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The obligate intracellular parasite Toxoplasma gondii can infect nearly all warm-blooded animals, includ-
ing humans. Although infection with this parasite is generally benign, severe illness may occur in in-
fected individuals if their immunity becomes less competent, such as in human immunodeficiency virus
(HIV)-infected patients. In this study, the inhibitory activity of 44 commonly used antiretroviral com-
pounds was determined against T. gondii in vitro. Of the 44 tested antiretroviral compounds, 14 showed
potency against T. gondii at ICsy concentrations (concentration inhibiting T. gondii tachyzoite growth by
50%) ranging from 1.18 & 2.21 uM (nelfinavir) to 18.89 + 1.87 uM (trovirdine). Of the 14 potent antiretro-
viral compounds, 7 are HIV-1 protease inhibitors. This study also investigated whether co-administration
of these 14 antiretroviral compounds interferes with the anti-T. gondii activity of existing anti-T. gondii
drugs, namely sulfadiazine and pyrimethamine. The results showed no significant interaction between
any of the 14 tested antiretroviral compounds and pyrimethamine or sulfadiazine. These results warrant
investigation of whether administration of the lead antiretroviral drugs with highly potent anti-T. gondii

activity to HIV patients may help to limit the occurrence of toxoplasmic encephalitis.

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

1. Introduction

Toxoplasma gondii can infect humans and a wide range of
warm-blooded animals. Infection with this parasite is mostly be-
nign, however in immunocompromised individuals, such as hu-
man immunodeficiency virus (HIV) patients or individuals receiv-
ing suppressive chemotherapy, latent bradyzoites residing within
tissue cysts may transform to actively replicating tachyzoites,
leading to acute toxoplasmic encephalitis and even death [1,2].
Nearly 37 million people are infected with HIV/AIDS worldwide
[3]. The burden of HIV/AIDS is compounded by infection with
many opportunistic pathogens, including T. gondii. A high preva-
lence of toxoplasmosis exists in HIV-infected individuals, and con-
current infection with T. gondii and HIV appears to enhance each
other’s pathogenicity [4]. The primary cause of toxoplasmosis in
HIV-infected people is reactivation of latent infection, which oc-
curs when the CD4* T-cell count decreases to <100 cells/uL.
This increases the risk of developing toxoplasmic encephalitis,
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which manifests as headache, disorientation, drowsiness, hemi-
paresis, convulsions, loss of memory and seizures. Less often,
retinochoroiditis, pneumonia and other systemic pathologies may
also occur [1].

The introduction of highly active antiretroviral therapy (HAART)
for the treatment of HIV may have helped in significantly re-
ducing opportunistic infections, with some reports suggesting
that certain antiretroviral drugs have reduced the morbidity and
mortality of toxoplasmic encephalitis in HIV patients [1]. The
ART-mediated protection against opportunistic infections can be
attributed to modulation of the immune response by ART. More-
over, some antiretroviral drugs can have a direct inhibitory effect
on opportunistic (e.g. Cryptosporidium spp.) and non-opportunistic
(Plasmodium spp., Trypanosoma cruzi and Leishmania spp.) para-
site infections [5,6]. Two antiretroviral drugs, the HIV protease
inhibitors (PIs) indinavir and nelfinavir, have shown inhibitory
effects on T. gondii growth in vitro [7]. However, neither of these
HIV PI drugs altered the anti-T. gondii activity of pyrimethamine
or sulfadiazine, the main drugs used to treat T. gondii infection [7].

Several classes of antiretroviral drugs, including PIs, inte-
grase inhibitors, entry inhibitors, nucleoside reverse transcrip-
tase inhibitors (NRTIs) and non-nucleoside reverse transcriptase
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inhibitors, have been developed for suppression of HIV infection,
and it is possible that ART administered to HIV patients influ-
ences the course of T. gondii infection [8]. In an effort to explore
new avenues for the treatment of toxoplasmic encephalitis in AIDS
patients, in this study the inhibitory effect of 44 antiretroviral
drugs on T. gondii growth in vitro and the possible interaction be-
tween antiretroviral drugs and pyrimethamine or sulfadiazine was
assessed.

2. Materials and methods
2.1. Parasite and cell culture

Toxoplasma gondii tachyzoites of strain RH were maintained
in confluent monolayers of human foreskin fibroblasts (HFFs) as
described previously [9]. To isolate tachyzoites, heavily infected
monolayers were harvested using a cell scraper, were lysed by
passing three times through a syringe (27G needle), and the host
cell debris was removed using a 3-pm polycarbonate filter.

2.2. Drugs and chemicals

Antiretroviral compounds (Table 1) were purchased from Med
Chem Express (Monmouth Junction, NJ, USA). Pyrimethamine and
sulfadiazine were obtained from Sigma Chemical Co. (St Louis,
MO, USA). Four antiretroviral drug tablets were obtained from
the teaching hospital of Qingdao University (Qingdao, China). All
compounds were dissolved in dimethyl sulfoxide (DMSO) at a final
concentration of 10 mM of active ingredient. The final concen-
tration of DMSO in the medium did not exceed 0.3% (v/v), which
had no cytotoxic effect on HFFs based on preliminary testing.
Pyrimethamine and sulfadiazine dissolved in DMSO were used as
positive controls.

2.3. Cytotoxicity assay

The cytotoxic effect of all antiretroviral compounds on HFFs
was determined using a CellTiter 96® AQueous One Solution Cell
Proliferation Assay (Promega Corp., Madison, WI, USA) according to
the manufacturer’s instructions [10]. Briefly, HFFs [10% cells/100 pL
of Dulbecco’s modified Eagle medium (DMEM)/well] were seeded
into 96-well tissue culture plates and were incubated at 37 °C for
48 h in a humidified chamber containing 5% CO,. Then, 4 h after
seeding each compound was added into the wells to reach final
concentrations of 1, 2.5, 5, 7.5, 10, 15, 20, 25 and 30 pM. DMSO at
a final concentration of 0.3% in medium was used as the vehicle
control. Following 48 h of incubation, 20 pL of MTS solution
containing phenazine ethyl sulfate was added to each well and
was further incubated for 3 h at 37 °C. Absorbance was measured
at 490 nm using an iMark™ Microplate Absorbance Reader (Bio-
Rad, Hercules, CA, USA). Negative control wells contained cells
treated with DMSO only. Results were expressed as the percentage
reduction of cell viability in the compound-treated cells compared
with control cells. The 50% cytotoxic concentration (CCsp), i.e. the
concentration of a chemical that kills one-half of the treated cells,
was calculated by plotting drug concentration versus cell viability
curves using GraphPad Prism (GraphPad Software Inc., San Diego,
CA, USA). The cytotoxicity experiment was performed in triplicate
wells on three separate plates.

2.4. In vitro antiretroviral drug susceptibility

HFFs were seeded into 24-well culture plates with DMEM
supplemented with 10% fetal bovine serum (FBS) until a con-
fluent monolayer was formed. The medium was replaced with

fresh DMEM supplemented with 2% dialysed FBS and then ap-
proximately 5x 10% freshly egressed tachyzoites were added to
each well and were allowed to invade cell monolayers for 4 h.
The medium containing extracellular parasites was removed and
fresh medium containing various concentrations of antiretroviral
compounds (0-30 pM), DMSO (vehicle control) or positive control
(pyrimethamine or sulfadiazine) were added. After 5 days, infected
cells were collected with a cell scraper, were centrifuged and
the pellet was used to extract genomic DNA using a TIANamp
Genomic DNA Kit (TianGen Biotech, Beijing, China) according to
the manufacturer’s instructions. Extracted DNA was stored at
-80 °C until determination of parasite load in HFF cultures using
real-time quantitative PCR (qPCR) targeting the B1 gene. Oligonu-
cleotides used for amplification of the T. gondii B1 gene were
B1-F (GGAGGACTGGCAACCTGGTGTCG) and B1-R (TTGTTTCACCCG-
GACCGTTTAGCAG). The qPCR assay was performed as described
previously [11]. The number of parasites was calculated by in-
terpolation from a standard curve of known amounts of DNA
equivalent to 10°, 104, 103, 102 and 10! tachyzoites included in
each PCR run. Parasite growth rates compared with the negative
control were calculated based on the estimated number of para-
sites. The concentration that inhibited T. gondii tachyzoite growth
by 50% (ICs9) was determined for each compound by non-linear
regression of log-transformed compound concentrations using
GraphPad Prism v.7. The results are presented as the mean +
standard deviation of data from six independent experiments with
at least three replicates per experiment. The difference in parasite
growth rate was compared using a two-tailed, unpaired Student’s
t-test. A P-value of <0.05 was considered statistically significant.

This study also examined whether interaction occurs when
antiretroviral drugs are used in combination with existing drugs
with known anti-T. gondii efficacy (e.g. pyrimethamine and sulfadi-
azine). As shown in Supplementary Table S1, the drug interaction
analysis was performed by testing various concentrations of 14
antiretroviral compounds in combination with serial concentra-
tions of sulfadiazine (0, 10, 20 and 30 pM) or pyrimethamine (O,
0.1, 0.25 and 0.5 pM). The antiretroviral compounds included 11
antiretroviral compounds that were not cytotoxic to HFFs even at
30 puM (tested at concentrations 0, 5, 10 and 15 pM) and 3 an-
tiretroviral compounds that were cytotoxic at low concentrations
(tested at concentrations 0, 1, 2.5 and 5 uM). The effect of drug
combinations both on cytotoxicity and the anti-T. gondii activity
of pyrimethamine or sulfadiazine was determined using the same
assays described above. A two-way analysis of variance (ANOVA)
was performed to identify the level of drug-drug interactions
between the 14 antiretroviral compounds and pyrimethamine or
sulfadiazine.

Finally, the antiparasitic activity of four antiretroviral pre-
scription drug tablets widely used in practice was tested. These
included dolutegravir sodium (DTG), dolutegravir sodium-abacavir
sulfate-lamivudine (DTG/ABC/3TC), tenofovir disoproxil fumarate
(TDF) and emtricitabine-tenofovir disoproxil fumarate (FTC/TDF).
For the drugs that contained more than one ingredient (i.e.
DTG/ABC/3TC and FTC/TDF), the tested concentrations were
calculated based on DTG and TDF, respectively.

3. Results
3.1. Cytotoxicity of antiretroviral compounds

It was important to determine the cytotoxic potential of the
antiretroviral compounds on the same cell line as used in the
antiparasitic assays. The results showed that at 30 pM, 35 an-
tiretroviral compounds were not cytotoxic to host cells (Table 1).
Three compounds, including lopinavir (CCsq=24.39 4+ 2.02 puM),
nelfinavir (CCsg=22.44 + 1.97 pM) and saquinavir (CCsg=16.23
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Table 1

In vitro anti-Toxoplasma gondii activity of 44 antiretroviral drugs tested in the present study

Class Compound ICso (UM) CCso against HFFs (uM) Human plasma concentration
[Cinin=Cmax (RM)]
Nucleoside reverse transcriptase Abacavir - ¢ -d - ¢
inhibitors (NRTIs) Didanosine - -d -
Emtricitabine -c -d —e
Lamivudine - -d -e
Stavudine - -d -
Zalcitabine -c -d —e
Zidovudine - -d -e
Tenofovir —c _d e
Tenofovir disoproxil 5.10 + 1.01 -d 0.1-0.6
fumarate (TDF) ¢
Non-nucleoside reverse Dapivirine - ¢ <15 - ¢
transcriptase inhibitors (NNRTIs) Delavirdine mesylate - -d -
Doravirine -c -d —e
Efavirenz - <15 -
Etravirine =€ <15 =€
Nevirapine -c -d —e
Rilpivirine -¢ <15 -
Protease inhibitors (Pls) Amprenavir - d -e
Atazanavir ° 14.62 = 1.01 d 0.3-6.7
Darunavir - -d -e
Fosamprenavir calcium salt - ¢ -d - ¢
Indinavir sulfate - -d -
Lopinavir ° 6.70 + 1.10 24.39 + 2.02 8.8-15.3
Nelfinavir * 1.18 + 2.21 2244 + 1.97 1.2-6.0
Ritonavir * 8.04 + 1.02 -d 2.9- 15.6
Saquinavir * 3.76 + 1.02 16.23 + 1.11 0.1- 3.3
Telaprevir ? 13.65 + 1.04 -d 2.7- 6.2
Tipranavir ° 9.69 + 0.91 -d 16.6- 99.5
Pepstatin trifluoroacetate - d -
Integrase inhibitors (IIs) BMS-707035 P -c -d -e
Cabotegravir -c -d -e
Dolutegravir - -d -
Elvitegravir * 5.21 + 1.06 -d 0.04- 3.6
HIV-1 integrase inhibitor 1 ° -c -d -e
HIV-1 integrase inhibitor 2 " - -d -
Salicylanilide ° 16.76 +1.12 -d UN '
Entry inhibitors (Els) NBD-557 2P 13.90 + 0.92 -d UNf
BMS-378806 © - d - €
Enfuvirtide - d -
Maraviroc - -d -e
Other inhibitors Bevirimat * 4.66 + 1.20 -d 53.6-86.7
Clofarabine - <15 -
Ebselen - <15 -
Triciribine * 12.69 + 0.71 -d UNf
Trovirdine * 18.89 + 1.87 -d UN '
Positive controls Pyrimethamine 0.36 + 0.04 -d -
Sulfadiazine 2221 + 341 -d -e

ICsp, concentration inhibiting T. gondii tachyzoite growth by 50%; CCso, 50% cytotoxic concentration; HFF, human foreskin fibroblast; Cp;,, minimum (or trough) serum

concentration; Cmax, maximum (or peak) serum concentration.

2 The 14 potent anti-T. gondii lead antiretroviral compounds and their corresponding ICso are shown in bold.

b Structures of these five compounds are shown in Supplementary Fig. S1.

Compounds that did not have antiparasitic effect at the maximum concentration (30 uM) examined.

Not determined because compounds did not have anti-T. gondii activity.

C

4 Compounds that showed no cytotoxicity even at 30 pM.
e

f UN, unknown based on literature search.

+ 1.11 uM), were cytotoxic. In addition, six compounds, including
dapivirine, efavirenz, etravirine, rilpivirine, clofarabine and ebselen,
were cytotoxic at CC5g < 15 pM.

3.2. Antiretroviral compounds exhibited antiparasitic activity in vitro

To test whether antiretroviral compounds had any inhibitory
activity against T. gondii growth, the effect of a series of con-
centrations of each antiretroviral compound up to the highest
concentration that showed no cytotoxic effect (i.e. 30 pM) was ex-
amined. Of the 44 antiretroviral drugs, 14 showed in vitro activity
against tachyzoites of T. gondii at a dose that was not cytotoxic to
the host cells (Fig. 1; Table 1). The top five most potent compounds
included nelfinavir (IC5g=1.18 + 2.21 puM), saquinavir (IC5q=3.76

+ 1.02 uM), bevirimat (ICso =4.66 + 1.20 uM), TDF (ICso=5.10 +
1.01 pM) and elvitegravir (ICsg=5.21 £+ 1.06 pM). Of the 14 potent
antiretroviral compounds, 7 belong to HIV-1 PIs. Interestingly, the
ICs5q values of two PIs (lopinavir and ritonavir) fit within the range
of plasma concentrations of both compounds in humans (Table 1).
Also, the ICsy values of another two PIs (nelfinavir and saquinavir)
are approximate to the minimum and maximum range, respec-
tively, of the plasma concentrations of both compounds in humans.

3.3. Interaction between antiretroviral compounds and
pyrimethamine or sulfadiazine

The extent of interactions between antiretroviral compounds
and pyrimethamine or sulfadiazine was examined as well as
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Fig. 1. Dose-response growth inhibition curves of Toxoplasma gondii treated with 14 antiretroviral compounds that showed in vitro activity against T. gondii tachyzoites at
a dose that was not cytotoxic to host cells. Results are presented as the mean, with error bars representing the standard deviation of data from at least six independent

experiments.

the influence of this interaction on the potential toxicity to host
cells and the antiparasitic activity of pyrimethamine and sulfadi-
azine. No cytotoxicity to HFFs and no significant interactions were
detected in all drug combinations tested (Supplementary Table S1).

3.4. Evaluation of the antiparasitic activity of four commercial
antiretroviral drugs

The results showed that DTG and DTG/ABC/3TC had no activity
against T. gondii, whereas TDF and FTC/TDF displayed a remarkable
and similar dose-dependent inhibitory activity against T. gondii
(Fig. 2).

4. Discussion

Although the use of effective ART has decreased the incidence
of toxoplasmic encephalitis, this condition remains a potential
threat in HIV patients, particularly in those who do not receive
therapy [1]. Thus, understanding the therapeutic potential of
antiretroviral compounds against T. gondii infection has significant
clinical relevance, particularly in areas where both HIV and T.
gondii infections overlap. In this study, the in vitro anti-T. gondii
activity of 44 antiretroviral compounds, mainly belonging to five

antiretroviral drug classes, was evaluated. The results showed that
14 antiretroviral compounds had marked anti-T. gondii activity.
The antiretroviral compounds belonging to the PI class ex-
hibited the highest potency against in vitro T. gondii infection
(Table 1). Among the PIs, nelfinavir (ICso=118 + 2.21 uM),
saquinavir (ICso=3.76 + 1.02 pM), lopinavir (IC59=6.70 + 1.10
M), ritonavir (ICsg=8.04 + 1.02 pM) and tipranavir (ICsg=9.69
+ 0.91 uM) were the most potent at inhibiting the in vitro growth
of T. gondii tachyzoites. This finding is in agreement with the
previously reported inhibitory activity of ritonavir and nelfinavir
against T. gondii [7]. Regarding other antiretroviral classes, the
HIV-1 maturation inhibitor bevirimat (ICsq=4.66 + 120 puM),
the NRTI TDF (IC59=5.10 + 1.01 pM) and the integrase inhibitor
elvitegravir (ICs9=5.21 + 1.06 pM) were the most potent com-
pounds identified. Interestingly, two prescription medicines of the
NRTI class (FTC/TDF and TDF) were also found to have a significant
dose-dependent inhibitory effect on T. gondii growth in vitro.
Although ART can help in the control or improvement of cer-
tain opportunistic infections [1,5,6,12], co-administration of ART
with treatment for certain opportunistic infections can potentially
result in drug-drug interactions or increased toxicities, which may
compromise the effective management of both the opportunis-
tic infection and HIV. Interestingly, all antiretroviral compounds
tested in the present study in combination with sulfadiazine
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Fig. 2. Inhibitory effect of dolutegravir sodium (DTG), dolutegravir sodium-abacavir sulfate-lamivudine (DTG/ABC/3TC), tenofovir disoproxil fumarate (TDF) and
emtricitabine-tenofovir disoproxil fumarate (FTC/TDF) against Toxoplasma gondii in vitro. Error bars represent the standard deviation of data from at least six independent

experiments.

or pyrimethamine showed no effect on the anti-T. gondii ac-
tivity of sulfadiazine or pyrimethamine, suggesting that co-
administration of the antiretroviral compounds with sulfadiazine
or pyrimethamine may not influence their activity when used to
treat T. gondii infection in HIV patients receiving ART. However,
this result is preliminary and more robust investigation of drug
interactions, including in silico prediction analysis, is required to
confirm the observed in vitro interaction data.

It remains unclear how antiretroviral compounds suppress the
development of T. gondii parasites. Pls target aspartyl protease [13],
and protozoan parasites express a number of aspartyl proteases
that play various roles in parasite growth, including invasion
and egress from host cells, hydrolysis of parasite proteins for
virulence and host cell remodelling, and regulation of the immune
response. For T. gondii, seven putative aspartic proteases have
been identified and were found to play roles in parasite survival
in vitro and virulence in vivo [14]. PIs have been shown to inhibit
other protozoan parasites such as Trypanosoma, Plasmodium, Cryp-
tosporidium and Leishmania [5,6]. Previous studies showed that
aspartic proteinase (Ddil) of Leishmania may be a target of PIs,
and in vitro enzyme assays showed that aspartic peptidase activity
in Leishmania can be inhibited by nelfinavir [15,16]. Also, the
enzyme activity of aspartic proteinases in Plasmodium falciparum
was inhibited by PIs such as lopinavir, ritonavir and saquinavir
[17-19]. Interestingly, the drug designed to inhibit the Plasmodium
aspartic proteinase also targets T. gondii aspartic proteinase and
interferes with the tachyzoite lytic cycle [20]. Whether PIs affect
only aspartyl proteases or also target other non-aspartyl proteases
in T. gondii remains to be elucidated. In summary, 14 antiretroviral
compounds demonstrated a good level of anti-T. gondii activity,
suggesting that further testing and validation of the efficacy of the
most potent leads of these antiretroviral compounds is warranted.
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