
ated (25Gy) spleen cells (5 X 10°%well) and antigen in a total volume
of 2 ml of medium, supplemented as described (15). 3 d after restimu-
lation, the cells were split and culture supernatant (SN; 10%) of the
cell line X63Ag8-653/IL-2 (16) was added as a crude source of recom-
binant murine IL-2. Thereafter, IL-2 was added once per week. Cells
were routinely used for the experiments 3 wk after their final anti-
genic restimulation.

Purification of CD4+ T cells by magnetic cell sorting (MACS®).
BALB/c and C57BL/6 mice at 4-6 wk of age were purchased from
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Charles River (Sulzfeld, Germany). 2 X 107 L. major promastigotes
were injected into both hind footpads of the mice, as described (15).
3 wk later, mice were killed, the popliteal lymph nodes (LNs) were re-
moved, and single cell suspensions were obtained. The CD4+ T cells
among these LN cells were then purified by negative selection using
the MACS® system (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many) and anti-CD45R (B220, a pan B cell marker), anti-CD8, and
anti-CD11 antibodies (Miltenyi Biotec GmbH; all conjugated to mag-
netic beads) according to the manufacturer’s specifications (17). Af-
ter purification, > 95% of the cells were CD4+. These cells were la-
beled with Fluo-3-AM.

Western blots. Spleen cells from normal BALB/c mice were de-
pleted of CD4+ T cells using anti-CD4 antibodies conjugated to mag-
netic beads and the MACS® system, as described above. After this
step, the cells contained < 0.5% CD4+ T cells. These cells were irra-
diated (20Gy) and used (5 X 10%well) to stimulate resting LNC-2
cells (5 X 10%well) with PPD (30 pg/ml) in a total volume of 3 ml of
medium for 48 h. Thereafter, cells were harvested and depleted of
splenic cells using anti-CD45R, anti-CDS§, and anti-CD11 antibodies
(all conjugated to magnetic beads) and the MACS® system, as above.
After purification, FACS® analysis revealed that > 92% of the cells
were LNC-2 cells based on forward/side scatter characteristics and
CD4 expression. These cells, along with resting LNC-2 Th1 and rest-
ing L1/1 Th2 cells were washed twice in PBS. The cell pellets were
shock-frozen. The levels of expression of murine MRP and P-glyco-
protein in these cells were determined by immunoblot analysis of
membrane protein fractions, as previously described (18, 19). Briefly,
membrane-enriched fractions were prepared and membrane proteins
were separated by SDS-PAGE followed by transfer to Immobilon-P
polyvinylidene difluoride membranes (Millipore, Bedford, MA). Mu-
rine MRP was detected using the MRP-specific monoclonal antibody,
MRPr1 (20). Antibody binding was detected with horseradish peroxi-
dase—conjugated goat anti-rat antibody (Chromatographic Special-
ties, Brockville, Canada) and enhanced chemiluminescence detection
(DuPont NEN, Boston, MA). Blots were reprobed with the P-glyco-
protein specific mAb C219 (21) after stripping in 2% SDS/100 mM
2-mercaptoethanol/62.5 mM Tris, pH 6.7, for 30 min at 50°C. In this
case, the secondary antibody used was horseradish peroxidase—conju-
gated goat anti-mouse antibody (Chromatographic Specialties). As a
positive control, the 8226/Dox40 cell line expressing both MRP and
P-glycoprotein (19, 22, 23) was used.

Fluorescence staining of T cells. For labeling of T cells with Fluo-
3-AM and secretion of the Fluo-3 anion, a procedure was used that is
essentially described in detail elsewhere (3). However, in this study,
labeling with Fluo-3-AM was performed in the presence of CsA (25
wmol) instead of probenecid. After labeling, the cells were incubated
at 37°C (in the presence or absence of different inhibitors) for 60 min
to allow for secretion of the Fluo-3 anion. After this step, T cell
clones were analyzed in a FACScan® (Becton-Dickinson, Heidelberg,
Germany) using Lysis II software. In contrast, the MACS®-sorted cells
were stained in one additional step with anti-CD4 antibodies conju-
gated to phycoerythrin (PE; Medac, Hamburg, Germany), analyzed,
and sorted using an EPICS ELITE® (Coulter, Krefeld, Germany)
and the ELITE software.

For staining of the IL-2 receptor a chain (CD25), T cell clones
(108 cells) were incubated on ice for 30 min in 100 wl PBS containing
1% FCS and 10 pl SN of the hybridoma 7D4 (24). After washing,
counterstaining was performed using FITC-conjugated donkey anti—
rat IgG (Dianova, Hamburg, Germany) diluted in PBS/1% FCS. Sub-
sequently, the fluorescence of the cells was analyzed on a FACScan®.

For three-color fluorescence analysis, LN cells of L. major—infected
mice were labeled with Fluo-3-AM and incubated to allow for Fluo-3
efflux, as described above. Thereafter, the cells were incubated for
30 min at 4°C with crude SNs of hybridomas secreting antibodies
against one of the following markers: CD25, CD44, CD45RB,
CD62L, or CD69 (25-29). After washing, the cells were incubated
with biotinylated mouse anti-rat IgG (1 pg/ml; Dianova) and washed.
Thereafter, remaining binding sites of anti-rat IgG were absorbed by
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incubation with polyclonal rat IgG (30 pg/ml). Finally, anti-rat anti-
bodies were visualized by streptavidin conjugated to tricolor (Me-
dac), and cells were counterstained by anti-CD4-PE and analyzed on
a FACScan®.

T cell stimulation in vitro. For restimulation in vitro, either LN
cells obtained after MACS® sorting (“MACS®-only”), CD4+ Fluo-3—
extruding LN cells sorted by MACS® and the EPICS ELITE® (“Fluo-
3 dull”), similarly sorted dye nonextruding cells (“Fluo-3 bright”), or
MACS®-sorted Fluo-3-labeled LN cells mock-sorted in the EPICS
ELITE® (“mock-sorted”) were used. These cells (7 X 10%/well) were
cultured in 96-well flat-bottomed microtiter plates (Nunc, Wies-
baden, Germany) with syngeneic, irradiated (25Gy) spleen cells (3 X
10%/well) with and without the L. major antigen preparation LmAg (3 X
10%/well) (11) in a total volume of 200 ul. After 48 h, the SNs were
harvested and tested for the presence of 1L-4 and IFN-y using com-
mercial ELISA kits (PharMingen, Hamburg, Germany) performed
according to the manufacturer’s specifications.

Limiting dilution analysis. T cells obtained either after MACS®-
sorting or after FACS®-sorting of Fluo-3 dull CD4+ cells were pipet-
ted in graded numbers into 96-well flat-bottomed microtiter plates
(Nunc) in the presence of 10° irradiated (25Gy) syngeneic spleen
cells, LmAg (3 X 10°/well), and SN (10%) of each of the cell lines
X63Ag8-653/IL-2 and X63Ag8-653/IL-4 (16) in a total volume of 200 .l
medium and incubated at 37°C. After 13 d, 100 nl were replaced by
fresh IL-2/IL-4 containing SN. In addition, cells were restimulated
with antigen after 7 d of culture by adding into the wells 10° irradiated
(25Gy) syngeneic spleen cells, LmAg (3 X 10°/well), and IL-2/1L-4
containing SN (10%). After 2 wk of culture, wells were extensively
washed and the contents of each well were split into three, one of
which contained no further additions, one 1.5 X 10° irradiated (25Gy)
syngeneic spleen cells, and one 1.5 X 10° irradiated (25Gy) syngeneic
spleen cells plus LmAg (3 X 10%/well). After 48 h, the SN were har-
vested and tested for the presence of IL-4 or IFN-y by ELISA, as de-
scribed above. Wells were considered to be positive if the optical den-
sity exceeded the mean values obtained for control wells (containing
spleen cells only) by two SD. Antigen reactivity was defined as a > 30%
increase of cytokine production in response to spleen cells plus
LmAg as compared with stimulation with spleen cells alone. Accord-
ing to Poisson statistics (30), the original cell dilution that gave rise to
37% negative wells was considered to contain one antigen-reactive
T cell per well.

Northern blot analysis. Total RNA from Thl and Th2 cell clones
was harvested using the RNeasy kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. Northern blotting using a
murine-specific cDNA probe was carried out as described previously
(31). The Northern blots were scanned using an Epson GT 8000 and
ScanPack software (Biometra, Gottingen, Germany).

Results

Analysis of the expression of the Fluo-3-extruding pump in
resting Thl and Th2 cell clones. Previously, we reported that
the Th2 cell clone L1/1 expresses a transmembrane transporter
able to extrude the Fluo-3 anion out of the cytoplasm (3). To
test if expression of this molecule was a more general feature
of T cell clones, four Thl and four Th2 cell clones, each in a
resting state (i.e., 3 wk after the final antigenic restimulation)
were labeled with the lipophilic ester Fluo-3-AM. Thereafter,
the cells were incubated for 60 min at 37°C to allow for extru-
sion of the cleaved anion Fluo-3 by the transporter. Finally, the
fluorescence intensities of these cells (closed graphs) and of
control cells incubated in parallel at 4°C after labeling (open
graphs) were determined (Fig. 1). The results indicated that all
four Th2 cell clones were able to extrude Fluo-3, whereas the
four Thl cell clones were either unable to extrude the dye or
did so at a very low rate (more than 10 separate experiments).
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Figure 1. A Fluo-3-extruding pump differentiates between resting
Th1 and Th2 cell clones. T cells were labeled with Fluo-3 3 wk after
antigenic stimulation and were incubated for 60 min at 37°C (filled
histograms) or 4°C (open histograms) to allow dye extrusion to occur.
Thereafter, cell fluorescence was analyzed by FACS®.

In all Th2 cell clones, extrusion was blocked by CsA (data not
shown).

Investigation of the identity of the Fluo-3—extruding pump.
Inhibition of the transport of some organic anions by pro-
benecid and CsA has been reported for both P-glycoprotein
and MRP (32-36). Consequently, we examined the ability of
these and several other compounds which are thought to in-
hibit P-glycoprotein or MRP to block Fluo-3 extrusion by the
Th2 cell clone L1/1 (Fig. 2 A). In addition to probenecid (3)
and CsA, both verapamil and PSC888, a nonimmunosuppres-
sive pharmacological analogue of CsA, completely blocked
Fluo-3 extrusion. However, the potency of CsA was higher
than that of PSC833, a characteristic previously reported for
MRP, but not for P-glycoprotein (32, 33, 36). To examine the
possibility that the pump was MRP or a similar transporter, we
tested the ability of the compound MK571 to inhibit efflux of
Fluo-3. MKS571, a LTD, receptor antagonist, has been shown
to inhibit MRP also (36). This compound effectively blocked
efflux at a concentration of 25 pmol. Likewise, efflux could be
inhibited by LTC,, a known high-affinity substrate of MRP
(36), but not by LTB, which is transported very poorly by the
protein. Overall, the results suggest that the Fluo-3—extruding
pump has a specificity more similar to that of MRP than of
P-glycoprotein.

To investigate the level of MRP mRNA expression, total
RNA was prepared from part of the Th1 and Th2 cell clones in
aresting state and Northern blotting was used to analyze levels
of MRP mRNA. Fig. 2 B demonstrates that MRP mRNA
could be detected and that its level correlated with the capacity
of cells to extrude Fluo-3. Strong expression was noted in L1/1
Th2 cells with somewhat lower expression in D10G4.1 Th2
cells. Consistent with this result, L1/1 Th2 cells always ex-
truded Fluo-3 slightly faster than D10G4.1 Th2 cells. In con-
trast, expression of MRP mRNA was very low in B10BI and

hardly detectable in LNC-2 Th1 cells (Fig. 2 B) as well as in
F3.1 Th1 cells (not shown). Thus, the data obtained by North-
ern blot analysis are consistent with the possibility that the
Fluo-3-extruding pump is MRP.

Fluo-3 extrusion by activated Thl and Th2 cell clones.
The difference in Fluo-3 extrusion by Th1 and Th2 cell clones
was clearly a characteristic of resting cells, because 48 h after
antigenic restimulation Thl cell clones gained the capacity to
extrude Fluo-3 at a rate similar to that of Th2 cell clones (Fig.
3). Antigenic restimulation did not change the capacity of Th2
cell clones to extrude the dye (not shown). During a culture
period of 3 wk in medium containing IL-2, but not antigen,
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Figure 2. The Fluo-3-extruding pump may be identical to MRP. (A)
L1/1 T cells were labeled with Fluo-3 and allowed to extrude the dye
for 60 min, as described for Fig. 1. Incubation for dye extrusion oc-
curred in the presence or absence of inhibitors used at the concentra-
tions indicated. Since the data were accumulated from different ex-
periments, each panel also includes the profile of L1/1 cells that
extruded Fluo-3 in the absence of inhibitor in the respective experi-
ment. (B) Northern blot analysis of RNA obtained from resting T cells
of the clones L1/1, D10G4.1, LNC-2, and B10BI, probed with a
cDNA fragment of murine MRP or with a cDNA for B-actin for com-
parison.
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Th1, but not Th2 cell clones again lost the capacity to extrude
Fluo-3 (not shown). Culture of Th1 cells in the presence of IL-4
did not alter their potential to extrude Fluo-3. These latter two
observations clearly show that the difference in the capacity to
extrude Fluo-3 was not caused by different in vitro culture con-
ditions of the respective T cell clones.

Like dye extrusion by resting T cell clones, upregulation of
the dye-extruding pump by activated Th1 cells correlated with
MRP expression. This was confirmed in experiments where
the expression of MRP was tested at the protein level by West-
ern blotting (Fig. 4). Again, relatively high levels of MRP were
detected in resting Th2, with severalfold lower levels in resting
Th1 cells. However, after antigenic restimulation, Thl cells
clearly increased expression of MRP. In contrast, no expres-
sion of P-glycoprotein was detected in Thl or Th2 cells (Fig.
4), although P-glycoprotein in 8226/Dox40 cells used as a posi-
tive control for P-glycoprotein expression was easily demon-
strated.
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Figure 4. Analysis of MRP protein. Membrane preparations of rest-
ing or antigen-activated LNC-2 Th1 cells, resting L1/1 Th2 cells, or
control 8226/Dox40 cells were prepared, as described in Methods.
The samples containing the indicated amounts of protein were run on
a SDS polyacrylamide gel, blotted onto a nitrocellulose membrane,
and probed for MRP with mAb MRPr1 or for P-glycoprotein with
mAb C219.
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Figure 5. Comparison of the activation status of resting Th1 and Th2
cell clones. Th1 (left) or Th2 cell clones (right), either resting (A-D)

or activated for 48 h by antigen (E-H) were labeled with Fluo-3 and

analyzed for Fluo-3 extrusion, as described for Fig. 1. In parallel, cells
were also stained for expression of CD25. Where indicated, staining

was performed using an isotype-matched control antibody instead of
anti-CD25.

The difference in Fluo-3 extrusion of “resting” Thl and
Th2 cell clones could have been caused by a different residual
activation status of these cells. To exclude this possibility, the
capacity of Th1 and Th2 cells to extrude Fluo-3 was correlated
with their expression of the T cell activation marker CD25. As
shown in Fig. 5, CD25 expression was comparably upregulated
in Thl and Th2 cell clones 48 h after antigenic restimulation
relative to the similar low level of expression in resting Thl
and Th2 cells. Therefore, the activation status of the Thl and
Th2 cells was comparable. Despite this, resting but not anti-
gen-activated Th1l and Th2 cell clones again clearly differed
with respect to their capacity to extrude Fluo-3.

Identification of Fluo-3—extruding Thl and Th2 cells in
vivo. The finding that activated Th1l and both resting as well
as activated Th2 cell clones expressed the Fluo-3—extruding
pump suggested that extrusion of the dye might provide a
means to sort Th1 or Th2 cells ex vivo. To pursue this idea, we
infected mice subcutaneously with L. major promastigotes.
This infection creates a self-healing sore and expansion of par-
asite-specific Thl cells in the lesion-draining LN of resistant
C57BL/6 mice (for review see reference 8). In contrast, infec-
tion of susceptible BALB/c mice results in expansion of Th2
cells and systemic spread of the parasites (8). In both mouse
strains, the infection leads to a > 30-fold increase in cell num-
ber in the lesion-draining LN. Nevertheless, the frequency of
parasite-specific Th cells is very low. The antigen specificity of
the vast majority of Th cells in these enlarged LN is unknown.
During the initial 4 wk of infection, the load of parasites (and
their antigens) is high in both mouse strains and the parasite-
specific Thl and Th2 cells can be considered to be activated
rather than resting.
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Figure 6. Fluo-3 extrusion by CD4+ lymphocyte subsets in the drain-
ing LN of L. major-infected mice. BALB/c mice or C57BL/6 mice
were infected with 2 X 107 L. major promastigotes in the hind foot-
pads. 3 wk later, the CD4+ T cells of the draining popliteal LNs were
selected by MACS®. Thereafter, the cells were loaded with Fluo-3
and processed for dye extrusion, as described for Fig. 1. Finally, cells
were stained with anti-CD4-PE and cell fluorescence was analyzed
(A and B, BALB/c; C and D, C57BL/6). Where indicated, cells were
incubated with CsA (25 pM) to block dye extrusion.

3 wk after infection, the lesion-draining popliteal LNs from
susceptible and resistant mice were removed. Single cell sus-
pensions of the LN were enriched for CD4+ T cells by
MACS®, labeled with Fluo-3, and incubated for 1 h at 37°C to
allow for dye extrusion to occur. Thereafter, the cells were
counterstained with PE-conjugated anti-CD4 antibodies and
analyzed by FACS® (Fig. 6). Within LN cells of both types of
mice, two populations of CD4+ T cells could be resolved on
the basis of their ability to extrude Fluo-3. In five separate ex-
periments, the frequency of dye-extruding cells in both types
of mice ranged from 2 to 10% of total CD4+ T cells and
mostly was between 2 and 4% (Fig. 6, right panels, upper left
quadrants). Dye extrusion from the competent population was
prevented by CsA (Fig. 6, left panels). In kinetic experiments,
it was similarly shown that Fluo-3-extruding cells are induced
over time during an infection with L. major. The relative num-
bers of dye-extruding BALB/c cells (percentage of total
CD4+ T cells) in one representative experiment were as fol-
lows: day 0, 0.2%; day 7, 1.6%; day 14, 4.9%; and day 21, 8.9%.

The dye-extruding (Fluo-3 dull) and dye nonextruding
(Fluo-3 bright) CD4+ T cells of L. major-infected C57BL/6
and BALB/c mice were sorted and, in comparison to mock-
sorted cells, were restimulated in vitro with syngeneic spleen
cells and L. major antigens. 48-h culture SNs were tested for
IL-4 and IFN-y (Fig. 7 A). Sorting of dye-extruding cells
strongly selected for lymphokine secretion in response to L.

major antigens. Importantly, enhanced cytokine secretion
by Fluo-3 dull cells was also observed compared with cells that
had not been stained with Fluo-3 (MACS®-only) ruling out the
possibility that enhanced cytokine production in Fluo-3 dull
over Fluo-3 bright cells was solely due to a toxic interference
of Fluo-3 with cell metabolism. In addition, Fluo-3 bright cells
produced IL-2 in the same order of magnitude (251 pg/ml) as
Fluo-3 dull cells after stimulation with phorbol esters and iono-
mycin (520 pg/ml). The relative amounts of IL-4 and IFN-y
demonstrated that L. major-specific dye-extruding C57BL/6
CD4+ T cells were of Thl phenotype (high IFN-y, low IL-4),
while the respective BALB/c cells were of Th2 phenotype (low
IFN-y, high IL-4). Therefore, it is concluded that in vivo acti-
vated Thl and Th2 cells have the capacity to extrude Fluo-3,
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Figure 7. Lymphokine production by CD4+ lymphocyte subsets in
the draining LNs of L. major-infected mice. (A4) Cell subsets located
in the upper left quadrants of the right two panels in Fig. 6 (Fluo-3
dull) and obtained from pooled LN of five mice were sorted and re-
stimulated (7 X 10%well) with syngeneic spleen cells (3 X 10°/well) in
the presence or absence of LmAg (3 X 10°/well), as indicated. For
comparison, Fluo-3 bright, Fluo-3-stained mock-sorted cells, and
MACS®-sorted cells without Fluo-3 staining (MACS®-only) were
also tested. 48 h later, SNs were harvested and tested for the presence
of IFN-y or IL-4 by ELISA. (B) MACS®-only cells and Fluo-3 dull
cells were tested in limiting dilution analyses for the frequency of
CD4+ T cells reactive to L. major antigens, as described in Methods.
The fraction of negative wells per cell number tested is compared
with the number of cells in these wells; in addition, the frequency of
reactive cells calculated according to Poisson statistics (24) is also
given.
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confirming the results obtained for in vitro cultured Thl and
Th2 cell clones.

To investigate whether enhanced cytokine production in
bulk sorted cells correlated with an increase in the frequency
of L. major-specific T cells, limiting dilution analyses were
performed that compared these frequencies within the Fluo-3
dull and the MACS®-only cell populations. The MACS®-only
cells were chosen for comparison because they already had a
purity of CD4+ cells of > 95% and because these cells lacked
possible effects of Fluo-3 on the function of the cells. The cells
were diluted immediately after sorting to avoid interactions of
the cells before this step. After two cycles of restimulation with
antigen-presenting cells and L. major antigens plus cytokines,
the frequency of cells producing IFN-y (C57BL/6 LN cells) or
IL-4 (BALB/c LN cells) in response to L. major antigens was
determined. For each mouse strain, two independent experi-
ments with similar outcome were performed. Data for one
such experiment are shown in Fig. 7 B. In both mouse strains,
the frequency of L. major-reactive CD4+ T cells was in-
creased about ninefold in the Fluo-3 dull compared with the
mock-sorted cells. This clearly indicates that sorting according
to Fluo-3 efflux enriched the frequency of L. major-reactive
CD4+ T cells. The very low frequency of parasite-specific
CD4+ Th cells in both strains of mice also suggests that the
Fluo-3—extruding cells are composed not only of parasite-spe-
cific Th cells, but rather encompass other activated Th cells of
unknown antigenic specificity as well.

Fluo-3 extrusion defines a novel unique subpopulation of
CD4+ cells. To exclude the possibility that sorting according
to Fluo-3 extrusion might simply imitate sorting according to
expression of other previously known activation markers, we
analyzed simultaneously the capacity of CD4+ LN cells from
L. major-infected BALB/c mice to extrude Fluo-3 and to ex-
press a panel of activation markers, namely of CD25high (hi),
CD44(hi), CD45RBlow (lo), CD62L(lo), and CD69(hi) (25—
29). The results (gated on cells staining positive for CD4 in the
third color) are depicted in Fig. 8 and show the staining inten-
sity for the respective activation marker (y axis) plotted
against the Fluo-3 staining intensity (x axis). In each panel, the
area containing activated cells, as defined by expression of the
respective activation marker, is indicated. It becomes obvious
that for all of these markers, activated cells could be further
subdivided in Fluo-3-extruding and nonextruding subsets.
In addition, in each analysis, Fluo-3—extruding cells were iden-
tified which stained negative for the respective activation
marker and would not have been identified as activated cells
by analysis of the respective activation marker alone. There-
fore, sorting according to the functional parameter Fluo-3 ex-
trusion defined a unique new subpopulation within CD4+
cells.

Discussion

Herein we describe a transmembrane transporter which differ-
entiates between resting Th1 and Th2 cell clones. Extrusion of
the dye Fluo-3 by this transporter was demonstrated in four
out of four resting Th2 cell clones, but was absent or only
barely present in four out of four resting Th1 cell clones. The
inhibition profile of Fluo-3 efflux suggested that the trans-
porter has characteristics similar to those of MRP protein.
Northern and Western blotting studies confirmed that the ex-
pression of MRP mRNA and MRP protein in the resting T cell
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Figure 8. Flow cytometric analysis by three-color staining to test for a
correlation of the presence of the Fluo-3—-extruding pump with the
expression of the indicated activation markers in CD4+ cells. Anti-
CD#4 and Fluo-3 staining, as well as indirect visualization of the re-
spective activation markers by streptavidin tricolor were performed,
as described in Methods. All cells depicted are gated for CD4+ cells.
In each panel, the area containing activated cells according to expres-
sion of the respective activation marker is indicated.

clones correlated with the capacity to extrude Fluo-3. Why the
pump is expressed in resting Th2, but not Th1 cells, and what
its physiological substrate might be is presently unknown. Cur-
rently, we are testing the hypothesis that LTC, which has the
capacity to block Fluo-3 extrusion (Fig. 2 A) and is a known
MRP substrate (36) might be transported by resting Th2, but
not Th1 cells.

After antigenic activation, the pump was induced in Thl
cell clones and reached a similar level of expression as in Th2
cell clones. This suggested that Fluo-3 extrusion might enable
the identification of activated Th1 cells and of Th2 cells (rest-
ing or activated) ex vivo. Murine cutaneous leishmaniasis (8),
caused by the protozoan parasite L. major and leading to acti-
vation of L. major-specific T cells of either Thl (C57BL/6
mice) or Th2 phenotype (BALB/c mice), was used as an exper-
imental model to address this question. During infection, a
Fluo-3—extruding pump was identified within ~ 2-4% of
CD4+ T cells present in the lesion-draining LN of both
C57BL/6, as well as BALB/c mice. Moreover, sorting of these



Fluo-3—extruding CD4+ cells proved to be a potent method to
select for parasite-specific Th1 or Th2 cells, respectively (Fig. 7).

To our knowledge, this is the second publication that re-
ports sorting of antigen-triggered Thl or Th2 cells ex vivo ac-
cording to a functional parameter, i.e., organic anion transport.
The other method was described only recently and involves
the technically complex staining of lymphokines at the surface
of lymphokine-secreting cells (37). It is quite possible that ex-
pression of the MRP-like molecule facilitates extrusion of prod-
ucts which are produced particularly by activated cells, such as
mediators for other cells or end products of cell metabolism.
Sorting according to this functional parameter may provide a
more direct enrichment of recently activated antigen-triggered
Th1 and Th2 cells than sorting on the basis of activation mark-
ers, many of which (like CD45RO or CD44) persist even when
the cells have already been deactivated. While several other
reports have described subsets of T cells on the basis of P-gly-
coprotein rather than MRP expression (38-40), none have in-
vestigated Th1 or Th2 cells or T cells that had been activated
by antigen in vivo.

Sorting according to Fluo-3 extrusion in combination with
expression of activation markers may be even more effective
because in triple-color staining experiments the Fluo-3-extrud-
ing CD4+ T cell subset within LN of L. major-infected mice
did not coincide with subsets defined by expression of CD25,
CD44, CD45RB, CD62L, and CD69 (25-29). In addition, the
combined expression of activation markers as well as the
MRP-like pump may allow the identification of diverse func-
tionally important subpopulations of CD4+ T cells. Therefore,
the analysis of Fluo-3 extrusion may be helpful to identify anti-
gen-triggered T cells in situations of infectious diseases or in
autoimmune diseases where the causing antigen is unknown
and lymphoid hyperplasia hides the relevant T cell population.

The finding that resting Th1l and Th2 cells differ with re-
gard to expression of the MRP-like molecule, offers the in-
triguing possibility of a selective manipulation of the function
of these cells in vivo. In humans, this could permit treatment of
allergic disorders in periods when the harmful antigen is lack-
ing and Th1 as well as Th2 cells have been restored to a resting
state. Also, it may be possible that in vivo application of cyto-
toxic drugs, e.g., during cancer treatment, leads to a shift of the
memory cell population toward Th2 due to the selective con-
tinuous presence of the transporter molecule in these cells.
However, experimental study of a selective manipulation of ei-
ther Thl or Th2 cells in a situation where they coexist clearly
awaits establishment of an appropriate animal model. In the
animal models that have been used so far for study of Th1 and
Th2 cells in vivo, a polarization to either Thl or Th2 cells, but
not both, is induced in one animal. Also, in most animal mod-
els the differentiation of precursor Th cells to Th1 or Th2 is in-
vestigated, but not in a situation where these cells are already
present at the onset of the study. Studies are ongoing in our
laboratory to establish such a model based on murine cutane-
ous leishmaniasis.
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