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ARTICLE INFO ABSTRACT

Keywords: Toxoplasma gondii is an obligate intracellular parasite in the phylum Apicomplexa that causes toxoplasmosis in
Toxoplasma gondii humans and animals worldwide. Despite its prevalence, there is currently no effective vaccine or treatment for
Topotecan chronic infection. Although there are therapies against the acute stage, prolonged use is toxic and poorly
10-Hydroxycamptothecin . . . . .

DNA damage tolerated. This study aims to explore the potential of repurposing topotecan and 10-hydroxycamptothecin

(HCPT) as drugs producing double strand breaks (DSBs) in T. gondii. DSBs are mainly repaired by Homolo-
gous Recombination Repair (HRR) and Non-Homologous End Joining (NHEJ). Two T. gondii strains,
RHAHXGPRT and RHAKU80, were used to compare the drug’s effects on parasites. RHAHXGPRT parasites may
use both HRR and NHEJ pathways but RHAKUS80 lacks the KU80 protein needed for NHEJ, leaving only the HRR
pathway. Here we demonstrate that topotecan and HCPT, both topoisomerase I venoms, affected parasite
replication in a concentration-dependent manner. Moreover, variations in fluorescence intensity measurements
for the H2A.X phosphorylation mark (yH2A.X), an indicator of DNA damage, were observed in intracellular
parasites under drug treatment conditions. Interestingly, intracellular replicative parasites without drug treat-
ment show a strong positive staining for YH2A.X, suggesting inherent DNA damage. Extracellular (non-repli-
cating) parasites did not exhibit YH2A.X staining, indicating that the basal level of DNA damage is likely to be
associated with replicative stress. A high rate of DNA replication stress possibly prompted the evolution of an
efficient repair machinery in the parasite, making it an attractive target. Our findings show that topoisomerase 1
venoms are effective antiparasitics blocking T. gondii replication.

Stress replication
DNA damage response

1. Introduction

Toxoplasma gondii is an obligate intracellular protozoan parasite that
belongs to the phylum Apicomplexa. It is responsible for toxoplasmosis,
a world-wide distributed zoonotic infection that can be transmitted
through ingestion of contaminated food or water, contact with infected
cat feces, or congenitally from an infected mother to her fetus (Guo et al.,
2015). It is estimated that one-third of humans have been exposed to the

parasite and between five hundred and a billion humans are chronically
infected (Tenter et al., 2000). Toxoplasmosis is a common opportunistic
infection in HIV/AIDS patients, producing severe brain damage or even
death (Basavaraju 2016). In immunocompetent patients, T. gondii is
found in its latent form predominantly in nervous and muscle tissues.
Recent studies have associated this chronic infection with dopamine and
testosterone alterations that could interfere with human behavior and
psychiatric disorders such as schizophrenia (Flegr 2007).
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There is no vaccine against toxoplasmosis in humans and currently
no treatment effective against the chronic stage. Current options for
acute toxoplasmosis include sulfadiazine and pyrimethamine that are
associated with dermatologic and bone marrow suppression secondary
effects (Ben-Harari et al., 2017). Therefore, there is a critical need for
further research into new drugs that are safer for patients yet still
effective against the parasite.

To find the proper treatment against toxoplasmosis it is necessary to
understand the molecular characteristics of the T. gondii biological cycle.
The parasite’s sexual phase occurs exclusively inside the feline intestine
while the asexual phase occurs inside any other warm-blooded animal,
including humans. There are two stages of asexual development: rapidly
replicating tachyzoites responsible for acute illness, and latent brady-
zoites responsible for chronic infection (Dubey et al., 1970). Tachyzoites
invade any nucleated cell replicating every 5-7 h inside a specialized
parasitophorous vacuole. This high replication rate is responsible for
acute illness symptoms since exponential growth causes cell lysis
repeatedly (Radke et al., 2001). The fast proliferation of tachyzoites
could produce a replicative stress that leads to DNA damage. This was
suggested by several in vitro studies where untreated tachyzoites dis-
played basal levels of H2A.X phosphorylation (yH2A.X), an early marker
of DNA damage (Dalmasso et al., 2009; Nardelli et al., 2013) T. gondii
also possesses functional pathways to repair DNA damage, such as Ho-
mologous Recombination Repair (HRR) and Non-Homologous End
Joining (NHEJ) (Fenoy et al., 2016). In addition, topoisomerase I and
topoisomerase II are essential genes for HRR (Angel et al., 2020), making
them attractive drug targets.

Topoisomerase I (TOP1) and II (TOP2) are enzymes that solve
torsional stress and supercoiled structures associated with DNA repli-
cation, recombination, transcription, chromosome condensation, and
DNA damage repair pathways (Wang 2002). TOP1 cuts one of the DNA
strands to allow the uncut strand to pass through the single strand break
reverting the supercoiling. The cut strand is then re-ligated. TOP2
cleaves both strands using ATP and Mg™* creating a G-segment (gate)
and T-segment (transported). The T segment is then passed through the
cleaved G segment, the tension is released, and the segments are then
re-ligated (Jain et al., 2017).

Topotecan and 10-hydroxycamptothecin (HCPT) are derivatives
from camptothecin (CPT), a DNA topoisomerase I inhibitor isolated from
Camptotheca acuminate (Li-Weber 2009). These compounds trap TOP1
and DNA, interrupting the re-ligation of the DNA strands, thus leading to
DNA damage and afterwards activation of DNA damage response (DDR)
pathways (Pommier 2006). Previous results have shown that the level of
yH2A X increases in tachyzoites treated with camptothecin (CPT), but
this increase was not observed when co-administered with KU-55933, an
inhibitor of the master Ataxia-telangiectasia mutated (ATM) kinase that
acts in double strand break (DSB) (Munera Lopez et al., 2019). However,
CPT is toxic for the host cell (Adeyemi et al., 2019; Munera Lopez et al.,
2019). In contrast, topotecan has been approved by the FDA to treat
various types of cancer (Jain et al., 2017) and HCPT was shown to be less
toxic and more active than CPT with promising results in models of
melanoma pulmonary metastases in vivo (Hu et al., 2011).

In this work, we study the effect of topotecan and HCPT on DDR and
tachyzoite replication to evaluate their use as repurposed drugs against
T. gondii. For this purpose, we used two different strains: RHAHXGPRT,
which possesses both NHEJ and HRR pathways to repair DSBs, and
RHAKUS80, which is a null mutant for the KU80 gene that is unable to
repair DNA damage through NHEJ, leaving only the HRR pathway (Fox
et al., 2009; Huynh and Carruthers 2009). These two strains allowed us
to compare the drug’s effect in parasites with differing capacity to repair
DNA. Our results indicate that topotecan and HCPT affect parasite
replication in a concentration-dependent manner. The levels of YH2A.X
show significant differences by fluorescence intensity under treatment
conditions. Regarding the distribution of the cell cycle, topotecan did
not exhibit detectable differences, while HCPT caused a significant ar-
rest in the S phase. Furthermore, we demonstrated that yH2A.X is not
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present in extracellular tachyzoites, yet is present in untreated intra-
cellular tachyzoites, indicating that T. gondii has a basal DNA replication
stress. These findings provide new insights into DNA repair pathways as
a potential therapeutic target in apicomplexan parasites.

2. Materials and methods
2.1. Parasite culture

Parasites of RHAHXGPRT (Donald and Roos 1998) or RHAKUS0
(Huynh and Carruthers 2009) strain, were cultured in vitro. h\TERT (BD
Biosciences) fibroblast monolayers (Farwell et al., 2000) were infected
with tachyzoites and incubated in Dulbecco’s modified Eagle medium
(DMEM, GIBCO) supplemented with 1% fetal bovine serum, penicillin
(100 Ul/ml; GIBCO), and streptomycin (100 pg/ml; GIBCO) at 37 °C and
5% COas.

2.2. Primary antibody source

Rabbit anti-T. gondii YH2A.X and H2A.X antibodies were obtained
from a H2A.X C-terminal peptide either phosphorylated at serine 120 or
not, respectively (Contreras et al., 2021). Rabbit anti-SAG1 antibody
was used as described before (Stasic et al., 2019). Murine anti-SAG
antibody was purchased from INVITROGEN (MA5-18,268).

2.3. Cell viability analysis

MTT SIGMA (M2128-1G)  (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) assay was used to assess cell viability in
response to various treatments. In this study, hTERT cells were cultured
in 96-well plates until reaching 80% confluence, then treated with
different concentrations of topotecan (200-0.0015 pM) and HCPT
(80-0.0012 pM). After 20 h of incubation the medium was replaced for
100 pl of a MTT solution (5 mg/ml). The MTT compound is reduced by
living cells, producing a violet-colored product (formazan), while dead
cells cannot carry out this conversion. Then, the formazan crystals were
solubilized with DMSO and the absorbance at 540 nm was measured on
a microplate reader (Sinergy H1), indicating the number of viable cells
present.

2.4. Crystal violet assay

Crystal violet assay was performed as previously described (Feok-
tistova et al., 2016) with some modifications. Briefly, hTERT cells were
seeded on 24 well culture plates. When reaching 80% confluence,
different concentrations of topotecan or HCPT were added within the
media for 20 h. Then the medium was discarded and replaced by ethanol
70% to fix the cells at —20 °C for 10 min. After the fixation time the cells
were incubated with Crystal violet 0.5% for 5 min at room temperature;
the colorant was discarded, and the excess washed with PBS. Photos
were obtained with Discovery V2.0 SteREO Zeiss at 422.0x.

2.5. DNA damage

T. gondii tachyzoites were used to infect hTERT monolayers for 1 h.
After invasion, cells were washed with PBS and intracellular tachyzoites
were treated with topotecan (Topo, Sigma-Aldrich Argentina, T2705),
10-hydroxycamptothecin (HCPT, BML-GR316-0020), or hydroxyurea
(HU, Sigma-Aldrich Argentina, H8627-5G), for 20-24 h at different
concentrations in each specific assay. As control, 0.1% DMSO was used.

2.6. Replication assay
Replication assay was carried out to study the effect of the drugs on

the parasites. Monolayers of hTERT cells were grown on slides inside 24-
well culture plates and infected with 10° RHAKU80 or RHAHXGPRT
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parasites (1 tachyzoite/cell). After 1-h incubation, cells were washed
with PBS and incubated for 20 h with DMSO (control), topotecan or
HCPT in different concentrations. After this period of time, cells were
fixed with 100% methanol for 7 min at —20 °C and immunofluorescence
staining (IFA) was performed. The number of parasites per vacuole in
100 randomly selected fields was counted. Data are presented as the
mean number of tachyzoites per vacuole, after normalizing to control
and transformation to semi-log scale [x = log(x)]. Statistical analysis
was performed by GraphPad Prism8 using a non-linear regression
parameter-dose-response inhibition-log (inhibitor) vs a normalized
response-variable slope and the ICsy was obtained.

2.7. Immunofluorescence assay (IFA)

Slides of hTERT infected cells with treatments specified in each assay
were blocked with 1% BSA for 30 min, then incubated with primary
antibody SAG1 (mouse 1:100, Invitrogen) or anti-yH2A.X (rabbit 1:200)
over-night (o.n.) at 4°C. Subsequently, slides were washed several times
with PBS and the secondary antibody Alexa Fluor Goat anti-mouse 488
(Invitrogen) or Alexa Fluor Goat anti-rabbit 594 (Invitrogen) were
added for 1 h at room temperature. Finally, several washes with PBS
were performed and the slides were mounted with Mowiol, with or
without DAPI to visualize the cell nuclei (according to the assay). A Carl
Zeiss Axio Imager. M2 Microscope (Germany) with a Plan-Apochromat
63x/1.40 Oil M27 objective and a 2.8-megapixel monochrome Zeiss
503 digital video camera was used.

2.8. Plaque assay

hTERT cells were seeded on 24 well culture plates until reaching
80% confluency. They were then infected with 20 RHAHXGPRT or
RHAKUSO total parasites and allowed to invade for 2 h. Subsequently,
the drugs topotecan (1, 2, 6 and 12 pM) or HCPT (0.5, 1, 2 and 4 pM)
were added, and the cells and parasites were incubated for 7 days at
37 °C. At the end of the incubation period, they were fixed with 70%
ethanol at —20 °C and stained with Crystal violet 0.5% for 5 min at room
temperature; the colorant was discarded. Photos were obtained with
Discovery V2.0 SteREO Zeiss at 422.0x. Lysed areas were calculated
using Image J software 1.53t (Fiji) and results were plotted and statis-
tically analyzed using GraphPad Prism8, one-way ANOVA, multiple
comparisons.

2.9. Cell cycle analysis

hTERT cells were grown in 6-well plates and when confluent they
were infected with 105 RHAKUS8O tachyzoites per well. They were
treated with different concentrations of topotecan (45 or 90 pM), HCPT
(12 or 24 pM), hydroxyurea (HU 4 mM), or 0.1% v/v DMSO for 6 h.
Subsequently, the plates were washed with PBS and the cells were
collected with scrapers. Next, tachyzoites were forced out the cells by
passage through different sized needles. Parasites were filtered using a 3
pm polycarbonate membrane (GAMAFIL). Purified parasites were
centrifuged at 2000 RPM for 10 min, washed with PBS, and fixed with
70% ethanol for 24 h at —20 °C. The samples were then centrifuged and
washed with PBS supplemented with 2% FBS. Then parasites were
resuspended in 1 ml PBS supplemented with 180 pg/ml RNase and
incubated for 10 min at 37 °C. Finally, they were incubated with pro-
pidium iodide (0.5 mg/ml) for 10 min before measuring on the BD FACS
Calibur flow cytometer. Results were analyzed with FlowJo10.

2.10. Fluorescence intensity

Replication assay and IFA were performed as explained before. IFA
was carried out using anti-SAG1 and anti-yH2A.X primary antibodies,
and 20 images per slide were obtained. For each image, ImageJ software
1.53t (Fiji) was used to measure the fluorescence intensity generated by
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the anti-yH2A.X antibody. Results were statistically analyzed using
GraphPad Prism8, Kruskal-Wallis tests, and plotted using Rstudio soft-
ware (version March 1, 1093).

2.11. Extracellular assay

For this assay we used RHAHXGPRT or RHAKUS80 extracellular
parasites. The tachyzoites were treated as follows: 3 x 10° extracellular
parasites were incubated at 37 °C for 4 h with DMSO 0.1 %, or HCPT (12
pM) or topotecan (50 pM) or phleomycin (50 uM). Extracellular para-
sites were fixed in slides with PAF 4% for 20 min at room temperature,
then washed using PBS. IFA was performed as explained before using
anti-SAG1 (mouse 1:100, Invitrogen), anti-H2A.X (rabbit 1:2000) and
anti-yH2A.X (rabbit 1:200) primary antibodies. Data was analyzed with
GraphPad Prism8.

2.12. Statistics

Data were expressed as mean + SD from three to four independent
experiments. Data variations were analyzed with GraphPad Prism8
software, using Student’s t-test (*p < 0.05, **p < 0.01, and ***p <
0.001), Kruskal Wallis test and Dunn’s multiple comparisons test (****p
< 0.001) and one-way ANOVA and Dunnett’s multiple comparison test
according to the assay.

3. Results
3.1. Impact of topotecan and HCPT on human host cells and tachyzoites

To determine the working concentrations for our study with top-
otecan and HCPT, we performed a cell viability assay using MTT to
assess the impact of the drugs on human host cells (hTERT) after 20 h
treatment. The CCs for topotecan and HCPT in these conditions were
916.5 pM and 68.32 pM, respectively (Fig. 1A, Table 1). In order to
detect host cell alterations under treatment, we analyzed the impact of
these drugs at 24-48 h (Fig. S1). 200 uM topotecan affected hTERT
cellular morphology after 36 h of treatment. hTERT cells lost their
contact points leaving gaps between them, which intensify significantly
after 48 h. Clusters of hTERT cells were observed in 40 pM HCPT,
indicating cell stress. Therefore, to study the effect on parasites while
avoiding damage to host cells, we used concentrations below 200 pM
topotecan and 40 pM HCPT for 20 h.

To study the effect of these drugs in T. gondii, we carried out repli-
cation assays on intracellular RHAHXGPRT (intact HRR and NHEJ
pathways) and RHAKUS80 (only HRR pathway) parasites in the presence
of topotecan or HCPT (Fig. 1B, C, S2). Topotecan treatment affected
tachyzoite replication at ICsy 58.4 uM for RHAHXGPRT and 44.65 pM
for RHAKUS8O. By contrast, HCPT affected tachyzoite replication at
IC50s 11.5 pM and 12.17 pM for RHAHXGPRT and RHAKUSO, respec-
tively. These results indicate that RHAKUS8O parasites were significantly
more sensitive to topotecan than RHAHXGPRT, while both T. gondii
lines showed similar sensitivity to HCPT. Table 1 displays the CCso and
ICs0 values obtained under these experimental conditions, along with
the calculated selectivity index (SI).

In order to confirm anti-T. gondii effect of these genotoxic drugs,
plaque assays were performed. To note, when cells were exposed to
longer times (96 h) at these concentrations, cell viability dropped to
around 50% (data not shown). Consequently, we conducted plaque as-
says to explore the impact of these drugs over extended exposure pe-
riods, using lower concentrations to prevent cell damage. These
experiments revealed a significant reduction in plaque areas that
correlated with concentration, reinforcing the observed anti-parasitic
effects in the replication assays (Fig. S3).
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Fig. 1. Impact of topotecan and HCPT on hTERT cells and tachyzoites RHAHXGPRT or RHAKUS80. (A) MTT assay in hTERT. Cells were treated at different con-
centrations of the drugs tested at 20 h, then the MTT assay was performed to analyze cell viability. CCs, values obtained are indicated above. Concentrations below
topotecan 200 pM and HCPT 40 pM were used in the rest of the experiments. These concentrations were also used for the images shown below, where cells were
stained with Crystal Violet. (B) and (C) Replication assays were carried out using RHAHXGPRT or RHAKUSO strains, as explained in Materials and Methods. Drugs
were administered at concentrations less than 200 pM for topotecan (200, 100, 75, 50, 25 and 12.5 pM) and less than 40 pM for HCPT (40, 20, 15, 10, 5 pM) for 20 h.
Subsequently, IFA was performed using the antibody against SAG1. The number of parasites per vacuole was counted for each concentration in 100 randomly chosen
fields. The decrease in tachyzoites per parasitophorous vacuole (Tz/PV) as concentrations increase is plotted using GraphPad Prism 8 and ICsy was calculated. ICsqs
indicated above the graphs are the mean of three replicates plus SD. (D) ICso comparison between strains. There is a significant difference between RHAHXGPRT and
RHAKUBSO exposed to topotecan. HCPT ICs, comparison did not show any significant difference. Statistical analysis was performed by t-test (*p < 0.05). (A), (B) and

(C) show one representative of three independent assays, performed in triplicate. Scale bar 10 mm.

Table 1
Calculation of the selectivity index for topotecan and 10-hydroxycamptothecin.

Compound T. gondii STRAIN CC50 HTERT cells (pM) IC50 T.gondii(pM) Selectivity Index (SI)
Topotecan RHAHXGPRT 916.5 58.4 15.7

Topotecan RHAKUS80 916.5 44.6 20.5
10-hydroxycamptothecin RHAHXGPRT 68.3 11.5 5.9
10-hydroxycamptothecin RHAKUS80 68.3 12.2 5.6

3These values correspond to 20 h exposure.

3.2. Evaluation of DNA damage caused by topotecan and HCPT via
fluorescence intensity measurements

Topotecan and HCPT are genotoxic drugs used in cancer to induce
DNA damage by trapping TOP1 and DNA (Pommier 2006). One of the
first sensors of DSB damage is the phosphorylation of histone H2A.X,
denoted as YH2A.X (Kuo and Yang 2008; Angel et al., 2020). To study if
topotecan and HCPT are exerting their anti-T. gondii effect through DSB
damage, we analyzed changes in yH2A.X levels. When performing a
Western blot analysis of the parasites treated with the drugs, results
were inconclusive (data not shown), therefore, we decided to use IFA
where the yH2A.X mark in intracellular tachyzoites is clearly observed
in parasite nuclei. We infected cells with tachyzoites of RHAHXGPRT or
RHAKUBSO strains and treated them with the drugs for 20 h, at the ICsq
concentrations. Subsequently, IFA was performed using the yH2A.X
antibody, which selectively detects the phosphorylated state of the H2A.
X histone. In this way we successfully visualized the DNA damage foci,
as shown in Fig. S4.

In infected cultures treated only with the vehicle control (DMSO), we
detected the yH2A.X mark in 100% of the analyzed vacuoles (Fig. 2),
indicating significant baseline DSB damage in proliferating tachyzoites.
Despite this basal DSB damage, drug-treated intracellular tachyzoites
exhibited an increase in fluorescence intensity in both strains compared
to vehicle controls, suggesting increased DSB damage. Furthermore, we
noticed a large variability in the fluorescence intensities obtained, not
only between different vacuoles, but also between parasites from the
same vacuole (Fig. 2A), suggesting that individual parasites are differ-
entially affected.

3.3. Effect of topotecan and HCPT on the cell cycle of RHAKU8O
parasites

As a consequence of fork collapse after treatment with CPT de-
rivatives, there is an interruption in the replication process that can only
be restored after repairing the DSB damage, leading to cell cycle arrest
(Hsiang et al., 1989; Teicher 2008). To study if this effect was observed
with topotecan (45 pM [ICsg] or 90 pM) or HCPT (12 pM [ICso] or 24
pM), we treated RHAKUS8O tachyzoites with the drugs for 6 h, before
performing a cell cycle assay. HU (4 mM) was used as G1-arrest control
(Munera Lopez et al., 2019), whereas 0.1 % v/v DMSO was used as
solvent control. Subsequently, the parasites were collected and analyzed
using FACS to determine the percentage of parasites in each cell cycle
phase (Fig. 3A). No differences were observed between treatments with
topotecan and control (DMSO) under the experimental conditions used.
On the other hand, we observed that HCPT induces a modest but

124

significant arrest of the parasites in the S phase of the cell cycle (Fig. 3B).

3.4. Evaluation of yH2A.X and H2A.X levels in RHAHXGPRT and
RHAKUBS8O extracellular tachyzoites

Since intracellular tachyzoites exhibit a substantial level of YH2A.X
under regular growth conditions, suggesting significant DNA replicative
stress, we examined the levels of yH2A.X in non-replicative extracellular
tachyzoites. We treated extracellular RHAHXGPRT and RHAKUS8O par-
asites with DMSO 0.1%, topotecan (50 pM), HCPT (12 pM), or phleo-
mycin (50 pM) at 37 °C for 4 h, then IFAs were performed using YH2A.X
and H2A.X antibodies. Phleomycin was used as a positive control,
known for inducing extracellular DNA damage (Messina et al., 1995; Fox
et al.,, 2009). Fig. 4 illustrates that neither strain, RHAHXGPRT nor
RHAKUSO, exhibited the yH2A.X mark under any treatment conditions
except phleomycin, which showed a clear YH2A.X signal. However, all
T. gondii lines displayed a positive H2A.X signal. In Fig. 4A, DMSO only
is shown as control, and phleomycin to show the mark observed and
quantified in Fig. 4B. Staining observed in parasites treated with top-
otecan and HCPT are similar as shown for DMSO. The loss of yH2A.X in
extracellular non-replicative tachyzoites suggests that the levels of
yH2A.X in intracellular parasites may be related to basal DSB damage,
likely due to replicative stress (Dalmasso et al., 2009).

4. Discussion

T. gondii tachyzoites exhibit a high replication rate that can result in
replication stress and the induction of DSBs. In this regard, the gene
TOP1 has been identified as an essential component in the HRR DNA
damage pathway, as reported before (Angel et al., 2020). Consequently,
TOP1 represents a promising target for interfering with parasite repli-
cation. Little exploration has been conducted on T. gondii’s DDR and
genotoxic drugs primarily because of the lack of established DNA
damage models. In this work, we were able to develop a DSB type DNA
damage model and demonstrated the existence of basal DNA damage
within the replicative form, which may be attributed to DNA replicative
stress. Additionally, we introduced two novel genotoxic drugs, top-
otecan and HCPT, both derivatives of CPT.

While previous studies (Munera Lopez et al., 2019) have demon-
strated the sensitivity of tachyzoites to CPT, a TOP1 inhibitor, this drug
also exerts a significant impact on human host cells (Adeyemi et al.,
2019; Munera Lopez et al., 2019). Thus, we investigated the effects of
derivatives of CPT: topotecan and HCPT, the first approved by the FDA
for cancer treatment and the second being a natural product under
investigation in clinical trials (Angel et al., 2020), in replicative
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Fig. 2. Evaluation of DNA damage induced by topotecan and HCPT through fluorescence intensity measurements. Intracellular tachyzoites were treated with
topotecan or HCPT, for 20 h, at the ICso concentrations, or DMSO (0.1%) as control. IFAs were performed using the antibody yYH2A.X, and SAGI to easily detect
parasites. Fluorescence intensity was measured using ImageJ. (A) Graphs show one representative of three independent assays, performed in triplicate, and results
were plotted by Rstudio. Statistical analysis was performed by Kruskal wallis test and Dunn’s multiple comparisons test (****p < 0.001) (B) Representative IFA. The

images show yH2A.X in green and SAG1 in red. Scale bar 5 pm.

tachyzoites of the RHAHXGPRT and RHAKUSO strains. Replication and
plaque assays showed that both drugs exert an anti-T. gondii effect at
ICsp values below concentrations that are cytotoxic to host cells. The
RHAKUSO strain lacks the ku80 gene, therefore has no functional NHEJ
pathway to repair DSB (Fox et al., 2009). Based on the replication assays,
where both strains have similar ICsg values against HCPT would indicate
that the DNA damage generated by this drug is mainly repaired by HRR,
in agreement that this pathway is required for repair during the late S
phase (Mao et al., 2008). However, RHAKUS8O0 displayed greater sensi-
tivity to topotecan, indicating a potential reliance on the NHEJ pathway
for repairing DSB damage induced by this drug. DNA damage caused by
topotecan, possibly extending beyond S-phase (Feeney et al., 2003),
suggests a need for repair in G1 phase, which could explain the observed
differences. Nonetheless, the distinct impact was not evident in the
plaque assays, possibly due to the considerable heterogeneity in plaque
areas observed in this experiment. The cell cycle assay, as described
below, appears to align with the results from the replication assay.

125

However, it is important to acknowledge that the observed effects are
subtle and only indicative of a certain trend.

Phosphorylation of H2A.X at the C-terminal serine (yH2A.X) in-
dicates the presence of DSB damage and activation of DDR (Chanoux
etal., 2009; Podhorecka et al., 2010). We observed a significant increase
in YH2A X intensity when intracellular tachyzoites were treated with
topotecan or HCPT versus the control, indicating DSB generation beyond
basal damage by these drugs. In a similar way, we observed a mild
(HCPT) or no effect (topotecan) on cell cycle arrest. In previous reports
studying cancer cell lines, topotecan and HCPT have been associated
with arrest at the G1 or S phase of the cell cycle (Feeney et al., 2003).
Our results with topotecan can potentially be attributed to its varying
impact depending on the specific phase of the cell cycle in which the cell
is situated (Feeney et al., 2003). Considering that our study involves a
non-synchronized population, the drug’s effect may vary among indi-
vidual parasites. As a result, the detection of a significant effect solely
attributable to topotecan during DNA replication process becomes more
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Fig. 3. Analysis of RHAKUS8O tachyzoites cell cycle after treatment. (A) hTERT monolayers infected with RHAKU80 tachyzoites were incubated with 45 or 90 pM
topotecan, 12 or 24 pM HCPT, 4 mM HU and DMSO 0.1% for 6 h and propidium iodide was used to stain DNA. Tachyzoites were analyzed by FACS. One repre-
sentative experiment for each drug at the lowest concentration plus controls is shown. (B) Bar graphs showing the percentage of parasites in each phase of the cell
cycle. Statistical analysis was performed with one-way ANOVA and Dunnett’s multiple comparison test (****p < 0.001, **p < 0.005).

intricate. On the other hand, HCPT caused a moderate, although sig-
nificant arrest of the parasites in the S phase. These results would
indicate that this is the phase in which the DNA damage occurs, there-
fore preventing the parasite cell cycle to continue until it is repaired,
similar to the effect in cancer cells (Hu et al., 2011). In line with this, the
outcomes from the replication assays, which indicate that RHAKU80
parasites are more sensitive than RHAHXGPRT to topotecan but not to
HCPT, further support the action in S phase of the former compound,
causing a DSB damage that is repaired by HRR. Based on these results, it
is possible that the drugs, at least HCPT, induce DSB damage as observed
for other organisms, whose modest impact may be masked by the high
baseline DDR in replicating tachyzoites.

Interestingly, extracellular tachyzoites showed no yH2A.X signal,
either under negative control conditions or treated with topotecan or
HCPT. However, treatment with phleomycin induced DNA damage in
extracellular tachyzoites, evidenced by the yH2A.X mark (Vitor et al.,
2020). This would corroborate the existence of substantial replicative
DNA stress occurring during the tachyzoite cell cycle, thereby gener-
ating the baseline DSB damage observed by the presence of YH2A.X in
intracellular tachyzoites. However, T. gondii successfully overcomes this
adverse effect of rapid replication, implying a great capacity to resolve
DSB damage. Absence of yH2A.X signal in extracellular parasites, in
comparison to the intracellular stadium, suggests proficient damage
resolution. Notably, T. gondii has preserved these different DNA repair
pathways (Smolarz et al., 2014) while other parasites, even some in the
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same phylum, like Plasmodium, only retain HRR to solve DSBs (Kirkman
et al., 2014). Plasmodium falciparum developed a complex DNA repair
system to maintain its genomic integrity, which remains poorly under-
stood. A role of the nuclease PfAlba3 on the DNA-damage response,
which could have an effect in pathogenicity, has been recently identified
(Banerjee et al., 2023). In T. gondii, many of the NHEJ or HRR associated
proteins are essential for the lytic cycle (Angel et al., 2020). This sup-
ports a relevant role for the DDR in the high replicative tachyzoite under
normal conditions.

Our findings indicate that the sensitivity to topotecan and HCPT is
likely linked to DSB damage, although their effects are not as compelling
as in other systems. It is important to mention that previous studies have
demonstrated that camptothecin derivatives in parasites such as
T. brucei and T. cruzi could have different effects compared to cancer cell
lines. These differences include higher ICsg or the absence of a signifi-
cant DNA damaging effect in experiments at the population level
(Lacombe et al., 2014). These observations suggest potential disparities
between human and T. gondii TOP1. The development of specific drugs
targeting parasite infections becomes necessary to ensure safe and tar-
geted therapy against the parasite while minimizing harm to the host
cell. However, it is also important to note that the limited efficacy
observed could be also attributed to efficient DDR mechanisms
employed by T. gondii. Therefore, combining genotoxic drugs with
compounds that disrupt DDR, as previously observed, could enhance
and improve the anti-toxoplasmic effect of HCPT and/or topotecan
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(Munera Lopez et al., 2019).

4.1. Conclusion

Our results reinforce the importance of studying DNA damage repair
mechanisms in T. gondii to identify potential targets for inhibition that
would prevent the parasite from continued replication. The high levels
of basal yH2A X in proliferating parasites suggest these parasites harbor
a robust DNA repair system that may require a cocktail drug therapy to
neutralize effectively. Identifying specific genotoxic drugs that could be
used as effective agents against parasites, in combination with DDR-
altering compounds, could contribute to the development of a safe
and efficacious treatment against toxoplasmosis.
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