
INTRODUCTION

Toxoplasma gondii, an obligate intracellular
protozoan parasite, infects a broad spectrum
of warm-blooded hosts, including up to 25%
of the world’s human population [21].
Infection of immunocompetent hosts with T.
gondii is mostly asymptomatic, but leads to
lifelong persistence of the parasite predomi-
nantly within the brain and muscle tissue
but also within other organs [4]. However,
acquisition of the parasite in utero may lead
to abortion or overt clinical disease in new-
borns and children. Furthermore, T. gondii is
a major opportunistic pathogen in immuno-
compromised patients, i.e. those with AIDS
or those under immunosuppressive therapy,
in which persisting parasites may reactivate
and may lead to life-threatening cerebral
toxoplasmosis [20].

T. gondii is able to actively invade essen-
tially any cell type and may replicate within
a broad range of nucleated host cells [14].
However, the integrity of the host cell is
thought to be a major prerequisite for the

intracellular survival and development of
the parasite. It has been shown, that on one
hand several intracellular pathogens, includ-
ing viruses [10, 12, 22], bacteria [6] and pro-
tozoan parasites [17] down-regulate pro-
grammed cell death, i.e. apoptosis of their
host cells. On the other hand, several bacte-
ria and some viruses induce apoptosis of
their host cells [18, 23, 25]. Likewise, Khan
et al. [16] reported that acute infection of
mice with T. gondii induces anergy of CD4+ T
cells followed by increased apoptosis of these
cells in vitro. By contrast, it has been shown
recently that T. gondii is also able to inhibit
apoptosis in in vitro cultures of different
murine cell types [19]. In the present study
we investigated the effect of T. gondii infec-
tion on apoptosis of the human-derived cell
line HL-60.

MATERIALS AND METHODS

Parasites and host cells
Tachyzoites of the mouse-avirulent T.

gondii strain NTE [11] were co-cultured with
L929 fibroblasts as host cells in RPMI 1640,
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containing 2 mM L-glutamine, 2 mg/ml
NaHCO3 and supplemented with 1% heat-
inactivated fetal calf serum (FCS), 100 U/ml
penicillin and 100μg/ml streptomycin (all
reagents from Biochrom, Berlin, Germany).
Tachyzoites were harvested after initiation of
host cell lysis. For infection assays, tachy-
zoites were isolated by centrifugation at 35×
g for 5 min to pellet contaminating host
cells. The supernatant was centrifuged at
1,350×g for 10 min and tachyzoites were
resuspended in RPMI 1640 medium (as
above) supplemented with 10% FCS, 100
U/ml penicillin and 100μg/ml strepto-
mycin.

Human promyelocytic leukemia (HL-60)
cells were maintained in RPMI 1640 supple-
mented with 10% FCS, 100 U/ml penicillin
and 100μg/ml streptomycin. 

Prior to infection with T. gondii, HL-60
cells were grown in the same medium sup-
plemented with 5 nM phorbol 12-myristate
13-acetate (PMA; Sigma, Deisenhofen,
Germany) for 24h to render adherent cells.
For staining with Hoechst 33258, 2×105 HL-
60 cells were cultivated in 24-well tissue cul-
ture plates (Nunc, Roskilde, Denmark) con-
taining 13 mm round glass coverslips. For
DNA-fragmentation assays, cells were grown
in 6-well tissue culture plates at a density of
2×106 per well.

Induction of apoptosis and T. gondii infec-
tion

Prior to infection, adherent HL-60 cells
were washed three times with RPMI 1640
supplemented with 10% FCS, 100 U/ml
penicillin and 100μg/ml streptomycin to
remove PMA. HL-60 cells were then infected
with T. gondii at a parasite to host ratio of
4:1. One to two hours post infection, extra-
cellular parasites were removed by washing
three times with medium. Apoptosis was
induced by adding 0.1 to 0.5μg/ml actino-
mycin D (act D, Calbiochem, La Jolla, CA)
to the cells, which were then incubated for
additional 12 or 16 hours at 37℃ and 5%
CO2 in saturated humidity.

DNA fragmentation assay
The DNA fragmentation assay was per-

formed as described previously [7]. Briefly,
2×106 HL-60 cells from each sample were
lysed in 2 ml of 7 M guanidine hydrochlo-
ride. Genomic DNA was then extracted with

a Wizard® Plus Minipreps DNA Purification
System (Promega, Madison, WI). Finally,
DNA was electrophoresed on a 1.5% agarose
gel and visualized by ethidium bromide
staining.

Morphological detection of apoptosis
After 8 h incubation, cells were fixed with

4% paraformaldehyde in Dulbecco’s phos-
phate-buffered saline (PBS, pH 7.4,
Biochrom, Berlin) for 30 min at room tem-
perature. After washing with PBS cells were
stained with 50 ng/ml Hoechst 33258
(Sigma) in PBS for 1 h. Finally, coverslips
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Fig. 1 DNA fragmentation in actinomycin D-
treated HL-60 cells after infection with
Toxoplasma gondii and in uninfected con-
trols. HL-60 cells were infected at a par-
asite to host ratio of 4:1 and incubated
with 0.1 or 0.5μg/ml actinomycin D as
indicated. Sixteen hours later genomic
DNA was electrophoresed on a 1.5%
agarose gel and visualized by staining
with ethidium bromide. As a marker
(M), a 100 bp DNA ladder was separated
in parallel.



were mounted with Mowiol (Calbiochem,
San Diego, CA) and were examined by con-
ventional fluorescence microscopy.

Viability assay
To distinguish apoptosis and necrosis, the

viability of the cells was tested by trypane
blue exclusion for each apoptosis assay. In
each experiment, an additional set of cover-
slips was subjected to staining with 0.1%
(w/v) trypane blue (Biochrom) in PBS.

RESULTS

The DNA fragmentation assay was used
to determine the effect of T. gondii on the
rate of apoptosis  in a host cell population.
Sixteen hours after infection of HL-60 cells
with T. gondii tachyzoites of the strain NTE at
a parasite to host ratio of 4:1, fragmentation
of genomic DNA was not increased as com-
pared to uninfected control cells (Fig. 1).
After incubation of HL-60 cells with 0.1 or
0.5μg/ml act D for 16 hours, genomic DNA
from these cultures was highly fragmented
into multimers of 180 bp as judged by
agarose gel electrophoresis, indicating that
these cells underwent  apoptosis. However, if
act D-treated cultures were concomitantly
infected with T. gondii at a parasite to host
ratio of 4:1, fragmentation of genomic DNA
clearly diminished which indicates a reduc-
tion of apoptosis in these cultures as com-
pared to non-infected cultures treated with
act D.

To quantify the reduction of act D-
induced apoptosis by T. gondii, cell cultures
were stained with Hoechst 33258 to visualize
nuclear DNA condensation as a typical fea-
ture of apoptosis (Fig. 2). In the absence of
act D, only single cells underwent apoptosis
and this was similarly observed in non-
infected cultures (Fig. 2A) as well as T.
gondii-infected cell cultures (data not shown).
After treatment with 0.1 to 0.5μg/ml act D
for 12 h, the number of apoptotic cells
increased dramatically (Fig. 2B). In act D-
treated cultures concomitantly infected with
T. gondii at a parasite to host ration of 4:1
however, the total number of apoptotic cells
considerably decreased (Fig. 2C).

Fig. 3 summarizes the results of two inde-
pendent experiments after infection with T.
gondii. In untreated HL-60 cultures, the per-
centage of apoptotic cells was smaller than
2% and this did not increase after infection
with T. gondii. However, apoptosis was dose
dependently induced after treatment with
0.1 to 0.5μg/ml act D. In contrast, the rate
of act D-induced apoptosis was clearly
reduced in HL-60 cultures that were infected
with T. gondii at a host to parasite ratio of
4:1, irrespective the concentration of act D.
The rate of apoptosis decreased by 62%, 58%
and 45% after treatment with 0.1μg/ml,
0.25μg/ml and 0.5μg/ml act D, respectively.

In parallel to all experiments, the viability
of HL-60 cells was tested by trypane blue
exclusion to distinguish apoptotic from
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Fig. 2 Influence of Toxoplasma gondii infection on actinomycin D-induced apoptosis in HL-60 cells.
Condensation of chromatin after 12 h incubation was visualized by staining with Hoechst
33258. In (a) non-infected HL-60 cells were cultivated in the absence of actinomycin D (act D),
the nuclei show no condensation of chromatin. (b) Treatment of HL-60 cells with 0.5μg/ml
act D induced condensation of chromatin. Apoptotic nuclei show a granular pattern. (c) Act
D-treated HL-60 cells concomitantly infected with T. gondii at a parasite to host ratio of 4:1,
leading to reduction of cells with chromatin condensation.
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necrotic cells. In all cases, less than 6% of the
host cells underwent necrosis (data not
shown).

DISCUSSION

Several intracellular pathogens, including
bacteria and some viruses have been shown
to increase the rate of apoptosis of their host
cells [1, 15, 18, 25], while other viral infec-
tions inhibit apoptosis [1]. However, little is
known about the effect of more complex
eukaryotic parasites on programmed cell
death of their host cells. T. gondii stimulated
apoptosis of lymphocytes from infected mice
[16], and the closely related protozoan para-
site Plasmodium falciparum stimulated apop-
tosis of human mononuclear cells [24]. In
contrast, a decrease in the rate of apoptosis
was described after infection of murine host
cells with Leishmania donovani [17] or T.
gondii [19].

The results presented herein clearly show
that T. gondii is able to prevent act D-induced

apoptosis of human-derived HL-60 cells.
This confirms the finding of Nash et al. [19]
who showed that cultures of several murine
cell types infected with T. gondii resist pro-
grammed cell death that was initiated by dif-
ferent apoptosis-inducing treatments. The
molecular mechanism of this parasite-host
interaction remains to be elucidated. For
viruses, several apoptosis-regulator genes are
known which can inhibit host cell apoptosis,
e.g. genes for members of the Bcl-2 family
or caspases [1]. The bacterial pathogen
Chlamydia trachomatis suppresses host cell
apoptosis by blockade of mitochondrial
cytochrome c release and caspase activation
[8], whereas Mycobacterium tuberculosis is
thought to down regulate the apoptosis of its
host cells by stimulation of TNF-α produc-
tion [6]. The protozoan parasite Leishmania
donovani also stimulates the production of
TNF-α together with GM-CSF by its host
cells to prevent their apoptosis [17].

A proapoptotic effect of T. gondii on
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Fig. 3 Percentages of apoptotic HL-60 cells after infection with Toxoplasma gondii and treatment with
0.1, 0.25 and 0.5μg/ml actinomycin D (act D) for 12 hours. HL-60 cultures were concomi-
tantly infected with T. gondii at a parasite to host ratio of 4:1. Cell cultures were stained with
Hoechst 33258 to visualize nuclear DNA condensation as a typical feature of apoptosis. At
least 500 cells of each sample were examined using fluorescence microscopy. Data represent
means±standard error from two independent experiments.



murine CD4+ T cells has been described by
Khan et al. [16]. In that study, infection of
mice with T. gondii rendered CD4+ T lym-
phocytes unresponsive to mitogenic or anti-
genic stimulation and consequently apoptot-
ic when cultured ex vivo for several days.
Induction of programmed cell death of CD4+

T cells [16] as well as macrophages [13] may
represent a mechanism to evade the host’s
immune response in the acute phase of
infection and this is part of a strategy that
establishes persistence of T. gondii in its host.
The induction of apoptosis in T cells has
been similarly described for Trypanosoma
cruzi [3] and P. falciparum [24] and this pos-
sibly represents a more general feature of
protozoan parasites. However, at least those
parasites that persist intracellularly have to
rely on the integrity of the host cell.
Prevention of host cell apoptosis, as reported
herein and by others [1, 17] may facilitate
long-term survival of the parasite. T. gondii is
thought to persist predominantly within neu-
rons in the brain of infected hosts [9]. In this
cell type, apoptosis is unlikely to interfere
with bradyzoite persistence since functional-
ly active mature neurons do not undergo
apoptosis in healthy hosts. More importantly,
however, cases of acute toxoplasmosis were
observed in patients that were seronegative
prior to organ transplantation indicating
that T. gondii is able to persist in organs
besides the CNS [2]. This has additionally
clearly been shown in Toxoplasma-infected
animals [5]. Persistence in cells of such
organs may be established by inhibition of
apoptosis by the parasite. Our report and
that of Nash et al. [19] demonstrate that T.
gondii indeed is able to inhibit host-cell apop-
tosis in different cell types. This may repre-
sent a mechanism that facilitates long-term
survival of T. gondii.
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