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ABSTRACT

Toxoplasmosis is a zoonotic disease of major significant perspectives in public health and
veterinary medicine. So far, the available drugs control only the active infection, once the
parasite encysts in the tissues, they lose their efficacy. Cytokines; IFN-y and IL-10, play a critical
role in the modulation of toxoplasmic encephalitis and neuro-inflammation in chronic toxo-
plasmosis. Antiretroviral protease inhibitors applied in the treatment of acquired immunode-
ficiency syndrome, revealed activity against multiple parasites. Aluvia (lopinavir/ritonavir) (L/R);
an aspartyl protease inhibitor, had efficiently treated T. gondii RH strain infection. We investi-
gated the potential activity of L/R against experimental T. gondii infection with a cystogenic
Me49 strain in mice, considering the role of IFN-y and IL-10 in the neuropathology versus
pyrimethamine-sulfadiazine combination therapy. Three aluvia regimens were applied; starting
on the day of infection (acute phase), 2-week PI (early chronic phase) and eight weeks PI (late
chronic phase). L/R reduced the brain-tissue cyst burden significantly in all treatment regimens.
It impaired the parasite infectivity markedly in the late chronic phase. Ultrastructural changes
were detected in Toxoplasma cyst membrane and wall, bradyzoite membrane and nuclear
envelope. The signs of bradyzoite paraptosis and cytoplasmic lipid droplets were observed. L/R
had significantly reduced the brain-homogenate levels of IFN-y and IL-10 in its three regimens
however, they could not reach the normal level in chronic phases. Cerebral hypercellularity,
perivascular inflammatory response, lymphoplasmacytic infiltrates and glial cellular reaction
were ameliorated by L/R treatment. Herein, L/R was proved to possess promising preventive
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and therapeutic perspectives in chronic cerebral toxoplasmosis.

1. Introduction

Toxoplasmosis is a zoonotic disease affecting more
than a billion people. It has a major significance from
the perspectives of public health and veterinary med-
icine. The disease is caused by an obligate intracellular
apicomplexan protozoan; Toxoplasma gondii (T. gondii)
[1]. It has high morbidity and mortality impacts, espe-
cially in congenitally infected and immuno-
compromised individuals [2]. Infection of an immuno-
competent host is usually asymptomatic, while in
immuno-compromised patients; it can develop severe
systemic, ocular and neurological disorders. In conge-
nital infections, it is a leading cause of still-birth and
congenital defects [3]. Currently, there is no vaccine
available to prevent human toxoplasmosis [4].

Human T. gondii infection generally occurs via
ingestion of oocyst-contaminated food or under-
cooked meat products containing tissue cysts. After
ingestion, sporozoites or bradyzoites invade the intest-
inal cells, where they are converted to tachyzoites and
disseminate to remote organs through the hemolym-
phatic system [5]. Chronic infection develops by con-
version of actively replicating tachyzoites into slowly

multiplying bradyzoites, which produce intracellular
tissue cysts. The progression of T. gondii encystation
results from both intrinsic reprogramming within the
parasite and the immune response of the host, which
eventually help to maintain a chronic infection. The
brain is the most common chronically affected organ
[6]. Chronic non-lethal infection elicited by avirulent
T. gondii Me49 strain is characterized by modest eleva-
tions in T helper 1(Th1) cytokines, which control the
infection with minimal damage to the host. More spe-
cifically, IFN-y plays a critical role in the prevention of
toxoplasmic encephalitis (TE) during the late stage of
infection by inhibiting the proliferation of tachyzoites
released from the cysts. Additionally, Th2 cytokine (IL-
10) is important to reduce the excessive inflammatory
reaction of the brain in chronic toxoplasmosis [7,8].
Antifolate agents; sulfadiazine and pyrimethamine
are two primary drugs for the treatment of human
toxoplasmosis [9]. Atovaquone has also been used
with some success, although its efficacy appeared to
be less than pyrimethamine combinations [10].
Alternative therapeutic agents; azithromycin, clari-
thromycin, trimethoprim/sulfamethoxazole and arte-
misinin are of variable efficacy [11,12]. So far, there is
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no available drug capable of eliminating the parasite
completely. Some drugs can only limit the multiplica-
tion of the parasite during the active stage of replica-
tion. However, once the parasite encysts within the
tissues, the drugs lose their effectiveness [13].
Furthermore, these therapies can be associated with
prominent side effects such as bone marrow depres-
sion, hypersensitivity and skin rashes [14]. These
shortfalls of the current treatment options necessitate
the development of nontoxic, well-tolerated, potent
alternatives against the parasite cysts. One of the
novel approaches for parasitic treatment is the strat-
egy of repurposing drugs that possess well-
characterized pharmacokinetic and safety pro-
files [15].

The antiretroviral protease inhibitors (APls) were
approved by the US Food and Drug Administration
(FDA) for treatment of acquired immunodeficiency
syndrome (AIDS) in 2000. They act by competing for
the active sites of the protease enzymes [16]. They
have markedly reduced the incidence of different
opportunistic parasitic diseases, including TE [2].
Previous studies have revealed the antiparasitic
activity of APIs against Plasmodium falciparum,
Leishmania  spp., Trypanosoma cruzi [17-19].
Moreover, in vitro inhibition of T. gondii RH strain
had been observed by multiple protease inhibitors
such as atazanavir, fosamprenavir, indinavir, nelfina-
vir, ritonavir and saquinavir [20]. Aluvia; an aspartyl
protease (ASP) inhibitor has been successfully tried
in the treatment of acute experimental toxoplasmo-
sis [21]. Although this antiparasitic property has
been partially attributed to the restoration of cell-
mediated immunity, there are evidences that APIs
have direct suppressive effects on the proteases of
some parasites [16]. Aluvia is one of APIs, composed
of lopinavir and ritonavir (L/R), which are used in
developing countries for the treatment of AIDS. The
main side effects are gastrointestinal disturbances
and changes in body fat (fat atrophy and/or deposi-
tion) [22].

Bioinformatics identified seven aspartyl protease
genes in T. gondii and suggested that aspartyl pro-
teases might be a novel drug target for toxoplasmosis
treatment [23]. Toxoplasma aspartyl protease 5 (ASP5)
has fundamental roles at the host-parasite interface. It
is essential for maturation of dense granule proteins
and formation of the nano-tubular network involved in
the parasite lytic cycle [24,25].

In view of the promising in vitro and in vivo anti-
parasitic activity of ritonavir as one of APIs against the
virulent Toxoplasma RH strain, the current study was
designed to investigate the potential efficacy of L/R
‘Aluvia’ on experimental T. gondii infection with
a cystogenic Me49 strain in mice models with an
attempt to reveal the role of cytokines (IFN-y and IL-
10) in the neuropathology of the disease.

2. Material and methods
2.1. Parasite

The cystogenic Me49 strain of T. gondii was maintained
in the Medical Parasitology Department, Faculty of
Medicine, Alexandria University; by serial passage in
Swiss albino mice every 2 months. For animal infection,
mice were orally inoculated by gavage with brain
homogenate suspension containing T. gondii cysts
(10 cysts/mouse). Eight weeks post infection (PI), mice
were anaesthetized with an over-dose of thiopental
sodium and sacrificed, brains were homogenized in
a glass homogenizer (Wheaton USA) with normal sal-
ine. Brain suspensions from chronically infected mice
were used for subsequent experimental animal-
infection [26].

2.2. Drugs

Aluvia tablets (100 mg lopinavir and 25 mg ritonavir)
were dissolved in dimethyl-sulfoxide (DMSO) at a final
concentration of 10 mg/ml. It was administered orally
at a dose of 40 mg/kg/day for two weeks according to
a preformed pilot study.

A combination of pyrimethamine (200 mg/kg/day)
and sulfadiazine (640 mg/kg/day) was used as
a reference therapy. They were individually dissolved
in distilled water and administered orally, 8 weeks PI
for 2 weeks [27].

2.3. Experimental animals

110 male laboratory-bred Swiss albino mice, 4-6 weeks
old, weighing 20-25 g were used in the present study.
They were maintained in the animal house in a suitable
rearing environment, they were housed in metallic,
well-ventilated, clean cages. Food pellets and water
were continuously supplied and bedding was changed
daily. All experimental procedures were conducted in
accordance with the Egyptian National Animal Welfare
Standards and approved by the Ethics Committee of
Alexandria Faculty of Medicine (Approval number:
0304056).

2.4. Animal grouping and treatment schedule

Twenty mice were used as a control Group |, which was
equally divided into two subgroups (Figure 1).
Subgroup la (10 non-infected, non-treated, healthy
control mice) and subgroup Ib (10 infected, non-
treated, control mice). Experimental infection was per-
formed as previously described. Ninety mice served as
an experimental Group Il, which was further divided
into two subgroups. Subgroup lla included 30 infected,
aluvia-treated mice and subgroup llb included 10
infected, pyrimethamine-sulfadiazine-treated mice
(P-S therapeutic control). According to the onset of
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Subgroup Ia: 10 healthy,
non-treated mice

Subgroup Ia: 10 infected,
non-treated mice

IIal: 10 mice, treatment
started on the same day
of infection

Subgroup Ila: 30
infected, Aluvia-treated
mice
IIa2: 10 mice, treatment
started 2 weeks post
infection

Subgroup ITb: 10

\ IIa3: 10 mice, treatment
' started 8 weeks post
infection

sulfadiazine-treated mice

Infectivity assessment: 50
naive mice allocated in 5
subgroups 10 mice each;
Ib’, IIal’, ITa2", IIa3’
and IIb

Figure 1. A graphical representation of the different animal studied groups.

treatment, subgroup lla was equally divided into three
subgroups (Figure 1). Subgroup lla1 included 10 mice
and the protective treatment started on the same day
of infection. Subgroup Ila2 involved 10 mice and treat-
ment started 2 weeks Pl at the early phase of chronic
infection. Subgroup 1la3 included 10 mice and treat-
ment started 8 weeks Pl at the late phase of chronic
infection. The remaining 50 naive mice were used to
assess the infectivity of Toxoplasma tissue cysts
obtained from the experimentally-infected subgroups,
10 mice for each subgroup. They were named Ib*, lla1’,
lla2*, lla3" and lIb", respectively (Figure 1). Animals of
all subgroups were euthanized ten weeks PI.

2.5. Assessment of drug efficacy

2.5.1. Parasitological study

Observation of food and water intake of all animal
subgroups was done on a daily basis and the mortality
rate was calculated for each subgroup using the fol-
lowing equation [26]:

Number of deadmice at the sacrifice time

~ Number of mice at the beginning of the experiment
x 100

MR

To determine the parasite burden, Toxoplasma tis-
sue cysts were counted in the brain homogenate of all
infected animals and the mean value for each mouse
was calculated in 10 high power fields (HPF) with sub-
sequent calculation of the mean value in each sub-
group [28]. To assess the parasite infectivity, naive
mice were orally inoculated with brain tissue cysts
obtained from the experimentally infected mice, 10

cysts/mouse [29]. Ten weeks later, mice were eutha-
nized and their brain homogenates were separately
examined three times under light microscope for
T. gondii cysts. The infectivity rate (IR) was determined
for each subgroup; Ib*, llal1, 1la2’, lla3* and llIb*, by
calculating the percentage of mice which were positive
for tissue cysts (infected mice) following this equation:

Number of infected mice at the sacrifice time

~ Number of naive mice inoculatedwithT.gondiicysts
x 100

IR

2.5.2. Ultrastructural study

Brain homogenate containing tissue cysts, harvested
from subgroup lla3, was fixed in 2.5% glutaraldehyde
and processed for scanning electron microscopy (SEM)
and transmission electron microscopy (TEM).

2.5.3. Immunological study

Quantitative colorimetric measurement of IFN-y and IL-
10 in brain homogenate of all studied subgroups was
performed using mouse IFN-y ELISA Kit (sigma-aldrich.
com) and mouse IL-10 ELISA kit (abcam.com) accord-
ing to the manufacturer instructions.

2.5.4. Histopathological study

Equal parts of the brain tissue (cerebrum) from all the
infected animal subgroups were excised, fixed in 10%
buffered formalin overnight, processed into paraffin
blocks and cut into 5um-thick sections onto glass
slides followed by standard Hematoxylin and Eosin
(H&E) staining for histopathological examination
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under a standard light microscope using x200 and
x400 magnifications. Cerebral sections were examined
for tissue cysts, perivascular mononuclear infiltration,
glial reaction and nodules. The severity of inflamma-
tion was scored as four tiers; minimal, mild, moderate
and severe in a blinded fashion.

2.6. Statistical analysis

Data were analyzed using IBM SPSS software package
version 20.0. (Armonk, NY: IBM Corp). The Kolmogorov-
Smirnov was used to verify the normality of variables
distribution. Comparisons between groups for catego-
rical variables were assessed using Chi-square test
(Monte Carlo), ANOVA was used for comparing the
four studied groups and followed by Post Hoc test
(Tukey) for pairwise comparison. Significance of the
obtained results was judged at the 5% level.

3. Results
3.1. Assessment of the drug efficacy

3.1.1. Parasitological study
There were no abnormal changes in food and water
intake in all studied subgroups till the time of authen-
tication (10 weeks Pl). Moreover, there was
a statistically non-significant difference between the
studied subgroups regarding the mortality rate (Table
1). This indicated that the studied drugs as well as the
infection with the cystogenic T. gondii Me49 strain did
not critically affect the animal survival.

The treatment with aluvia had significantly
(P < 0.05) reduced the parasite burden in terms of
the mean Toxoplasma cyst count, whenever the onset
of its administration, as compared to the infected non-

treated subgroup Ib. Moreover, aluvia proved to be
statistically superior to P-S combination therapy (lIb)
regarding this valuable parameter. The pairwise com-
parison between every two aluvia-treated subgroups
declared statistically significant differences and
revealed that subgroup llal was most efficient in redu-
cing the parasite burden (Table 1).

In both animal subgroups lla1 and lla2, aluvia could
not significantly affect the parasite infectivity (P > 0.05)
when compared to the infected non-treated control
subgroup. Similarly, P-S combination therapy failed to
reduce the infectivity of T. gondii cysts. Interestingly,
treatment with aluvia starting 8-week PI (lla3) had
significantly reduced the parasite infectivity, indicating
its direct deteriorating effect on this parasitic stage
(Table 1).

3.1.2. Ultrastructural study

SEM showed the non-treated T. gondii cysts with sphe-
rical shape and smooth regular surface (Figure 2).
However, those treated with aluvia 8 weeks Pl (lla3)
revealed obvious alterations; irregularities, reduction in
size, compressions, deep depressions (Figure 2).
Evident protrusions in the cyst wall were also detected
(Figure 2)E. The cyst membrane was loose exhibiting
a moth-eaten appearance (Figure 2)F. TEM of the non-
treated T. gondii cyst revealed an intact well circum-
scribed cyst wall surrounding many bradyzoites with
intact cell membranes (Figure 3)-A. Meanwhile, aluvia-
treated T. gondii cysts (lla3) demonstrated multiple
bradyzoites with marked discontinuity of their plasma
membranes (Figure 3-)B. The hallmarks of paraptosis
were observed, featuring vacuolation of the brady-
zoite; swelling of the mitochondria, dilatation of the
endoplasmic reticulum as well as a localized disruption

Table 1. Comparison between the different studied subgroups according to the mortality rate, the cyst count/10 HPF and the

infectivity rate.

la Ib llal lla2 lla3 Ilb
(n=10) (n=10) (n=10) (n=10) (n=10) (n=10) p
Mortality rate 20.0% 10.0% 10.0% 20.0% 20.0% 10.0% 1.000
Cyst count/ 10 HPF
Median 10 (8.9-11.8) 0.9 (0.5-1.4) 3.1(24-38) 6(52-76) 9.9 (8.8-11) F =368.950* <0.001*
(Min — Max)

Mean + SD. 10.2 £ 0.9 09+03 31105 6.2+038 99 +£0.7
o <0.001* <0.001* <0.001* 0.365
[} <0.001* <0.001* <0.001*
Significance between subgroups ps < 0.001%*,p4 < 0.001%, ps < 0.001*
Infectivity rate 10 (100%) 10 (100%) 8 (80%) 2(20%) 10 (100%) x*=23257* MS<0.001*
o, - 0.474 0.001* -
o, - 0.474 0.001*

Significance between subgroups

s = 0.474,%p, = 0.001*, ps = 0.007*

x> Chi square test MC: Monte Carlo FE: Fisher Exact

F: F for ANOVA test, pairwise comparison between each two subgroups was done using Post Hoc Test (Tukey)

p: p value for comparing between the different studied subgroups
p+: p value for comparing between Ib and lla1, lla2, l1a3, llb

p: p value for comparing between IIb and lla1, lla2, lla3

ps: p value for comparing between lla1 and lla2

p4: p value for comparing between llal and Ila3

ps: p value for comparing between lla2 and lla3

*: Statistically significant at p < 0.05

la: Healthy control, Ib: Infected control, lla1: Aluvia-treated (day zero), lla2: Aluvia-treated (second week), lla3: Aluvia-treated (eighth week), llb: Therapeutic

control
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Figure 2. SEM of T. gondii cysts in brain homogenate of the avirulent Me49 strain-infected non-treated subgroup (Ib) (A) and the
infected aluvia-treated one (lla3) (B-F). (A) Non-treated T. gondii cyst possessing a spherical shape, a regular surface and 1.98 um
diameter. (B) Aluvia-treated T. gondii cyst showing irregularities and multiple nearby compressions of the cyst wall. (C and D)
T. gondii cysts revealing their small size (1.13 pm diameter) with shallow and deep depressions in their surface. (E) T. gondii cyst
demonstrating multiple cyst wall protrusions. (F) T. gondii cyst having a redundant disrupted cyst membrane with a moth-eaten

appearance at one side (arrows).

of the nuclear envelope (Figure 3)-C. Lipid droplets of
varying sizes and electron densities were also identi-
fied (Figure 3)-C and D.

3.1.3. Immunological study

Regarding the brain-homogenate level of IFN-y (Table
2), both the infected non-treated (Ib) and pyrimetha-
mine-sulfadiazine-treated (llb) subgroups showed
almost a one-fold rise, which was statistically signifi-
cant (P < 0.001) as compared to the healthy control
subgroup (la). However, the level of IFN-y in subgroup
llb was not significantly affected, when compared to
subgroup Ib. Notably, the three aluvia-treated sub-
groups lla1, lla2 and lla3 recorded statistically signifi-
cant reductions, c whether ompared to subgroup Ib or
subgroup llb. Notably, the IFN-y concentration had

approximated the normal level in subgroup lla1, rela-
tive to the healthy subgroup la (P = 0.454). Contrarily, it
remained significantly higher than the normal level in
both early and late chronic phases of aluvia therapeu-
tic regimens (lla2 and lla3) (P = 0.008 and P < 0.00,
respectively). In a pairwise comparison between aluvia-
treated subgroups, the IFN-y level of subgroup lla3 was
significantly higher than the two other subgroups.

As regards IL-10 (Table 2), pyrimethamine-sulfadiazine
regimen (subgroup llb) did not affect its level in the brain
homogenate obviously when compared to the infected
non-treated controls (Ib) (P = 0.480). Both subgroups Ib
and Il b recorded about a five-fold rise, which was statis-
tically significant (P < 0.001) when compared to the
healthy controls (la). All subgroups treated with aluvia
showed significantly reduced levels of IL-10 in



112 (&) I.F. ABOU-EL-NAGA ET AL.

Figure 3. TEM of T. gondii cysts in brain homogenate of the avirulent Me49 strain-infected non-treated subgroup (Ib) (A) and the
infected aluvia-treated one (lla3) (B-D). (A) T. gondii cyst revealing an intact well circumscribed cyst wall (arrow) containing
multiple bradyzoites with intact cell membranes (x 3000). (B) Multiple T. gondii bradyzoites showing disrupted plasma membranes
(arrows) (x 5000). (C) Bradyzoites demonstrating marked discontinuity of their plasma membranes (black arrows), lipid droplets of
varying sizes and densities (red arrows), swollen mitochondria (asterisks), dilated endoplasmic reticulum (arrow head) and
a localized disruption of the nuclear envelope (white arrow) (x 15,000). (D) A bradyzoite possessing a swollen mitochondrion
(arrow) and a large electron-lucent lipid droplet (LD) with evident disintegration of its plasma membrane (arrow heads) (x 20,000).

Table 2. Comparison between the different studied subgroups according to the level of IFN-gamma and IL-10 in brain

homogenate.
la(n=10) Ib (n=10) llal (n=10) a2 (n=10) lla3(n=10) Ilb (n =10) F p

IFN-gamma (pg/ml)

Median 1.1(0.8-1.1) 1.9(1.7-2.2) 1.1(1-1.4) 1.3 (1-1.5) 1.7 (1.5-1.9) 19(1.7-2.1) 62.602*  <0.001*
(Min — Max)

Mean + SD. 1+0.1 19+0.2 1.1+02 13+0.2 1.7 £0.2 19+0.2

p1 <0.001* 0.454 0.008* <0.001* <0.001*

[} <0.001* <0.001* 0.010* 1.000

Ps <0.001* <0.001% 0.028*

Significance between subgroups ps4 = 0.480,ps < 0.001*, pg < 0.001*

IL-10 (ng/ml)

Median 1.3 (1-1.5) 7.9 (7.6-8.3) 2.7 (2-3) 4 (3.5-43) 59(53-6.3) 7.7(6.9-85) 875.150* <0.001*
(Min — Max)

Mean =+ SD. 1.3+0.2 79+£0.2 3+£26 4+03 59+04 7.7 £0.2

p1 <0.001* <0.001* <0.001* <0.001* <0.001*

[} <0.001* <0.001* <0.001* 0.480

Ps <0.001% <0.001% <0.001%

Significance between subgroups ps4 < 0.001%,ps < 0.001%, ps < 0.001*

F: F for ANOVA test, a pairwise comparison between each two subgroups was done using Post Hoc Test (Tukey)
p: p value for comparing between the different studied subgroups

p+: p value for comparing between la and Ib, lla1, lla2, lla3, IIb

p: p value for comparing between Ib and lla1, lla2, a3, llb

ps: p value for comparing between IIb and lla1, lla2, lla3

p4: p value for comparing between lla1 and lla2

ps: p value for comparing between llal and lla3

ps: p value for comparing between Ila2 and Ila3

*: Statistically significant at p < 0.05

la: Healthy control, Ib: Infected control, lla1: Aluvia-treated (day zero), lla2: Aluvia-treated (second week), lla3: Aluvia-treated (eighth week), llb: Therapeutic

control

comparison to the infected and therapeutic controls (b comparing between the three aluvia-treated subgroups,
and Ilb). However, they did not reach the normal level as  a statistically significant difference between every two
they recorded approximately one-fold, two-fold and subgroups was observed, verifying the remarkable dif-
three-fold rises, respectively. Interestingly, when  ference between the three aluvia treatment regimens.



3.1.4. Histopathological study

Histopathological examination of H&E stained cere-
bra obtained from T. gondii Me49 strain-infected mice
revealed normal cerebral structure without obvious
alterations of their architecture and normal neuronal
bodies in the gray matter. The infected non-treated
controls (Ib) and the infected pyrimethamine-

sulfadiazine-treated ones (llb) demonstrated cerebral
hypercellularity caused by the diffuse reactive gliosis
and mononuclear inflammatory reaction featuring
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predisposition (Figure 4-A-C). T. gondii bradyzoites
were encountered in the white matter inside well-
defined cyst walls, a diffuse glial reaction and loca-
lized microglial nodules were also detected
(Figure 4-D and E). Additionally, foci of vascular pro-
liferation were identified in terms of increased num-
ber of small proliferating vessels with proliferated
hypertrophied endothelial lining (Figure 4-F). Many
reactive astrocytes were clearly observed within the
cerebral tissue (Figure 4-G). However, in the infected

lymphoplasmacytic infiltrates in a aluvia-treated subgroup llal, T. gondii cysts with well-

perivascular

Figure 4. Histopathologic examination of the hematoxylin and eosin-stained cerebra, obtained from Toxoplasma gondii Me49
strain-infected mice (Infected non-treated, infected aluvia-treated and infected pyrimethamine-sulfadiazine-treated subgroups; Ib,
lla and llb, respectively). Subgroups Ib and lIb (A-G), subgroup lla1 (H and 1), subgroup lla2 (J) and subgroup lla3 (K and L). (A)
A photomicrograph revealing the normal structure of the cerebrum without obvious alterations of its architecture as well as
cerebral hypercellularity caused by the diffuse glial reaction and mononuclear inflammatory infiltrates. (B) A photomicrograph
showing cerebral perivascular lymphoplasmacytic infiltrates (arrows). (C) A photomicrograph demonstrating reactive gliosis in the
cerebral white matter (W) with perivascular mononuclear inflammatory infiltration (arrows) and normal neuronal bodies in the
gray matter (G). (D) A photomicrograph showing T. gondii bradyzoites (black arrows), encountered in the cerebral white matter,
having well-defined cyst walls with nearby reactive glial cells and lymphoplasmacytic infiltrates (red arrows). (E) A high power
view revealing a localized microglial nodule, as well as a perivascular lymphocytic infiltrate (arrow). (F) A photomicrograph
showing foci of vascular proliferation (arrows) in the form of increased numbers of small proliferating vessels as well as
proliferated hypertrophied endothelial lining. (G) A photomicrograph showing reactive astrocytes (arrows) with diffuse mono-
nuclear inflammatory cellular infiltrates. (H) A photomicrograph demonstrating a T. gondii tissue cyst (arrow) in the cerebral white
matter (W) possessing a well-defined cyst wall, surrounded by a mild glial reaction and minimal lymphoplasmacytic infiltrates, the
gray matter (G) shows normal neuronal bodies. (I) A high power view revealing a T. gondii tissue cyst (red arrow) with a well-
defined cyst wall and surrounded by a mild glial cellular reaction (black arrows). (J) A photomicrograph showing mild mono-
nuclear inflammatory cellular infiltrates predominantly in a perivascular distribution (arrows). (K) A photomicrograph showing
moderate mononuclear inflammatory cellular infiltrates in the cerebral cortex with a Toxoplasma tissue cyst filled with bradyzoites
(arrow). (L) A photomicrograph showing reactive astrocytes (arrows) and moderate mononuclear inflammatory infiltrates.
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defined walls were detected, they were only sur-
rounded by a mild glial cellular reaction and minimal
lymphoplasmacytic infiltrates (Figure 4)H and I. In
subgroup 1la2, a mild mononuclear inflammatory
infiltration predominantly in a perivascular distribu-
tion was encountered (Figure 4-J). In subgroup lla3,
a moderate mononuclear inflammatory infiltrates in
the cerebral cortex, bradyzoites-filled tissue cyst and
few reactive astrocytes were observed
(Figure 4-K and L). These observations demonstrate
a remarkable amelioration of the chronic neuro-
inflammatory tissue response following the treatment
with aluvia.

4. Discussion

An ultimate goal in the treatment of chronic toxoplas-
mosis is to find drugs with dual activity against the
active replicative stage and the cystic stage of the
parasite. Previously, we demonstrated that L/R was
effective against tachyzoites in acute toxoplasmosis
[21]. Herein, we revealed its additional effect on the
latent parasitic stage in chronic toxoplasmosis.

The low oral dose [10 cysts/mouse) of the avirulent
T. gondii Me49 strain used for experimental infection in
the present study did not critically affect the animal
survival in all studied subgroups. This is supported by
26. Mortality rate reached 60-65% by the end of 7"
week of infection due to encephalitis upon intraperi-
toneal inoculation of a higher dose (20 cysts/mouse] of
the same parasite strain [29].

In the present study, treatment with aluvia showed
an obvious protective effect against chronic toxoplas-
mosis when started concomitantly with the infection
(subgroup lla1) and sustained for two weeks. During
this period, the drug seemed to act on the newly-
released bradyzoites and rapidly replicating tachy-
zoites. The drug proved the therapeutic activity in the
early and late chronic phases of the disease. At the
early chronic phase (two weeks PI), aluvia was acting
on young tissue cysts containing moderately active
bradyzoites. Newly formed cysts in the brain were
detected 2 weeks Pl and reached the maximum
count after 4 weeks [30]. Treatment was also effective
at the late chronic phase (8 weeks Pl), fighting against
mature cysts containing slowly dividing bradyzoites
[30]. Aluvia recorded a descending statistically signifi-
cant reduction in the brain cyst burden in the sub-
groups lla1, lla2 and lla3 compared to the infected
control subgroup. Similarly, atovaquone and auranofin
showed a higher therapeutic efficacy in the early stage
of infection with T. gondii cystogenic strain than the
late stage [10,15]. Aluvia, like other drugs being inves-
tigated against Me49 strain of T. gondii, did not achieve
the desired goal of complete clearance of parasitic
cysts due to the protective effect of their walls
[26,31,32].

Mature brain cysts, obtained from subgroups
llaland lla2, were able to re-infect naive mice. The
obvious reduction in the cyst count with retained
infectivity in such subgroups could be explained by
the high potential killing effect of aluvia on the meta-
bolically active, multiplying, early parasitic stages.
While, the remaining parasites that circumvent the
drug, could reach the brain and develop infective
cysts. The diminution of mature cysts’ infectivity was
clearly achieved by aluvia in the late chronic phase
(subgroup lla3). It seemed to possess a direct deterior-
ating effect on the dormant parasitic stage in the late
chronic phase after cyst-wall formation. This is of sub-
stantial importance in the context of reducing the
incidence, prevalence and severity of TE following
treatment of AIDS patients with L/R. Moreover, in
immunocompetent hosts, tissue cysts may occasion-
ally rupture leading to the release of some parasites
[33]. The reduction of cyst burden and infectivity eli-
cited by aluvia, could ultimately lower the risk of dis-
ease reactivation, attenuate the re-infection power of
the latent parasite and so, protect against occurrence
of fatal encephalitis.

The deterioration of parasite growth, multiplication
and re-infection after treatment with aluvia could be
attributed to its inhibitory effect on ASP enzymes,
whose coding genes were described in T. gondii [23].
T. gondii ASP5 is a Golgi-resident protease, essential for
proper protein transport and its absence markedly
compromises the parasite’s ability to modulate host
signaling pathways. Knockout of this enzyme affects
the parasite growth, decreases its virulence, fitness and
impairs its spontaneous egress, which enables parasite
to escape the membrane of an infected expiring host
cell to infect a new target one [25,34]. Treatment of
acute toxoplasmosis with L/R decreased tachyzoite
egress from infected cells, preventing repeated cycles
of cell invasion and intracellular replication. Moreover,
it elicited disruption of the nano-tubular network
within the PV enclosing tachyzoites [21]. The dense
granule proteins (GRA) are essential for the construc-
tion of this network which is important in nutrient
acquisition and formation of a membranous parasite-
host cell interface [35]. Under the control of
Toxoplasma ASP5, the parasite secretes proteins into
PV to breach the enclosing membranous system [36].
In Plasmodium biology, the egress was a protease-
dependent function and protease inhibition by lopina-
vir lead to transmission-blocking effect [37,38].
Similarly, in retrovirus infection, lopinavir competes
for binding to the cleavage site within the ASPs leading
to the release of noninfectious viral particles with sub-
sequent regression of the disease [39].

After differentiation of tachyzoites into bradyzoites,
PVM is retained as a cyst membrane, surrounding
a thick cyst wall [40,41]. Herein, at the late chronic
phase of infection, the ultrastructural changes in the



cyst size, wall and membrane as well as in bradyzoites’
plasma membranes might be also explained by the
inhibitory effect of lopinavir on Toxoplasma ASPs.
These enzymes are crucial for the biological functions
of highly expressed Toxoplasma GRA proteins. Many of
these proteins are substrates of Toxoplasma Golgi
complex-associated ASP5 [34]. The knockout of such
an enzyme-coding gene impaired the cyst wall forma-
tion after in vitro tachyzoite-bradyzoite conversion
[25]. GRA are crucial for cyst-membrane maturation,
accumulation of cyst wall cargo, development of cyst
wall and matrix so, their defective production could
eventually affect these structures [41-43]. Deletion of
Toxoplasma cyst GRA4 and/or GRA6 have drastically
reduced tissue cyst burdens in murine brains [44].
Both GRA17 and GRA23 functions synergistically to
facilitate PVM permeability and nutrient access [45].
Therefore, defective cleavage of such proteins could
suppress bradyzoite growth and replication and so,
reduce brain cyst size in subgroup lla3. Furthermore,
GRA17 is essential for bradyzoite viability inside the
cysts [46].

Beside the assumed inhibitory effect of aluvia on
Toxoplasma ASPs, it could exert its effect through dif-
ferent pathways. Herein, TEM revealed lipid droplets,
varying in size and electron density inside the brady-
zoites following treatment with aluvia, suggesting an
altered parasite lipid storage and metabolism which
may arrest the parasite development. Similar findings
were reported in Leishmania amazonensis promasti-
gotes and T. cruzi trypomastigotes after treatment
with lopinavir [19,47]. We observed that aluvia induced
paraptotic changes with vacuolization of bradyzoite
endoplasmic reticulum and mitochondrial dilatation.
Similar changes were reported in T. gondii tachyzoites
and T. cruzi trypomastigotes after treatment with such
a drug [19,21]. However, it remains possible that aluvia
can reduce the energy of T. gondii parasite in ways that
contribute to the observed results. Plasmodium falci-
parum was killed by lopinavir through the inhibition of
the glucose transporter, thus decreased the parasite
glucose-uptake which is the primary source of its
energy [48].

In the current study, toxoplasmosis elicited a high
level of IFN-y in the brain homogenate of infected non-
treated control mice (Ib). In the brain, microglia are the
first line of defense against parasite spread, through
IFN-y secretion, which inhibits tachyzoite growth, pro-
liferation and prevents reactivation of infection at the
chronic stage [49]. A fine balance between host immu-
nity and immune evasion of the parasite leads to
establishment of the chronic infection [8]. IFN-y con-
trols the intracellular multiplication of the tachyzoite
by effector molecules including indoleamine-2,3-diox-
xygenase-1 [50] and nitric oxide [51,52]. It also induces
expression of endothelial vascular adhesion molecule-
1 on cerebral vessels, to recruit T cells during chronic
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infection [53]. This fact could justify the cerebral hyper-
cellularity, perivascular mononuclear inflammatory
reaction and lymphocytic infiltrates, observed in brain-
tissue sections in the infected non-treated control mice
(Ib). Furthermore, astrocytes played an obvious contri-
buting role in IFN-y secretion in our work, as proved by
their evident reactive appearance in cerebral histo-
pathology of such a subgroup. CD8" T cells have
a powerful protective activity, they can remove
T. gondii cysts from the brain independently of IFN-y
production. This is through a perforin-mediated cyto-
toxicity, which leads to destruction of the cysts, fol-
lowed by activation and accumulation of microglia and
macrophages for their elimination [54]. In our study,
this phenomenon could give an evidence for the pre-
sence of focal microglial nodules in cerebral tissue of
subgroup Ib animals. Toxoplasma cysts are not static
structures; they regularly breakdown and reinvade
nearby host cells, eliciting an inflammatory response,
forming such glial nodules in chronic infection [55].

A significant increase in the level of IL-10 was
detected in the brain homogenate of chronically
infected non-treated mice. IL-10 functions in a host-
protective manner. It does not directly control the
parasite growth but it is crucial for downregulation of
IFN-y-mediated immune responses and prevention of
the immune-pathological sequels in Toxoplasma infec-
tion. The induction of IFN-y and the regulatory effect of
IL-10 are key elements in host resistance to Toxoplasma
parasite [56]. IL-10 is produced mainly by IFN-y-
secreting T-bet*Foxp3~ Th1 cells so, its production by
Th1 cells offers an important negative-feedback loop
to prevent the immune-pathologic overstimulation of
the Th1 in response to Toxoplasma [57].

Impaired activity of several GRA proteins by aluvia
might be a leading cause of increased parasite-
vulnerability to the killing effect of IFN-y. GRA12 under-
pins the resistance to host IFN-y in chronic toxoplas-
mosis [42]. GRA15 antagonizes the anti-parasitic effect
of IFN-y, by suppressing indoleamine-2,3-dioxygenase-
1 in the brain [58]. The latter possesses an inhibitory
effect on Toxoplasma growth through starvation for
tryptophan [59]. Notably, ASP5 is also required for the
export of T. gondii inhibitor of STAT1 transcription
activity (TgIST) to the host cell nucleus. TgIST possesses
a suppressive effect on IFN-y gene expression by host
cells [60].

Herein, the significantly-decreased levels of IFN-y
and IL-10 in the brain homogenate after treatment
with aluvia (subgroups lla1, 1la2 and lla3) relative to
the infected non-treated control subgroup, appeared
to be concomitant with the reduction of parasite bur-
den. Notably, in both early and late chronic phases (lla2
and lla3), both cytokine levels did not return to the
normal level because aluvia falls short of eradicating
the infection entirely. The efficient parasite control
depends on the induction of CD8* T cell response,
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specific for immunodominant GRA6 which plays an
evident role in cytogenesis [61]. Furthermore, presen-
tation of GRA6 by neuronal major histocompatibility
complex-1 is pivotal for restricting T. gondii in the brain
during chronic phase [62]. This is elicited by continu-
ous production of effector CD8" T cells through
a proliferative subset with a phenotype possessing
combined features of memory and effector T cells
[62,63]. Hence, the remaining parasites which circum-
vent aluvia, stimulate these cells to maintain
a continued production of IFN-y as well as the regula-
tory IL-10, keeping their levels higher than the healthy
control group. Interestingly, L/R improved the cyto-
kine-storm and reduced the level of IFN-y and IL-10 in
response to COVID-19 [64,65]. Lopinavir had reduced
the anti-inflammatory profile of macrophages in
Leishmania infection by diminishing IL-10 secre-
tion [66].

In conclusion, the current study revealed the pre-
ventive and the therapeutic efficacy of aluvia on
chronic cerebral toxoplasmosis. The dual activity
against tachyzoites and bradyzoites, the reduction in
the cyst burden, the impairment of cyst infectivity, the
reduced levels of IFN-y and IL-10 relative to the
infected untreated controls, together with the ameli-
oration of neuropathology in the chronic phases, could
avoid the risk of life-threatening disease reactivation
and could explain the reduced incidence of TE in HIV-
infected patients treated with L/R. It is of utmost
importance to study the effect of such a drug in immu-
nocompromised animal model.
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