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Granuloma formation around schistosomal eggs is induced by soluble egg antigens (SEA) and mediated by
the activity of CD4* Th lymphocytes and their cytokines. Regulation of the inflammatory Th cell response
during infection is still insufficiently understood. The hypothesis of this study was that activation-induced cell
death (AICD) of CD4™ T cells is involved in the immune inflammatory response. This study investigated the
dynamics of splenic and granuloma CD4™" Th cell apoptosis and Fas ligand (FasL) expression during the acute
and chronic stages of murine schistosomal infection. Enhanced apoptosis of freshly isolated CD4* Th lym-
phocytes commenced after egg deposition and persisted during the peak and modulated phases of granuloma
formation. After oviposition, CD4*, CD8™*, and CD19" splenocytes and granuloma cells expressed elevated
levels of FasL but FasL expression declined during the downmodulated stage of infection. In culture, SEA
induced splenic and granuloma CD4* T-cell apoptosis and stimulated expression of FasL on splenic but not
granuloma CD4* T cells, CD8™ T cells, and CD19" B cells. SEA-stimulated splenocytes and granuloma cells
preferentially lysed a Fas-transfected target cell line. Depletion of B cells from SEA-stimulated splenic cultures
decreased CD4™ T cell apoptosis. Coculture of purified splenic B cells with CD4™ T cells and adoptive transfer
of purified B cells indicated that antigen-stimulated B cells can kill CD4* Th cells. However, CD4™ T cells were
the dominant mediators of apoptosis in the granuloma. This study indicates that AICD is involved in the

apoptosis of CD4™ T cells during schistosomal infection.

The host granulomatous inflammatory response to depos-
ited worm eggs leads to hepatic and intestinal fibrosis, the
major pathological consequences of infection with the parasitic
helminth Schistosoma mansoni (3). Previous studies in the mu-
rine model have demonstrated that granuloma formation was
induced by soluble egg antigens (SEA) released from schisto-
somal eggs (6) and granulomatous inflammation was depen-
dent on the activation of CD4" T helper lymphocytes (26).
SEA has been used extensively in vitro to stimulate prolifera-
tion and cytokine production by spleen and granuloma cells
from infected mice (6, 11, 24). Two important regulatory
events in the granuloma have been identified: (i) acute-stage
CD4™" Th1-Th2 switching (5, 24, 31) and (ii) chronic-stage
downmodulation of the inflammatory response (7, 11). The
early CD4" Th cell response before oviposition and during
initial granuloma formation is dominated by the release of
Thl-type cytokines (24, 31), whereas after egg deposition with
the full development of the granulomatous response, cytokine
production is switched to a Th2-type profile. This Th1-Th2
switch of cytokine release results in enhanced granulomatous
inflammation and increased fibrosis. Following the peak of
granuloma formation, a spontaneous downmodulation of the
inflammatory response occurs with diminished Th2-type cyto-
kine production, decreased granuloma formation, and cumu-
lative fibrosis (4). The factors involved in regulation of the
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CD4™" Th cell response at the acute and chronic stages of
infection are still being investigated.

Downregulation of peripheral T helper cell function is im-
portant in limiting tissue damage and other side effects caused
by sustained inflammation (22). A major mechanism of periph-
eral T cell regulation is activation-induced cell death (AICD),
which is mediated through upregulated expression of death
effector molecules such as Fas ligand (FasL), tumor necrosis
factor, and perforin-granzyme B (1, 2, 19, 28). Inducible ex-
pression of FasL has generally been studied on T lymphocytes
following activation by mitogens or through the T cell receptor
complex (21). However, several recent reports indicate that
activated B cells can express functional FasL (8, 16, 30, 34).
Susceptibility to FasL-mediated apoptosis is determined by the
expression of the death receptor, Fas (CD95, Apol), and by
the activation state of the target cell (29).

All of the previous studies of apoptosis in schistosomiasis
have been focused on the acute stage of the infection. In the
first study, splenocytes from infected mice were sensitive to
mitogen-induced apoptosis that was ameliorated by neutral-
ized interleukin-10 activity and apoptosis was detected in his-
tological spleen and granuloma sections (12). Another study
demonstrated that splenic Thl cells were more susceptible to
apoptosis than their Th2 counterparts (13). The third study
determined a high level of lymphocyte apoptosis in granulomas
but not in splenic cells of infected mice (33). These studies did
not examine the dynamics of CD4" Th cell apoptosis during
the chronic stage of infection, SEA-induced AICD of CD4™"
Th lymphocytes, or the role of FasL-bearing effector cell pop-
ulations in mediating CD4" Th cell apoptosis.

The hypothesis of this study was that the previously observed
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decrease in the relative number of splenic T cells at the early
chronic stage of the infection (10) was the result of SEA-
induced AICD. This study investigated the dynamics of apo-
ptosis of freshly isolated spleen and granuloma CD4™ T cells
to gain an insight into the in vivo apoptotic events during the
infection. The ex vivo expression of FasL as a marker of AICD
during both the acute and chronic stages of infection was
detected. Culture of splenocytes and granuloma lymphocytes
with SEA induced CD4™ Th cell apoptosis and increased func-
tional FasL display on the surfaces of CD4" and CD8* T
lymphocytes and CD19* B lymphocytes. Remarkably, SEA-
stimulated splenic B cells were shown to function as effector
cells in CD4™ T cell apoptosis.

MATERIALS AND METHODS

Mice, infection, and cell preparation. Six- to eight-week-old female CBA/J®
mice (Jackson Laboratory, Bar Harbor, Maine) were injected subcutaneously
with 25 cercariae of the Puerto Rican strain of S. mansoni. Infected mice received
standard mouse chow and acidified water. Mice were sacrificed at the indicated
times of infection, and spleens and livers were removed aseptically. The eryth-
rocytes from dispersed splenocytes were removed by hypotonic shock, and the
remaining cells were washed in culture medium consisting of RPMI 1640 me-
dium (Sigma, St. Louis, Mo.), 10% fetal calf serum (Gibco BRL, Gaithersburg,
Md.), 2 mM pyruvate, 0.05 mM 2-mercaptoethanol, 2 mM L-glutamine, penicillin
at 100 U/ml, and streptomycin at 0.1 mg/ml. Granuloma cells were prepared as
previously described (32). Isolated granuloma cells were resuspended in culture
medium, and adherent cells were removed by incubation on plastic petri dishes
(Becton Dickinson, Franklin Lakes, N.J.) for 90 min at 37°C in 5% CO,. The
viability of isolated cells was determined, by trypan blue exclusion, to be >95%
for splenocytes and >80% for granuloma cell preparations.

Antibodies, reagents, and cell lines. Conjugated monoclonal antibodies
against murine lymphocyte surface markers (CD4-fluorescein isothiocyanate
[FITC], CD8-FITC, CD3-phycoerythrin [PE], and FasL-PE), as well as FITC-
conjugated annexin V reagent and FcBlock, were purchased from Pharmingen
(San Diego, Calif.). Anti-CD4-PE and anti-CD19-FITC were purchased from
Caltag (Burlingame, Calif.), and isotype-matched murine immunoglobulin
G2bk-PE (control for FasL-PE), and propidium iodide (PI) were purchased
from Sigma. The Fas-transfected L1210 lymphoblastic leukemia line and un-
transfected L1210 cells were the generous gift of Chris Bleackley (University of
Alberta, Edmonton, Alberta, Canada) with the kind permission of Pierre Gol-
stein (Université Marseille-Luminy, Marseille, France). SEA was prepared as
previously described (6).

Detection of Th apoptosis by annexin V-based, three-color flow cytometry.
Freshly isolated spleen and granuloma cells (5 X 10° cells/tube) were washed in
labeling buffer (1X phosphate-buffered saline [PBS], 0.2% bovine serum albumin
[BSA], 0.1% Na azide). Cell pellets were incubated with 0.5 wg of FcBlock for 10
min at 4°C before incubation with 0.1 pg of CD4-PE antibody for 30 min at 4°C.
Labeled cells were washed once in 1X PBS and once in annexin V labeling buffer
(10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,), and then 3 pl of annexin
V-FITC and 0.5 g of PI were added to the resuspended cell pellet and the
combination was incubated for 10 min at room temperature. Labeling was ter-
minated by the addition of 0.3 ml of annexin V labeling buffer, and data were
acquired immediately on a FACScan instrument (Becton Dickinson, San Jose,
Calif.). Viable lymphocytes were gated using forward scatter versus side scatter
characteristics, and analysis of Th cell apoptosis was performed by gating of the
CD4" PI"™ population followed by analysis of annexin V-FITC labeling. Data
were plotted as the percentage of viable T cells that were positive for annexin V.
For in vitro SEA-stimulated Th cell apoptosis, splenocytes and nonadherent
granuloma cells (10°/well) were cultured in round-bottom 96-well plates in the
presence of medium alone or medium containing SEA at 10 pg/ml for 60 h and
then collected and stained as described above. For CD8" T cell and B cell
depletion, splenocytes and granuloma cells were labeled with manufacturer-
suggested concentrations of MACS murine anti-CD8 and/or anti-CD19 magnetic
microbeads (Miltenyi Biotech, Auburn, Calif.) in degassed PBS-2 mM EDTA-
0.5% BSA for 10 min at 6°C, washed, and passed through a depletion column
(Miltenyi). Two-color flow cytometry confirmed that <3% B cells or CD8" T
cells remained after the depletions. Depleted cell preparations were resuspended
in culture medium with or without SEA, cultured, and stained as described
above.
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Detection of FasL surface expression on T and B cells. Freshly isolated spleno-
cytes were washed three times in PBS, resuspended in 1% paraformaldehyde,
incubated for 1 h at 4°C, and washed three times with PBS and then once with
labeling buffer. Cells were then incubated with FcBlock for 10 min at 4°C and
then incubated with either 0.5 g of anti-CD4-FITC, 0.5 pg of anti-CD8-FITC,
or 0.2 pg of anti-CD19-FITC and either 0.4 g of anti-FasL-PE or 0.4 pg of
immunoglobulin G2bk-PE (control antibody) for 30 min at 4°C. After labeling,
the cells were washed twice in PBS and data were acquired on the FACScan.
Viable cells were gated by forward scatter-side scatter, and then FITC-positive
cells were gated and analyzed for display of FasL-PE compared with the isotype-
matched control antibody. For analysis of SEA-stimulated surface FasL expres-
sion, splenocytes or granuloma cells were cultured for 36 or 48 h, respectively, in
medium with or without SEA at 10 wg/ml prior to fixation and staining. Trypan
blue (Gibco) was added to stained granuloma cells at a final concentration of
0.03% prior to flow cytometry to quench the autofluorescence of eosinophils
27).

Chromium release assay. FasL-transfected and nontransfected L1210 lympho-
blastoid leukemia cells (2 X 10°) were labeled with 0.2 mCi of >'Cr for 2 h at
37°C with frequent mixing. Labeled cells were washed three times with culture
medium and plated in 96-well round-bottom plates at 1.25 X 10* cells/well with
various effector cell populations. Splenocytes preincubated with or without SEA
at 10 pg/ml for 36 h at 37°C were washed, counted, and mixed with target cells
at the indicated effector-to-target cell (E:T) ratios. SEA-stimulated granuloma
cells were spun through Ficoll or labeled with magnetic microbeads and passed
through a depletion column before culture with labeled target cells. Cytotoxicity
was determined on a gamma counter by measuring the counts per minute of
released °'Cr in 150 wl of culture medium after 16 h of incubation. Percent
specific lysis was determined using the following formula, in which spont. cpm
refers to the release by target cells cultured in medium alone and total cpm refers
to release by target cells cultured in medium containing 1% Triton X-100:
[(sample cpm — spont. cpm)/(total cpm — spont cpm)] X 100.

CD4" T cell apoptosis induced by purified B cells. Splenocytes from mice
infected 8 weeks previously were isolated as described above. Target CD4* T
cells were prepared by magnetic microbead depletion of CD8" T cells and
CD19* B cells, followed by culture in medium for 36 h. Effector CD19™ B cells
were prepared by culture of splenocytes in the presence or absence of SEA at 10
wg/ml for 36 h, followed by magnetic microbead purification of B cells. Target
CD4™" T cells and effector CD19" B cells were greater than 85% and 95% pure,
respectively. Target cells were plated at 5 X 10* cells/well in 96-well round-
bottom plates, effector cells were added at the indicated E:T ratios, and the
combination was incubated for an additional 24 h. Cells from two wells were
pooled and stained for CD4™ T cell apoptosis as described above. Error bars
indicate the standard deviation of six replicates from a representative of three
independent experiments.

Adoptive transfer of purified B cells. Splenocytes from mice infected 8 weeks
previously were cultured in the presence or absence of SEA at 10 pg/ml for 36 h.
Cultured cells were washed in RPMI 1640 medium-0.3% BSA-20 mM HEPES
and incubated with anti-Thy1.2 and anti-asialo GM1 antibodies (4 g/10 million
cells) for 1 h at 4°C, and then low-toxicity rabbit complement (Accurate Chem-
ical, Westbury, N.Y.) was added and the mixture was incubated for 1 h at 37°C.
After several washes, 20 million T- and NK-depleted splenocytes (>70% B cells,
<8, 3, and 2% CD4", CD8", and NK cells, respectively) were injected into the
tail veins of recipient mice infected 7 weeks previously (three mice per group).
Recipient mice were sacrificed 24 h postinjection, splenocytes were prepared
separately for each mouse, and CD4" T cell apoptosis was measured in 12
replicates for each condition shown in Fig. 1B.

SEA-stimulated proliferation. Splenocytes from mice infected 8 and 16 weeks
previously were depleted of CD19" B cells and/or CD8" T cells by magnetic
microbead separation prior to culture in the presence of SEA at 10 pg/ml. The
proliferation of 10° cells/well was determined by addition of [*H]thymidine at
104 h of culture and harvest at 120 h. Tritium uptake was determined using a
scintillation counter. Mean counts per minute and standard deviations were
determined for six replicate samples.

Statistical analysis. Mean percentages and standard deviations were deter-
mined by normalization of flow cytometric and chromium release data by arcsine
transformation. The statistical significance of the data was determined using
analysis of variance and the paired Student ¢ test.

RESULTS

CD4" T cell apoptosis during the course of S. mansoni
infection. Reduced percentages of T cells in the spleens, gran-
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FIG. 1. Dynamics of CD4" T lymphocyte apoptosis during the
course of infection. (A) Two-color flow cytometric analysis of T and B
cell populations was performed on freshly isolated splenocytes at the
indicated times of infection. Data are the ratio of the given population
of cells versus the total splenocyte population. (B) At specified inter-
vals of infection, spleens were removed and the dispersed cells were
immediately stained with anti-CD4-PE, annexin V-FITC, and PI as
described in Materials and Methods. CD4-positive, PI-negative cells
were analyzed and plotted as percent annexin-positive cells within the
total CD4™" T cell population. Cells collected at the indicated times of
infection were stained on the same day to minimize interassay vari-
ability. (C) Freshly isolated granuloma CD4" T cells from 8 and 16
weeks of infection were analyzed for apoptosis as described for panel
B. Error bars indicate the standard deviation of quadruplicate samples.
Similar results were obtained in at least three separate experiments for
each time point, representing a total of 15 to 20 mice per time point.
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ulomas, and circulation of mice following the acute stage of
infection with S. mansoni have been previously reported by our
laboratory (10). Flow cytometric analysis of splenic CD19" B
cells and CD4™ and CD8™ T cells extended that study and
revealed that relative to the total splenocyte population, both
the CD4" and CD8" T cell subsets are reduced (Fig. 1A).
These reduced percentages were not due to loss of CD4 or
CDS8 expression, since no increase in CD3" double-negative
(CD4™ CD8") T cells was observed. Because B cell expansion
and splenomegaly are hallmarks of this infection, it was un-
known whether some of the reduced percentage of CD4" T
cells was attributable to apoptotic cell death. To assess the
putative role of apoptosis in CD4" T lymphocyte regulation
during schistosomal infection, freshly isolated spleen and gran-
uloma cells, without further stimulus, were examined for bind-
ing of the early apoptosis marker annexin V (25, 35). The
results in Fig. 1B demonstrate that apoptosis of freshly isolated
splenic CD4 ™" Th cells did not increase above the background
during larval maturation (4 weeks) but significantly increased
(P < 0.001) by 6 weeks of infection, correlating with the initi-
ation of egg deposition in the liver. Splenic CD4" Th cell
apoptosis peaked at the acute stage (8 weeks), decreased by 12
weeks, and then increased at the chronic stage (16 weeks) of
infection. As shown in Fig. 1C, 30% of granuloma CD4" Th
cells were apoptotic during both the acute and chronic, down-
modulated stages of granulomatous inflammation.

SEA-induced apoptosis in cultured CD4* Th cells. The find-
ing that CD4™ Th cell apoptosis rose at 6 weeks of infection
and increased further thereafter suggested that antigenic stim-
ulation by worm eggs could be involved in the induction of
apoptosis. To test this hypothesis, SEA was used to stimulate
splenic and granuloma CD4™ T cell apoptosis in vitro (Fig. 2A
and B). Cells cultured in medium alone for 60 h exhibited a
reduction in apoptosis compared with freshly isolated cells, as
shown in Fig. 1B and C. SEA had little effect on splenic cells
derived from uninfected mice or mice infected 4 weeks before
but was a potent stimulator of apoptosis in cells from 6 to 16
weeks of infection (all P < 0.001), the period that encompasses
early, peak, and downmodulated granuloma formation (Fig.
2A). Compared with the 4-week pre-egg deposition time point,
SEA stimulated nearly threefold increases (P < 0.001) in
splenic CD4" Th cell apoptosis after egg deposition com-
menced. As shown in Fig. 2B, granuloma CD4" Th cells ana-
lyzed at the peak (8 weeks) and downmodulated (16 weeks)
stages of the infection were also stimulated by SEA to undergo
a twofold increase in apoptosis (both P < 0.001). However,
SEA-stimulated CD4™ Th cell apoptosis was higher in granu-
loma cells isolated from the acute stage (8 weeks) of infection
compared to granuloma cells from the downmodulated (16
weeks) stage (P < 0.001).

Detection of FasL expression on T and B lymphocyte pop-
ulations between 0 and 16 weeks of infection. The observed
antigen-stimulated increase in CD4" Th cell apoptosis indi-
cated that AICD was a potential contributing factor in Th cell
regulation. Because the interaction of Fas (CD95, Apo-1) with
its ligand (FasL) is a major component of AICD for T helper
lymphocytes (28), we assessed FasL expression during infec-
tion. Flow cytometric assays for surface FasL expression on
freshly isolated, unstimulated spleen cells indicated that both
CD4" and CD8" T cells expressed FasL during infection.
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FIG. 2. SEA-stimulated apoptosis of CD4" T helper lymphocytes. Splenocytes and nonadherent granuloma cells collected at the indicated
times of infection were cultured with or without SEA at 10 pg/ml for 60 h and then subjected to annexin V binding analysis as described in the
legend to Fig. 1B. (A) Spleen data were obtained from a single experiment and are representative of at least three experiments with a total of 10
to 20 mice per time point. (B) Data on SEA-stimulated granuloma CD4"* Th cell apoptosis at 8 and 16 weeks of infection are representative of
at least three experiments with a total of 20 to 30 mice per time point. Error bars indicate the standard deviations of quadruplicate samples

analyzed by arcsine transformation of percentage data.

Interestingly, a large splenic population that expressed surface
FasL was identified as CD19" B cells. A comparison of FasL
expression by CD4", CD8", and CD19" cell populations is
presented in Fig. 3. For each cell type, the level of FasL
expression was lowest at the pre-egg deposition stage (4 weeks)
of infection, rose to a peak between 8 and 12 weeks, coincident
with maximal granuloma development, and then decreased at
the downmodulated, chronic (16 weeks) stage of infection.
SEA-stimulated FasL expression on splenic and granuloma
T and B cells. Because SEA could drive Th cell apoptosis in
vitro and the dynamics of FasL expression paralleled that of
apoptosis in freshly isolated spleen CD4* Th cells, the effect of
the SEA stimulus on the expression of FasL was assessed in
splenocyte and granuloma cell cultures from mice infected 8
weeks before. All splenocytes showed reduced surface expres-

sion of FasL after 24 h of culture, regardless of the presence or
absence of SEA (data not shown). FasL expression was par-
tially regained on CD4" and CD8™ T cells (P < 0.05 compared
to medium-treated controls) and completely regained on
CD19" B cells (P < 0.001) after 36 h of culture with SEA (Fig.
4A). Trypan blue exclusion analysis revealed no evidence of
preferential death in the medium-treated cultures or prolifer-
ation in the SEA-stimulated cultures to explain the differences
in FasL expression. Reverse transcription-PCR analysis re-
vealed that FasL. mRNA expression is lost by 12 h of culture
with or without SEA and is regained at 21 h of culture in SEA
but not in medium-treated controls. SEA did not stimulate
FasL mRNA or surface expression on splenocytes from unin-
fected mice and mice infected 4 weeks before (data not
shown). Fifteen percent of granuloma CD4", CD8", and
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FIG. 3. FasL expression on freshly isolated spleen T and B cells. Expression of FasL by spleen lymphocytes freshly isolated at the indicated
times of infection was analyzed by two-color flow cytometry. The percentage of cells within each population that stained with anti-FasL-PE
compared with an isotype-matched control antibody was plotted. (A) CD4" T lymphocytes. (B) CD8* T lymphocytes. (C) CD19* B lymphocytes.
Data were obtained from a single assay performed on the same day and are representative of at least three experiments with a total of 10 to 15
mice for each time point. Error bars indicate the standard deviation of duplicate samples analyzed by arcsine transformation of percentage data.
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FIG. 4. SEA-stimulated expression of FasL by cultured T and B
lymphocytes. Splenocytes (A) and nonadherent granuloma cells (B)
from mice infected for 8 weeks were cultured with or without SEA at
10 pg/ml for 36 and 48 h, respectively, and analyzed for surface ex-
pression of FasL by two-color flow cytometry. Ex vivo surface FasL
expression on freshly isolated granuloma T and B cells from mice
infected for 8 weeks was also analyzed (striped bars). Error bars indi-
cate the standard deviation of triplicate samples normalized by arcsine
transformation. The data shown are representative of three repeated
experiments utilizing a total of 10 to 15 mice per time point.

CD19" lymphocytes from mice infected 8 weeks before ex-
pressed FasL ex vivo (Fig. 4B). FasL expression on granuloma
lymphocytes was not significantly reduced by culture in me-
dium alone and was not further enhanced by culture with SEA.
It is noteworthy that unstimulated granuloma CD4" T cells
cultured in medium showed significantly higher expression of
FasL than splenic CD4" T cells under the same conditions
(P < 0.01).

SEA-stimulated lymphocytes induce lysis of Fas-bearing
targets. To confirm that SEA-induced FasL was functional at
inducing apoptosis, chromium release assays were performed
utilizing an indicator lymphoblastic leukemia cell line trans-
fected with Fas, L1210-Fas, which was sensitive to anti-Fas
monoclonal antibody-induced lysis. SEA-stimulated spleno-
cytes from mice infected 8 and 16 week before were able to
preferentially lyse L1210-Fas target cells in a dose-dependent
manner (Fig. 5A and B). The lytic ability of splenocytes col-
lected at 16 weeks of infection was half that of cells collected
at 8 weeks of infection (P < 0.01). Lysis of the nontransfected
L1210 parent cell line by splenic effectors from mice infected 8
weeks before indicated that target lysis was not mediated solely
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FIG. 5. Lysis of Fas-sensitive and Fas-resistant target cells by SEA-
stimulated effector cells. Splenocytes from animals infected for 8 (A)
or 16 (B) weeks were cultured with or without SEA at 10 pwg/ml for 36 h
prior to use as effector cells. Target cells were *'Cr-labeled L1210-Fas
(squares) and control L1210 (triangles) lymphoblastoid leukemia cells.
Effector and target cells were cultured together at the indicated E:T
ratios for an additional 16 h. Error bars represent the standard devi-
ation of quadruplicate samples normalized by arcsine transformation.
(C) Granuloma cells collected from mice infected for 8 weeks and
stimulated for 36 h with SEA were spun through Ficoll to remove dead
cells and debris and then cultured with >'Cr-labeled L1210-Fas and
control L1210 parent cells for 16 h. Data were analyzed as described
above. Lysis of both target cell lines by spleen and granuloma effector
cells cultured in medium without SEA was less than 5% at all of the
E:T ratios used.

20:1

by FasL. This did not seem to be the case with splenocytes
collected at 16 weeks of infection. SEA-stimulated splenocytes
from uninfected mice and mice infected 4 weeks before lysed
less than 5% of L1210-Fas cells at all of the E:T ratios tested,
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FIG. 6. Analysis of splenic B cell-mediated CD4" Th cell apoptosis following depletion, coculture, or adoptive transfer. Splenocytes from mice
infected for 8 (A) or 16 (B) weeks were depleted of CD8™" T cells and/or B cells by magnetic microbead separation before culture with or without
SEA (10 wg/ml) for 60 h and then analyzed for CD4™ T cell apoptosis. (C) Effector CD19" B cells were purified (>95% purity) from splenocytes
of mice infected for 8 weeks by positive selection with magnetic microbeads after culture in the presence or absence of SEA for 36 h. Target CD4™
T cells (>85% purity) were prepared by depletion of CD8" T cells and CD19* B cells from splenocytes of mice infected for 8 weeks and then
cultured in medium without SEA for 36 h. Effector and target cells were then mixed and incubated for an additional 24 h at the indicated E:T ratios
prior to analysis of CD4" T cell apoptosis. (D) Splenocytes from donor mice infected for 8 weeks were cultured with or without SEA, depleted
of T and NK cells, and then injected into recipient mice infected for 7 weeks (three mice per group). Recipients were sacrificed at 24 h
postinjection, and splenic CD4* T cell apoptosis was determined as described in the legend to Fig. 1B. All data are from a representative of three
experiments, and error bars indicate the standard deviation of 6 (A, B, and C) or 12 (D) replicates.

similar to splenocytes from all of the infection time points
tested cultured without SEA (data not shown). Granuloma
cells collected at 8 weeks of infection and stimulated with SEA
were able to preferentially lyse the Fas-sensitive target cells
(Fig. 5C) but were much less effective than splenocytes. Lack
of lysis of the nontransfected L1210 parent cell line indicated
no alternate lytic mechanism expressed by granuloma cells.
Determination of the predominant death effector cell popu-
lations in the spleen and granulomas. To assess the relative
importance of CD8"* and CD19™ cells in inducing CD4™ Th
cell apoptosis, the respective cell populations were selectively
removed from spleen and granuloma cell preparations by mag-

netic microbead separation. As shown in Fig. 6A, compared
with unseparated splenocytes (mock depletion), which showed
about 30% SEA-induced apoptosis, removal of CD8" T cells
from splenocytes of mice infected for 8 weeks did not decrease
SEA-stimulated CD4 ™" Th cell apoptosis. In contrast, removal
of CD19" B cells led to a marked reduction in CD4" Th cell
apoptosis (P < 0.001). This was similar to the reduced level of
CD4™" T cell apoptosis observed when both CD8" T cells and
CD19" B cells were removed. However, a residual cell death
of CD4™ T cells was still observed in cultures depleted of
CD8" and CD19" lymphocytes. These data indicated a dom-
inant role of splenic B cell effectors compared to CD8™ T cells
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TABLE 1. Proliferation and CD4" T cell apoptosis following cell depletions
8-wk infection 16-wk infection
Cells depleted Proliferation” Apoptosis” Proliferation Apoptosis
(cpm, 104 (% annexin V™) (cpm, 107%) (% annexin V")
None (mock depletion) 29*0.1 292 +22 1.9 0.1 33.6 £ 6.4
CD19 29+0.2 151 1.1 21=09 199 £ 0.8
CD8 28 +0.2 31.8 £2.8 1.7+ 0.1 352+49
CDS8, CD19 35*0.1 13114 23+0.3 212 %35

@ Uptake of [*H]thymidine by splenocytes at 120 h of culture in the presence of SEA (10 pg/ml). The data are counts per minute * the standard deviation of six

replicate samples.

> Annexin V binding of CD4" PI™ cells measured at 60 h of culture in the presence of SEA (10 wg/ml). The data are mean percent annexin V* cells among viable

CD4™" T cells = the standard deviation of six replicates.

in the induction of CD4™" T cell apoptosis. Depletion analysis
of splenocytes from mice infected for 16 weeks (Fig. 6B)
showed essentially the same results and confirmed that not
CD8" T cells but rather CD19" B cells had the dominant
effector function at the chronic stage of infection (P < 0.001).
To ensure that the reduction in CD4 ™" T cell apoptosis was not
due to decreased activation, proliferation assays were per-
formed in parallel. As shown in Table 1, no reduction in SEA-
stimulated proliferation was observed following depletion of
CD8" T cells or B cells. To confirm that SEA-stimulated B
cells could directly mediate apoptosis of CD4™ T cells, cocul-
ture experiments with purified, activated effector B cells and
target CD4™" T cells were performed. SEA-stimulated B cells
induced dose-dependent apoptosis of CD4" T cells (P < 0.001
compared to unstimulated B cells at both E:T ratios) at fairly
low E:T ratios (Fig. 6C).

In order to determine whether SEA-stimulated, FasL bear-
ing B cells could induce CD4* T cell apoptosis in vivo, adop-
tive-transfer experiments were performed. The intravenous
transfer of 20 million enriched, SEA-stimulated B cells re-
sulted in a statistically significant (P < 0.001) increase in
splenic CD4 ™" T cell apoptosis at 24 h postinjection compared
to mice that received unstimulated B cells or RPMI 1640
medium (Fig. 6D).

In contrast to the effects mediated by splenic B cells, deple-
tion of CD19™ B cells from granuloma lymphocytes led to only
a small, although significant (P < 0.01), reduction in CD4" T
cell apoptosis compared with mock depletion (Fig. 7A). As was
observed for splenocytes, depletion of CD8" T cells from the
granuloma lymphocytes did not reduce CD4™" T cell apoptosis.
These data suggested that CD4™" T cells might be the dominant
effectors in the granuloma. To support this contention, cyto-
toxicity assays of the FasL-transfected cell line were per-
formed. The low level of granuloma cell-induced lysis of
L1210-Fas cells was completely abrogated by magnetic mi-
crobead-mediated depletion of CD4™ T cells (P < 0.001) but
was not affected by CD8" T cell or CD19" B cell depletion
from the effector population (Fig. 7B).

DISCUSSION

The data presented here indicate that the egg-induced gran-
ulomatous inflammation that occurs during S. mansoni infec-
tion in mice is accompanied by CD4 ™" Th cell apoptosis. CD4™
Th cell apoptosis commenced after egg deposition (5 weeks),
was found at the early and florid granulomatous stages (6 to 10

weeks), and persisted throughout the chronic downmodulated
stage (16 weeks) of the infection. The percentage of annexin
V-binding CD4™ Th cells isolated ex vivo from the spleen and
granulomas was higher than the expected percentage of anti-
gen-specific Th cells, indicating that apoptosis was an active,
ongoing mechanism that could influence antigen-specific, as
well as bystander, Th cell turnover in vivo. A sharp drop in the
percentage of splenic CD4™ T cells between 7 and 12 weeks of
infection paralleled the increase in CD4™ T cell apoptosis,
suggesting that apoptosis plays a role in the control of Th cell
expansion during schistosomal infection. SEA was able to fur-
ther stimulate apoptosis of egg-primed splenic and granuloma
CD4™" T cells in vitro. The higher percentage of CD4" T cell
apoptosis in granulomas at 8 weeks versus 16 weeks of infec-
tion correlates with the increased activity of acute-stage gran-
uloma Th cells. Because pronounced CD4* Th cell apoptosis
was observed in ex vivo, as well as SEA-stimulated, spleen and
granuloma cell cultures only after oviposition, it was concluded
that CD4™" T cell apoptosis was due to SEA-induced AICD.

The interaction of the Fas death receptor and its ligand is
one of the major mechanisms of AICD and plays an important
role in peripheral deletion of mature circulating Th lympho-
cytes (22, 28). The present study indicates that the expression
of FasL on splenocytes was upregulated during the course of
the granulomatous response and correlated fairly well with
increased CD4" Th lymphocyte apoptosis. Exceptions to this
correlation were found at the 12- and 16-week stages of the
infection. At 12 weeks, FasL expression was high but the ob-
served CD4™" T cell apoptosis was low. This could be due to the
sharp drop in the CD4™" T cell percentage observed at 12
weeks of infection and to the resistance of the residual splenic
CD4" T cells to AICD. The discrepancy in the high level of
splenic CD4™ T cell apoptosis and low FasL expression at 16
weeks remains unclear.

It is noteworthy that during infection and SEA stimulation,
splenic CD4" and CD8" T cells, as well as CD19" B cells,
displayed increased expression of FasL. which paralleled cell
activation by egg antigens. On a percentage basis, FasL expres-
sion peaked with maximal granulomatous inflammation (8 to
12 weeks) in all three cell populations and declined during the
downmodulated infection stage (16 weeks). This decline may
be attributable to the lower level of cellular activation during
downmodulation as a consequence of decreased cytokine pro-
duction (5, 36). The high percentage of FasL-expressing cells
in each population relative to the expected low percentage of
antigen-specific B and T cells suggested that both antigen-
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FIG. 7. Analysis of the dominant effector cells within the granu-
loma. (A) Nonadherent granuloma cells were depleted of CD19* B
cells and CD8™" T cells using magnetic microbeads prior to culture in
the presence or absence of SEA for 60 h. CD4* Th cell apoptosis was
assessed as described in the legend to Fig. 1C on six replicate samples.
The data presented are from a representative of three experiments
which utilized a total of 25 to 30 mice. Error bars indicate the standard
deviation of arcsine-transformed percentages. (B) Nonadherent gran-
uloma cells from mice infected for 8 weeks were cultured in the
presence or absence of SEA for 36 h prior to depletion of the indicated
cell populations using magnetic microbead separations. The depleted
granuloma cells were then mixed with >'Cr-labeled L1210-Fas or par-
ent L1210 lymphoblastoid leukemia cells at an E:T ratio of 32:1 and
incubated for an additional 16 h. Specific lysis was determined and is
presented as described in the legend to Fig. 5. Error bars indicate the
standard deviation of six replicates in this representative of three
experiments.

specific and bystander cells were stimulated to express FasL
and may participate in killer-effector function.

The ex vivo expression of FasL on splenocytes was found to
be transient. FasL expression on splenocytes cultured in me-
dium alone or with SEA was diminished at 24 h of culture but
was regained at 36 h of culture with the antigen. This stimu-
lated expression was due to de novo FasL gene transcription
(data not shown). SEA-induced FasL expression was most
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pronounced on the CD19" B cell population. In contrast, ex
vivo FasL expression by granuloma cells at 8 weeks of infection
did not diminish in culture with medium and the SEA stimulus
did not enhance granuloma lymphocyte FasL expression. This
data suggested that the granuloma cells had received maximal
stimulation in vivo and could not be further stimulated to
express FasL.

The preferential lysis of L1210-Fas cells, compared with the
parent cell line, by SEA-stimulated spleen and granuloma cells
confirmed that FasL* cells were functional in mediating apo-
ptosis. The reduced cytotoxicity exhibited by splenocytes at 16
weeks of infection and granuloma cells at 8 weeks of infection
corresponded to the reduced level of FasL expression by these
cells. As expected, splenocytes from uninfected mice and mice
infected for 4 weeks, which did not express FasL after SEA
stimulation, did not lyse either target cell line. Lysis of the
parent cell line by splenocytes at 8 weeks of infection indicated
that other non-FasL-mediated mechanisms of cell death were
stimulated by culture in the presence of SEA.

The removal of CD8™ T cells from SEA-stimulated cultures
did not lead to reductions in CD4* T cell apoptosis, suggesting
that CD8™ T cells are not critical to SEA-induced AICD. This
result may correlate with previous findings that granuloma
downmodulation is not dependent on CD8" T cells (37) and
could be attributable to the relatively low number of CD8" T
cells compared to CD4* T cells and CD19" B cells in the
granuloma and spleen, respectively.

In contrast, the killer-effector role of SEA-stimulated B cells
was indicated by several lines of evidence. The removal of B
cells from acute- and chronic-stage splenocyte cultures led to a
dramatic reduction in CD4* T cell apoptosis. Reduced Th cell
death could not be attributed to the loss of antigen-presenting
cells because proliferation assays indicated that antigen pre-
sentation was not impaired by the removal of B cells from
these cultures. Moreover, enhanced CD4* T cell apoptosis in
vitro caused by coculture with antigen-stimulated, purified B
cells was observed. Significantly, an in vivo role for B cell-
mediated apoptosis during infection was suggested by the in-
creased CD4 " T cell death following adoptive transfer of SEA-
stimulated, FasL-bearing B cells. Previous studies have shown
that mitogen-activated B cells expressed surface FasL (16) and
that FasL expression was detectable on B cells isolated from
human tonsil and bone marrow (20, 30). Recent studies have
demonstrated Epstein-Barr virus- and lectin-inducible FasL
expression on B cells (8, 34). To our knowledge, the current
study is the first to demonstrate that activated B cells can
directly mediate CD4™ T cell apoptosis.

The possibility that splenic B cells can mediate apoptosis of
CD4™" Th cells is particularly intriguing in the context of schis-
tosomal infection. Our observations are consistent with previ-
ous studies that indicated the importance of splenic B cells in
the regulation of granuloma formation. In splenectomized, B
cell-depleted and B cell-deficient infected mice, granuloma
downmodulation was impaired (9, 14, 17, 18). It is noteworthy
that these previous findings are consistent with the current
data which showed that B cells were active in mediating CD4™
Th cell apoptosis in vivo. Additional studies are under way to
examine FasL expression on B cells and to correlate B cell-
mediated apoptosis of CD4" T cells and regulation of the
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granulomatous response. Preliminary experiments using CD4™*
T cell depletion and culture of purified B cells with SEA-
stimulated splenocyte supernatants indicate that FasL expres-
sion on B cells is dependent on a soluble factor from CD4* T
cells (data not shown). This may explain why the percentages
of FasL™ T and B cells are higher than the expected percent-
ages of antigen-specific cells (15, 23).

Unlike the dominant role of splenic B cells in CD4™" T cell
apoptosis, granuloma B cells at 8 weeks of infection, that
comprised less than 4% of the total granuloma cells, appeared
to play a minor role in mediating granuloma CD4" Th cell
death. A relatively high sustained level of FasL expression was
observed on granuloma CD4" T cells, which are the largest
lymphocytic population within the lesions. Although analysis of
CD4™" Th cell apoptosis by depletion of CD4™ Th cells was not
feasible, the low level of granuloma cell-mediated L1210-Fas
cell cytotoxicity was eliminated by removal of CD4" but not
CD8™" T cells or B cells from the effector population. These
data suggest that CD4™ T cells are the major mediators of
apoptosis within the granuloma.

A previous study has indicated that splenocytes of S. man-
soni-infected mice are susceptible to mitogen-induced apopto-
sis (12). The present study demonstrated that SEA is also a
potent stimulator of CD4™ Th cell apoptosis. A second study
showed higher lymphocyte apoptosis in granuloma than in
splenocyte populations at the acute stage of infection (33). We
did not find substantial differences in apoptosis between
splenic and granuloma cells in the isolated CD4* Th cell pop-
ulation. This discrepancy may be attributable to the difference
between the assays that were used to analyze total-lymphocyte
instead of CD4™ T cell apoptosis. Another study indicated that
Th1-type cells of schistosome-infected mice are more suscep-
tible than Th2-type cells to mitogen-induced apoptosis (13).
Our current study, although it did not address AICD in Th cell
subpopulations, indicated that CD4" Th cell apoptosis com-
menced at 6 weeks of infection, before the Thl- to Th2-type
response switch, and peaked at 8 weeks, coincident with the
fully developed Th2-type granulomatous response. Thus, the
SEA-induced and AICD-mediated regulation of CD4™ T cells
was active throughout the early and florid stages of granuloma
formation and was not limited to apoptosis of Thl cells.

In conclusion, we propose that the SEA stimulus induces
almost simultaneous CD4" T cell activation and activation-
induced cell death. During the early stages of granuloma de-
velopment, cell activation-increased cytokine production and
cell proliferation are dominant, resulting in the observed in-
creases in granuloma size and intense inflammation. The re-
sults of the current study suggest that as the infection contin-
ues, the proapoptotic machinery expands to a point at which
the balance is shifted toward cell death. In the face of contin-
ued egg production and antigenic stimuli, AICD of activated
lymphocytes that mediate the inflammatory response seems to
be an important regulatory mechanism which diminishes un-
checked lymphocyte proliferation, inflammatory cytokine pro-
duction, and granulomatous inflammation. Further studies of
the role of CD4™ T cell apoptosis in the downmodulation of
the inflammatory response should lead to a better understand-
ing of pathogenesis during schistosomal infection.
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