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ABSTRACT The effects of the glycoinositolphos-
pholipids (GIPLs) fromTrypanosoma cruzi on T lym-
phocyte activation were investigated in a mouse T
cell hybridoma (DO-11.10). Purified GIPLs from 7.
cruzi strains Y and G markedly increased IL-2 mRNA
transcripts and IL-2 secretion induced by mitogenic
anti-CD3 and anti-Thyl mAbs. This costimulatory
function was also revealed by the induction of IL-2
secretion after the simultaneous addition of the T.
cruzi GIPLs and either the calcium ionophore
A23187 or phorbol ester. The capacity of the GIPL
molecule to induce an increase in cytoplasmic cal-
cium levels was also demonstrated. After exposure
of T cell hybridoma to GIPL, the nuclear transcrip-
tion factor NFAT1 became partially dephosphory-
lated, and its nuclear localization was demonstrated
both in the T cell hybridoma and in Balb/c CD3™
cells. These results demonstrate that 7. cruzi GIPL
molecules are capable of signaling to T cells and
therefore could be valuable tools for the study of T
cell activation, besides playing a potential role in
subverting the T lymphocyte immune response dur-
ing T. cruzi infection.—Bellio, M., Oliveira,
A.-C. S. C., Mermelstein, C. S., Capella, M. A. M.,
Viola, J. P. B., Levraud, ]J.-P., Dosreis, G. A., Pre-
viato, J. O., Mendonca-Previato, L. Costimulatory
action of glycoinositolphospholipids from Trypano-
soma cruzi: increased interleukin 2 secretion and
induction of nuclear translocation of the nuclear
factor of activated T cells 1. FASEB J. 13, 1627-1636
(1999)
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THE PROTOZOAN PARASITE Trypanosoma cruzi is the
causative agent of Chagas’ disease, which is endemic
in Latin America. The surface of trypanosomatid
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parasites contains large amounts of glycoinositol-
phospholipids (GIPLs),” which occur either as glyco-
sylphosphatidylinositol (GPI) anchors for glycopro-
teins and polysaccharides or as free GIPLs, which
contain the same core structure of GPI (1). The
oligosaccharide sequences and lipid structure of the
major GIPLs from both the Y and G strains of 1. cruzi
were recently resolved by nuclear magnetic reso-
nance (NMR) spectroscopy and fast atom bombard-
ment mass spectrometry techniques (2—4).

These GPI family molecules from pathogenic pro-
tozoan parasites could play important roles in the
establishment of chronic parasitic infections. GPI
molecules from the malaria parasite activate signal
transduction pathways in the host immune system,
resulting in secretion of the proinflammatory cyto-
kine tumor necrosis factor o (TNF-a) (5). Lipophos-
phoglycan from Leishmania, on the other hand, is a
protein kinase C (PKC) -inhibitory molecule that is
able to deactivate human monocytes and block their
ability to undergo a respiratory burst (6, 7). In the
presence of the host cytokine interferon y (IFN-y),
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however, lipophosphoglycan exacerbates host mac-
rophage nitric oxide secretion (8), suggesting an
opposing effect at later stages of infection. GIPLs
from 7. cruzi down-regulate host T cell activation
through their ceramide domain (9), while augment-
ing B cell activation and immunoglobulin (Ig) secre-
tion through their glycan chain (10). Moreover,
GPI-anchored mucin-like glycoproteins isolated
from 7. cruzi induce interleukin 12 (IL-12) and
TNF-a synthesis by macrophages (11, 12). The GPI
moiety of the mucin-like glycoproteins is both suffi-
cient and necessary to trigger proinflamatory cyto-
kine production (12). Therefore, both agonist and
antagonist signal-transducing actions on the host
immune system can be mediated by parasite-derived
GPI molecules. Although GIPLs are the most abun-
dant glycoconjugates expressed on the surface of 7.
cruzi, the nature of the molecular events triggered by
this class of parasite molecules in the cells of the host
immune system remains largely unclear.

In the present study we investigate the molecular
effects of 7. cruzi GIPLs on signal transduction by a
hybridoma T cell line. We demonstrate that Y and G
strain GIPL potentiate both CD3 and Thyl-mediated
IL-2 secretion, as well as I1-2 mRNA accumulation.
T. cruzi GIPL induces a rise in free [Ca®*],in T cells,
an effect that was mapped to the GIPL ceramide
moiety. Moreover, 1. cruzi GIPL, by itself, induces
the dephosphorylation of the nuclear factor of acti-
vated T cells 1 (NFATI) and its translocation to the
nucleus, both in the T cell hybridoma and in freshly
isolated mouse spleen T cells, through a cyclosporin
A (CsA) -sensitive mechanism. These results demon-
strate that 7. cruzi-derived GIPLs interfere with signal
transduction in host T cells, a finding that could
have implications for the immunological alterations
induced by 7. cruzi infection.

MATERIALS AND METHODS

Isolation and purification of trypanosomatid GIPLs and
their sugar and lipid components

The procedure was the same as described previously (2).
Briefly, epimastigotes of 7. cruzi (G and Y strains) and
Phytomonas serpens were grown in BHI-hemin medium sup-
plemented with 5% fetal calf serum (FCS). At early station-
ary growing phase (5 d at 26°C, with shaking), cells were
harvested, washed three times with 0.9% NaCl, and stored
frozen. Cells were thawed and extracted three times with
cold water, centrifuged (7000 X g 10 min), and the
remaining cell pellet was extracted with 45% aqueous
phenol at 75°C, 15 min. The aqueous layer from phenol
extraction was dialyzed, freeze-dried, dissolved in water,
and applied to a column of Bio-Gel P-100. The excluded
material was lyophilized and the GIPLs were extracted by
chloroform/methanol/water (10:10:3). The purified GIPL
could be dissolved in water and sterile-filtered for use in
tissue culture. The GIPL appeared on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as a
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fast-moving, single molecular species. Virtual absence of
contaminating peptidic material was confirmed by absence
of peptide-derived signals in NMR analysis of the purified
material (4). For isolation of phosphoinositol oligosaccha-
rides and the lipid moiety, the intact GIPL was subjected to
alkaline hydrolysis (1M KOH, for 48 h at 37°C) (13). After
neutralization with acetic acid, nonpolar material from G
strain GIPL, comprising a ceramide, was obtained by
chloroform extraction, purified by silica chromatography,
and evaporated to dryness. The ceramide was dissolved in
phosphate-buffered saline (PBS) containing 10% ethanol,
by heating at 60-90°C, to a stock concentration of 500 pg/ml.
The ceramide domain was characterized as N-lignoceroyl-
sphinganine by gas chromatography/mass spectrometry

(2, 4).
Cells and reagents

DO-11.10 cells (14) were grown in complete 10% FCS RPMI
1640 (Gibco, Grand Island, N.Y.). Splenic T cells were iso-
lated from normal male 4 wk old Balb/c mice by nylon wool
filtration; CsA was from Sandoz Inc. (East Hanover, N.J.).

Activation and IL-2 assays

DO-11.10 cells were washed in serum-free medium and
resuspended in 1% v/v Nutridoma-SR (Boehringer Mann-
heim, Mannheim, Germany) RPMI 1640. 10° cells/well were
added to 96-well plates (Falcon, Oxnard, Calif.) with or
without immobilized 145-2C11 (anti-CD3) or soluble G7
(anti-Thyl) monoclonal antibodies (mAbs) at the indicated
concentrations. Alternatively, DO-11.10 cells were stimulated
with phorbol 12-myristate 13-acetate (PMA) (Sigma, St. Louis,
Mo.) and/or the calcium ionophore A23187 (Sigma) at the
indicated doses. Supernatants were collected 20 to 24 h later.
For IL-2 assay, 10* CTLL-2 cells per well were cultured in 100
pl of medium containing 20% of conditioned supernatants or
different doses of rIL-2 in 96-well microculture plates (Costar,
Cambridge, Mass.). Proliferation was assessed by *H-thymi-
dine (Amersham, Amersham, U.K.) incorporation (0.5 wCi/
well) and, for some experiments, IL-2 units were estimated as
described previously (15). Results are shown as mean of
triplicate cultures. The standard errors were within 10% of
the mean.

PCR conditions and quantification of HPRT and IL-2
transcripts

All polymerase chain reactions (PCR) were performed in a
Geneamp 9600 thermocycler (Perkin-Elmer, Norwalk,
Conn.). PCR was performed in 20 ul volumes. The reaction
mixture for PCR contained 0.2 mM each dNTP, 0.5 uM each
primer, 2.5 mM MgCl,, variable amounts of cDNA, 25 U/ml
of Goldstar Taqg DNA polymerase (Eurogentec, Seraing, Bel-
gium), and the provided buffer. Reaction cycles consisted in
25 s at 94°C, 25 s at 60°C, and 30 s at 72°C. Cycles were
preceded by 3 min of denaturation at 94°C, followed by 5 min
of elongation at 72°C. Primer pairs for amplification of
endogenous IL-2 and HPRT are described in ref 16 (the 5’
and run-off primers were used). Relative levels of HPRT and
IL-2 transcripts were measured in the different cDNAs by PCR
stopped in the exponential phase (17, 18). One of the two
primers used being labeled with a FAM fluorophore, the
amount of amplified product could be quantified after load-
ing of 2 pl of PCR product diluted fourfold with formamide
in a 373A automated DNA sequencer (Applied Biosystems).
The products were loaded along size standards and the data
were analyzed with Immunoscope software (19). The number
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TABLE 1. Increase in T cell IL-2 secretion induced by T. cruzi GIPL®

Experiment Treatment Dose GIPL’ IL-2 (units/ml)
1 None — + N.D.”
Anti-CD3 3.75 pg/ml - 31.0
+ 177.0
Anti-CD3 15.0 pg/ml - 126.0
+ >228.0
2 None — + N.D.
Anti-Thyl 2.5% - 2.4
+ 21.3
Anti-Thyl 10% - 22.2
+ 50.4
3 Anti-Thyl 10% - 13.3
+GIPL ceramide” 35.4
+GIPL glycan’ 15.5

“DO-11.10 cells were stimulated by either anti-CD3 mAb (2C11) immobilized on tissue culture

microplates or soluble anti-Thyl mAb (G7).
tectable.
25 uM.

of cycles that provided sufficient signal without leaving the
exponential phase was first assessed in a preliminary kinetic
experiment. Typically, 22 cycles were required for HPRT, 30
for IL-2. For each sample, four tubes were amplified in each
reaction, containing decreasing volumes of cDNA as initial
template. That the final signal decreased proportionally to
the initial amount of template was used as a control that the
amplification was stopped in the exponential phase.

Immunofluorescence microscopy

Cells were placed on poly-D-lysine (Sigma) coated glass
slides for 30 min, stimulated or not by the indicated
treatments, and fixed with 4% formaldehyde in PBS for 15
min at room temperature. They were then permeabilized
and blocked by washing four times with 0.5% Triton-X 100
(Sigma), 5% FCS, 0.01% Na azide in PBS for 5 min. This
PBS/FCS/Triton/Na azide solution was also used for all
subsequent washing steps. Primary antibodies anti-CD3
(145-2C11, FITC-labeled, PharMingen, San Diego, Calif.)
and anti-NFAT1 (20) (anti-67.1 antibody, a rabbit poly-
clonal antibody to the 67.1 peptide in the amino-terminal
region of NFATI, a kind gift of Dr. A. Rao, Harvard
Medical School, Boston), used at appropriate dilution,
were incubated for 1 h at 37°C and washed three times for
10 min each. Secondary goat anti-rabbit antibody (Sigma)
was tagged with rhodamine, incubated at 1:400 dilution for
1 h at 37°C, and washed three times for 10 min each. The
nuclear dye DAPI (4, 6-diamidino-2-phenylindole dihydro-
chloride; Polysciences, Warrington, Pa.) was used at 0.2
mg/ml in 0.9% NaCl for 5 min at room temperature.
Specimens were mounted in glycerol containing, by weight,
5% n-propyl gallate (Sigma), 0.25% DABCO (1, 4-diazabi-
cyclo (2, 2, 2) octane, Sigma), and 0.0025% para-phe-
nylenediamine (Sigma). Cells were examined with an
Axiovert 100 epifluorescence microscope (Carl Zeiss), us-
ing filter sets that were selective for rhodamine, fluores-
cein, or the blue wavelength channel. Differential interfer-
ence contrast microscopy (DIC) was performed on the
same microscope. Images were acquired with a C2400i
integrated CCD camera (Hamamatsu Photonics) using
Argus 20 image processor (Hamamatsu Photonics). Digi-
tized images were transferred to a Dell OptiPlex GL 575

TRYPANOSOMA CRUZI GIPLs AS T CELL COSTIMULATORS

“Final dilution (v/v) of G7 culture supernatant.
/GIPL glycan portion added at 25 pM.

®G strain, added at 25 M. “Not de-
“GIPL ceramide portion, added at

computer (Dell Computer Corporation) and further im-
proved with Adobe Photoshop (Adobe Systems) in a
Quadra 840AV Macintosh computer (Apple). Photographs
of processed images were made directly from the monitor
screen, using 125 ASA Plus-X pan film (Eastman Kodak).
Control experiments with no primary antibodies showed
only a faint background staining (not shown).

SDS whole cells lysates and Western blotting

After the various treatments, the cells (1.5 X 10%/lane) were
resuspended in 20 pl of buffer (40 mM Tris, pH 8, 60 mM
pyrophosphate, and 10 mM EDTA) and lysed by addition of
equal volume of 10% SDS, followed by boiling for 20 min in
reducing sample buffer. The lysates were analyzed by 7%
SDS-PAGE, followed by Western blotting with anti-NFAT1
(20) (anti-67.1 antibody) and secondary anti-rabbit IgG
horseradish peroxide-labeled antibody (Santa Cruz Biotech-
nology, Santa Cruz, Calif.). The bands were visualized using
enhanced chemiluminescence (Amersham). Films were
scanned in a Umax UC1260 scanner and optical density
measurements made by the NIH Image software.

Measurement of cytosolic calcium

Cells were loaded with 6 uM Fura 2-AM (Molecular Probes,
Eugene, Oreg.) for 30 min at 37°C and washed three times
with PBS for complete removal of the dye. After washing, cells
were incubated in PBS (1 mM Ca®", 1 mM Mg*") for 5 min
in a petri dish mounted with a glass coverslip. Calcium
measurements were performed in an inverted microscope
equipped with a digital ratio imaging system (Attofluor,
Zeiss), with excitation at 334 nm and 380 nm and emission
measured with a 520 nm long pass filter.

RESULTS

Costimulatory effect of T. cruzi GIPL on
IL-2 production

GIPLs purified from 7. cruzi strains Y or G were
added to cultures of the T hybridoma cell line
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Figure 1. Semiquantitative analysis of IL-2 mRNA by RT-PCR.
DO-11.10 cells (5 X 10° cells/ml) were stimulated in RPMI
1% Nutridoma, with 2.0% final dilution (v/v) of G7 (anti-
Thyl) culture supernatant in the presence or absence of 25
pM of GIPL, as indicated. RNA was extracted 8 h later and
RT-PCR was performed as described in Materials and Meth-
ods.

DO-11.10 stimulated or not with mitogenic anti-
bodies (anti-CD3 or anti-Thyl). The IL-2 produc-
tion assays in two representative experiments with
G strain GIPL are shown in Table 1. The amount
of secreted IL-2 is increased by more than fivefold
or higher when suboptimal mAbs doses are used
and the costimulatory effect of GIPL can be ob-
served even with saturating doses of anti-CD3 or
anti-Thyl mAbs. The purified GIPL ceramide and
glycan domains were added separately at equimo-
lar concentrations to anti-Thyl-treated cultures
(Table 1, exp. 3), mapping the biological activity
of T. cruzi GIPL to its ceramide domain. Similar
results were obtained with Y strain GIPL, which has
the same lipid but different glycan moieties (2); no
effect was observed using GIPLs obtained from a
plant trypanosomatid (Phytomonas serpens), which
differ both in lipid and glycan structures (21) and
were purified by the same protocol as 7. cruzi
GIPLs (data not shown). Addition of GIPL in the
absence of mitogenic mAbs induces little or no
IL-2 secretion. The higher IL-2 secretion induced
by GIPL in anti-Thyl-treated cultures was due to
an increase in IL-2 mRNA content, since semi-
quantitative RT (reverse transcriptase)-PCR analy-
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sis showed that the addition of 7. c¢ruzi GIPL
caused a rise in IL-2 mRNA levels (Fig. 1).

The costimulatory function of GIPL is not
substituted for by PMA

Ceramides can activate the proto-oncogene Vav,
which plays a critical role in T cell receptor (TCR)
-mediated cell activation and has a lipid binding
domain that recognizes phorbol ester and 1,2 diac-
ylglycerol (DAG) (22). Although a number of en-
zymes bind either ceramide or DAG, opposing and
antagonizing effects of these second messengers
have also been described (23, 24). Therefore, the
effects of the addition of phorbol ester (a PKC
activator) on the costimulatory function of 7. cruzi
GIPL were evaluated in our system. Figure 2 shows
the dose-effect curve of the addition of 7. cruzi GIPL
to DO-11.10 cells stimulated by anti-Thyl (G7) mAb
in the presence or absence of PMA. GIPL addition
led to a significant increase in IL-2 production
regardless of the presence of PMA. However, PMA
treatment markedly increased the potency of GIPL
effects, resulting in an ED;, of 1.1 uM GIPL com-
pared to 10.8 uM GIPL in the absence of PMA.
Similar results were seen at higher G7 mAb concen-
trations, although the synergism between PMA and
GIPL was less intense (not shown). This result sug-
gests that GIPL and PMA signaling to the T cell are
independent.
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Figure 2. Dose response of GIPL effect on IL-2 production.
DO-11.10 cells were stimulated with 2.0% final dilution (v/v)
of G7 (anti-Thyl) culture supernatant, in the presence of the
indicated doses of G strain GIPL. PMA was added (closed
symbols) or not (open symbols) at a final concentration of 10
ng/ml.
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TABLE 2. Synergism between T. cruzi G strain GIPL and PMA or calcium ionophore”

Experiment

Stimulus (dose)

IL-2 (units/ml)

N.D*
1 GIPL (50.0 pM)
PMA (20.0 ng/ml) N.D
GIPL (50.0 uM) + PMA (20.0 ng/ml) 11.7
) GIPL (5.0 pM) N.D
GIPL (50.0 pM) 1.0
PMA (10.0 ng/ml) 1.1
PMA (10.0 ng/ml) + GIPL (50.0 pM) 16.6
A23187 (0.5 pg/ml) 20.7
A23187 (0.5 ug/ml) + GIPL (5.0 uM) 962.0
3 GIPL (5.0 pM) N.D
A23187 (0.05 ug/ml) 0.5
A23187 (0.05 wg/ml) + GIPL (5.0 uM) 8.0

“DO-11.10 cells were cultured in RPMI 1640, 1% Nutridoma, with the indicated reagents for

20 h. Supernatants were collected and tested in CTLL-2 bioassays.

GIPL synergizes independently with either PMA or
calcium ionophore in IL-2 secretion

To test the hypothesis that GIPL would activate
more than one signaling pathway in T cells, we

studied its capacity to synergize with either PMA or
A23187 in the absence of other stimuli. While PMA

 Not detectable.

or GIPL added alone to the T hybridoma cultures
induced little or no detectable IL-2 secretion, in
their simultaneous presence significant levels of
IL-2 could be found in supernatants (Table 2). On
the other hand, the calcium ionophore A23187 at
certain doses can stimulate IL-2 secretion by DO-
11.10 cell; when added to cultures simultaneously
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Figure 3. GIPL increases the cytosolic calcium concentration. Fura-2-loaded DO-11.10 cells were resuspended in PBS (1 mM

Ca®*) and analyzed for Ca®*

increase in an inverted microscope equipped with a digital ratio imaging system. Cells were treated

with A) 50.0 uM of GIPL; B) 50.0 uM GIPL; derived ceramide; C) 50.0 uM of GIPL-derived glycan; D) 50.0 uM of GIPL. Arrows
indicate when material was added. Averaging is used in panels A—C; in panel D, single cell measurement was done. Results are
plotted as the ratio of the fluorescence emission of Fura-2/AM at 520 nm after alternating excitation at 334 nm/380 nm against

time (s).
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with GIPL, large amounts (more than a 10-fold
increase) of IL-2 could be observed. As expected,
PMA and calcium ionophore strongly synergized
on IL-2 production, bypassing TCR signaling. The
results suggest that GIPL can mimic either Ca®" or
PKC activation signals for T cell activation.

The cytosolic calcium concentration is increased
by GIPL

The synergism between GIPL and PMA in IL-2
production suggested that GIPL could be inducing
an increase of cytosolic calcium concentration.
Therefore, we measured free [Ca®"]; levels in T cells
treated with GIPL (Fig. 3). Addition of 50.0 uM of
GIPL to DO-11.10 cells induced a [Ca®"]; increased
response in seconds (Fig. 3A) and of a magnitude
similar to the one obtained by the addition of PHA
(10.0 pg/ml, data not shown). Purified ceramide
and glycan moieties of GIPL were also tested for this
biological effect. Figure 3B, Cshows respectively, the
effects on cytosolic calcium concentration induced
by the addition of the purified ceramide or glycan
portions of GIPL at stoichiometric doses of the intact
molecule used in Fig. 3A. Only the ceramide moiety
was able to induce elevation of [Ca®*], (Fig. 3B).
The recording of a single cell response (Fig. 3D)
demonstrates the characteristic oscillatory pattern of
cytosolic-free calcium concentration induced by
GIPL, a nearly universal mode of calcium signaling
that was recently described to increase the efficiency
and specificity of gene expression (25, 26).

The effect of GIPL on NFAT1 dephosphorylation

The effects of GIPL on the activation of the nuclear
transcription factor NFAT1 were investigated by
Western blot analysis of DO-11.10 cell extracts. It is
known that the activation of NFATT is reflected by its
dephosphorylation, which precedes nuclear translo-
cation and is revealed as a faster electrophoretic
mobility on SDS gels (27). Addition of G strain GIPL
alone induced partial dephosphorylation of NFAT1
as shown in Fig. 4. The kinetics of NFAT1 dephos-
phorylation shows that it is detectable after 5 min
and is maximal after 30 min of GIPL addition. We
also know that NFATI is phosphorylated at multiple
serine residues in resting cells and is progressively
dephosphorylated in response to increasing levels of
calcium concentration (27, 28). Figure 4B shows the
NFAT1 dephosphorylation induced by increasing
amounts of GIPL. Note the appearance of a partially
dephosphorylated form after treatment with GIPL,
migrating at 14 mm (Fig. 4C). The degree of NFAT1
dephosphorylation, however, is lower than that in-
duced by the calcium ionophore A23187. In the
experiment shown in Fig. 44, the amount of total
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Figure 4. The effect of GIPL on NFAT1 dephosphorylation.
Lysates were analyzed by 7% SDS-PAGE, followed by Western
blotting with anti-NFAT1 (anti-67.1 antibody) and secondary
anti-rabbit IgG-horseradish peroxide-labeled antibody. Bands
were visualized using enhanced chemiluminescence. A) Ki-
netics. DO-11.10 cells (1 X 10°) were stimulated for 5 min
with 0.5 pg/ml of A23187 or for the times indicated with 25.0
uM of GIPL. B) Dose-dependent response. DO-11.10 cells
(1 X 10° were stimulated for 15 min with 0.5 wg/ml of
A23187 or with the indicated doses of GIPL. Arrow points to
the intermediary dephosphorylated form of NFAT1. C) Den-
sitometry (in arbitrary units) of results shown in panel B
obtained using NIH Image software. LMW = low molecular
weight, HMW = high molecular weight.

protein dephosphorylated by 5 min of A23187 treat-
ment is 56%, whereas 41% of the NFAT1 is dephos-
phorylated by 30 min of treatment with GIPL. In the
presence of EGTA, NFAT1 dephosphorylation by
GIPL could not be detected (not shown), indicating
the calcium requirement for the activation of the
phosphatase involved in the reaction.

The T. cruzi GIPL can induce NFAT1 nuclear
translocation in Balb/c T lymphocytes

The subcellular localization of NFAT1 was assessed
first in DO-11.10 cells by fluorescence microscopy
with an NFATl-specific antibody. Figure 5 shows
NFATI in the cytoplasm of unstimulated DO-11.10
cells (Fig. 5A) and its nuclear translocation after the
cells have been treated for 30 min with 25.0 wM of

BELLIO ET AL.



o-NFAT1
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Figure 5. GIPL induces NFATI1 nuclear translocation in
DO-11.10 cells. Cells were either left untreated (A) or treated
with 50.0 uM of GIPL (B) or 50.0 uM of GIPL plus 1.0 uM of
CsA (C) for 30 min. The differential interference contrast
(DIC) microscopy and the fluorescence at the rhodamine
(NFAT-1) and blue (DAPI) wavelength channels are shown.
Bar = 5.0 pM.

GIPL (Fig. 5B). On the other hand, the majority of
NFAT1 protein remains in the cytoplasm of cells
treated with GIPL in the presence of CsA (Fig. 5C).
Moreover, the purified ceramide moiety of GIPL
(but not the molecule glycan domain) was able to
induce NFAT1 nuclear translocation (data not
shown). However, in contrast to the results obtained
with the calcium ionophore, where we could observe
NFAT1 translocation in every cell treated, the re-
sponse to GIPL (or GIPL-derived ceramide) was not
homogenous. Finally, the action of 7. ¢ruzi GIPLs on

DIC a-NFAT1 a-CD3
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NFATI nuclear translocation was also investigated in
freshly isolated T cells from Balb/c mice. Spleno-
cytes were enriched for T lymphocytes by nylon wool
filtration and left untreated (Fig. 6 A) or stimulated
with GIPL (Fig. 6B) or GIPL plus CsA (Fig. 6C).
Again, the GIPL treatment induced nuclear translo-
cation of NFAT1, which was CsA sensitive.

DISCUSSION

In the present study we described the costimulatory
function of GIPLs purified from strains Y and G of T.
cruzi, in T cell activation. The capacity of GIPL to
induce up to 10-fold increase in IL-2 production by
anti-CD3 or anti-Thyl mAbs (Table 1) was reflected
by the elevation of IL-2 mRNA levels (Fig. 1). This
effect can be due to either an increase in IL-2
transcription or a post-transcriptional action increas-
ing mRNA stability, as described previously for the
CD28-mediated costimulatory pathway (29). This
costimulatory action on IL-2 secretion by a T cell
hybridoma was mapped to the ceramide domain of
the GIPL molecule (Table 1), in accordance with a
previous work where 7. cruzi GIPL activity on murine
T cells was investigated (9). Boucher et al. (30) and
Chan and Ochi (31) have shown that the sphingo-
myelin-ceramide pathway was triggered after CD28-
mediated signaling in T lymphocytes. Moreover,
IL-18 binding to the 80 kDa IL-1 receptor also
triggers the sphingomyelin pathway (32), and the
costimulatory action of IL-1 on signaling for IL-2
production can be substituted by synthetic ceramide
on EL4 cells (33). Therefore, ceramides appear to be
involved in costimulatory effects on T cells, and the
parasite GIPL mimics these effects by virtue of its
ceramide domain.

DAPI

Figure 6. GIPL induces NFAT1 nuclear transloca-
tion in Balb/c T lymphocytes. Spleen CD3™" cells
were purified and either left untreated (A) or
treated with 50.0 uM of GIPL (B) or 50.0 uM of
GIPL plus 1.0 pM of CsA (C) for 30 min. The
differential interference contrast (DIC) micros-
copy and fluorescence at the rhodamine (NFAT-
1), fluorescein (anti-CD3), and blue (DAPI) wave-
length channels are shown. Bar = 5.0 pM.
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To further investigate the mode of GIPL action, we
studied its possible interactions with PMA and the
calcium ionophore A23187. The synergism between
GIPL and either PMA or A23187 on IL-2 secretion
(Table 2) indicates that GIPL may have multiple effects
on cell signaling. The GIPL-induced dephosphoryla-
tion of NFAT1 (Fig. 4) is of lower magnitude than the
one caused by A23187 treatment. This correlates with
the finding that NFAT1 does not translocate to the
nucleus in every GIPL-treated cell; the heterogeneity of
this response is under investigation. GIPL by itself is not
capable of inducing IL-2 secretion in the absence of
another stimulus (Tables 1 and 2), although it induces
NFAT1 dephosphorylation (Fig. 4) and NFATI nu-
clear translocation (Figs. 5 and 6). In fact, it has been
shown that substantial fraction of NFAT1 localizes to
the nucleus under conditions of only minor dephos-
phorylation (34). According to the model proposed by
Beals et al. (34), a minimal level of dephosphorylation
exposes the nuclear localization signal of the NFAT1
protein, bringing about a conformational change that
may be required for additional functions such as DNA
binding and transactivation. Moreover, the IL-2 pro-
moter is strongly synergistic and its activation reflects
the convergence of multiple signal transduction path-
ways (reviewed in ref 35). In addition to NFAT, at least
three other unrelated transcription factors are re-
quired for IL-2 gene expression: Oct, AP-1, and NF-«B.
The simplest interpretation for the results obtained
would be that the GIPL molecule is unable to induce
the activation (at the required levels) of at least one of
the transcription factors needed and that this factor
would be activated by either PMA or A23187. Alterna-
tively, the activation of the transcription factors itself
can be dependent on the synergistic action of different
second messengers. An example is the activation of
JNK, the kinase that mediates transactivation of c-Jun,
one of the AP-1 components. TCR/CD3 and CD28
costimulation synergistically activates JNK and can be
substituted by the combined treatment with PMA and
calcium ionophore for optimal JNK activation (36).
Therefore, the possibility that the GIPL molecules are
also inducing the activation of other nuclear factors,
perhaps in synergism with PMA or A23187, requires
further investigation. Of particular interest would be
the investigation of the effects of 7. cruzi GIPL on AP-1,
since sphingolipid-derived messengers were found to
engage the MAPK cascade (37). Preliminary results
indicate that NF-kB translocates to the nucleus in
DO-11.10 cells treated with GIPL alone (data not
shown). Accordingly, NF-kB activation by ceramides,
although controversial (38), has been described (39—
41), including in CD28 signaling (30, 31). On the other
hand, even though the CD28 pathway of NFAT1 acti-
vation is known to have a component that is CsA
insensitive (42), in our experiments CsA abrogated
NFATI translocation.
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Ceramide has recently emerged as a pleiotropic
biological activator, involved in cellular activities, as
divergent as cell proliferation and apoptosis. Several
potential targets for this second messenger action
have been designed (reviewed in refs 43, 44), and
probably a complex pattern of integrated signals may
arise in response to elevation of ceramide content in
cells. Therefore, the differential expression of these
targets in distinct cell types may explain the de-
scribed disparate outcomes of ceramide action. This
could account for the reduction in IL-2 secretion
observed in cultures of freshly isolated T cells treated
with 7. c¢ruzi GIPLs (10), in contrast to the results
with a T cell hybridoma reported herein. Neverthe-
less, we do observe NFATI nuclear translocation in
GIPL-treated splenic T lymphocytes (Fig. 6); other
groups have also shown an increase in IL-2 and 114
mRNA levels in splenic T cells and T clones treated
with Cg-ceramide or sphingosine, respectively (31,
45). An alternative explanation for the different
outcomes in IL-2 production described here and in
the previous study is that 7. cruzi GIPLs are activating
a suppressor T cell activity such as cytokines or a
regulatory cell subset. It was recently reported that
the addition of sphingosine to T cell cultures seems
to preferentially affect Th2 cells (45).

In the present study, the capacity of 7. cruzi GIPL
and GIPL-derived ceramide (whose major compo-
nent is a Mlignoceroyldihydrosphingosine) (2) to
increase cytosolic calcium in T cells is shown for the
first time (Fig. 3). This is in accordance with the
CsA-sensitive nuclear translocation of NFATI1 also
induced by 7. cruzi GIPL (Figs. 5 and 6). The
mechanisms regulating the calcium increase, how-
ever, need further investigation. Both sphingosine
and sphingosine 1-phosphate (SPP) affect intracel-
lular calcium in different cell types including Jurkat
leukemia T cells (46), although each of these com-
pounds seems to act through distinct mechanisms
(reviewed in ref 37). An additional complication
arises from the fact that sphingosine and SPP are
metabolically interconvertible; moreover, sphin-
gosine can be reacylated to ceramide (37). It is also
noteworthy that C6, but not C2-ceramide, enhances
cytoplasmic free Ca®" in platelets (47), suggesting
the dependence on N-acyl chain length of ceramide
for its action. The relevance of [Ca%]i elevation
and, more important, of its oscillatory pattern, in
NFAT transactivation has recently been described
(25, 26). Also, an increase in cytosolic calcium is
observed and appears to be required for nonphago-
cytic cell invasion by 7. cruzi (48).

It would be interesting to study whether the added
T. cruzi dihydroceramide can incorporate the 4,5-
trans-double bound by entering the sphingolipid
intermediary metabolism (49) and then be con-
verted to sphingosine and sphingosine 1-phosphate.
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Although in some systems synthetic dihidroceram-
ides have no effect (37), it was demonstrated that the
4,5 double bound is not critical for the sphingosine-
induced cell proliferation in 3T3 cells (50).

The costimulatory effects of 7. cruzi GIPLs de-
scribed here may play a role in the disturbances of
the immune system observed in Chagas’ disease.
Evidence suggests the occurrence of GIPLs in infec-
tive and amastigote forms of 7. cruzi (51, 52); in
addition, a carbohydrate-containing antigen was de-
tected in the sera of T. cruziinfected mice (53). A
fraction of this antigen contains fatty acids and
phosphorus, and may correspond to the glycophos-
pholipid molecule (54). The infection with 7. cruzi
causes a massive nonspecific polyclonal activation of
host B and T lymphocytes, generating a state of
general immunosuppression (55). However, little is
known about the molecules causing this extensive
activation. Moreover, it was recently shown that
activation-induced CD4" T cell apoptosis is a prom-
inent feature of experimental infection with 7. cruzi
(56). Although GIPL-derived ceramide cannot by
itself induce programmed cell death in T cells (9) or
in T hybridomas (data not shown), it triggers apo-
ptosis in IFN-y-treated macrophages (57) and in T
lymphocytes from 7. cruziinfected mice (D. O. Nas-
cimento and G. A. DosReis, unpublished observa-
tions). Therefore, these results justify a more de-
tailed investigation on the immunopathogenic
action of GIPLs in vivo, along with further studies of
its putative action on other signaling pathways in T
cells.
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