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Dendritic cells ignite adaptive immunity by priming naı̈ve T lymphocytes. Human monocyte-derived den-
dritic cells (MDDCs) infected with Toxoplasma gondii induce T-lymphocyte gamma interferon production and
may thus activate T. gondii-specific immunity. However, we now demonstrate that T. gondii-infected MDDCs are
poor at activating T lymphocytes and are unable to induce specific cytotoxic T lymphocytes. On the other hand,
MDDCs acquiring nonviable T. gondii antigens directly, or indirectly through captured apoptotic or necrotic
cell bodies, induce potent T-lymphocyte activation. T lymphocytes exposed to infected MDDCs are significantly
impaired in upregulation of CD69 and CD28, are refractory to activation, and die through contact-dependent
apoptosis mediated by an as-yet-unidentified mechanism not requiring Fas, tumor necrosis factor-related
apoptosis-inducing ligand, leukocyte function antigen 1, intercellular adhesion molecule 1, tumor necrosis
factor alpha, interleukin 10, alpha interferon, gamma interferon, prostaglandins, or reactive nitrogen inter-
mediates. Bystander T lymphocytes that were neither infected nor apoptotic were refractory to activation,
suggesting global dysfunction. Immunosuppression and T-lymphocyte unresponsiveness and apoptosis are
typical of acute T. gondii infection. Our data suggest that infected dendritic cells contribute to these processes.
On the other hand, host cells infected with T. gondii are resistant to multiple inducers of apoptosis. Thus,
regulation of host cell and bystander cell apoptosis by viable T. gondii may be significant components of a
strategy to evade immunity and enhance intracellular parasite survival.

Toxoplasma gondii is an obligate, intracellular protozoan
parasite in the order Coccidia (29). Humans become infected
through ingestion of food contaminated with tissue cysts or
oocysts (39). In immunocompetent hosts, infection is usually
benign owing to a rapid, effective cellular immune response
(42, 43). However, persons with defective cellular immunity
are at risk for severe sequelae including death (3, 31, 44). For
human immunodeficiency virus-infected persons, cerebral tox-
oplasmic encephalitis is an important cause of morbidity and
mortality (28, 34, 40).

Obligate intracellular parasites must infect their hosts with-
out killing them for optimal parasite survival. In this regard,
acute T. gondii infection in immunocompetent hosts is initially
associated with induction of transient immunosuppression (22,
46, 49, 53), followed by induction of protective immunity (re-
viewed in reference 54). Encystation and clinical latency ensue.
This early immunosuppression may be a parasite-mediated
mechanism for facilitating establishment of a permanent infec-
tion (54) or limiting potentially fatal host immunopathology
(16, 50). Global T-lymphocyte inactivation (19), gamma inter-
feron (IFN-�)-induced Fas-dependent T-lymphocyte apoptosis
(27), and other factors (4–7, 16, 20, 25, 54) contribute to im-
munosuppression in acute T. gondii infection.

Dendritic cells are generally regarded as helping to ignite
adaptive immunity (1). However, encounters between T lym-
phocytes and dendritic cells infected with various pathogens
are not always favorable to the host. For example, measles
virus infects dendritic cells, inducing apoptosis in them and the
T lymphocytes contacting them (15). Plasmodium-infected
erythrocytes (51) or Trypanosoma infection of dendritic cells
(52) inhibits functional dendritic cell maturation. Human im-
munodeficiency virus infection is facilitated by contact between
infected Langerhans dendritic cells and T lymphocytes (33).
We thus undertook the present studies to examine the poten-
tial for MDDCs infected with viable T. gondii to induce specific
immunity or contribute to immunosuppression.

MATERIALS AND METHODS

Human subjects. Healthy volunteers gave informed, written consent, and the
Institutional Review Board of Baylor University Medical Center approved these
studies. Serum antibodies against T. gondii were measured by a commercial
laboratory. Hereafter, the terms seropositive and seronegative refer to the pres-
ence and absence, respectively, of T. gondii-specific serum antibodies.

T. gondii. T. gondii strain RH was originally obtained from Elmer Pfeffercorn
(Dartmouth University, Hanover, N.H.), and strain Me49 was obtained from
Randolph Berens and Edward Krug (University of Colorado, Denver, Colo.).
CTK11 tachyzoites expressing recombinant thymidine kinase, rendering them
sensitive to ganciclovir (38), and A2 tachyzoites (2) were both originally derived
from strain RH. All tachyzoites were passaged in human foreskin fibroblasts as
described previously (10). Cells were tested periodically for Mycoplasma infec-
tion by PCR (Molecular Probes, Eugene, Oreg.) and by staining with Hoechst
33342 dye (Hoechst Chemicals, Frankfurt, Germany) and were negative. Heat-
inactivated tachyzoites were prepared by heating extracellular tachyzoites to
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56°C for 2 h. Soluble T. gondii antigen was prepared by subjecting extracellular
tachyzoites to seven rapid freeze-thaw cycles (10).

Production of MDDCs and responder T lymphocytes. Peripheral blood mono-
nuclear cells were obtained by phlebotomy into sterile, heparin-containing glass
vials (Becton Dickinson, Franklin Lakes, N.J.) and purified by Ficoll-Hypaque
(Amersham Pharmacia Biotech AB, Uppsala, Sweden) density centrifugation.
Peripheral blood mononuclear cells were adhered to plastic plates (Costar,
Corning, N.Y.) for 2 h in medium RPMI 1640 (GIBCO BRL, Grand Island,
N.Y.) supplemented with heat-inactivated fetal bovine serum (GIBCO), 10 mM
HEPES buffer, 2 mM L-glutamine, and antibiotics. Nonadherent cells were
gently rinsed away and frozen for later use as responder cells. Where noted,
CD3� T lymphocytes were obtained from peripheral blood mononuclear cells in
�98% purity by depleting CD14-, CD16-, CD19-, and CD56-expressing cells by
using antibody-coated microbeads (Miltenyi Biotech, Auburn, Calif.) according
to the manufacturer’s directions.

MDDCs were produced by growing adherent peripheral blood mononuclear
cells in medium containing 100 ng of human granulocyte-macrophage colony-
stimulating factor (R&D Systems, Minneapolis, Minn.) per ml plus 5 ng of
human interleukin 4 (IL-4) (R&D) per ml and used on days 5 to 7 of culture (57).
Fresh cytokines were replaced every 2 or 3 days. High-purity MDDCs were
obtained by isolating CD1a� cells from MDDC culture by flow cytometry (�99%
CD1a� cells).

T. gondii infections. Viable tachyzoites were obtained by lysis of fibroblasts
with forced passage through a 27-gauge needle and used within 2 h of collection.
Tachyzoites were enumerated with a hemacytometer using trypan blue dye. Host
cells were infected with tachyzoites for 14 to 18 h at a multiplicity of infection
(MOI) of 10 unless otherwise noted prior to addition to T lymphocytes. Fixed
MDDCs were prepared 14 to 18 h after infection by incubation in 0.1% para-
formaldehyde (Sigma, St. Louis, Mo.) at ambient temperature for 1 h, followed
by thorough washing. To interfere with the function of tachyzoite surface anti-
gens, tachyzoites were incubated for 1 h with murine monoclonal anti-SAG-1 or
-SAG-2 antibodies or F(ab) fragments of anti-Toxoplasma polyclonal antiserum
(8) prior to infection, which occurred in the continuous presence of additional
antibody or F(ab) fragments (final concentration, 10 �g/ml). Ganciclovir (Roche
Research Centre, Hertfordshire, United Kingdom) was added to MDDCs 4 h
after infection with CTK11 tachyzoites at the concentrations indicated and was
maintained when MDDCs were cocultured with T lymphocytes.

To estimate the intensity of T. gondii infection, cytospin preparations of cells
were stained with Giemsa stain and examined by light microscopy using a 40�
lens objective. At least 200 cells per condition were counted. To quantify T.
gondii tachyzoite replication, 1 �Ci of [3H]methyluracil (New England Nuclear,
Cambridge, Mass.) was added to infected cells in 96-well plastic microtiter plates
(Falcon, Oxnard, Calif.) 16 h before harvest onto filter mats (Wallac, Gaithers-
burg, Md.) and analyzed on a Microbeta Trilux liquid scintillation and lumines-
cence counter (Wallac, Turku, Finland). Proliferation assays were performed in
triplicate, and the means � the standard errors of the means (SEMs) are
reported.

T-lymphocyte proliferation and cytotoxic T-lymphocyte induction. To induce
T-lymphocyte proliferation, peripheral blood mononuclear cells or purified
CD3� T lymphocytes were incubated with various numbers of autologous
MDDCs (infected or uninfected) in a 200-�l total volume of medium in triplicate
in 96-well round-bottomed plastic tissue culture plates. Ten nanograms of Staph-
ylococcus aureus enterotoxin B (superantigen; Sigma) per ml or 1 �g of phyto-
hemagglutinin (Sigma) per ml was added to MDDCs where indicated. The
anti-CD3 antibody 12F6 (11) was used at a final concentration of 0.05 �g/ml.
Allogeneic mixed lymphocyte reactions were performed using bead-purified
CD4� CD45RA� T lymphocytes as described previously (57). A 50 �M concen-
tration of N-methylmalonic acid (Sigma), 10�4 M indomethacin (Sigma), or
neutralizing antibodies to IFN-� or IFN-� (R&D) was added where indicated at
the initiation of coculture of MDDCs with T lymphocytes and maintained
throughout the entire culture period.

To quantify T-lymphocyte proliferation, 1 �Ci of [3H]methylthymidine (New
England Nuclear) was added to cultures during the final 16 h of a 5-day (T. gondii
antigens, allogeneic mixed lymphocyte reaction, tetanus toxoid antigens) or 3-day
(all other conditions) incubation, except additionally noted, and harvested and
detected as described above for [3H]methyluracil. The means � the SEMs of
triplicate determinations are reported.

Transwell experiments were performed using 24-well plastic plates (Corning,
Inc., Corning, N.Y.) with 5-�m-pore-size inserts (Neuro Probe, Inc., Gaithers-
burg, Md.). Thirty thousand infected MDDCs were added to the lower chamber,
and 100,000 peripheral blood mononuclear cells or 70,000 CD3� T lymphocytes
were added to the upper chamber.

Polyclonal, T. gondii-specific T-lymphocyte cultures were produced as previ-

ously described (57). Cytotoxicity was determined after 10 days of culture in the
absence of exogenous IL-2, using T. gondii-infected, 51Cr-labeled Epstein-Barr
virus-transformed B lymphocytes as target cells as described previously (10, 35,
37).

Cell enumeration, viability, and apoptosis detection. Peripheral blood mono-
nuclear cells and autologous MDDCs were incubated in six-well plates under
culture conditions identical to those of the proliferation assays for 3,000 infected
MDDCs/well in 96-well plates. Aliquots of cells were removed periodically, and
total numbers and viability were determined with a hemacytometer and trypan
blue dye. Apoptosis was assessed by using a combination of 7-AAD dye (Sigma)
and antibody to annexin V (BD PharMingen, San Diego, Calif.), and analyzed by
fluorescence-activated cell sorter (FACS) as described below, gating on CD3� T
lymphocytes. In preliminary experiments, we examined Giemsa-stained, cytocen-
trifuged cells by light microscopy to evaluate for apoptosis by nuclear morphol-
ogy. Light microscopic determinations were in good agreement with FACS
determinations. Thus, all further work used FACS alone to quantify apoptosis.
Murine monoclonal blocking antibodies against tumor necrosis factor-related
apoptosis-inducing ligand (1 �g/ml; R& D), Fas (clone NOK-1, 10 �g/ml;
PharMingen), intercellular adhesion molecule 1 (10 �g/ml; R&D), and leukocyte
function antigen 1 (25 �g/ml; R&D) were added 30 to 120 min prior to coculture.

Supernatants from infected MDDCs and from T lymphocytes exposed to
infected MDDCs. Supernatants from infected MDDCs were obtained 16 to 18 h
after infection and from CD3� T lymphocytes after 3 days of coculture with
infected MDDCs, centrifuged to remove cells, and frozen at �86°C until use.
Cytokine measurements were determined with commercial enzyme-linked im-
munosorbent assay kits (R&D) according to the manufacturer’s suggestions.
Production of reactive nitrogen intermediates was assessed by using Griess Re-
agent (Sigma) as suggested by the manufacturer. Dilutions of supernatants were
added at the outset of culture.

Production of necrotic or apoptotic monocytes bearing T. gondii antigens. As
a source of cell-associated T. gondii antigens for capture by MDDCs, autologous
monocytes were obtained from peripheral blood mononuclear cells by plastic
adherence and incubated with 10 heat-inactivated tachyzoites/cell for 16 h.
Monocyte necrosis was induced by heat shock (56°C, 2 h), and apoptosis was
induced by incubation with 20 �M beauvericin (Sigma) for 3 h (32). Apoptosis or
necrosis was confirmed by flow cytometry (see below) using a combination of
anti-annexin V antibody and propidium iodide (Sigma). One cell equivalent of
necrotic or apoptotic monocyte/MDDC was incubated with MDDCs for 2 h,
extracellular debris was removed by centrifugation, and these MDDCs were
resuspended in fresh medium prior to coculture with autologous peripheral
blood mononuclear cells for an additional 5 days.

Flow cytometry. MDDCs were stained with antibodies 16 to 18 h after infec-
tion, and T lymphocytes were stained after 1 to 3 days of coculture with MDDCs
as indicated, using murine monoclonal anti-human antibodies followed by fixa-
tion with paraformaldehyde. Antibodies were purchased from commercial sourc-
es: Biosource International, Camarillo, Calif. (CD1a), Becton Dickinson (CD3,
CD4, CD8, CD28, CD69, CD80, human leukocyte antigen [DR]), Caltag, Bur-
lingame, Calif. (CD14), BD PharMingen (CD40, CD86, CD95, major histocom-
patibility complex [MHC] class I), and Immunotech, Miami, Fla. (CD25, CD54,
CD83). Flow cytometric data were acquired on a FACSCalibur (Becton Dick-
inson, Mountain View, Calif.) and analyzed with CellQuest software (Becton
Dickinson) with 5,000 or more events evaluated for each condition. Analysis
gates were set by using appropriate isotype controls, and dead cells were ex-
cluded based on light scatter characteristics.

Statistical analysis. Differences between means of continuous variables were
assessed by using a two-sided Student’s t test assuming equal variances. Differ-
ences between discrete variables were assessed by two-tailed �2 distribution.
Correlations were determined by least-squares linear regression. A P value of
	0.05 was considered significant.

RESULTS

T. gondii infection induces upregulation of MDDC activa-
tion markers and de novo CD83 expression. Day 5 to day 7
immature MDDC cultures were comprised of �95% CD1a�

cells and expressed a DRlo CD86lo CD83�/lo phenotype. By
16 h following T. gondii infection at an MOI of 10, 90% � 5%
of MDDC were parasitized as evidenced by Giemsa stain.
Infection of immature MDDCs with live T. gondii tachyzoites
rapidly induced a partially matured phenotype as evidenced by
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a significant increase in CD86 expression and de novo expres-
sion of the dendritic cell-specific maturation marker CD83 (56)
(Fig. 1A). Greater than 95% of MDDC expressed DR whether
infected or not. However, the mean fluorescence intensity (ex-
pressed in arbitrary units) (�SEM) of DR expression in-
creased from 60 � 4 to 130 � 12 (n 
 10; P 	 0.01) following
infection. Other surface markers including CD1a, CD11c,
CD40, CD54, CD80, CD95, and major histocompatibility com-
plex class I were not significantly altered by infection (Fig. 1B).
As MDDC CD40 and CD80 were reported to increase follow-
ing T. gondii infection (48), we also measured the mean relative
fluorescence intensities of these markers, but found no signif-
icant change (CD40 mean relative fluorescence intensity, 14.6
� 5.2 versus 15.5 � 3.1, and CD80 mean fluorescence intensity,
29.5 � 5.9 versus 33.4 � 6.4 in infected versus uninfected
MDDCs, respectively; n 
 10; P � 0.70 for both). Neither
heat-killed T. gondii tachyzoites nor soluble fibroblast extracts
significantly affected the expression of the above markers on
dendritic cells, suggesting that viable parasites mediated the
observed changes and demonstrating that contaminating en-
dotoxin and residual fibroblast antigens did not activate or
mature dendritic cells in these cultures.

T. gondii-infected MDDCs do not induce significant T. gon-
dii-specific T-lymphocyte proliferation and suppress superan-
tigen-induced T-lymphocyte activation. Mature dendritic cells
are potent activators of T lymphocytes (1), and peripheral
blood mononuclear cells from seropositive donors proliferate
in response to T. gondii antigens (10, 35, 37). However, T.
gondii-infected MDDCs did not effect significant proliferation
of autologous peripheral blood mononuclear cells from sero-
positive subjects, whereas MDDCs charged with whole, heat-
inactivated tachyzoites or soluble T. gondii antigens did (Fig.
2A). Uninfected MDDCs presenting superantigen effected sig-
nificant peripheral blood mononuclear cell proliferation as ex-
pected. However, when superantigen was presented by T. gon-
dii-infected MDDCs, peripheral blood mononuclear cell
proliferation was inhibited (Fig. 2B). MDDCs charged with
heat-inactivated tachyzoites did not inhibit superantigen-in-
duced peripheral blood mononuclear cell proliferation (Fig.
2B). There was a direct correlation between the intensity of

MDDC infection and reduction of superantigen-induced pe-
ripheral blood mononuclear cell proliferation (Fig. 2C). T.
gondii-infected MDDCs inhibited superantigen-mediated T-
lymphocyte activation from both seropositive and seronegative
subjects equally, and thus both seropositive and seronegative
subjects were used for all additional studies, unless otherwise
noted.

Infected MDDCs did not generate cytotoxic T lymphocytes,
owing to the destruction of cultures by replicating tachyzoites.
However, MDDCs loaded with heat-killed tachyzoites were
potent inducers of T. gondii-specific cytotoxic T lymphocytes
(Fig. 2D).

T. gondii-infected MDDCs inhibit T-cell activation induced
by a variety of stimuli. The preceding experiments suggested a
profound defect in T-lymphocyte activation in response to T.
gondii antigen and superantigen-induced activation. To deter-
mine whether T-lymphocyte activation in response to addi-
tional, distinct stimuli was impaired, we next attempted to
induce T-lymphocyte activation with infected MDDCs present-
ing the recall antigen tetanus toxoid (Fig. 3A), the anti-CD3
antibody 12F6 (Fig. 3B), and allogeneic major histocompati-
bility antigens in a mixed-lymphocyte reaction (Fig. 3C). In
each case, T. gondii-infected MDDCs significantly suppressed
T-lymphocyte activation. T. gondii strains Me49 and A2 are
avirulent for some mouse strains (2). However, MDDCs in-
fected with either strain also induced potent T-lymphocyte
immunosuppression (Fig. 3D). Thus, MDDCs infected with
either virulent or avirulent strains of T. gondii inhibited T-
lymphocyte activation in response to a wide variety of stimuli.

Blockade of T. gondii attachment ligands reverses immuno-
suppression, although this correlated with reduced dendritic
cell infection. SAG-1 and SAG-2 are tachyzoite attachment
ligands that contribute to immunosuppression mediated by T.
gondii-infected monocytes (8). MDDCs infected with T. gondii
in the presence of monoclonal anti-SAG-1 or polyclonal anti-
Toxoplasma antiserum F(ab) significantly reversed immuno-
suppression as measured by [3H]methylthymidine incorpora-
tion into T lymphocytes (Fig. 4A), suggesting that T. gondii
attachment ligands might be involved in dendritic cell-medi-
ated immunosuppression. As SAG proteins are involved in

FIG. 1. T. gondii infection induces a partially mature MDDC phenotype. (A) CD86 and CD83 expressions were significantly increased after
infection, and the mean relative fluorescence intensity of DR was significantly increased (see text). (B) Expression of other markers was not
affected. Immature MDDCs were infected at an MOI of 10 and evaluated after 16 h. FACS analyses are of 10 individual experiments from 10
separate subjects, with the means � SEMs shown. �, P 	 0.01.
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tachyzoite host cell entry (18), it was important to exclude
decreased MDDC infection in reducing immunosuppression.
Anti-SAG-1 monoclonal antibodies or polyclonal anti-Toxo-
plasma antiserum F(ab) reduced [3H]methyluracil uptake (Fig.
4A) and decreased MDDC parasitism by analysis of Giemsa-
stained cytospin specimens, which directly correlated with re-
versed immunosuppression. Uracil is not metabolized by mam-
malian cells, and its incorporation correlates with tachyzoite
replication (26). Thus, reduced immunosuppression appeared
to be a consequence of reduced dendritic cell parasitism.

Active parasite entry into the host cell is not sufficient to
induce immunosuppression, but parasite replication is re-
quired. Antibody-coated tachyzoites may be captured by
phagocytosis (13), whereas infection by live T. gondii
tachyzoites is an active, parasite-mediated process (21) fol-
lowed by parasite replication within the host cell. Killed
tachyzoites or soluble antigens are acquired through phagocy-
tosis or pinocytosis and obviously do not replicate. To examine
further the consequences of infection and replication of live
tachyzoites inside cells, MDDCs were infected with live CTK11
mutant T. gondii tachyzoites (sensitive to ganciclovir treat-

ment) and then treated with ganciclovir to inhibit intracellular
tachyzoite proliferation, allowing infection through normal ac-
tive processes prior to inhibition of intracellular replication.
Ganciclovir treatment following infection reduced or abolished
MDDC-mediated immunosuppression in a dose-dependent
fashion, which inversely correlated with tachyzoite replication
as measured by [3H]methyluracil uptake (correlation coeffi-
cient, �0.864; P 	 0.01), suggesting a requirement for repli-
cating tachyzoites to mediate immunosuppression (Fig. 4B).
Ganciclovir treatment had no significant effect on T-cell pro-
liferation up to 3 �M in the absence of infected MDDCs.
Above that concentration, ganciclovir was slightly toxic to T
cells and reduced their viability. Nonetheless, the reduction in
tachyzoite replication effected by ganciclovir more than offset
this toxicity, resulting in a net increase in T-cell proliferation in
the presence of T. gondii-infected MDDCs (Fig. 4B).

Gamma irradiation of T. gondii-infected MDDCs reversed
immunosuppression in a dose-dependent fashion (Fig. 2B and
4C), which inversely correlated with reduced parasite replica-
tion. Paraformaldehyde fixation reversed immunosuppression
mediated by infected MDDCs (Fig. 4D). These data demon-

FIG. 2. MDDCs infected with live T. gondii tachyzoites are defective in activating T lymphocytes. (A) T. gondii-specific T-lymphocyte activation.
MDDCs infected with live tachyzoites (MOI 
 10) fail to induce T-lymphocyte proliferation from seropositive subjects (P 	 0.01 versus
heat-inactivated [HI] tachyzoites or T. gondii Ag [TA], whereas MDDCs pulsed with 1 �g of nonviable soluble T. gondii Ag per ml or with 10 whole,
heat-inactivated tachyzoites/MDDC elicited potent T-lymphocyte proliferation. (B) Killed or irradiated tachyzoites do not inhibit superantigen-
mediated T-lymphocyte activation. MDDCs were pulsed with three heat inactivated tachyzoites/MDDC, or infected at an MOI of 3, or infected
and irradiated with 20,000 rads from a � source 16 h after infection. (C) Infected MDDCs inhibit superantigen-induced T-lymphocyte proliferation
in a dose-dependent fashion. Peripheral blood mononuclear cells were incubated with autologous MDDCs plus 10 ng of superantigen per ml for
3 days. (D) MDDCs charged with heat-killed tachyzoites elicit T. gondii-specific cytotoxic T lymphocytes. Peripheral blood mononuclear cells from
a seropositive subject were cultured with one charged MDDC per 100 peripheral blood mononuclear cells for 10 days. Cytotoxicity was assessed
by 51Cr release following a 4-h incubation with autologous (auto) or allogeneic (allo) Epstein-Barr virus-transformed B cells (LCL) infected with
T. gondii. The data in each panel reflect one experiment representative of five or more, except for panel D, which is representative of three
experiments.
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strated that active parasite entry into cells was insufficient to
induce immunosuppression and confirmed the direct dose-
dependent relationship between tachyzoite replication and im-
munosuppression.

T. gondii-infected MDDCs require cell-to-cell contact to me-
diate immunosuppression, which does not involve bystander
cell participation. Superantigen-induced proliferation was
equivalent when peripheral blood mononuclear cells exposed
across a semipermeable membrane to T. gondii-infected, highly
purified MDDCs were used and when peripheral blood mono-
nuclear cells in cell-to-cell contact with uninfected, highly pu-
rified MDDCs were used (Fig. 5A). In confirmatory experi-
ments, supernatants from infected, bead-purified MDDCs
(�99% CD1a� cells) did not inhibit superantigen-induced pe-
ripheral blood mononuclear cell proliferation (Fig. 5B). Addi-
tion of indomethacin or N-methylmalonic acid had no effect on
immunosuppression mediated by T. gondii-infected MDDCs
(not shown).

In direct cell-to-cell contact, infected MDDCs may mediate
T-lymphocyte suppression directly, or they may do so indirectly
by acting on bystander cells. T. gondii-infected monocytes and
macrophages are immunosuppressive through a soluble medi-
ator (7, 8). To deplete contaminating monocytes and/or mac-
rophages, we obtained bead-purified MDDCs (�99% CD1a�

cells) and T lymphocytes (�98% CD3� cells). Infected but not
uninfected highly purified MDDCs inhibited superantigen-me-
diated highly purified CD3� T-lymphocyte proliferation. The
intensity of MDDC infection directly correlated with the de-
gree of immunosuppression induced (Fig. 5C). Supernatants

from highly purified CD3� T lymphocytes incubated with in-
fected MDDCs did not inhibit superantigen-mediated T-lym-
phocyte activation (Fig. 5D). These data established that im-
munosuppression was not mediated by indirect effects of
contaminating cells or soluble factors and was due directly to
an effect of the infected MDDC on the T lymphocyte.

Immunosuppression does not correlate with T-lymphocyte
infection. Immunosuppression via direct cell-to-cell contact
may be due to infection of responder T lymphocytes. Exami-
nation of Giemsa-stained cytocentrifuged specimens of T lym-
phocytes cocultured with infected MDDCs demonstrated that
infection of T lymphocytes increased throughout the culture
period, from undetectable at the outset to 	5% after 1 day, to
a maximum of approximately 46% by 3 days of culture (Fig. 6).
Nonetheless, MDDCs were defective in induced superantigen-
mediated T-lymphocyte proliferation even when significant
numbers of viable, apparently uninfected T lymphocytes re-
mained in culture (Fig. 6 and 7). Further, immunosuppression
peaked well in advance of maximum T-lymphocyte infection
(Fig. 6 and 7). Significantly reduced T-lymphocyte prolifera-
tion was observed on day 1, when only approximately 5% of T
lymphocytes were infected (Fig. 6 and 7), suggesting a gener-
alized state of T-cell unresponsiveness, as has been reported
for acutely infected mice (24). We attempted to recover viable,
uninfected T lymphocytes from cultures for additional studies
using a recombinant tachyzoite expressing green fluorescent
protein (47) (gift of Boris Striepen, Washington University, St.
Louis, Mo.), but this method was too insensitive.

FIG. 3. T. gondii-infected MDDCs inhibit T-lymphocyte proliferation in response to a variety of stimuli. MDDCs were infected with T. gondii
strain RH (MOI 
 3) and then incubated with naı̈ve, autologous CD4� T lymphocytes and 4 limiting flocculation units (LFU) of tetanus toxoid
per ml (A) or 0.05 �g of anti-CD3 antibody per ml (B), or added to allogeneic T lymphocytes (C). (D) MDDCs infected with either A2 or Me49
T. gondii tachyzoites (MOI 
 3) were defective in eliciting an allogeneic mixed lymphocyte response. Similar results with Me49- and A2-infected
MDDCs were obtained with phytohemagglutinin and superantigen activation. Data shown are mean values of triplicate determinations, repre-
sentative of more than five experiments for each condition, except for panel D (three experiments).
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T lymphocytes contacting T. gondii-infected MDDCs are im-
paired in upregulation of activation and costimulatory mole-
cules. To explore the concept of a basic defect in T-lymphocyte
activation further, we examined surface markers correlating
with T-lymphocyte activation by flow cytometry. After 2 days of
culture with infected MDDCs, around the time of maximal
immunosuppression, upregulation of the early activation
marker CD69 and the T-lymphocyte costimulatory molecule
CD28 on T lymphocytes was significantly lower than that of the
control (Table 1), whereas expressions of CD25, CD3, CD4,
and CD8 were unaffected. T lymphocytes exposed to infected
MDDCs were uniformly low in CD69 and CD28 expression,
with no bimodal distribution, suggesting that both infected and
uninfected T lymphocytes were impaired in the upregulation of
these molecules. As fewer than 10% of T lymphocytes in these
cultures were parasitized at the time of FACS analysis, we did

not evaluate the effect of T. gondii infection of T lymphocytes
on their expression of CD28 or CD69.

T lymphocytes contacting infected MDDCs die by apoptosis.
To determine whether T. gondii-infected MDDCs induced T-
lymphocyte apoptosis, purified CD3� T lymphocytes plus in-
fected, autologous MDDCs were cocultured in 6-well plates in
the presence or absence of superantigen, under conditions
identical to those of the 96-well plates. T-lymphocyte viability
and numbers were significantly reduced compared to those of
cultures maintained with uninfected MDDCs. Further, the
percentage of apoptotic T lymphocytes in cultures with in-
fected MDDCs was significantly higher than that found with
uninfected MDDCs (Table 2). Infected MDDCs cultured with
T lymphocytes from seronegative individuals in the absence of
a general T-lymphocyte activation signal nonetheless under-
went significant apoptosis. Further, infection of T lymphocytes

FIG. 4. Immunosuppression mediated by T. gondii-infected MDDCs correlates directly with parasite burden and parasite replication.
(A) Blockade of T. gondii attachment ligands reverses immunosuppression mediated by infected MDDCs. However, this reversal relates to reduced
MDDC parasitism. MDDCs infected with tachyzoites incubated with �-SAG-1, or anti-tachyzoite F(ab) were less immunosuppressive than those
infected with control antibody. Tachyzoites were incubated with antibodies shown, and then used to infect MDDCs at an MOI of 10. Superantigen-
mediated activation of autologous T lymphocytes with these MDDCs was determined 3 days later. � and ��, P 	 0.05 compared to isotype control.
(B) Reduced parasite burden following infection was accomplished by using CTK11 mutant tachyzoites that are sensitive to ganciclovir (38).
MDDCs were infected at an MOI of 10. Infected MDDCs were treated with ganciclovir 4 h after infection and incubated with autologous T
lymphocytes in a 1:100 ratio with 10 ng of superantigen per ml in the continuous presence of drug starting 16 h after infection. Radiolabel
incorporation was determined at the end of the 3-day coculture. Uracil uptake quantifies parasite replication (26). Black bars show [3H]uracil
uptake by tachyzoites, and white bars show [3H]thymidine uptake by T lymphocytes. (C) Gamma irradiation of infected MDDCs 16 h following
infection (MOI 
 10) reduces immunosuppression. MDDCs were infected at an MOI of 10 and irradiated 16 h after infection. Superantigen-
mediated activation of autologous T lymphocytes was determined as described in Materials and Methods. Percentage of suppression was calculated
as follows: [3H]methylthymidine uptake of T cells exposed to infected MDDC divided by [3H]methylthymidine uptake of T cells exposed to
uninfected MDDC, multiplied by 100%. (D) Paraformaldehyde-fixed, infected MDDCs are not immunosuppressive. Fixed MDDCs were prepared
14 to 18 h after infection by incubation in 0.1% paraformaldehyde at ambient temperature for 1 h, followed by thorough washing. Superantigen-
mediated activation of autologous T lymphocytes was determined as described for panel B. One experiment representative of four to six is shown
for panels A to D.
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with T. gondii at an MOI of 10 in the absence of MDDCs did
not significantly reduce lymphocyte numbers or decrease their
viability over a 3-day period, the length of culture with supe-
rantigen. Thus, early apoptosis helps explain reduced T-lym-
phocyte activation.

IFN-� induces Fas-dependent apoptosis of CD4� and CD8�

intraepithelial gut T lymphocytes in mice following oral infec-
tion with T. gondii (27). As IFN-� was generated in cultures of
T lymphocytes exposed to T. gondii-infected MDDCs (mean �
SEM, 2,926 � 369 pg/ml at 72 h; n 
 3), we examined CD95
(Fas) expression on T. gondii-infected MDDCs, but it was not
increased (Fig. 1B). Further, anti-Fas blocking antibodies al-
tered apoptosis induction by 	3% at 24 and 48 h (P � 0.8),
and anti-IFN-� neutralizing antibodies did not reverse immu-
nosuppression (not shown). In addition, T lymphocytes and
infected MDDCs cultured in the presence of saturating con-
centrations of blocking or neutralizing antibodies to tumor
necrosis factor-related apoptosis-inducing ligand, intercellular
adhesion molecule 1, leukocyte function antigen 1, and tumor
necrosis factor alpha exhibited similar percentages of apopto-
tic T lymphocytes (P � 0.6 for all). Thus, the putative factor
inducing T-lymphocyte apoptosis may not be a molecule com-
monly known to induce apoptosis.

FIG. 5. Direct cell-to-cell contact is required for immunosuppression mediated by T. gondii-infected MDDCs. Bystander cells do not appear
to contribute to this process. (A) Peripheral blood mononuclear cells (100,000 in the upper chamber) exposed to infected MDDCs (MOI 
 10;
30,000 in the lower chamber) across a semipermeable membrane of a transwell proliferated normally in response to superantigen, but not when
the peripheral blood mononuclear cells and infected MDDCs were in direct contact. (B) Supernatants from purified CD1a� MDDCs infected with
T. gondii do not inhibit superantigen-mediated T-lymphocyte proliferation. Supernatant was added to a fresh, uninfected coculture. (C) T.
gondii-infected, purified MDDCs (�99% CD1a� cells) suppressed superantigen-induced proliferation of purified CD3� T lymphocytes (�98%
CD3� cells). These experiments were set up as for Fig. 2C. (D) Supernatants from purified CD1a� MDDCs infected with T. gondii and cocultured
with T lymphocytes do not inhibit superantigen-mediated T-lymphocyte proliferation. Supernatants collected after a 3-day coculture were added
to fresh, uninfected cocultures. One experiment representative of three to six is shown for all panels.

FIG. 6. T-lymphocyte immunosuppression induced by T. gondii-
infected MDDCs precedes detectable T-lymphocyte infection. MD-
DCs were infected with T. gondii at an MOI of 10, and infection was
determined by inspection of Giemsa-stained cytospin preparations
with light microscopy. At least 200 T lymphocytes per condition were
analyzed. Percentage suppression was determined by dividing [3H]
methylthymidine incorporation induced by T. gondii-infected MDDCs
by [3H]methylthymidine incorporation induced by uninfected MDDCs,
both bearing superantigen, and subtracting from 100%. Incorporation
experiments were set up as described in the text using 10,000 MDDCs
and 70,000 CD3� T lymphocytes/well, and harvested on the days of
culture shown. Means � SEMs of three independent experiments
using three separate subjects are reported.
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Nonviable T. gondii antigen acquired by MDDCs through
capture of apoptotic or necrotic antigen-bearing cells is im-
munogenic. As infection significantly impaired MDDC-medi-
ated T-lymphocyte activation, we determined whether phago-
cytic cells bearing nonviable tachyzoites served as a source of
immunogenic antigens. MDDCs loaded with either apoptotic
or necrotic monocyte bodies bearing T. gondii antigens induced
significant autologous T-lymphocyte activation from seroposi-
tive subjects, whereas apoptotic or necrotic autologous mono-
cytes not loaded with antigen effected no significant prolifera-
tion (Fig. 8). Monocytes infected with live tachyzoites and then
induced to become apoptotic were unable to donate immuno-

genic antigens to MDDCs due to the continued presence of
viable, replicating tachyzoites that destroyed the culture.

DISCUSSION

With T. gondii used as a model pathogen in mice, it was
shown that dendritic cells are potentially the earliest producers
of IL-12 igniting parasite-specific immunity and IFN-� secre-
tion (45). However, this study used injection of nonviable T.

FIG. 7. Immunosuppression mediated by T. gondii-infected MDDCs appears as early as after 1 day of coculture, when only a minority of T
lymphocytes are infected, and is maximal around day 2. MDDCs were infected with T. gondii at an MOI of 10 and cocultured with purified CD3�

T lymphocytes 16 h later with 10 ng of superantigen (SEB) per ml or 1 �g of phytohemagglutinin (PHA) per ml. Means � SEMs of three
independent experiments using three separate subjects are reported. See also Fig. 6.

TABLE 1. T lymphocytes contacting T. gondii-infected MDDCs
do not upregulate CD28 or CD69 appropriatelya

Mean � SEM of cell surface marker expressiona

(% positive cells) in culture with:

No MDDCs Uninfected MDDCs Infected MDDC

CD69 20 � 8 52 � 4 17 � 1b

CD28 75 � 5 86 � 3 72 � 4c

a MDDCs were infected with T. gondii at an MOI of 10 and cocultured with
bead-purified T lymphocytes (�98% CD3� cells) for 48 h. Values were deter-
mined by flow cytometry and are from four independent experiments using
different subjects for each.

b P 	 0.01 compared to uninfected MDDCs. There was no significant differ-
ence compared to no MDDCs.

c P 	 0.05 compared to uninfected MDDCs. There was no significant differ-
ence compared to no MDDCs.

TABLE 2. CD3� T lymphocytes cultured with T. gondii-infected,
autologous MDDCs undergo apoptosis that increases beyond 24 ha

Antigen-presenting cell
Apoptotic cellsb (mean % � SD)

24 h 48 h

MDDC 6.9 � 2.0 11.3 � 3.5
MDDC/T. gondii 25.3c � 8.7 37.7c,d � 3.2

MDDC � SEB 21.7 � 4.0 20.0 � 4.6
MDDC/T. gondii � SEB 36.7c � 8.1 40.3c � 4.2

MDDC � PHA 25.3 � 4.5 25.0 � 3.6
MDDC/T. gondii � PHA 40.7c � 6.7 41.3c � 4.2

a MDDCs were infected with T. gondii at an MOI of 10 and added to autol-
ogous, bead-purified T lymphocytes (�98% CD3� cells) the next day together
with 10 ng of superantigen (SEB) per ml or 1�g of phytohemagglutinin (PHA)
per ml as indicated.

b Apoptosis was determined by flow cytometry using 7-AAD and annexin V as
described in the text; values are from three independent experiments.

c P 	 0.05 compared to same time point with uninfected MDDCs.
d P 	 0.05 compared to 24-h time point with infected MDDCs.
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gondii antigens, leaving undefined the role played by viable
tachyzoites in induction of specific immunity. Human MDDCs
infected with T. gondii do not secrete significant IL-12 unless
CD40 is engaged (41), although significant T-lymphocyte
IFN-� is induced (48). MDDCs bearing nonviable T. gondii
antigens were less efficient in inducing T-lymphocyte IFN-�
secretion (48). Encounters between immune cells and den-
dritic cells bearing viable pathogens do not always favor induc-
tion of adaptive immunity (15, 33, 51, 52). We were thus in-
terested in examining the presentation of viable T. gondii
tachyzoites by human dendritic cells in the generation of T.
gondii-specific immunity.

We now present a body of data demonstrating that T. gondii-
infected human MDDCs are poor at activating T. gondii-spe-
cific lymphocyte proliferation, inhibit superantigen-mediated
T-lymphocyte proliferation, appear to induce a state of general
T-lymphocyte unresponsiveness, and are potent inducers of
contact-dependent T-lymphocyte apoptosis.

Infection of MDDCs with T. gondii rapidly induced a par-
tially mature dendritic cell phenotype with upregulation of
CD86, de novo expression of CD83, and enhanced DR expres-
sion, confirming a recent report (48). However, in contrast to
results presented in that report, T. gondii infection here did not
upregulate CD80 or CD40 in dendritic cells. CD54 was also
not increased, suggesting incomplete induction of dendritic cell
maturation. We used T. gondii tachyzoites and MDDCs similar
to those employed by Subauste and Wessendarp (48). Differ-
ences in experimental results may thus relate to the MOI,
which was lower in the previous report than in our studies.

T. gondii strain Me49 is relatively avirulent for mice com-
pared to strain RH. A2, a mutated RH strain, is avirulent (2).
MDDCs infected with either Me49 or A2 tachyzoites induced
a level of immunosuppression comparable to that of MDDCs
infected with strain RH, demonstrating that immunosuppres-

sion was not strain specific and did not correlate with tachyzoite
virulence for mice.

Inhibition of intracellular tachyzoite replication and reduc-
tion of dendritic cell parasitism reduced immunosuppression
mediated by infected MDDCs in a dose-dependent fashion,
suggesting a dependence on tachyzoite replication, contrasting
with immunosuppression mediated by T. gondii-infected
monocytes, which are immunosuppressive when bearing viable,
nonreplicating tachyzoites (7). Interference with T. gondii at-
tachment ligands did reverse MDDC-mediated immunosup-
pression as reported with infected monocytes (8). However,
reversal of immunosuppression was proportional to reduced
dendritic cell parasitism and may simply reflect the lower par-
asite burden in treated MDDCs. Thus, our data do not support
an independent contribution of tachyzoite attachment ligands
to MDDC-mediated immunosuppression.

Fixed, infected MDDCs were efficiently activated T lympho-
cytes from T. gondii-seropositive individuals, suggesting that T.
gondii antigens were processed and presented in infected den-
dritic cells and that lack of T-lymphocyte activation was not
due to a generic defect in antigen processing or presentation.
This observation is consistent with a previous report (35).

By contrast, MDDCs acquiring nonviable T. gondii antigens
directly or indirectly through acquisition of necrotic or apo-
ptotic antigen-bearing cells induced potent T. gondii-specific
T-lymphocyte proliferation. Thus, cross-priming, long the do-
main primarily of tumor immunologists, may have particular
relevance to pathogens that infect dendritic cells, especially if
such infection induces immunosuppression. At a low MOI, T.
gondii-infected MDDCs induced T-lymphocyte activation, al-
though significantly less efficiently than that induced by unin-
fected MDDCs. However, we propose that infected dendritic
cells are unlikely to contribute to adaptive immunity as they
induce local T-lymphocyte dysfunction, even in uninfected,
bystander lymphocytes.

T. gondii-infected human monocytes induce IFN-�-depen-
dent immunosuppression of T lymphocytes that also involves
additional soluble mediators other than IL-10, transforming
growth factor �, and nitric oxide (4, 7). We excluded inhibition
of T-lymphocyte activation by trace soluble mediators known
to mediate immunosuppression during T. gondii infection, in-
cluding reactive nitrogen intermediates, prostaglandins,
IFN-�, and IFN-� (4–6, 23, 55). It is therefore unlikely that
soluble factors mediate immunosuppression induced by T. gon-
dii-infected MDDCs.

Superantigen-mediated activation of highly purified CD3� T
lymphocytes was significantly impaired in the presence of T.
gondii-infected highly purified CD1a� MDDCs. We therefore
conclude that the mechanism of T-lymphocyte immunosup-
pression mediated by T. gondii-infected MDDCs is distinct
from that mediated by T. gondii-infected monocytes or macro-
phages and further that secondary effects of bystander cells are
not involved.

Early after contact with infected MDDCs, T lymphocytes
were significantly impaired in their capacity to respond to
activation signals when only a minority were infected, suggest-
ing a global defect in T-lymphocyte activation, as has been
described for T. gondii-infected mice (24) and humans (53).
We determined that T lymphocytes exposed to T. gondii-in-
fected MDDCs underwent apoptosis, which increased between

FIG. 8. MDDCs acquiring T. gondii antigens from necrotic or ap-
optotic monocytes induce T. gondii-specific T-lymphocyte prolifera-
tion. Monocytes were incubated with heat-inactivated (HI) T. gondii
tachyzoites and induced to become necrotic (heat shock) or apoptotic
(beauvericin treatment). Cell bodies were loaded onto autologous
MDDCs, which were then incubated with autologous CD3� T lym-
phocytes at a 1:10 ratio for 5 days, after which time incorporated
[3H]methylthymidine incorporation was measured. Means � SEMs of
one experiment representative of four are shown. Necrotic HI, autol-
ogous monocytes loaded with heat-inactivated T. gondii tachyzoites
and induced to become necrotic, etc. Necrosis versus apoptosis was
confirmed by FACS for 7-AAD and propidium iodide as described in
Materials and Methods.
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24 and 48 h of coculture. On the other hand, apoptosis induced
by MDDCs bearing the mitogen phytohemagglutinin or super-
antigen was maximal by 24 h, suggesting that apoptotic death
induced by T. gondii-infected MDDCs is mechanistically dis-
tinct. We previously demonstrated that nonviable T. gondii
antigens are T-lymphocyte mitogens but do not act as super-
antigens for humans (36), as has been proposed to occur with
mice (12). As nonviable T. gondii antigens are not immuno-
suppressive and do not induce T-lymphocyte apoptosis (not
shown), a mitogenic effect of T. gondii likely does not explain
apoptosis. The additional apoptosis induced between 24 and
48 h by T. gondii-infected MDDCs may be explained by slow
induction of a death ligand on infected MDDCs, slow upregu-
lation of a death receptor on T lymphocytes, or general T-
lymphocyte unresponsiveness, in which apoptosis is a second-
ary phenomenon. These are not mutually exclusive scenarios
and are subjects of ongoing investigations. Induction of T-
lymphocyte apoptosis has previously been observed in vivo in
intraepithelial gut T lymphocytes of mice acutely infected with
T. gondii (27).

T lymphocytes exposed to infected MDDCs upregulated
CD69 and CD28 poorly compared to T lymphocytes exposed
to uninfected MDDCs, consistent with observations in T. gon-
dii-infected mice (24). Thus, activation-induced death likely
does not explain T-lymphocyte apoptosis here. The finding of
a uniform decrease in CD28 and CD69 expression, without a
bimodal distribution, is consistent with a global T-lymphocyte
defect, rather than a defect specific to apoptotic or infected
cells, although the nature of that defect remains unknown at
present.

Apoptosis of intraepithelial lymphocytes in mice infected
orally with T. gondii is mediated by Fas ligation and depends on
IFN-� (27). However, in our experiments neutralization of
IFN-� did not reverse immunosuppression, and blockade of
Fas did not inhibit T-lymphocyte apoptosis. Nonetheless, ap-
optosis was contact dependent and did not depend on soluble
mediators. Blockade of other potential mediators on the den-
dritic cell or T-lymphocyte membrane, including tumor necro-
sis factor-related apoptosis-inducing ligand (9, 14), membrane-
bound tumor necrosis factor alpha (30), leukocyte function
antigen 1 (17), and intercellular adhesion molecule 1 (17), did
not prevent apoptosis induction. Thus, if a dendritic cell ligand
induces apoptosis, it may not be one commonly known to
mediate this function.

Superantigen-induced T-lymphocyte thymidine incorpora-
tion was reduced up to 85% after 1 day of coculture with T.
gondii-infected MDDCs, when only 5% of T lymphocytes were
infected and only one-quarter were apoptotic. After 2 days of
coculture, there was essentially no T-lymphocyte proliferation
in cultures exposed to infected MDDCs in which less than half
of lymphocytes were found to be infected or apoptotic by our
detection methods. Thus, although apoptosis contributes to
defective T-lymphocyte activation following exposure to T.
gondii-infected MDDCs, additional factors likely also contrib-
ute. Occult apoptosis could explain these results, but we favor
induction of global T-lymphocyte dysfunction, analogous to
observations for mice as described below.

Mice acutely infected with T. gondii have significant defects
in T-lymphocyte function. T-lymphocyte IL-2 production is
defective, and exogenous IL-2 fails to reverse dysfunction (20).

Defective nuclear factor-AT signaling is one potential mecha-
nism for T. gondii-induced T-lymphocyte dysfunction (19).
However, neither exogenous IL-7, which activates nuclear fac-
tor-AT, nor exogenous IL-2 reversed T-lymphocyte unrespon-
siveness in our cultures (S. Wei and T. Curiel, unpublished
observations). This apparently global defect in T-lymphocyte
function induced by T. gondii-infected MDDCs likely contrib-
utes to the immunosuppression of acute toxoplasmosis and
requires further investigation. Its relative contribution to im-
munosuppression induced by infected monocytes or macro-
phages, which are more abundant at foci of infection, remains
to be defined.

We previously demonstrated that T. gondii-infected cells,
including both CD4� and CD8� T lymphocytes, were resistant
to multiple inducers of apoptosis (32). In the present studies,
MDDCs infected with T. gondii were potent inducers of T-
lymphocyte apoptosis, which is an additional mechanism for
immunosuppression. Thus, T. gondii can either protect from or
induce apoptosis, depending on its cellular context. Regulation
of apoptosis may be part of the immunopathogenesis of T.
gondii infection and deserves further study.
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