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Immunocompromised patients are at risk of developing toxoplasma encephalitis (TE). Standard therapy
regimens (including sulfadiazine plus pyrimethamine) are hampered by severe side effects. While atovaquone
has potent in vitro activity against Toxoplasma gondii, it is poorly absorbed after oral administration and shows
poor therapeutic efficacy against TE. To overcome the low absorption of atovaquone, we prepared atovaquone
nanosuspensions (ANSs) for intravenous (i.v.) administration. At concentrations higher than 1.0 pg/ml, ANS
did not exert cytotoxicity and was as effective as free atovaquone (i.e., atovaquone suspended in medium)
against 7. gondii in freshly isolated peritoneal macrophages. In a new murine model of TE that closely mimics
reactivated toxoplasmosis in immunocompromised hosts, using mice with a targeted mutation in the gene
encoding the interferon consensus sequence binding protein, i.v.-administered ANS doses of 10.0 mg/kg of body
weight protected the animals against development of TE and death. Atovaquone was detectable in the sera,
brains, livers, and lungs of mice by high-performance liquid chromatography. Development of TE and mor-
tality in mice treated with 1.0- or 0.1-mg/kg i.v. doses of ANS did not differ from that in mice treated orally with
100 mg of atovaquone/kg. In conclusion, i.v. ANSs may prove to be an effective treatment alternative for

patients with TE.

Toxoplasma gondii is an intracellular protozoan parasite of
humans and animals with worldwide distribution. Up to 70%
of adults are asymptomatically infected with this parasite (26,
32). The acute stage of infection passes by asymptomatically in
the majority of cases, whereas the latent stage of infection is
characterized by the presence of parasites in cysts in the central
nervous system and muscle tissues (32). Immunocompromised
hosts, such as patients with AIDS and organ transplant recip-
ients, are at risk of reactivation of the infection by rupture of
cysts (32). Toxoplasmic encephalitis (TE) is the most common
clinical feature of reactivated disease in AIDS patients (34, 39)
and is the most frequent infectious cause of focal intracerebral
lesions in these patients (18, 33). If untreated, reactivation of
disease leads to the death of the patient. Despite the fact that
a variety of approaches have been developed in an effort to find
an efficient and well-tolerated therapy regimen, the standard
therapy regimen is still hampered by severe adverse effects
(26). The standard therapy regimen includes pyrimethamine
and sulfadiazine, which cause bone marrow suppression, he-
matologic toxicity, and/or life-threatening allergic reactions
(11, 25, 28, 31, 42). Therefore, in up to 50% of cases, the
standard regimen must be replaced by an alternative regimen
of less-effective drugs (27).

A variety of new drugs with high in vitro activity against 7.
gondii and fewer side effects have been developed (2, 4-6, 8, 9).
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However, to date, insufficient passage through the blood-brain
barrier (BBB) and/or insufficient bioavailability of these drugs
has limited their in vivo use. The hydroxynaphthoquinone
atovaquone is a potent inhibitor of the respiratory chain of
parasites (17, 38) and is used for patients with Preumocystis
carinii pneumonia (46). It has potent in vitro activity against
both the tachyzoite and cyst forms of 7. gondii (2, 24). In a
mouse model of acute toxoplasmosis, atovaquone showed ex-
cellent activity (2, 41). In addition, it reduced the number of
cysts and prolonged the time to death in a model of chronic
toxoplasmosis of CBA/Ca mice (3, 15). Atovaquone is a highly
lipophilic substance which, when administered orally in tablet
form, is absorbed slowly and irregularly. Absorption is im-
proved by the simultaneous intake of food (23, 40). Intrave-
nous (i.v.) injection of an atovaquone solution is not a feasible
alternative to oral administration because of the poor solubility
of this compound in the solvent mixtures acceptable for iv.
administration.

Improved bioavailability of low-solubility therapeutic agents
can be achieved by administering them as nanosuspensions
(36, 37). Using high-pressure homogenization, drug crystals of
small, highly homogeneous sizes can be produced for i.v. in-
jection. Furthermore, surface modifications allow targeting of
such crystals to specific organs (1, 10, 37a). In this regard, the
type of surfactant was shown to influence the passage of drugs
through the BBB (1, 30).

Oral treatment of acutely infected mice with atovaquone-
loaded nanocapsules resulted in prolonged survival compared
to that associated with oral treatment of mice with atovaquone
suspensions (45). Furthermore, in mice latently infected with
T. gondii, oral treatment with atovaquone-loaded nanocapsules
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reduced cyst numbers (45). However, since mice did not de-
velop TE, the influence of atovaquone nanocapsules on sur-
vival and/or time to death could not be investigated (45).

Studies of the efficacy of drugs with activity against 7. gondii
are commonly performed in murine models of both acute and
chronic-progressive infections (3, 7). However, these models
do not reflect the course of TE in humans after reactivation.
We therefore established a new mouse model that more closely
reflects the reactivation of infection in immunocompromised
hosts. In analogy to studies by Suzuki et al. (47) using gamma-
interferon (IFN-vy)-deficient mice, mice deficient in the inter-
feron consensus sequence binding protein (ICSBP), which lack
interleukin-12 (IL-12) p40 production (21, 43), were orally
infected with 7. gondii and subsequently treated with sulfa-
diazine. After discontinuation of sulfadiazine, reactivation of
latent disease results in development of TE. This new model of
reactivation was used to test the therapeutic efficacy of atova-
quone nanosuspensions (ANSs) after i.v. injection.

MATERIALS AND METHODS

T. gondii. Tachyzoites of the BK strain, kindly provided by K. Janitschke
(Robert-Koch-Institut, Berlin, Germany), were harvested from the peritoneal
cavities of C57/BL6 mice infected intraperitoneally (i.p.) 2 to 3 days previously.
Parasites were counted by using a hemocytometer and employed in in vitro
experiments. Cysts of the ME49 strain of 7. gondii were obtained from brains of
NMRI mice (obtained from the animal facility of the Institute for Infection
Medicine, Benjamin Franklin Medical Center, Berlin, Germany) that had been
infected i.p. with 10 cysts 2 to 3 months previously. Mice were sacrificed by
asphyxiation with CO,, and their brains were removed and triturated in phos-
phate-buffered saline (PBS). An aliquot of the brain suspension was used to
determine the number of cysts in the preparation.

Mice. Inbred male ICSBP ™/~ mice (C57/BL6 background), kindly provided by
1. Horak (Free University of Berlin), were bred and maintained under specific-
pathogen-free conditions in the animal facility of the Institute for Infection
Medicine. Mice were 6 to 8 weeks old when used.

Cells. Murine peritoneal cells were collected from peritoneal cavities of locally
bred female BALB/c mice 5 days after i.p. injection of 0.5 ml of sterile 3%
Brewer’s thioglycolate (Difco Laboratories, Detroit, Mich.) (44). Donor mice
were killed in a CO, atmosphere, and their cells were harvested by performing
peritoneal cavity lavage, using a 20-gauge needle, twice with 5 ml of sterile
Dulbecco’s PBS (BioWhittaker, Walkersville, Md.) containing 2% heat-inacti-
vated fetal calf serum (Biochrom, Berlin, Germany). Harvested cells were pooled
and kept on ice. Cells were counted with a hemocytometer, and viability was
determined by trypan blue exclusion (Biochrom). Differential counts were per-
formed on fixed Pappenheim smears. Giemsa and May-Griinwald solutions were
obtained from Merck (Darmstadt, Germany). Enumeration of harvested cells
revealed means =+ standard deviations (SDs) of 75.8% = 8.2% mononuclear cells
and 24.2% =+ 8.2% lymphocytes but no neutrophils or other cells. Approximately
4 X 10° to 5 X 10° macrophages were harvested per mouse. Cells were sus-
pended in RPMI 1640 containing 10% fetal calf serum, 2 mM L-glutamine, 100
g of streptomycin/ml, and 100 U of penicillin G/ml at a density of 10° macro-
phages per ml and seeded in Chamber slides (Nunc, Roskilde, Denmark) or
96-well flat-bottom plates (Nunc) (200 wl/well). All cell culture reagents were
purchased from Biochrom. After 3 h of incubation (37°C, 5% CO,), nonadherent
cells were removed by washing the slides or plates three times with culture
medium.

Atovaquone. Atovaquone, 2-[trans-4-(4-chlorophenyl)cyclohexyl]-3-hydroxy-
1,4-naphthoquinone, was provided by Glaxo-Wellcome (Hamburg, Germany).
Atovaquone suspensions for in vitro experiments were prepared by adding atova-
quone to culture medium in 1% (wt/vol) dimethyl sulfoxide (Fluka, Deisenhofen,
Germany). Atovaquone suspensions for oral administration were prepared by
sonicating atovaquone in an aqueous solution of 0.25% (wt/vol) sodium carboxy-
methyl cellulose (Sigma-Aldrich, Deisenhofen, Germany) and 0.05% (wt/vol)
Tween 20 (Sigma-Aldrich).

ANSs. ANSs were produced by high-pressure homogenization under aseptic
conditions. Using an Ultra Turrax T 25 (Janke and Kunkel, Staufen, Germany),
atovaquone powder (Glaxo-Wellcome) was dispersed in an aqueous surfactant
solution consisting either of 0.3% Tween 80 (ICI Surfactants, Eversberg, Bel-
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gium), 0.3% Poloxamer 188 (CH Erbsloh, Diisseldorf, Germany), and 0.05%
sodium cholate (Sigma-Aldrich) or of 1.0% Tween 80. The coarse predispersion
obtained was homogenized in a Gaulin Micron LAB 40 high-pressure homoge-
nizer (APV Deutschland, Liibeck, Germany) by applying pressures of 1.5 X 107
(2 cycles), 5 x 107 (2 cycles), and 1.5 X 10% (20 cycles) Pa (16). Particles were
preserved in thimerosal (Sigma-Aldrich) at a concentration of 0.001% (wt/vol).
Iso-osmolarity was achieved by adjustment with glycerol (Sigma-Aldrich) at a
concentration of 2.25% (wt/vol).

Particle size and width of distribution (polydispersity index) were determined
by photon correlation spectroscopy (Zetasizer IV; Malvern Instruments, Her-
renberg, Germany) and laser diffraction (LS 230; Coulter Electronics, Miami,
Fla.). The mean diameter = SD measured by photon correlation spectroscopy
was 279 = 7 nm, and the mean polydispersity index was 0.18 * 0.01; 99%
(vol/vol) of the particles had a diameter of less than 1.741 wm.

In vitro experiments. Confluent monolayers of macrophages were infected
with the BK strain of T. gondii at parasite-to-cell ratios of 1:2 to 8:1. After 1 h of
incubation at 37°C, free parasites were rinsed off by washing the monolayers two
times with cell culture medium. After 20, 48, and 72 h of infection, cells were
stained by the Pappenheim method. Infected cells and the number of parasites
per cell were determined microscopically. A parasite-to-cell ratio of 1:2 or 2:1
was chosen for investigations of the activity of ANSs. One hour after infection,
ANS or free drug (atovaquone suspension) was added at concentrations of 0.1 to
30.0 pg/ml. Both the number of infected cells and the number of parasites per
cell were counted after 20 and 48 h.

The cytotoxicities of ANS and free drug to macrophages were assessed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (35).
Fifty microliters of an MTT solution (Sigma-Aldrich; 2.5 mg of MTT/ml in PBS)
was added to cells that had been incubated for 20 h at 37°C in a 5% CO,
incubator, and incubation was continued for 4 h. Absorbance was measured at
550 nm in an automated enzyme-linked immunosorbent assay plate reader
(Tecan, Crailsheim, Germany). Percent viability was determined by comparison
to untreated cells. All experiments were performed in triplicate and repeated at
least twice.

In vivo experiments. [CSBP ™/~ mice were orally infected with 10 cysts of the
MEA49 strain of T. gondii. Mice were treated with sulfadiazine (Sigma-Aldrich) in
drinking water (400 mg/liter) for 3 weeks beginning 2 days after infection (47).
Two days after discontinuation of sulfadiazine, mice were treated with different
concentrations of ANS (0.1, 1.0, and 10.0 mg/kg of body weight) administered as
a single i.v. dose every other day. Control mice were treated with diluent only (a
solution of Tween 80 at a concentration equivalent to that in a 10.0-mg/kg ANS
solution) in the same manner. As a separate treatment control, ICSBP~/~ mice
were treated with a 100-mg/kg atovaquone suspension orally every other day. At
day 8 after discontinuation of sulfadiazine—the time point at which control mice
showed symptoms of disease and/or began to succumb—their brains, livers,
lungs, and sera were obtained and fixed for histological examination or stored at
—40°C for high-performance liquid chromatography (HPLC) analysis.

Histology. Organs were excised, fixed in a solution containing 10% formalin,
70% ethanol, and 5% acetic acid, and embedded in paraffin. Sagittal sections of
brains and cross-sections of livers and lungs were stained with hematoxylin and
eosin (H&E) according to standard procedures or by the immunoperoxidase
method with rabbit anti-7. gondii immunoglobulin G antibody (12). All reagents
used for fixation and H&E staining were obtained from Merck. For staining by
the immunoperoxidase method, deparaffinized sections were incubated with
swine sera at 1:10 (DAKO, Carpinteria, Calif.) and with the primary antibody,
rabbit anti-T. gondii. For production of rabbit anti-7. gondii antibodies, rabbits
were orally infected with ME 49 cysts and then treated with sulfadiazine (300
mg/liter), and sera were harvested after a boost with 7. gondii (RH strain) 15 days
after infection. After being rinsed with modified PBS (12), sections were incu-
bated with swine anti-rabbit immunoglobulin (1:100) (DAKO). As final steps,
sections were incubated with rabbit antiperoxidase (1:100) (DAKO) and with
diaminobenzidine (DAKO) development solution after being rinsed.

Sections stained with H&E were evaluated for inflammatory changes, and
sections stained by the immunoperoxidase method were evaluated for numbers
of T. gondii cysts and T. gondii tachyzoites or antigens. A total of six sections of
each organ from three mice in each experimental group were evaluated for
numbers of inflammatory foci and numbers of 7. gondii cysts, tachyzoites, and
antigens.

Atovaquone concentrations in tissues and serum. Weighed tissue samples of
mouse organs (50 to 300 mg) were homogenized in 5 ml of an extraction solution,
consisting of 2% (vol/vol) isoamyl alcohol and 98% (vol/vol) hexane, in a glass-
Teflon homogenizer (19). Serum samples (0.1-ml volumes) were each diluted in
5 ml of extraction solution. After addition of 1 ml of phosphate buffer, samples
were rotated for 20 min in a rotating mixer (20). Suspensions were centrifuged
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TABLE 1. Rates of infection of macrophages after
incubation with 7. gondii”

Rate of infection (% = SD) at

Time . .
postinfection parasite-to-cell ratio of:
(h) 12 21 8:1
20 24 = 11 63 =19 99 £2
48 57 =30 91 =16 100 = 1
72 100 = 1 100 = 1 100 = 1

“ Cells were infected by the BK strain of 7. gondii at the indicated parasite-
to-cell ratios for 1 h. After free parasites were rinsed off, macrophages were
incubated for 20, 48, and 72 h.

for 10 min at 2,800 X g and 10°C. Supernatant (4 ml) was evaporated to dryness
in a rotating vacuum centrifuge. The dry residue was redissolved in the mobile
phase (a solution consisting of 50% [vol/vol] acetonitrile and 5% [vol/vol] meth-
anol; pH 2.65) (13, 19, 20). The samples were chromatographed on a reversed-
phase column (Spherisorb C1; Waters) with a C ;3 precolumn. The absorbance of
the eluate at 253 nm was monitored in a UV detector (model LC 95; Perkin-
Elmer, Uberlingen, Germany). The linear calibration function was calculated by
means of least-squares regression analysis using computer software (SQS 98;
Perkin-Elmer). The detection limit of this method was 0.6 mg/liter of serum. The
limit of quantitation for tissues was approximately 0.5 mg/kg of tissue. Interassay
precision for serum (coefficient of variation) ranged from 7.4 to 15.1%. The level
of recovery from spiked serum ranged from 98.1 to 108.1%. Replicate extractions
yielded the following extraction rates for the first extraction: 100.0% (serum),
63.6% (brain), 78.1% (liver), and 78.1% (lung).

Statistical analysis. Fisher’s exact test was used to compare survival rates.
Differences in numbers of inflammatory foci and parasite foci were analyzed
using the Student ¢ test.

RESULTS

Activity of ANS against T. gondii in vitro. To test atovaquone
activity in vitro, we established a cell culture system using
freshly isolated murine peritoneal macrophages. Both numbers
of infected cells (as a marker for infectivity) and numbers of
parasites per cell (as a marker for intracellular replication)
were determined. Increasing the parasite-to-cell ratio resulted
in increasing numbers of infected cells with increasing incuba-
tion time (Table 1). The numbers of parasites per cell in-
creased with increasing incubation time (Table 2).

Based on these experiments, the in vitro efficacy of the ANS
was tested using parasite-to-cell ratios of 1:2 and 2:1. ANS or
free drug (atovaquone drug suspension) was added after 1 h of
infection, and the cells were incubated for 20 or 48 h. Figure
1A shows the numbers of macrophages that were infected at a
parasite-to-cell ratio of 2:1 and treated with drugs at different
concentrations for 48 h. Both ANS and free drug at concen-
trations of 0.1 pg/ml led to a significant decrease in the number
of infected cells (Fig. 1A) and the number of parasites per cell

TABLE 2. Number of parasites/cell following infection
of macrophages with 7. gondii‘

Time No. of parasites/cell at parasite-to-cell ratio of:
postinfection
(h) 1:2 2:1 8:1
20 <10 10-30 >30
48 >30 >30 >30
72 >30 >30 >30

“ Cells were infected by the BK strain of 7. gondii at the indicated parasite-
to-cell ratios for 1 h. After free parasites were rinsed off, macrophages were
incubated for 20, 48, and 72 h.
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(data not shown). Parasite growth was completely inhibited at
concentrations of >1.0 wg/ml of ANS as well as atovaquone
free drug. The activities of ANS and free drug did not differ
when cells were incubated for only 20 h (data not shown). In
addition, concentrations of >0.3 pg of ANS or free drug/ml
resulted in complete inhibition of parasite growth when a
lower parasite-to-cell ratio (1:2) was used (data not shown).
There were no detectable cytotoxic effects on macrophages of
either ANS or free drug at effective concentrations of up to 3.0
pg/ml (Fig. 1B). At concentrations of 10 and 30 pg/ml, cell
viability decreased to 62.2 and 36.5%, respectively. These re-
sults confirm the excellent in vitro activity and low cytotoxicity
of atovaquone. The in vitro activities and cytotoxicities of ANS
and free drug did not differ.

Mortality of ANS-treated mice following reactivation of 7.
gondii infection. In analogy to a murine model of reactivated
disease in IFN-y ™/~ mice, recently reported by Suzuki et al.
(47), we established a murine model of reactivation using
ICSBP /" mice. These mice lack IL-12 p40 production, result-
ing in the impairment of IL-12-dependent IFN-y production
(21, 43).

ICSBP '~ mice were orally infected with 10 cysts of T. gondii
and treated with sulfadiazine starting at day —28 (Fig. 2).
Within a few days of discontinuation of sulfadiazine 28 days
later (day zero), mice developed piloerection, huddled, and
lost mobility and weight. All mice died within 2 weeks after
discontinuation of sulfadiazine (data not shown). Intravenous
treatment of 7. gondii-infected mice with the ASN at doses of
between 0.1 and 10 mg/kg of body weight every other day
starting from day 2 until day 16 after discontinuation of sulfa-
diazine resulted in dose-dependent increases in time to death
and/or survival (Fig. 3). Fifty percent of mice treated with the
ANS at concentrations of 10 mg/kg of body weight survived
until day 24, the end of the study period. In contrast, all control
mice treated with Tween 80, the stabilizing surfactant, at con-
centrations equivalent to those used in ASN dilutions died by
day 14 (Fig. 3). Survival rates of mice orally treated with atova-
quone suspension (100 mg/kg every other day) were signifi-
cantly lower than those of mice treated i.v. with ASN at a dose
of 10 mg/kg (P < 0.001); all mice treated orally died within 22
days after discontinuation of sulfadiazine, despite administra-
tion of a dose 10-fold higher than that administered i.v. (Fig.
3). Survival rates of mice orally treated with 100 mg of atova-
quone/kg and mice treated iv. with 1 mg/kg did not differ
significantly. At the end of treatment, on day 16, survival rates
in mice treated with 0.1, 1, or 10 mg of ANS/kg compared with
controls were 0% (P > 0.999), 25% (P = 0.467), and 88% (P =
0.001), respectively (Fig. 3). By day 24, the rate of survival was
50% in mice treated with 10 mg of ANS/kg and 0% in all other
groups.

Histological changes in mice with reactivated T. gondii in-
fection. Treatment of infected ICSBP ™/~ mice with sulfadia-
zine resulted in latent infections involving the development of
brain cysts (275 *+ 26/brain). Following discontinuation of sul-
fadiazine, remarkable histological changes were observed in
brains of ICSBP~'~ mice (Fig. 4A). At day 8 after discontin-
uation of sulfadiazine, the brains of untreated mice and of mice
treated with Tween 80 showed inflammatory changes consis-
tent with TE, characterized by infiltration of mononuclear cells
around vessels and, to a lesser extent, in meninges (Fig. 4A;
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FIG. 1. (A) Number of macrophages infected after incubation with 7. gondii at a parasite-to-cell ratio of 2:1, rinsing off of free parasites 1 h
later, and a 48-h treatment with ANS or free drug at different concentrations. (B) Viability of macrophages after 20 h of incubation with ANS or

free drug, determined by MTT assay.

Table 3). Immunohistochemical studies revealed that foci of
parasitophorous vacuoles and/or free parasitic antigen were
associated with inflammatory foci (Fig. 4B). These changes
were similar to those found in patients with TE and most likely
contributed to the death of mice (M. Deckert-Schliiter, Uni-
versity of Bonn, Bonn, Germany, personal communication).
In contrast, brains of mice treated with ASN at 10 mg/kg
showed neither inflammatory foci nor foci of parasitophorous
vacuoles and/or parasite antigen (Fig. 4D; Table 3), whereas
numbers of inflammatory and parasitic foci increased with

decreasing doses of ANS (Table 3). Numbers of inflammatory
and parasitic foci in mice treated orally with atovaquone sus-
pension did not differ significantly from those in mice treated
with the ANS (1 mg/kg) (Table 3). Differences in treatment
efficacy indicate that the organ distribution pattern of i.v. ANS
differs from that of atovaquone absorbed from the gastrointes-
tinal tract. The treatment efficacy of i.v. ANS was most likely
caused by the transport of nanosuspension across the BBB.
Reactivation of latent infection in ICSBP™/~ mice also re-
sulted in inflammatory foci associated with the development of
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FIG. 2. Model of reactivated toxoplasmosis in ICSBP~/~ mice.

parasites in livers and lungs, consistent with mild hepatitis and
pneumonitis (data not shown) (M. Deckert-Schliiter, personal
communication).

Levels of atovaquone in serum and organs. Sera, brains,
lungs, and livers of ICSBP™/~ mice were obtained on day 8,
homogenized, and analyzed for atovaquone by HPLC. Increas-
ing the dose of ANS resulted in increased atovaquone concen-
trations in serum and higher survival rates (Fig. 5). Oral treat-
ment with atovaquone suspension at 100 mg/kg resulted in
serum drug levels comparable to those measured after i.v.
treatment with 10 mg of ANS/kg (P = 0.563) (Fig. 5). Atova-
quone was detected in brain, liver, and lung tissues when mice
were 1.v. treated with ANS at doses of 1 and 10 but not 0.1
mg/kg; atovaquone was also detected in brain, liver, and lung
tissues following oral treatment with 100 mg of drug suspen-
sion/kg (Fig. 6).

DISCUSSION

Results of the present study reveal that ANSs possess dis-
tinct in vitro and in vivo activities against 7. gondii. In vitro,
both the ANS and atovaquone free drug were effective at
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concentrations of >1 pg/ml. No significant differences in the
efficacies of the two atovaquone formulations were found. The
excellent in vitro efficacy of both atovaquone formulations is
most likely due to formation of drug precipitates in culture
medium because of this drug’s high lipophilicity and subse-
quent phagocytic uptake by cells. The efficacy of free atova-
quone observed by us is in line with results reported in the
literature (2, 41, 45). Araujo et al. (2) reported inhibition of
parasite replication in human foreskin fibroblasts at an atova-
quone concentration of 1.8 wg/ml. In MRCS fibroblasts, the
50% inhibitory concentration of atovaquone against the para-
site was estimated to be 0.024 pg/ml (41). At effective concen-
trations, we did not find cytotoxic activity for ANS or free drug.
At concentrations of >5 pg/ml, cytotoxic effects were ob-
served, as has been previously reported (41). Since ANS
showed excellent activity against 7. gondii at concentrations
that were lower than serum concentrations observed in AIDS
patients after treatment with 750 mg of atovaquone three times
a day (22), we initiated in vivo studies.

To mimic the clinical situation in patients with reactivated
disease as closely as possible, a new mouse model of reacti-
vated TE was established. Intravenous treatment with ANS (10
mg/kg of body weight every other day) resulted in therapeutic
effects. A survival rate of 88% was observed during the treat-
ment period, whereas all control mice succumbed to TE. The
therapeutic efficacy was further documented by a complete
lack of histological signs of TE. In contrast, i.v. treatment with
lower doses of ANS resulted in increased mortality correlating
with an increase in the number of inflammatory foci in brains
that were associated with parasites. When atovaquone suspen-
sion was administered orally at a dose of 100 mg/kg every other
day, the survival rate was only 43% and histological signs of TE

—0— control

—-o— ANS (0.1 mg/kg)
—o— ANS (1 mg/kg)
—e— ANS (10 mgkg)

—e— atovaquone orally
(100 mg/ kg)

16 18 20 22 24

days after discontinuation of sulfadiazine

treatment window

FIG. 3. Survival rates of ICSBP ™/~ mice i.v. treated with surfactant solution (control) (n = 7) or ANS (0.1, 1, or 10 mg/kg of body weight) (n =
8) every other day from day 2 until day 16 after discontinuation of sulfadiazine. One group of mice was treated orally with 100 mg of atovaquone
suspension/kg at the same time points (n = 7). Survival rates presented are representative of three independent experiments.
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TABLE 3. Numbers of inflammatory foci, toxoplasma tachyzoites and antigens, and toxoplasma cysts in brains
of T. gondii-infected ICSBP ™/~ mice 8 days after reactivation
. No. of inflammatory foci No. of parasites No. of cysts
Treatment (mean * SD)“ (mean = SD)” (mean = SD)”
Surfactant® 53*x32 100.8 = 66.0 103 £5.9
ASN (10 mg/kg, i.v.) 0.0 0.0 0.0=0.0 0.0 =0.0
ASN (1 mg/kg, iv.) 3323 227+212 43*+39
ASN (0.1 mg/kg, i.v.) 5019 104.8 = 31.8 13.5 £ 10.6
Atovaquone, oral suspension 22x12 195 = 11.7 1712

“ Counted in two quadratic sections of 2 by 2 mm in brains of three mice per group, 100X magnification.
 Counted in two quadratic sections of 2 by 2 mm in brains of three mice per group, 400X magnification.

¢ As an additional control showed results identical to that of untreated mice.

were observed. Interestingly, mortality and histological
changes in these mice were similar to those observed in mice
treated i.v. with ANS at 1 mg/kg. In murine models of latent
(Swiss Webster mice) and chronic-progressive (CBA/Ca mice)
infection with 7. gondii, a reduction in the numbers of cysts and
a 100% survival rate were reported following treatment with
atovaquone suspension at a dose of 100 mg/kg/day (2, 3, 15).
Furthermore, oral treatment with atovaquone suspension and
atovaquone-loaded nanocapsules (15 mg/kg/day each) reduced
the parasitic burden in Swiss Webster mice with latent 7. gondii
infections (45).

The vast majority of studies examining the therapeutic effect
of antiparasitic drugs have been performed in murine models
of either chronic-progressive or latent disease (2, 3, 29, 45).
Despite the wide distribution of these models, they do not
reflect the clinical situation, i.c., the reactivation of latent dis-
ease in immunocompromised patients (39). Therefore, we es-
tablished a new murine model of reactivated disease based on
a recent report by Suzuki et al. (47). Mice lacking the gene
encoding ICSBP (and hence exhibiting impaired IL-12-depen-

dent IFN-y production) were infected orally with 7. gondii and
treated with sulfadiazine to establish latent infection. Shortly
after discontinuation of sulfadiazine, the brains of mice devel-
oped remarkable inflammatory changes consistent with TE,
and all untreated mice died within several days. In addition to
the striking similarities in histological changes and mortality to
those in patients with TE, the new model presented above
offers several other advantages compared to conventional
models. First, in contrast to the induction of reactivation by
administration of immunosuppressive drugs or injection of an-
tibodies against T-cell subsets and cytokines (reviewed by Den-
kers and Gazzinelli [14]), reactivation can be easily induced by
discontinuation of sulfadiazine. Second, this approach results
in a relatively synchronized development of TE within days,
whereas in conventional models of chronic-progressive disease,
TE takes weeks to develop; thus, the treatment period was
shortened. Third, since all mice ultimately die after discontin-
uation of drugs, as do patients treated for TE, this model may
also prove suitable for the study of drug regimens for mainte-
nance therapy.
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FIG. 5. Concentration of atovaquone in sera of ICSBP~/~ mice i.v. treated with surfactant solution (control) or ANS (0.1, 1, or 10 mg/kg) or
treated orally with atovaquone suspension every other day. Serum samples were obtained 3 h after the last dosing. Values were derived from three
mice per group that were sacrificed at day 8 after discontinuation of sulfadiazine (means = SDs, left ordinate). Survival rates at day 8 refer to the

right ordinate.
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FIG. 6. Concentrations of atovaquone in brain, liver, and lung tissues of ICSBP™/~ mice i.v. treated with surfactant solution (control) or ANS
(0.1, 1, or 10 mg/kg) every other day from day 2 until day 16 after discontinuation of sulfadiazine. One group of mice was treated orally with 100
mg of atovaquone suspension/kg at the same time points. Values were derived from three mice per group that were sacrificed at day 8 after
discontinuation of sulfadiazine (means * SDs) and are representative of three independently performed experiments.

Atovaquone was detected by HPLC in the sera, brains, liv-
ers, and lungs of mice treated with ANS (1 and 10 mg/kg) and
atovaquone suspension (100 mg/kg). The demonstration of
atovaquone in brain tissue at low but measurable concentra-
tions is particularly important. Increasing the dose of ANS
resulted in increasing concentrations of the drug in serum,
which correlated with survival. Intravenous administration of
ANS at a dose of 10 mg/kg led to serum drug concentrations
similar to those attained by oral administration of a 10-fold-
higher dose of atovaquone suspension. Similar atovaquone
concentrations were reported by Araujo et al. (2) for CBA/CA
mice after oral administration of atovaquone on a similar treat-
ment schedule.

In this first study focusing on treatment efficacy of an ANS,
the drug levels in blood and concentrations in organs were
analyzed at one time point. To assess precisely the improve-
ment in bioavailability, the full plasma concentration/time pro-
files need to be measured for calculation of area under the
curve, the maximum concentration of the drug in serum, and
the time to maximum concentration of the drug in serum. We
speculate that the absolute bioavailability of oral atovaquone is
approximately 10%, since a 10-fold-higher oral dose of atova-
quone resulted in serum drug levels comparable to those ob-
served in mice treated i.v. with ANS. Since serum and organ
levels were analyzed 3 h after drug administration and orally
administered drugs often have a lag in absorption time, the
absolute bioavailability may also be distinctly less than 10%.

The new model of TE described above, in combination with
analytical studies of drug concentrations in tissues including
brain, will allow detailed studies of the efficacy of new anti-
parasitic drugs. Furthermore, the influence of the stabilizing
surfactant on the efficacy of drug carrier systems including
nanosuspensions can be analyzed. In this regard, the type of

surfactant was shown to influence the passage of drugs through
the BBB (1, 30).

In conclusion, the present study has revealed that an ANS
has a high in vitro activity against 7. gondii and shows an
excellent therapeutic effect in a new murine model of TE.
Circumventing the low bioavailability of atovaquone by i.v.
administration in the form of nanosuspensions may lead to
improved treatment of immunocompromised patients with TE.
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