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P21 is a protein secreted by all forms of Trypanosoma cruzi (T. cruzi) with recognized biological activities determined in studies using the recombinant form of the protein. In our recent study, we found that the ablation of P21 gene decreased Y strain axenic epimastigotes multiplication and increased intracellular replication of amastigotes in HeLa cells infected with metacyclic trypomastigotes. In the present study, we investigated the effect of P21 in vitro using C2C12 cell lines infected with tissue culture-derived trypomastigotes (TCT) of wild-type and P21 knockout (TcP21−/−) Y strain, and in vivo using an experimental model of T. cruzi infection in BALB/c mice. Our in-vitro results showed a significant decrease in the host cell invasion rate by TcP21−/− parasites as measured by Giemsa staining and cell count in bright light microscope. Quantitative polymerase chain reaction (qPCR) analysis showed that TcP21−/− parasites multiplied intracellularly to a higher extent than the scrambled parasites at 72h post-infection. In addition, we observed a higher egress of TcP21−/− trypomastigotes from C2C12 cells at 144h and 168h post-infection. Mice infected with Y strain TcP21−/− trypomastigotes displayed higher systemic parasitemia, heart tissue parasite burden, and several histopathological alterations in heart tissues compared to control animals infected with scrambled parasites. Therewith, we propose that P21 is important in the host–pathogen interaction during invasion, cell multiplication, and egress, and may be part of the mechanism that controls parasitism and promotes chronic infection without patent systemic parasitemia.
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1 Introduction

Trypanosoma cruzi (T. cruzi) is a flagellated protozoan endemic in Latin America and the etiological agent of Chagas disease. T. cruzi is morphologically characterized by having three distinct evolutionary stages: epimastigote, trypomastigote, and amastigote. Development from one stage to another is a complex process, involving ultrastructural, antigenic, and physiological changes (Brener, 2003; de Souza, 2007). During the process of cell invasion, infective forms of T. cruzi (metacyclic trypomastigote, bloodstream trypomastigote, and extracellular amastigote) use different molecules to interact with host cell components to overcome the obstacles imposed by the mammalian host.

The protein P21 binds to the host cell in a dose-dependent manner, is ubiquitously expressed and secreted, and is involved in host cell invasion by trypomastigotes and extracellular amastigotes (da Silva et al., 2009). The use of the recombinant form of P21 (rP21) revealed that the native protein may promote phagocytosis by binding to the CXCR4 receptor and has chemotactic activity for macrophages and neutrophils (Rodrigues et al., 2012). It has also been demonstrated that rP21-induced myeloperoxidase and IL-4 production and decreased blood vessel formation in vitro and in vivo (Teixeira et al., 2015). In addition, rP21 reduced the growth of epimastigotes, inhibited intracellular replication of amastigotes, and modulated the parasite cell cycle (Teixeira et al., 2019). Corroborating with these results, we observed that rP21 decreased the multiplication of T. cruzi (Y strain) in C2C12 myoblasts, a phenomenon associated with greater actin polymerization and higher expression of IL-4 (Martins et al., 2020).

We have generated parasites of Y strain that are knockout for P21 by CRISPR/Cas9. The ablation of P21 in these parasites inhibited epimastigotes multiplication and upregulated intracellular amastigotes replication in HeLa cells infected with metacyclic trypomastigotes. To assess potential additional roles of P21 in host cell invasion, multiplication, egress, and cardiac tissue parasite load, we used tissue culture-derived trypomastigotes (TCT) of Y strain that are knockout for P21 (TcP21−/−) to infect C2C12 cell line in vitro and BALB/c mice in vivo. The results showed that Y strain TcP21−/− parasites invaded C2C12 cells to a lower extent, multiplied at higher levels at 72h post-infection, and egressed significantly more at 144h post-infection than scrambled parasites. In vivo, mice infected with Y strain TcP21−/− parasites showed higher parasitemia, cardiac tissue parasite load, and cardiac tissue histopathological alterations than those infected with scrambled parasites.




2 Materials and methods



2.1 Parasite and cell cultures

Epimastigotes of Y (DTU II) strain were grown at 28°C in liver infusion tryptose (LIT) medium supplemented with 20% fetal bovine serum (FBS; Invitrogen). To differentiate epimastigotes into metacyclic forms, the epimastigotes were maintained in LIT for 14 days, and metacyclic trypomastigotes were purified as previously described (Teixeira and Yoshida, 1986).

Vero and C2C12 cells (obtained from Instituto Adolfo Lutz, São Paulo, SP, Brazil) were cultured in Dulbecco’s minimal essential medium (DMEM) (Sigma Chemical Co., St. Louis, MO, USA) supplemented with 10% FBS (Cultilab, Campinas, SP, Brazil), 10 μg/ml streptomycin, 100 U/ml penicillin, and 40 μg/ml gentamycin at 37°C in a 5% CO2 humid atmosphere.

Cultures of scrambled and TcP21−/− epimastigotes of Y strain in the stationary phase containing metacyclic trypomastigotes (Teixeira et al., 2022) were used to infect Vero cells to obtain TCT forms for in-vitro and in-vivo experiments.




2.2 Animals and ethics

Six- to eight-week-old male BALB/c mice (15 animals) were maintained under standard conditions on a 12h light-dark cycle in a temperature-controlled setting (25°C), with food and water ad-libitum. Maintenance and animal care complied with the guidelines of the Ethics Committee for the Use of Animals (CEUA). Animal euthanasia was performed based on international welfare grounds according to the American Veterinary Medical Association Guidelines on Euthanasia. For euthanasia, mice were anesthetized intraperitoneally with a solution containing ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride (10 mg/kg) followed by cervical dislocation. This study was approved by CEUA-UFU, with protocol number: 23117.077543/2022–27.




2.3 Biosafety approval

This study was approved by the CTNBio for the use of genetically modified organisms with the process number: 01245.004217/2023–83 and extract number: 8739/2023.




2.4 Host cell invasion and egress assays

C2C12 cell invasion assay was performed by adding 500 μl of cell suspension (5 × 104 cells and 3 × 104, respectively) into 24 well plates containing sterile glass coverslips (13 mm) and left seeding overnight. TCT suspensions of scrambled and Y strain TcP21−/− parasites were added at a multiplicity of infection of 5 (five parasites per cell), and plates were incubated for 2h at 37°C in a CO2 (5%) humidified incubator. After incubation, cells were gently washed 3 times with phosphate-buffered saline, fixed with Bouin, and stained with Giemsa. The number of internalized parasites were counted in a total of 300 cells.

For the egress assay, which follows the host cell invasion described above and determines the number of parasites that exit the cells post-infection, plates were washed after infection and complete medium replaced, and then they were incubated at 37°C in a CO2 (5%) humidified incubator. After 72h and up to 10 days (240h) post-infection, the number of parasites in the supernatant was determined by counting trypomastigote and amastigote forms using a Neubauer chamber.

These experiments were performed in three technical replicates and three independent biological procedures.




2.5 In-vivo infection

BALB/c mice were randomized into three groups, each containing five mice. Group 1: animals not infected; Group 2: animals infected with scrambled parasites (control); and Group 3: animals infected with TcP21−/− parasites. Both scrambled and TcP21−/− were parasites of Y strain.

Animals were infected intraperitoneally with 105 parasites. A systemic parasitemia was determined from day 3 post-infection, and then every other day up to day 15 post-infection, by collecting 5 µl of blood from the animal’s tail, and the parasites were counted under light microscopy. On day 15 post-infection, after performing parasitemia, animals were euthanized and their hearts were collected for histopathological analysis and quantification of parasite DNA by qPCR.




2.6 Parasite load determined by qPCR

The hearts collected after euthanasia were weighed (100 mg) and stored in liquid nitrogen. After maceration with the aid of a porcelain crucible, a lysis buffer containing 500 μl of nuclei lysis buffer, 16 μl of Sodium dodecyl-sulfate (SDS) at 10%, and 8 μl of Proteinase K solution was added following an incubation at 50°C overnight. Next, 150 μl of NaCl buffer was added to the lysed hearts, which were then vortexed for 15 s and placed on ice for 10 min. The supernatant was collected and transferred to an Eppendorf tube. After addition of 800 μl of absolute ethanol solution, the tube was mixed well by inversion and centrifuged at 12000 rpm for 15 min. After discarding the supernatant, 1 mL of ethanol (75%) was added to the sample pellet, mixed and centrifuged again at 12000 rpm for 5 min. The supernatant was discarded and the sample pellet was allowed to dry for 10 min. The pellet was resuspended with 15–200 μl of RNAse and DNAse free water.

The DNA was quantified by nanodrop and a quantitative PCR was performed on the ABI Prism 7500 Fast System (Applied Biosystems, Foster City, CA) using a final sample volume of 10 μl [4 μl of DNA, 5 μl Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, EUA) and 1 μl of primers Diaz7 e Diaz8 (Diaz et al., 1992)].

The standard curve was obtained using serial dilutions of 100ng of DNA extracted from epimastigotes with a limit of 0.0001 fg as proposed by Diaz et al. (1992) (Diaz et al., 1992) and modified by De Oliveira et al. (2020) (de Oliveira et al., 2020). Positive, negative, and reagent internal controls were used in all qPCR reactions.

A similar procedure was applied to C2C12 cells infected with TCTs of Y strain in order to obtain the DNA from these cells during the kinetics of multiplication. In this case, a total of 1 × 105 infected cells were harvested and lysed. The experiment was performed three times in triplicate.




2.7 Inflammatory score

Heart samples were fixed in 10% buffered formalin solution, dehydrated in ethanol solution, diaphanized in xylene, and embedded in paraffin. Blocks containing hearts were sectioned at 5-μm thick sections, and then placed onto glass slides and stained. To evaluate the number of amastigote nests, inflammatory infiltrate, and damage tissue score, slides of cardiac tissue were stained with hematoxylin and eosin (HE). The amastigote nests in each slide were qualitatively measured under light microscopy. The inflammatory infiltrate and damage tissue were scored by intensity: (−) absent, (+) mild, (++) moderate, and (+ + +) intense as described by Da Silva et al. (2018) (Da Silva et al., 2018).




2.8 Statistical analysis

All data were presented as the mean ± standard error (mean ± SEM) of at least three independent experiments performed in triplicate. The normal distribution of the data was checked using a Shapiro–Wilk test. Then, the significant differences were determined by t-test, and a multiple comparison by Mann–Whitney test. For some data, the significant differences were determined using a two-way analysis of variance (ANOVA), and the multiple comparison by Bonferroni’s test for parametric data and Sidak’s test for non-parametric data, value of p ≤ 0.05 were considered significant. All the statistical analyses were performed using GraphPad Prism software version 8.0.1.





3 Results



3.1 Knockout of P21 in TCT from T. cruzi of Y strain affects the cell invasion and multiplication

TcP21−/− parasites showed a decrease in host cell invasion compared to control (scrambled) parasites in C2C12 cells (p = 0.0440) (Figure 1A). However, qPCR analysis showed that TcP21−/− multiplied at a higher level than the scrambled parasites at 72h post-infection (p = 0.0186) (Figure 1B).




Figure 1 | Cell invasion and intracellular multiplication of TcP21−/− and scrambled T. cruzi of Y strain in C2C12 cell lines. (A) C2C12 cell invasion—number of intracellular parasites in 300 cells. TcP21−/− parasites showed lower invasion rate compared to the scrambled group; (B) qPCR analysis showed that, at 72h post-infection, TcP21−/− parasites showed a higher multiplication rate compared to the scrambled group. All data were analyzed using GraphPad Prism software version 8.0.1. The graph shows the mean ± SEM of three experiments performed in triplicate. The comparison of invasion data between the knockout (TcP21−/−) and control (scrambled) parasites was performed using t-test and Mann–Whitney test for multiple comparison. Statistical differences of intracellular multiplication were determined by two-way ANOVA and Bonferroni’s test for multiple comparisons. In all analyses, the value of p < 0.05 was considered to be statistically significant.






3.2 The knockout of P21 affected the egress of Y-strain parasites

Regarding egress of trypomastigotes and amastigotes of Y-strain, we observed a higher number of TcP21−/− trypomastigotes in the supernatant of infected cells at 144 (p = 0.0400) and 168 (p = 0.0500) hours post-infection compared to scrambled trypomastigotes (Figure 2A). The release of amastigotes to the supernatant of C2C12 cells was similar between both groups (Figure 2B).




Figure 2 | Egress of trypomastigotes and amastigotes from infected C2C12 cells along with the kinetics of parasite multiplication. (A, B) Egress of TcP21−/− and scrambled trypomastigotes and amastigotes of Y strain from C2C12 cells. All data were analyzed using GraphPad Prism software version 8.0.1. The graph shows the mean ± SEM of three experiments performed in triplicate. Statistical differences between the egress of knockout (TcP21−/−) and control (scrambled) trypomastigotes and amastigotes were analyzed using two-way ANOVA and Sidak’s test for multiple comparisons. In all analyzes the value of p < 0.05 was considered to be statistically significant.






3.3 The knockout of P21 affected the parasitism in mice infected with Y strain

Animals infected with Y strain TcP21−/− showed a significantly higher systemic parasitemia compared to animals infected with scrambled parasites at days 3 and 6 post-infection (p = 0.0001) (Figure 3A). When heart samples were analyzed for parasite load by qPCR, we observed a higher parasite burden in animals infected with Y strain TcP21−/− parasites than mice infected with scrambled ones (p = 0.0011) (Figure 3B).




Figure 3 | Systemic parasitism and Cardiac parasite load. (A) Systemic parasitism detected every other day along 15 days of BALB/c mice infection; (B) cardiac parasite load of BALB/c mice infected with parasites of Y strain; (C) representative images of the cardiac tissue inflammatory score of BALB/c mice infected with T. cruzi of Y strain. The histopathological alterations are indicated by black arrows. n = 5 animals per group. All data were analyzed using GraphPad Prism software version 8.0.1. The graph shows the mean ± SEM of three experiments performed in triplicate. The comparison of heart tissue parasite load data between the knockout (TcP21−/−) and control (scrambled) parasites was performed using unpaired t-test for multiple comparisons. In all analyses, the value of p < 0.05 was considered to be statistically significant. Bars: 200µm.






3.4 The knockout of P21 affected the inflammatory score in heart tissue from mice infected with TCT of Y strain

A qualitative analysis of heart tissue from animals infected with Y strain TcP21−/− parasites showed increased presence of neutrophilic leucocytes, eosinophils, macrophages, tissue damage, apoptotic bodies, and amastigote nests compared to tissues from mice infected with scrambled parasites (Table 1). Representative images are shown in Figure 3C.


Table 1 | Qualitative histological analyses of heart tissues from BALB/c mice at 15 days post-infection with TCT of T. cruzi (Y strain).







4 Discussion

Our previous results using the recombinant form of P21 (rP21) have suggested that this T. cruzi ubiquitous and specific protein plays a role in the invasion and multiplication processes of the infective forms of the parasite. Although P21 is not conserved among eukaryotic species, we observed that its recombinant form induces phagocytosis of Leishmania amazonensis and Toxoplasma gondii (Rodrigues et al., 2012). In addition, we observed that rP21 induces T. gondii invasion and decreases its multiplication in BeWo cell line (de Souza et al., 2023).

In this scenario, P21 may be involved in the modulation of host cell invasion by the parasite, in its multiplication and egress from host cells. Therefore, we proposed that P21 maintains parasites intracellularly at low multiplication rate and away from host immune attack, leading the disease to the chronic phase without systemic parasitemia. In order to confirm this hypothesis, we first verified the impact of knocking out P21 from metacyclic trypomastigotes on the host cell invasion and multiplication using HeLa cell line in vitro. Corroborating with our hypothesis, results showed that the P21 knockout impaired parasite host cell invasion and induced parasite multiplication at 72h post-infection (Teixeira et al., 2022).

Here, we addressed the extended impact of knocking out P21 from the virulent strain (Y strain–DTU II) on cell invasion, multiplication, egress, systemic parasitemia, and cardiac tissue parasite load. The infective form used was TCT and the host cell was C2C12 cell line. Our results showed that Y strain TcP21−/− parasites invaded C2C12 cells at a lower rate than control (scrambled) parasites. These results confirmed the findings of our recently published study performed with knockout metacyclic trypomastigotes from the same strain (Teixeira et al., 2022).

qPCR procedure showed higher multiplication rate at 72h post-infection for TcP21−/−parasites in comparison to scrambled ones. This is consistent with our previously raised hypothesis and with our recent study using metacyclic trypomastigotes of Y strain (Teixeira et al., 2022). The number of trypomastigotes in the supernatant was significantly higher in C2C12 cells infected by the knockout parasites compared to scrambled parasites at 144h and 168h post-infection. The higher egress of knockout parasites compared to scrambled ones may reflect the higher ability of these parasites to differentiate back into trypomastigote forms.

In order to verify the impact of P21 knockout in a complex system, we infected BALB/c mice with these parasites. Animals infected with Y strain TcP21−/− parasites showed higher systemic parasitemia and a higher parasite load in heart tissues compared to animals infected with scrambled parasites. This is the first time that we confirmed the ability of P21 in controlling the infectivity of the parasite in vivo, reinforcing our in-vitro data. The observed greater infection rate in vivo led by the absence of P21 highlights the role of P21 on host parasitism, which is likely a consequence of the combined effects of P21 observed in vitro such as the ability of the parasite to invade, multiply, differentiate, and egress from the host cells. Therefore, it is plausible to suggest that P21 may play an important role in the control of parasitism of Y-strain parasites.

The histopathological analysis of hearts obtained from mice infected with Y strain TcP21−/− parasites showed several pathological alterations, including presence of neutrophil and macrophage infiltrates, apoptotic bodies, and a high number of amastigotes nests. These results further support P21 as an important player in controlling infection by virulent strains in order to establish a chronic infection without much damage to the host.

Recently, authors have demonstrated that T. cruzi can enter a state of spontaneous dormancy. The dormant amastigotes are highly resistant to therapy both in vivo and in vitro (Sánchez-Valdéz et al., 2018). In addition, authors have shown the existence of an adaptive difference between T. cruzi strains to generate dormant cells, and that homologous recombination may be important for dormancy (Resende et al., 2020). Conversely, another research group suggested that T. cruzi persistence continues to involve regular cycles of replication, host cell lysis, and re-infection. They could find no evidence for wide-spread dormancy in parasites that persist in tissue reservoir (Ward et al., 2020). Although the dormancy in T. cruzi is still a matter of debates, we believe that P21 takes place in a machinery involved in the control of parasite multiplication, leading the disease to the chronic phase.




5 Conclusion

We conclude that some finely regulated mechanisms control parasite multiplication, differentiation, and egress during infection. As our results showed that P21 plays a role in cell invasion, intracellular multiplication, and egress in vitro and in the parasitism in in-vivo experiments, we propose that P21 may be a protagonist in the machinery that would be involved in the perpetuation of the disease in the infected host, since it seems to orchestrate the intracellular retention of the parasite from the virulent Y strain.
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