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Abstract

Toxoplasma gondii is a medically important, obligate intracellular parasite. Little is known regarding factors that regulate its replication
within cells. Such knowledge would further understanding of 7. gondii pathogenesis, and might lead to novel therapeutic strategies. Mitogen-
activated protein kinases (MAPKs) govern diverse cellular processes including proliferation and differentiation. We now show that treatment
of T. gondii-infected cells with SB203580 or SB202190, substituted pyridinylimidazoles that are potent inhibitors of human p38 MAPK,
inhibits intracellular 7. gondii replication. Several independent experimental approaches suggest that the anti-proliferative effects of
pyridinylimidazoles depend on direct action on tachyzoites, not the host cell: (i) selective inhibition of host p38 MAPK using recombinant
adenoviruses had little effect on tachyzoite replication, (ii) pyridinylimidazole-treated tachyzoites developed abnormal morphology suggest-
ing defective parasite division, and (iii) pyridinylimidazole-resistant mutant tachyzoites were developed through culture in progressively
higher drug concentrations. We hypothesise that pyridinylimidazoles target a human p38 MAPK homologue in tachyzoites that regulates
their replication. Phylogenetic data suggest that T. gondii likely encodes a p38 MAPK homologue, but such a homologue is absent from the
incomplete Toxoplasma genomic data base. As all eukaryotic pathogens, including agents of malaria, leishmaniasis and trypanosomiasis
encode endogenous MAPKSs, drugs inhibiting endogenous MAPK activation may represent a novel, potentially broadly-acting class of anti-
parasitic agents. Pyridinylimidazoles also represent tools to elucidate factors governing intracellular tachyzoite replication. © 2002 Austra-

lian Society for Parasitology Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Background

Toxoplasma gondii is an opportunistic protozoan parasite
causing significant morbidity and mortality in populations
with defective cellular immunity including neonates with
perinatally acquired disease, recipients of organ allografts
or cytotoxic chemotherapy, and persons infected with
human immunodeficiency virus (HIV) (Carr et al., 1992;
Luft and Remington, 1992; Porter and Sande, 1992; Renold
etal., 1992; Albrecht et al., 1995). The mainstay of T. gondii
treatment is combination therapy with pyrimethamine plus
sulpadiazine (Luft and Remington, 1992). However, treat-
ment may be toxic, and interfere with specific anti-retroviral
therapies in HIV-infected individuals (Khan et al., 1997).
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Neither pyrimethamine nor sulphadiazine is active against
T. gondii cysts, and therapy must be given indefinitely in
HIV-infected individuals (Luft and Remington, 1992).
Thus, therapeutic alternatives, or adjuncts allowing for
equal efficacy with lower dosing, would be of great value.

A better understanding of factors governing intracellular
parasite replication and differentiation would further our
understanding of parasite pathogenesis, and might allow
development of novel treatments. In this regard, endogen-
ous parasite mitogen-activated protein kinases (MAPKSs) are
attractive targets for drug development, as they govern
proliferation, differentiation and apoptosis among other
complex processes. They are highly conserved in evolution,
and are encoded by all eukaryotes (Cobb, 1999).

MAPKSs comprise three major known families: c-Jun-
activated kinases (JNKs), extracellular signal-related
kinases (ERKs) and the p38 MAPKs (Cobb, 1999; Chang
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and Karin, 2001). Toxoplasma gondii encodes functional
homologues of the human MAPKs ERK-1 and ERK-2
(Roisin et al., 2000), which may be involved in tachyzoite
entry into host cells (Robert-Gangneux et al., 2000). Toxo-
plasma gondii infection induces host cell p38 MAPK acti-
vation, which activation enhances 7. gondii entry into host
cells (Gomez-Marin et al., 1998). However, a role for
MAPKs in intracellular replication of 7. gondii has not
been demonstrated. Experimental deletion of an endogen-
ous MAPK gene (which may be related to JNK) in Leish-
mania mexicani induced stage-specific growth arrest of
amastigotes in infected macrophages (Wiese, 1998). During
our studies of T. gondii-mediated immunosuppression (Wei
et al., 2002) we observed that human p38 MAPK inhibitory
drugs inhibited T. gondii replication, although T. gondii
encodes no know p38 MAPK homologue. We thus hypothe-
sised that p38 MAPK, either of host cell origin, or an as yet
unidentified tachyzoite homologue, helped regulate intra-
cellular replication of T. gondii, and undertook the present
studies to investigate this hypothesis.

2. Materials and methods
2.1. Toxoplasma gondii

RH and Me49 strains of 7. gondii were obtained from
Randolph Berens and Edward Krug (University of Color-
ado, Denver). CTK-11 is an RH strain 7. gondii engineered
to express Herpes simplex thymidine kinase (Radke and
White, 1998), and was kindly provided by Jay White and
Michael Radke, Montana State University, Bozeman.
Tachyzoites were passaged in human foreskin fibroblasts
as described (Curiel et al., 1993). Viable tachyzoites were
obtained by lysis of fibroblasts following forced passage
through a 27-gauge needle. Cells were tested periodically
for Mycoplasma infection by PCR (Molecular Probes) and
by staining with Hoescht 33342 dye (Hoescht Chemicals)
and were negative.

2.2. Drugs and chemicals

The  substituted pyridinylimidazoles  SB203580,
SB202190 and SB202494 were purchased from Calbio-
chem. SB2023580 and SB202190 specifically inhibit
human p38 MAPK activation. SB202494 has no known
p38 MAPK inhibitory effects (Boehm et al., 1996). The
MEK 1/2/5 inhibitor U0126 (Calbiochem), inhibits activa-
tion of human ERK-1 and ERK-2 (Duncia et al., 1998;
Verhagen et al,, 2000). Wortmannin (Sigma Chemical
Co.) inhibits phosphoinositol 3-kinase activity (Leu et al.,
2000). Vanadate has pleiotropic effects on numerous
kinases and phosphatases (Heidenreich and Kummer,
1996). Stock agents were reconstituted in dimethylsulfoxide
(Sigma) at 1 mM and diluted in tissue culture medium
immediately prior to use. Cells were infected with 7. gondii
6 h prior to addition of drugs, which were maintained

throughout culture following infection, unless otherwise
indicated. In long-term cultures, pyridinylimidazoles were
completely replaced every 5 days, based on our preliminary
observations that biologic effects waned after this time. The
concentration of drug reducing [*H]methyluracil incorpora-
tion into tachyzoites by 50% compared with untreated
cultures was defined as the inhibitory concentration (IC)sy,
and its value was estimated by linear interpolation of dose
response data.

2.3. Recombinant adenoviruses

Recombinant adenoviruses expressing dominant negative
MKK3 or MKK6 genes driven by a cytomegalovirus
promoter were provided by Dr Jiahuai Han (Department
of Immunology, The Scripps Research Institute, San
Diego, CA). Preliminary experiments in our laboratory
demonstrated that > 95% of fibroblasts were transduced.
Fibroblasts were infected with recombinant adenovirus at
a multiplicity of infection of 5,000, incubated for an addi-
tional 24 h at 37 °C in a 5% CO,, humidified atmosphere,
and then infected with 7. gondii. Control adenovirus with
the cytomegalovirus promoter but no downstream gene was
obtained from Dr Jerry Schaack, University of Colorado
Health Sciences Center.

2.4. Toxoplasma gondii infections and quantification of
tachyzoite burden

Tachyzoites released from infected fibroblasts were
stained with Trypan blue dye, counted with a haemocyt-
ometer, and used within 2 h of collection to infect new
host cells. To evaluate nuclear morphology, infected cells
were stained with diamidino-2-phenylindole (Sigma) or
Nile red (Sigma) as indicated and examined by light micro-
scopy at 400X magnification, counting at least 200 celis per
condition. Toxoplasma gondii tachyzoites metabolise uracil
in DNA synthesis, whereas normal human cells do not
(Krug et al., 1989). Thus, to quantify T. gondii tachyzoite
replication, 1 wCi [*H]methyluracil (New England Nuclear)
was added to infected cells in 96-well plastic microtitre
plates 16 h before harvest. Cells were harvested with a
Tomtec automated harvester (Wallac) and the incorporated
radiolabel was analysed on a Trilux scintillation counter
(Wallac). The mean + S.EM. of triplicate determinations
is presented.

2.5, Generation of mutant RH T. gondii tachyzoites resistant
to the antiproliferative effects of SB203580

2.5.1. Toxoplasma gondii tachyzoites resistant to the anti-
proliferative effects of SB203580

RH strain CTK-11 tachyzoites (107) were seeded into a T-
150 flask onto a confluent monolayer of fibroblasts, CTK-11
was chosen in anticipation of future studies of the cell cycle
in p38 MAPK inhibitor treated tachyzoites (Radke and
White, 1998). Progressively increasing concentrations of
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SB203580 were added 1 h after infection, starting at 1 pM.
Fresh drug was added every 5 days. Clonal SB203580-resis-
tant tachyzoites were obtained by limiting dilution from this
polyclonal population as previously described (Berens et al.,
1998). A polyclonal culture of SB203580-resistant Me49
strain tachyzoites was produced in identical fashion.

2.5.2. Measures of cholesterol content and acyl-
CoA:cholesterol acyltransferase activity

Cholesterol esterification activity was assessed by pulse-
labelling of cells as described (Goldstein et al., 1983) using
radiolabelled fatty acid as substrate. Briefly, RH strain 7.
gondii tachyzoites were harvested from fibroblasts, washed
in PBS, and aliquots of 107 extracellular parasites were
incubated with 10 pM SB203580 or SB202494 for 7 h. At
the time of drug addition, acyl-CoA:cholesterol acyltrans-
ferase activity was stimulated with 25-hydroxycholesterol
plus cholesterol and cells were pulse-labelled for 2 h with 20
pl sodium ["Cloleate-albumin complex. Lipids were
extracted with hexane/isopropanol (3:2 ratio) and the
organic solvents evaporated under a nitrogen stream. Lipids
were resuspended in chloroform, spotted on thin-layer chro-
matography silica gel G plates (Fisher) and separated in
hexane/ethyl ether/glacial acetic acid (80:20:1 ratio).
Cholesterol ester content was determined by liquid scintil-
lation and normalised as pmol '*C/mg protein. For cyto-
chemical staining of B-hydroxysterols, fibroblasts were
seeded on polylysine-coated coverslips, infected with RH
strain 7. gondii tachyzoites and incubated with drugs as
described. After 3 days, cells were fixed in paraformalde-
hyde, rinsed in PBS, stained with filipin (Sigma) and exam-
ined by fluorescence microscopy using an excitation filter of
350410 nm. Cholesterol content was determined in arbi-
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trary densitometric units measured with an Alpha Imager
2000 (Alpha Innotech Corp.).

2.6. Statistical analysis

Differences were assessed using two-tailed Student’s ¢-
test, or y’-test as appropriate, with P < 0.05 considered
significant.

3. Results

3.1. The substituted pyridinylimidazoles SB203580 and
SB202190 inhibit intracellular T. gondii replication

Addition of SB202190 or SB203580 6 h after infection of
fibroblasts significantly inhibited intracellular RH strain 7.
gondii tachyzoite replication in a dose-dependent fashion 16
h later (Fig. 1a). There was minor variability in the ICs,
determined in individual experiments, which likely reflected
variations in the measured versus actual multiplicity of infec-
tion, the basal replication rate of tachyzoites in a particular
experiment and other factors. Reported ICsys represent
approximations based on evaluations of over 30 individual
experiments with consistent results. At 3-5 uM, at which
point pyridinylimidazoles are generally accepted to be highly
selective for inhibition of p38 MAPK (Lee et al., 1999), there
was significant inhibition (P < 0.05) of intracellular tachy-
zoite replication by SB202190. SB203580 also significantly
inhibited (P < 0.001) intracellular T. gondii replication, but
with a higher ICsp. The inactive isoform SB202494 had no
significant effect (<6% reduction in [ 3H]methyluracil incor-
poration; P > 0.6) on replication. Host cell p38 MAPK inhi-
bition reduces the ability of tachyzoites to reinfect cells
(Gomez-Marin et al., 1998). However, in our experiments,
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Fig. 1. Treatment of Toxoplasma gondii-infected fibroblasts with the human p38 MAPK inhibitors SB203580 or SB202190 significantly inhibits tachyzoite
replication. Fibroblasts were infected with RH (a) or Me49 (b) strain T. gondii tachyzoites at a multiplicity of infection of 10. Drugs were added 6 h later, after
unpenetrated tachyzoites had been washed away, and [*H]methyluracil incorporation was assessed 18 h later. Inhibition was significant (P < 0.01) with 3 pM
SB203580 or SB202190 treatment of RH strain (a) and was significant (P < 0.01) at all concentrations tested for treatment of Me49 (b). ‘Control’ is no drug
treatment. The inactive SB202494 isoform (up to 10 M) mediated no significant effect on intracellular replication (not shown). The ERK-1/2 inhibitor U0126
had no significant effect on Me49 replication. In panel B untreated control counts are off scale, as indicated by the slash marks, with the mean counts = S.EM.
shown above the bars. Mean of triplicate results with standard error bars is shown. One representative experiment of up to 30 with similar results is shown for

each panel. Cpm, counts per minute.
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the infected monolayer had not undergone significant lysis as
evidenced by light microscopic evaluation.

3.2. The potency of p38 MAPK inhibitors varied among T.
gondii strains

The ICs, for SB203580 inhibition of RH strain replication
was approximately 6 pM vs. 0.5 pM for Me49 strain
(P < 0.01). The ICsp for SB202190 inhibition of RH strain
replication was approximately 5 uM vs. 0.2 uM for Me49
strain (P < 0.01) (Fig. 1a vs. b). Thus, the Me49 strain was
approximately 12- and 25-fold more susceptible to growth
inhibition by SB203580 and SB202190, respectively, than
RH strain as assessed by [ 3H]methyluracil incorporation.

3.3. ERK inhibition by U0I26 does not significantly affect
intracellular T. gondii replication in fibroblasts

Toxoplasma gondii encodes functional homologues of the
MAPKs ERK-1 and ERK-2 (Roisin et al., 2000). However,
treatment with the MEK-1/2/5 inhibitor U0126 at up to 10
M, which is 10-fold higher that the concentration reported
to inhibit 100% of human ERK activity (Duncia et al.,
1998), had no significant effect on Me49 or RH strain 7.
gondii replication in human fibroblasts (<8% reduction in
[*H)methyluracil incorporation for either strain; P > 0.8).

3.4. Intracellular T. gondii replication appears largely
independent of host p38 MAPK activation

The foregoing experiments demonstrated that pyridinyli-
midazoles inhibited intracellular T. gondiireplication, which
could be through inhibition of host cell p38 MAPK, through
inhibition of a T. gondii p38 MAPK homologue, or both. To
inhibit host cell p38 MAPK activation without directly
affecting the tachyzoite, we used recombinant adenoviruses
expressing dominant negative MKK3 or MKK6. Toxo-
plasma gondii tachyzoites replicated normally in host cells
infected with adenoviruses encoding dominant negative
MKK3 or MKKS, although expression of dominant negative
MKKG6 effected a slight, but reproducible decrement in
tachyzoite replication (Fig. 2).

3.5. Naturally occurring mutant tachyzoites resistant to the
anti-proliferative effects of SB203580 are detected
following prolonged culture in progressively increasing
drug concentrations

If pyridinylimidazoles act directly on tachyzoites, then
development of drug-resistant tachyzoites is predictable
when parental tachyzoites are grown in progressively
increasing drug concentrations. In confirmation, we devel-
oped polyclonal cultures of both CTK-11 RH and Me49
strain tachyzoites resistant to the anti-proliferative effects
of SB203580 by continual growth in progressively higher
drug concentrations over approximately 5 months.

Parental and CTK-11 RH strain tachyzoites exhibited
identical sensitivity to SB203580 and SB202190. A poly-

clonal culture of CTK-11 RH strain tachyzoites was devel-
oped that grew as well as parentals in 10 uM SB203580.
Four clonal CTK-11 RH strain tachyzoites, named SBRRH1
through SBRRH4 were recovered by limiting dilution
culture from 768 wells seeded at 0.3 or 1 tachyzoite per
well. Clone SBRRH2 was randomly selected for direct
comparison with parental of growth inhibition by
SB203580. SB203580 (10 pM) had no detectable capacity
to inhibit replication of SBRRH?2 in fibroblasts, whereas this
concentration significantly inhibited replication of parental
CTK-11 RH strain tachyzoites (Fig. 3). The SB203580 ICs,
for the SB203580-resistant Me49 polyclonal population was
approximately 5.5 uM, which was approximately 11-fold
higher than for parental Me49 strain tachyzoites. Individual
Me49 clones were not selected. Cross-sensitivity to
SB202190 was not evaluated in these SB203580-resistant
tachyzoites.

3.6. SB203580 treatment does not affect tachyzoite
cholesterol content or metabolism

MAPK activation is involved in cholesterol metabolism
(Singh et al., 1999), and T. gondii requires cholesterol ester-
ification for optimal tachyzoite replication (Sonda et al.,
2001). However, we found no evidence that SB203580
treatment interfered with 7. gondii acyl-CoA:cholesterol
acyltransferase activity (Fig. 4a), and it only minimally
reduced tachyzoite cholesterol content (Fig. 4b).
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Fig. 2. Specific inhibition of host p38 MAPK with recombinant adeno-
viruses expressing dominant negative (DN) MKK3 or MKK6 had minimal
effect on intracellular 7. gondii replication. Fibroblasts were infected with
adenoviruses at a multiplicity of infection of 5,000 and infected with RH
strain 7. gondii at a multiplicity of infection of 3, 24 h later. [*H]Methylur-
acil incorporation was assessed 48 h after T. gondii infection. Results are
shown as mean *+ S.D. One experiment of at least four is shown. Similar
results were obtained for [3H]methy1uracil incorporation assessed at 72 h
after T. gondii infection. ‘Control’ is no virus infection. Cpm, counts per
minute.






