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Abstract. 
Entamoeba histolytica is the causative agent of human intestinal and liver amebiasis. The extraordinary phagocytic activity of E. histolytica trophozoites has been accepted as one of the virulence mechanisms responsible for their invasive capacity. The recognition of the noninvasive Entamoeba dispar as a different species has raised the question as to whether the lack of pathogenic potential of this ameba correlates with a limited phagocytic capacity. We have therefore compared the process of erythrophagocytosis in both species by means of light and video microscopy, hemoglobin measurement, and the estimation of reactive oxygen species (ROS). In the present study, we confirmed that E. dispar has lower erythrophagocytic capacity. We also observed by video microscopy a new event of erythrocyte opsonization-like in both species, being more characteristic in E. histolytica. Moreover, E. dispar showed a lower capacity to produce ROS compared with the invasive species and also showed a large population of amoebae that did not engulf any erythrocyte over time. Our results demonstrate that E. histolytica has a higher phagocytic capacity than E. dispar, including a higher rate of production of ROS in the course of ingesting red blood cells.
 

1. Introduction
Entamoeba histolytica, an enteric parasite capable of invading intestinal mucosa and spreading to other organs, mainly the liver, is a significant source of morbidity and mortality in developing countries [1, 2]. The motile form of the parasite, the trophozoite, usually lives as a harmless commensal in the lumen of the large intestine where it multiplies and differentiates into a cyst, the resistance form, responsible for transmission of the infection. Occasionally, trophozoites would invade the intestinal mucosa and produce dysentery or amoeba and spread to other organs [3]. The existence of two different species of Entamoeba, initially proposed by Brumpt in 1925, was approved at the XIII Seminar on Amebiasis, held in Mexico City [4]. At present, unequivocal evidence for the existence of two morphologically similar and closely related species of Entamoeba in humans has been substantiated by immunological, genetic and molecular studies. As a result, E. histolytica, the invasive organism was formally redescribed to separate it from the noninvasive, and more common, Entamoeba dispar [5].
E. histolytica invasion starts when trophozoites residing in the colon deplete the mucus, interact with enterocytes, dismantle cell junctions, and lyse host cells [6], whereas E. dispar does not break down the mucus barrier or cause epithelial cell damage when in contact with cells on human colonic explants [7].
Although erythrophagocytosis has been proposed as a qualitative pathogenicity indicator rather than a quantitative virulence indicator [8], this process is widely considered as one of the most prominent characteristics of E. histolytica virulence [9–11].
Biochemical changes accompanying the process of endocytosis include increases of oxygen and glucose consumption, the activity of the pentose or hexose monophosphate cycle, and hydrogen peroxide production. Together, these changes constitute the respiratory burst [12]. Once phagocytosis occurs, the respiratory burst is carried out as part of the metabolic processes to remove endocytosed material.
Having the opportunity to compare invasive versus noninvasive parasites, we decided to analyze comparatively the erythrophagocytosis process to determine possible differences between these two species of Entamoeba. The erythrophagocytic process was registered with light microscopy by means of the Novikoff et al. [13] staining to quantify the amount of ingested erythrocytes and to determine whether the erythrophagocytic capacity of each species correlates with the surface area of each amoeba as determined by light microscopic measurements. We have also used spectrophotometry to analyze the amount of ingested hemoglobin. To corroborate the percentage of nonphagocytic populations, video microscopy, flow cytometry, and confocal microscopy were used. Moreover, the extent of the respiratory burst, using NBT, was measured for each amoebic species.
2. Materials and Methods
2.1. Cells
Amoebas were cultured in borosilicate glass tubes under axenic conditions. E. histolytica trophozoites HM1-IMSS species were grown to logarithmic phase (72 h) in TYI-S-33 medium at 36°C [14] and E. dispar trophozoites in YI-S culture medium [15] for 72 h at 36°C. Both culture media contained 10% bovine serum and a vitamin mixture. Parasites were harvested by chilling the culture tubes at 4°C in a water-ice bath for 10 min and then they were centrifuged at 900 ×g for 5 min. Type B human erythrocytes (Rh+) were freshly obtained in Alsever’s solution (Sigma Aldrich Company, UK) and washed 3 times in the same solution to remove white blood cells. The erythrocytes were counted and used in a 1 : 100 (trophozoites : erythrocytes) ratio in quantitative erythrophagocytosis assays and 1 : 5 ratio for video microscopy analysis of erythrophagocytosis. Yeasts of the genus Candida albicans species CAI4 generated from SC5314 (Clinical Systemic Isolate) [16] were routinely maintained in YPD medium [17]. Minimal defined medium consisted of 2% glucose supplemented with yeast nitrogen base (DIFCO). After that, Candida albicans were washed 2 times and harvested in phosphate buffered saline solution (PBS) and centrifuged at 900 ×g for 5 min and finally counted and used at a 1 : 100 (trophozoite : yeast) ratio in phagocytosis assays to measure the respiratory burst.
2.2. Erythrophagocytosis
E. histolytica and E. dispar trophozoites were washed in TYI-S-33 and YI-S without bovine serum, respectively. To establish the interaction, erythrocytes were added, and the interaction was carried out for 5, 10, and 15 min at 37°C without bovine serum, using a 1 : 100 amoeba-erythrocyte ratio for quantitative studies and 1 : 5 amoeba-erythrocyte ratio for video microscopy studies. Analysis was done with the AxioVision SE64 software with images obtained with a Zeiss Axiophot photomicroscope.
2.3. Quantitative Erythrophagocytosis, Study, and Correlation of Ingestion/Area
For quantitative experiments, 900 μL (5 × 105 amoebas) was incubated with 100 μL (5 × 107 erythrocytes) at different times, at 37°C. At the end of the incubation time, amoebas were resuspended in 1 mL of distilled water to lyse free erythrocytes and stop erythrophagocytosis. Trophozoites of both species can resist the osmotic shock without alterations of the plasma membrane permeability. Cells were centrifuged at 900 g/min for 5 min and pellets were fixed with 2.5% glutaraldehyde in PBS. Phagocytosed erythrocytes were visualized by phase contrast microscopy with the alkaline benzidine method as described [13]. Amoebas were incubated for 30 min at 37°C in 2 mL of 3,3-diaminobenzidine (Sigma) at a concentration of 2 mg/mL, 0.2% H2O2 in 0.05 M 2-amino-2-methyl-propanediol-HC1 (Merck-Schuchardt) at pH of 9.7. After washing with PBS, the number of erythrocytes present in the cytoplasm of 100 amoebas, in each time, was counted in triplicate. Considering that Entamoeba strains do not contain peroxisomes [18], cytoplasmic components positive to benzidine were considered only as ingested erythrocytes. Correlation tests regarding ingestion/area were conducted by measuring the surface area of each amoeba and the number of erythrocytes phagocytosed, using the AxioVision software SE64.
2.4. Indirect Determination of Erythrophagocytosis (Quantification of Hemoglobin)
For a precise analysis of erythrophagocytosis, a quantitative determination of hemoglobin was done. Nonfixed trophozoites were washed with Turk’s solution to eliminate noningested erythrocytes; trophozoites were pelleted and lysed with 1 mL of formic acid and the amount of hemoglobin was measured by spectrophotometric analysis at 400 nm.
2.5. Video Microscopy
Amoebas (1.25 × 105) were placed on coverslips resuspended in 100 μL of the respective medium and then erythrocytes (6.25 × 105) were added in 5 μL of Alsever’s solution, maintaining slide temperature at 37°C. Micrographs and video micrographs sequences were taken with a Zeiss Axiophot microscope.
2.6. Fluorescent Labeling of Cells
To avoid manipulation of erythrocytes, 15 μL of whole blood were resuspended in Alsever’s solution (300 μL) and labeled with 2.5 μL of Sytox 9 through incubation for 1 h at room temperature under constant stirring. After that, cells were washed twice at 600 ×g for 10 min and finally erythrocytes were resuspended in 1.5 mL Alsever’s solution.
2.7. Flow Cytometry and Confocal Microscopy
The existence of a nonphagocytic population in both species was quantitative and qualitatively determined by flow cytometry and confocal microscopy respectively. By flow cytometry the number of amoebas that had ingested stained erythrocytes was evaluated at different times, as mentioned. Once the time had elapsed, cells were centrifuged at 900 ×g for 10 min and then fixed with freshly prepared 4% (v/v) paraformaldehyde, for 1 h. After that, cell suspensions were washed 4 times with PBS and then read in a flow cytometer FACS-Calibur (Becton Dickinson). Confocal microscopy was used to distinguish ingested erythrocytes from free erythrocytes and to show amoebas that had not phagocytosed. Coverslips were mounted with Vectashield (Vector Laboratories; Ontario, Canada) and analyzed by confocal microscopy in an LSM700 microscope (Carl Zeiss Microimagin GmbH, Carl Zeiss, Germany).
2.8. Reduction of Nitroblue Tetrazolium (NBT) to Assess the Phagocytic Function
Amoebas (3.5 × 105/400 μL) previously adhered for 15 min to coverslips were incubated with yeast (3.5 × 107/100 μL) for 30, 60, and 120 min by the addition of 500 μL of NBT (1 mg/mL in sterile PBS) [19]. At the end of interaction, the reaction was stopped by adding 1 mL of 70% methanol dissolved in PBS for 10 min and washing once with PBS to remove excess of methanol; immediately after, 0.5% safranin dissolved in water was added and incubated for 1 min. The excess was removed with several washes until the sample was slightly stained. Coverslips were mounted, and yeast that had been reduced was counted using a phase contrast microscope. Counts were done taking 100 amoebas randomly, in triplicate, for each processed sample, and color changes that had occurred inside of cells were counted, taking as a positive value at least 1 single reduced yeast, and amoebas that did not show a color change in their cytoplasm were taken as a negative value. This method was performed in triplicate with only 2 possible variants (positive and negative) whereby only positive and negative cells where counted in each time.
2.9. Statistical Analysis
In the data obtained concerning the number of phagocytosed erythrocytes, absorbance of hemoglobin, and amoebas that reduced NBT when exposed to pathogenic yeast at different times with each species of Entamoeba, the following descriptive measures were calculated: average, minimum, and maximum standard deviation, quartiles (Q1, Q2, Q3), and coefficient of variation (Data not shown). Likewise, box and whisker diagrams were developed to further describe the phenomena occurring in the process of erythrophagocytosis and phagocytosis. To determine whether significant differences were present in the number of ingested erythrocytes, absorbance of hemoglobin, and amoeba showing NBT reduction, factorial analysis of variance was applied (ANOVA) with the transformed data of these variables (data were transformed using the Box-Cox technique because the Anderson-Darling test indicated that data were not normal). Once the ANOVA test was performed to establish which conditions showed differences, the Tukey’s test was applied to measure the difference in the mean values between groups. These statistical analyses were carried out using MiniTab software version 16.0.
3. Results 
A comparative analysis of the phagocytic capacity of E. histolytica and E. dispar may help to understand the mechanisms involved in the virulence of E. histolytica. To date limited information exists about the erythrophagocytic capacity of E. dispar. Here we demonstrate basic differences in the phagocytic process between these two parasites.
3.1. Comparative Analysis of the Erythrophagocytic Capacity between E. dispar and E. histolytica
3.1.1. Determination of the Number of Ingested Erythrocytes
As a first step in the analysis of erythrophagocytosis, the number of ingested erythrocytes per amoeba was determined after 5, 10, and 15 min of interaction. As shown in Figure 1, this is a time-dependent process for both E. dispar and E. histolytica, with a clear increase in the number of ingested erythrocytes with longer times of interaction. ANOVA test between species and time variables was carried out showing that these variables, “species” and “time,” showed a significant difference (
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). This confirms significant differences among all combinations (Figure 1).

















































	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
			
		
	


	
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
	


	
		
	
	
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	


	
	


	
	


	
	


	
	


	
	


	
	


	
	


	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	
	


	
	
	
	


	
	


	
	
	


	
	















Figure 1: Erythrocyte uptake performed with E. dispar (blue) and E. histolytica (red) by light microscopy. The experiment was repeated three times independently in triplicates. The statistical comparisons showed significant differences in the erythrophagocytic capacity between species and among times (
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; different letters on top). Moreover, species compared with their reciprocal times also showed a significant difference (
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; bottom letters: a with b, c with d, and e with f) (
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). Outliers.


3.1.2. Determination of Hemoglobin Content in Trophozoites
To corroborate the results obtained by direct assays, indirect measurements were carried out by spectrophotometry to determine the absorbance produced by the hemoglobin contained in erythrocytes ingested by 5 × 105 trophozoites of each species at previously described times. Therefore, it was possible to obtain additional and more accurate information about the erythrophagocytosis process. In addition, ANOVA between different variables (species and time) was carried out to determine if differences found in absorbance between E. histolytica and E. dispar were significant.
As expected, there were clear differences in the erythrophagocytic capacity of E. dispar versus E. histolytica (
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); however, in contrast to results found when counting erythrocytes, hemoglobin determination did not show significant differences among time in the same species. With Tukey’s test, each variable with respect to all other “species” and “time” variables were compared. Results show that, for each reciprocal combination, the 
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 value was less than 0.001 (
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) (Figure 2).












































	
		
		
			
		
			
	
	
		
		
			
		
			
	
	
		
		
			
		
			
	
	


	
		
		
			
		
			
	
	
		
		
			
		
			
	
	
		
		
			
		
			
	
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
	


	
		
			
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
		
	


	
		
		
	


	
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	


	
		
		
		
	
	
		
	



Figure 2: Hemoglobin content in E. dispar (blue) and E. histolytica (red) after erythrophagocytosis, determined by spectrophotometry. The experiment was repeated three times independently in triplicates. Quantification of erythrophagocytosis measured by ingested hemoglobin indicated no significant differences among times (letters on top, connected by the same line segment; a and b). A significant difference between species compared with their reciprocal times (
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; bottom letters connected by the same line segment) was observed.


3.1.3. Correlation between Trophozoites’ Surface Area and Ingested Erythrocytes as a Function of Time
To analyze whether the amoeba area could be a factor related with a higher rate of erythrophagocytosis, a dispersion analysis was performed. Results showed a relative, time-dependent association between amoeba area and number of phagocytosed erythrocytes, with “
	
		
			

				𝑟
			

		
	
” values of 0.5, 0.60, and 0.63 for E. dispar at 5, 10, and 15 min respectively, and with “
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” values of 0.56, 0.59, and 0.70 for E. histolytica at 5, 10, and 15 min, respectively. Therefore, there was a direct relationship between the average surface area of the amoeba and the number of ingested red cells, with a significant difference (
	
		
			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
) between the two species; furthermore, this ratio increased with time. Although the same trend is observed for both species, the correlation values of E. histolytica were higher (Figure 3).





	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
			
		
		
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
			
			
		
		
			
		
	
	
		
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
	
	
		
			
			
			
			
		
	


	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
			
			
		
		
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
			
			
		
		
			
		
	
	
		
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
		
		
			
		
	
	
		
			
			
		
		
			
			
		
	

















	
		
		
	
	
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	
	
		
	


	
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
	


	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
	
	
		
		
	


	
		
		
		
		
	


	
		
		
	
	
		
		
	


	
		
		
		
		
	















(a)





	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
		
			
		
		
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
			
			
		
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
		
		
			
			
		
	
	
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
		
			
			
		
		
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
		
			
			
			
		
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
















	
		
		
	
	
		
		
		
		
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	
	
		
	


	
		
		
		
		
	


	
		
		
		
		
	


	
		
	
	
		
		
		
	


	
		
	
	
		
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	


	
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	



(b)
Figure 3: Scatter diagrams showing correlations between area and the number of ingested erythrocytes with respect to interaction time. There is a direct and significant relation (
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) for both strains, meaning that the larger is the area of the amoeba, these engulf more erythrocytes. This ratio increases as time passes. The same trend for both strains was observed; however, correlations were higher for E. histolytica (“
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” value).


3.2. Comparative Analysis of the Erythrophagocytic Process between E. dispar and E. histolytica
3.2.1. Opsonization-Like Event during Erythrophagocytosis
Erythrophagocytosis by E. histolytica has been a widely studied mechanism [8, 9, 11, 20–22]. However, with the aid of video microscopy, a new characteristic of this process was observed. Before describing this event, it is necessary to mention that the adhesion process between E. dispar and erythrocytes is rather weak. Apparently, amoebas have an opsonization—like mechanism which consisted in the fact that erythrocytes that had had a previous contact with amoebas were clearly more susceptible to be bound and/or be ingested by other trophozoites. This event was observed with both species, though with clear differences between them. Figure 4(a)(A) shows how an E. dispar trophozoite (green) has adhered to a group of erythrocytes (red) on the caudal pole; as mentioned before, probably due to the weakness of this binding, this group of erythrocytes is released from the amoeba (Figure 4(a)(B–D)); however, these erythrocytes were attracted to another amoeba (blue) (Figure 4(a)(E)), despite having more ery