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SUMMARY

The obligate intracellular protozoan parasite Toxoplasma
gondii has been shown to protect different cell types from
apoptosis induced by a variety of pro-apoptotic treatments.
However, the precise cell biological mechanisms of this
inhibition remained unknown. As shown in this study,
apoptosis in human-derived HL-60 and U937 cells induced
by treatment with actinomycin D or TNF-a in combination
with cycloheximide, respectively, was indeed dose-
dependently downregulated by prior infection with T.
gondii, as determined by DNA fragmentation assays.

cells, while Bcl-2 expression did not increase after infection.
Parasitic interference with the caspase cascade led to a
reduced proteolytic cleavage of the nuclear target molecule
protein kinase . In parallel, poly(ADP-ribose)
polymerase protein levels were prominently downregulated
by T. gondii, irrespective of whether HL-60 and U937 cells
had been treated with pro-apototic stimuli or left
untreated. However, poly(ADP-ribose) polymerase mRNA
levels remained unchanged after infection as determined by
RT-PCR analyses. These observations suggest tifagondii

Cleavage of caspase 3 and caspase 9 after treatment with has evolved different mechanisms that may contribute to
pro-apoptotic stimuli was considerably diminished byT. downregulation of host cell apoptosis, namely inhibition of
gondii. Furthermore, release of mitochondrial cytochrome  cytochrome c release and subsequent caspase activation as
¢ during apoptosis in HL-60 cells was prevented by well as downregulation of poly(ADP-ribose) polymerase
intracellular parasites and this was correlated with the protein levels.

absence of DNA strand breaks on the single cell level.
Inhibition of cytochrome c release coincided with a twofold
upregulation of Mcl-1 protein levels in HL-60 and U937
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INTRODUCTION The obligate intracellular protozoan parash@xoplasma
gondii is ubiquitously distributed and infects a wide range of
Besides its essential roles during development andarm-blooded hosts, including up to 30% of the human

homoeostasis of multicellular organisms, programmed celpopulation worldwide (Holliman and Greig, 1997). Infection
death (i.e. apoptosis) plays a critical role in the regulation odf immunocompetent humans is most often asymptomatic, but
host responses during infection with viruses, bacteria aniéads to lifelong persistence of the parasite (Gross et al., 1996).
parasites (Williams, 1994; Liles, 1997). FurthermoreHowever, T. gondiimay lead to life-threatening disease in
modulation of apoptosis by microorganisms has now beefetuses or newborns from primarily infected mothers or after
widely recognized (Liles, 1997; Barry and McFadden, 1998reactivation of dormant parasites in immunocompromised
Everett and McFadden, 1999). Depending on the pathoggratients (i.e. those with AIDS or those under
under investigation, increased apoptosis may assiginmunosuppressive therapy).

dissemination of intracellular pathogens (Hardwick, 1998; We (Goebel et al., 1999) and others (Nash et al., 1998) have
Griffin and Hardwick, 1999) or induce immunosuppressionrecently reported thal. gondiidownregulates apoptosis that
(Gougeon et al., 1996; Toure-Balde et al., 1996; Khan dias been induced by multiple stimuli in human and murine cell
al.,, 1996). In many cases, however, apoptosis may help tmes, respectively. An increased expression of heat shock
eradicate pathogens from the host (Laochumroonvorapongrotein 65 (HSP65) by peritoneal macrophages after infection
1996; Teodoro and Branton, 1997, Fratazzi et al.,, 1997has been correlated with reduced apoptosis of these cells
Consequently, several viruses, bacteria and parasites halisaeda et al., 1997), and Al, an anti-apoptotic member of the
evolved mechanisms to inhibit host cell apoptosis (LilesBcl-2 family, is upregulated in exudate cells durihggondii
1997), a strategy that may support intracellular survival anthduced inflammation in the peritoneum (Orlofsky et al.,
persistence of the pathogen. 1999). However, detailed analyses of those mechanisms by



3496 JOURNAL OF CELL SCIENCE 114 (19)

which T. gondiiinterferes with apoptosis-inducing signalling HL-60 cells per well were seeded in 24-well plates (Costar)
pathways of the host cell have not yet been described. containing 13 mm round glass coverslips. Before infection With
Apoptosis may be initiated through receptor engagement tgendii and induction of apoptosis, HL-60 cells were treated for 24
external stimuli, such as TN&-or FasL or by internal stimuli hours with 5 nM phorbol 12-myristate 13-actetate (PMA; Sigma,
such as chemotherapeutic agents, irradiation, and serum %?lsenhofen, Germany) to render cells adherent, and were then

- ashed three times to remove PMA. HL-60 and U937 cells were
growth factor deprivation (Vaux and Strasser, 1996). Thesl fected withT. gondiiat parasite to host cell ratios of 10:1 or 30:1;

signals !ead via dlﬁerenF pathway; to the aCt'Va.‘t'On .Of a f".’lm”}éddition of parasites at these ratios routinely yielded infection rates

of cysteine proteases with specificity for aspartic aC|d_reS|due§f 10-15% and 40-50%, respectively, as revealed by microscopic

referred to as caspases (Thornberry and Lazebnik, 199&halysis of HL-60 cells after immunofluorescence staining. Thirty

Mitochondria play a critical role in the transduction of minutes post infection (p.i.), apoptosis was induced in infected and

upstream pathways into the apoptotic effector cascade (Greeninfected HL-60 and U937 cells by treatment withug/ml

and Reed, 1998). Release of cytochrome ¢ from mitochondrietinomycin D (actD; Calbiochem, Bad Soden, Germany) or 40 ng/ml

into the cytosol and subsequent activation of the ApaffNF-a (Boehringer, Mannheim, Germany) in combination with 2

1/procaspase 9-complex ¢ have been shown to activak@/ml cycloheximide (Sigma), respectively. Tree:ted and untreated

downstream caspases (Li et al., 1997; Pan et al., 199@qntrol cells were maintained for 8 hours at 37°C and 5% @O

Furthermore, many proteins of the Bcl-2 family with eitherSaturated humidity.

anti—apoptotic (e.g. Bcl-2, Bch-_xor.McI—l) or prp—apoptotic DNA fragmentation assay

function (e.g. Bax, Bak or Bik) reside in the outerne pNa fragmentation assay was performed as described (Eldadah

mitochondrial membrane (Adams and Cory, 1998). Activationst al., 1996). Briefly, 2108 HL-60 or U937 cells were lysed in 2 ml

of the caspase cascade finally leads to cleavage of a varietygdf7 M guanidine hydrochloride. Genomic DNA was isolated using

target proteins with structural or regulatory function, includingthe Wizard Plus Minipreps DNA Purification Kit as recommended

poly(ADP-ribose) polymerase (PARP), nuclear lamins, proteipy the manufacturer (Promega, Madison, WI). After elution from

kinase C (PKC) and others, leading to disassembly of the celhe Wizard® minicolumns, contaminating RNA was digested by
Mechanisms of microbial interference with host cellincubation with Jug RNAse A (Sigma) for 30 minutes at 37°C. DNA

apoplosis have been characterized for @ vty of vitses alff 17 Secioni sicay sepsai 12 5% suse o) o

some b.aCte”a (Liles 1997; F_an et. .al" 1998) and several an ensitometric analyses of bands corresponding to fragmentated DNA

apoptotic genes have been identified (Barry and MPFaddeHn a BioDoc Il digital imaging system (Biometra, Géottingen,

1998). However, little is known about the mechanisms bysermany).

which more complex eukaryotic parasites interfere with

apoptosis-inducing signalling. Here, we show that the antiWestern blot analyses

apoptotic activity off. gondiiwas accompanied by interference The total cellular content of caspases 3, 8 and 9, PARP, G

with mitochondrial cytochrome c release and subsequer Mcl-1 and actin was analysed by western blotting. Equal amounts

downregulation of caspase activation. Furthermore, the proteff T. gonditinfected HL-60 and U937 cells or uninfected controls

level of PARP was prominently downregulated by the parasitévere washed in PBS (pH 7.4; Biochrom) and lysed in 50 mM Tris-

This suggests that gondiihas evolved different mechanisms HCl. PH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
that ma?/gcontribute%o the inhibition of host cell apoptosis. Gesoxycholate (NaDOC), 0.1% sodium dodecyisulfate (SDS), 10
" ug/ml leupeptin, Jug/ml each of aprotinin and pepstatin A, and 1 mM

each of PMSF and sodium orthovanadate. After 30 minutes on ice,
the samples were centrifuged at 13,@0fdor 15 minutes and equal

MATERIALS AND METHODS amounts of supernatant were resolved in 10% (PARP) or 15% (all
) proteins except PARP) polyacrylamide gels by standard SDS-PAGE
Host cells and parasites under reducing conditions. After semi-dry transfer to nitrocellulose,

Human promyelocytic leukemia cells (HL-60; American Type Cultureequal loading of each lane was confirmed by ponceau S staining
Collection, Rockville, MD) and human histiocytic lymphoma cells (Sigma) and membranes were blocked with 5% nonfat dried milk,
(U937; European Collection of Cell Cultures, Salisbury, UK) were0.2% Tween 20, 100 mM NaCl in 10 mM Tris-HCI, pH 7.4.
cultured in RPMI 1640 medium containing 2 mM L-glutamine, 2Membranes were then incubated for 90 minutes with rabbit anti-
mg/ml NaHCQ@ and supplemented with 10% heat-inactivated fetalcaspase 3 polyclonal antibody (pAb; No. 65906E; 1:1500), mouse
calf serum (FCS), 100 U/ml penicillin and 10@/ml streptomycin  anti-caspase 8 pAb (No. 66231A; 1:250), rabbit anti-Mcl-1 pAb (No.
(all reagents from Biochrom, Berlin, Germany). 13656E; 1:1000), mouse anti-PARP mAb (clone C2-10; 1:2000; all

Tachyzoites of the mouse-aviruleft gondii strain NTE (Gross  Ab from Pharmingen, Hamburg, Germany), rabbit anti-caspase 9 pAb
et al,, 1991) were propagated in L929 fibroblasts as host cell§H-83; 1:100), rabbit anti-PK&pAb (C-20; 1:2000; both from Santa
Tachyzoites were harvested after initiation of host cell lysis. FoCruz Biotechnology, Santa Cruz, CA), mouse anti-Bcl-2 mAb (clone
infection of HL-60 and U937 cells, tachyzoites were isolated froml00; 3pug/ml), or mouse anti-actin mAb (clone JLA20p@/ml; both
L929 cocultures as described (Goebel et al., 1999). Brieflyfrom Calbiochem). Bound Ab were visualized with 0.Qg/ml
contaminating host cells were pelleted by centrifugation &85 5 HRPO-conjugated F(&h fragment goat anti-rabbit or anti-mouse
minutes. The supernatant was then centrifuged at 3% 10 IgG (Dianova, Hamburg, Germany), or with 0.9§/ml HRPO-
minutes and tachyzoites were resuspended in RPMI 1640 (as abovednjugated goat anti-mouse IgM (Calbiochem) and ECL

] ) . ] ] ) chemiluminescence detection as recommended by the manufacturer

Infection with  T. gondii and induction of apoptosis (Amersham Pharmacia Biotech). Signals were densitometrically
For DNA fragmentation assays and western blot analys&€f HL- quantified on a BioDoc Il imaging system (Biometra).
60 or U937 cells per well were cultured in 6-well tissue culture plates To determine the subcellular distribution of cytochrome c,
(Costar, Bodenheim, Germany), for RT-PCR analyse$05SHL-60 digitonin-soluble and -insoluble fractions of infected and uninfected
or U937 cells were cultured in 90 mm tissue culture dishes (NundjL-60 cells were prepared as described (Single et al., 1998). This
Roskilde, Denmark), and for immunofluorescence microscof#?®2 method has been shown to separate cytosolic fractions from heavy
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Fig. 1.T. gonditinfected HL-60 and U937 cells are partially HL-60 U937
protected from fragmentation of genomic DNA induced by pro- ActD - - -+ + o+ - - - 4+ 4+ + TNF/Chx
apoptotic stimuli. Human-derived cells were infected at parasite T gondii 4 - 4+ -+ ++ -+ ++T. gondii

to host ratios of 10:1 (+) and 30:1 (++) or were left uninfected.
After 30 minutes, HL-60 and U937 cells were treated with 5
pg/ml actinomycin D or 40 ng/ml TNE-in combination with 2
pg/ml cycloheximide, respectively. Eight hours after infection,
genomic DNA was analysed by agarose gel electrophoresis and
ethidium bromide staining. DNA molecular weight markers (100
bp ladder) were separated in parallel. Signal intensities of bands
corresponding to fragmentated genomic DNA were quantified by
densitometry. Bars represent the relative intensities of
representative bands, the intensities in uninfected HL-60 and
U937 cells after treatment with pro-apoptotic stimuli were
defined as 100%.

organelles including mitochondria (Single et al., 1998). Bri E 100 100

4x10P cells were resuspended in 126PBS and mixed with & ST 75 75

equal volume of 150ug/ml digitonin (Fluka, Deisenhofe = 50 50

Germany) in 0.5 M sucrose. After 30 seconds on Z 25 25 II
mitochondria were pelleted by centrifugation for 60 secon -

14,000 g. The supernatants were saved as digitonin-sc ActD .+ o+ s . - - %+ + + TNF/Chx
fractions, and pellets were lysed as described abov T. gondii b i .+ s -+ ++ -+ ++T gondi

preparation of total cell lysates. After centrifugation at 13§
for 15 minutes, equal amounts of supernatants (digit
insoluble fractions) were separated together with the digitonin-solubleere washed and were then incubated for 1 hour iud/@l Cy3-
fractions by SDS-PAGE. Cytochrome c¢ was detected byconjugated F(dle fragments donkey anti-mouse IgG and gggmi
immunoblotting as described above using mouse anti-cytochrome @y5-conjugated F(&J» fragments donkey anti-rabbit IgG (secondary
mADb (clone 7H8.2C12; Ag/ml; Pharmingen) and HRPO-conjugated Ab from Dianova, Hamburg, Germany). After washing, apoptotic
F(ab). fragment goat-anti mouse 1gG (as above). In parallelcells were visualized using the in situ terminal deoxynucleotidyl
mitochondrial contamination of digitonin-soluble extracts ortransferase-mediated dUTP nick end labelling (TUNEL) assay as
extraction of control proteins from the mitochondria by digitonin lysisrecommended by the manufacturer (Boehringer Mannheim,
was controlled using a cytochrome ¢ oxidase (COX)-specific mAMannheim, Germany). Coverslips were mounted with Mowiol
(subunit 1V, clone 10G8-D12-C12; fg/ml; Molecular Probes, (Calbiochem, Schwalbach, Germany) and were examined by confocal

Leiden, The Netherlands). laser scanning microscopy using Leica TCS SP2. For selected cells,
) o 10 optical sections at intervals of QB were generally recorded. To
Semi-quantitative RT-PCR analyses analyse the intracellular distribution of cytochrome ¢ quantitatively,

Total cellular RNA was isolated from. gonditinfected HL-60 or  the optical sections from a selected cell preparation were
U937 cells and uninfected controls using the RNeadjni Kit as superimposed, and the fluorescence intensity profile of the
recommended by the manufacturer (Qiagen, Hilden, Germanykytochrome c-labelling in apoptotic and non-apoptotic cells was
Reverse transcription and PCR were carried out by the OneStep Rietermined.

PCR protocol (Qiagen) using the following oligonucleotide primers:

PARP forward 5AAGCCCTAAAGGCTCAGAAC-3; PARP reverse

5-TTGGGTGTCTGTGTCTTGAC-3 B-actin forward 5GTGG- RESULTS

GGCGCCCCAGGCACCA-3 B-actin reverse 'sSCTCCTTAATGT-

CACGCACGATTTC-3. To exclude amplification of contaminating Inhibition of in vitro-induced apoptosis in human-

genomic DNA, control reactions were performed by inhibition ofderived cell lines by T. gondii

reverse transcriptase activity. PC_R_> products were _electrophore_sgd Pliman-derived HL-60 and U937 cells were used to analyse
a 1.5% agarose gel and amplified DNA visualized by ethidiunyo affects off. gondiion apoptosis of its host cell. Both cell
bromide staining. Results were quantified by densitometry using a]n ' X . . T :
o : . Ines are well characterized in vitro models to investigate
digital imaging system (Biometra). ; . .
programmed cell death, since high levels of apoptosis are
Immunofluorescence staining and confocal microscopy inducible by treatment with actinomycin D (Martin et al.,
The distribution of cytochrome ¢ i gonditinfected and uninfected 1990) or TNFel in combination with cycloheximide (Vanags
cells was morphologically analysed by triple immunofluorescencet al., 1996), respectively. Furthermore, cells of the
staining and confocal microscopy. Eight hours after induction ofmonocytic/granulocytic lineage may represent important
apoptosis with fug/ml actinomycin D, infected and uninfected HL- hematopoetic host cells @ gondii (Channon et al., 2000).
(Merck, Darmstadt, Germany) in PBS, pH 7.4 for 30 minutes at roon, yitro-induced apoptosis in HL-60 cells (Goebel et al., 1999).
temperature. After washing, cells were quenched for 10 minutes in this study, apoptosis in monocyte-like U937 cells i’nduced

mM NH4Cl in PBS and permeabilized for 1 hour with 0.1 mg/ml y treatment with TNRr and cycioheximide was similarly

saponin (Sigma, Deisenhofen, Germany) in PBS containing 19 . . . "
bovine serum albumin (Sigma). Cells were then simultaneouslfieécreased by concomitant infection wittgondiias shown by

incubated with mouse anti-cytochrome ¢ mAb (clone 6H2.B4; 16he DNA fragmentation assay (Fig. 1). Furthermore, addition
ug/ml; Pharmingen) and rabbit afibxoplasmaerum diluted in PBS ~ Of increasing numbers ofl. gondii tachyzoites dose-
with saponin and BSA. After 1 hour at room temperature, coverslipdependently downregulated DNA-fragmentation in both HL-



3498 JOURNAL OF CELL SCIENCE 114 (19)

Fig. 2.T. gondiidownregulates HL-60 U937

activation of caspases 3 and 9 after

induction of apoptosis in human-derived ActD - - + 4+ TNF/Chx - - o+

cell lines. HL-60 and U937 cells were T. gondii - + + T aondii - s +

infected at a parasite to host ratio of 30:1 = -9

and were 30 minutes later treated with kDa kDa

actinomycin D or TNFa in combination 83— 62—

with cycloheximide as indicated. Eight 62—

hours after infection, antigenic extracts 47.5— 47.5—]

were prepared from equal numbers of _ _ Pro-

cells and were separated by standard 25— e-—- - Caspase 3 325 Caspase 3
SDS-PAGE. After transfer to 25—

nitrocellulose membranes, caspase 3 25—

(A), caspase 9 (B) and caspase 8 16.5— . 2 ICaspase 3 . -

(C) were visualized by immunostaining 16.5— . n < Caspase 3
using enhanced chemiluminescence 6.5— B

detectionT. gondiiinduced alterations e g5
of caspase activation were quantified
densitometrically by determining the

levels of the active subunits (caspase 3) B kDa I

or the levels of the inactive proforms 83— e - | .y ‘_PI‘O-
(caspases 8 and 9) (D). Bars represent 4755: B 4o iy b <o Caspase 9
the relative changes in caspase levels ' 1 CaSpase 9 :

after parasitic infection of untreated cells ~ 32.5— ' o

(open bars) or those treated with pro- 25— gy

apoptotic stimuli (closed bars) compared 16.5— §

with levels in uninfected cells. ' 16.5—

Horizontal dashed lines indicate an
unchanged protein level after parasitic
infection compared with levels in C
uninfected controls.

kDa
gg— - Pro-
- - -
<P 475— - — : Caspase 8

Caspase 8
325—

60 and U937 cells treated with p
apoptotic  stimuli. Densitometr
analyses revealed that the appear
of fragmentated DNA in these ce
decreased by 60-65% after addit
of T. gondiiat a parasite to host c
ratio of 30:1, compared with th
seen in uninfected controls (Fig.
By contrast, fragmentated genor
DNA was undetectable in untrea
HL-60 and U937 cells and was not
only slightly enhanced after infecti Pro- Pro- Pro- Pro-
of these cells with increasing para: Casp3  Casp9 Casp8 Casp3 Casp9  Casp8
to host ratios.

alteration [fold]

T. gondii-induced Q@
alteration [fold]

T. gondii-induced

T. gondii inhibits proteolytic cleavage of caspases 3 (Thornberry and Lazebnik, 1998), we next analysed expression
and 9 during apoptosis and cleavage of several key caspasés gonditinfected and
Since activation of the transcription factor ®B- has been uninfected cells by immunoblotting. Caspase 3 is one of the
shown to suppress apoptosis in response to a variety ofitical downstream members of the caspase family and is
apoptosis-inducing agents (Wang et al., 1996; Wang et athought to be an essential effector of cell death (Thornberry
1998), we first analysed the activation ofBin T. gondit  and Lazebnik, 1998). Induction of apoptosis in HL-60 and
infected and uninfected HL-60 cells by EMSA. After inductionU937 cells by treatment with actinomycin D or TRFn
of apoptosis with actinomycin D, MB-specific binding combination with cycloheximide induced prominent activation
activity of nuclear extracts was completely abrogated.in of caspase 3 in non-infected cells, as indicated by the increase
gondirinfected cells, compared with that in untreated controln active cleavage products and the decrease in inactive
cells; however, this was similarly observed in uninfected aproform (Fig. 2A). After concomitant infection with gondii
well asT. gonditinfected HL-60 cells (data not shown). This however, proteolytic cleavage of the procaspase 3 into the
indicates thafl. gondiidoes not inhibit apoptosis in human- active subunits was clearly diminished in both cell lines.
derived promyelocytic cells by increasing hB-activation. Quantitative analyses by densitometry showed that the
Since proteolytic activation of caspases in a cascade-likeppearance of the active caspase 3 after induction of apoptosis
fashion is a central component in the execution of apoptosdecreased 3.4- or 3.2-fold ingonditinfected compared with
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that seen in uninfected HL-60 and U937 cells, respectivel\proteolysis of a variety of cytosolic and nuclear target proteins
thus indicating interference of the parasite with activation ofeading to those cellular changes that are associated with
the caspase cascade (Fig. 2D). Cleavage of the effector caspapeptosis (Thornberry and Lazebnik, 1998). We therefore next
3 may be mediated by activation of upstream initiator caspas@s/estigated whether interference f gondii with activation
8 and 9, which are associated with apoptosis induced by death the caspase cascade alters cleavage of two nuclear target
receptor engagement or apoptosis-inducing cytotoxic agentgroteins, PARP and PKECTreatment of HL-60 and U937 cells
respectively (Thornberry and Lazebnik, 1998). Therefore, wavith actinomycin D and TN+ plus cycloheximide,
asked which of these caspases might be affectdd ggndii respectively, induced cleavage of the 116 kDa full length PARP
The amount of inactive procaspase 9 diminished afteinto the 85 kDa subunit (Fig. 3A). Interestingly, expression of
induction of apoptosis in HL-60 and U937 cells; however, thieither full length PARP in untreated cells or the 85 kDa PARP
decrease was inhibited 2.3-fold in both cell lines aftesubunit in those cells treated with pro-apoptotic stimuli was
concomitant infection witi. gondii(Fig. 2B,D). Although the  prominently inhibited after infection witf. gondii It should
antibody used for these analyses only recognized the proforbe noted, however, that residual 85 kDa PARP fragment was
but not the active subunits of caspase 9, these data suggestéli detectable ifT. gonditinfected HL-60 and U937 cells after
that proteolytic cleavage of caspase 9 during apoptosis in Hltreatment with apoptosis inducers, whereas the 116 kDa full
60 and U937 cells is downregulated Ay gondii No length molecule was almost not detectable after infection of
differences were observed in the appearance of the inactiumtreated cells witd. gondii This suggests that treatment of
procaspase 8 after treatment of infected and uninfected HL-68L-60 and U937 cells with pro-apoptotic stimuli increased the
cells with actinomycin D, which rules out an involvement ofsteady state level of PARP proteins, compared with that in
caspase 8 in actinomycin D-induced apoptosis in HL-60 cellsntreated parasite-infected cells. Alternatively, downregulation
(Fig. 2C). FurthermoreT. gondii only slightly altered the of PARP byT. gondiimay be more prominent in untreated cells
protein level of procaspase 8 in untretaed as well as treated Hihan in those treated with pro-apoptotic stimuli.
60 cells (Fig. 2D). By contrast, the amount of inactive caspase To elucidate possible mechanisms of the decreased PARP
8 considerably decreased in U937 cells treated with @Nt-- protein levels after infection, the amount of PARP-specific
combination with cycloheximide, compared with that inmRNA was determined by semi-quantitative RT-PCR (Fig. 4).
untreated control cells (Fig. 2C). However, this decrease wd3ARP transcript levels normalized agairfsictin mRNA
even more prominent in parasite-infected cells than imecreased after treatment of HL-60 cells with actinomycin D,
uninfected ones (Fig. 2D), suggesting thagondiidoes not compared with levels in untreated control cells; however, this
abrogate proteolytic cleavage of caspase 8 after receptaas similarly observed id. gonditinfected and uninfected
engagement by TNE- Taken together, these results indicatedcontrol cells (Fig. 4A,B). Likewise, the relative PARP
thatT. gondiipartially inhibits cleavage of caspase 3 and 9, butranscript levels did not change in untreated HL-60 cells after
not caspase 8 after induction of apoptosis in HL-60 and U93Farasitic infection. In U937 cells, the relative amont of PARP
cells. transcripts was neither altered after treatment with TNF-
) a/cycloheximide nor after infection with gondii(Fig. 4A,B).
PARP protein levels and cleavage of nuclear target Nevertheless, since control western blots confirmed
proteins are downregulated by  T. gondii downregulation of the PARP protein levels in infected
Activation of effector caspases during apoptosis inducesompared with uninfected HL-60 and U937 cells (Fig. 4C),

HL-60 usaz
TNF/Chx - - + +
ActD - - + + .
T gondii - + - + T gondii - - +
KD
A KDa @
175—
175—
o - full length <-full length
83— = - - -ecleaved 83— - <—cleaved
Fig. 3.Expression of PARP as well as 62— 62—
cleavage of nuclear target proteins during - -~
apoptosis in human-derived cell lines are 47.5— 475—

decreased by. gondii After infection of HL-

60 and U937 cells at a parasite to host ratio of
30:1, infected and uninfected control cells
were treated with fig/ml actinomycin D or 40
ng/ml TNF< in combination with 2ug/ml
cycloheximide as indicated. Eight hours after
infection, antigenic lysates were prepared and

kDa

175—
62—

83—
*. «fulllength 62— -

kDa
175—

‘ s <—full length
- =

separated by SDS-PAGE under reducing 47.5= R < cleaved a5 - -
conditions. Proteins were transferred to 325— 325— -

nitrocellulose membranes and PARP (A) and -

PKC3 (B) were detected by immunostaining %= 25— . .

using enhanced chemiluminescence detection. 16.5—
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A HL-60 U937
ActD - -+ o+ M - - + + TNF-o/CHX
T. gondn M con _ con -+ - 4+ T gondii
Fig. 4.RT-PCR analyses of PARP transcript
levels inT. gonditinfected and uninfected _Acti At
human-derived cell lines. After infection of B-Actin = B-Actin
HL-60 and U937 cells at a parasite to host
ratio of 30:1, infected and uninfected control
cells were treated with 5g/ml actinomycin HL-60 U937
D or 40 ng/ml TNFea plus 2ug/ml
cycloheximide or left untreated. Eight hours B
after infection, total RNA was isolated and P ARP p ARP
PARP andB-actin transcripts were reverse mRNA 50 mRNA 50
transcribed and amplified using an one-step (%] [%]
RT-PCR protocol. Amplified mRNAs, a
negative control without RNA (con), and a L _
100 bp ladder (M) were separated by agarose T dii + . + * : -.I;.NF a,(;QHX
gel electrophoresis and visualized by ethidium : gon n - - - } - gonai
bromide staining (A). Band intensities were
quantified by densitometry. Bars represent the C HL-60 U937
relative amount of ampln‘led PARP mRNA
normalized againgi-actin in the same sample  ActD - -+ o+ - - + + TNF-0/CHX
(PARPf-actinx100), the amount of amplified T. gondii M T. gondii

PARP mRNA from untreated, uninfected

- + -
control cells were defined as 100% (B). As a 175=—
control, levels of PARP protein were
determined in parallel by immunoblotting as 83 =
described in Fig. 4 legend (C).

these results indicate that inhibition of PARP bygondiiis ~ which were subsequently analysed by immunoblotting. In
post-transcriptionally regulated. untreated cells (i.e. those cultured without actinomycin D),
Since these experiments did not unravel whethecytochrome c was almost exclusively detected in the digitonin-
interference ofl. gondiiwith the caspase cascade results in ansoluble fraction and was not or only faintly visible in
decreased proteolysis of target proteins, we determinedigitonin-soluble fractions, suggesting a mitochondrial
cleavage of the nuclear target protein BK&s shown in Fig. localization (Fig. 5A). Furthermore, contamination of the
3B, treatment of uninfected HL-60 cells with actinomycin Ddigitonin-soluble extracts with mitochondria, as well as
induced prominent cleavage of the holoenzyme into itextraction of mitochondrial proteins by the digitonin lysis was
subunits. Although the PKX subunit was still clearly excluded since the control protein COX was detected in the
detectable after concomitant infection wilh gondii the  digitonin-insoluble fraction only (Fig. 5B). Treatment of
increase of the holoenzyme indicated that apoptosis-associateqinfected HL-60 cells with actinomycin D induced release of
cleavage of PK@& was reduced in parasite-infected cells.cytochrome c from the mitochondria into the cytosol, as
Similarly, the level of full length PK&was clearly higher in indicated by the prominent decrease of cytochrome c in the
T. gonditinfected U937 cells after treatment with TiFplus  digitonin-insoluble fraction and a simultaneous increase in the
cycloheximide than in uninfected controls (Fig. 3B). Howeverdigitonin-soluble fraction (Fig. 5A). However, in parasite-
no cleavage subunits of PR@ould be detected in infected infected cells, the actinomycin D-induced cytochrome c
and uninfected U937 cells and this was similarly observed withedistribution was considerably diminished compared with that
TNF-a/cycloheximide-treated as well as untreated controin uninfected control cells, indicating th@t gondii inhibits

cells. mitochondrial cytochrome c-release during apoptosis.

These results were further confirmed on the single cell
Inhibition of mitochondrial cytochrome c release by level by triple immunofluorescence staining and confocal
T. gondii microscopy (Fig. 6). Treatment of uninfected HL-60 cultures

To further characterize those upstream signalling pathways lwith actinomycin D induced apoptosis in the majority of cells,
which T. gondiimay downregulate activation of the caspaseas determined by a positive nick end labelling with fluorescein-
cascade, we next analysed release of cytochrome c from thenjugated dUTP (Fig. 6A). Within these cells, apoptosis was
mitochondria into the cytosol, a process that regulates caspaagsociated with a more diffuse staining pattern of cytochrome
activation by multiple apoptosis inducers (Green and Reed, consistent with a cytoplasmic distribution of cytochrome c
1998; Li et al., 1997). Therefore, HL-60 were fractionated intqFig. 6A, arrowheads), whereas non-apoptotic cells showed a
digitonin-soluble and -insoluble fractions containing cytosolicgranular distribution indicating a mitochondrial localization
and mitochondrial proteins, respectively (Single et al., 1998pf cytochrome c¢ (Fig. 6A, thick arrows). Furthermore,
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A Digitonin-insoluble  Digitonin-soluble Therefore, we next analysed expression of Bcl-2 and Mcl-1,
(Mitochondria) (Cytosol) two anti-apoptotic members of this protein family. Immunoblot
ActD - - + + - - + 4+ analyses revealed that the protein levels of Bcl-2 were not
T.gondii - + - + - + - 4+ considerably altered after infection of HL-60 and U937 cells
with T. gondiicompared with levels in uninfected control cells.
kDa - This was similarly observed in untreated cells as well as in
83— i AR those that had been treated to undergo apoptosis (Fig. 7A,C).
B2— e c——— Sl By contrast, expression of Mcl-1 was clearly inhibited by
A7.5— Sgen . RELR treatment of HL-60 and U937 cells with actinomycin D or
39 5— S _ < TNF-a plus cycloheximide, respectively (Fig. 7B). However,

the apoptosis-associated decrease of Mcl-1 was partially

2= inhibited inT. gonditinfected compared with that in uninfected
16.5— control cells (Fig. 7B). Densitometric analyses revealed that
-—-— = - — < Cytochrome ¢ after infection withT. gondij Mcl-1 levels increased more than
6.5— ' twofold in actinomycin D-treated HL-60 or TNF-
a/cycloheximide-treated U937 cells (Fig. 7C), indicating that
B T. gondiieither upregulates Mcl-1 expression or increases Mcl-
kDa 1 protein stability.
32.5—
25= DISCUSSION
16.5— == D <+ COX
Inhibition of host cell apoptosis By gondii(Nash et al., 1998;
6.5— Goebel et al., 1999) and other intracellular protozoan parasites
(Moore and Matlashewski, 1994; Heussler et al., 1999) is
Fig. 5. Apoptosis-associated cytochrome c-release from thought to represent a crucial factor of the pathogen-host
mitochondria into the cytosol of human-derived HL-60 cells is interaction. However, little is known about the cell biological

inhibited byT. gondii HL-60 cells were infected at a parasite to host echanisms of such interferences. In the present study, we
ratio of 30:1 and were then treated withd@ml actinomycin D for 8 therefore analysed different components of the apoptotic

hours. Equal numbers of cells per treatment were fractionated into machinerv of human-derived cells after infection With
digitonin-soluble and -insoluble extracts, containing cytosolic and y

mitochondrial proteins, respectively. Lysates were separated by spgondil. Our results indicate thdt gondiihas evolved at least

PAGE and were then transferred to nitrocellulose membranes.  two mechanisms that may contribute to the parasite’s anti-
Immobilized proteins were probed with a cytochrome c-specific ~ apoptotic activity: (1) inhibition of cytochrome c release
(A) or a cytochrome c oxidase (COX) subunit IV-specific leading to decreased activation of the caspase cascade, a

(B) monoclonal antibody and an appropriate secondary antibody ~mechanism that may be partially mediated by increased Mcl-
using enhanced chemiluminescence detection. COX served as a 1 protein levels after infection; and (2) a prominent parasite-
marker for mitochondrial contamination of the digitonin-soluble induced decrease in PARP protein levels. By contrast, a role
extracts. for the transcription factor NéB in mediating the anti-
apoptotic activity of T. gondii, at least in human-derived
guantitative analyses of the cytochrome c labelling irgranulocytic/monocytic cells, as described for other
superimposed optical sections from different cells showed microorganisms or their gene products (Heussler et al., 1999;
highly irregular fluorescence intensity profile in TUNEL- Spender et al., 1999; Manna and Aggarwal, 1999) can be ruled
negative cells, whereas this was more homogenous in TUNEIlout, since infection withT. gondii did not enhance DNA
positive cells (Fig. 6B). These analyses also confirmed that th®nding activity of NikB compared with that in uninfected
overall intensity of the cytochrome c labelling did not differ controls (data not shown).
significantly between apoptotic and non-apoptotic HL-60 cells Consistent with our previous findings (Goebel et al., 1999),
(Fig. 6A,B). Interestingly, after concomitant infection with  T. gondiidose-dependently downregulated host cell apoptosis
gondii, the presence of intracellular parasites closely correlatéd human-derived HL-60 and U937 cells treated with different
with a granular distribution of cytochrome c, as well as thero-apoptotic stimuli. Nevertheless, it should be mentioned
absence of DNA strand breaks (Fig. 6A,B, thin arrows)that even after addition df. gondiiat the highest parasite to
whereas most parasite-negative host cells were apoptotic ahdst ratio, apoptosis was not completely eliminated. Since
showed a diffuse distribution of cytochrome c. Together, thesgrotection against apoptosis Bygondiirequires the presence
results suggest that blockade of mitochondrial cytochrome af intracellular parasites (Goebel et al., 1999), this finding
release byl. gondiiprotects parasite-positive host cells from probably reflects the fact that, after additionTofgondiiat a

in vitro-induced apoptosis. parasite to host ratio of 30:1, infection rates do not exceed 50%
] . (data not shown), the remaining parasite-negative host cells

Increased Mcl-1 protein levels after  T. gondii - still being susceptible to induction of apoptosis.

infection Activation of caspases represents a central step in the

Several members of the Bcl-2 family have been shown tapoptosis signalling cascade and transduces regulatory
regulate programmed cell death by alterations of the apoptosigpstream signals into the cell death-executing machinery. Our
promoting activity of mitochondria (Adams and Cory, 1998).results clearly show thdt gondiiinterferes with this caspase
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Fig. 6. Intracellular distribution of Non-infected Non-infected T. gondii-infected

cytochrome c in apoptotic and non- . . . . - .
apoptotic human-derived HL-60 cells No Actinomycin D 5 pg/ml Actinomycin D 5 pg/ml Actinomycin D

after infection withT. gondii Cells were ~ A
infected at a parasite to host ratio of 30:1
and were then treated withug/ml
actinomycin D for 8 hours. The
subcellular distribution of cytochrome ¢
was determined by triple
immunofluorescence staining and
confocal microscopy. After fixation and
permeabilization, cell preparations were
stained using fluorescein-labelled dUTP
to visualize DNA strand breaks (green
fluorescence), a cytochrome c-specific
monoclonal antibody and Cy3-
conjugated secondary antibody (red
fluorescence), andeoxoplasmespecific
antiserum and Cy5-conjugated
secondary antibody (blue
fluorescence).(A) Single optical sections
from representative cells of the indicated
treatments are shown. In non-apoptotic
cells (i.e. those without signs of DNA
strand breaks), cytochrome ¢ was
granularly distributed indicating a
mitochondrial localization (thick

arrows), while this molecule was
homogenously distributed in apoptotic
cells indicating translocation into the
cytoplasm (arrowheads). Parasite-
positive cells showed no signs of
apoptosis and this was correlated with a
granular (i.e. mitochondrial) distribution
of cytochrome c (thin arrows). (B) 10
optical sections for each cell preparation
were taken at intervals of Oin and

were superimposed. A fluorescence
intensity profile of the cytochrome ¢
labelling was determined for selected
cells as indicated by the straight line in
the overlay micrographs. The lowercase
letters below the intensity profiles refer
to the cells or parts thereof for which the
subcellular distribution of cytochrome ¢
has been determined.

anti-Cyt c TUNEL

anti-T.gondii

overlay

cascade by downregulating actival B
of caspase 3 and 9. Interestingly,
was not only observed after treatn
of HL-60 cells with actinomycin |
but also after treatment of U937 ¢t
with TNF-a. This confirms recel
findings that the mitochondri
caspase 9 pathway is activated
only by internal pro-apoptotic stimi
but also during receptor-media
induction of apoptosis (Kuwana
al., 1998; Budihardjo et al., 19¢
Scaffidi et al.,, 1999), and amplifi
receptor-mediated apoptosis at It
under certain conditions (Scaffidi
al.,, 1999). In contrast to caspas i "y iy LT

and 9’ )proteo|ytic C|eavagpe Lll.i ”lJu' MI | lL_Il IJ_ [Iq 'Li J |l|I ”.‘ : I .lllb : "iui' {
procaspase 8 after treatment of U a b c a b ¢ d a b e

sections superimposed

Cy3 intensity
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Fig. 7.T. gondiiupregulates protein levels of Mcl-1, HL-60 U937
but not Bcl-2, in human-derived cell lines. Thirty
minutes after infection at a parasite to host ratio of ActD - - + + TNF/Chx - -+ +
30:1, HL-60 and U937 cells were treated for 8 hours ~ T.gondii -  + -+ Tgondi - * - *
with 5 pg/ml actinomycin D or 40 ng/ml TNEB-in kDa kDa
combination with 2ug/ml cycloheximide, A 83— 83—
respectively. Antigenic lysates were then separated by  go_ 62—
SDS-PAGE under reducing conditions, proteins 47.5— 47.5— -
transferred to nitrocellulose membranes and Bcl-2
(A) and Mcl-1 (B) were detected by immunostaining 325~ » 325=
using enhanced chemiluminescence detection.
gonc?i'kinduced alterations of Bcl-2 and Mcl-1 protein 25— w‘_BCIQ 25~ W - - - <502
levels were quantified densitometrically (C). Bars 16.5— 16.5— '
represent the relative changes in protein levels after
parasitic infection of untreated cells (open bars) or
those treated with pro-apoptotic stimuli (closed bars)
compared with levels in uninfected cells. Horizontal
dashed lines indicate an unchanged protein level afterB kDa ké)aa
parasitic infection compared with levels in uninfected - b - .
controls. 4??5%- . 475§: -
- — - Mol gy —-—— == < Mck-1
cells with TNFea and cycloheximide was ev
enhanced afteff. gondii infection, indicating 5= 27 e -
that the parasite downregulates proteolysi 16.5— 16.5—
distinct caspases only, rather than gene
alters caspase activation. Despite contini
activation of caspase 8, apoptosis in U937
was nevertheless downregulated after infec ¢ 3 3
indicating that induction of apoptosis un - B= 2
these conditions may mainly involve £g? S 3
mitochondria/caspase 9 pathway rather E =1 m.—-— T E e 1 ‘ ‘
direct activation of caspase 3. This is suppc 5 % 0 3 % 0
by Tafani et al., who show that apoptosis 52, S&o .
indeed be prevented by inhibition of R R o -1
-2

mitochondrial pathway despite continus Bol-2 Mecl-1 2% gg2 Mcl-1
activation of caspase 8 (Tafani et al., 20
However, it should be mentioned that induc
of apoptosis in U937 cells by TNérrequires the presence induced by different pro-apototic stimuli in human-derived cell
of low concentrations of cycloheximide (Vanags et al., 1996)lines via inhibition of cytochrome c release has been similarly
the contribution of which to the signalling pathway isdescribed foiChlamydia trachomatiand was correlated with
unknown. the presence of viable intracellular chlamydia (Fan et al.,
Activation of the caspase 9/caspase 3 pathway during998).
apoptosis involves release of mitochondrial cytochrome c into Proteins of the Bcl-2 family are known to regulate
the cytoplasm, which then leads to dATP-dependent formatiomitochondria-associated induction of apoptosis (Adams and
of an Apafl/caspase 9-complex and to activation of caspaseCbry, 1998). For example, Bcl-2 inhibits apoptosis by
(Lietal., 1997; Pan et al., 1998). Results from both subcellulgsreventing the translocation of cytochrome c into the
fractionation analyses and confocal microscopy indicated thattoplasm (Yang et al., 1997; Kluck et al., 1997), and a variety
T. gondiiinhibits such mitochondrial cytochrome c release. Orof virus-encoded Bcl-2 homologues have been shown to
the single cell level, the presence of intracellular parasitesmiodulate host cell apoptosis after infection (Barry and
positively correlated with a mitochondrial distribution of McFadden, 1998). However, expression of Bcl-2 was not
cytochrome ¢ and the absence of DNA strand breaks asadtered after infection byl. gondii By contrast, parasitic
characteristic feature of apoptosis. This confirms and extendisfection increased the steady state levels of Mcl-1 protein
our previous findings that protection of HL-60 cells from(Kozopas et al., 1993), another anti-apoptotic member of the
apoptosis requires the presence of viable, but not neccessaigl-2 protein family, after induction of apoptosis in HL-60 and
replicating, intracellular parasites (Goebel et al., 1999). Thus)937 cells. In HL-60 cells, an increase of Mcl-1 has been
intracellular T. gondii might secrete a parasitic factor that associated with inhibition of apoptosis by downregulating
mediates inhibition of mitochondrial cytochrome c releasemitochondrial cytochrome c release (Wang and Studzinski,
leading to decreased activation of the caspase 9/caspasel9®7) and may thus contribute to the anti-apoptotic activity of
pathway. Alternatively, active invasion by the parasiteT. gondii,at least in this cell type. Interestingly, upregulation
(Dobrowolski and Sibley, 1996) may irreversible modify theof Al, a protein with similarity to Mcl-1 (Lin et al., 1993), has
host cell physiology, which results in protection againstrecently been described in exudate cells flogonditinfected
induction of apoptosis. Downregulation of host cell apoptosisnice (Orlofsky et al., 1999), indicating that additional
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