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Trypanosoma cruzi is the etiologic agent of Chagas’ disease, a debilitating and mortal zoonotic illness that threatens the lives of several millions of people in the American continent. The acute phase is underdiagnosed and there is no curative treatment for the chronic stage. This unicellular pathogen colonizes cells from different tissues wherein it replicates and remains hidden from immune recognition. There is an urgent need to develop new chemotherapy, which requires robust screening bioassays against the amastigote, a proliferative and drug-resilient intracellular stage of the parasite. With this aim, here we present the generation and characterization of a bioluminescent reporter cell line of the highly infective strain Dm28c from T. cruzi. Constitutive and stable expression of the reporter gene (a red-shifted luciferase from Photinus pyralis) was achieved in the different developmental stages of the pathogen. The transgene did not affect parasite growth and differentiation. The bioluminescence signal displayed a linear correlation with the parasite number. A 96-well screening assay against the amastigote stage has been established and validated with a small compound library. The bioassay proved sensitive, robust, and amenable for high throughput applications. The reporter cell line may prove highly valuable to address different goals in the early phase of the drug discovery process against American trypanosomiasis.
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1 INTRODUCTION
Chagas disease (CD) is a zoonosis caused by the protozoan parasite Trypanosoma cruzi, which is transmitted by hematophagous hemipteran of the subfamily Triatominae. The World Health Organization classifies this disease as “neglected” and a silent ailment. It is endemic in 21 countries across Latin America, with an estimated 6 to 8 million people suffering from the disease, about 50.000 annual deaths, and 75 million people being at risk of infection. Alarmingly, only 30% of CD cases are diagnosed (DNDI, 2024).
The pathogen presents a complex life cycle involving four major developmental stages: epimastigotes (non-infective), metacyclic trypomastigotes (infective and non-replicative), amastigotes (intracellular and replicative), and trypomastigotes (extracellular and non-replicative), and several intermediate forms. The first two stages occur in the gut of the insect vector while the other are present in the mammalian host. For almost 50 years, Chagas’s disease has been treated with two old-fashioned nitroheterocyclic pro-drugs, nifurtimox (NFX), and benzinidazole (BNZ), that are effective only against the acute stage of the infection (Chao et al., 2020). In the chronic stage of the disease, the parasite remains resilient to these and other drugs (i.e., azoles). To some extent, this is because T. cruzi displays a lower replication/metabolic rate (Sanchez-Valdez et al., 2019; Ward et al., 2020) and/or the drugs do not reach or stay enough time to exert their anti-parasitic action in the body niches colonized by the pathogen.
Despite the World Health Organization has raised attention towards CD by including it in the list of neglected tropical diseases (NTD), private investment in drug discovery remains scarce, leading to a notable lack of chemotherapeutic options (Weng et al., 2018). Several academic groups and, in the last decade, public-private partnership initiatives (i.e., DNDi) have contributed to nominating novel molecular targets or compounds as drug candidates against CD (Bhattacharya et al., 2020; Gabaldón-Figueira et al., 2023). It is well known that the drug discovery process is a long path with multiple bottlenecks that, at the hit discovery stage, include: assay development (for compound screening) and hit-to-lead optimization. For a phenotypic-based screening, is of utmost importance that the cell-based assay resembles the physiological conditions (medium, cell model, pathogen stage and strain, etc.) under which the drug is expected to act at the organismal level (e.g., drug crossing host cell membrane). In this regard, a diversity of screening systems has been implemented in the search for chemicals active against T. cruzi (Chatelain and Ioset, 2018). They used axenic epimastigotes (Scarim et al., 2021) or trypomastigotes (Lara et al., 2018; Gulin et al., 2021; Scarim et al., 2021), and intracellular amastigotes (Bettiol et al., 2009; Engel et al., 2010; De Rycker et al., 2016; Yang et al., 2017; Lara et al., 2018; Scarim et al., 2021), and relied in non-automatized microscopic counting (Engel et al., 2010; Alonso-Padilla et al., 2015), colorimetric (Buckner et al., 1996; Bettiol et al., 2009; Yang et al., 2017), luminescent (Bot et al., 2010; MacLean et al., 2018), fluorescent (Canavaci et al., 2010; Henriques et al., 2014), or high-content microscopy assays (Sykes and Avery, 2013; Yang et al., 2017; Gonçalves et al., 2018; Benítez et al., 2022) to measure the trypanocidal effect of compounds. The metabolic needs and proteomic repertoire of epimastigotes and axenic amastigotes are different from the clinically relevant infective stages (trypomastigotes and intracellular amastigotes; (Canavaci et al., 2010; Villalta and Rachakonda, 2019), therefore, assays based on the last have a higher predictive value for the identification of drug candidates (Gabaldón-Figueira et al., 2023). Concerning the assay read-out methods, the microscopy techniques are laborious (i.e., when non-automatized), provide limited information (e.g., only a minor population of the sample is analyzed, hence, leading to high intra-assay variability), require expensive equipment for data acquisition or analysis (i.e., fluorescence microscope with automatized microplate screening platform) and their throughput capacity is low to medium (Alonso-Padilla and Rodríguez, 2014; Yang et al., 2017). Although the colorimetric methods based on reagents metabolized by endogenous or reporter enzymes (e.g., β-galactosidase) improve the readout rate and cell population coverage, they suffer from low sensitivity and specificity (e.g., host cell and compounds may interfere with color development (Young et al., 1993; Buckner et al., 1996; Sharma et al., 2021). Comparatively, bioluminescence-based assays offer the highest signal-to-noise ratio and sensitivity. This class of assays relies on luciferase activity that emits light upon the ATP-mediated decarboxylation of its substrate luciferin. Luciferase (LUC) can be genetically encoded (reporter) or added exogenously and the bioluminescent signal is proportional to the cellular content of the reporter gene or ATP, respectively. Bot et al. (2010) were the first to report the generation of a transgenic T. cruzi (strain CL-Brener) expressing a firefly LUC that has been used for compound screening. The reporter gene had no noticeable effects on trypanosome growth, differentiation, and infectivity, and proved very sensitive (e.g., it detected 10 parasites in a mammalian cell infection). The assay was standardized in a 96-well plate format (Bot et al., 2010) and, so far, has not been applied to drug screening. Several years later, and devoid of details about their generation and characterization, LUC-reporter cell lines of T. cruzi (strain Dm28c and Tulahuen) were used to evaluate the activity of naphthoquinones (Lewis et al., 2015; Lara et al., 2018; Silberstein et al., 2018) and extracts or compounds from natural sources (Tayama et al., 2023) in tissue-culture derived trypomastigotes and intracellular amastigotes. Also, the conventional ATP bioluminescence assay (Cell Titer-Glo cell viability kit from Promega) has been used to assess the viability of infective T. cruzi (from different strains) exposed to compounds (Lara et al., 2018) and clinical drugs (MacLean et al., 2018).
Recently, novel LUC variants, namely, a red-shifted and a nanoluciferase, with increased luminescence emission have been expressed in T. cruzi (Lewis et al., 2014; Taylor et al., 2019; Ward et al., 2020). Worth noting, these and other LUC-reporter cell lines have attracted more interest for investigating host-parasite interaction and drug response (e.g., relapse to treatment and pre-clinical assessment of hits) by in vivo imaging (Hyland et al., 2008; Andriani et al., 2011; Henriques et al., 2014; Lewis et al., 2014; 2015; Calvet et al., 2017; Silva-Dos-Santos et al., 2017; Sánchez-Valdéz and Padilla, 2019; Taylor et al., 2019; Mann et al., 2020) rather than for in vitro screening of compounds (Bot et al., 2010; Lara et al., 2018; Tayama et al., 2023).
The development of phenotypic screening assays against the intracellular form of T. cruzi has been challenging and demands standardized conditions to assess properly drug susceptibility (Yang et al., 2017) and mitigate experimental artifacts contributing to the high attrition rate or laboratory-dependent variability (Chatelain and Ioset, 2018). With this goal in mind, here we report the development of a high-throughput bioluminescence assay for evaluating the activity of chemical compounds against the amastigote stage of T. cruzi strain Dm28c, clone TcI (a highly virulent strain associated with oral outbreaks and fully assemble genome sequence; Berná et al., 2018). The reporter gene, a red-shifted LUC from Photinus pyralis (Branchini et al., 2010), is expressed in a stable and constitutive fashion in all developmental stages of the pathogen. Standardized conditions for cell infection and (single-step) assay readout are described. The robustness of the assay was validated by screening a small compound library.
2 MATERIAL AND METHODS
2.1 Reagents
Unless otherwise stated all chemical reagents were of analytical grade and purchased from SIGMA-ALDRICH (owned by Merck KGaA). The chemical compounds subjected to screening were available in our laboratory via collaborations quoted and acknowledged in Section 3.2 and Acknowledgements. The synthesis and preparation of the benzoisotiazolone derivatives and the rotenoid compound will be published elsewhere.
2.2 Parasite culture and transfection
The epimastigote stage of the wild-type T. cruzi Dm28c (Dm28c-WT) was cultured in vitro in liver infusion tryptose (LIT) medium (Camargo, 1963; Rodríguez Durán et al., 2021) supplemented with 10% v/v fetal bovine serum (FBS, Gibco®), 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco®) and hemin 0.02 g/L. The cultures (5 mL in 25 cm2 plug seal-cap culture-flask from Corning®) were incubated at 28°C and maintained in logarithmic growth (log-phase) by seeding parasites in fresh culture medium at a density of 5 × 104 cells/mL every 5 days. Cells were counted under a light microscope (Neubauer chamber). This procedure was applied to synchronize the growth of cultures from the wild-type and transgenic cell line.
In a total volume of 160 μL, 27 µg of the plasmid pTRIX2-RE9h (Lewis et al., 2014)) was linearized with AatII (0.75 U/µL) and AscI (0.6 U/µL) in Cut Smart Buffer (reagents from New England Biolabs) by overnight incubation at 37°C. The digested DNA was precipitated with sodium acetate 0.3 M (PanReac AppliChem) and isopropanol (0.7 volumes) and, after centrifugation (10,000 g at 4°C for 10 min), resuspended in 5 µL of UltraPureTM DNase/RNase-Free Distilled Water (Invitrogen). Parasites (∼65 million) in the log-phase, were washed with Phosphate-Buffered Saline (PBS) and then with HEPES-buffered saline (50 mM HEPES, 140 mM NaCl, 1.5 mM Na2HPO4.2H2O pH 7.4) after centrifugation at 10,000 g at 4°C for 10 min. The cell pellet was resuspended in 100 µL of Basic Parasite NucleofectorTM Kit1 solution, mixed with linearized DNA and electroporated with an AmaxaTM NucleofectorTM II (Lonza), program U-033. Transfected parasites were transferred to a 25 cm2 plug seal-cap culture-flask containing 2 mL of culture medium without selection antibiotic and incubated overnight at 28°C. Next, and within 1 week, the concentration of the selection antibiotic (G418 disulfate salt) was incremented stepwise from 125 μg/mL up to 500 μg/mL. To confirm the efficacy of the selective pressure, epimastigotes electroporated in the absence of DNA vector and subjected to identical G418-selection were included as a control. From the second week post-transfection onwards, the parasite cultures were maintained in a medium containing 250 μg/mL G418. The transgenic cell line was called Dm28c-luc.
2.3 Infection assays and recovery of parasite infectivity
Highly infective metacyclic trypomastigotes (MT) from both cell lines (WT and Dm28c-luc) were obtained by starvation (Daghero et al., 2023). Briefly, epimastigotes in the log-phase were seeded to 5 × 104 cells/mL in 5 mL of LIT medium (25 cm2 plug seal-cap culture-flask) and incubated for 14 days at 28°C and then used to infect Vero cells as described next (Scheme 1, Step 1).
[image: Scheme 1]SCHEME 1 | Infection and bioluminescent assay procedures. Step 1. Metacyclogenesis and cell infection. Epimastigotes (reporter cell line Dm28c-luc) are incubated for 2 weeks in culture medium until nutritional starvation, which induces the differentiation into metacyclic trypomastigotes (MT). Then, Vero cells are infected with MT at a multiplicity of infection (MOI) of 1:10, cells:parasites. Seven days post-infection, cell culture trypomastigotes (CCT) are harvested from the culture supernatant. Step 2. Preparation of highly infective trypomastigotes. Vero cells are infected (MOI 1:10) with CCT obtained in Step 1 and the emerging CCT are collected and further used in repeated infection cycles (a total of nine). Step 3. Bioluminescent assay. On Day 0, Vero cells are infected with CCT (infection cycle 9) and, after 24 h (Day 1), the cell monolayer is detached and the cells are transferred to a 96-well microplate. After 24 h incubation at 37°C and 5% CO2 (Day 2), the compounds/drugs are added in quadruplicate replica at the corresponding concentrations (10 µM for primary screening or serial dilutions for IC50 determinations). The microplate is incubated for 72 h at 37°C with 5% CO2 and, at Day 5, the content from three replicate wells is transferred to a 96-well black microplate, treated with the Bright-GloTM Luciferase Assay System (PROMEGA) and bioluminescence signal read in a luminometer. The cells from the fourth well are fixed and analyzed by microscopy.
Vero cells (ATCC CCL-81) were cultivated at 40% confluency (about 1.2 × 106 cells) in a 25 cm2 plug vented-cap culture-flask (Corning®) in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) supplemented with 10% v/v FBS, 100 U/mL of penicillin, and 100 μg/mL streptomycin at 37°C and 5% CO2. MT were counted in a Neubauer chamber, centrifuged at 1,250 g for 10 min at 20°C, resuspended in culture medium (DMEM +10% v/v FBS) and co-incubated with Vero cells at a multiplicity of infection (MOI) of 1:10, cells:parasites. After incubation for 24 h at 37°C and 5% CO2, the cell monolayer was washed three times with pre-warmed (37°C) PBS before adding 5 mL of maintenance medium (DMEM with 2% v/v FBS). Five days post-infection, the culture supernatant was replaced with fresh maintenance medium to avoid culture acidification (Scheme 1, Step 1 and 2). The presence of cell culture trypomastigotes (CCT) emerging from lysed host cells was monitored daily by microscopy. When the content of CCT in the culture supernatant was about 50–60% of the total parasite burden (i.e., one week post-infection), the extracellular parasites were transferred to a 15 mL conical tube and harvested by centrifugation (1,250 g for 10 min at 20°C). Four mL of growth medium were carefully added to the pellet and the sample was incubated for 4 h (37°C, 5% CO2) to allow trypomastigotes to move outside the pellet of cells and debris (Eufrásio and Cordeiro, 2020). The CCT present in the supernatant were counted in a Neubauer chamber and used to infect Vero cells exactly as described above. This procedure was repeated nine times (Scheme 1, Step 2), which yielded a consistent infection rate (expressed as the percentage of the number of Vero cells infected with T. cruzi versus the total number of Vero cells) of 80–100%. The CCT isolated at cycle #9 were cryopreserved (1-2 million parasites in LIT complete medium supplemented with 10% v/v glycerol) at −80°C until use.
Amastigotes-like forms (Supplementary Figure S1) were obtained upon incubation of 106 CCT/mL in Brain Heart Infusion (BHI) medium at 37°C and 5% CO2 for 72–96 h.
2.4 Luciferase activity assay
LUC activity was measured in samples from different developmental stages of the reporter Dm28c-luc or Dm28c-WT (negative bioluminescence control) cell lines subjected to different growth conditions using the Bright-GloTM Luciferase Assay System reagent (BG-LAS, E2650 Promega).
Parasites at defined or unknown cell densities, depending on the experiment, were washed and, after centrifugation (1,250 g for 10 min at 20°C), resuspended in 100 µL of PBS 1% w/v Glucose. The cells were transferred to a 96-well black microplate (Greiner Bio-One) and 100 µL of BG-LAS was added per well. The luminescence signal was measured in a LUMIstar OPTIMA Microplate luminometer (BMG LABTECH) using the following settings (time expressed in seconds: s): 5 s shaking, 5 s/well acquisition, 0.2 s measurement delay, maximum gain value, and 25°C. All samples were analyzed in triplicates.
The bioluminescent signal (BL) is expressed as a percentage relative to the signal obtained for 1 × 106 parasites (i.e., epimastigotes in early/mid log-phase or amastigotes), and calculated as follows:
[image: image]
For statistical comparisons, the One-Way ANOVA test was applied.
2.5 Microscopy-based assay
2.5.1 Infection
On Day 0 (Scheme 1, Step 3), 1.2 × 106 Vero cells in log-phase are resuspended in 5 mL of culture medium (DMEM +10% FBS +100 U/mL of penicillin, and 100 μg/mL streptomycin), transferred to a 25 cm2 vented cap culture-flask (Corning®) and incubated for 4 h at 37°C and 5% CO2 to allow cellular adherence. Next, the cells are incubated with 1.2 × 107 CCT from cycle 9th of infection (see Section 2.3) at 37°C and 5% CO2 for 4 h or 24 h to achieve an infection rate of ∼30% or ≥50% (see Section 2.5.3 for determination of infection rate), respectively. Thereafter (Day 1), the cell monolayer is washed with PBS, and then incubated with 1 mL Trypsin-EDTA 0.25% w/v (Thermo Fisher Scientific) for 5 min at 37°C and 5% CO2 to detach all cells. The cells are resuspended in culture medium (1.25 × 105 cells/mL) and transferred to a 96-well culture microplate (120 µL/well or 15,000 cells/well, which covers 90–100% of the well surface) and incubated for 24 h at 37°C and 5% CO2.
2.5.2 Drug testing
Working solutions of NFX (8 mM) and BNZ (10 mM), both prepared in dimethyl sulfoxide (DMSO) 100% v/v from 25 mM stocks, were used to prepare serial 1:2 dilutions in culture medium. The range of concentrations tested for nifurtimox and benznidazole was from 40 to 0.1 μM and from 100 to 0.1 μM, respectively.
On Day 2, the culture supernatant from the microplate is replaced with 100 µL/well containing different concentrations of nifurtimox or benznidazole, and DMSO 0.5% v/v (negative control) prepared in maintenance medium. A blank condition consisted of wells lacking cells but containing 100 µL of maintenance medium supplemented with 0.5% v/v DMSO. The microplate was then incubated for 72 h at 37°C with 5% CO2. Three replicates were assayed for each drug concentration and the negative control.
2.5.3 DNA staining and quantitative image analysis
On Day 5, the microplate was washed twice with 150 µL/well PBS 1X and then the cells were fixed with 4% v/v paraformaldehyde (40 µL/well) for 20 min at room temperature. After washing with 100 µL PBS, the cellular DNA was stained with methyl green (100 µL/well of a 0.0004% w/v solution prepared in PBS) for 10 min at room temperature. Upon washing with PBS, images (TIFF format 16 bit) from multiple fields of each well were taken in an inverted epifluorescence microscope (Olympus IX-81) using a 40× objective lens. A minimum of 250 host cells were analyzed per sample (well) using the “Trainable Weka Segmentation” plugin (Arganda-Carreras et al., 2017) from Fiji´s software (Schindelin et al., 2012). The percentage of infected cells (or infection rate) for each condition tested was estimated as follows:
[image: image]
For calculating the EC50, the % infection was further normalized to the values corresponding to non-infected cells (0% infection) or infected and non-treated cells (100% infection) and calculated by fitting the concentration-response curves to a four-parameter sigmoid equation using GraphPad Prism software (version 8.0).
2.6 Bioluminescence-based assay
2.6.1 Infection
Vero cells were infected with Dm28c-luc CCT exactly as described in Section 2.5.1 (Scheme 1 Day 0 and 1), except that the incubation with CCT was performed only for 24 h, which yielded an average infection rate of 65% (n = 4 assays).
2.6.2 Screening
Stock (25 mM) and working (2 mM) solutions of the chemical compounds to be screened were prepared in DMSO 100% v/v. To obtain a 10 µM assay solution, 6 μL from each working solution was diluted in 1,194 μL of maintenance medium, mixed thoroughly, and solubility was checked by nacked eye and microscope examination.
On Day 2, the culture supernatant from the microplate is replaced with 100 µL of maintenance medium containing the compounds of interest (10 µM), DMSO 0.5% v/v (negative control) or nifurtimox 5 µM (EC50; positive control). The blank condition consisted of wells lacking cells but containing 100 µL of maintenance medium supplemented with 0.5% v/v DMSO. The microplate was then incubated for 72 h at 37°C with 5% CO2. Supplementary Figure S2 shows the microplate layout used for the screening assay.
On Day 5, randomly selected wells from each sample were promptly inspected with an inverted microscope (40× objective lens) to verify the degree of cellular infection. Next, 100 µL/well of BG-LAS was added to the samples using an 8-channel micropipette, and the mixture was homogenized by carefully pipetting up and down to facilitate cell lysis. Immediately thereafter, the entire volume from each well (approximately 200 µL) was transferred to a 96-well black microplate (bioluminescent microplate) for subsequent reading in the luminometer. The bioluminescent signal was measured using the instrument and settings described in Section 2.4.
Parasite viability was calculated using the formula:
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where BL refers to the mean of the bioluminescent signal corresponding to the tested compound (cpd), the blank (blank, maintenance medium containing 0.5% v/v DMSO), or the negative control (neg, infected cells treated with maintenance medium containing 0.5% v/v DMSO). The Z′ factor (Zhang et al., 1999) was determined according to the following formula:
[image: image]
where SD and BL refer to the standard deviation and mean bioluminescence value of the corresponding blank and negative samples.
EC50 values were calculated by fitting concentration-response curves to a four-parameter sigmoid equation using GraphPad Prism software (version 8.0).
3 RESULTS AND DISCUSSION
3.1 Generation and characterization of Dm28-luc reporter cell line
Epimastigotes from the strain Dm28c were transfected with a solution containing or lacking (mock control) the pTRIX2-RE9h vector coding for a red-shifted LUC from P. pyralis. About 1 week after selection, parasites resistant to G418 were observed in samples transfected with the reporter vector (Dm28c-luc parasites) but not in the mock control. First, LUC activity was tested in samples containing different amounts of Dm28c-luc epimastigotes obtained from synchronized (log-phase) cultures using two different commercial kits from Promega (Figure 1A): the Luciferase Assay System (LAS) and the BG-LAS. LAS is a non-homogeneous assay that requires the removal of culture supernatant and cell wash before lysis, which is then followed by the addition of the Luciferase Assay Reagent (LAR). Although sensitive, the light generated by this assay has a half-life of 10 min. In contrast, the BG-LAS kit does not require sample pre-processing (medium removal and cell wash) and has a longer half-life (>3-fold compared to LAS). Although both assays were able to reveal LUC activity in Dm28c-luc epimastigotes, the performance of the BG-LAS was far superior to the LAS (Figure 1A). For the BG-LAS, the bioluminescence signal displayed an excellent correlation with parasite number (linear regression slope = 0.57 and R2= 0.9997) embracing four orders of magnitude dynamic range (signal from 103 to 107 parasites). For our reporter cell model, the LAS displayed a dynamic range of three orders of magnitude and a narrower linear range of signal quantification (e.g., signal emitted by 105 to 107 parasites). Furthermore, the bioluminescence signal generated with the BG-LAS was on average 7.3-fold higher than that produced with the LAS. Based on these results, all further bioluminescence assays were performed using the BG-LAS kit.
[image: Figure 1]FIGURE 1 | Bioluminescence correlates with parasite number and is stable in long-term cultures of Dm28c-luc epimastigotes. LUC activity was determined in Dm28c-luc epimastigotes grown to log-phase and in the absence of selection antibiotic for (A) 5 days using the LAS or BG-LAS kits (Dm28c-WT epimastigotes were used as a control for the BG-LAS) or (B) for 90 days using the BG-LAS kit. The cells were harvested, cell number adjusted to 1 × 106 epimastigotes (if needed) and analyzed for LUC activity (details in Section 2.4). Statistical analysis revealed no significant differences in signal (One-Way ANOVA) compared to day 0. For all plots, the errors are expressed as one standard deviation (SD) of the mean value (n=3).
In order to confirm the stable integration of the reporter gene, the luciferase activity was monitored at different time points in log-phase Dm28c-luc epimastigotes grown for long term in the absence of selection antibiotic. During this experiment, the parasites were maintained in log-phase by repeated subcultures every 5 days (see details in Section 2.2). As shown in Figure 1B, the bioluminescence signal remained high and stable for at least 3 months of continued and synchronized culture.
Next, different experiments were performed to characterize the growth phenotype (Figure 2A), differentiation, and infective capacity (Figure 2B; Supplementary Figure S3) of the reporter cell line. Based on the stable expression of LUC (Figure 1B) and to avoid a bias due to G418 effect on cell growth, all the assays pointed out above were performed in the absence of selective pressure.
[image: Figure 2]FIGURE 2 | LUC expression does not affect the growth phenotype and differentiation capacity of the reporter parasites. (A) Synchronized epimastigotes from the parental (Dm28c-WT, black empty squares) and transgenic (Dm28c-luc; orange filled circles) cell lines cultured in the absence of the selection antibiotic were seeded at 5 [image: image] 104 cells/mL (Day 0) in individual (one per day) culture-flask and cell density was assessed every 24 h and until day 14 by counting in a Neubauer chamber. (B) Luciferase activity, expressed as relative bioluminescence units (RLU) was measured in samples containing 1 [image: image] 106 Dm28c-luc parasites from the following developmental stages (see Section 2.3 and 2.4 for technical details): epimastigotes (EPI), metacyclic trypomastigotes (MT), cell culture trypomastigotes (CCT) isolated at the 4th (29 days) or 9th (72 days) infection cycle, amastigotes isolated from cells 18 h post-infection (18 h AMA) with CCT from a 9th infection cycle, and amastigotes-like forms (like AMA) obtained upon culturing CCT in BHI medium for 96 h. *, difference statistically significant (p < 0.017; One-Way ANOVA) when compared to the signal produced by parasites from the other life stages. (C) Luciferease activity, expressed as relative bioluminescence units (RLU), was measured in intracellular Dm28c-luc amastigotes at different time points post-infection of Vero cells.
As shown in Figure 2A, there were no differences in the proliferative capacity, maximum cell density, and growth curve profile of epimastigotes from the Dm28c-luc cell line compared to the wild-type strain.
The capacity of the Dm28c-luc cell line to undergo differentiation through the major life-cycle stages was evaluated along with LUC activity. In axenic culture conditions, replicative epimastigotes were forced to differentiate to metacyclic trypomastigotes (MT) by nutrient starvation. At variance with epimastigotes, MT are highly infective and non-replicative. There were no differences in the time of appearance of MT (∼14 days) in starved cultures of Dm28c-luc and Dm28c-WT. However, upon transition from the epimastigote to the MT stage, LUC activity dropped significantly (i.e. 2.5-fold) (Figure 2B). This result agrees with the nutritional stress to which parasites were subjected to differentiate to MT and with the transcriptional downregulation of energy metabolism reported for this non-replicative stage (Cruz-Saavedra et al., 2020). In several biological replicates conducted under identical experimental conditions (e.g., MOI 1:10), Dm28c-luc MT proved infective to VERO cells although at a lower ratio (10–20% infected cells) than those from the parental strain (80% infected cells; Supplementary Figure S4). Despite this observation, inside the mammalian cells, the Dm28c-luc MT were capable of differentiating into amastigotes that showed an steady increase in LUC activity (Figure 2C). The transgenic amastigotes replicated and transformed into trypomastigotes with similar kinetics to parasites from the WT strain. Similar to the WT strain, mechanical cell lysis by intracellular Dm28c-luc trypomastigotes was observed at 72–96 h post-infection. Importantly, during amastigogenesis (i.e., differentiation process from MT to amastigotes inside the host cell) and within 24 h, LUC activity increased by two orders of magnitude, in line with the metabolic and proliferative de-repression occurring in this stage.
To determine whether the lower infectivity displayed by Dm28c-luc MT is a permanent or transient phenotypic feature, we performed 10th successive cycles of host cell re-infection with trypomastigotes isolated from Vero cells (the so-called, cell culture trypomastigotes: CCT). By measuring LUC activity in CCT obtained at different infection cycles, we were able to confirm that this procedure did not affect the expression of the reporter gene, which produced a bioluminescence signal similar (re-infection cycle 4th and 9th corresponding to 29 and 72 days in culture, respectively) than that achieved by epimastigotes in log-phase (Figure 2B).
Applying this experimental approach, we observed that upon the 7th re-infection cycle, the Dm28c-luc cell line recovered an infectivity of Vero cells similar to WT parasites (Supplementary Figure S4). Importantly, intracellular amastigotes derived from an infection experiment that lasted 77 days (10 re-infection cycles) displayed a high bioluminescence signal (Figure 2B). Furthermore, Dm28c-luc CCT were incubated in BHI medium for 96 h at 37°C and 5% CO2, which led to the appearance of morphologically spherical, amastigote-like forms (Supplementary Figure S1). Under this growth condition, LUC activity was the lowest observed when compared to that detected in other developmental forms of T. cruzi, and suggests a transcriptional or metabolic downregulation in the amastigote-like parasites obtained in vitro.
Finally, we performed a comparative evaluation of the sensitivity of the reporter cell line towards the two clinical drugs used to treat Chagas’ disease, NFX and BNZ. Vero cells were infected at different rates (30% and 50%) with the Dm28c-luc or Dm28c-WT cell lines and the number of infected cells upon treatment was determined microscopically (further technical details in Section 2.5). Independently of the infection rate, the LUC-reporter cell line displayed a similar degree of sensitivity against NFX (EC50 = 1.8–5.3 µM) and BNZ (EC50 = 9.9–10.4 µM) than the parental strain (EC50 for NFX = 2.5–3.4 µM and BNZ = 11.4–11.6 µM; Table 1; Supplementary Figure S5). Statistical analysis (unpaired t-test) revealed no significant differences (p > 0.05) between EC50 values for each drug and cell line. Worth noting, NFX was 3- to 5-fold more potent than BNZ against Dm28c-luc and WT. The EC50 values obtained for these drugs under our assay conditions and the observed lower efficiency of BNZ to inhibit amastigote growth/survival agree well with data recently reported in a drug sensitivity study performed on 21 T. cruzi strains (Revollo et al., 2019).
TABLE 1 | Drug sensitivity of amastigotes from the bioluminescent and parental T. cruzi (strain Dm28c) cell lines.
[image: Table 1]3.2 Assay development and validation for an HTS format
Some important parameters of a bioassay relate to signal stability, sensitivity, and linearity. The stability of the bioluminescence signal produced by amastigotes infecting VERO cells was determined at different time points. Upon addition of the BG-LAS reagent, bioluminescence reached a maximum and stable level within 10–45 min and began to decrease thereafter (Figure 3A). This readout´s time window is suitable for low-to high-throughput screening applications since it provides sufficient time for handling several microplates and reduces the possibility of inter-assay variations in signal measurements.
[image: Figure 3]FIGURE 3 | Stability and linearity of bioluminescent signal in Dm28c-luc amastigotes. Bioluminescence signal measured in samples of amastigote-infected cells at 72 h post-infection (A) at different time points upon addition of the BG-LAS reagent, and (B) with different infection ratios (i.e., percentage of infected cells), obtained by serial dilution of a culture sample where ∼100% of the VERO cells were infected (the 0 value correspond to non-infected cells). For technical details on the procedure, see section 2.3 and 2.4.
The bioluminescence signal emitted by intracellular amastigotes also showed a good linear correlation with the percentage of infected cells or, in other words, the amount of intracellular amastigotes (Figure 3B, R2 = 0.93 for linear regression plot). According to microscopical counting (29 ± 8 amastigotes/VERO cell) and the number of Vero cells/well, the signal detected at the lowest infection rate analyzed (10%) corresponds to about 4 × 104 amastigotes. Though lower infection rates were not experimentally tested, considering that: a) the signal/cell for amastigotes (1.7 RLU) is similar to that calculated for epimastigotes (1.5 RLU), b) a signal-to-background ratio of 288 ± 16, and c) the linear correlation between signal and parasite number (Figure 3B; Figure 1C), we estimated that our bioluminescence assay is able to detect ∼200 viable amastigotes/well. A similar bioluminescence assay for intracellular amastigotes reported a detection limit of 10 amastigotes/well using the LAS kit, which includes removal of the growth medium before lysis and substrate addition (Bot et al., 2010). The comparatively 10-fold lower sensitivity is likely consequence of the higher signal-to-background ratio of our assay.
Next, a concentration-response experiment was performed to estimate the potency of NFX and BNZ by the bioluminescence assay. The EC50 determined for intracellular amastigotes (infection ratio of 56%) was 0.7 µM for NFX and 3-fold higher for BNZ, 2.2 µM (Table 1; Supplementary Figure S5). The EC50 value obtained for NFX with our bioluminescence assay (0.72 μM) is higher but within the same order of magnitude to that determined for amastigotes from the CL-Brener strain (0.24 μM) using also a bioluminescence assay (Bot et al., 2010). The difference in NFX potency between both assays can be attributed to the 10-fold lower number of infected cells (1,500 cells/well) used in the assay of (Bot et al., 2010). Despite differences in bioluminescence assay setup (e.g., T. cruzi strains, MOI ∼1, in-house reagents for assay), the EC50 of BNZ determined for the Dm28c-luc (2.2 µM) was within the range reported for bioluminescent amastigotes from the strains Y (1.1 μM; (Lara et al., 2018) and Tulahuen 2 (2.8–4.9 µM; (Tayama et al., 2023).
Interestingly, compared to the microscopy counting method, the EC50 values for NFX and BNZ (at a 50% infection rate) determined the bioluminescence assay are 8- to 5-fold lower, respectively (Table 1). This difference is statistically significant (p ≤ 0.05) and can be ascribed to the fact that the microscopy analysis is based on counting the number of infected cells, which does not allow to discriminate the proportion of intracellular amastigotes alive or death. Therefore, this approach is prone to underestimate drug potency. In contrast, our LUC reporter system provides a more accurate measurement of parasite viability since starved amastigotes (which morphologically may look alive-like) produce a significant lower bioluminescence signal than those metabolically active (Figures 2B,C).
The performance of the bioluminescence assay for compounds’ screening was validated by testing a set of diverse chemical molecules (n = 51). The mini-library (Supplementary Table S1) included 35 compounds with unreported (34 benzoisothiazolones and 1 rotenoid) or previously reported activity against trypanosomatids: 4 quinones (Ballesteros-Casallas et al., 2023), 7 sesquiterpene lactones (Schmidt et al., 2002; 2014; Sülsen et al., 2016; Wulsten et al., 2017; Elso et al., 2020), 2 steroids (Ortíz et al., 2021), 2 paullones (Sousa et al., 2014; Medeiros et al., 2020), and 1 platinum complex (Rivas et al., 2019). Briefly, the 96-well screening assay consisted in incubating the compounds (assay concentration of 10 µM) for 72 h with VERO cells infected with amastigotes (infection ratio 65 ± 6%, n = 4 assays) and, thereafter, measuring LUC activity with the BG-LAS kit. Four independent screenings were performed, which yielded the following assay quality parameters: Z’ factor = 0.77 ± 0.06, coefficient of variation (CV) = 6.28 ± 0.47%. These values largely exceeded the cut-off points (Z′ factor >0.5 and CV < 20%) set for rating a HTS bioassay as satisfactory (Iversen et al., 2012).
The screening identified 20 hits (defined as compounds that tested at 10 μM reduce cell viability ≥50%; Figure 4; Supplementary Table S1). Thirteen of them corresponded to compounds not yet tested against T. cruzi (12 benzoisothiazolones and 1 rotenoid, which is one of the singletons), whereas the remaining ones corresponded to previously characterized molecules (2 quinones, 4 sesquiterpene lactones and 1 platinum complex). Restricting the analysis to the last group, the two quinones identified as hits were recently shown to have sub-µM EC50 against T. cruzi amastigotes (compounds 9 and 14 in (Ballesteros-Casallas et al., 2023). All sesquiterpene lactones assayed displayed anti-T. cruzi activity (cell viability ≤61%) and the two most potent: helenalin acetate (2% viability) and budlein A (26% viability), have already been reported to be one-digit μM inhibitors of T. cruzi amastigotes (EC50 = 6.93 μM and 1.75 μM, respectively; Schmidt et al., 2002; 2014). The metal-based compound that reduced amastigote viability to 2% is a heterobiplatinum 1,1′-bis(diphenylphosphino)ferrocene derivative with sub-μM potency against bloodstream T. brucei (EC50 = 170 nM, Pt-dppf-L4 in (Rivas et al., 2019). In addition, both paullones tested against T. cruzi amastigotes presented hit-like activities (53% and 63% viability) and were previously reported to be active against Leishmania infantum promastigotes (FS-554 in Sousa et al., 2014) and amastigotes (compound 20 in (Medeiros et al., 2020) with EC50 of 112 µM and 0.9 µM, respectively.
[image: Figure 4]FIGURE 4 | Validation of bioluminescent assay for compound screening. Compounds were assayed at 10 μM against VERO cells infected with T. cruzi Dm28-luc amastigotes. After 72 h incubation with compounds, bioluminescence signal was measured with the BG-LAS kit to determine cell viability. The dotted line indicates the cut-off value for hit compounds (viability ≤50%). Mean and error values (n = 3) are shown. The compounds labeled as singletons are (from left to right): one rotenoid and one platinum complex.
4 CONCLUSION
As stated in the introductory section, our study was preceded by others evaluating different expression systems (i.e., episomal or integrative, constitutive or inducible (Taylor et al., 2011); and LUC variants (P. pyralis LUC and nanoLUC) in T. cruzi. Among them, and based on early evidence (Lewis et al., 2015), we opted for selecting an expression vector (pTRIX2) that integrates into the non-transcribed RRNA spacer and harbors a ribosomal DNA (rDNA) promoter for constitutive and homogenous transgene expression (Costa et al., 2018). Regarding the reporter gene, and bearing in mind future in vivo applications of the cell line, we preferred to use a red-shifted variant of the P. pyralis LUC (PpyRE9H or RE9HLUC (Branchini et al., 2010); because it proved suitable for deep-tissue imaging in animal infection models (Lewis et al., 2015) and its activity, at variance with nanoLUC (England et al., 2016), is ATP-dependent, which offers the possibility to correlate light signal with the cells’ metabolic status (Benítez et al., 2020). Despite being monophyletic, T. cruzi can be classified into lineages or discrete typing units (DTUs) that present different clinical manifestations or ecological distributions (Brenière et al., 2016). The strain selected in our study (Dm28c) belongs to DTU I, has been associated with human infections in domicile cycles transmission in endemic areas (Nielebock et al., 2020) and its genome is known (Berná et al., 2018), which is essential for experimental approaches requiring the genetic manipulation of the parasite.
The LUC reporter cell line generated in our study showed a stable genomic integration (at least for 77 and 90 days in the absence of antibiotic selective pressure for amastigotes and epimastigotes, respectively) and constitutive expression of the transgene across the different developmental stages of the parasite. Importantly, expression of the LUC did not alter the growth phenotype, capability to differentiate, and drug sensitivity of the pathogen. Nonetheless, upon transformation to MT, we observed a reduced capability of the reporter cell line to infect mammalian cells. By performing at least seven successive cell infection cycles, the infectivity of the reporter cell line was restored to a level comparable to that of the parental wild-type strain. The reason for this transient deficiency is unknown (i.e., impaired host-pathogen recognition or parasite internalization) and further investigation of this issue may shed light on the host-pathogen factors modulating infectivity. However, this in vitro procedure, which mimics the in vivo infection cycle, is regularly used by other researchers to increase the in vitro infectivity of different T. cruzi strains (Hyland et al., 2008; Canavaci et al., 2010; Henriques et al., 2012; 2014; Lewis et al., 2014).
As anticipated for a constitutively expressed protein, whose function relies on the cellular content of ATP, luciferase activity achieved maximal levels in the proliferative extracellular (epimastigote) and intracellular (amastigote) stages of T. cruzi. In addition, LUC activity correlated linearly with parasite number and their metabolic status (i.e., starved MT and amastigote-like parasites presented low LUC activity), rendering this reporter system suitable to assess pathogen viability. In this regard, the bioluminescence assay proved more sensitive, accurate, and throughput than microscopy counting for determining the load of viable amastigotes infecting mammalian cells. The microscopy method is efficient when the infection rates are lower than 30%, allowing for the use of automated counting software tools such as Fiji (ImageJ). However, for a screening method that requires infection rates above 50% to ensure a more homogeneous infection and reliable assessment of compound bioactivity, cell counting (manual or with trained software) is prone to errors and laborious since it fails to accurately discriminate non-infected from infected cells as well as in determining the precise number of intracellular amastigotes, which, according to our experience, can range from 30 to 216 parasites/cell. Furthermore, only a minor fraction of the cell population is analyzed by microscopy imaging. In contrast, the bioluminescence method provides information from the whole cell population present in the assay well, discriminating between viable and non-viable states.
A protocol for compound screening was developed and validated with a small chemolibrary. The screening assay lasts a total of 120 h, is performed in 96-well microplates, and includes the plating of Vero cells (day 1), the infection with T. cruzi Dm28c-luc (infection rate of ≥50%, day 2) followed by treatment with compounds for 72 h (triplicate samples and controls) and bioluminescence reading (≤45 min). This assay scheme has been established considering the guidelines of a thorough study that identified cell seeding sequence and compound incubation time as the major factors responsible for variation between assays for evaluating the viability of intracellular T. cruzi (Yang et al., 2017). Notably, the use of the BG-LAS kit introduced three major technical advantages to this assay: i) removal of culture medium or washing before substrate addition is not required, eliminating a risky handling step not only because of the highly infective material manipulated but also because they may lead to cell de-attachment and the consequent overestimation of compound potency, ii) a single solution contains the cell lysis reagent and the LUC substrate, thus, reducing sample handling; iii) due to stabilization of reactants, luminescence has a longer half-life (>60 min in our assay), thereby minimizing pipetting errors or incomplete mixing and providing enough time for high-throughput multiwell plates reading.
The screening assay allowed verifying the anti-T. cruzi activity of compounds previously reported to be active against trypanosomatids (quinones, sesquiterpene lactones, Pt-organic complex, and paullones) and to identify new derivatives (benzoisotiazolones) with higher potency than its congener (ebsulfur (Lu et al., 2013); as well as a new hit (a rotenoid). As shown here, across the different life- and growth stages of the parasite, LUC has an expression pattern similar to a housekeeping gene, and its activity level is proportional to the parasite’s number and energetic status. These features of our reporter expression system may help to discover novel anti-Chagasic compounds with diverse mechanisms of action (cytotoxic or cytostatic), including some acting on host molecules relevant to intracellular survival, and also to investigate environmental or molecular factors affecting LUC expression or activity. Compared to other screening methods based on colorimetry (β-galactosidase) or fluorescence (resarzurin, or GFP-like reporter proteins), requiring or not microscopy as readout, the bioluminescent assay here developed appears simpler (handling and timing) and robust (low CV% and high Z′ factor). Furthermore, its sensitivity and high-throughput-like features make it a suitable tool for large drug discovery campaigns. Besides its use for phenotyping the clinically relevant stages of the parasite (trypomastigotes and amastigotes), the reporter cell line may result in valuable in vivo applications with high translational potential, such as real-time monitoring of parasite behavior and drug efficacy profiling.
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‘Infection rate: percentage of VERO, cells infected with T. cruzi amastigotes.
"ECsq: half maximal effective concentration determined by microscopy counting (n 2 2 replicates) or by luminescence assay (n = 3 replicates).
NEX, nifurtimox.

"BNZ, benznidazole.

* and * denote pair of values statistically significant (p < 0.05).
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