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SUMMARY Primary Toxoplasma gondii infection is usually subclinical, but cervical
lymphadenopathy or ocular disease can be present in some patients. Active infec-
tion is characterized by tachyzoites, while tissue cysts characterize latent disease. In-
fection in the fetus and in immunocompromised patients can cause devastating dis-
ease. The combination of pyrimethamine and sulfadiazine (pyr-sulf), targeting the
active stage of the infection, is the current gold standard for treating toxoplasmosis,
but failure rates remain significant. Although other regimens are available, including
pyrimethamine in combination with clindamycin, atovaquone, clarithromycin, or azi-
thromycin or monotherapy with trimethoprim-sulfamethoxazole (TMP-SMX) or atova-
quone, none have been found to be superior to pyr-sulf, and no regimen is active
against the latent stage of the infection. Furthermore, the efficacy of these regimens
against ocular disease remains uncertain. In multiple studies, systematic screening
for Toxoplasma infection during gestation, followed by treatment with spiramycin for
acute maternal infections and with pyr-sulf for those with established fetal infection,
has been shown to be effective at preventing vertical transmission and minimizing
the severity of congenital toxoplasmosis (CT). Despite significant progress in treating
human disease, there is a strong impetus to develop novel therapeutics for both the
acute and latent forms of the infection. Here we present an overview of toxoplasmo-
sis treatment in humans and in animal models. Additional research is needed to
identify novel drugs by use of innovative high-throughput screening technologies
and to improve experimental models to reflect human disease. Such advances will
pave the way for lead candidates to be tested in thoroughly designed clinical trials
in defined patient populations.

KEYWORDS T. gondii, Toxoplasma gondii, animal models, clindamycin, in vitro,
in vivo, pyrimethamine, sulfadiazine, therapy, treatment

INTRODUCTION

oxoplasma gondii is an intracellular pathogen affecting approximately one-third of

the human population. It exists in nature as oocysts, bradzyzoites (contained in
latent tissue cysts), and replicating tachyzoites, with the last form being the hallmark of
active disease (1). Human infection is acquired via ingesting food or water contami-
nated with sporulated oocysts or undercooked meat infected with latent cysts, by
mother-to-child transmission, or via an infected allograft during organ transplantation.
Acquisition via blood products or by accidental ingestion or inoculation of Toxoplasma
in laboratories working with the parasite is rare. Acute infection is typically asymptom-
atic in immunocompetent individuals, but cervical lymphadenopathy or ocular disease
can occur. Infection of immunocompetent individuals with more virulent strains of T.
gondii, which are prevalent in Latin America, can result in severe pneumonia and
disseminated disease, including death (2). In pregnant women, acute infection acquired
during or shortly before gestation can lead to congenital toxoplasmosis (CT) even
though the mother remains asymptomatic. Acute infection in the immunocompetent
host is followed by asymptomatic latent infection, during which the parasite
encysts in various organs, especially the cardiac and skeletal muscles, brain paren-
chyma, and retina. Latent infection can reactivate overtly in immunocompromised
patients, with conversion of latent bradyzoites into rapidly replicating tachyzoites,
causing severe, life-threatening disease with significant morbidity and 100% mor-
tality if left untreated (1). Latent infection can also reactivate locally in the retinas
of immunocompetent individuals, leading to significant loss of visual acuity and
economic productivity.

Treatment of toxoplasmosis typically includes combinations of two antimicrobi-
als, most often inhibitors of dihydrofolate reductase (DHFR) (pyrimethamine and
trimethoprim) and dihydropteroate synthetase (sulfonamides, such as sulfadiazine,
sulfamethoxazole, and sulfadoxine), which block folic acid synthesis. Pyrimetham-
ine, a key DHFR inhibitor, appears to be the most effective drug against T. gondii
and is the basis for effective regimens. These include pyrimethamine-sulfadiazine
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FIG 1 Developmental timeline of anti-T. gondii drugs in clinical use.

(pyr-sulf), the gold standard against which other regimens are measured, and
pyrimethamine combined with clindamycin, atovaquone, clarithromycin, or azithro-
mycin. However, in September 2015, the price of pyrimethamine, which has been
in clinical use for more than 6 decades, was increased 5,000% overnight, from
$13.50 to $750.00 per pill, by Turing Pharmaceuticals (now marketed by Vyera
Pharmaceuticals), the sole manufacturer in the United States; this created confusion
and prompted compound pharmacies to provide alternatives (3). In other regions
of the world, the price of pyrimethamine is less than $1 per pill. This serves as an
additional impetus to find new drugs and should encourage lawmakers in the
United States to prohibit unethical and massive increases in prices of old and
inexpensive drugs. Other regimens include trimethoprim, another DHFR inhibitor,
in combination with sulfamethoxazole (TMP-SMX; also known as co-trimoxazole)
and atovaquone alone or in combination with sulfadiazine. Unfortunately, all drugs
used in clinical practice are solely active against the tachyzoite stage of the parasite
and do not demonstrate activity against cysts containing bradyzoites, the latent
stage of the parasite. Interestingly, resistance to the currently used drugs has not
been described as a clinical problem.

Very few reviews have been published on the treatment of T. gondii infection in
humans and in vivo models (4-6). Here we discuss studies on anti-T. gondii drugs
performed in humans and in animal models. For studies performed using in vitro
models and screening approaches for new drugs, the reader is referred to recent expert
reviews by Alday and Doggett (7), McFarland et al. (8), Jin et al. (9), Kortagere (10),
Montazeri et al. (11), and Sharif et al. (12).

EARLY DAYS OF RESEARCH ON ANTI-TOXOPLASMA THERAPIES

Early research on the efficacy of anti-Toxoplasma drugs started in the 1940s. Since
then, many in vitro and in vivo models of T. gondii infection have been used to
investigate antiparasitic therapies in humans. In 1942, Sabin and Warren (13) reported
the effectiveness of sulfonamides against murine toxoplasmosis. Several sulfone
compounds were soon found to be effective (5, 14, 15). In the early 1950s, Eyles and
Coleman (16) observed the synergistic effect of combination therapy with pyr-sulf
against experimental toxoplasmosis in mice. To this day, more than 60 years later,
combination therapy with pyr-sulf remains the gold standard for the treatment of
toxoplasmosis in humans. Beverley and Fry (17) conducted experiments on the
treatment of toxoplasmosis by use of monotherapy and combination therapy with
sulfadimidine, dapsone, and pyrimethamine in 1957. Concurrently, Garin and Eyles
(18) found spiramycin to have antitoxoplasmic activity in mice. Since spiramycin is
nontoxic and does not cross the placenta, it is still used prophylactically in pregnant
women to prevent materno-fetal transmission of the parasite (19). Other drugs
studied early on were, among others, tetracyclines (20), rifampin (21), and linco-
mycin (22).

Unfortunately, only a few anti-Toxoplasma drugs have been approved for use in
humans. Figure 1 depicts the timeline of introduction of important anti-T. gondii drugs
to the market. Most of the studies on Toxoplasma treatment were geared toward
developing inhibitors of enzymes involved in Toxoplasma metabolism, such as dihy-
drofolate reductase, NADH dehydrogenases, cysteine proteases, and dihydropteroate
synthetase (elegantly reviewed by Kortagere [10]) (Fig. 2).
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FIG 2 Parasite pathways targeted by anti-T. gondii drugs in clinical use.

TREATMENT OF TOXOPLASMOSIS IN HUMANS
Nonpregnant Inmunocompetent Individuals

About 11% of the U.S. population is infected with T. gondii; acquisition is usually due
to ingestion of contaminated food and water (23). Every year an estimated 85,000
foodborne toxoplasmosis cases occur in the United States (24). Acute Toxoplasma
infection in healthy North American and European adults is generally benign and
presents asymptomatically. Some patients may experience lymphadenopathy, fever,
fatigue, chorioretinitis, myocarditis, myositis, and hepatosplenomegaly. Since most
patients experience mild self-limited symptoms, acute toxoplasmosis in immunocom-
petent patients generally does not require treatment. However, treatment should be
considered if a patient continues to have persistent and discomforting symptoms or
displays severe symptoms. This may be particularly relevant to areas of the world, such
as South America, where virulent strains of T. gondii have been reported to cause a
severe illness with multivisceral involvement, sometimes with a fatal outcome (2, 25,
26). There are few data on the choice of therapy. Table 1 provides an overview of drug
regimens used for the treatment of toxoplasmosis in immunocompetent patients. In
one randomized placebo-controlled trial of 46 immunocompetent patients in Iran,
treatment with TMP-SMX (8 mg of TMP component/kg of body weight/day) for 1
month was found to be effective at resolving lymphadenopathy (27). The pyr-sulf
combination may be effective as well, but large randomized trials have not been
performed (25, 26). Based on the efficacy in the treatment of Toxoplasma encephalitis
(TE) in the HIV population, pyr-sulf plus folinic acid, pyrimethamine-clindamycin plus
folinic acid, or TMP-SMX can be considered for severe or debilitating primary infection
in immunocompetent patients. Although it is rare, laboratory-acquired Toxoplasma
infection via accidental ingestion or cutaneous inoculation of laboratory specimens can
occur. Case reports of such acute infections in apparently immunocompetent patients
from the 1950s described severe systemic symptoms and even fatality (28-31). Hence,
individuals with such infections should always be offered treatment. While the duration
of treatment is not established, a 4- to 6-week course is reasonable, depending on the
clinical course and the response to treatment if symptoms have developed.

Acute Toxoplasma infection in immunocompetent people may also present solely as
ocular symptoms; its management in such cases is discussed below.

Following an acute episode of toxoplasmosis, the actively replicating tachyzoites
encyst as bradyzoites in various tissues (tissue cysts), especially in the brain, cardiac and
skeletal muscles, and retina. These cysts remain dormant in immunocompetent pa-
tients, with the exception of those in the retina; frequent reactivation of these brady-
zoites can lead to recurrent chorioretinitis. However, the lifelong persistence of these
cysts and long-term immunity against reinfection in the latently infected host were
recently questioned (32). Unfortunately, there is no effective treatment for the eradi-
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TABLE 1 Treatment of toxoplasmosis in immunocompetent patients?

Regimen®

Comments

Pyrimethamine (100 mg daily for 1 or 2 days
and then 25-50 mg daily) plus
sulfadiazine (1g every 6 h [g6h]) plus
folinic acid (10-20 mg daily)

Pyrimethamine plus folinic acid (dosing as
described above) plus clindamycin (300
mg qg6h)

TMP-SMX (5/25-10/50 mg/kg/day in divided
doses)

Atovaquone (1,500 mg twice daily) =
pyrimethamine plus folinic acid (dosing as
described above)

Pyrimethamine plus folinic acid (dosing as
described above) plus azithromycin (250-
500 mg daily©)

Intravitreal clindamycin (1 mg) plus
dexamethasone (400 ng)

Blood counts, creatinine, and liver function
should be monitored regularly

Adequate hydration should be ensured to
prevent renal damage from crystalluria

Blood counts should be monitored regularly

Clindamycin may cause diarrhea, including
Clostridium difficile infection

Blood counts, creatinine, and liver function
should be monitored regularly

Adequate hydration should be ensured to
prevent renal damage from crystalluria

Blood counts and liver function should be
monitored regularly

Atovaquone should be taken with a high-fat
diet

Blood counts should be monitored regularly

Azithromycin may cause hearing problems
and a prolonged QT interval

Only for ocular toxoplasmosis; may need to
be repeated 1 or 2 times if response is

Clinical Microbiology Reviews

suboptimal

9Treatment should be considered for immunocompetent patients with severe or persistent symptoms, ocular
involvement, or laboratory-acquired infection. For ocular infection, concomitant steroids (prednisone at 0.5
to 1 mg/kg/day) with gradual tapering can be used; this decision is best made by the ophthalmologist.

bFolinic acid is different from folic acid.

<A higher dose of azithromycin (1,000 mg) should be considered for severe nonocular systemic disease.

cation of bradyzoites in tissue cysts, as the available drugs are active only against
tachyzoites. These cysts can reactivate when the host’s immunity is compromised;
intermittent subclinical reactivation of these cysts may also occur. A growing number
of studies of animals and epidemiological studies of humans suggest a possible link
between latent Toxoplasma infection and changes in behavior via altered or subverted
host neuronal activity (33, 34). A “loss of fear” phenotype has been described for
rodents (35), providing strong support for the behavioral manipulation hypothesis. In
the wild, increased rodent predation caused by the loss of fear facilitates the spread of the
parasite to members of the Felidae, the definitive hosts of T. gondii (35). However, the
molecular mechanisms underlying the loss-of-fear phenotype are poorly delineated.
Sutterland et al. (36) performed a meta-analysis of studies reporting the prevalence of
T. gondii infection in patients with any psychiatric disorder compared to that in healthy
controls; among 50 studies, significant associations with the presence of Toxoplasma-
specific 1gG antibodies were found for schizophrenia, bipolar disorder, obsessive-
compulsive disorder, and addiction, but not major depression. However, four random-
ized controlled trials evaluating antiparasitic drugs in patients with schizophrenia did
not demonstrate changes in psychopathology with adjunctive treatment (37). While
these trials, using azithromycin, trimethoprim, artemisinin, and artemether, had severe
limitations, there are currently no ongoing trials of anti-Toxoplasma therapy to deter-
mine the benefits of antiparasitic treatment for neuropsychiatric disorders.

Immunocompromised Patients

HIV-infected patients. Toxoplasmosis commonly manifests as Toxoplasma enceph-
alitis (TE) in HIV-infected patients with CD4 counts of <100/mm3. Other manifestations
(pulmonary, gastrointestinal [Gl], ocular, and disseminated) are less common, but the
treatment modality is similar to that for TE. TE usually occurs via reactivation of a
previously acquired latent infection and presents with either solitary or multiple
(usually ring enhancing) parenchymal lesions on brain imaging (38, 39). Diffuse en-
cephalitis without space-occupying lesions on magnetic resonance imaging (MRI) can
also occur. Common clinical manifestations include headache, seizure, altered menta-
tion, and focal neurologic signs. Fever may or may not be present and should not be
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relied on to exclude the diagnosis of TE (38, 40). The clinical course of TE is universally
fatal if left untreated. Antimicrobial therapy should not be delayed to confirm the
diagnosis by tissue biopsy for Toxoplasma-seropositive patients with advanced HIV
presenting with clinical and radiologic features consistent with Toxoplasma reactiva-
tion. Pursuing histopathologic confirmation can delay the implementation of appro-
priate therapy and consequently lead to a poor outcome. In one study, although
limited by a small sample size, the overall clinical response and survival for patients
with biopsy-proven TE were found to be similar to those for patients who were treated
empirically (41). In fact, some of the nonresponders in the biopsy-proven cohort had
their treatment delayed due to biopsy and were already comatose when treatment was
initiated. Since the differential diagnosis of ring-enhancing brain lesions in patients with
advanced HIV includes lymphoma and, occasionally, other central nervous system (CNS)
infections (e.g., bacterial abscess, nocardia infection, cryptococcus infection, etc.), these
empirically treated patients should be monitored closely for treatment failure. AIDS
patients with multiple ring-enhancing lesions, positive Toxoplasma IgG results, and CD4
counts of <100/mm3 and who are not receiving Toxoplasma prophylaxis have a high
likelihood of having TE and should be treated empirically (41). The more that AIDS
patients deviate from this profile, the higher the likelihood of non-TE lesions; these
patients should be considered candidates for brain biopsy. About 85% of those who
ultimately respond to treatment do so within the first week, and 90% do so by 2 weeks
(38, 42). Hence, failure to respond within the first 1 to 2 weeks should raise a suspicion
of another underlying etiology, and a brain biopsy should be considered. Late presen-
tation with a decreased sensorium does not carry a favorable prognosis despite optimal
treatment (40, 43, 44). It is important to note that radiologic improvement lags behind
clinical improvement and does not necessarily signify unsuccessful therapy (44-48).
Interestingly, drug resistance (either inherent or emerging during therapy) is not an
issue in the treatment of toxoplasmosis, and failure to respond to appropriate therapy
is related to a delay in diagnosis and to host factors (e.g., poor immune response).

Table 2 provides an overview of drug regimens used for the treatment of toxoplas-
mosis in immunocompromised patients. Early studies during the HIV epidemic dem-
onstrated efficacy of pyr-sulf in the treatment of TE. The response rate is about 80%
during the induction phase of therapy (38, 49-51). However, the therapeutic potency
is marred by severe adverse reactions, namely, hematologic toxicity (38, 40, 41, 44,
49-51). Adverse reactions associated with pyr-sulf were noted in 60% of TE patients,
leading to discontinuation of therapy in 45% of patients. Leukopenia, thrombocytope-
nia, cutaneous rash, and fever were reported for 40%, 12%, 19%, and 10% of patients,
respectively (40). Leukopenia can occur anytime during the treatment course (median,
26 days) (38). Folinic acid is generally recommended to minimize the hematologic
toxicity associated with pyrimethamine. It should be noted that folinic acid is different
from folic acid.

The rate of unacceptable adverse reactions, as well as the high pill burden associ-
ated with pyr-sulf, led to a quest for other therapeutic options. Initial, nonrandomized
studies showed efficacy of clindamycin-based regimens, but the relapse rate was high
for clindamycin-only maintenance therapy (42, 52). Two randomized trials subsequently
established an equivalent efficacy of a pyrimethamine-clindamycin regimen for the
treatment of TE (44, 51). A phase Il randomized trial of pyr-sulf versus pyrimethamine-
clindamycin involved 59 patients with TE. After 6 weeks of treatment, 70% and 65% of
patients in the pyr-sulf and pyrimethamine-clindamycin arms, respectively, showed a
partial or complete clinical response. In the multivariate analysis, survival and clinical
response tended to be higher in the pyr-sulf arm, but most deaths were not directly
related to TE. The radiological response appeared to be better in the pyrimethamine-
clindamycin arm but was not statistically significant. Both groups had similar adverse
reactions. Based on these findings, it was concluded that pyrimethamine-clindamycin
is as effective as pyr-sulf and can be used as an alternative regimen for the treatment
of TE (44). In a European multicenter prospective study, 299 patients with TE were
randomized to pyr-sulf and pyrimethamine-clindamycin arms. No difference was ob-

October 2018 Volume 31 Issue 4 e00057-17

Clinical Microbiology Reviews

cmr.asm.org 6


https://cmr.asm.org

Treatment of Toxoplasmosis

TABLE 2 Treatment of toxoplasmosis in immunocompromised patients

Clinical Microbiology Reviews

Induction therapy

Maintenance therapy

Comments

For those with body wt of =60 kg,
pyrimethamine (200 mg once and then
75 mg daily) plus sulfadiazine (1.5 g
q6h) plus folinic acid (10-50 mg daily)

For those with body wt of <60 kg,
pyrimethamine (200 mg once and then
50 mg daily) plus sulfadiazine (1 g géh)
plus folinic acid (10-50 mg daily)

Pyrimethamine plus folinic acid (dosing as
described above) plus clindamycin (600
mg q6h)

TMP-SMX (10/50 mg/kg/day? in divided

Pyrimethamine (50 mg daily) plus sulfadiazine (1 g
g6h) plus folinic acid (10-25 mg daily)

Pyrimethamine (25 mg daily) plus sulfadiazine (0.5
g g6h) plus folinic acid (10-25 mg daily)

Pyrimethamine plus folinic acid (dosing
as described above) plus clindamycin
(600 mg q8h)

TMP-SMX (5/25 mg/kg/day in divided doses)

doses)

Atovaquone (1,500 mg twice daily) =
pyrimethamine plus folinic acid (dosing
as described above)

Atovaquone (750-1,500 mg twice daily) =
pyrimethamine plus folinic acid (dosing as
described above)

Atovaquone plus sulfadiazine (dosing as
described above)

Atovaquone plus sulfadiazine (dosing as described
above)

Pyrimethamine plus folinic acid (dosing as
described above) plus azithromycin®
(1,000 mg daily)

Pyrimethamine plus azithromycin not
recommended due to a high relapse rate; one of
the above regimens should be used instead

Blood counts, creatinine, and liver function
should be monitored regularly

Adequate hydration should be ensured to
prevent renal damage from crystalluria

Blood counts, creatinine, and liver function
should be monitored regularly

Adequate hydration should be ensured to
prevent renal damage from crystalluria

Blood counts should be monitored regularly

Clindamycin may cause diarrhea, including
Clostridium difficile infection

Blood counts, creatinine, and liver function
should be monitored regularly

Adequate hydration should be ensured to
prevent renal damage from crystalluria

Blood counts and liver function should be
monitored regularly

Atovaquone suspension should be taken
with a high-fat diet to optimize
bioavailability

Blood counts, creatinine, and liver function
should be monitored regularly

Atovaquone suspension should be taken
with a high-fat diet to optimize
bioavailability

Blood counts should be monitored regularly

Azithromycin may cause hearing problems
and a prolonged QT interval

aHigher doses of 15/75 or 20/100 mg/kg/day can be used.

bClarithromycin can be used instead of azithromycin but is associated with more Gl intolerance and drug interactions. If used, a lower dose of 500 mg twice a day is
preferred, especially in HIV-infected patients; the efficacy of this dosing regimen is not clear (see the text for details).

served in the complete or partial clinical response in the pyr-sulf and pyrimethamine-
clindamycin groups (76 versus 68%) after induction therapy. However, relapse on
maintenance therapy was found to be significantly higher in the pyrimethamine-
clindamycin arm. Additionally, there was no difference in survival between the two
groups. While the adverse reactions were similar, diarrhea was more common in the
pyrimethamine-clindamycin group, while skin reactions and fever were more common
in the pyr-sulf group. Although there was no significant difference in the proportion of
patients who crossed over to the other treatment arm during the induction phase of
treatment, 98% of switches from the pyr-sulf arm were due to medication-related
adverse reactions, while 54% of switches from the pyrimethamine-clindamycin arm
were due to a suboptimal response (51). Taken together, the data indicate that
pyrimethamine-clindamycin appears to be more tolerable than pyr-sulf and is equally
efficacious in the resolution of acute TE but may be less effective at preventing relapse
during the maintenance phase of treatment.

TMP-SMX in various doses (from 6.6 to 20 mg/kg/day of TMP component) has also
been found in small studies to be effective for TE treatment in the HIV population and
is well tolerated (43, 53-56). In a retrospective study of 71 patients with AIDS-related TE,
87% of patients had a complete or partial resolution of symptoms after 4 weeks of
TMP-SMX therapy (10 mg/kg/day of TMP component). Thirty-one percent of patients
had adverse cutaneous reactions, while 7% had a relapse while on a maintenance
regimen (48). Another prospective study of 83 patients with TE also showed a similar
efficacy of TMP-SMX, with relapse seen mainly among noncompliant patients (57). In a
multicenter prospective pilot study, 77 patients with TE were randomized to a pyr-sulf
arm versus a TMP-SMX (10 mg/kg/day of TMP component) arm (48). After 30 days of
treatment, 86% versus 84% of patients had a complete or partial response to treatment.
Maintenance therapy was continued at half the dose of the induction regimen for 3
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months, during which time only 1 patient in the TMP-SMX arm relapsed. While there
was no difference in survival, adverse events were more frequent in the pyr-sulf arm.
Surprisingly, a small randomized trial of pyr-sulf versus TMP-SMX found a higher
mortality in the TMP-SMX arm (58). However, the results are largely uninterpretable,
since the trial was prematurely terminated and had a very small sample size, with only
10 patients in the TMIP-SMX arm. Moreover, the failure rates (composites of death rates
and serious adverse event rates) were similar between the two arms.

A 2006 Cochrane meta-analysis found only three randomized trials that examined
the efficacy of different treatment regimens for TE in HIV-infected patients; no signif-
icant difference in efficacy was found between pyr-sulf, pyrimethamine-clindamycin,
and TMP-SMX (59). Recent systemic reviews and meta-analyses have also reached
similar conclusions (60-62). One meta-analysis which used less stringent criteria and
included randomized controlled trials as well as intention-to-treat analysis demon-
strated a slightly better clinical response with pyr-sulf than that with pyrimethamine-
clindamycin, albeit at the cost of higher drug toxicity (63). There was, however, no
significant difference in clinical response between pyr-sulf and TMP-SMX.

The clinical experience with other treatment regimens is limited. Older studies of
atovaquone showed that it was a somewhat useful agent for salvage therapy in
patients who either could not tolerate or did not respond to standard TE therapy. In a
study of 93 patients, atovaquone tablets (750 mg 4 times a day) were used as salvage
treatment, with some efficacy. At week 6, 52% of patients showed some clinical
response, but by week 18, only 26% of patients had a clinical response (64). Another
study in which atovaquone, either alone (75% of patients) or with pyrimethamine or
clindamycin, was used as maintenance therapy in patients who could not tolerate the
standard regimen demonstrated that atovaquone was well tolerated, and only 26% of
patients relapsed over a 1-year period (51). It should be noted that these studies used
the tablet formulation of atovaquone, which has a lower bioavailability than that of the
currently available suspension; this may have undermined its efficacy. Also, atovaquone
monotherapy may not be very effective. In a noncomparative randomized trial of
atovaquone suspension with either pyrimethamine or sulfadiazine, 75 and 82% of
patients, respectively, responded to induction therapy. Only 1 of 20 patients developed
a relapse. Notably, 28% of patients discontinued the therapy, mainly because of Gl
intolerance (65). Hence, atovaquone should be used in combination with pyrimetham-
ine or sulfadiazine for both induction and maintenance therapy, as there may be a high
risk of failure if it is used as a monotherapy.

In one small study of pyrimethamine plus clarithromycin, 11 of 13 patients clinically
responded at 3 weeks, but only 8 patients could complete the 6-week treatment
course. Adverse events occurred in 38% of patients and included gastrointestinal
intolerance, skin rash, hematologic abnormality, and hearing loss (45). In that study, a
high dose of clarithromycin (2 g per day) was used. Such a high dose is associated with
gastrointestinal intolerance, hearing problems, and a prolonged QT interval and can
potentially increase mortality in HIV-infected patients with concomitant Mycobacterium
avium complex infection (66). A lower dose of 500 mg twice daily seems reasonable,
but its efficacy is not clear. In a study of pyrimethamine plus azithromycin, 67% of 30
evaluable patients responded clinically, but almost 50% relapsed during maintenance
therapy. Interestingly, there was no improvement of efficacy at doses higher than 900
mg of azithromycin per day. In fact, adverse effects were apparent when azithromycin
was used at 1,500 mg per day (67). Pyrimethamine plus azithromycin at a lower
azithromycin dose (500 mg/day) may also be effective during induction therapy, but
the interpretation of the study is limited by a very small sample size (68).

In general, induction therapy should be continued for at least 6 weeks. Since the
currently available anti-T. gondii therapy cannot eradicate the protozoan, induction
therapy should be followed by maintenance therapy as long as the patient remains
significantly immunosuppressed. The risk of relapse is more than 50% in the absence
of maintenance therapy (38, 40, 49, 69). Moreover, long-term maintenance therapy may
be able to completely resolve neurologic deficits in patients who only partially re-

October 2018 Volume 31 Issue 4 e00057-17

Clinical Microbiology Reviews

cmrasm.org 8


https://cmr.asm.org

Treatment of Toxoplasmosis

sponded to induction therapy (49). Maintenance therapy can safely be stopped once
the CD4 count is maintained above 200/mm?3 for at least 6 months on antiretroviral
therapy (ART), provided that the patient has responded well (70-73). In general, a daily
maintenance regimen should be continued at half the induction dose. Although some
small studies showed good efficacy of twice-weekly pyr-sulf or pyrimethamine-
sulfadoxine therapy, a randomized open multicenter trial demonstrated worse out-
comes, with higher relapse and mortality rates, for the twice-weekly regimen than for
the daily regimen (69, 74, 75). A thrice-weekly regimen of pyr-sulf, however, seems to
be comparable to the daily regimen (76), but a less-than-daily maintenance regimen is
generally not recommended.

It is worth emphasizing that combination therapy with two antimicrobials should be
used for the treatment of TE. While pyr-sulf combination therapy is the current gold
standard for the treatment of acute TE in HIV patients, pyrimethamine-clindamycin and
TMP-SMX also seem to be similarly effective; however, no regimen has been found to
be superior to pyr-sulf. Pyrimethamine-clindamycin seemed to be somewhat less
effective than pyr-sulf in preventing relapse during maintenance therapy in the Euro-
pean multicenter prospective study (51), although other, nonrandomized studies have
shown both combination therapies to be equally effective at preventing relapses (38,
41). There is less experience with TMP-SMX, but the available literature suggests an
efficacy comparable to that of pyr-sulf. Unfortunately, the pyr-sulf regimen is fraught
with serious adverse effects. Pyrimethamine-clindamycin and TMP-SMX also have
significant side effects but seem to be better tolerated. The choice of therapy should be
guided by drug availability, tolerability, and the ability of patients to take medications
enterally. For example, intravenous TMP-SMX may be more appropriate for patients
with severe oral mucositis or compromised intestinal absorption, whereas patients with
recent Clostridium difficile infection should avoid clindamycin-based therapy if possible.
The cost of the drugs should also be taken into account when choosing the right
therapy. This is especially true of pyrimethamine, as the price in the United States has
skyrocketed 5,000% in recent years; the annual cost is now estimated to be around
$645,000, thus rendering it unaffordable to many patients in the United States (3).
TMP-SMX, on the other hand, is much less expensive and has been used successfully in
many developing countries. Folinic acid should be used to supplement pyrimethamine-
based regimens to minimize hematologic toxicity. The clinical experience with other
regimens (atovaquone monotherapy, atovaquone with pyrimethamine or sulfadiazine,
and pyrimethamine with azithromycin or clarithromycin) is limited, and these should be
used only in the absence of alternatives. In particular, maintenance therapy with
pyrimethamine plus azithromycin should be avoided due to a high relapse rate.

Other considerations for HIV-infected patients include the following.

(i) Role of ART. The survival of HIV-infected patients with opportunistic infections
has increased dramatically in the ART era; TE patients should thus start ART without
delay (77). Immune reconstitution inflammatory syndrome (IRIS) is uncommon follow-
ing initiation of ART for TE (78). Prior to ART, overall survival was poor despite optimal
antimicrobial therapy (40). In the ART era, both mortality and relapse of TE have
decreased (57, 76, 79-82). Surprisingly, a recent systemic review showed a higher
relapse rate for TE in patients on TMP-SMX maintenance therapy in the ART era than in
the pre-ART era (19.2% versus 14.9%) (83). This should, however, be interpreted
cautiously due to the significant heterogeneity and small sample size of the patients
studied. Other factors, such as poor compliance with medications, may also have
accounted for this finding.

(ii) Role of steroids. Though the beneficial effects of steroids are not clear, they can
be considered if there is significant brain edema (40, 42, 84). Injudicious use of steroids,
however, should be avoided, as this can be harmful (56).

(iii) PJP prophylaxis. The treatment and prophylaxis of infection with Toxoplasma
and Pneumocystis jirovecii overlap considerably. Pyr-sulf, TMP-SMX, and atovaquone-
based regimens used in the treatment of Toxoplasma provide adequate coverage for P.
jirovecii pneumonia (PJP), and separate PJP prophylaxis is not required (85, 86). Other
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regimens used in Toxoplasma prophylaxis, except for pyrimethamine plus dapsone, do
not have reliable activity against PJP. Similarly, some regimens used for P. jirovecii
prophylaxis or treatment (aerosolized pentamidine, clindamycin plus primaquine, and
dapsone without pyrimethamine) do not confer adequate protection against toxoplas-
mosis.

HCT recipients. Allogeneic hematopoietic cell transplant (allo-HCT) recipients ac-
count for more than 90% of toxoplasmosis cases in the HCT population and occur
predominantly via reactivation of latent infection (87). Almost 90% of Toxoplasma
disease in allogeneic HCT presents as CNS or disseminated disease and occurs within
the first 6 months after HCT (87). Toxoplasma prophylaxis is thus recommended for
pre-HCT-seropositive (pre-HCTSP) allo-HCT recipients during this high-risk period. Tox-
oplasma disease in allo-HCT is almost always fatal if not treated. Unfortunately, it can
present with other concomitant infections, and the diagnosis can be delayed or missed,
leading to a poor outcome (88). In fact, almost one-third of Toxoplasma cases in
pre-HCTSP allo-HCT patients are diagnosed postmortem (87). Treatment should thus be
started empirically in suspicious cases (e.g., pre-HCTSP patients presenting with typical
brain lesions or diffuse ground-glass opacities on chest computed tomography, without
an alternative explanation). Unlike that with HIV, the likelihood of diseases besides
Toxoplasma (e.g., Aspergillus, Fusarium, Mucor, or Scedosporium infection or diseases
with noninfectious etiologies, including malignancy) in HCT patients presenting with
space-occupying lesions is reasonably higher. As treatments for these entities and their
prognoses vary widely, immediate tissue diagnosis is preferred at the same time that
empirical treatment for various pathogens (e.g., Toxoplasma, molds, and Nocardia) is
instituted. If possible, peripheral blood should be obtained for Toxoplasma PCR prior to
therapy: a positive test should trigger treatment initiation and may circumvent the
need for more invasive tests. In fact, regular peripheral blood Toxoplasma PCR moni-
toring during the first 6 months posttransplant in pre-HCTSP allogeneic recipients can
lead to early detection of Toxoplasma reactivation, before progression into end organ
disease, and has been demonstrated to lower Toxoplasma-related mortality (87, 89, 90).
A recent French study also showed a higher overall survival of allo-HCT recipients in
centers that performed routine peripheral blood Toxoplasma PCR monitoring (91). This
preemptive approach is particularly useful for patients who cannot tolerate Toxoplasma
prophylaxis. Furthermore, compliance with prophylaxis cannot be guaranteed, and
implementation of routine PCR monitoring in conjunction with prophylaxis can avert
fatal toxoplasmosis (92).

There are no randomized trials of Toxoplasma treatment in HCT recipients. While a
retrospective analysis of toxoplasmosis in HCT showed a marginally better survival with
pyr-sulf combination therapy, that study did not factor in other variables (duration and
timing of therapy, underlying disease, etc.) affecting mortality (93). Most of the reported
cases were treated with pyr-sulf or pyrimethamine-clindamycin; some were treated
with TMP-SMX (our unpublished data). In the absence of data for HCT patients, it is
reasonable to treat toxoplasmosis in HCT with the same regimens as those used for
HIV-infected patients (see above). Acute (primary) toxoplasmosis in allo-HCT patients
comprises only 10% of cases and should be treated the same as reactivated disease.
Maintenance therapy should be continued as long as the patient remains immunosup-
pressed.

SOT recipients. Toxoplasmosis in solid organ transplant (SOT) recipients occurs via
either primary infection from a Toxoplasma-seropositive donor or reactivation of latent
infection in the recipient. Reactivation is less common in SOT recipients than in HCT
patients, likely because of the lower immune suppression used in SOT recipients.
Primary infection via ingestion of contaminated food and water can also occur. The
group at highest risk is the group of donor-seropositive and recipient-seronegative (D™
R™) heart or heart-lung transplant patients (94-96), as Toxoplasma cysts have a predi-
lection for cardiac muscle. Toxoplasmosis in SOT recipients usually occurs as dissemi-
nated or localized (CNS, pulmonary, or ocular) disease within the first few months after
transplant, but late-onset disease months to years posttransplant, presumably from
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contaminated food and water (non-donor-derived disease), is not uncommon (97-99).
The presenting signs and symptoms are generally nonspecific and include fever,
pneumonitis, and neurologic symptoms (95, 96). Treatment should be started promptly,
as delay in instituting effective therapy can result in a worse outcome (96). The
treatment of toxoplasmosis (primary or reactivation) has not been standardized for this
patient population, but treatment regimens should be similar to those used in AIDS-
related TE. If feasible, immunosuppressive medications should be deescalated cau-
tiously.

Nontransplant, non-HIV-infected immunocompromised patients. Toxoplasmosis
has been reported in patients with malignancy and other T-cell and B-cell immune
deficiencies and likely occurs via reactivation of latent infection (91, 100-102). A recent
restrospective multicenter French study of 180 PCR-positive toxoplasmosis cases in
immunocompromised patients found that 14% of cases occurred in the nontransplant,
non-HIV-infected group, especially in patients with hematologic malignancy and con-
nective tissue disease on immunosuppressive medications (91). Like HCT and SOT
recipients, this group should be treated similarly to HIV-infected patients with TE. The
Study Group for Infections in Compromised Hosts of the European Society of Clinical
Microbiology and Infectious Diseases recently published an elegant consensus docu-
ment on the safety of targeted and biological therapies from an infectious disease
perspective (103), including a review of “opportunistic infection” in patients under
treatment with therapies that include proinflammatory cytokines, interleukins, immu-
noglobulins, and other soluble immune mediators, cell surface receptors and associ-
ated signaling pathways, intracellular signaling pathways, and lymphoma and leukemia
cell surface antigens.

Ocular Toxoplasmosis

Immunocompetent nonpregnant patients. Unlike TE, ocular toxoplasmosis (OT)
can occur in immunocompetent hosts and commonly presents as posterior uveitis.
Although many cases are a result of congenital toxoplasmosis (CT), the ocular mani-
festation may not be apparent until adolescence or early adulthood (104, 105). Post-
natally acquired OT, on the other hand, usually manifests after age 40; similar to CT,
chorioretinitis may not develop until months to years after initial infection (106, 107).
Regardless of the mode of acquisition, OT is complicated by frequent recurrences in
more than 50% of affected patients (106, 108, 109). These recurrences can occur despite
treatment of acute episodes and can be vision threatening (110).

Ryan and colleagues first reported favorable outcomes for 25 of 29 patients with
presumptive active OT treated with pyr-sulf; visual acuity improved in 58% of patients
(111). Subsequent studies also showed beneficial effects of pyr-sulf, including earlier
healing of lesions with or without steroids (112, 113). A prospective multicenter study
evaluating the efficacy of different OT treatment regimens showed that only pyr-sulf
was associated with a significant decrease in lesion size compared to that of the
untreated group. This suggests a potential role in treating lesions near the optic disc or
the fovea, although there was no difference in visual acuity or inflammation duration
(114). In a double-blind randomized trial of pyrimethamine monotherapy versus pla-
cebo for the treatment of presumed OT, improvement was observed in 77% of the
treatment arm patients versus 50% of the placebo arm patients (98 patients in total;
P < 0.02) (115). However, “improvement” was not well defined, and it was not clear
whether visual acuity actually improved. Moreover, the difference was less apparent
when only the acute OT cases were analyzed. Additionally, lesion size and severity were
not described, thus making it difficult to judge the true efficacy of pyrimethamine
monotherapy. In a double-blind randomized therapeutic trial of pyrimethamine-
trisulfapyridine plus steroid versus steroid, all 20 patients with active recurrent OT
improved, without any difference in the time to lesion resolution. One patient in each
group had a recurrence over a 2-year period (116). While these findings suggest a lack
of efficacy of antimicrobial treatment, it should be noted that this small study did not
take into account important variables, such as disease severity, anatomical site, and
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lesion duration; the control group also did not have a true placebo (117). Both of these
double-blind randomized trials suffer from methodological flaws and thus cannot
prove or refute the efficacy of treatment.

Little is known about the therapeutic role of systemic clindamycin therapy (118,
119). In a prospective study that compared the therapeutic efficacies of pyr-sulf plus
steroids, clindamycin-sulfadiazine plus steroids, and TMP-SMX plus steroids versus an
untreated control group, no regimen impacted visual acuity, the duration of inflam-
mation, or lesion recurrence (114). Intravitreal clindamycin with steroids, on the other
hand, seems to hold a promising role in OT treatment (120-123). Two randomized trials
demonstrated similar efficacies of intravitreal clindamycin plus steroids and pyr-sulf
plus steroids in terms of improvement in visual acuity and reductions of lesion size and
vitreal inflammation at specified intervals (124, 125). Overall, 83% of patients had an
improvement in visual acuity, and there was no significant difference in rates of
recurrence in both arms over a 2-year period. Most patients in the intravitreal arm
required only one injection; no major complications were reported for intravitreal
therapy, other than subconjunctival hemorrhage in 9% of cases (124). The results of
these randomized trials, along with other reported cases, support the safety and
efficacy of intravitreal clindamycin with steroids as an alternative treatment regimen.
However, there was diagnostic uncertainty in one of the randomized trials, as only 50%
patients had Toxoplasma IgG antibodies, whereas the other half had only Toxoplasma
IgM antibodies (125). This is important because the presence of Toxoplasma IgM
antibodies alone, without the presence of IgG antibodies, may represent a false-positive
result (126). Additionally, the lack of difference in outcome for patients with Toxoplasma
IgG and IgM antibodies casts doubt about the true efficacy of therapy.

In a randomized trial of steroids plus either TMP-SMX or pyr-sulf involving 59
patients with OT, all patients improved within 6 weeks. No difference in improvement
of visual acuity, time to best visual acuity, lesion size decrease, vitreous inflammation
reduction, recurrence rate, time to recurrence, or adverse effects was observed be-
tween treatment arms (127). In a prior comparative study of various treatment regi-
mens, there were no beneficial effects of TMP-SMX, perhaps due to a lower TMP-SMX
dose and duration (114). There are anecdotal reports of successful treatment with
intravitreal TMP-SMX and intravitreal steroids as well, but more data regarding safety
and efficacy are required (128-130).

There are very few data on the clinical utility of atovaquone in the treatment of OT.
All 17 patients in a small study had a favorable response within 3 weeks of treatment;
atovaquone efficacy could not be determined, however, as there was no placebo arm
(131). It is better tolerated than pyr-sulf and seems to prolong the time to reactivation
(109).

Azithromycin at 250 to 500 mg per day seems to be better tolerated in OT
treatment. However, the time to lesion resolution appears to be longer at doses of 500
mg/day than that with pyr-sulf (132, 133). Combination therapy with pyrimethamine
seems to increase efficacy even at a low dose of 250 mg azithromycin per day. In a
prospective randomized open-label study of pyr-sulf plus steroids versus pyrimetham-
ine plus azithromycin plus steroids in 46 patients with sight-threatening OT, visual
acuity improved in nearly all patients after about 4 weeks of treatment (108). No
difference in visual acuity improvement, inflammation duration, or change in lesion size
was noted between the two groups. The 1-year recurrence rate was 33% for the
pyrimethamine-plus-azithromycin group versus 56% for the pyr-sulf group, but the
difference was not statistically significant. Adverse effects were, however, more com-
monly reported in the pyr-sulf group. Similarly, a recent small, randomized trial of 27
patients showed equivalent efficacies of oral azithromycin (500 mg followed by 250 mg
daily) plus steroids and oral TMP-SMX (160/800 mg twice daily) plus steroids in
decreasing retinal lesion size, clearing vitreous inflammation, and improving visual
acuity after 6 to 12 weeks of treatment (134).

Despite the apparent beneficial effects of treatment seen in the above-mentioned
studies, there is no definite proof that treatment improves the outcome. Since OT can
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resolve spontaneously, longitudinal observational or retrospective studies cannot prove
treatment efficacy without a well-designed placebo control arm. Even randomized trials
comparing two different therapeutic regimens cannot establish efficacy if the regimens
appear to be equally efficacious. Unfortunately, the only two randomized double-blind
trials that compared antimicrobial treatment to either a placebo or steroids for the
treatment of acute OT, conducted more than half a century ago, suffered from
methodological flaws and could not establish treatment efficacy (135). Hence, there is
no consensus among experts on the beneficial effects of treatment and on the choice
of antimicrobials (136). A 2011 report by the American Academy of Ophthalmology
concluded that there is no level | evidence to support the routine use of antimicrobials
in acute OT treatment in immunocompetent patients (137). A recent Cochrane review
of randomized trials of antimicrobial treatment versus placebo or no treatment also did
not find evidence supporting visual acuity improvement with treatment (138). None-
theless, many uveitis experts treat lesions that are vision threatening or have significant
inflammation because of fear of vision loss (136). If a decision is made to treat, pyr-sulf
plus folinic acid or TMP-SMX or intravitreal clindamycin should be chosen based on
their efficacy in several studies (60). There is less experience with other regimens
(atovaquone or azithromycin, with or without pyrimethamine), and these should be
used as alternatives.

On the other hand, suppressive therapy following standard treatment of an acute or
recurrent chorioretinitis episode has proven to be effective at preventing recurrences.
In a retrospective study of 352 patients who underwent secondary prophylaxis with a
biweekly regimen of pyrimethamine and sulfadoxine for 6 months after an intensive
21-day treatment for active chorioretinitis, the probability of a 3-year recurrence-free
period (long after prophylaxis was stopped) was 90% (139). In an open-label random-
ized study by Silveira et al., long-term intermittent suppressive treatment with TMP-
SMX (160/800 mg every 3 days for up to 20 months) was found to decrease the
recurrence rate compared to that in the no-treatment arm (7 versus 24%) (140). A
recent randomized trial of this intermittent suppressive strategy with TMP-SMX for 12
months also demonstrated its efficacy in reducing recurrences compared to that of
placebo. The recurrence risk over 12 months was 0% in the TMP-SMX arm versus 13%
in the placebo arm (P = 0.03) (141). A larger follow-up study conducted by the same
group randomized 141 patients after treatment for an acute episode to receive
TMP-SMX every 2 days versus placebo for 1 year; this confirmed the efficacy of
preventive treatment for up to 2 years after the treatment was stopped (recurrence rate
at 3 years of 0 versus 20.3%) (142). The exact duration of protection after stopping
preventive therapy is not known, since a long-term follow-up of a previous study by
Silveira et al. showed loss of protection after 10 years (107). Nonetheless, the 1-year
preventive strategy is justified for patients presenting with sight-threatening chorioreti-
nal lesions near the macula or optic disc or patients with frequent severe recurrences
(143).

Immunocompromised patients. OT in the immunocompromised patient should
always be treated, ideally with systemic therapy (pyr-sulf or pyrimethamine-
clindamycin with folinic acid or TMP-SMX), and disseminated infection should be
ruled out.

Role of steroids. Steroids (systemic or intravitreal) are used in the treatment of OT,
although their role is not clear (137, 144). Steriods were initially used to treat OT, as it
was once thought to be a hypersensitivity reaction (145). It later became clear that
steroids alone, without concomitant antimicrobials, can have detrimental effects on
vision, including development of endophthalmitis (146, 147). Monotherapy with sys-
temic steroids is also associated with a higher risk of recurrence (110, 148). Judicious
use of steroids along with antimicrobial therapy for severe inflammation or when the
lesions are near the fovea or optic disc may suppress the inflammation and can be
beneficial, but excessive doses can yield a suboptimal response. While the optimal dose
is not established, most experts use 0.5 to 1 mg/kg/day. Steroids are generally started
a few days after initiation of antimicrobial therapy and continued for about 1 month,
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TABLE 3 Treatment of acute toxoplasmosis in pregnant women and newborns

Clinical Microbiology Reviews

Infection stage Regimen Comments
Maternal infection at <14 weeks Spiramycin (1 g [3 million units] every 8 h until Spiramycin is not effective for treating
of gestation, no fetal infection delivery) established fetal infection and
hence should be used only for
prevention of vertical transmission
Amniocentesis and fetal ultrasound
should be performed when feasible
to rule out fetal infection
Maternal infection at >14 weeks Pyrimethamine (100 mg daily for 2 days and then 50 Pyrimethamine is teratogenic and
of gestation? mg daily) plus sulfadiazine (1 g q8h [body wt of should not be used in early

<80 kg] or 1 g g6h [body wt of =80 kg]) plus folinic

acid (10-20 mg daily pending fetal USG and
amniocentesis)

If fetus is confirmed to be infected (abnormal USG
and/or positive amniotic fluid PCR), continue
pyrimethamine plus sulfadiazine plus folinic acid
until delivery

If fetus is not infected (e.g., negative USG and amniotic

fluid PCR), pyrimethamine plus sulfadiazine plus
folinic acid may be switched to spiramycin
Alternatively, pyrimethamine plus sulfadiazine plus
folinic acid can be continued until delivery or
alternated with spiramycin on a monthly basis

Congenital infection in newborns Pyrimethamine (1 mg/kg q12h for 2 days and then 1
mg/kg/day for 2-6 mo and then 1 mg/kg/day 3
times a week) plus sulfadiazine (50 mg/kg q12h)
plus folinic acid (10 mg 3 times a week)

pregnancy

Serial fetal USG and amniotic fluid
PCR should be performed at 18
weeks of gestation

Treatment should be started as soon
as feasible after birth and
continued for at least 1 year

9The 14-week cutoff period for starting pyrimethamine and sulfadiazine in pregnant women may vary in different countries.

with gradual tapering (109, 136). It should be acknowledged that the evidence for
adjuvant steroids is not based on high-quality data (149), and steroids must not be used
without concomitant antimicrobial therapy, as this can lead to a complete loss of vision.

Congenital Toxoplasmosis

Treatment of toxoplasmosis during pregnancy. Pregnant women with previously
acquired latent Toxoplasma infection and no immunocompromising conditions do not
experience systemic or CNS reactivation of Toxoplasma and hence do not transmit
infection to the offspring (150). Isolated ocular reactivation can occur, but materno-fetal
transmission in the absence of an underlying immunocompromised condition is un-
likely even without anti-Toxoplasma therapy (151-153). On the other hand, primary
infection during pregnancy or around the time of conception can lead to fetal infection
(154). The severity of congenital toxoplasmosis (CT) ranges from asymptomatic infec-
tion to severe neurologic diseases and even fetal demise. Several studies have docu-
mented an increased risk of materno-fetal transmission with increasing gestational age
at the time of maternal infection, but clinical severity of CT is less pronounced when the
infection is acquired later in pregnancy (150, 155-163). In a study of 603 confirmed
primary Toxoplasma infections during pregnancy, the overall risk of materno-fetal
transmission was found to be 29%; the risk increased from 6% at 13 gestational weeks
to 72% at 36 gestational weeks. The rate of clinical signs of infection before 3 years of
age among patients with CT decreased from 61% for infections acquired at 13 weeks
of gestation to 9% for infections acquired at 36 weeks of gestation. Because of the
opposing effects of gestational age on risk of transmission and CT severity, the overall
risk of having symptomatic CT is therefore highest when maternal infection occurs
between 24 and 30 weeks of gestation and is estimated to be around 10% (156).

Because of the risk of developing CT after a primary maternal infection, antenatal
treatment is generally offered to prevent vertical transmission and/or to decrease the
severity of infection in case the fetus is infected. Table 3 provides an overview of drug
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regimens used for the treatment of toxoplasmosis in pregnant women. An early study
demonstrated efficacy of antenatal treatment with spiramycin in reducing CT, with 22%
of patients in the spiramycin-treated group developing definite CT versus 45% of those
in the group that did not receive treatment (150). Other studies have also demon-
strated a favorable outcome with antenatal treatment, with some studies especially
supporting early initiation of therapy (164-166).

However, studies published between 1999 and 2006 cast doubt over the efficacy of
antenatal treatment in reducing the incidence and severity of CT (167, 168). Neverthe-
less, studies published since 2007 have consistently supported the efficacy of antenatal
treatment. The main two factors leading to the misleading conclusions in the 1999-
2006 studies have to do with excluding severe cases and fetal demises and the fact that
spiramycin is likely to paradoxically increase the number of infected babies that are
born alive with mild infection who would have otherwise been born with severe
disease or dead. Furthermore, heterogeneous populations were studied in the 1999-
2006 studies, and the interpretations were biased due to a poor knowledge of CT
pathogenesis.

(i) Studies from 1999 to 2006. In a study of 144 pregnant women with maternal
infection, antenatal treatment did not appear to impact transmission, but neurologic
sequelae were less common among those treated with either spiramycin or pyr-sulf
(169). In a large European CT study involving 11 centers, antenatal spiramycin or
pyr-sulf treatment did not prevent vertical transmission irrespective of the timing of
antimicrobial initiation (157). In another European study involving 13 centers, prenatal
treatment within 4 weeks of seroconversion reduced clinical signs, but there was no
difference between pyr-sulf and spiramycin (170).

In another European multicenter study of primary infection in pregnancy between
1987 and 1995, neither materno-fetal transmission nor clinical manifestations in chil-
dren with CT were consistently lower in centers with more intensive antenatal treat-
ment protocols (158). In a separate analysis of 554 pregnant women with primary
infection from a French cohort, early initiation (within 4 weeks of seroconversion) or the
choice of antimicrobial therapy (spiramycin or pyr-sulf) also did not impact the trans-
mission risk (158). When the analysis was restricted to 181 live-born children with CT,
the study failed to demonstrate a beneficial effect of antenatal pyr-sulf or spiramycin
treatment on clinical manifestations, irrespective of treatment timing (171). Unfortu-
nately, the data from these studies were erroneously interpreted as evidence for a lack
of efficacy of antenatal treatment. Since 2007, several studies from different cohorts
and countries have consistently shown that antenatal treatment is associated with
lower transmission rates and severity (159-163, 172).

(ii) Studies from 2007 to the present. In a 2007 meta-analysis of European studies,
earlier antenatal treatment seemed to decrease vertical transmission but had no effect
on clinical manifestations in those born with CT; this analysis excluded severe cases and
fetal demises (163). A retrospective study of 300 newborns with CT showed that a delay
in antenatal treatment increased the risk of OT before 2 years of age, thus indirectly
supporting the efficacy of antenatal treatment (172). Hotop and colleagues also dem-
onstrated late treatment (more than 8 weeks after maternal seroconversion) as a risk
factor for symptomatic CT (159). A follow-up of a 14-center European CT study that
included severe CT cases (unlike previous studies, in which severe CT cases were
excluded) showed that antenatal treatment significantly decreased the risk of severe
neurologic sequelae or death after adjusting for gestational age; the highest efficacy
was seen in the first trimester. Pyr-sulf was not found to be more effective than
spiramycin, perhaps because of a limited power to detect the difference (161). In an
updated report of the findings on the impact of antenatal treatment from 1985 through
2008 from France, the authors demonstrated a decline in vertical transmission of
Toxoplasma infection after mandatory monthly Toxoplasma serological screening was
introduced in 1992 (160). This likely resulted from earlier initiation of anti-Toxoplasma
therapy, since maternal infection was also diagnosed earlier. Moreover, among new-
borns with CT that could not be prevented, there were improved clinical outcomes
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after implementation of PCR for screening of fetal infection in 1995. This may have led
to earlier diagnosis of fetal infection and initiation of anti-Toxoplasma therapy (160).
This landmark study demonstrated the usefulness of maternal screening for preventing
CT and improving CT outcomes (among infected newborns) by routine antenatal
diagnosis via amniotic fluid PCR testing. An Austrian study also demonstrated a 6-fold
decrease in CT among babies born to mothers who received appropriate antenatal
treatment versus no treatment (162). A recent randomized, open-label trial in 36 French
centers, comparing pyr-sulf plus folinic acid to spiramycin following seroconversion in
pregnant women, revealed a lower rate of placental transmission with pyr-sulf than that
with spiramycin; the study showed a trend toward lower transmission rates but failed
to show statistical significance, since only 143 women were enrolled between Novem-
ber 2010 and January 2014 (173). The difference was strongest when treatment was
started within 3 weeks after seroconversion, and the incidence of abnormal ultrasound
findings was significantly lower for patients receiving pyr-sulf than for those receiving
spiramycin (173).

Thus, despite conflicting results observed in earlier studies, recent long-term data
favor antimicrobial therapy to prevent vertical transmission and to decrease the
occurrence of neurologic sequelae in Toxoplasma-infected fetuses (174). If maternal
infection occurs before 14 weeks of gestation, spiramycin should be started to prevent
fetal infection. It should be pointed out that this 14-week limitation may be slightly
different in other countries. Amniocentesis for PCR analysis of amniotic fluid and
ultrasonography (USG) should be done as soon as feasible to determine whether the
fetus has been infected. If fetal infection is confirmed or suspected, spiramycin should
be switched to pyr-sulf: although pyrimethamine is teratogenic and should be avoided
in early pregnancy, spiramycin can only prevent fetal infection and is ineffective at
treating established infection. If maternal infection occurs after 14 weeks of gestation,
pyr-sulf with folinic acid should be started empirically pending fetal USG and amnio-
centesis because of the higher likelihood of fetal infection with increasing gestational age
at the time of maternal infection. Pyr-sulf with folinic acid should be continued until
delivery for cases of confirmed or suspected fetal infection. If fetal infection is ruled out,
pyr-sulf may be switched to spiramycin or continued throughout pregnancy. The role of
other anti-Toxoplasma therapies (atovaquone, pyrimethamine-clindamycin, pyrimethamine-
azithromycin, etc.) in pregnancy is not established, and these should not be used.
TMP-SMX is not validated for use in pregnancy but seems to be well tolerated and may
be effective at preventing CT (175). In one study, the combination of spiramycin and
TMP-SMX was found to decrease vertical transmission compared to that with spiramy-
cin alone, although there was no significant difference compared to that with pyr-sulf
(176). TMP-SMX can also cause kernicterus in the newborn, especially when used during
late pregnancy. At present, more data on its safety and efficacy are required before
TMP-SMX is routinely used during pregnancy.

Treatment of congenital toxoplasmosis in newborns. The severity of CT varies from
asymptomatic presentation at birth to severe neurologic disease and even neonatal
death. In some countries, such as France, where pregnant women are universally
screened for primary Toxoplasma infection (with monthly Toxoplasma serology) and
offered antenatal treatment upon evidence of primary infection, most CT cases present
without any apparent signs or symptoms and generally have a good prognosis if
anti-Toxoplasma therapy is started after birth (177, 178). Clinical manifestations are
likely to be prominent in those whose mothers were not diagnosed or treated ante-
natally for primary toxoplasmosis. Screening for congenital infection by serology,
cranial imaging, and ophthalmic examination should be done for all newborns born to
mothers with primary maternal infection to detect asymptomatic cases. This is impor-
tant because even newborns with no signs or symptoms of clinical disease can later
develop clinical manifestations, including significant sequelae, especially in the absence
of treatment (104, 105, 179). Postnatal treatment has also been found to decrease both
the development of new signs and symptoms and the clinical worsening of existing
signs and symptoms (179-181). In a large CT outcome study between 1981 and 2004,
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120 newborns with CT were treated with pyr-sulf for 1 year and monitored prospec-
tively for clinical outcomes. Even among children with severe presentations at birth,
80% had normal motor function, 73% had an IQ of >70, 64% did not develop new eye
lesions, and none developed sensorineural hearing loss. The neurologic outcomes for
treated children were found to be significantly better than those for historical controls
with no or suboptimal treatment (182).

Since most children with CT appear to have a good overall outcome with normal
neurologic development with treatment (even among infants presenting with severe
CNS involvement, such as microcephaly and hydrocephalus), treatment should be
started as soon as feasible after birth in neonates with CT, including asymptomatic
patients (183). Short courses of therapy and delay in initiating therapy can lead to
severe disabilities. The latter scenario is particular relevant when presenting signs of CT
are overlooked or when the infant with CT is asymptomatic at birth but develops signs
and symptoms a few weeks later. The treatment of choice is pyr-sulf plus folinic acid.
Pyrimethamine-sulfadoxine plus folinic acid is also used in some places and seems to
be well tolerated (184). Spiramycin does not treat established infection and should not
be used. The role of other medications is not clear. Treatment should be continued for
at least 1 year, with patients monitored clinically and serologically for treatment failure.
Since some clinical manifestations, especially eye lesions, may not manifest until later
in life, long-term follow-up is required.

PREVENTION OF TOXOPLASMOSIS IN HUMANS
Prevention of Primary Infection in High-Risk Populations

Everyone, including immunocompetent patients, should be educated about toxo-
plasmosis risk factors and ways to minimize the risks. Various intervention strategies to
reduce the burden of T. gondii infection were recently reviewed, with a focus on CT and
protection of the general population (185). In particular, ingestion of raw meat, oysters,
clams, and mussels should be avoided, and vegetables should be washed properly before
consumption. Cat feces may contain Toxoplasma oocysts, and high-risk individuals (e.g.,
seronegative pregnant women and transplant recipients) should not handle cat litter boxes,
if possible. As oocysts take 1 to 2 days to become infectious, cat feces should be disposed
of daily. Protective gloves should be worn, followed by handwashing, while disposing of cat
feces and gardening. In addition, prophylaxis should be employed in pretransplant Toxo-
plasma serology-negative SOT recipients who receive grafts from seropositive donors (D*
R™) for at least 6 months after the transplant (94, 96, 186).

Special considerations in pregnancy. Since at least 50% of pregnant women with
acute toxoplasmosis do not have risk factors or illness consistent with acute toxoplas-
mosis, counseling women to avoid risk factors cannot completely prevent acquisition
of disease (187). A recent paper from Austria also demonstrated that only 28% of
infections acquired during pregnancy could be avoided by strict adherence to preven-
tive strategies, such as avoiding ingestion of raw meat. This suggests that there are
other, unknown means by which acute infection can occur (188). Systematic monthly
antenatal screening of Toxoplasma-seronegative pregnant women can identify recent
infections and allow prompt therapy to prevent CT and, in those infected, severe
sequelae and death. Such an antenatal screening program has been implemented in
France, where CT is less severe than that in the United States, where such a screening
program does not exist (178). A mathematical model found the implementation of
universal maternal screening in the United States to be cost-effective, but its impact
diminished when the incidence of CT also decreased unless the cost of serological
testing was also adjusted (189). A recent European paper also demonstrates the
cost-effectiveness of universal maternal screening (190).

Prevention of Reactivation in Imnmunocompromised Patients

Latent infection can reactivate in patients with HIV and in allo-HCT recipients. In
Toxoplasma-seropositive HIV-infected patients, prophylaxis is started when the CD4
count drops below 100/mm3 and stopped when the CD4 count remains above
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200/mm?3 for at least 6 months on ART (70) (discussed in detail above). In pre-HCTSP
allo-HCT recipients, prophylaxis is recommended for at least 6 months after trans-
plant or while the patient remains significantly immunosuppressed (87). Preemptive
treatment with serial monitoring for Toxoplasma DNA in blood, in lieu of prophy-
laxis (in those who cannot tolerate prophylaxis) or as an adjunct to prophylaxis, is
also an option. Secondary prophylaxis (maintenance treatment) should be contin-
ued as long as the patient remains immunosuppressed (for HIV, see the above
discussion of TE) (87). While reactivation is less common in pretransplant
Toxoplasma-seropositive SOT recipients, they should nonetheless be considered for
prophylaxis or preemptive therapy following treatment for an acute allograft
rejection.

TREATMENT OF EXPERIMENTAL TOXOPLASMOSIS IN ANIMAL MODELS

Animal models have frequently been used to investigate the therapeutic effects and
safety of drugs against T. gondii infection. In most cases, these animal models have
been employed to address efficacy and safety during the different stages (acute, latent,
and reactivation) of T. gondii infection based on results obtained in prior in vitro studies.
Many of these studies have been instrumental in establishing currently available
therapies.

To our knowledge, reviews of antiparasitic drugs for the treatment of T. gondii
infection in animal models are scarce and were published 2 decades ago (4, 191).
Although in most cases animal studies are not directly applicable to humans, most
show marked similarities between mammals and humans with regard to drug potency.
Here we review studies in animal models with a focus on antiparasitic drugs that are in
clinical practice.

Laboratory animals, including mice, rats, rabbits, pigs, and nonhuman primates
(192-194), are most often used to study the efficacy of drugs against T. gondii infection.
However, the type of laboratory animal plays a decisive role in the outcome of infection;
the reader is referred to recent review articles for more detailed perspectives (195, 196).
Mice are most commonly used to study the efficiency of antiparasitic drugs. While
murine models have many advantages, extrapolating results to other species must be
done with care (197). Depending on the strain, mice are greatly susceptible to T. gondii
infection, and their use in furthering our understanding may not be ideal for all clinical
presentations. For instance, fetal infection can occur in successive murine pregnancies.
This is not the case in rats or sheep, which are more resistant to the disease and may
therefore be more relevant to studying treatment of human CT (197-199). Furthermore,
the mouse strain (195, 196), parasite strain (virulence and lethality versus nonlethality
[200]), parasite inoculum, and route of infection (oral versus intraperitoneal [201])
determine the course of infection (195, 196). Coinfections with other microorganisms
have also been studied in animal models to mimic this scenario in immunocompro-
mised hosts (202).

The natural course of human infection is characterized by oral infection with oocysts
or tissue cysts; these convert into the rapidly replicating tachyzoites during acute
infection. Importantly, the vast majority of currently used antiparasitic drugs demon-
strate efficacy only against the tachyzoite stage, not against the latent stage, which is
characterized by the presence of bradyzoites and tissue cysts. Therefore, most antipa-
rasitic drugs investigated allow control of the acute phase of infection but are not able
to clear parasites contained in tissue cysts from the host in the latent stage to establish
sterile immunity. Successful treatment and prevention of reactivation of latent infection
therefore continue to be unmet medical needs in immunocompromised patients.

Animal models of infection allow determination of the efficacy of antiparasitic drugs
by applying diverse readouts; these include survival of infected animals (Fig. 3),
histopathological changes in affected organs, and/or tachyzoite or cyst loads in various
organs, determined using staining techniques, PCR, or subinoculation of tissue into
naive mice or cell cultures (203).
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FIG 3 Survival of T. gondii-infected mice treated with drug combinations. The graph shows the survival
of infected mice treated with the combination of pyrimethamine plus sulfadiazine compared to that of
mice treated with monotherapy with either drug alone or with other treatment regimens (4). CLINDA,
clindamycin; PYR, pyrimethamine; RIF, rifampin; SULFA, sulfadiazine.

Drugs for Treatment of Acute T. gondii Infection in Mammals

Pyrimethamine and sulfadiazine. Eyles and Coleman (204) showed in 1952 that the
antimalarial drug pyrimethamine, which inhibits the folate synthetic pathway, pro-
tected mice against toxoplasmosis. Following reports of successful treatment in hu-
mans (205, 206), the efficacy of pyrimethamine monotherapy was also demonstrated in
mice, rats, and rabbits (207-209). Combination therapy using pyrimethamine plus
sulfonamides was also shown to be successful by Beverley and Fry (17), and subse-
quently by Piketty et al. (203). Folinic acid was added to the combination of pyr-sulf to
mitigate the hematological side effects of pyrimethamine (210, 211). In the 1970s, the
potencies of multiple sulfonamide-containing drug combinations were compared dur-
ing both stages of infection in mice (212). The parasitic cure rate (indicated by the
failure of infected brain from surviving mice to initiate infection when injected into
naive mice) was higher for mice treated with pyrimethamine plus sulfamethoxypyrida-
zine (92%) than for those receiving clindamycin plus sulfamethoxypyridazine (75%).
Khan and Araujo (4) later demonstrated the superior efficacy of the combination of
pyr-sulf over those of other treatment regimens in mice (Fig. 3). These studies per-
formed decades ago provided the basis for the current recommendation for the
combination of pyr-sulf plus folinic acid as first-line treatment of toxoplasmosis in
humans.

Pyrimethamine was also studied in combination with other drugs. The therapeutic
effect of dapsone alone or combined with pyrimethamine was highlighted in a murine
acute toxoplasmosis model (213). Dapsone plus pyrimethamine, but not dapsone
alone, cleared parasites from blood and organs. Starting treatment early, right after
infection, resulted in survival of 100% of mice, without relapse, suggesting a great
efficacy of the drug combination in preventing infection.

Trimethoprim-sulfamethoxazole. The efficacy of sulfonamides against toxoplasmo-
sis was demonstrated in animal models as early as 1942 (13, 214). While treatment with
trimethoprim alone was unsuccessful in mice infected with the virulent type | RH strain
via intraperitoneal inoculation, sulfamethoxazole, sulfadiazine, and pyrimethamine
demonstrated marked therapeutic effects. The therapeutic effect of sulfamethoxazole
was increased when it was used in combination with trimethoprim. Treatment with
TMP-SMX was found to reduce the level of cysts and to inhibit anti-T. gondii-antibody
production (215, 216). However, the TMP-SMX combination was inferior to the pyr-sulf
combination (217).
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Spiramycin. Spiramycin has been studied extensively in animal models due to its
ability to prevent human CT. Unlike pyrimethamine and sulfonamides, it has a favorable
safety profile, achieving a significant placental concentration. However, spiramycin was
less efficacious than the combination of pyrimethamine and sulfonamides in reducing
mortality or parasite loads with the RH strain (215, 218). Elsewhere, spiramycin dem-
onstrated marked antiparasitic activity in a murine model of peroral infection (219):
treatment was characterized by elevated protection and a reduced brain cyst burden
months after infection. More recently, the coadministration of spiramycin with metro-
nidazole was also found to significantly reduce the number of intracerebral T. gondii
cysts due to increased spiramycin brain penetration (220).

Clindamycin. In contrast to the lack of in vitro efficacy of clindamycin demonstrated
in early reports, lincomycin potency was demonstrated in mice acutely infected with T.
gondii (22, 221, 222). The efficacy of prolonged clindamycin treatment during chronic
infection was shown by parasite clearance from the blood, spleen, and liver (223), and
clindamycin prevented death from TE in intracerebrally infected mice (224). Histological
characteristics of cerebral infection, such as large numbers of cysts and inflammatory
infiltrates with tissue necrosis, were not present in the CNS of clindamycin-treated mice.
Combination therapy with clindamycin plus atovaquone during acute toxoplasmosis in
mice appears to be superior to monotherapy with either drug, based on increased
survival and elimination of parasites in some mice (225).

Atovaquone. Atovaquone, formerly known as 566C80, is a hydroxynaphthoquinone
derivative and has in vivo activity against T. gondii during both infection stages (226,
227). Romand et al. (228) reported that the combination of atovaquone with clarithro-
mycin, pyrimethamine, or sulfadiazine compared to monotherapy with any of these
drugs resulted in a higher survival rate. However, the parasite burdens in blood and
various organs were not significantly decreased in the combination groups. A marked
improvement in efficacy was demonstrated by combining atovaquone with either
sulfadiazine or pyrimethamine in murine models of intraperitoneal infection with
rapidly multiplying tachyzoites or oral infection with cysts (229). The combination of
atovaquone plus clindamycin also showed antiparasitic potency in models of acute and
chronic murine infection, as demonstrated by significantly decreased cyst burdens
compared to those with monotherapy with either drug (230).

Drugs with activity against T. gondii cysts. The development of anti-T. gondii drugs
with activity against cysts during the latent stage of infection is highly desirable to
lower the cyst burden in the host, and possibly even eradicate the parasite from the
host to establish sterile immunity. Since the vast majority of drugs currently used to
treat toxoplasmosis in humans do not demonstrate such activity, eradication of the
parasite from the host has not been achieved. Several groups have reported a reduction
of cyst numbers in mouse models of acute or latent infection by use of, among others,
the anticoccidial drug ponazuril (231, 232), artemisinin derivates (233), and 2-hydroxy-
3-(1-propen-3-phenyl)-1,4-naphthoquinone (PHNQ6) alone or combined with sulfadia-
zine (234). In an elegant series of in vitro and in vivo experiments, the endochin-like
quinolone ELQ-316 demonstrated a favorable median effective dose (ED5,) compared
to that of atovaquone when administered orally to acutely infected mice; furthermore,
ELQ-316 at 25 mg/kg reduced the cyst burden significantly compared to that with
atovaquone (88% versus 44% reduction) after 16 days of treatment, without showing
overt toxicity in mice (235). Guanabenz, an FDA-approved drug for the treatment of
hypertension, protected mice against lethal acute infection and also significantly
reduced the number of brain cysts in chronically infected mice due to its excellent
passage through the blood-brain barrier (BBB) (236). Guanabenz may potentially be
repurposed in humans as an effective antiparasitic drug with a unique ability to reduce
tissue cysts in the brain. Similarly, the maximum concentration (C,,,,,) of spiramycin in
the brain increased more than 70% when spiramycin was coadministered with metro-
nidazole (which lacks efficacy against toxoplasmosis); this regimen resulted in a 10-fold
reduction in brain cysts during latent infection compared to the level with spiramycin
treatment alone (220). Recently, inhibitors of the calcium-dependent protein kinase 1
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were found to penetrate the CNS and significantly reduced the number of brain cysts
in acute and latent mouse models of T. gondii infection (237). Most importantly,
treatment of gamma interferon (IFN-vy) receptor 1-deficient mice, which are normally
extremely susceptible to infection, not only prolonged survival after reactivation but
also cured some of the animals (238). It was hypothesized that interfering with
tachyzoite invasion and egress contributed to the results, but a blockage of bradyzoite
invasion in vitro suggested a direct effect on cyst formation and turnover (238).

Immunotherapy. There are several reports on immunotherapy in the field of toxoplas-
mosis. While immunotherapy nowadays often denotes blockage of checkpoint inhibi-
tors, including CTLA-4 as well as PD-1 in cancer and sepsis (239), its use in the form of
serum and immune modulators to boost the efficacy of anti-T. gondii drugs has
previously been evaluated. As early as 1977, Werner et al. (240) reported a greater
reduction of cysts in the CNS following treatment with anti-Toxoplasma serum com-
bined with sulfonamide plus pyrimethamine than after treatment with sulfonamide
plus pyrimethamine alone. In another study, more than 40% of mice receiving combi-
nation therapy with azithromycin plus IFN-y survived, whereas azithromycin mono-
therapy protected less than 10% of mice and IFN-y alone did not protect against a
lethal dose of the parasite (241). Similarly, administration of interleukin 12 (IL-12)
beginning 24 h before infection, followed by therapy with atovaquone or clindamycin,
significantly increased the survival of mice compared to that of controls treated with
either drug or IL-12 alone (242). These data support the efficacy of immunotherapy in
combination with anti-Toxoplasma drugs.

Animal Models of Coinfection

Coinfections with opportunistic pathogens, including Pneumocystis jirovecii, T. gon-
dii, and members of the Mycobacterium avium complex, were frequently observed in
AIDS patients before the introduction of ART (243). To investigate the efficacy of
primary and secondary prophylaxis for opportunistic infections, coinfection models
were developed in rats (202, 244). Following corticosteroid-induced immunosuppres-
sion, treatment with TMP-SMX or with pyrimethamine plus dapsone simultaneously
cleared T. gondii and prevented P. jirovecii pneumonia. Roxithromycin monotherapy
protected against T. gondii but not P. jirovecii infection, and atovaquone showed partial
efficacy against pneumocystosis and toxoplasmosis (202, 244). In separate studies,
three folate reductase inhibitors, PS-15, epiroprim, and pyrimethamine, were also
tested alone or in combination with dapsone. Monotherapy with PS-15 showed efficacy
against P. jirovecii but not against T. gondii, while combination therapy with PS-15 plus
dapsone was highly effective against T. gondii and P. jirovecii (202). The combination of
dapsone with epiroprim and pyrimethamine also prevented pneumocystosis and tox-
oplasmosis (202). Combination therapies of clarithromycin plus sulfamethoxazole or
atovaquone, roxithromycin plus sulfamethoxazole or dapsone, and rifabutin plus atova-
quone all demonstrated efficacy against T. gondii, P. jirovecii, and M. avium in coinfected
rats, whereas PS-15 plus dapsone or TMP-SMX was active only against T. gondii and P.
jirovecii and not against M. avium (245).

Ocular Infection

While OT is an important cause of human retinochoroiditis (246), the efficacy of
currently available antiparasitic therapies is unclear. Moreover, the available drugs are
ineffective against tissue cysts, which are the likely source of clinical reactivation (114).
Evaluation of anti-Toxoplasma drugs for OT requires retinal biopsy to study the effect
on active infection as well as the persistence of cysts. For ethical reasons, these studies
cannot be carried out on human volunteers. Therefore, animal models have been used
to study the efficacy of anti-Toxoplasma therapy in ocular infection (195, 196). Gormley
et al. (247) investigated the efficacy of atovaquone compared to that of conventional
therapies for OT treatment in Syrian golden hamsters. None of these treatments
changed the development of acute infection, based on clinical examination. However,
atovaquone, but not the conventional therapies, significantly reduced the number of
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cerebral cysts after acute infection and during chronic disease. Retinal cysts were only
rarely detected in control and treated hamsters. Tabbara et al. (248) investigated the
efficacy of clindamycin in rabbits. Clinical improvement was observed in 28% of control
rabbits and more than 70% of clindamycin-treated rabbits. While parasites were found
in 78% of eyes of untreated rabbits, they were not detected in those of treated rabbits.
The retinal architecture was preserved and the alteration of inflammation was mild to
moderate in the majority of treated rabbits. In contrast, the vast majority of eyes of
untreated rabbits demonstrated severe retinochoroiditis, characterized by disruption of
the normal retinal architecture and significant tissue destruction, supporting findings
for humans. The efficacy of orally administered clindamycin was also investigated in
cats, but the morphometric severity of ocular posterior segment lesions did not differ
between control and treated animals. Paradoxically, clindamycin administration was
associated with disseminated toxoplasmosis, manifested as hepatitis and interstitial
pneumonia (249). Reasons for the lack of efficacy of clindamycin may be, among others,
the suboptimal dosage, delay in treatment initiation, and shorter duration of treatment.

Other drugs have also demonstrated some efficacy in the treatment or prevention
of OT in animal studies. Minocycline, a semisynthetic tetracycline, ameliorated clinical
signs of TE, sterilized ocular tissues from parasites, and prevented death in 75% of
animals (250). The potency of azithromycin in diminishing congenital transmission of
the parasite was shown in the vesper mouse, Calomys callosus (251). After peroral
infection, azithromycin treatment reduced the number of cysts, and parasites were
absent from fetal eyes.

Congenital Infection

As previously discussed for OT, animal studies on CT treatment are complicated by
the complexity of the experimental model and a lack of similarity with the human
course of disease. The ability of clindamycin to prevent CT in animal models during
acute infection was evaluated by Araujo and Remington (252). Pregnant mice infected
intraperitoneally with tachyzoites were given clindamycin in their diet immediately
after infection. Subinoculation studies revealed that almost all infected control mice,
but none of the infected mice treated with clindamycin, bred infected offspring.
Similarly, Schoondermark-van de Ven et al. (253) demonstrated the efficacy of pyr-sulf
plus folinic acid in rhesus monkeys with congenital infection during the second
trimester. Initiation of combination treatment after establishment of fetal infection
cleared parasites from amniotic fluid samples and from the neonates at birth. The same
authors also investigated the efficacy of spiramycin (254). In monkeys that completed
several weeks of treatment with spiramycin, the placenta, amniotic fluid, and neonatal
tissues were free of parasites, suggesting that initial treatment with spiramycin is able
to prevent fetal transmission of the parasite.

The large vesper mouse model was used to demonstrate the capability of azithro-
mycin to prevent congenital T. gondii transmission (251). Following peroral infection,
tachyzoites were detected in the eyes of control fetuses and fetuses treated with
pyr-sulf plus folinic acid but not in those of fetuses treated with azithromycin. The
authors concluded that azithromycin might be an effective alternative treatment for
toxoplasmosis during pregnancy.

Reactivated Toxoplasmosis

Although reactivation of the latent phase of infection usually manifests as TE, the
immunopathogenesis of TE is not fully understood. The efficacy of antiparasitic drugs
for the treatment of TE has been evaluated in animal models of acute and reactivated
infections. While models of reactivated infection more accurately reflect reactivation in
humans, we are not aware of studies directly comparing antiparasitic drugs in either
model. Therefore, it remains to be shown whether animal models of reactivated
disease, as described below, are better suited to predict the efficacy of antiparasitic
drugs in humans.
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FIG 4 (A) Murine model of reactivated toxoplasmosis to investigate the efficacy of drugs for acute therapy. Following induction
of latent infection in immunodeficient (IRF-8/~) mice by use of sulfadiazine, treatment is withdrawn to allow reactivation. The
specific treatment of interest, e.g., atovaquone nanosuspensions, is then administered. Histological changes in brain tissue,
including parasite counts, and survival of mice can be determined to evaluate the efficacy of treatment for reactivated
infection. (Modified from reference 266 with permission.) (B) Murine model of reactivated infection to investigate the efficacy
of drugs for maintenance therapy. Following induction of latent infection in immunodeficient (IRF-8~/~) mice by use of
sulfadiazine, treatment is withdrawn to allow reactivation. Acute therapy against reactivation is then administered, and
maintenance treatment (secondary prophylaxis) with the drug of interest is initiated. Histological changes in brain tissue,
including parasite counts, and survival of mice can be evaluated to determine the potency of maintenance treatment.
(Modified from reference 268 with permission.) ANS, atovaquone nanosuspensions; i.v., intravenous.

Direct inoculation of tachyzoites into brain tissue of experimental animals can
induce focal encephalitis, but these models are difficult to use in large-scale studies
(224). Cellular immunity is key for containing reactivation of T. gondii, and immuno-
suppressive treatments, including administration of antibodies against CD8* and CD4+
T lymphocytes (255), IFN-y (256, 257), or immunosuppressive drugs targeting a broad
range of immune pathways (258-260), induce focal reactivation in the brain in animal
models of infection. A cyclophosphamide-induced murine model of reactivated toxo-
plasmosis was used to show the prophylactic efficacy of the synthetic dipeptide
pidotimod, a potent immunostimulating drug. Treatment resulted in reduced par-
asite loads and amelioration of histopathology in the brain through enhanced
Th1-mediated cellular immunity (261). Djurkovic-Djakovic et al. (230) introduced an
alternative immunosuppression model in which dexamethasone-sodium phosphate
and hydrocortisone-21-acetate induced immunosuppression in latently infected
mice. In this model, atovaquone in combination with clindamycin significantly
increased survival and markedly decreased the cyst burden. The latter effect was
long lasting: the cyst burden in treated mice continued to decrease up to 3 months
later, whereas it increased in the untreated mice.

Genetically modified mice that are depleted of cellular or other components of the
protective (T) cell response develop disseminated but not focal infection (262-264). We
and others have established new mouse models to mimic the development of reacti-
vated infection observed in humans. Based on earlier studies in infected IFN-y-deficient
mice (265), we used mice deficient in the interferon-regulated-factor 8 (IRF-8) gene,
which do not produce IL-12p40 (266). When these animals were treated with anti-
Toxoplasma drugs shortly after infection, they developed latent Toxoplasma infection,
which reactivated upon withdrawal of the anti-Toxoplasma drugs (Fig. 4A). Thus, this
murine model of reactivated disease allows investigation of the efficacy of acute
therapy. The model also lends itself to assessment of the efficacy of maintenance
therapy (Fig. 4B). Following oral parasite challenge, sulfadiazine is administered for 4
weeks. The treatment prevents acute symptomatic disease but allows development of
latent infection with the development of cysts in the CNS. Discontinuation of sulfadi-
azine treatment leads to cyst reactivation into active replicating tachyzoites, resulting
in development of TE. Using our models, we studied the efficacy of new atovaquone
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FIG 5 Survival of mice following treatment of reactivated toxoplasmosis with artemisinin derivatives.
(Republished from reference 271 with permission.)

formulations. An atovaquone nanosuspension coated with the surfactant polysorbate
80 (Tween 80) demonstrated elevated bioavailability and better penetration through
the blood-brain barrier (BBB) than that of conventional atovaquone, and it prevented
TE in animals challenged with T. gondii (266). Similarly, sodium dodecyl sulfate (SDS)
coating of atovaquone nanosuspensions resulted in higher oral bioavailability and
improved CNS uptake, resulting in less brain damage and reduced parasite numbers in
brains of treated mice (267).

In another study, an atovaquone nanosuspension used as oral maintenance therapy
was found to be superior to standard therapy with pyr-sulf in preserving brain pathol-
ogy and reducing parasite numbers (268). To further enhance the capacity of the
atovaquone nanosuspension to cross the BBB, several novel surface modifications were
developed (269). The modified drugs have enhanced in vivo CNS uptake, as measured
by mass spectrometry, and lead to atovaquone accumulation on endothelial cells (269,
270).

Other drugs, such as artemisone and artemiside, have also been tested as potential
treatments in IFN-y-deficient mice (271). Both artemiside and artemisone increased
survival of animals with reactivated toxoplasmosis, although artemiside demonstrated
superior therapeutic efficacy (Fig. 5). These drugs were able to control the early phases
of reactivation, but all mice died within 25 days of discontinuing treatment, indicating
a failure to eradicate the parasite. These results likely indicate a lack of efficacy against
the latent stage of infection, which is characterized by the presence of bradyzoite-
containing cysts.

CONCLUSIONS

Toxoplasmosis continues to be a health threat for diverse patient populations,
including immunocompromised patients, pregnant women, and patients with ocular
disease. Since currently available treatments are insufficiently effective, require pro-
longed courses ranging from weeks to more than a year, or demonstrate significant
toxicity, new therapeutic options for the treatment of toxoplasmosis are warranted.
While development of therapeutics against T. gondii in the past was driven by the use
of existing drugs with potent activity against other pathogens, future drug develop-
ment should focus on new target molecules that lead to highly potent drugs without
toxicity or on improved formulations for targeted delivery of established drugs. These
approaches must also consider the efficacy of drugs against the bradyzoite stage of T.
gondii, since curing patients from the infection is the most desirable strategy for
preventing reactivation.

These development efforts will require appropriate screening technologies, fol-
lowed by characterization and testing in validated in vitro models, before moving on to
studies with validated animal models. Lastly, controlled clinical trials should be con-
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ducted on patient populations with the greatest need, including pregnant women and
patients with ocular disease.

Research efforts in different fields, including chemistry, parasitology, pharmaceutical

sciences, clinical microbiology, and infectious diseases, must come together to suc-
cessfully address the vast number of remaining challenges.
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