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Abstract

Studies were conducted to determine if ¥6 T cells participate
in the immune response to Toxoplasma gondii. Preferential
expansion of human y¥8 T cells occurred when peripheral
blood T cells from either 7. gondii—seronegative or seroposi-
tive individuals were incubated with autologous PBMC in-
fected with the parasite. That y6 T cells proliferated after
incubation with infected cells was confirmed using purified
of y8 T cells. These T. gondii—induced y8 T cell responses
did not require prior exposure to the parasite since T cells
obtained from umbilical cord blood from seronegative new-
borns also exhibited preferential expansion of ¥8 T cells.
Cytofluorometric analysis of T cells obtained from either
umbilical cord blood or peripheral blood from adults re-
vealed that Vy9* and V82" 8 T cells responded to stimula-
tion with infected cells. Preferential expansion of y5 T cells
was not restricted by polymorphic determinants of MHC
molecules. PBMC that had internalized killed parasites but
not PBMC incubated with 7. gondii lysate antigens also
stimulated preferential expansion and activation of y6 T
cells as assessed by expression of CD25 and HLA-DR mole-
cules. Vy9*V82*y8 T cells were cytotoxic for T. gondii—
infected cells in an MHC-unrestricted manner, and pro-
duced IFN-y, IL-2, TNF-a, but not IL-4 when incubated
with cells infected with the parasite. These results suggest
that rapid induction of a remarkable primary y¥é T cell
response may be important in the early protective immune
response to 7. gondii. (J. Clin. Invest. 1995. 96:610-619.)
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Introduction

A small proportion of circulating T cells express a T cell antigen
receptor (TCR)' composed of a yé heterodimer in association
with the CD3 complex (1). Although the functions and speci-
ficities of these cells are poorly understood, increasing evidence
indicates that y§ T cells participate in the immune response
against certain infectious organisms (2). Some characteristics
that distinguish yé T cells from af T cells may have relevance
to their potential role in the immune response in vivo. These
cells express a limited repertoire of the variable region of the
TCR (3), are frequently associated with epithelia in certain
species (4), accumulate at sites of infection (5-7), and mature
in the fetal thymus before @8 T cells (8). Indeed, due to these
characteristics, it has been proposed that yé T cells may repre-
sent a more primitive arm of the T cell immune response that
recognize a limited range of antigens and may act as a first line
of defense against certain pathogens and tumors (9).

Toxoplasma gondii is an intracellular parasite that has be-
come a major opportunistic pathogen in patients with defects
in cell-mediated immunity (10, 11). These patients are at risk of
developing reactivation of a chronic (latent) T. gondii infection
which is usually manifested as toxoplasmic encephalitis (10,
11). T cells have been shown to play a critical role in protection
against 7. gondii in mice (12, 13) and the relatively high inci-
dence of toxoplasmosis in patients with a defect in T cell func-
tion (e.g., patients with Hodgkin’s disease and AIDS) provides
indirect evidence for the role of T cells in resistance against
this parasite in humans (10, 11).

The fact that the natural route of infection with T. gondii is
through oral ingestion of the parasite would suggest that y6 T
cells, which are known to be present in the intestinal mucosa,
may be one of the first immune cells that would interact with
the parasite. Therefore, we were interested to determine whether
6 T cells play a role in the immune response against 7. gondii.
In the present study, we show that human peripheral blood
v6 T cells from either T. gondii—seropositive or—seronegative
subjects are directly activated by incubation with cells that con-
tain intracellular tachyzoites of T. gondii. This activation results
in the expression of yé T cell effector functions, including
cytolytic activity against 7. gondii—infected cells and secretion
of IFN-vy, IL-2, and TNF-a. These results indicate that a high
frequency of ¥4 T cells in all normal individuals is responsive
to direct stimulation by T. gondii, and suggest an important role
for y6 T cells in the immune response to this pathogen in
humans.

Methods

Study population. The Stanford Blood Bank supplied buffy coats from
heparinized blood of healthy volunteer donors. In addition, umbilical



cord blood was obtained from placentas of otherwise healthy newborns
at Stanford Children’s Hospital. T. gondii serology (the agglutination
test and Sabin-Feldman dye test for IgG antibodies, and IgM ELISA)
were performed as previously described (14—16). This allowed for
division of the population into 7. gondii—seronegative (19 donors) and
T. gondii—seropositive (chronically infected with T. gondii [S donors])
healthy adult subjects. The latter subjects had low dye test titers and were
negative in the IgM ELISA. All newborns were T. gondii—seronegative.

T. gondii organisms and antigens. Tachyzoites of the RH strain
were obtained from peritoneal fluid of mice as previously described
(17). Mammalian cells were removed by filtration through a Nucleo-
pore® polycarbonate membrane (3-pm pore; Costar Scientific Corp.,
Cambridge, MA) (17). Tachyzoites of the temperature-sensitive mutant
ts-4 strain were obtained from infected monolayers of human foreskin
fibroblasts (18). Tachyzoites were washed at least three times in large
volumes of RPMI 1640 before use. T. gondii lysate antigens (TLA)
were obtained by sonication of tachyzoites of the RH strain as described
(19). Briefly, mammalian cell-free tachyzoites were sonicated in sterile
distilled water. This was followed by centrifugation at 900 g for 20 min
at 4°C to remove debris and unlysed cells. The supernatant was dialyzed
against PBS and then used as source of T. gondii antigens. For some
experiments peritoneal lavage fluids from uninfected mice and tachy-
zoite-free peritoneal lavage fluids from infected mice (after passage
through a 0.45-um filter) were processed as preparations containing 7.
gondii and used as controls.

Purification of T cells. PBMC were isolated by centrifugation on
Ficoll-Hypaque gradients (Pharmacia LKB Biotechnology Inc., Piscata-
way, NJ) as previously described (20). B cell-depleted PBL were
obtained by passing PBMC through a nylon wool column (Polysciences
Inc., Warrington, PA) (20) followed by overnight incubation in tissue
culture flasks (Costar) and collection of nonadherent cells. To purify T
cells, PBL were incubated with saturating concentrations of anti-CD16
mAb (Becton Dickinson & Co., San Jose, CA), and anti-CD56 mAb
(Coulter Cytometry, Hialeah, FL) for 1 h at 4°C. Cells were then incu-
bated for 1 h at 37°C with a 1:8 dilution of baby rabbit complement
(Cedarlane Laboratories Ltd., Homby, Ontario, Canada). This proce-
dure was repeated once. The resulting cell populations were > 99%
CD3* T cells by cytofluorometric analysis.

To obtain purified y6 T cells, PBL were incubated for 1 h at 4°C
with saturating concentrations of anti-CD4 mAb (Dako Corp., Carpin-
teria, CA). Magnetic beads coated with anti—mouse IgG (Advanced
Magnetics, Inc., Cambridge, MA) were added at a bead:cell ratio of
30:1 and incubated for 30 min. at 4°C with frequent mixing. Rosetting
cells were removed with a magnet (Dynal Inc., Great Neck, NY).
Magnetic beads were then added again to remove additional rosetting
cells. Cells were then incubated for 1 h at 4°C with saturating concentra-
tions of anti-aS mAb (BMA 031; T Cell Diagnostics, Cambridge, MA )
and anti-CD83 mAb (2ST85H7; generous gift from Dr. Ellis Reinherz,
Dana-Farber Cancer Institute, Boston, MA) (21). This was followed
by incubation with magnetic beads coated with anti—mouse IgG (Dynal)
and removal of rosetting cells as described above. Remaining cells were
subjected to two rounds of complement-dependent lysis using anti-CD16
and anti-CD56 mAb as described above. This resulted in populations
that were > 96% CD3* y6 TCR™ T cells by cytofluorometric analysis.
In some experiments, cells obtained after incubation with anti-a/3, anti-
CD4, and anti-CD8 8 mAb and magnetic beads were labelled with
fluorochrome-conjugated anti-y§ TCR mAb (11F2; Becton Dickinson).
8 T cells were isolated by FACS ® (FACStar® cytofluorometer; Becton
Dickinson). These steps resulted in populations that were > 99% CD3 *
v6 TCR™* by cytofluorometric analysis.

Short-term in vitro stimulation of T cells. Either purified T cells or
purified y6 T cells were used as responder cells and were cultured in
either 24-well or 96-well plates (Costar) in complete medium (CM)
consisting of RPMI 1640 supplemented with 100 U/ml of penicillin,
100 pg/ml of streptomycin, and 10% dye test—negative pooled human
AB* serum (Irvine Scientific, Santa Ana, CA). Unless otherwise stated,
responder cells were incubated at a concentration of 5 X 10° cells/ml.
For most experiments, stimulator cells consisted of <y-irradiated (3,000
R) PBMC which had been either infected with tachyzoites of the RH

strain of 7. gondii attenuated with ultraviolet (UV) light (UVTg) as
described previously (20, 22, 23), infected with the temperature-sensi-
tive mutant ts-4 strain of T. gondii without UV treatment, incubated
with tachyzoites of the RH strain of T. gondii killed with formalin
(FKTg) as previously described (24), incubated with TLA, or used as
uninfected, untreated cells as controls. When PBMC were incubated
with any of the three tachyzoite preparations, the percentage of cells
with intracellular parasites was determined by light microscopy (20,
23) and stimulator cells were added to responder cells at a responder/
stimulator (infected cells) ratio of 5:1 to 10:1. In preliminary experi-
ments, the optimal concentration of TLA for T cell proliferation was
found to be 10 ug/ml. In some experiments, purified PHA (Wellcome
Diagnostics, Dartford, UK) at a concentration of 0.5 pg/ml was used
as mitogenic stimulant. Responder cells were incubated with stimulator
cells for 7 d at 37°C, 5% CO,. T cells were also incubated with either
UVTg-infected or uninfected EBV-transformed B lymphoblastoid B cell
lines (EBV-LCL) (generous gift from Dr. Carl Grumet, Stanford Uni-
versity, Stanford, CA). Either infected or uninfected EBV-LCL were
fixed with paraformaldehyde and washed extensively before incubation
with T cells (25). When T. gondii—infected cells were added, a re-
sponder/stimulator ratio of 5:1 to 10:1 was used. Effects of short term
in vitro stimulations on T cells were analyzed both by proliferation
assays and cytofluorometric analysis.

Generation of y6 T cell lines and clones. Two methods were used
to establish y6 T cell lines. PBMC (2.5 X 10%/ml) in CM were cultured
in 24-well tissue culture plates (Linbro; Flow Laboratories, Inc.,
McLean, VA) at 37°C in 5% CO,. Paraformaldehyde-fixed autologous
PBMC that had been infected with UV-attenuated T. gondii (stimulator
cells) (2.5 X 10°/ml) were added to each well. This was followed by
weekly restimulation with stimulator cells (2.5 X 10°/ml), vy-irradiated
(5,000 R) autologous PBMC (5 X 10°/ml), and recombinant IL-2 (rIL-
2) (60—100 IU/ml) (generous gift from Chiron Corp., Emeryville, CA).
After 3 w of in vitro culture, y6 T cells were purified by negative
selection as described above. This resulted in T cell lines that were
>99% CD3* y6 TCR" by cytofluorometric analysis. These y6 T cell
lines were maintained using the same protocol of re-stimulation.

v6 T cell lines and clones were also derived from PBMC (2 X 10%/
ml) that had been incubated with UV-attenuated RH tachyzoites (4
X 10%/ml) for 7 d in CM. Sulfadiazine (75 pg/ml) (City Chemical
Corp., New York) was added after 24 h of incubation with T. gondii
and maintained for 6 d. Thereafter, y6 T cells were isolated by positive
selection using FACS® sorting and 6 T cell lines and clones were
maintained as previously described (26). Briefly, cells were cloned by
limiting dilution in 96-well round bottom plates (Linbro) by incubating
0.3 cell/well in CM containing 0.25 pg/ml purified PHA (Wellcome
Diagnostics) and rIL-2 (120 IU/ml) (Chiron Corp.). y-irradiated (5,000
R) autologous PBMC (1 X 10°) and 7y-irradiated (7,500 R) JY EBV-
LCL (1 X 10*) (generous gift from Dr. Carol Clayberger, Stanford
University, Stanford, CA) were added to each well as feeder cells. The
cloning efficiency was ~ 8%. y6 T cell lines and clones (5 X 10°/ml)
were maintained by weekly restimulation with vy-irradiated (5,000 R)
autologous PBMC (1 X 10%/ml), y-irradiated (7,500 R) JY EBV-LCL
(1 X 10°/ml), 0.25 ug/ml purified PHA, and rIL-2 (120 TU/ml). y6
T cell lines and clones were evaluated for cytotoxicity and cytokine
production. Results of these functional assays were similar between y6 T
cell populations obtained with either of the two methods of stimulation.

Cytofluorometric analysis. Lymphocytes obtained both directly from
buffy coats and after in vitro culture were studied for expression of
different surface markers using the following fluorochrome-conjugated
mADbs: anti-CD3, anti-a8 TCR, anti-yé TCR, anti-CD16 (Becton Dick-
inson & Co.); anti-Vy9 TCR, anti-Vé1 TCR, anti-Vé2 TCR (T Cell
Diagnostics); anti-CD4, anti-CD8, and anti-HLA DR (Caltag Labora-
tories, South San Francisco, CA); anti-CD25 and anti-CD56 (Coulter
Cytometry). Cells were incubated with the appropriate mAb for 30 min
at 4°C. Propidium iodine (0.5 pg/ml) (Sigma Chemical Co., St Louis,
MO) was added immediately before analyzing the cells with a FACS-
can® cytofluorometer (Becton Dickinson & Co.). Background fluores-
cence was assessed by using irrelevant isotype control mAb. Viable
cells were identified by exclusion of propidium jodine. In some experi-
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Table 1. Proliferation of T Cells in Response to T. gondii—infected Cells and Mitogen (PHA)

Seronegative Seropositive
Donor 1 2 3 4 5 6

PBMC* 218¢ 485 2,591 2,296 976 539
98) (208) (596) (735) (35) (68)

PBMC-UVTg 27,539 184,422 58,159 399,103 346,987 102,951
(3,047) (20,990) (7,604) , (29,383) (18,945) (9,099)

PBMC-PHA 29,830 161,660 41,179 529,254 267,443 77,168
(2,789) (10,117) (4,405) (10,057) (10,057) (3,711)

* T cells were incubated with either unifected PBMC, PBMC infected with UVTg, or PBMC and PHA. * Results are expressed as mean cpm=(SD).

Data shown were obtained from six representative donors.

ments only T cell blasts were analyzed by gating according to forward
scatter.

Proliferation assay. For the last 18 h of the in vitro stimulation,
cells were pulsed with 1 uCi of [*H]thymidine and harvested onto glass
fiber filters using a 96-well cell harvester. Incorporation of [*H]-
thymidine was measured using a scintillation counter (Beckman Instru-
ments Inc., Fullerton, CA). Results are expressed as the mean cpm of
[*H]thymidine incorporation of triplicate cultures. Data are also pre-
sented as stimulation indices (cpm of cultures with 7. gondii/cpm of
cultures without T. gondii).

Cytotoxicity assay. This was performed as previously described (20,
23). Target cells consisted of either uninfected EBV-LCL or EBV-LCL
infected with UV-attenuated tachyzoites (20, 23). Rates of infection
ranged from 50 to 70%. 5 X 10° target cells labeled with *'Cr were
added to wells of 96-well U-bottomed plates (Costar) and incubated
with different numbers of effector cells for 4 h at 37°C, 5% CO, in
RPMI 1640 with 10% fetal bovine serum (HyClone Laboratories, Inc.,
Logan, UT). Supernatants were harvested and radioactivity measured
using a gamma counter (model 5500 B; Beckman Instruments). The
percent specific *'Cr release was calculated using the following formula:
100X [(experimental release — spontaneous release)/(maximum re-
lease — spontaneous release)]. Percent specific *'Cr release represents
the mean from triplicate wells.

Measurement of cytokine production. y6 T cell lines were harvested
for cytokine analyses 10—14 d after the last addition of stimulator cells
and at least 3 d after the last addition of rIL-2. y6 T cells (1 X 108/
ml) were then incubated with either uninfected or T. gondii—infected
v-irradiated (7,500 R) JY EBV-LCL (1 X 10%/ml). yé T cells were
also stimulated with uninfected vy-irradiated JY EBV-LCL plus Con
A (20 pg/ml) (Sigma Chemical Co.). Control wells contained either
uninfected or 7. gondii—infected y-irradiated JY EBV-LCL without yé
T cells. Cell culture supernatants were collected at 24 and 48 h and stored
at —70°C. Concentrations of IL-2 and IL-4 in supernatants collected at
24 h, and concentrations of IFN-y and TNF-a in supernatants collected
at 48 h were measured by ELISA (27) (reagents generously provided
by Dr. John Abrams, DNAX, Palo Alto, CA).

Statistical analysis. Data were analyzed using Mann-Whitney test
or Student’s ¢ test.

Results

Effect of in vitro stimulation with T. gondii—infected cells on
v6 T cell populations. The proliferative response of purified
resting T cells upon incubation with either uninfected autolo-
gous PBMC or autologous PBMC infected with UVTg was
studied. 7. gondii was exposed to UV light because this treat-
ment impairs intracellular multiplication of the parasite pre-
venting destruction of infected host cells (20, 22, 23). In addi-
tion, T cells were subjected to mitogenic (PHA) stimulation.
As shown in Table I, when compared with T cells incubated
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with uninfected autologous PBMC, incubation with autologous
PBMC infected with UVTg induced a remarkable proliferative
response in T cells from both T. gondii—seronegative and sero-
positive donors. The T. gondii—mediated T cell proliferation on
day 7 of culture in some donors was comparable in magnitude
to the proliferative response induced by PHA (Table I). T cell
proliferation was not observed when T cells were stimulated
with PBMC incubated with peritoneal lavage fluid preparations
from uninfected mice or tachyzoite-free peritoneal lavage fluid
preparations from infected animals (data not shown). In addi-
tion, the T cell proliferation induced by T. gondii—infected cells
was not due to potential contamination with endotoxin since
addition of polymyxin B (5 ug/ml) did not result in inhibition
of this response. Fig. 1 shows the magnitude of T. gondii—
induced T cell proliferation expressed as stimulation indices.
No significant difference was observed when the T. gondii—
induced proliferation of T cells from T. gondii—seronegative
(stimulation indices ranged from 22.5 to 532.6, mean of 137.5)
was compared with that of T cells from seropositive donors
(stimulation indices ranged from 28.5 to 355.5, mean of 156.4)
(P > 0.5).
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Figure 1. Proliferative response to T. gondii—infected cells of T cells
from 19 T. gondii—seronegative and 5 —seropositive donors. Each dot
represents one donor. Horizontal lines represent mean of stimulation
indices.



Table 1I. y6 TCR Expression on T Cells before and after 7 d of Incubation with Either Uninfected or T. gondii—infected PBMC

Seronegative (n = 19) Seropositive (n = 5) All (n = 24)
Percent yé Fold increase* Percent yé Fold increase Percent yé Fold increase
Day 0 3.0 (0.4-11.9)* NA 4.0 (1.9-7.1) NA 3.3 (04-11.9) NA
Day 7
PBMC 0.8 (0.1-2.2) 0 2.2 (1.8-2.6) 0 1.1 (0.1-2.6) 0
PBMC-UVTg 31.0 (11.2-74.2) 25.7 2.4-127.0) 28.1 (12.6-57.0) 18.7 (5.2-70.9) 314 (11.2-74.2) 24.0 (2.4-127.0)

* Fold increase in the numbers of y8 T cells. * Outside parentheses, mean values; inside parentheses, range. NA, not applicable.

To determine the effect of the different stimuli on the pheno-
typic composition of T cells, cytofluorometric analysis of puri-
fied peripheral blood T cells was performed before and after 7
d of in vitro stimulation. Percentages of yé T cells in freshly
obtained T cell preparations were within previously reported
normal limits (Table IT). No significant difference was observed
between T. gondii—seropositive and seronegative donors (P
> 0.5). Compared with cytofluorometric analysis performed
before incubation (day 0) and after 7 d of incubation with
uninfected autologous PBMC, incubation with autologous

PBMC infected with UVTg resulted in a remarkable increase

in the percentage of yé T cells in the T cell preparations of all
the donors tested regardless of serological status (Table II).
Incubation with PHA did not cause a preferential expansion of
v6 T cells (data not shown). There did not appear to be any
correlation between the percentage of yé T cells before stimula-
tion and the magnitude of the increase in the percentage of
these cells after stimulation with UVTg-infected PBMC. The
increase in y6 T cells was due to cell multiplication since analy-
sis of cell counts and cytofluorometric data performed before
and after stimulation with PBMC infected with UVTg indicated
that there was a remarkable increase in the absolute number of
6 T cells (Table II). On average, the absolute numbers of yé
T cells recovered were 24-fold higher than the initial numbers
of y6 T cells. There was no significant difference observed in
the increase in the number of yé T cells between seronegative
and seropositive individuals (P > 0.3). The number of y6 T
cells did not increase when incubation was with uninfected
PBMC. The yield of a8 T cells after incubation with UVTg-
infected cells was variable. For both T. gondii—seronegative
and seropositive individuals, the absolute numbers of a8 T cells
recovered ranged from 20% to 356% (mean of 118%) of the
initial numbers of af T cells.

To rule out the possibility that a y6 T cell response would
be seen only with T. gondii that had been exposed to UV light,
PBMC were infected with the temperature-sensitive ts-4 strain
of T. gondii. This strain was chosen because its intracellular
multiplication is impaired at 37°C (18), and thus destruction
of infected host cells is prevented. Incubation of T cells with
PBMC infected with the ts-4 strain of T. gondii also resulted
in preferential expansion of y§ T cells (data not shown).

Since the preparations of T cells used in the studies de-
scribed above contained both af and yé T cells, the direct
effect of T. gondii—infected PBMC on yé T cells was studied
in proliferation assays using preparations of purified v8 T cells.
As shown in Fig. 2 A, ¥4 T cells purified by negative selection
(>96% CD3* y6 TCR™) proliferated when incubated with
PBMC infected with UVTg. These results were confirmed by
using highly purified populations of yé T cells obtained by
positive selection (> 99% CD3* yé TCR*) (Fig. 2 B).

Experiments were conducted to study the phenotypic mark-
ers of y6 T cells after incubation with cells infected with UVTg.
Cytofluormetric analysis of yé T cell blasts showed that they
were >98% Vy9*, >91% V§2*, >90% CD4~, > 88%
CD8". To determine further whether 7. gondii—induced y6 T
cell response is V-gene related, PBMC from fresh umbilical
cord blood from T. gondii—seronegative newborns were ob-
tained. This was done because, whereas most vy T cells in
peripheral blood from adults are already Vy9* and V62*, only
a fraction of yé T cells in blood from neonates express Vy9
and V62 chains (28). Incubation of T cell populations from
umbilical cord blood with autologous PBMC infected with
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Figure 2. Proliferative response of purified y6 T cells to T. gondii—
infected cells. v6 T cells (1 X 10°/ml) were incubated with either
uninfected or T. gondii—infected PBMC (PBMC-UVTg). (A) Results
obtained with 6 T cells purified by negative selection. (B) Results
obtained with yé T cells purified by positive selection. Results are
representative of three different donors.
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7-d incubation with PBMC infected with UVTg. Each line represents a different donor.

UVTg resulted in preferential expansion of yé T cells (Fig. 3
A). In addition, in all donors tested, infection with UVTg also
induced a significant increase in the percentage of yé T cells
that expressed the V9 and V42 chains, which accounted for
the majority of the yé T cell expansion (Fig. 3, B—D). Incuba-
tion of T cells with either uninfected PBMC or uninfected
PBMC plus PHA did not result in expansion or change of the
phenotypic composition of yé T cells (data not shown). Thus,
in both adults and neonates the 7. gondii—induced yé T cell
expansion is TCR V gene related, strongly pointing to a role
for the TCR in this response.

Effects of different preparations of T. gondii on T cell re-
sponses. The response of T cells when incubated with either
PBMC infected with UVTg, PBMC that had ingested FKTg,
or PBMC incubated with TLA was assessed. T cell proliferation
using each of the three preparations for stimulation was ob-
served in each of the nine donors tested which included both
T. gondii—seronegative and —seropositive subjects (Fig. 4).
However, whereas incubation of T cells with PBMC infected
with UVTg or PBMC that had internalized FKTg resulted in
preferential expansion of the yé T cell population, incubation
with TLA did not (Table III). Between 4.5 and 18.5% (mean
of 11.6%) of the T cells were y6 TCR™ after incubation with
PBMC that had internalized FKTg, whereas in parallel experi-
ments, between 12.6 and 74.2% (mean of 36.4%) of the T
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cells were y6 TCR* after incubation with PBMC infected with
UVTg. In addition, incubation of T cells with PBMC that had
internalized FKTg resulted in an increase in the number of yé
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Figure 4. Proliferative response of T cells to different preparations of
T. gondii. T cells were incubated with either uninfected PBMC, PBMC
infected with UVTg, (PBMC-UVTg), PBMC incubated with FKTg
(PBMC-FKTg), or PBMC and TLA (PBMC-TLA). Results are repre-
sentative of nine different donors.



Table III. y6 TCR Expression on T Cells before and after 7-d
Incubation with Different Preparations of T. gondii

% v6 T cells
Donor 1 Donor 2 Donor 3

Day 0 6.6 35 27
Day 7

PBMC* 1.2 0.4 0.7

PBMC-UTVg 41.6 220 74.2

PBMC-FKTg 18.6 9.8 15.5

PBMC-TLA 2.7 2.7 2.1

* T cells were incubated with either uninfected PBMC, PBMC infected
with UVTs, PBMC incubated with FKTg, or PBMC and TLA. Resulits
are representative of nine different donors.

T cells that ranged from no change to a 50.4-fold (mean of
14.1-fold increase) whereas incubation with PBMC infected
with UVTg resulted in an increase that ranged from 4.4- to
127-fold (mean of 29.8-fold increase). Thus, both cells with
intracellular UVTg and with intracellular FKTg induced a yé6 T
cell expansion, whereas cells incubated with a lysate containing

soluble parasite antigens did not. This suggested that the intact
" tachyzoites is required for stimulation of the y6 T cell expan-
sion.

The effect of different preparations of 7. gondii on activation
of af and yé T cells was assessed by cytofluorometric analysis
of the expression of CD25 and HLA-DR molecules (Table IV).
Incubation with either PBMC infected with UVTg or PBMC
that had internalized FKTg resulted in a significant increase in
the percentage of both a8 and yé T cells that bore the CD25
and HLA-DR molecules (P = 0.02). Incubation with PBMC
plus TLA resulted in a significant increase in the percentage of
both @B and v§ T cells that bore the CD25 molecules (P
= 0.02) but not HLA-DR molecules (P = 0.06). Incubation
with either PBMC infected with UVTg or PBMC that had inter-
nalized FKTg resulted in a significantly higher percentage of
cells that expressed CD25 and HLA-DR molecules in the y§ T
cell populations than in the a8 T cell populations (P = 0.04)
(Table IV). In contrast, the percentage of a3 and of yé T cells
that expressed CD25 or HLA-DR were similar. after stimulation
with TLA (P > 0.4) (Table IV). These results are consistent
with the conclusion that cells with intracellular parasites induce
a preferential activation of yé T cells.

Effect of MHC on expansion of y6 T cells. Preliminary
studies indicated that T. gondii—infected EBV-LCL induced
preferential expansion of y6 T cells. To determine whether the
T. gondii—induced expansion of yé T cells is MHC restricted,
T cells were incubated with either infected or uninfected MHC
mismatched EBV-LCL. For these experiments, EBV-LCL were
fixed with paraformaldehyde after infection to avoid any possi-
bility that UVTg present in the EBV-LCL might proliferate and
infect autologous T cells. Preliminary experiments indicated
that this treatment completely ablated infectivity of T. gondii
tachyzoites (data not shown). As indicated in Table V, all MHC
mismatched 7. gondii—infected EBV-LCL induced expansion
of yé T cells whereas uninfected EBV-LCL did not, indicating
that the T. gondii—induced preferential expansion of y6 T cells
was not restricted by polymorphic MHC determinants.

Cytotoxic activity of y6 T cells against T. gondii—infected
cells. y6 T cell lines were established and used to assess the

Table IV. Effect of Incubation with Different T. gondii
Preparations on Expression of CD25 and HLA-DR Molecules
on af} and y6 T Cells

af T cells v6 T cells
Percent Percent Percent Percent
CD25* HLA-DR* CD25* HLA-DR*
Day 0 1.1+05* 0903 3.7+24 1.2+0.9
Day 7
PBMC? 3.8+2.0 1.8x15 3.6+33 11.9+10.8
PBMC-UVTg 21.3+159 16.1x74  63.4*274 75.6x8.7
PBMC-FKTg 63.0+6.3  325*12.7 903*28 68.9*15.5
PBMC-TLA 36.4%25.1 22.6+17.7 382+235 354x194

Phenotypic analysis of T cells before and after 7 d of in vitro culture
was obtained by two-color flow cytometry using mAbs specific for af
TCR, y6 TCR, CD25, and HLA-DR. * Values are mean+SD of experi-
ments conducted using T cells from five different donors. * T cells were
incubated with either uninfected PBMC, PBMC infected with UVTg,
PBMC incubated with FKTg, or PBMC and TLA.

cytotoxic activity against T. gondii—infected cells. As shown
in Fig. 5 A, v6 T cells displayed remarkable cytotoxic activity
against 7. gondii—infected cells whereas only minimal cytotoxic
activity was observed against uninfected cells. This cytotoxic
activity was not MHC restricted since 7. gondii—infected MHC-
mismatched target cells were lysed by ¥y T cells (Fig. 5 A).
The specific >'Cr release observed in these assays was not due to
lysis of extracellular tachyzoites since, under our experimental
conditions, the uptake of 5!Cr by extracellular parasites was
minimal (23). T cell lines used for cytotoxicity assays were
> 99% y6 TCR* by cytofluorometric analysis, thus it is very
unlikely that the observed cytotoxic activity was mediated by
contaminating af T cells or natural killer cells. To confirm that
6 T cells are cytotoxic for T. gondii—infected cells, y6 T cell
clones were used as effector cells in cytotoxicity assays. These
clones were established after in vitro stimulation with 7. gondii,
and were found to express both Vy9 and Vé2 chains by cy-
tofluorometric analysis. Fig. 5 B shows that yé T cell clones
display non—-MHC-restricted cytotoxic activity against 7. gon-
dii—infected cells but not against uninfected cells.

Cytokine production by y6 T cells. To study the production
of cytokines by y6 T cells in response to T. gondii, either’
uninfected or T. gondii—infected vy-irradiated EBV-LCL were
incubated with 6 T cell lines (> 99% yé TCR* by cytofluor-
ometric analysis) or Vy9* V§2* y6 T cell clones. Significant
cytokine production was not observed when yé T cells were
incubated with uninfected EBV-LCL cells (Table VI). When
incubated with T. gondii—infected EBV-LCL cells, y6 T cells
produced significant amounts of IFN-vy, variable amounts of
IL-2 and TNF-a but did not produce detectable IL-4. Cytokines
were not detected when yé T cells were incubated with EBV-
LCL plus tachyzoite-free peritoneal lavage fluid preparations
from infected mice (data not shown). yé T cells incubated with
Con A secreted not only high amounts of IFN-y and variable
amounts of IL-2 and TNF-«, but also secreted IL-4 in most
cases (Table VI). Supernatants obtained from wells that con-
tained only uninfected or only infected EBV-LCL (without yé
T cells) did not contain detectable amounts of any of the cyto-
kines (data not shown).
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Table V. Effect of MHC on T. gondii—induced Preferential Expansion of v6 T Cells

Percent y6 T cells

Day 7
Day 0 Autologous Autologous Tg 9010 9010-Tg 9016 9016-Tg 9054 9054-Tg
Donor 1 1.9 20 8.0 NA NA 1.7 27.1 12 27.8
Donor 2 0.9 0.1 3.9 0.2 4.1 04 3.0 0.3 50

T cells were incubated with paraformaldehyde-fixed uninfected or infected cells which were either autologous or MHC mismatched. Donor 1: Al
A3 B35 B41 Bw6 Cw4 DR4 DR10 DR53 DQ1 DQ3. Donor 2: A24 B18 B35 Bw6 Cwl Cw7 DR4 DR53 DQ8. EBV-LCL 9010: A28 B53 Bw4
Cw4 DR15 Dw2 DQ6. EBV-LCL 9016: A2 B51 Bw4 DR16 Dw22 DQ7. EBV-LCL 9054: A2 B4 Bw4 Cw5 DR14 DR52 Dw9 DQS Tg, T.

gondii—infected; NA, not applicable.

Discussion

The major mechanism of resistance against 7. gondii has been
shown to be mediated by T cells (12, 13). Both MHC-restricted
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Figure 5. Cytotoxic activity of yé T cells against either uninfected
(open symbols) or T. gondii—infected EBV-LCL (closed symbols). (A)
Results obtained with a yé T cell line (RR) tested against autologous
EBV-LCL (0) (DR4 DR15 DR51 DR53 DQ5 DQ8) or MHC-mis-
matched EBV-LCL (O0) (721.221: no expression of MHC I; DR1 DQ1).
(B) Results obtained with a Vy9* V62* y6 T cell clone (WT1) (A24
A32 B8 B38 Bw4 Bw6 Cw7 C8 DR4 DR17 DR52 DR53 DQ2 DQ8)
tested against MHC-mismatched EBV-LCL (721.221). Results are rep-
resentative of six separate experiments.
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CD4" and CD8™ T. gondii—specific T cells are involved in the
immune response against the parasite (23, 29-31). CD4* and
CD8™ T cells appear to confer protection by production of IFN-
¥ which is a major mediator of host resistance against the
parasite (13) and/or through lysis of either cells infected with
T. gondii (23, 29-31) or extracellular tachyzoites (32). In
previous studies of the role of T cells in resistance against T.
gondii, T cells mediating resistance were generally presumed
to be af T cells and the possibility that yé T cells play a part
in the immune response has not been assessed. Our results
indicate that T. gondii provides a strong signal for activation
and expansion of human peripheral blood y6 T cells from both
T. gondii—seronegative and —seropositive individuals. In con-
trast to stimulation of human T cells with PHA or a preparation
of soluble TLA, incubation of T cells with cells that had either
been infected with viable tachyzoites of T. gondii or had inter-
nalized killed tachyzoites resulted in preferential expansion of
6 T cells. In addition, incubation with T. gondii induced activa-
tion of yé T cells; after incubation, most of these cells expressed
the IL-2 receptor and MHC class II molecules on their surface.
Preferential activation of yé T cells occurred when incubation
was with cells infected with viable parasites or cells that had

Table VI. Production of Cytokines (IL-2, IL-4, IFN-y, and
TNF-a) by y6 T Cells

Stimulus IL-2 L4 IFN-y  TNF-a

Line RR EBV-LCL <19 <39 39 <19
EBV-LCL-UVTg 236 <39 738 495

EBV-LCL + Con A 460 <39 3,112 2,095

Clone WT1 None <19 <39 <19 <19
EBV-LCL <19 <39 <19 <19
EBV-LCL-UVTg 190 <39 796 46

EBV-LCL + Con A 2,636 280 4,935 1,049

Clone WT4 None <19 <39 <19 <19
EBV-LCL <19 <39 <19 <19
EBV-LCL-UVTg 52 <39 289 32

EBV-LCL + Con A 197 110 1,577 138

8 T cells were stimulated with either uninfected EBL-LCL, EBV-LCL
infected with UVTg, or uninfected EBV-LCL plus concanavalin A (Con
A). Levels of IL-2, IL-4, IFN-vy, and TNF-a were measured in culture
supernatants using ELISA (sensitivity > 19 pg/ml for IL-2, IFN-vy, and
TNF-a; > 39 pg/ml for IL-4). Results are presented in picograms per
milliliter and are representative of four separate experiments.



internalized killed tachyzoites. These results correlate with the
preferential growth of y6 T cells after stimulation with these
two preparations of cells with intracellular T. gondii.

Although our results demonstrate that 7. gondii induces a
preferential activation and expansion of human yé T cells, the
parasite also induces activation of af T cells as determined by
expression of IL-2 receptor and MHC class II molecules. In
this regard, we have recently demonstrated that purified human
af T cells from donors who are seronegative for T. gondii
antibodies proliferate when incubated with T. gondii—infected
cells (Subauste, C. S., and J. S. Remington, unpublished obser-
vations).

There was less thymidine incorporated by preparations of
purified yé T cells than by preparations of unseparated T cells.
One explanation for this might be the lower concentration of
purified y6 T cells than of unseparated T cells used in these
experiments. Other potential explanations include proliferation
of af T cells in the whole T cell preparations in response to
T. gondii and potentiation of the yé T cell proliferative response
af T cells (33). It is interesting to note that there was a remark-
able T cell proliferative response to 7. gondii in seronegative
individuals. The implications of this phenomenon in the host—
parasite relationship are unclear at this point. Elucidation of the
mechanism(s) and antigen(s) involved in this response will
help address this question. Pertinent to our results is a recent
report of a superantigen activity in 7. gondii (34).

The fact that cells that contained intracellular parasites but
not those treated with TLA induced a preferential activation
and expansion of yé T cells may be relevant to in vivo infection
with T. gondii since the parasite resides within cells of multiple
tissues in infected persons. Although in our in vitro model both
cells with intracellular viable and killed parasites induced a yé
T cell response, it appeared that the former induced a stronger
signal for y§ T cell expansion. Similar observation on the effect
of the viability of a microorganism on yé T cell response has
been described for Mycobacterium tuberculosis (35). Despite
the observation that incubation of T cells with killed bacteria
resulted in activation of yé T cells in vitro (36, 37), viability
and virulence of bacteria have been reported to be necessary
for accumulation of y6 T cells at the site of infection in
vivo (38).

The absence of a preferential yé T cell response when TLA
was used would suggest that for 7. gondii antigens to induce
this response, they either need to originate from intracellular
parasites or that the yé T cells recognize a modification of the
cells in response to the presence of intracellular tachyzoites. In
this regard, it has been reported that yé T cells respond to
the highly conserved heat shock proteins (HSP) expressed on
stressed cells or present in certain microorganisms (39, 40).
Pertinent to the immune response to T. gondii are studies that
detected a 65-kD HSP in peritoneal macrophages from mice
infected with T. gondii (41). Acquisition of resistance against
a lethal dose of a high virulence strain of T. gondii was found
to be associated with the expression of HSP in peritoneal macro-
phages. Although yé T cells probably can recognize HSP, it
appears that these molecules are not the major ligand for y6 T
cells reactive to certain pathogens such as M. tuberculosis (36).
Phosphorylated metabolites of a thymidine-containing nucleo-
tide conjugate isolated from M. tuberculosis have recently been
reported to be recognized by human yé T cells expressing recep-
tors encoded by Vy9 and V62 gene segments (42). Thus,
whether the ligand(s) responsible for the T. gondii—induced

6 T cell response are parasite antigens and/or host cell-derived
antigens (e.g., HSP) remains to be determined.

Our data indicate that y6 T cells from T. gondii—seronega-
tive individuals expand when stimulated with cells that had
been incubated with T. gondii—tachyzoites. It appears unlikely
that this response is mediated by prior exposure to cross-reactive
antigens since apparently unprimed yé T cells from T. gondii—
seronegative umbilical cord blood also respond to cells with
intracellular T. gondii. Therefore, our data suggest that human
¥6 T cells have an inherent reactivity to 7. gondii. Similar
findings have been reported in response to M. tuberculosis by
6 T cells from PPD-negative individuals (36) and by neonatal
thymocytes (39). These observations support the possibility
that v6 T cells act as a first line of defense against certain
microbes (9).

Whereas several studies have reported that the response of
v6 T cells is not MHC restricted (43-45), y6 T cells can
recognize antigen in association with MHC molecules (46, 47).
Results of our experiments in which MHC incompatible EBV-
LCL were used indicate that T. gondii—induced preferential
expansion of yé T cells and the cytotoxic activity of yé T cells
against 7. gondii—infected cells are not restricted by polymor-
phic MHC-I or MHC-II molecules. However, we cannot ex-
clude that nonclassical MHC or MHC-like molecules such as
CD1 (48) are involved in the yé T cell response to T. gondii.

There is evidence that points toward an in vivo role of yd
T cells in the immune response to infection. In addition to a
¥6 T cell response to in vitro incubation with various bacteria
(5, 35, 36, 38, 43-45, 49, 50), Plasmodium falciparum (51,
52) and Leishmania (53), activation of y§ T cells in vivo has
been reported in infections with M. tuberculosis and salmonella
(49, 54). v6 T cells have been found to accumulate in lesions
or sites of infection (5—7) and are increased in peripheral blood
from patients with certain infections (55, 56). y§ T cells have
been reported to play a role in protection against Listeria mono-
cytogenes (7, 38, 57), and Leishmania major (58) in experi-
ments of in vivo depletion of yé T cells and studies that used
mice that selectively lack either a8 or ¥é T cells. In addition,
after in vitro stimulation with M. tuberculosis, PBMC obtained
from patients with protective and resistant immunity (tuberculin
reactors, tuberculosis pleuritis) had higher percentages of yé T
cells than those obtained from patients with ineffective immu-
nity (advanced pulmonary tuberculosis and miliary tuberculo-
sis) (50). Finally, yé T cells may also be associated with patho-
logical immune responses in certain diseases (e.g., rheumatoid
arthritis, and multiple sclerosis) (43, 59, 60).

The mechanism(s) by which yé T cells confer protective
immunity remain to be determined. We have demonstrated that
human yé T cells produce IFN-vy, IL-2, and TNF-a upon stimu-
lation with T. gondii—infected cells and that they are cytotoxic
for T. gondii—infected cells. The importance of these observa-
tions lies in the fact that production of these cytokines (61-63)
and perhaps lysis of T. gondii—infected cells (20, 23, 29-31)
confer protection against 7. gondii. IFN-y plays a critical role
in the protective immune response against the parasite (61). It
has been proposed that protective immunity to 7. gondii is
associated with induction of a Thl-type CD4* T cell response
(64). The differentiation of CD4 " T cells towards a Thl-type
response is influenced by cytokines present during antigen prim-
ing, with a role for IFN-vy in the induction of this response and
IL-4 inhibiting it (65, 66). It is interesting to note that IFN-y
but no IL-4 could be detected after stimulation of yé T cells
with T. gondii—infected cells. Pertinent to our data is the recent
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report of production of either IFN-y or IL-4 by yé T cells in
response to pathogens that induce Thl or Th2 protective re-
sponses respectively (67). Our results suggest that the produc-
tion of IFN-y by y6 T cells may be an event of particular
importance in the immune response to 7. gondii, since early
production of this cytokine may promote differentiation of T
lymphocytes associated with protective cell-mediated immu-
nity. Finally, the fact that 6 T cells can be cytotoxic for T.
gondii—infected cells as well as cells infected with other intra-
cellular organisms (68) suggests that yé T cells may eliminate
infected cells.

We observed consistently that most 7. gondii—reactive yé
T cells expressed the Vy9 and V62 chains. The reactivity of
Vy9* V62" y6 T cells to T. gondii was confirmed in cytotoxic-
ity and cytokine production assays using yé T cell clones. Other
microorganisms including M. tuberculosis, Francisella tular-
ensis, Plasmodium falciparum, as well as Daudi cells, induce
expansion of Vy9* y6 T cells (44, 51, 55, 69). Whether, given
the relatively limited genetic diversity of the yé TCR, Vy9* yé
T cells recognize similar ligands present in all these stimulants
remains to be determined. Experiments in which T. gondii—
reactive Vy9* V82* y8 T cells are tested against cells infected
with other pathogens or tumor cells as targets in cytotoxicity
assays will help address this question. It has been proposed that
M. tuberculosis and F. tularensis contain a ligand that acts as
a superantigen for human yé T cells (55, 70, 71). In this regard,
preparations of soluble 7. gondii antigens have been reported
to contain a superantigen for murine a8 T cells (34). However,
since preparations of soluble parasite antigens did not induce a
preferential activation and expansion of human y§é T cells, it is
unclear if a 7. gondii superantigen mediates the preferential
response of y4 T cells that we observed. TCR repertoire analysis
to determine the V-(D)-J junctional sequences will be needed
to determine whether the stimulation of yé T cells by T. gondii
is mediated by a superantigen. Nevertheless, the association of
a particular V gene pair with recognition of 7. gondii by y6 T
cells supports the hypothesis that this is a specific, TCR-medi-
ated event.

Pertinent to our observations of the in vitro activation and
expansion of human yé T cells are the reports of an increase
in y6 T cells in peripheral blood from patients with symptomatic
acute toxoplasmosis (72, 73). This increase was mainly due to
an increase in V62* cells and was not observed when retesting
was performed during convalesce, suggesting that the yé T cell
response was confined to the early phase of the infection. The
presence of this in vivo correlate to our results obtained in vitro
suggests that the rapid induction of a remarkable primary y6 T
cell response we observed may be an important component of
the early immune response to 7. gondii. A y6 T cell response
may be particularly relevant to 7. gondii, since the peroral route
is the most common route by which T. gondii infection is ac-
quired, and yé T cells present in the intestinal mucosa may be
one of the first cell types of the immune system to interact with
the parasite.
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