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How the intracellular parasite Toxoplasma gondii causes placental inflammation and infects the fetus is un-
known. By use of a culture model of primary human trophoblasts, we examined the consequences of infection
by a virulent strain of T. gondii. Infection fractions (parasitophorous vacuoles per trophoblast nuclei) <0.9
were observed 1 day after challenge at an inoculum ratio of T. gondii to nuclei of 10. The culture content of
infectious T. gondii increased 45-fold in 48 h. Two days after infection, almost 30% of trophoblast nuclei
became apoptotic, and 30%-35% of nuclei were lost. Almost 90% of apoptotic nuclei were not adjacent to a
parasitophorous vacuole, suggesting infection protected against apoptosis. However, there was no T. gon-
dii-dependent accumulation of putative cytotoxic factors, such as tumor necrosis factor—q, that could mediate
paracrine killing. Both mature and immature trophoblasts can be productively infected, and uninfected, but

not infected, cells undergo apoptosis.

Toxoplasma gondii, a common protozoan parasite re-
sponsible for both severe congenital birth defects and
fatal toxoplasmic encephalitis in immunocompromised
people, exists in 3 forms: oocysts, tachyzoites, and tissue
cysts filled with bradyzoites [1]. Tachyzoites (invasive
forms) are polarized oval structures (48 pm long) that
are capable of invading nucleated mammalian cells. Tis-
sue cysts form within the host cell and may contain up
to several thousands of bradyzoites (infective stages)
that remain alive for the lifespan of the host. Congenital
fetal toxoplasmosis may result in abortion, stillbirth, or
severe mental retardation; infections in late pregnancy
may be asymptomatic but present with retinal or neu-
rologic damage later in life [2].

Worldwide, the risk of infection with T. gondii is
0.1%—-1% of all pregnancies [3]. The risk of transmis-

sion after a primary maternal infection varies from 20%
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(in the first trimester) to 70% (in the third trimester)
[4], but fetuses infected early in development are most
severely affected [5]. Antimicrobial treatment after ma-
ternal seroconversion is ineffective, possibly because
transmission may occur before detection of serocon-
version or because of antibiotic catabolism [6-9]. Re-
activation of latent disease, secondary to maternal im-
munosuppression (such as AIDS) or corticosteroid
therapy, may also result in fetal infection [10]. Severity
of the disease correlates with the extent of placental
damage [11]. Clearly, the placenta plays a major role
in prevention and expression of fetal disease, and an
understanding of this role is crucial to prevention of
congenital toxoplasmosis.

All fetal and maternal tissues are separated by a fetal
epithelium (the trophoblast), the greatest area of which
is in the villous placenta, the site of nutrient and gas
exchange [11]. Within the villous placenta, a single
multinucleated cell layer (the syncytiotrophoblast [ST])
contacts maternal blood within the intervillous space.
Beneath the ST reside replicating progenitors (cytotro-
phoblasts [CT]) that are separated by a basal lamina
from the fetal villous stroma containing vascular en-
dothelium, fibroblasts, and macrophages. Damage to
the villous placenta is almost always accompanied by
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inflammation, either in the intravillous space (intervillositis)
[12] or within the fetal villi (villitis) [11] and, in severe cases,
is accompanied by loss of the protective trophoblast. Extensive
placental damage may lead to fetal loss or intrauterine growth
retardation [11].

Although T. gondii infection is seen in the villous trophoblast
from placentas associated with congenitally infected infants
[13], the relationship between trophoblast infection and pla-
cental damage has not been studied. Furthermore, the only in
vitro studies of placental trophoblast infection were carried out
in rodent cells [14]. Lack of experimental evidence of T. gondii
infection of placental trophoblasts is the result of the absence
of experimental models that allow reproducible long-term stud-
ies of pure populations of primary trophoblasts of well-defined
metabolic and differentiation states. We have developed such
a model: highly purified (>99.99%) villous CT [15, 16] that
can be maintained in culture for weeks as mononuclear cells
(CT-like cultures) or differentiated into multinucleated syn-
cytialized cells (ST-like cultures) by treatment with epidermal
growth factor (EGF) [17, 18]. Such CT- and ST-like cultures
have been used as infection models for human immunodefi-
ciency virus [16] and cytomegalovirus (CMV) [19].

In the present study, we asked whether CT- and ST-like
cultures of primary villous trophoblasts from different indi-
viduals can be productively infected by a virulent strain of T.
gondii, and, if so, what the consequences are. We found that
these cultures can be readily infected, that infection is followed
initially by increased apoptosis (predominantly of uninfected
cells), and that T. gondii-induced apoptosis is not mediated by
tumor necrosis factor (TNF)-« or any other long-lived soluble

intermediate.

MATERIALS AND METHODS

Isolation and purification of term villous trophoblasts.  Pla-
centas were obtained after normal, term delivery or cesarean
section from uncomplicated pregnancy. Villous CT were iso-
lated by both trypsin-DNase digestion of minced chorionic
tissue and immunoabsorption onto immunoglobulin-coated
glass-bead columns, as described elsewhere [16], with anti-CD9
(house preparation, clone 50H.19), anti-major histocompati-
bility complex (MHC) class I (W6/32; Harlan Sera-lab), and
anti-MHC class II (house preparation, clone 7H3) antibodies,
for immunoelimination. The purified cells were routinely cry-
opreserved and, after thawing, were washed in Iscove’s modified
Dulbecco’s medium (IMDM) (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Gibco). The cells were seeded at 10°/
microwell/100 uL of 10% FBS, in 96-well tissue culture dishes
(NUNC 167008; Gibco), and were incubated for 4 h at 37°C
in a 5% CO, humidified atmosphere, the nonadherent cells and
debris were removed by washing with prewarmed IMDM, and

the cells were replenished with IMDM made in 10% FBS, 100
units/mL penicillin, and 100 ug/mL streptomycin (Gibco). Syn-
cytialization of cultured CT was induced by treatment with 10
ng/mL of human EGF (Prepro-Tech) for 5 days [15, 16, 20]
and was assessed by immunostaining fixed cells, with anti-
desmoplakin monoclonal antibody (Sigma), to visualize des-
mosome-containing tight junctions [21], as described elsewhere
[15]. Trophoblasts cultured 24 h without EGF are operationally
termed “CT-like cultures,” and those cultured 5 days with EGF
are termed “ST-like cultures.” All cultures contained <5 vi-
mentin-positive cells (nontrophoblasts)/microwell.

Vero cell culture. The African green monkey—kidney cell
line Vero [22] was propagated in 5% FBS-IMDM, in Corning
T25 flasks, at 37°C in a 5% CO, incubator. The cells were
routinely passaged and were plated when needed for mainte-
nance and assay of 1. gondii.

Maintenance and assay of T. gondii. The virulent Palo
Alto Rh toxoplasma peritoneal fluid strain (obtained from J.
Remington, Palo Alto Research Foundation, and maintained in
Swiss Albino mice by the Provincial Laboratory for Public Health,
Edmonton, Alberta) was propagated for routine use in Vero cells.
High virulence was maintained by passage every 4 months in
mice, by intraperitoneal injection and harvest of the peritoneal
lavage between 3 and 7 days. Procedures were approved by the
local animal welfare committee, according to the Canadian
Council for Animal Welfare guidelines. After infectious challenge,
Vero cells typically were lysed within 7 days. The supernatant
was centrifuged at 80 g for 5 min, to sediment cells and other
debris, and then was further centrifuged, at 525 g for 20 min,
to pellet the parasite, as described elsewhere [23]. Because such
T. gondii (enumerated under fluorescence by acridine orange-
propidium iodide staining on a hemocytometer [24]) was >92%
viable, numbers were routinely determined by phase-contrast
microscopy, and T. gondii was suspended in IMDM, at a con-
centration of 107 tachyzoites/mL, for immediate use.

For routine assessment of the infectious capacity of a prep-
aration, Vero cells were plated at 5 X 10* cells/100 gL, in 96-
well dishes, were incubated overnight, and then were challenged
in triplicate, as described for individual experiments. After 48
h, the wells were washed with PBS, were fixed in ice-cold meth-
anol, and were stained either with Giemsa (or hematoxylin) or
immunohistochemically, as described below for T. gondii P30
antigen. Infection was scored as the presence of an obvious
parasitophorous vacuole (figure 1A and 1B) and was expressed
as a fraction: number of parasitophorous vacuoles per number
of host cell nuclei.

ST- and CT-like trophoblast cultures were challenged with
T. gondii at levels indicated in individual figure legends. After
a 2-h adsorption period, the nonadherent parasites were re-
moved along with the supernatant, and the cells were washed
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Figure 1.  Photomicrographs of Toxoplasma gondii infection of primary trophoblasts in culture. Purified cytotrophoblasts were cultured as cytotro-
phoblast (CT)-like (A and D) and syncytiotrophoblast (ST)-like (B and C) cells, in 96-well dishes, were challenged with 2 X 10° T gondii tachyzoites/
microwell, were further cultured for 24 h, and then were fixed and stained, as described in Materials and Methods. A, CT-like cultures processed for
terminal deoxynucleotidyl transferase—mediated dUTP-biotin DNA-nick-end labeling (TUNEL) analysis then counterstained with hematoxylin. Arrows
point to TUNEL-positive trophoblast nuclei (black arrows), to parasitophorous vacuole (white arrows), and to TUNEL-negative nuclei (striped arrows).
B, ST-like cultures processed as described in A. Narrower arrows point to single tachyzoites. C, ST-like culture stained for both trophoblast desmoplakin
(black arrows) and T. gondii antigen P30 (white arrows), and then counterstained with hematoxylin. D, CT-like culture processed for TUNEL analysis,
then counterstained with hematoxylin. Arrows indicate TUNEL-positive trophoblast nuclei (black arrows), a parasitophorous vacuole (white arrow), a

TUNEL-negative nucleus (striped arrow), and a recently lysed vacuole (gray arrow). Bars, 25 um.

twice with warm medium, were refed with medium, and were
incubated for various times at 37°C, after infection.
Immunohistochemical staining. At different times after
infection, infected and uninfected cultures were washed with
PBS, were fixed in ice-cold methanol for 10 min, and were
washed again with PBS. Endogenous peroxidase activity was
neutralized by incubation for 30 min at room temperature with
3% H,0,, followed by incubation for 1 h at room temperature
with 10% nonimmune goat serum (Zymed/Intermedico), to
block nonspecific sites. Blocking solution was removed, 30 uL
(end concentration, 5 pg/mL) of mouse monoclonal anti—T.
gondii P30 antibody (Advanced Immuno Chemical) or its iso-
type control, IgG2a (Zymed/Intermedico), was added, the
plates were incubated overnight at 4°C, the wells were washed
with PBS, and secondary antibody (biotinylated goat anti-
mouse IgG, Streptavidin Biotin System) (Histostain-SP Kit,
Zymed) was added for 10 min. The wells were again washed
with PBS, streptavidin-peroxidase was added at room temper-

ature for 10 min, and wells were washed again and were in-
cubated for 1 min with aminoethylcarbazole as a substrate,
yielding a red precipitate. After counterstaining with hematox-
ylin, photographs were taken immediately. Cultures were
stained for the tight-junction protein desmoplakin, which
marks the cell boundaries of cultured trophoblasts [21], as
described elsewhere [15].

Dextran sulfate inhibition of T. gondii infection. Dex-
tran sulfate (500,000 Da; Pharmacia) or the same concentration
of dextran (T500; Pharmacia) was added at 10, 1, 0.1, and 0
mg/mL to 2.5 X 10° T. gondii in 100 pL of medium and was
incubated for 5 min, and the mixture was then transferred to
a well containing a CT-like culture and was cultured for 24 h.
The infection frequency was determined as described above.

Detection of apoptotic cells. The terminal deoxynucleo-
tidyl transferase-mediated dUTP-biotin DNA-nick-end label-
ing (TUNEL) assay detects DNA fragmentation and is based
on a method [25] modified for trophoblasts, as described else-
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Figure 2.  Dose-response relationship between challenge with Toxo-
plasma gondii and formation of parasitophorous vacuoles, in Vero cells
(diamonds), cytotrophoblast (CT)-like cells (squares), and syncytiotro-
phoblast (ST)-like cells (triangles), 24 h after challenge. Inset, Infection
fraction of 0-100,000 at challenge with T gondii (separate experiment).
Data are average = SD of triplicate samples in 1 of 2 experiments with
the same trends.

where [26]. The percentage of TUNEL-positive nuclei was de-
termined from the average evaluation in 5 randomly selected
0.25-mm” fields in each microwell. The average total number
of nuclei/0.25-mm? field was also determined, and the total
nuclei per culture was calculated by multiplying by the ratio
of well surface area/0.25 mm?® (=128).

TNF bioassay and neutralization.  Supernatants from in-
fected and uninfected cells were frozen at —20°C, were thawed,
and were assayed for TNF activity, with human TNF-« (a gift
from Hofmann La Roche) standards, in the 1L929-8 bioassay,
as described elsewhere [27]. The lowest level of detection is 1
pg/mL. To neutralize biologically active TNF-« released in tro-
phoblast cultures, 20 ug/mL of polyclonal anti-human TNF-«
antibody (ICN) was added to the culture at the time of
challenge.

RESULTS

Primary trophoblast infection by T. gondii. Immature CT-
like and mature ST-like trophoblasts were challenged with
2 X 10° T. gondii/microculture (~4 T. gondii/trophoblasts nu-
clei) and were cultured for 24 h. When stained with Giemsa
or hematoxylin, both CT-like cultures (figure 1A) and ST-like
cultures (figure 1B) showed characteristic parasitophorous vac-
uoles containing 2—>20 parasites . These structures stained pos-
itive for the parasite-coat protein P30 [28], further identifying
them as being of T. gondii origin (figure 1C; a ST-like culture
stained with desmoplakin to visualize junctional boundaries
between cells).

We next compared the susceptibility of trophoblasts and the

highly susceptible African green monkey—kidney cell line Vero
to T. gondii infection. After 24 h of challenge, the number of
parasitophorous vacuoles relative to cell nuclei number (infec-
tion fraction [IF]) increased with increasing challenge with T.
gondii, for all cell types. At IF <0.2, there was a linear rela-
tionship between IF and T. gondii dose, in which susceptibility
followed the order Vero > CT-like cultures > ST-like cultures
(figure 2, inset). In both CT- and ST-like cultures, the IF was
maximal at 24 h and decreased thereafter (figure 3 shows the
time course of infections of cells from 2 different placentas).
To formally determine whether the infection was productive,
CT-like cultures were challenged with 2 X 10° tachyzoites, were
cultured for 2 h, and were washed to remove unattached par-
asites. The washed cultures were either lysed and immediately
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Figure 3. Relationship between time after challenge with Toxoplasma
gondii and the infection fraction (IF) (ratio of parasitophorous vacuoles
to trophoblast nuclei) in target cells. A and B, IF as a function of time
after challenge (10° parasites/well) in 2 independent experiments with 2
different preparations of primary trophoblasts. Where error bars are
shown, data are average = SD of triplicate samples. CT, cytotrophoblast;
ST, syncytiotrophoblast.
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Figure 4. Increase in infectious Toxoplasma gondii content in cyto-
trophoblast (CT)-like cultures 2—48 h after infection. CT-like cultures were
washed with medium 2 h after addition of T gondii (10°/well), then either
were lysed for assessment of the infection fraction (IF) (ratio of parasi-
tophorous vacuoles to trophoblast nuclei) in Vero cells (2-h histogram) or
fresh medium added, the culture continued for 48 h, and both medium
and cell lysate were assessed for IF (48-h histogram). Data are
average = SD pooled from 8 cultures in 2 independent experiments, each
with a different placental preparation.

assayed for IF, by the Vero assay described above (figure 4), or
fresh medium was added, and the culture continued for 48 h,
at which time both supernatant and lysates were assayed for
IF (figure 4). The results show very few cell-associated infec-
tious parasites after the 2-h challenge and a 45-fold increase in
total culture infectious-parasite content 48 h later. The obser-
vation of productive infection is in accordance with the pres-
ence of both parasitophorous vacuoles and, after a wave of
vacuole lysis 24 h after challenge, numerous single tachyzoietes
attached to almost every cell in the culture (figure 1B).

Interactions between T. gondii and host cell sulfated proteo-
glycan (inhibitable with dextran sulfate) have been shown to
be essential for its attachment to a variety of cell types, including
epithelial cells [29]. We found that infectious challenge with
2 X 10° T. gondii/microculture of both CT-like trophoblasts and
Vero cells was inhibited approximately to the same degree
(77% = 74% for Vero and 66% = 7.1% for CT-like cultures,
data not shown) by 10 mg/mL dextran sulfate (relative to the
same concentration of nonsulfated dextran).

T. gondii —induced trophoblast loss. The above data show
that both CT-like and ST-like trophoblast cultures support a
productive infection of T. gondii and thus that these cultures
are suitable models for examination of T. gondii-induced vil-
lous-trophoblast damage. We therefore next asked whether T.
gondii infection led to cell loss. Because of the multinucleated
nature of trophoblasts, especially ST-like cells [18], changes in
cell numbers were estimated from nuclei numbers. We found
that infection resulted in minimal (~15%) loss of nuclei in

both CT-like (figure 5A) and ST-like (figure 5B) cultures 24 h
after challenge, but, by 72 h, infected cultures had lost
40%-60% of nuclei, relative to uninfected controls.

We next asked whether this loss of cells was accompanied
by apoptosis, as determined by DNA nicking detected by the
TUNEL assay. We found that T. gondii infection strongly stim-
ulated trophoblast apoptosis, however, with different kinetics
for CT- and ST-like cultures (figure 6). The apoptosis frequency
for T. gondii-infected CT-like cultures remained at ~27% from
24 to 48 h after challenge. In contrast, the frequency for ST-
like cultures was very low (~2%) at 24 h but increased (to
~17%) by 48 h.

Mechanism of T. gondii—induced trophoblast apoptosis
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Figure 5. Loss of nuclei from cultures of primary trophoblasts infected
with Toxoplasma gondii. Cytotrophoblast (CT)}-like cultures (4) and syn-
cytiotrophoblast (ST)-like cultures (B) were prepared and were challenged
with T gondii, such that the infection frequency after 24 h was 0.2-0.3,
all as described in Materials and Methods. At the indicated times, the
cultures were stained with hematoxylin, and the number of nuclei per
well were evaluated as described in Materials and Methods. Data are
average = SD of triplicate wells from 1 of 3 experiments performed with
cells from different placentas, all of which showed the same trend in
percentage of cell loss but have different numbers of cells per well
(trophoblast adherence varies between batches [17]).
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Figure 6. Apoptosis in trophoblast cultures infected with Toxoplasma
gondii. Cytotrophoblast (CT)—like cultures (white bars) and syncytiotro-
phoblast (ST)—like cultures (black bars) were prepared, were challenged
with 2 X 10° T gondii/microwell, were cultured for the indicated periods
of time, and then were assessed for apoptosis by terminal deoxynucleo-
tidyl transferase—mediated dUTP-biotin DNA—nick-end labeling (TUNEL)
analysis, all as described in Materials and Methods. Data are aver-
age =+ range of triplicate wells from 2 independent experiments per-
formed with cells from different placentas.

and loss. T. gondi-infected lymphohematopoietic cells are
resistant to apoptosis induced by multiple stimuli but are not
resistant to cytotoxic T lymphocyte—induced cytolysis [30]. To
determine whether the trophoblasts undergoing apoptosis were
infected, we examined infected cultures 24 and 48 h after chal-
lenge, for proximity of obvious vacuoles to TUNEL-positive
nuclei. T. gondii parasitophorous vacuoles are predominantly
juxtanuclear [31, 32] and, in trophoblasts, frequently distort
(indent) nuclear shape (figure 1A). Thus, close apposition of
a TUNEL-positive nuclei to a vacuole indicates apoptosis in an
infected cell. We found that 89.8% = 0.7% of nuclei directly
adjacent to a parasitophorous vacuole were TUNEL negative
(figure 1C and 1D). The remaining 10% of nuclei adjacent to
vacuoles were TUNEL positive, and most (6.30% = 0.73%) of
these were near vacuoles showing signs of recent disintegration
(figure 1D). We conclude that productive T. gondii infection is
associated, at least initially, with resistance to T. gondii-stim-
ulated apoptosis in the cultures.

These data showing that, predominantly, uninfected cells are
undergoing T. gondii—stimulated apoptosis also indicate para-
crine induction. We have shown that CMV infects both CT-
and ST-like cultures [19] and induces loss of uninfected cells
in a manner inhibited by neutralizing antibody to TNF-« [33].
We therefore asked whether T. gondii-induced apoptosis and
loss of uninfected cells was also caused by paracrine release of
TNF-a. However, we found that T. gondii infection did not

stimulate TNF production from these cultures (<1 pg/mL, data
not shown). Furthermore, neutralizing antibody to TNF-« at
levels that inhibit >80% of apoptosis stimulated by 10 ng/mL
TNF-a did not inhibit T. gondii-induced apoptosis at either
24 or 48 h after T. gondii infection (figure 7A). We conclude
that, unlike CMV, T. gondii does not induce trophoblast ap-
optosis, by stimulating release of TNF-a.
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Figure 7.  Toxoplasma gondi~induced apoptosis not mediated by su-

pernatant (sup) tumor necrosis factor (TNF}-o or by measurable accu-
mulation of a soluble death factor, in culture supernatants. A, Cytotro-
phoblast (CTHike cultures challenged with either 2 X 10° T gondii/
microwell or TNF-ce (10 ng/mL) or combination of either 1 of those with
antibody to TNF-e, as depicted, and terminal deoxynucleotidyl transfer-
ase—mediated dUTP-biotin DNA-nick-end labeling (TUNEL) analysis per-
formed after a 24-h culture. Depicted are the mean = range of 2 in-
dependent experiments performed with cells from different placentas.
Net apoptosis indicates that, in absence of treatment, CT apoptosis has
been subtracted from values. B, CT-like cultures challenged with
2 X 10° T gondii and cultured for 24 h. Supernatants from the 24-h T
gondiiinfected cultures were filtered through a 0.22-um filter and were
immediately transferred (at 50% v/v) to fresh CT-like cultures, and TUNEL
analysis was performed after 24 h. T gondii sups 1 and 2 indicate
supernatants from T gondii~infected cultures of cells from 2 different
placentas. Data are mean + SD of triplicate samples from 1 experiment.
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To determine whether apoptosis was mediated by superna-
tant accumulation of any death-inducing activity, we asked
whether supernatant from a T. gondii—infected culture filtered
through a 0.22-pum filter would induce apoptosis. The results
show that such supernatants induced no apoptosis or cell loss
(figure 7B). Thus, if a soluble factor is mediating apoptosis of
uninfected cells, it must be acting locally within an unstirred
layer above the cultured cells, be very labile, or be removable
by the 0.22-um filter.

DISCUSSION

Because T. gondii tachyzoites bind and enter almost all nucle-
ated mammalian cells [34], including mouse trophoblasts [14],
human trophoblast infection was highly predicted. Nonetheless,
this is the first report that primary human villous trophoblasts
can be productively infected by T. gondii. We have found that
T. gondii infects immature CT-like cultures somewhat better
than it does mature ST-like cultures and that both are mar-
ginally less susceptible to infection than is the African green
monkey—kidney cell line Vero. We have also found that dextran
sulfate inhibits trophoblast (and Vero cell) infection by T. gon-
dii, suggesting initial binding to a sulfated proteoglycan. Such
binding sites are essential for T. gondii attachment to a variety
of cell types, including epithelial cells [29]. These data suggest
that, in humans, the first step of in utero transmission of T.
gondii is very likely productive infection of the villous ST. The
data also provide the basis for a model to study both the path-
ogenesis of T. gondii infection in the placenta and the mech-
anisms of innate resistance in the trophoblast.

As early as 24 h after challenge with T. gondii, parasitophorous-
vacuole maturation disperses progeny tachyzoietes throughout
the culture and associates parasites to almost every cell in the
culture (figure 1B). After an initial-infection IF of 0.2-0.3, this
dispersal of infectious progeny and general attachment to un-
infected cells would be predicted to increase the IF (ratio of
parasitophorous vacuoles to trophoblast nuclei), because the IF
can be >0.8 in naive (not previously exposed) cultures. However,
rather than increasing, the IF decreases in the next 48 h of culture.
This decrease in IF suggests induced resistance in the uninfected
trophoblasts in the culture. Possible innate resistance mecha-
nisms available to villous trophoblasts are induction of reactive
oxygen [35, 36] and nitrogen intermediates [37-39], the enzyme
indoleamine 2,3-dioxygenase (IDO) that converts tryptophan to
kynurenine [23, 40], or other, as-yet-undefined mechanisms [41].
The nature of T. gondii-inducible trophoblast resistance to T.
gondii infection is presently under investigation.

Uncontrolled T. gondii induction of type 1 cytokines, such
as IFN-y and TNF-q, lead to bystander immunopathologies in
mice [42]. The T. gondii-induced damage observed in tropho-
blast cultures cannot be caused by an acquired immune re-

sponse but may be mediated by endogenous production of the
same cytokines. Indeed, the only cytokine demonstrated to in-
duce villous-trophoblast apoptosis and cell loss is TNF-c, the
effects of which are enhanced by IFN-vy [20, 43] and which is
expressed by human trophoblasts [33, 44]. Human CMV in-
fection of villous trophoblasts causes loss of up to half of cul-
tured cells in the first 24 h of exposure [33]. The CMV-induced
cell loss is caused by apoptosis and is mediated by TNF-q,
which is, in turn, induced by CMV immediate-early gene prod-
ucts. However, T. gondii infection does not induce measurable
(1 pg/mL) TNF-a production nor is neutralizing antibody to
TNF-« able to inhibit T. gondi-induced cell loss and apoptosis.
We conclude that, although placental infections by CMV and
T. gondii both result in trophoblast loss in vivo and in culture,
the mechanisms of trophoblast loss are very different.

We found that ~90% of T. gondii-induced trophoblast ap-
optosis manifested in nuclei at a distance from parasitophorous
vacuoles. Because parasitophorous vacuoles are juxtanuclear
[31], this observation argues that apoptosis is not occurring in
cells containing intact parasitophorous vacuoles. The resistance
of T. gondii—infected cells to apoptosis has been observed else-
where [30]. However, the observation that ~7% of apoptosis
manifests in nuclei near disintegrating vacuoles suggests that
infected trophoblasts may undergo apoptosis at the time of
parasite egress. The absence of T. gondii vacuoles near most
apoptotic trophoblast nuclei may be a consequence of tim-
ing—that is, nicked nuclear DNA detectable by TUNEL lasts
longer in culture than do indications of disintegrating T. gondii
vacuoles. An alternative explanation is bystander killing, in
which infected cells release or express agents cytotoxic to neigh-
boring cells. Bystander apoptosis occurs in trophoblast cultures
infected with CMV [33], but apoptosis in uninfected cells in
the vicinity of T. gondii—infected cells has not been explored
[31]. Bystander killing implies release of cytotoxic factors by
the infected cells. However, as discussed above, we find that
filtered supernatants from T. gondii—infected trophoblast cul-
tures undergoing apoptosis do not stimulate apoptosis when
transferred to uninfected trophoblasts. Thus, if cytotoxic factors
are being released by infected cells, they are either sensitive to
the culture context (act very locally, are very labile, and/or do
not survive supernatant transfer or are T. gondii-dependent
depletions of essential medium components) or are large
enough to be removed by a 0.22-um filter. Examples of the
former category are rapidly decaying reactive oxygen and ni-
trogen intermediates, T. gondii-dependent IDO expression, and
subsequent depletion of medium tryptophan (see above). Ex-
amples of cytotoxic substances that could be removed by fil-
tration are plasma membrane-tethered members of the TNF
superfamily (reviewed in [45]), such as Fas ligand, the expres-
sion of which is increased by T. gondii infection in ocular cells
[46]. Possibilities in both categories are being investigated.
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The major contribution of this study is the characterization
of a primary trophoblast culture model for nonimmunocyte-
mediated tissue damage in the placenta. We propose that T.
gondii-induced trophoblast damage is central to the process of
in utero transmission to the fetus, the mechanism of which
remains unknown [34]. A hematogenous infection would target
the ST, which faces maternal blood; thus, any T. gondii—induced
apoptosis could be either direct in the ST or indirect in un-
derlying CT. The villous trophoblast, like all epithelia, con-
stantly undergoes renewal, with a turnover of ~3.5 weeks at
term [47]. Increased ST apoptosis accompanies pregnancy-as-
sociated disorders, such as preeclampsia [48] and intrauterine
growth retardation [49], both of which manifest in increased
placental pathology [50-52]. The link between increased vil-
lous-trophoblast apoptosis and placental pathologies, although
apparently obvious, is not completely understood. Common to
most forms of villitis is loss of the ST layer, the loss of which
could be caused either by increased ST apoptosis and shedding
or by decreased CT-renewal capacity. Our results suggest that
T. gondii infection may target either or both of these compo-
nents of trophoblast turnover: either direct ST apoptosis late
in the infection cycle or depletion of underlying CT by by-
stander killing. Because loss of the ST barrier would allow access
to the underlying fetal mesenchyme, by progeny parasites or
infected maternal leukocytes, understanding the mechanism of
loss is crucial to understanding the mechanism of T. gondii
passage across the villous placenta. Both of the suggested mech-
anisms of increasing trophoblast turnover—direct T. gondii—
induced ST apoptosis or bystander CT apoptosis—can be stud-
ied in the experimental model presented in this study.

We used a type 1 T. gondii strain (virulent in mice) for these
studies, but type 2 T. gondii strains (with low virulence in mice)
more commonly vertically transmit in human pregnancy [7,
53]. However, type 2 strains are also virulent in human fetal
tissue [54], and the mouse may not be an accurate model for
vertical transmission of T. gondii [55]. Nonetheless, whether
low-virulence T. gondii strains induce human trophoblast ap-
optosis remains to be determined. Also remaining to be de-
termined is whether the increased transmission rate in the third
trimester of pregnancy is related to increased sensitivity of near-
term trophoblasts to the pathogenic effects reported in this
article.
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