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Amebic erythrophagocytosis is characteristic of invasive amebiasis, and mutants deficient in erythrocyte
ingestion are avirulent. We sought to understand the molecular mechanisms underlying erythrocyte phago-
cytosis by Entamoeba histolytica. Following adherence to amebae, erythrocytes became round and crenulated,
and phosphatidylserine (PS) was exposed on their outer membrane leaflets. These changes were similar to the
effects of calcium treatment on erythrocytes, which we utilized to separate ameba-induced exposure of eryth-
rocyte PS from the process of phagocytosis. The adherence and phagocytosis of calcium-treated erythrocytes
were less inhibited by galactose than were those of healthy erythrocytes, suggesting the existence of an amebic
coreceptor specific for PS. To test whether PS was recognized by amebae, calcium-treated cells were incubated
with annexin V prior to adherence to or ingestion by E. histolytica. Annexin V blocked both adherence (50% =
12% inhibition; P < 0.05) and phagocytosis (65% = 10%; P < 0.05), providing evidence that at least one
galactose-independent coreceptor was involved in the adherence and ingestion of red blood cells. The core-
ceptor was inhibited by phospho-L-serine and to a lesser extent by phospho-p-serine but not by phospho-L-
threonine, which is consistent with the coreceptor functioning in the adherence and ingestion of erythrocytes
via recognition of PS. We expanded our investigations to the highly related but noninvasive parasite Entamoeba
dispar and demonstrated that it was deficient in red-blood-cell adherence, induction of PS exposure, and
phagocytosis. These findings establish phosphatidylserine involvement in erythrophagocytosis by amebae and

suggest the existence of a PS receptor on the surfaces of both E. histolytica and E. dispar.

Entamoeba histolytica is the causative agent of amebiasis.
This disease is most prevalent in the poorest areas of the
developing world, causing the second-highest rates of morbid-
ity and mortality due to protozoan parasites (57). Clinical
manifestations of amebiasis include asymptomatic coloniza-
tion, colitis, and liver or brain abscesses (24). In patients with
invasive amebiasis, E. histolytica causes vast tissue damage (11,
23) that is believed to be a direct result of its ability to induce
host cell apoptosis (26, 27, 37, 47) and necrosis (3). The anti-
inflammatory nature of cell death via apoptosis may explain
the paucity of inflammatory changes with invasive amebiasis
(28, 50).

Invasive infection by E. histolytica is thought to involve a
stepwise process of adherence and cytolysis followed by phago-
cytosis. Adherence via the Gal/GalNAc lectin is required for
the latter steps to occur (26, 32, 38, 39). Cytolysis occurs in a
contact-dependent manner and has been associated with in-
creased intracellular calcium (40), activation of caspase 3 (27),
and exposure of phosphatidylserine (PS) on the outer leaflet of
the host cell membrane (26). These changes are consistent with
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the induction of apoptosis, but there is also evidence of necro-
sis (3) occurring simultaneously during infection.

Although specific mechanisms of cytolysis and phagocytosis
remain largely unknown, strains (49), clones (31), and mutants
(44, 53) deficient in either of these processes have reduced
virulence, supporting a role for these processes in in vivo vir-
ulence. Studies of Entamoeba histolytica have suggested the
involvement of negatively charged lipids in phagocytosis. Li-
posomes comprised of phosphatidylserine and dicetylphos-
phate but not positively charged phosphatidylcholine caused
increased actin polymerization in trophozoites (1, 2). The ad-
dition of PS to the outer membrane leaflet of viable Jurkat
leukemia T cells increased the uptake of these cells (26). Clear-
ance of apoptotic host cells in metazoans involves the recog-
nition of PS on the surfaces of apoptotic host cells via scaven-
ger receptors that recognize the strong negative charge (13, 36,
43, 45) or a stereospecific PS receptor whose identity remains
controversial (4, 12, 17, 19). Entamoeba histolytica has been
shown to preferentially ingest apoptotic host cells, a finding
similar to what has been seen for metazoan systems (26). How-
ever, attempts to uncover genes homologous to metazoan re-
ceptors have failed, and we are now attempting to understand
the specificity of this recognition and the relative contributions
of specific lipids.

Erythrophagocytosis is a characteristic feature of E. histo-
lytica infection of humans but is rarely seen during colonization
by the nonpathogenic Entamoeba dispar (22).
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In these experiments, we studied the physiological target
cell, the human erythrocyte, to further understand the basis for
the recognition of host cells and the role that phagocytosis has
in pathogenesis. The results of this study indicate that in ad-
dition to the role of the Gal/GalNAc lectin in adherence and
ingestion, there is at least one additional coreceptor involved
that recognizes PS. In contrast to the macrophage PS receptor,
the amebic receptor was relatively nonstereospecific. In addi-
tion, the erythrophagocytosis defect in E. dispar was demon-
strated to be multifactorial, encompassing adherence, cytolysis,
and phagocytosis.

MATERIALS AND METHODS

Erythrocyte isolation, storage, and calcium treatment. Human blood, type B
Rh+, was collected, heparinized, and sedimented by centrifugation (1,000 X g;
4°C; 10 min) through Ficoll-Paque PLUS (Amersham Biosciences, Piscataway,
N.J.) to separate erythrocytes from other blood constituents. Erythrocytes were
pelleted, washed twice in HEPES buffer (10 mM HEPES, pH 7.2, 140 mM NaCl,
and 0.1% bovine serum albumin with or without 2.5 mM CaCl,), resuspended at
a concentration of 1 X 107 cells per ml in HEPES buffer, and stored for up to
48 h (7, 8). Calcium-treated erythrocytes were prepared by incubation in HEPES
buffer supplemented with 2.5 mM CacCl, at 37°C for 48 h.

Culturing of amebae. Entamoeba histolytica trophozoites (HM1:IMSS) were
grown axenically in TYI-S-33 (Trypticase-yeast extract iron serum) medium
supplemented with 100 U of penicillin/ml and 100 pg of streptomycin sulfate/ml
at 37°C (14). Entamoeba dispar trophozoites (SAW760) were grown xenically in
TYI-S-33 medium supplemented with 100 pg of erythromycin/ml. Trophozoites
were harvested during log-phase growth by incubation on ice for 10 min, cen-
trifugation at 150 X g and 4°C for 5 min, and resuspension in either HEPES
buffer or medium 199 (Gibco BRL, Grand Island, N.Y.) supplemented with 5.7
mM cysteine, 25 mM HEPES, and 0.5% bovine serum albumin at pH 6.8
(M199S) (41). E. histolytica HM1:IMSS was cultured in the presence of bacteria
by the addition of the bacteria from a xenic SAW760 culture.

Annexin V staining. Erythrocyte surface exposure of phosphatidylserine was
quantitated with annexin V-fluorescein isothiocyanate (FITC) binding and flow
cytometry. The cells were stained with annexin V per the manufacturer’s direc-
tions (PharMingen, San Diego, CA) and analyzed using a FACScan cytometer
and CellQuest 3.3 software (Becton Dickinson, Franklin Lakes, N.J.). Cytolysis
was measured by centrifuging amebae and PHK-26-stained erythrocytes (1:5
ratio) together and incubating them on ice for 20 min to allow rosetting. Samples
were either warmed to room temperature or maintained on ice for 25 min. The
cell mixture was centrifuged (200 X g for 5 min at 4°C), washed once, and
resuspended in annexin V binding buffer supplemented with 110 mM galactose.
Samples were resuspended and incubated with annexin V-FITC per the manu-
facturer’s directions and analyzed using a FACScan cytometer and CellQuest 3.3
software.

Adherence assay. Entamoeba histolytica adherence was assayed with a rosette
formation assay (39). Amebae and either healthy or calcium-treated erythrocytes
were mixed in 500 pl of M199s medium, centrifuged (200 X g, 4°C, 5 min), and
incubated for 30 min on ice. Following incubation, the supernatant was aspirated
off, the pellet was suspended with a Pasteur pipette, and 10 pl was placed on a
hemacytometer. Adherent amebae were defined as amebae with three or more
bound erythrocytes.

Fluorescent labeling and annexin V preincubation. Prior to calcium treatment,
erythrocytes were fluorescently labeled by incubation at 37°C for 20 to 25 min in
phosphate-buffered saline containing 47 wM 5- (and 6)-carboxytetramethylrho-
damine succinimidyl ester (TAMRA) (Molecular Probes, Eugene, OR).
TAMRA is a succinimidyl ester which forms an amide bond between the dye and
proteins. Unbound dye was quenched by incubation with an excess of fetal
bovine serum at 37°C for 20 min, and the cells were washed twice more with
M199s medium before use. Erythrocytes used for flow cytometry were stained
with 2 uM PHK-26 (Sigma, St Louis, MO) for 5 min at 25°C. Excess dye was
quenched by a 10-min incubation with serum followed by three washes in com-
plete medium. Where indicated, erythrocytes were washed once in annexin V
binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4) and
resuspended at 10° cells per 100 pl of annexin V binding buffer with or without
7 wM annexin V for 15 min at 37°C. The cells were then washed twice in annexin
V binding buffer before they were added to the amebae (10).

Phagocytosis assays. Phagocytosis was assayed by microscopy. Phagocytosis-
positive amebae were defined as amebae containing one or more ingested eryth-
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rocytes. TAMRA-labeled erythrocytes were mixed with amebic trophozoites in
either M199s medium or HEPES buffer. The mixture was centrifuged (200 X g,
4°C, 5 min) and incubated at 37°C for 20 min. Following incubation, ameba host
cell rosettes were disrupted by resuspension in 110 mM p-galactose (Sigma
Chemicals, St. Louis, MO) in ice-cold water. An additional water wash was used
to lyse any extracellular erythrocytes. Cells were then fixed with 3% paraformal-
dehyde and analyzed by microscopy. Both the numbers of positive amebae and
the numbers of intact engulfed erythrocytes were counted. The soluble phos-
phoester derivatives phospho-L-serine, phospho-D-serine, phospho-L-threonine,
p-serine, and L-serine (all from Sigma, St. Louis, MO) were tested for inhibition
of phagocytosis by 30-min incubations (amounts ranging from 107% to 1072 M)
with amebae prior to the addition of erythrocytes. These results were expressed
as a phagocytic index, which was the percentage of amebic trophozoites that had
engulfed erythrocytes multiplied by the average number of erythrocytes ingested
per ameba (19).

Statistical analysis. All data were represented as means =+ standard deviations
(SD), with the statistical significances determined using an unpaired Student ¢
test.

RESULTS

Entamoeba histolytica modifies the surfaces of erythrocytes
prior to ingesting them as intact cells. Previous work has shown
that contact between E. histolytica and Jurkat leukemia T cells
led to the activation of host cell caspase 3, DNA fragmenta-
tion, phosphatidylserine exposure, and the ingestion of the
host cells as intact particles (26, 27, 37). The phagocytosis of
erythrocytes is pathognomonic of amebiasis. It is therefore
important to understand whether the ingestion of erythrocytes,
which lack mitochondrial and nuclear apoptotic pathways, in-
volves mechanisms similar to those utilized for nucleated cells.
Videomicroscopy was used to examine the process of eryth-
rophagocytosis. Initially, amebae adhered to erythrocytes at
the leading edges of the trophozoites. Within 40 s, the amebae
caused physical distortions on the surface of one erythrocyte
(arrow), including membrane blebbing (Fig. 1A). The altered
erythrocyte was then ingested as an intact particle (Fig. 1B and
C). Changes in the appearance of the red blood cells after their
interaction with amebae suggested dynamic modifications of
the erythrocyte surface prior to phagocytosis.

Phosphatidylserine has been demonstrated to be an impor-
tant trigger for the phagocytosis of apoptotic cells and senes-
cent red blood cells by macrophages (19, 30, 46). To test for PS
exposure prior to amebic phagocytosis, we utilized annexin
V-FITC staining and flow cytometry. Erythrocytes were incu-
bated in the presence or absence of E. histolytica for 25 min at
25°C and then annexin V-FITC stained before being analyzed
by flow cytometry. Less than 1% (0.78% = 0.50%) of healthy
erythrocytes were annexin V-FITC positive prior to the addi-
tion of amebae (Fig. 2A), but following the incubation with
amebae, 42% (42% = 2.7%) became annexin V positive (P <
0.001; n = 3) (Fig. 2B). We conclude from these experiments
that upon interaction with the amebae, the erythrocytes went
through physical changes, which included the exposure of PS
on their surfaces prior to their engulfment as intact cells.

Entamoeba histolytica preferentially adheres to and ingests
erythrocytes that have exposed PS. The finding of exposure of
PS on the surface of ameba-altered erythrocytes paralleled
work that demonstrated caspase-dependent PS exposure on
erythrocytes following treatment with calcium (7). Annexin
V-FITC staining was performed on erythrocytes which were
incubated at 37°C for 48 h in 5% CO, in HEPES buffer with or
without 2.5 mM CaCl,. Less than 1% (0.93% = 0. 07%) of the
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FIG. 1. Erythrophagocytosis by E. histolytica. An intact erythrocyte (arrow) was followed from adherence through ingestion with 40 seconds of
elapsed time between each panel. (A) Entamoeba histolytica adherent to an erythrocyte with membrane distortion. (B) Erythrocyte ingested intact.
(C) Erythrocyte redistributed within the ameba. A video is available online at http://www.healthsystem.virginia.edu/internet/petri-mann/movies

/ehistrbc.mov.

healthy erythrocyte population was annexin positive (Fig. 2C);
following calcium treatment, however, over 80% (80% =
1.5%) of the cells were annexin positive (Fig. 2D). In addition
to PS exposure, calcium treatment caused physical changes to
the erythrocyte surfaces which resembled those coordinated by
amebae. Healthy erythrocytes (Fig. 2E) were seen as typical
concave cells, but both calcium addition (Fig. 2F) and incuba-
tion with amebae (Fig. 2G) led to a round shape and a crenu-
lated appearance. Distortion of erythrocytes was seen only
following contact with amebae; neither conditioned medium
nor coincubation in the presence of galactose lead to this
change. The morphological similarities between erythrocytes
that interacted with amebae and erythrocytes treated with cal-
cium indicated that E. histolytica causes PS exposure on the
surface of the red blood cell. We concluded that calcium-
treated erythrocytes resembled those subjected to the pro-
cesses of Gal/GalNAc lectin-dependent adherence and cytol-
ysis. These similarities provided a means to examine the role of
coreceptors in phagocytosis without the complications of ad-
herence and cytolysis.

In light of the role PS plays in phagocytosis by metazoans
(18, 19), we assayed whether calcium-induced PS exposure
contributed to E. histolytica adherence and phagocytosis. This
was tested by incubation of erythrocytes (healthy or calcium-
treated) with amebae (in a 10:1 erythrocyte-to-ameba ratio) in
a rosette-forming assay (Fig. 3A). Adherence to healthy eryth-
rocytes was inhibited by 81% following the addition of 55 mM
D-galactose. In contrast, adherence to calcium-treated cells was
inhibited by 55 mM D-galactose by only 22%. Similarly, the
phagocytic index was higher for calcium-treated erythrocytes
than for healthy erythrocytes in 55 mM D-galactose (phagocytic
indices of 83 = 5.0 and 59 = 7.8 for calcium-treated and
healthy erythrocytes, respectively) (Fig. 3B). The adherence of
amebae to calcium-treated erythrocytes was not affected by the
presence of either mannose, for which there is a known amebic
lectin (5), or N-acetylglucosamine, which is known to mediate
adherence to apoptotic cells (15) (unpublished data). We con-
cluded that the recognition and ingestion of calcium-treated
erythrocytes is mediated by receptors in addition to the galac-
tose-dependent adherence lectin of E. histolytica.

Phosphatidylserine-dependent adherence and phagocytosis
of calcium-treated erythrocytes by E. histolytica. E. histolytica
has been shown to recognize negatively charged lipids both as
constituents of liposomes (2) and as present on the surface of

nucleated cells during phagocytosis (26) in a manner similar to
that of metazoans. Annexin V has been demonstrated to bind
PS on the surfaces of apoptotic cells and mask it from recog-
nition by mammalian macrophages, thereby inhibiting the
clearance of apoptotic cells (10, 56). To determine whether PS
was required for the ingestion of erythrocytes by E. histolytica,
we incubated erythrocytes in annexin V prior to any interaction
with amebae. Adherence of amebae to annexin V-preincu-
bated erythrocytes (healthy or calcium treated) was examined
with a rosetting assay (5:1 erythrocyte-to-ameba ratio; Fig.
4A). Annexin V caused no statistical change in the percentage
of amebae adherent to healthy erythrocytes (data not shown).
However, the preincubation of calcium-treated erythrocytes
with annexin V caused a 48% reduction in adherence com-
pared with a control. The effects of both 55 mM galactose and
7 uM annexin V were additive, resulting in an 81% inhibition
of adherence compared with a control.

The phagocytosis of calcium-treated erythrocytes following
preincubation with 7 pM annexin V was also examined by
microscopy (Fig. 4B). A 5:1 ratio of erythrocytes to amebae
was used, resulting in lower total phagocytic indices than in
other experiments. Pretreatment of healthy erythrocytes or
amebae with 7 uM annexin V caused no statistical change in
the phagocytic index of ingestion (data not shown). Phagocy-
tosis of calcium-treated erythrocytes was blocked by 63% by
preincubation with 7 pwM annexin V. Again, the effects of
galactose and annexin V preincubation were additive, leading
to a 97% inhibition of phagocytosis compared to a control.

Previous work by Fadok et al. showed that soluble phos-
phoester serine derivatives that mimicked the polar head
group of PS blocked PS-dependent uptake of apoptotic cells by
macrophages (19). In order to test whether amebae specifically
recognized PS, we preincubated trophozoites with phospho-L-
serine, phospho-D-serine, phospho-L-threonine, and DL-serine.
Both 10 mM phospho-L-serine as well as phospho-D-serine
inhibited E. histolytica ingestion of calcium-treated erythro-
cytes by more than 30% (Fig. 5). These data suggested not only
that PS exposed in the outer leaflet of the erythrocytic mem-
brane was recognized by the amebae but also that amebae
recognize either stereoisomer phospho-L- or phospho-D-serine.
We infer from these data that E. histolytica recognized PS that
was exposed on the outer membrane leaflet of erythrocytes,
providing additional adherence and eventual ingestion.
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FIG. 2. Erythrocytes exposed to Entamoeba histolytica redistribute phosphatidylserine to the outer leaflet of the membrane and undergo
morphological changes. (A to D) PS exposure was measured using annexin V-FITC staining of erythrocytes. Representative histograms of healthy
erythrocytes and erythrocytes incubated with E. histolytica trophozoites are shown in panels A and B, respectively. Similarly, annexin V-FITC
staining was performed on erythrocytes exposed to treatment with 2.5 mM calcium. Representative histograms of healthy erythrocytes in HEPES
buffer for 48 h and erythrocytes in HEPES buffer exposed to 2.5 mM CaCl, are shown in panels C and D, respectively. (E to G) Representative
micrographs of healthy erythrocytes (panel E), crenulated erythrocytes following 48 h calcium treatment (panel F), and erythrocytes following 20

min exposure to E. histolytica (panel G).

The nonpathogenic Entamoeba dispar preferentially ingests
calcium-treated erythrocytes. Erythrophagocytosis has been
demonstrated to be a characteristic distinguishing between Ent-
amoeba histolytica and the nonpathogenic commensal Enta-
moeba dispar (22). E. dispar rarely ingests erythrocytes during
colonization of the host or during in vitro assays (16). To test
whether the inability of E. dispar to ingest cells was due to
reduced adherence, a phagocytosis defect, or an inability to
cause PS exposure, we examined each process. Entamoeba

histolytica HM1:IMSS was cultured with the bacterial flora
from E. dispar strain SAW760 to provide a control for these
experiments. The contrast between the adherence of E. dispar
and that of E. histolytica to erythrocytes was measured using a
rosette-forming assay (Fig. 6A). Entamoeba dispar adherence
to healthy or calcium-treated erythrocytes was significantly re-
duced compared to that of E. histolytica. E. dispar adherence to
calcium-treated erythrocytes was less hindered by the addition
of 55 mM p-galactose than was its adherence to healthy eryth-
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FIG. 3. Entamoeba histolytica cells adhere to and ingest calcium-
treated erythrocytes in a relatively galactose-independent manner.
(A) Adherence of E. histolytica to healthy (hatched bars) and calcium-
treated (solid bars) erythrocytes. Adherent cells were defined as tro-
phozoites with at least three adherent erythrocytes (means = SD; n =
6; * indicates a P value of <0.001 compared to healthy cells plus
D-mannose; # indicates a P value of <0.01 compared to healthy cells
plus D-galactose). (B) Phagocytosis of healthy (hatched bars) or calci-
um-treated (solid bars) erythrocytes by amebae (reported according to
the phagocytic index, i.e., the average number of erythrocytes ingested
multiplied by the percentage of amebae positive for ingestion). Fol-
lowing calcium treatment (2.5 mM), erythrocytes were stained with
TAMRA and then spun onto amebae and incubated at 37°C for 15 min
at a 10:1 erythrocyte-to-ameba ratio. Unengulfed erythrocytes were
lysed in water, and amebae containing ingested erythrocytes were
counted by microscopy. Data are reported as means * SD. P values
were determined by a two-tailed ¢ test for healthy and calcium-treated
cells (* indicates a P value of <(0.001 compared to healthy erythrocytes
with D-mannose; # indicates a P value of <0.01 compared to healthy
erythrocytes with D-galactose; n = 6).

rocytes (2.3% = 1.5% versus 30% * 5.9%; adherence to
healthy cells compared to adherence to calcium-treated cells in
55 mM bp-galactose; mean * SD; P < 0.002; n = 3). To
measure phagocytosis, xenic E. dispar was incubated with
healthy or calcium-treated erythrocytes (20:1 erythrocyte-to-
ameba ratio), for 25 min at 37°C and assayed by microscopy
(Fig. 6B). The experiments showed that E. dispar had a low
rate of phagocytosis of healthy cells which was nearly com-
pletely abolished by the addition of galactose. However, calci-
um-treated erythrocytes were ingested at a higher rate that was
not as dramatically affected by the addition of 55 mM b-
galactose (phagocytic indices, 42 = 2.3 and 22 * 5.0, respec-
tively). While E. dispar ingested PS-exposing erythrocytes, it
was far less phagocytic than E. histolytica. Despite the lack of
an effect on adherence, calcium treatment was accompanied by
increased phagocytosis.

Given that E. dispar could still ingest PS-exposing erythro-
cytes, we questioned whether it was defective in causing PS to
be exposed to the outer leaflet of erythrocyte membranes.

INFECT. IMMUN.
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FIG. 4. Adherence and phagocytosis of calcium-treated erythro-
cytes are blocked by annexin V and galactose in an additive manner.
(A) Human erythrocytes were preincubated for 24 h with 2.5 mM
CaCl, in order to induce apoptotic-like surface changes. These cells
were washed and then incubated with 7 uM annexin V. Each of the
three samples was statistically significantly different from the control (*
indicates a P value of <0.05 compared to calcium-treated erythrocytes
without D-galactose or annexin V; n = 10). The addition of annexin V
to galactose further reduced adherence by 15% when compared to
galactose alone (# indicates a P value of <0.01; n = 10). (B) Following
calcium treatment (2.5 mM) cells were stained with TAMRA,
quenched, and preincubated with 7 uM annexin V. Cells were spun
onto amebae and incubated at 37°C for 15 min at a 5:1 erythrocyte-
to-ameba ratio. Uningested erythrocytes were lysed in water, and the
cells were counted by microscopy. Data are reported as means = SD.
Differences between control cells (calcium-treated cells without an-
nexin or galactose) and all other treatments were statistically signifi-
cant (* indicates a P value of <0.0001 compared to the control). Also,
preincubation with annexin V and addition of galactose were additive
(# indicates a P value of <0.002 compared to calcium-treated eryth-
rocytes with D-galactose; n = 5).

Either E. histolytica or E. dispar was added to PKH-26-labeled
erythrocytes at a 1:5 ratio (ameba to erythrocyte) to allow
rosette formation. Samples were then either warmed to 25°C
or retained on ice as a control. The use of a temperature of
25°C rather than the physiologic temperature of 37°C reduced
the levels of erythrophagocytosis. Cells were then washed in
110 mM p-galactose, subjected to annexin V-FITC staining,
and analyzed by flow cytometry (Fig. 6C). E. histolytica was
more efficient at promoting the exposure of PS on the surface
of erythrocytes at 25°C (43%) than E. dispar (8.7%). Both E.
histolytica and E. dispar inductions of PS exposure were statis-
tically significantly higher than that of M199S medium alone
(0.8%).

DISCUSSION

Erythrophagocytosis is pathognomonic of amebiasis (49),
and deficiencies in this process have been associated with re-
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FIG. 5. Phospho-L- and phospho-D-serine both inhibit E. histolytica ingestion of calcium-treated erythrocytes. Phospho-D-serine, phospho-L-
serine, phospho-L-threonine, and DL-serine were added to M199S medium and incubated with E. histolytica for 30 min prior the performance of
a phagocytosis assay. Erythrocytes were added at a 1:5 ratio (amebae to erythrocytes) and incubated at 37°C for 20 min. Amebae were fixed,
counted, and scored for phagocytosis. Data are represented as means = SD (n = 3).

duced virulence (31). In this work we attempted to determine
what ligands were recognized on erythrocytes for ingestion by
E. histolytica and whether these were also recognized by Enta-
moeba dispar. Our conclusions from this study are as follows:
(i) E. histolytica causes physical changes on the surfaces of
erythrocytes prior to ingestion, including the exposure of PS;
(ii) PS is specifically recognized by an amebic coreceptor dur-
ing the ingestion of erythrocytes; and (iii) the commensal par-
asite E. dispar is relatively deficient in each step of erythroph-
agocytosis.

Entamoeba histolytica caused apparent surface changes on
erythrocytes, including a change in the cell shape from concave
to spherical, which were followed by membrane blebbing and
PS exposure. These changes are consistent with both the aging
of erythrocytes (9) and calcium treatment (7). The physical
modifications of the erythrocyte membranes led to changes in
their properties of adherence to amebae. Galactose was able to
only partially block the recognition and consequent ingestion
of calcium-treated erythrocytes; this was consistent with the
existence of an additional receptor that recognized a ligand
specific to the altered red-blood-cell surface. This theory was
corroborated by the reduced galactose inhibitions of adher-
ence and ingestion of calcium-treated erythrocytes by amebae
compared to those of healthy erythrocytes. We surmise from
these data that surface changes rendered by contact with ame-
bae expose a new ligand on the erythrocytes, which can be
recognized by an amebic receptor apart from the Gal/GalNAc
lectin.

Previous experiments had implicated negatively charged lip-
ids in recognition and phagocytosis by E. histolytica. Bailey et
al. demonstrated that liposomes comprised of the negatively
charged lipids PS and dicetyl phosphate triggered actin poly-
merization in E. histolytica trophozoites, whereas phosphati-
dylcholine, phosphatidylethanolamine, and phosphatidic acid
did not (1). Entamoeba histolytica also showed increased inges-
tion of Jurkat leukemia T cells with added PS but not with
added phosphatidylcholine, phosphatidylethanolamine, or
phosphatidic acid on their surfaces (26). These experiments

showed that PS promoted ingestion of host cells, but there was
no direct evidence suggesting the utilization of host cell PS
exposure for ingestion by E. histolytica.

Phosphatidylserine involvement in erythrocyte recognition
and uptake was tested by the addition of annexin V to bind and
mask exposed PS on the erythrocyte surface. Annexin V has
been shown to bind to PS on apoptotic cells (51) and interfere
with the interactions between apoptotic cells and macrophages
(19, 52). Annexin V inhibition of both adherence and phago-
cytosis and its additive nature with galactose suggest a coordi-
nated role of the Gal/GalNAc lectin and a PS coreceptor in
erythrophagocytosis.

Phosphatidylserine exposure has been well characterized on
the surfaces of apoptotic cells (18, 19) as a signal for clearance
in metazoans. There are many examples of receptors that rec-
ognize PS in mammals, including the stereospecific macro-
phage PS receptor (17) and multiple scavenger receptors,
which include CD36 (20, 42, 48). Contrary to evidence pertain-
ing to macrophages, the amebic receptor does not appear to
recognize PS in a stereospecific manner; both phospho-L- and
phospho-p-serine inhibited amebic phagocytosis, suggesting
the amebic receptor functions as a scavenger receptor. There
are no homologues of scavenger receptors or the mammalian
PS receptor in either E. histolytica genome database (available
from The Institute for Genomic Research and the Sanger
Centre). In addition, recent evidence suggests that the mam-
malian PS receptor does not participate in the endocytosis of
apoptotic cells (4, 12). Therefore, the nature of the PS receptor
that mediates recognition and endocytosis remains obscure for
both amebae and mammals. The use of a PS receptor to ingest
apoptotic cells by amebae is an interesting example of conver-
gent evolution and illustrates the pressures on a parasite to
emulate its host.

Entamoeba dispar was initially distinguished from E. histol-
ytica by biochemical differences (21), but much effort is being
made to determine the genetic differences between these two
species (54, 55). E. dispar is noninvasive and rarely ingests host
cells in vivo. The nature of the differences separating E. dispar
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FIG. 6. E. dispar displays reduced adherence, PS exposure, and phagocytosis of erythrocytes relative to E. histolytica, along with an even greater
defect in cytolysis. (A) Adherence of amebae to healthy (hatched bars) and calcium-treated (black bars) erythrocytes. Adherent cells were defined
as trophozoites with at least three adherent erythrocytes (means = SD; n = 3; * indicates a P value of <0.01 for E. dispar adherence to healthy
versus calcium-treated erythrocytes in 55 mM D-galactose; # indicates a P value of <0.001 for E. dispar adherence to calcium-treated erythrocytes
compared to that of E. histolytica). (B) Phagocytosis of healthy or calcium-treated erythrocytes by amebae (reported as the phagocytic index
described in the legend to Fig. 3; means = SD; n = 3). Following calcium treatment (2.5 mM), cells were stained with TAMRA, quenched, and
then spun onto amebae and incubated at 37°C for 15 min at a 20:1 erythrocyte-to-ameba ratio. Uningested erythrocytes were lysed in water, and
the cells were counted by microscopy (* indicates a P value of <0.005 for E. dispar ingestion of healthy erythrocytes with 55 mM D-galactose
compared to that of healthy erythrocytes without D-galactose; # indicates a P value of <0.01 for E. dispar ingestion of calcium-treated erythrocytes
in 55 mM D-galactose versus E. dispar ingestion of healthy erythrocytes with 55 mM D-galactose). (C) Exposure of PS on the outer leaflet of the
membrane of erythrocytes measured by annexin V-FITC staining and flow cytometry. Surface changes caused by E. histolytica (black bars), E. dispar
(grey bars), or M199S alone (white bars) are shown (* indicates a P value of <0.001 for healthy erythrocytes incubated with E. histolytica compared
to that of healthy erythrocytes in M199S; # indicates a P value of <0.05 for healthy erythrocytes incubated with E. dispar compared to that of
healthy erythrocytes in M199S. Data are reported as means = SD; n = 3).



VoL. 73, 2005

and E. histolytica remains unknown, but the genome sequences
of the two species are very closely related. One important
finding was that the Gal/GalNAc adherence lectin was less
prevalent on the surface of E. dispar than on that of E. histo-
lytica (34). Additional information has been published by Pi-
menta et al. describing smaller vesicle formation by E. dispar
than by E. histolytica during the ingestion of bacteria (35).
Otherwise, little is known about the capacity for E. dispar to
perform phagocytosis.

Given the noninvasive nature of Entamoeba dispar, it was
important to address whether deficiencies existed in the pro-
cesses of adherence, cytolysis, or phagocytosis. E. dispar exhib-
ited reduced adherence to erythrocytes and little ability to
cause externalization of PS to the outer leaflet of the mem-
brane of erythrocytes. However, E. dispar was able to ingest
PS-exposing erythrocytes, albeit more slowly than E. histolytica.
The discrepancy between the ingestion of erythrocytes by E.
dispar and that by E. histolytica may be explained by multiple
factors, such as reduced Gal/GalNAc lectin expression, cell
size, and long-term xenic growth conditions. Regardless of
these differences, E. dispar can ingest erythrocytes exposing PS
in a fashion similar to E. histolytica.

Future studies will focus on identifying the amebic receptors
for PS as well as other receptors for apoptotic cells. A few
candidates have already been uncovered through the work of
other laboratories. Identification of a receptor would allow us
to directly address the contribution of phagocytosis to viru-
lence. We propose a stepwise model for amebic pathogenicity.
First, the Gal/GalNAc lectin is used to adhere amebae to
terminal galactose residues on host cells (33). Once the mem-
branes are within close proximity, secretion of amebapore (6,
29) and cysteine proteinases (25) can damage the host cells,
allowing calcium to flow into the cells and activate host cell
apoptotic factors. As a direct result of this damage, PS is
exposed on the surfaces of the erythrocytes, where amebic
coreceptors can recognize and bind to them. This recognition
then stimulates the phagocytic machinery, yielding ingestion of
the damaged host cells. We hypothesize that amebic induction
of host cell apoptosis leads to the rapid removal of dying tissue
prior to the release of toxic cellular content, allowing the ame-
bae to cause chronic infection by limiting inflammation.
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