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A B S T R A C T The role of cytotoxic T lymphocytes in
host defenses against infectious agents is unknown as
these cells have not previously been demonstrated to
kill microoganisms directly. Westudied the cytotox-
icity of T lymphocytes purified from peripheral blood
mononuclear cells of healthy subjects for the multi-
cellular schistosomula of Schistosoma mansoni. Un-
stimulated and phytohemagglutinin (PHA)-stimulated
T cells were cultured with schistosomula at a 5,000:1
effector/target (E:T) ratio for 18 h at 37°C. Unstimu-
lated T cells killed 2.1±0.6% of schistosomula as
judged by dye uptake and did not change their infec-
tivity for mice. In contrast, PHA-stimulated T cells
killed 41.3±3.1% of schistosomula by dye uptake and
56.7±7.7% of these organisms could not mature to
adult worms in vivo. Killing was associated with and
dependent on increased binding of PHA-stimulated T
lymphocytes to schistosomula. Significant schistoso-
mula killing first was noted after 2 h of exposure of
T cells to PHA and peaked at 24 h; enhanced killing
by PHA-stimulated cells was observed at an E:T ratio
of 500:1 and was maximal at 5,000:1. Exposure of T
lymphocytes to oxidative mitogens, soluble antigens,
and alloantigens also resulted in enhanced killing of
schistosomula. These studies show that T lymphocytes
activated by a variety of stimuli develop the capacity
to kill schistosomula of Schistosoma mansoni. Direct
killing of infectious agents by cytotoxic T cells may
contribute to host resistance to infections.

INTRODUCTION

Human T lymphocytes spontaneously lyse certain tu-
mor lines (1-4), thymus cells (3), embryonic fibroblasts
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(5), and virus-infected target cells (6-8). This natural
killer (NK)l-cell-like activity can be augmented by a
number of stimuli such as allogeneic cells (9-10), lec-
tins (11-13), oxidative mitogens (14, 15), bacterial li-
popolysaccharide (16), interferon (17-19), and soluble
antigens (20-21). Recent evidence suggests that cells
expressing nonspecific cytotoxicity after such activat-
ing exposures differ in a number of substantive ways
from NK cells including their cellular derivation (22)
and target specificity (23). Despite the demonstration
of cytotoxicity of T lymphocytes for a variety of uni-
cellular targets, direct killing of infectious agents has
not been documented.

We studied the capacity of T lymphocytes to kill
schistosomula of Schistosoma mansoni. These large
multicellular larvae are destroyed by granulocytes
(24-26) and mononuclear phagocytes (28-30), cell
lines ascribed effector function in host resistance to
schistosomiasis (31-33). Our studies show that human
T lymphocytes activated by lectins and oxidative mi-
togens, tuberculin PPD, streptokinase-streptodornase,
schistosome worm antigenic preparation, and alloan-
tigens kill schistosomula. This is consonant with a di-
rect role for cytotoxic lymphocytes in host defenses
against infectious agents.

METHODS
Human subjects. Healthy volunteers from Cleve-

land, OHdonated blood for all studies except those
evaluating responses to schistosome soluble worm an-
tigenic preparation (SWAP). Egyptians with chronic

1 Abbreviations used in this paper: BSA, bovine serum
albumin; FCS, fetal calf serum; GO, galactose oxidase; HBSS,
Hanks' balanced salt solution; MLR, mixed lymphocyte re-
action; PHS, pooled human serum; NK, natural killer; PAG,
peanut agglutinin; PBMC, peripheral blood mononuclear
cells; PHA, phytohemagglutinin; PPD, tuberculin purified
protein derivative; SKSD, streptokinase-streptodornase; SPA,
Staphylococcus aureus protein A; SWAP, soluble worm an-
tigenic preparation.
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schistosomiasis mansoni were used as blood donors for
the latter studies.

Cell preparations. Peripheral blood mononuclear
cells (PBMC) were prepared by Ficoll-Hypaque sed-
imentation of heparinized blood. They were depleted
of adherent cells by sequential incubation in plastic
Petri dishes and 600-mg acid-washed nylon wool col-
umns. The resulting T lymphocyte-enriched popula-
tion consisted of >85% sheep erythrocyte-rosetting
cells, <1%B lymphocytes, and <0.5% monocytes (cells
with nonspecific cytoplasmic esterase activity).

Separation of the T lymphocyte population by sur-
face receptors for the Fc portion of immunoglobulin
G (IgG) was accomplished by preparative rosetting
with ox erythrocytes (BRBC, Wilfer Laboratories,
Stillwater, MN) sensitized with rabbit anti-BRBC IgG
(N. L. Cappel Laboratories Inc., Cochranville, PA),
followed by sedimentation over Ficoll-Hypaque (16).
The interface T lymphocytes contained <1.0% roset-
ting cells. BRBC were lysed with buffered 0.83%
NH4Cl; the pellet contained >88% rosetting cells.

T lymphocytes also were fractionated by reactivity
with monoclonal antibodies followed by indirect ro-
setting or complement-mediated cytolysis. T lympho-
cytes at 2.5 X 107/ml in Hanks' balanced salt solution
(HBSS) with 0.2% bovine serum albumin (BSA, Sigma
Chemical Co., St. Louis, MO) were incubated with a
1/40 dilution of monoclonal antibodies OKT4, OKT8,
or OKM1(Ortho Pharmaceutical, Raritan, NJ) for 30
min at 4°C. The sensitized T lymphocytes were
washed twice. BRBCcoated with Staphylococcus au-
reus protein A (SPA, Pharmacia Fine Chemicals, Upp-
sala, Sweden) were prepared by coupling with chromic
chloride (34). Packed SPA-BRBC were mixed with
three parts T lymphocytes previously sensitized with
monoclonal antibodies. The cells were pelleted at 200
g for 10 min at 4°C and incubated for 30 min at 4°C.
The pellet was resuspended gently, underlayered with
Ficoll-Hypaque, and sedimented at 400 g for 30 min
at room temperature. The interface T lymphocytes
were <1.0% rosetting while the pellet contained
>90.0% rosetting cells. BRBCwere lysed with 0.83%
NH4Cl.

For complement-mediated cytolysis, the washed,
antibody-sensitized T lymphocytes were resuspended
at 2.5 X 107/ml in RPMI 1640 and combined 3:1 with
fresh rabbit complement (Low Tox H, Cederlane Lab-
oratories, Hornsby, Ontario, Canada). The mixture was
incubated at 20°C for 60 min then washed three times
in cold RPMI 1640. Purity of cell populations was as-
sayed by indirect immunofluorescence using a fluo-
rescein-conjugated F(ab)'2 fragment of rabbit anti-
mouse IgG (N. L. Cappel Laboratories).

T lymphocyte activation. T lymphocytes were ac-

tivated by exposure to mitogens, soluble antigens, or
alloantigens before addition of schistosomula. Concen-
tration of mitogens and antigens selected were those
that produced maximum DNA synthesis in cultured
lymphocytes. T cells were cultured at 106/ml in RPMI
1640 with 10% heat-inactivated fetal calf serum (FCS;
KC Biologicals) in 16-mm tissue culture plate wells.
PHA-M (1/100 dilution, Gibco Laboratories, Grand
Island Biological Co., Grand Island, NY) or concanav-
alin A (Con A, 10 ,ug/ml, Pharmacia Fine Chemicals)
was added to the wells and the plates were incubated
24 h at 37°C. Activation of T cells with the oxidative
mitogens required preincubation of T cells with neur-
aminidase (50 U/ml, Clostridia perfringens Fraction
VI, Sigma Chemical Co.) or galactose oxidase (GO, 1.4
U/ml, Sigma Chemical Co.) or both for 30 min at
37°C. The cells were washed and cultured for 24 h in
RPMI 1640 with 10% FCS. Peanut agglutinin (PAG,
125 gg/ml, Sigma Chemical Co.) was added to T cells
that had been pretreated with neuraminidase.

To study activation by soluble antigens, T cells were
cultured at 2 X 106/ml in RPMI 1640 with 10% heat-
inactivated pooled human serum (PHS) for 5 d in 12
X 75-mm plastic tubes (Falcon Labware, Div. Becton
Dickinson & Co., Oxnard, CA) with tuberculin puri-
fied protein derivative (PPD) at 100 ,ug/ml (gift of
Lederle, Pearl River, NY) or streptokinase-streptodor-
nase (SKSD) 200 U streptokinase/ml (Lederle). T cells
then were washed, counted, and 1 ml at 106/ml in
RPMI 1640 plus 10% FCS was added to each of 16-
mmplastic wells. For activation with SWAP, T cells
were cultured with SWAP100 ,ug/ml (purified as de-
scribed in reference 35) in RPMI 1640 plus 10% FCS
for 48 h at 370C.

Mixed lymphocyte reactions (MLR) were effected
by 6-d bulk cultures of allogeneic PBMCirradiated
with 3,000 rads as stimulators and T cells as responders,
each at a cell density of 3.0 X 106/ml in RPMI 1640,
plus 10% AB serum. Nonadherent cells were purified
from these cell mixtures, washed, counted, and 1 ml
at 106/ml in RPMI 1640 plus 10% FCS was added to
each of 16-mm plastic wells.

Assays of schistosomula killing. Schistosomula of
S. mansoni were prepared by allowing cercaria from
a Puerto Rican stain of the parasite to penetrate mouse
skin. 106 preactivated T cells were cultured with 200
schistosomula in RPMI 1640 supplemented with 10%
FCS in each of 16-mm Linbro plastic wells. Triplicate
wells were used for each variable. After 24 h at 37°C,
the contents of wells were transferred to Sedgwick-
Rafter counting chambers and methylene blue dye was
added. Schistosomula that were permeable to the dye
were scored as dead. 50 schistosomula were evaluated
per well within 5 min of addition of dye. The basal
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loss of viability of schistosomula cultured in medium
without cells (1-7%) was subtracted from the killing
in wells containing effector cells.

Infectivity of schistosomula for mice was deter-
mined by injecting the organisms into CF-I mice
(Carsworth Farms, NY). 8-10 mice were used per vari-
able. After 8 wk, the animals were sacrificed, and adult
worms were recovered from the portal circulation and
counted.

[3H ]thymidine incorporation. T cells were cul-
tured in microtiter plate wells (Falcon Labware) at
105/0.1 ml RPMI 1640 plus 10% PHS, gentamicin 5
yg/ml, penicillin G 50 U/ml and L-glutamine 2 mM
(Flow Laboratories, Inc.). Mitogens or antigens were
added at the appropriate concentrations to each of
quadruplicate wells. 18 h before the termination of the
3-d cultures, [methyl-3H]thymidine, 1.0 uCi (5.0 Ci/
mmol, Radiochemical Centre, Amersham, England)
was added per well. The cells were harvested onto glass
filter paper and washed with a MASHmicroharvester
(Microbiological Associates, Rockville, MD). The filter
paper discs then were placed in ACS scintillant
(Amersham) and 3H content was determined by liquid
scintillation spectroscopy. [3H]thymidine incorporation
was expressed as counts per minute.

RESULTS

Killing of schistosomula by mitogen-activated T
lymphocytes. Preincubation of T cells with PHApro-
duced a 19.4-fold increase in schistosomula killing as
assessed by methylene blue dye uptake (Fig. 1). Viable
organisms were motile, retained a yellowish cast, and
excluded the dye (Fig. 2, left panel), whereas, dead
organisms were nonmotile, surrounded by T lympho-
cytes, and permeable to the dye (Fig. 2, right panel).
Quantitative studies showed that following PHAstim-
ulation 94% of dead schistosomula had at least five T
lymphocytes adhering to them (Table I). Mitogen-
stimulation did not lead to increased killing of schis-
tosomula with less than five attached cells. Live schis-
tosomula invariably had less than five adhering cells.
In additional studies, supernates of PHA-stimulated
lymphocytes were not directly toxic for schistosomula.
Thus, increased binding of PHA-stimulated T cells to
schistosomula was required for increased killing. We
studied the effects of other mitogens and lectins on T
lymphocyte killing of the parasite. Exposure of T cells
to neuraminidase plus galactose oxidase produced
maximal mitogenesis whereas exposure to either en-
zyme alone had less effect (Table II). Schistosomula
killing by T cells preincubated with these oxidative
mitogens paralleled mitogenesis (Fig. 1); neuramini-
dase (N)-GO treatment produced 13.4-fold increased
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FIGURE 1 Schistosomula killing by T lymphocytes activated
by lectins and oxidative mitogens assessed by dye uptake.
T cells were cultured with PHA or PAGcontinuously and
briefly exposed to neuraminidase and/or galactose oxidase.
24 h after addition of 200 schistosomula to 106 T cells, killing
was determined by dye uptake. Data are shown as mean
schistosomula killing by T cells (parasite death in medium
alone has been subtracted) ±SEM. 15 experiments were per-
formed with PHA-activated T cells, 7 with N-GO, and 2
with N-PAG activation. In each instance, exposure to mi-
togenic stimuli produced significant increments in schisto-
somula killing (P < 0.001, Student's t test).

schistosomula killing whereas the individual enzymes
had no effect. Thus, nonlectin mitogenic signals also
activated T cells for increased effector function. We
also studied peanut agglutinin, a galactosyl-directed
lectin, which required neuraminidase treatment of T
cells to exert maximal mitogenesis (Table II). Simi-
larly, PAGproduced an 11.9-fold increment in schis-
tosomula killing by neuraminidase-treated T lympho-
cytes (Fig. 1). Exposure of schistosomula to mitogens
without cells for 18 h did not affect their viability.
Similarly, pretreatment of schistosomula with PHAor
N-GO had no effect on their susceptibility to killing
during subsequent culture with either untreated or
PHA-activated T lymphocytes.

Wenext studied conditions of T cell activation by
mitogens. When T cells were cultured with PHA for
24 h and washed they demonstrated 49.5±4.9% as
much killing of schistosomula as when PHAwas pres-
ent throughout culture (Table III). To further examine
reversibility of lectin-induced T cell schistosomula kill-
ing, T cells were exposed to Con A for 24 h and washed
and cultured in a-methyl mannoside (Table III). In
this instance, the effect of the lectin on T cell killing
of the larvae was completely reversible.

The kinetics of augmentation of T cell killing by
PHA are shown in Fig. 3. A significant increase in
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TABLE I
Effect of PHAon T Lymphocyte Binding to and Killing of Schistosomula

T lymphocyte exposure

Nil PHA

Dead Dead larvae with Dead Dead larvae with
schistosomula 2 5 adhering cells schistosomula 2 5 adhering cells

mean±SEM mean±SEM

Exp. 1 8.0±0.3 0 54.0±0.3 88
2 8.9±0.6 0 55.2±5.4 95
3 7.9±0.4 0 66.8±6.6 100
4 6.2±1.3 11 50.2±4.4 92

200 schistosomula were added to wells containing 106 T cells preincubated for 24 h
in RPMI 1640 plus 10% FCS with or without PHA. After an additional 24 h, schisto-
somula death was assessed by dye uptake and the adherence of cells to dead schistosomula
scored. Loss of viability of schistosomula in medium without effector cells was 5.3±1.9%
in these experiments.

schistosomula killing first was noted by 2 h of culture
(P < 0.01). Killing at 4 h was 66% of maximal. Fol-
lowing N-GO treatment of T cells, schistosomula kill-
ing was 15% of maximal at 4 h and peaked at 24 h
(not shown).

PHA-stimulated T cells demonstrated significantly
increased schistosomula killing at an effector cell to
target ratio of 500:1 (P < 0.02, Fig. 4). Optimal killing
occurred at a ratio of 5,000:1, which was used in most
experiments.

In three separate experiments, schistosomula killing
by PHA-stimulated T cells was assayed simultaneously
by dye uptake and infectivity (Table IV). A significant
decrease in maturation to adult worms was noted in
schistosomula cultured with PHA-stimulated as com-

pared to unstimulated T cells (P < 0.05, paired t sta-
tistic). The in vitro technique of dye uptake consis-
tently underestimated loss of infectivity of schistoso-
mula exposed for 24 h to PHA-activated T cells.
Additional groups of mice were infected with schis-
tosomula which had been exposed to T cells treated
with neuraminidase and incubated with peanut ag-
glutinin or treated with galactose oxidase. Adult worm
recovery was 49.6±6.6 in mice infected with schisto-
somula exposed to unstimulated T cells, 31.2±2.4 with
N-PAG treated T cells (P < 0.05) and 31.9±4.7 for N-
GOtreated cells (not significant).

T cell subpopulations responsible for augmented
schistosomula killing following PHA-treatment. T
lymphocytes were fractionated to determine the sub-

TABLE II
[H]Thymidine Incorporation of T Lymphocytes Stimulated with Lectins

and Oxidative Mitogens

Experiment

Exposures 1 2 3

[H)thymidine incorporation, mean cpm±SD

Nil 1,484±388 1,818±444 544±149
PHA 76,188±11,282 116,732±9,716 ND*
Neuraminidase 1,191+53 1,368±99 1,135±68
Galactose oxidase 5,536±399 10,520±1,746 12,341±2,289
N-GO 35,071±3,370 101,018±6,517 90,166±7,597
Peanut agglutinin 1,329±184 2,108±688 ND
N-PAG 14,064±1,284 13,302±1,928 ND

* Not done.
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TABLE III
Reversibility of Lectin-Mediated Activation of T Cells to Kill Schistosomula by Washing

or Addition of a-Methyl Mannoside before Determination of Schistosomula Killing

T lymphocyte exposure"

Con A
First 24 h: Nil PHA PHA a-methyl Con A

Experiment Next 24 h: Nil Nil PHA mannoside Con A

Percent dead schistosomula, mean±SD

1 0.7±1.1 30.0±6.0 47.0±3.6 1.3±1.1 31.0±4.6
2 2.3±0.6 14.7±1.5 27.3±3.1 2.7±3.1 27.3±6.7
3 5.7±1.5 21.7±1.5 41.0±4.4 NDf ND
4 0.3±1.0 20.3±7.1 50.0±5.6 ND ND

T lymphocytes were cultured in 12 X 75-mm plastic tubes for 24 h with the appropriate
lectins. They then were washed five times; cells cultured with con A were washed with 0.1
mMa-methyl mannoside (Sigma Chemical Co.). The T cells were counted and 106 added to
wells with schistosomula and the appropriate additions for 24 h.
f Not done.

sets responsible for increased schistosomula killing by
PHA-activated effector cells. Incubation of schistoso-
mula with unstimulated T, OKT8+, and OKM1+cells
resulted in 2.7±0.6, 1.3±0.6, and 1.0±1.0% dye
uptake, respectively. Following incubation of frac-
tionated cells with PHAfor 24 h, killing by the OKT8+
population exceeded that of all other subsets (Table
V). The effector potential of PHA-activated T cell sub-
sets, in fact, could be ordered as OKT8+ > Ty- > T
> OKT4+ > T'+ = OKM1+. In contrast to increased
schistosomula killing by lectin-stimulated T lympho-
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cytes, pokeweed mitogen stimulation of a B lympho-
cyte-enriched population prepared by depletion of
plastic adherent and sheep erythrocyte rosetting cells
from PBMCdid not augment schistosomula killing
significantly.

Schistosomula killing by antigen-activated T lym-
phocytes. Wealso examined larval killing by T lym-
phocytes stimulated by PPD, SKSD, SWAPand al-
loantigens. Culture of T cells from healthy subjects
with PPDor SKSDproduced 7.0-fold and 5.0-fold in-
creases in schistosomula killing (Fig. 5). Schistosome

FIGURE 3 Kinetics of activation of T cell schistosomula kill- 0 250 500 2500 5000 10,000
ing by PHAassessed by dye uptake. PHAwas added to 106 T CELL: SCHISTOSOMULARATIO
T cells and 200 schistosomula at to. Schistosomula killing was
determined after the appropriate time intervals as dye up- FIGURE 4 Effect of T cell/schistosomula ratio on parasite
take. Data are presented as the mean±SD of triplicate de- killing determined by dye uptake. 200 schistosomula were
terminations. Loss of viability of schistosomula cultured in added to various numbers of PHA-stimulated T cells. Data
medium alone was 9.3±2.1% at 48 h. are shown as mean±SEMof two experiments.

374 Ellner et al.



TABLE IV
Schistosomula Killing by PHA-stimulated T Lymphocytes Determined In Vitro by Dye Uptake

and In Vivo by Infectivity for Mice'

Adult worm recovery

PHA-
Unstimulated stimulated

Experiment Dye uptake T lymphocytes T lymphocytes Decrease

% Dead
Schistosomula Adult worms recovered per mouse (mean±SEM)
(mean±SEM)

1 23.7±4.9 38.9±12.2 10.9±3.4 72%
2 34.0±1.0 25.8±2.9 12.7±3.7 51%
3 34.5±0.7 49.6±6.6 26.1±3.7 47%

Mean 30.7±3.5 - 56.7±7.7%

° After incubation of 100 schistosomula with 106 T lymphocytes±PHA for 24 h, schistosomula killing was
assessed by dye uptake. The contents of individual wells also were injected intraperitoneally into CF-1
mice. 8-10 mice were injected per variable. Adult worms were recovered from the portal veins after 8
wk and counted.

worm antigen did not affect killing by T cells from
healthy subjects in Cleveland or Cairo (not shown).
However, SWAPproduced a significant 5.5-fold in-
crease in schistosomula killing in 11 of 31 Egyptian
subjects with chronic Schistosomiasis mansoni.

Stimulation of T cells with alloantigens in bulk MLR
cultures produced 8.9-fold more killing than did au-
tologous control cultures (Fig. 5).

DISCUSSION

These studies establish that human T lymphocytes ac-
tivated by mitogens, soluble antigens, and alloantigens
express nonspecific cytotoxicity for the larval stage of
the multicellular helminth Schistosoma mansoni.
Schistosomula killing by T cells was defined by dye

uptake and corroborated by infectivity for mice. This
is the first demonstration of the capacity of human
cytotoxic T cells to kill an infectious agent directly.
Cytotoxic T cells may have an indirect role in viral
immunity via lysis of virus-infected host cells (6-8).
T lymphocytes also are capable of destroying Shigella
opsonized with hyperimmune rabbit antibody (36). In
the current study, however, direct cytotoxicity for a
multicellular parasite occurred without opsonization
of the target organism.

Following alloimmunization, murine cytotoxic T
lymphocytes adhered to but did not morphologically
damage lung stage schistosomula (37). This specific
cytotoxicity required that cytotoxic T lymphocytes be
immunized with cells bearing H-2 determinants of the
mouse strain in which schistosomula matured to lung

TABLE V
Schistosomula Killing by PHA-stimulated T Cell Subpopulations Determined by Dye Uptake

T Lymphocyte Subpopulations

Experiment T OKT8+ OKT8-/OKT4+ T-y T-y+/OKM1+

Percent dead schistosomula (mean±SEM)

1 40.7±1.8 63.3±3.0t 37.0±1.0 48.7±2.4 29.0±2.1
2 27.3±1.2 31.0±2.11 22.5±0.5 ND 21.7±0.9

In Exp. 1, T cells were fractionated by rosetting techniques into OKT8+, OKT8-, T'y, and Ty
subpopulations. In Exp. 2, complement-dependent cytolysis was used to prepare OKT8+, OKT4+, and
OKM1+populations by depletion of.the reciprocal subsets. The purity of the T cell populations in
Exp. 1 and 2, respectively, was: OKT8+: 88%, 86% OKT8+; OKT8-/OKT4+: 88%, 67% OKT4+, 6%,
4% OKT8+; OKMI: 75% OKM1. The T cell populations were cultured with PHA for 18 h before
addition of schistosomula.
t Exceeds killing by OKT8-/OKT4+ (P < 0.01), Ty+ (P < 0.01), and OKM1(P < 0.02) subpopulations.
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FIGURE 5 Schistosomula killing by T cells stimulated by sol-
uble antigens and alloantigens assessed by dye uptake. T
lymphocytes were incubated with PPD, SKSD, SWAP, or
irradiated allogeneic PBMC. Schistosomula killing was de-
termined as dye uptake after 24-h incubation with unstimu-
lated or activated T cells. The data are expressed as mean
schistosomula killing by T cells (parasite death in medium
alone subtracted) ±SEMfor six studies with PPD, eight with
SKSD, and six allogeneic pairs of cells, all performed in
healthy subjects in Cleveland. SWAP-induced T cell killing
is presented as mean±SEMfor 11 subjects from Cairo.

stage. Thus, it presumably depended on acquisition by
schistosomula of H-2 antigens in vivo. Lectin-stimu-
lated human T lymphocytes showed increased adher-
ence to and also killing of fresh schistosomula. The
basis for the greater lethality of interaction may be
related to species, stimulus, or parasite stage, all of
which differed from the mouse studies. In contrast to
unicellular targets, damaged metazoan parasites do not
undergo rapid cytolysis; however, morphologic dam-
age assessed by dye uptake after exposure of schisto-
somula to activated human T cells, in fact, underes-
timated the loss of infectivity for mice, which is the
most rigorous index of damage to schistosomula.

Schistosomula killing by PHA-stimulated T lym-
phocytes was a rapid event, first apparent by 2 h of
culture of T lymphocytes, schistosomula, and PHA,
and maximal at 18 h. The kinetics of stimulation of
schistosomula killing resembled those of PHA-induced
augmentation of the spontaneous cytotoxicity of T
lymphocytes for the myeloblastoid line K562, which
was apparent at 2 h and maximal by 24 h.2 It was
partially reversed by washing PHA-stimulated effector
cells before adding targets. However, schistosomula
killing by con A-stimulated T cells was abrogated by

2 Schacter, B. Z. Personal communication.

washing and culture in a-methyl mannoside. The in-
complete reversibility of PHA-augmented cytotoxicity
could result from bridging of effector cells and targets
by PHAon the T cell surface or different activity of
this lectin. In either case, the absence of augmented
susceptibility of PHA-treated schistosomula to killing
by unstimulated T cells suggests that lectin bridging
is not sufficient for increased killing. Moreover, T cells
activated by soluble antigens and alloantigens also
showed increased cytotoxicity for schistosomula.

In the current studies, OKT8+ cells exhibited the
most efficient cytotoxicity for schistosomula after stim-
ulation with PHA. This is in keeping with two recent
findings. First, lectin-dependent cytotoxicity for tumor
targets can be effected through specific cytotoxic T
cells (15, 38, 39), which are OKT8+ Ty- in human
systems (40, 41). Second, augmented natural killer cell-
like activity is expressed through cells other than
OKM1+Ty', which demonstrate NK activity in the
unstimulated state (23, 40). Lectin-dependent cyto-
toxicity of T cells for schistosomula also was expressed
in the OKT4+, OKM1+, and Ty+ subsets, but to a lesser
extent. Thus, schistosomula killing was expressed vari-
ably in all T lymphocyte subsets after stimulation by
PHA and was not restricted to classical OKT8+ cyto-
toxic lymphocytes.

The mechanism of schistosomula or tumor killing
by augmented, NK-like activity is unknown. Hydrogen
peroxide (42), eosinophil major basic protein (43), and
arginase (44) have been proposed as mediators by
which granulocytes and activated macrophages de-
stroy schistosomula. Activated T lymphocytes do not
produce measurable quantities of arginase.3 It seems
unlikely that depletion of other essential nutrients or
release of toxic metabolic products by activated T cells
contributed to cytotoxicity because killing required
direct apposition of effector cells and targets and su-
pernates of activated cells were nontoxic for schisto-
somula. Rather, these observations suggest that if me-
diators released by activated T cells such as lympho-
toxins (45, 46) are important in killing this multicellular
organism, their release must be triggered by contact
with the target or their activity must require high con-
centrations only attained locally.

Schistosomula killing by activated T lymphocytes
peaks at the same effector to target ratio as the other
major effector systems: granulocytes plus antibody or
complement and mononuclear phagocytes (31, 44). In
vivo studies in experimental models also support a role
for T lymphocytes in host resistance to schistosomiasis;
thus, antithymocyte globulin-treated mice (48) and
congenitally athymic mice (49) fail to acquire resis-

3 Ellner, J. J. Manuscript in preparation.
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tance to this parasite. However, interpretation of the
in vivo data is complicated by the multiple functions
ascribed to the T lymphocyte in the murine infection,
which include macrophage activation, granuloma for-
mation, and the development of eosinophilia (27, 49).
Thus, the precise contribution of T cell damage to S.
mansoni to host resistance cannot be ascertained.
However, our study establishes for the first time that
T lymphocytes have the capability of such direct in-
volvement in the destruction of a multicellular para-
site.
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