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Autophagy is one of the three systems responsible for the degradation of cytosolic proteins and organelles.
Autophagy has been implicated in the stress response to starvation, antigen cross-presentation, the defense
against invading bacteria and viruses, differentiation, and development. Saccharomyces cerevisiae Atg8 and its
mammalian ortholog, LC3, play an essential role in autophagy. The intestinal protozoan parasite Entamoeba
histolytica and a related reptilian species, Er ba invadens, the Atg8 conjugation system, consisting
of Atg8, Atgd, Atg3, and Atg7, but lack the AtgS-to-Atgl2 conjugation system. Immunofluorescence imaging
revealed that polymorphic Atg8-associated structures emerged in the logarithmic growth phase and decreased
in the stationary phase and also increased in the early phase of encystation in E. invadens, Immunoblot analysis
showed that the increase in phosphatidylethanolamine-conjugated membrane-associated Atg8 was also ac-
companied by the emergence of sociated structures during the proliferation and differentiation men-
tioned above. Specific inhibitors of class I and 111 phosphatidylinositol 3-kinases simultaneously inhibited both
the growth of trophozoites and autophagy and also both encystation and autophagy in E. invadens, These
results suggest that the core machinery for autophagy is conserved and plays an important role during

proliferation and differentiation in Entamoeba.

Amoebiasis is a diarrheal disease caused by the protozoan
parasite Entamoeba histolyrica and affects approximately 50
million inhabitants of areas where the disease is endemic,
resulting in an estimated 40,000 to 110,000 deaths annually
(61). Its transmission occurs through the ingestion of food or
water contaminated with infective cysts (33). Although encys-
tation is an essential fundamental process required for the
transmission of the disease, little is known about biochemical
and cell biological changes or the regulation of gene expression
that occurs during this process except in some cases (3, 7,
10-12, 47, 57). In the reptilian Entamoeba species E. invadens,
18 genes, including those for ubiquitin 48, gene 122 (47), chiti-
nases 1 and 2 (7, 57), two isoforms of chitin synthases (chs-1
and chs-2) (5), and the cyst-specific lectins called Jacob (7) and
Jessie (5, 57), were differentially expressed at different stages
of encystation. However, various fundamental events that oc-
cur during encystation, which allow drastic changes in cellular
compositions and organelle structures, remain largely unchar-
acterized except for the involvement of proteasomes (12). Re-
cently, a transcriptome of E. histolytica clinical isolates which
identified some novel E. invadens stage-specific genes has been
documented (10).

Autophagy is a cellular process highly conserved in eu-
karyotes which permits the degradation of long-lived proteins
and damaged or unnecessary organelles (24). Autophagy has
been implicated in various biological processes, including the
stress response to carbon and nitrogen starvation; antigen
cross-presentation; the defense against invading bacteria, vi-
ruses, and other intracellular pathogens; differentiation; and
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machi, Maebashi, Gunma 371-8511, Japan. Phone: 81 27 220 8020.
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development (15, 25, 28, 30, 38, 49, 51). Autophagosome for-
mation is initiated by the emergence of an isolation membrane
in the cytosol, called the preautophagosomal structure (PAS)
(36, 50, 58). The PAS elongates and expands to form the
autophagosome membranes (19, 25, 36) that enclose cytosolic
components and organelles, including mitochondria and endo-
somes (14, 18, 45). Autophagosomes subsequently fuse to ly-
sosomes, leading to the degradation of sequestered organelles
and materials (15, 25). In Saccharomyces cerevisiae, 16 autoph-
agy-related (Arg) genes that encode components essential for
autophagy were identified (21). Autophagosome formation is
regulated by two related ubiquitin-like (UBL) systems in both
yeast and mammals (25, 54). The first UBL system allows the
conjugation of Atgl2 to Atg5. After the Atgl2-to-Atg5 conju-
gation, these proteins form a complex with Atg16 (22), and this
complex acts upstream of the second conjugation system. In
the second conjugation system, where Atg8 is a major anchor-
ing molecule, Atgd protease (54) exposes the terminal glycine
of A1gs8 (36). Atg8 is subsequently activated by the E1 enzyme
Atg7 (54) and transferred to Atg3, an E2-like enzyme, which
conjugates Atg8 to phosphatidylethanolamine (PE) (17). Atg4
also participates in Atg8 deconjugation, which is essential for
the fusion of autophagosomes with lysosomes/vacuoles (2, 4,
20, 54, 62). Among the components involved in these conju-
gation systems, Alg8 has been considered to be an authentic
marker for autophagosomes because lipid-anchored Atg8 re-
mains attached to the inner membrane of autophagosomes
until it is degraded by lysosomal hydrolases after the fusion
with lysosomes (36).

The biological importance of autophagy has been demon-
strated both in vitro and in vivo with various organisms (9, 16,
23, 29, 4, 63). In Caenorhabditis elegans, the inhibition of Argl,
Atg6, Atg7, A1g8, and Agl0 by RNA interference resulted in a
defect in the organism’s morphogenesis to the dauer stage,
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when the organism takes a dormant form between the L2 and
L3 larval stages under conditions of high population density,
reduced levels of nutrients, or increased temperature, Under
such conditions, development ceases so that the organism can
survive for an extended period (34). In the social ameba Dic-
tyostelium discoidewm, Alg8 plays a role in survival and spore
formation, During starvation, D. discoidewmn develops a multi-
cellular form that functions like a spore reservoir. A mutant
lacking Aig5 or Atg7 was unable to produce viable, mature
spores, and autophagosome formation was abolished under
conditions of starvation (41). A Leishmania major vps4 mutant
which showed a defect in endosomal sorting and the fusion of
Atg8 autophagosomes with lysosomes failed to differentiate
from a diving procyclic promastigote into the infective meta-
cyclic form (4).

In this study, we show by a genome-wide survey that E.
histolytica and the related reptilian species Entamoeba dispar
and E. invadens possess genes involved in the Atg8 conjugation
but not those of the Atg5-to-Atgl2 conjugation pathway. Fur-
thermore, we demonstrate, by immunoblot and immunofiuo-
rescence assays, that autophagy occurs in two independent
phases—the logarithmic growth phase and the early phase of
encystation—in the life cycle of E. invadens.

MATERIALS AND METHODS

B i hemicals, and B The Esch eoli DHS5a and
BL21(DE3) strains were purchased from Life Technologies (Tokyo, Japan) and
Invitrogen (Tokyo, Japan), respectively. All chemicals were of analytical grade
and wete purchased from Sigma-Aldrich (Tokyo, Japan) or Wako (Tokyo, Ja-
pan) unless otherwise stated.

E. invadens culture and ency Trop of the £ imvadens 1P-1
strain were cultured ically in BI-5-33 at 26°C. To induce encysta-
tion, 2-week-old E. i I were passaged in 47% LG medium lacking

glucose (47) ar approximately 6 % 10° cellyml. Amoebae were collected st
various time points, and the formation of cysts was assessed by virtue of the
resistance to 0.05% Sarkosyl using 0.22% trypan blue to selectively stain dead
cells. Cysts were also verified by cyst wall staining by incubati bae with

leofiuor white (1 brigh 28; Sigma-Aldrich) at room temper-
alure.

Genome-wide survey of genes involved in phagy in En ba. 5.
Alg proteins were obtained from the NCBI fant protein database (hitp:

hovww.nebinim nih.gov/) and used as queries to search for orthologs in the £
histolytica, E. dispar, and E. imvadens genome databases (http:/Avww.tigr.ocghdb
feZkl/ehal, http:/www.sangerac.uk/Projects/E_histolytical, hutp:/www sanger.ac.uk
ProjectyE_dispar/, and http/www sanger.ac uk/ProjectvE_invadens). Possible or-
thologs were fusther analyzed with the blastp algoritt (httpzwww.ncbinlmonib.gov
/BLASTY) against the nonredundant database at NCBI to find the closest homologs
in other organisms,

Production of recombinant EhArg8 and antiserum against EhAtgS. Standard
techniques were used for routine DNA manipulation, subcloning, and plasmid
construction as previously described (46). The protein coding region of £ his-
talytica Agla (EhAtplia) (locus tag XP_649165) was amplified using oligonucle-
otide primess (5'-CATCCCGGGATGGAATCACAACCAAAACTT-3' and §5'-
AGACTCGAGTTAATTTCCAAAGACAGATTC-3') and the E hisolyrica
cDNA library (39) by PCR. The parameters used for the PCR were an initial step
of denaturation at 94°C for 2 min, followed by 30 cycles of denaturation at 94°C
for 15 s, anncaling at 55°C for 30 s, and an extension at 65°C for | min. A final
step of denaturation at 95°C for 9 s, annealing at 60°C for 9 <, and an extension
at 95°C for 9 s was used to remove primer dimers. A 408-bp PCR fragment was
cloned in the Smal-Xhol site of the pGEX-6P-2 expression vector (GE Health-
care Bioscience, Tokyn, Japan) to produce pGST-EhAgs, The pGST-EhAtgs
plasmid was introduced into the E. coli BL21(DE3) strain. The expression of the
glutathione S-transferase (GST)-EhAtg8 recombinant protein was induced, and
cell lysate was produced ding to the i ions of the facturer. The
GST tag at the amino terminus of the recombinant GST-EhAtg8 construct was
cleaved by Precision p (GE Healthcare Bioscience) and removed by
GSTrap (GE Healthcare Bioscience). The EhAtg8 protein was
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further purified by Mono Q anion-exchange chromatography on an AKTA Ex-
plorer chromatograph (GE Healthcare Bioscience). Rabbit antiserum against
EhAtg8 was commercially produced (Kitayama Rabesu, Nagano, Japan).

Cell fractionation. Amoebae were h d, washed with phosphate-buffered
saline containing 2% glucose, and pended in a b ization buffer (50
mM Tris, pH 7.5; 250 mM sucrose; 50 mM NaCl; and 1.34 mM truns-cpoxysuc-
cinylt-leucylamido-{4-guanidino butane]) bae were homogenized
with 80 to 300 strokes (depending on the | age of cysts) in a glass homog-
enizer and centrifuged at 400 ¥ g for 5 min at 4°C to remove unbroken cells. The
supernatant was further centrifuged at 100,000 % g for 1 b to separate a high-
speed pellet from the supematant, both of which were subjected to immunoblot

analysis.

1 bl is, To diffe unmodified and PE-conjugnted Atg8,
sodium dodecyl sulfate-polyscrylamide gel el horesis (SDS-PAGE) was
conducted using 13.5% separating gel containing 6 M urea, as previously de-
scribed (20). Approximately 5 g of lysates or fractions were separated by
denaturing SDS-PAGE and sferred to ni b b After the
membranes were blocked with 3% skim milk, they were incubated with anti-
EhAgs or anti-ENif5 (1) antibody (1/1.000 dilution) for | b After being
washed, the membranes were incubated with anti-rabhbit immunoglobulin G
(1gG) alkaline phosph gated antibody (Jackson Lal ries, Bar
Harbor, ME) or b dish peroxid jugated antibody (Amersham Bio-
science, Piscataway, NJ) for 1 h. Proteins were visualized with an alkaline phos-
phatase conjugate substrate kit (Bio-Rad, Hercules, CA) or by chemilumines-
cence with the Immobilon Western substrate (Millipore Corporation, Billerica,
MA). The intensity of the bands visualized by chemilumi was d §
on a Lumi-Imager F1 workstation (Roche Applied Science, Tokyo, Japan) with
the LumiAnalyst software (Roche Applied Science) and further analyzed with
ImageJ.

and cysts were fived in 3.7%

f dehyde in phosp buffered saline for 10 min at room temperature,
washed, and permeabilized with 0.2% saponin for 10 min. Then, the cells were
incubated with anti-EhAtg8 antibody (1/1,000 dilution) for 1 h at room temper-
ature and subsequently incubated with anti-rabbit IgG Alexa Flour 488 antibody
(lnvitragen) for 1 h at room temperature. Finally, the cells were washed,
mounted on a glass slide, and examined under a confocal laser scanning micro-
scope (LSM 510 Meta; Carl Zeiss, Thomwood, NY). The images were further
analyzed with LSM 510 software,

Nucleotide and protein seqy | by The leotide and
protein sequences reported in this paper have been submitted to the DDBJ with
accession numbers AB326955 (E. imadens AmS [Eidgf]) and AB326956
(Eidg3).

] assay. Troph

RESULTS AND DISCUSSION

One of the two UBL systems is conserved in E. histolytica, Tn
yeast and mammals, the biogenesis of autophagosomes is reg-
ulated by two UBL systems (25, 54). The E. histolytica genome
(HM-1:IMSS [8]) apparently encodes only one of the two UBL
systems (Table 1). We identified genes encoding two Atg8
proteins (designated EhAtgBa and EhAtg8b), four Agd pro-
teins (designated EhAtgda to EhAtgdd), one Atg7 protein, and
one Atg3 protein. The two EhA1g8 proteins showed 96% iden-
tity to each other. EhAtg8a and EhAtg8b showed 31 to 33, 25
to 27, and 28 to 30% identity to bee Apis mellifera Atg8a, yeast
Atg8, and vy-aminobutyric acid receptor-like 2 (Gabarapl2)
from amphioxus Branchiostoma belcheri tsingtauense, respec-
tively, the last of which was shown to be expressed during the
early embryo and larval development phases (26).

EhAtgda to EhAtgdd showed 22 10 26% identity to yeast and
mammalian Atgd. Atgd belongs to a new class of cysteine
proteases (CPs) (20), which differ in function and structure
from other CPs, such as the papain, HAUSP, UCH-L3, and
Ulpl families (52). EhAtgds lack a prodomain typically present
in most amoebic CPs. In addition, the active-site cysteines that
are well conserved among cathepsin L-like CPs, e.g, CP1,CP2,
and CPS, are not aligned with those in these Atgds (data not
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FIG. 1. Alignment of Atg8 protein sequences from three Entamoeba species and other organisms. Clustal W (http://www.ch.cmbnet.org

fsoftware/ClustalW.html) and BoxShade 3.21 (httpy/www.ch.embnet.org/software/BOX_form.html) were used to produce the alignment. Con-
served amino acid residues are shown with a black background, and conserved substitutions are shown with a gray background. Gaps are shown
by dashes. The asterisk under the alignment indicates the consensus glycine that is conjugated to PE. Residues implicated in binding to Atgd and
autophagy activity are depicted with triangles and squares under the alignment, respectively. Entamoeba-specific residues are overlined. Sequences
used in the alignment were those for EdAtgs (E. dispar genome accession no. AANVD1003233), EiAgs (accession no. AANWO1005912, nt 44 1o

433), EhAtg8a (locus tag XP_649165), EhAtgsb (locus tag XP_649940), DdAtg8 (Dictyostelium discoideum, locus tag XP_637841), LmA1g8.1
(Leishmania major, EMBL accession no. CAJ07266), ScAtg8 (Saccharomyces cerevisiae, Swiss-Prot accession no. P38182), DmAig8a (Drosophila
melanogaster, locus tag NP_727447), AmAig8 (4pis mellifera, locus tag XP_001120069), AtAtgBe (Arabidopsis thaliana, locus tag NP_182042),
GBRL2 Bb (Gabarapl2 from Branchiostoma belcheri, accession no. AAQ35172), and GBRL2 Mm (Gabarapl2 from Mus musculus, EMBL

accession no, BAB22217),

shown). These EhAtgds were previously reported as “autopha-
gins 1 to 4," which are members of the C54 cysteine endopep-
tidase family (6). In yeast, only one isoform of Atg4 has been

apparently sufficient for autophagosome biogenesis, at least in
these protists (4, 41).
Conservation of the Atg8 conjugation pathway in related

reported (53, 55), while Homo sapiens apparently pe
four Atgd4 homologs (52). The putative Atg3 and Atg7 ho-
mologs (EhAtg3 and EhAtg7) showed 31 to 47% and 34 to
38% identities to yeast and mammalian counterparts, respec-
tively. On the other hand, E. histolytica apparently lacks genes
encoding Atg5, Atgl0, Atgl2, and Atgl6 (Table 1),

The presence of the Atg8 conjugation system and the con-
comitant absence of the Atg5-to-Atgl2 conjugation pathway
were also reported for both the free-living social amoeba Dic-
tyostelium (41) and the parasitic protist Leishmania (60). These
data may indicate that the Atg® conjugation system is evolu-
tionarily older than the Atg5-to-Atgl2 conjugation system and
that the former represents minimal machinery required for
autophagy. As shown below, the Arg8 conjugation system is

Ent ba species, ly, E. dispar and E. invadens. E. dispar
is the commensal nonpathogenic species for mammals, while
E. invadens is the invasive reptilian species and a primary
model of encystation. Although the E. dispar and E. invadens
genomes have not been completed, we identified two Ag8
genes (locus tags AANV01003233 and AANV01014404), one
Atg4 gene (AANV01002875), two A1g7 genes (AANVO01000460
and AANV(1009354), and one Afg3 gene (AANVO1000567) in
the E. dispar database, while only one Atg8 gene (AANW0100
5912, nucleotides [nt] 44 to 433), one A1g4 gene (AANWO0101
0411, nt 5 to 1166; the gene likely contains an intron, but the
carboxyl terminus of the protein is incomplete), and one Arg3
gene (AANWO1009890, nt 424 to 1226 in a complementary
strand) were found in the E. invadens genome database (data
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residues involved in the autophagy activity in yeast (Tyr49 and
Leu50) (2) conserved in Entamoeba Atg8. A number of other
residues totally conserved in Atg8 proteins from other organ-
isms are not conserved in Entamoeba; these residues are dis-
tributed throughout the entire protein (Fig. 1).

All Entamoeba Atg8s share a unique 16-amino acid insertion
(e.g., amino acids 72 to 88 of EhAtg8a; YIETDGETPISTVS
VK). Based on the crystal structure of Atg8 from yeast, this
region is located 1 to 5 residues upstream of the Atgd recog-
nition site (Phe-X-Phe, which is absent in Entamoeba Atg8)
and thus predicted to be exposed on the surface of the mole-
cule and possibly interacts with other proteins. We also exam-
ined the nucleotide sequence of this region of all Entamoeba
Ag8 genes and excluded the possibility that this region corre-
sponds to an intron by reverse transcriptase PCR of cDNA
(data not shown). EhAtg8b has an extra 5-amino-acid amino-
terminal extension (MDPTF), which is also present in EdAtg8
but missing in EiAwg8. Interestingly, the overall identities of
EdAutg8 and EiAtg8 to EhAtg8a or EhAtg8b are not consistent
with the fact that EiAtg8 lacks the S-amino-acid amino-termi-
nal extension present in EhAtg8b but that EdAtg8 possesses it.
It is unlikely that the lack of this amino-terminal extension in
EiAtg8 is due to an incomplete genome database because the
open reading frame of Eidsg8 is not located at the end of the
contig AANW01005912 (nt 44 to 433 of the total length of
1,166 nt).

Immunoblot analysis of Atg8 in E. invadens. In order to
verify if autophagy occurs in Emtamoeba and, if it does, to
identify growth phases and stages where autophagy plays a
role, immunoblot analysis of £. invadens trophozoites cultured
in a regular proliferation medium with anti-EhAtg8 antibody
was conducted (Fig. 2). Two bands with molecular masses of
approximately 15.0 and 14.5 kDa were observed (Fig. 2A).
Dramatic changes in both the total amount of Atg8 and the
proportions of the two forms were found during 2 weeks of
culture. The intensity of both the 15.0- and 14.5-kDa Atg8
bands increased in the mid- and late-logarithmic growth phases
(days 4 to 12) and peaked at day 9, while it decreased at days
2 and 15. The ratios of the intensity of the 15.0-kDa band to
that of the 14.5-kDa band were 2.4, 1.4, 1.1, and 2.2 at days 4,
7, 9, and 12, respectively, based on chemiluminescence mea-
surements of these bands (data not shown). These data corre-
late well with the results of the immunofluorescence study (Fig.
3) (see below).

Cell fractionation followed by immunoblot assay (Fig. 2B)
showed that 15.0-kDa Atg8 was fractionated almost exclusively
to the soluble, likely cytosolic, fraction but that the 14.5-kDa
Atg8 was found in the pellet fraction centrifuged at 100,000 x
£ On the basis of the results of a number of other studies (17,
20), we concluded that the top band corresponds to the cyto-
solic, nonconjugated Atg8 protein and that the bottom band
corresponds to the membrane-associated PE-conjugated Alg8
protein,

Immunofiuorescence imaging of Atgs8 in proliferating E. in-
vadens trophozoites. Immunofluorescence analysis revealed re-
markable changes in the Atg8-associated autophagosome-like
structures in £. invadens trophozoites in both the logarithmic
and stationary growth phases. Microscopic images of cultures
at representative time points—1 and 2 weeks—under low mag-
nification showed homogeneous Atgs staining in each popula-
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FIG. 4. Immunoblot analysis of Atg8 in E. invadens during encys-

tation. (A) Kinetics of encystation. The p ages of the b
resistant to 0.05% Sarkosyl during encystation are shown. (B) E. in-
vadens trophozoites were harvested at the indicated times, lysed, frac-
tionated as described for Fig. 2B, and subjected to immunoblot anal-
ysis by using anti-EhAtg8 (1op panel) or anti-EhNifS (bottom panel)
antibody, followed by chemiluminescence detection. Lanes: H, whole
homogenate; S and P, supernatant and pellet, respectively, after cen-
trifugation at 100,000 % g. (C) Densitometric measurements from
immunoblots by chemiluminescence. Only representative
quantitations from three immunoblots which exhibited similar kinetics
are shown.

tion, but remarkable differences in intensity were observed
between 1- and 2-week-old cultures (Fig. 3A and B). In order
to further investigate the observed growth-phase-dependent
synthesis and degradation of autophagosomes, we quantified
the number of Atg8-associated structures, examined under
high magnification, during the exponential to stationary growth
phases (Fig. 3D to F). The average number of Atg8-associated
autophagosome-like structures (see below for morphological
categories) peaked at 9 days in the BI-S-33 proliferation me-
dium. Although the number of Atgs-associated structures was
more than three per cell at day 2, the structures were mainly
dot-like or tiny vesicles (data not shown), which is consistent
with the repression of Ag8 demonstrated by immunoblot anal-
ysis,

Expression and membrane recruitment of Atg8 change dur-
ing encystation in E. invadens. Autophagy has recently been
implicated in differentiation during nutrient deprivation in or-
ganisms such as C. elegans, D. discoideum, and Leishmania (4,
34, 41, 60). Although it has recently been demonstrated that
encystation-specific genes could be identified in E. histolytica
clinical isolates (10), in vitro encystation of both E. histolytica
clinical isolates and laboratory strains has not been accom-
plished. To further investigate if autophagy is induced during
encystation, we exploited the encystation of E. invadens with
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FIG. 5. Kinetics of Alg8-positive autophagosome-like structures during encystation by immunofluorescence assays. (A) Percentages of amoe-
bae containing categorized Atg8-positive structures during encystation are shown. The categories are cytosolic; dot-like; vesiclesivacuoles with
diameters of <1.0 um, 1.0 to 2.0 pm, 2.0 to 4.0 pm, and >4.0 pm; other structures; and clusters. (B) Average numbers of Aig8 structures, as
categorized above, per positive amoeba. Approximately 30 to 40 cells were examined at cach time point, and means and standard deviations are
shown, Pairwise comparisons between each time point, with statistical significance (P value of < 0,001, <0.01, or <0.05), are also indicated.

1 p<0.001

N

Representative results of three independent experiments are shown in panels A and B. (C) Subcellular localization of Atg8 during encystation.
Representative images of a maximum projection of approximately 20 slices taken at 1-um intervals on the 2 axis at each time point are shown. Filled
arrowheads, open arrowheads, arrows, and asterisks indicate Atg8-positive dot-like structures, clusters, vesiclesivacuoles, and other structures,

respectively, Bars = 5 pm

2.week-old cultures as an inoculum into the 47% LG medium
lacking glucose. Under these conditions, we accomplished up
to 80 to 93% encystation within 96 h, based on Sarkosyl resis-
tance (Fig. 4A). We also verified that the kinetics of the incre-
ment of Sarkosyl-resistant amoebae and that of the calcofluor-
stained amoebae were almost indistinguishable (data not
shown). Although encystation is usually induced in trophozo-
ites using 2- to 3-day-old cultures (12) or 7-day-old cultures in
the logarithmic growth phase (32), we used 2-week-old cul-

tures as an inoculum. As described above, the amount of Alg8
protein and the number of membrane-associated Atg8-positive
structures were significantly lower in the Z-week-old cultures
than in the 2- to 7-day-old cultures, and thus the kinetics of
Atg8 synthesis and the formation of the Aig8-positive struc-
tures during encystation could ideally be monitored by using
2-week-old cultures

Amoebac were harvested at various time points, and Atg8
was first examined by immunoblotting and quantitated as de-
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FIG. 6. Confocal images of Z stacks of an
24 h and d by immunofluorescen ssay with anti-EhA
representative trophozoite were captured at 1-pum intervals on the =
arrowhead, arrows, and asterisks indicate representative A
tvely

The amount of unmodified
&5 was reduced as early as 2 h after the amoebae were
to the encystation medium. Concomitantly, the
amount of PE-modified Atg8 increased and peaked at 24 o
48 h.

cence

scribed above 'f'l,L'.- 4B and C)
A
transferred

he total amount of Alg8, estimated by chemilumines.
assay, changed during encystation. The ratio of PE-
conjugated Atg8 to unmodified Atg8 also changed signifi
cantly. The ratio of Atg8-PE to unmodified Algh also increased
In a course ol encystation (e.g., 0.09 or 1.26 at 6 or 96 h,
respectively). These data are similar to the observation about
the formation of autophagosomes under starvation conditions
in other organisms (19). Interestingly, at 24 h after the induc-
the production of PE-modified Atg8
reached a plateau, while only 7% of the trophozoites differen-
tiated into cysts, as evaluated by detergent resistance (Fig. 4A)

tion of encystation,

and calcofluor staining (data not shown). Thus, the emergence
of PE-conjugated Atg8 precedes encystation
autophagy really occurs in encysting cells, we examined the
presence of A in detergent-resistant
cysts after Sarkosyl treatment. Although we were unable to
simultaneously examine cyst markers and Atg8 due to techni-
cal problems (i.e., calcofluor cannot be used in an immunofiu-

To verify that

wssocialed structures

orescence assay), these data are consistent with the premise
that cluster formation increases as encystation proceeds.
Immunofluorescence assay reveals dramatic ch nges in the
autophagosome-like structures during encystation. Immuno-
fluorescence imaging of encysting E

invadens cultivated in

LG medium showed that both the percentage of amoeba-
contamning structures and the number of structures per amoeba
increased during encystation (Fig. 5). Representative stacks of

A1g8 structures at 24 h after the induction of E. 1dens

encysting E. imvwidens trophozoite. E
antibody and Alexa 488-conjugated
axis and are shown from the bottom to the top, A filled arrowhe:
positive dot-like
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tnvadens trophozoites were incubated in 47% LG medium for
ati-rabbit 1¢G antibody. E

t slices of a
d, an open
and other structures respec

structures, clusters, vesicles/vacuole

encystation are shown in Fig. 6. We morphologically ¢z itego

dots™

1w

rized the Atg8-associated structures into several groups:

(containing no luminal region); “vesicles/vacuoles” of <1,

2o 4, or >4 um in diameter (containing a luminal region
surrounded by Atg8-positive structures); “others’ (including
linear or thread-like structures); and “clusters” (cont: lining

multiple dots, vesicles, vacuoles, and other structures) (F ig. 5A
and C). Atg8-positive dots and other structure s, including lin-
car and diffuse/amorphous structures, were observed in almost
all cells in the population. As early as 2 h after the induction of
encystation, both the percentages of cells containing the Arg8-
positive dot-like and other structures and the numbers of these
structures per cell started (o increase, peaked at 24 h, and then
gradually decreased from 24 to 96 h. Both the numbers and
vesicular/vacuolar structures increased from 4 to
at 24 h, approximately 65% of the amoebae con-
tained large Atg8-positive vesiclesivacuoles 2 to 4 wm in diam-
The AtgB-positive clusters emerged mainly after 24 h
Concomitant with the emergence of the cluster structures, the
suggesting that cluster
lormation may coincide with the mitiation of maorphological
and biochemical encystation.

sizes of the

eler

percentage of cysts started to incre.

[he dot structures observed in this study were similar to

s PAS (Fig. 5C), which correspond
o a perivacuolar site containing lipids and early autophagy
AtgB/LC3 (27). PAS undergoes elongation
e double membranes called isolation membra
that in yeast, the diameter of the
autophagosomes ranges from 0.3 to 0.9 m (58), while it usu-
ally ranges up to 1.5 um in mammals (e.g embryonic stem
cells, embryonic fibroblasts, hepatocytes, ar 1 pancreatic acinar

those typically referred 1o a

proteins such as
and origin:
(36, 58). It was reported
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FIG. 7. Inhibition of encystation and the formation of autophagosomes by wortmannin in £. invadens. (A) Micrographs of amocbae at 72 h after
induction of encystation with or without wortmannin, E. imvadens trophozoites were incubated in 47% LG medium and supplemented with
dimethyl sulfoxide (DMSO) (control) or 1 @M wortmannin, (B) Percentages of cysts after 2, 24, or 72 h of incubation in the encystation medium
with various concentrations of wortmannin, The results of a representative sct of three independent experiments are shown. (C) Immunofiuc-
rescence images of EiAtg8-positive structures in cells not ireated or treated with 1 or 10 M wortmannin in the encystation medium for 2 days.
Representative images of the maximum projection of approximately 20 slices taken at 1-pum intervals on the z axis are shown. (D) Percentages of
amoebae cantaining categorized AlgS-positive structures during encystation in the presence of 1 or 10 pm wortmannin are shown. (E) Average

numbers of Atg8-positive structures per positive amoeba in the absence or presence of 1 or 10 pM wor in. Ref

independent experiments are shown.

cells) (35). Therefore, the sizes of the Atg8-associated auto-
phagosome-like structures in Entamoeba shown in the present
study are unprecedented, except for the 5- to 10-um autopha-
gosomes containing group A streptococci, Mycobacterium tu-
berculosis, and Toxoplasma (3, 13, 37). Under nonstarvation
conditions, we found predominantly 1- to 2-pm Atg8-positive
vesiclesvacuoles in proliferating trophozoites, suggesting that
vesicles/vacuoles of this size represent autophagosomes consti-
tutively formed under normal conditions. This is similar to
what was reported for mammalian cells where autophagy was
constitutively active or suppressed in response 10 specific hor-
mones (58).

PI 3-kinase inhibitors abolish proliferation, encystation,
and the formation of autophag in E. invade The
proliferation of trophozoites was severely affected by wortman-

results of three

nin, a well-known fungal phosphatidylinositol (PI) 3-kinase
inhibitor, which was shown to inhibit autophagy in yeast, mam-
mals, and Leishmania (4, 27). The growth of trophozoites cul-
tivated in the BI-S-33 medium containing 1 pM wortmannin
for 1 week was impaired by >90% (data not shown). Immu-
nofluorescence analysis showed that the average number of the
Atg8-associated structures decreased by 25% in trophozoites
treated with the inhibitor (data not shown).

We next examined the effects of the inhibition of P1 3-kinase
by wortmannin or 3-methyladenine during encystation. Wort-
mannin at =100 nM completely inhibited encystation as mea-
sured by Sarkosyl resistance at 72 h (Fig. 7B). Concomitantly,
1 uM of wortmannin also inhibited the rounding and aggluti-
nation of parasites, which was normally observed during en-
cystation (Fig. 7A). These data are consistent with previous
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findings (31). The immunofluorescence assay showed that the
formation of Atg8-associated structures was abolished by wort-
mannin (Fig. 7C to E). Both the percentage of positive cells
and the number of Atg8-associated clusters and vesiclesvacu-
oles, particularly those 2 to 4 um and >4 um in diameter, per
cell significantly decreased after wortmannin treatment (Fig.
7D and E). Although the percentage of cells containing dots
did not change, the average number of these punctate struc-
tures, which presumably correspond to PAS, was reduced by
50% (P < 0.05). The simultaneous dose-dependent inhibition
of encystation and the autophagosome formation are consis-
tent with the involvement of PI 3-kinase in the biogenesis, most
likely by fusion and/or aggregation, of autophagosomes in En-
tamoeba and with the fact that autophagy plays an important
role in encystation. Both encystation and the formation of
AtgB-associated structures were also simultaneously inhibited
by 3-methyladenine, although the effective concentrations
were >100-fold higher than those of wortmannin (data not
shown). It was previously shown that wortmannin inhibits PI
3-kinases with a 50% inhibitory concentration of ~10 nM and
that 3-methyladenine is less potent than wortmannin (its 50%
inhibitory concentration is ~10°fold higher than that of wort-
mannin) (27). Wortmannin and 3-methyladenine inhibit the
class III PI 3-kinases, including Vps34 (42), which forms PI
3-kinase complex I (58), an essential component of PAS (36),
by competition with ATP binding (27). £. histolytica apparently
possesses at least three—Vps34 (locus tag XP_656932), Vps15
(XP_652375), and Apg6/Beciclin 1 (XP_656050)—of the four
components necessary to form the Pl 3-kinase complex, while
the remaining component, Apgl4, is absent from its genome.
However, since proliferation, autophagy, and survival were
shown to be regulated by Tor kinase, a class 1 and I PI
3-kinase (25, 27, 48, 56), the possibility that the defect of
proliferation or encystation is not causally connected but sim-
ply coincides with the inhibition of autophagy cannot be ex-
cluded.

Significance of autophagy in Entamoeba. The presence of
autophagosome-like structures in proliferating trophozoites of
both E. invadens and E. histolytica (data not shown but de-
scribed elsewhere) suggests a housekeeping role for autophagy
in this group of protists. The remarkable increase in the for-
mation of autophagosomes in the mid- to late logarithmic
growth phase and their repression in the stationary phase are
consistent with the hypothesis that autophagy likely plays a role
in proliferation but not in survival during starvation. The in-
volvement of autophagy during proliferation was also sug-
gested for mouse T cells (43).

In addition to the role of autophagosomes in proliferation,
their dramatic formation during the encystation of E. invadens
strongly suggests that autophagy is involved in differentiation.
The fact that the emergence of the Atg8-associated structures
precedes morphological and biochemical changes (7, 10, 12,
47) during encystation strongly indicates that autophagy is a
prerequisite for and plays an important role in encystation. It
15 also important 1o note that most of the differentially ex-
pressed genes previously identified (47) were up-regulated be-
tween 22 and 24 h after encystation induction, which coincides
with the peak of autophagosome formation. The rapid degra-
dation and recycling of cellular components via autophagy may
be advantageous during encystation, which requires the dra-
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matic and swift reorganization of cellular structures and or-
ganelles.

ACKNOWLEDGMENTS

We thank Asso Makioka, Jikei University, for providing the IP-1
strain and also technical belp; Dan Sato for purification of the anti-
Eh.AlgBmtibody:YoknYamadaforpmdmﬁono{tbeanMEiryn
Kawnhmi.Univcmityo(Tnkyo.fotwchniﬂlhalp:andallm:mhcnof

b ikl . -

pported in part by Grants-in-Aid for Scientific
Ministry of Education, Culture, Sports, Science and
Technology of Japan (17390124, 17790282, 18050006, 18073001); a
grant for Research on Emerging and Reemerging Infectious Diseases
from the Ministry of Health, Labor and Welfare (01712004); and a
grant for the Project to P te the Develop of Anti-AIDS
Pharmaceuticals from the Japan Health Sciences Foundation
(KA11501) to TN,

REFERENCES
All, V., ¥. Shigeta, U. Tokumoto, Y. Takahashi, and T. Nozaki. 2004 An
intestinal parasiti st E: ba histolytica, g S
nitrogen fixation-like system for iron-sulfur cluster assembly under anaerobic
conditions. J. Biol. Chem. 279:16863-16874,
Amar, N, G. Lustig, Y. Ichimura, Y. Ohsumi, and Z. Elazar. 2006, Two
newly identified sites in the ubiquitin-like protein Atg8 are essential for
autophagy. EMBO Rep. 7:635-642.
Andrade, R, M., M. W,

(¥

3. P: M. J. Gubbels, B. Striepen, and C. §.
Subauste. 2006. CD40 induces macrophage anti-Tatoplasma pondil activity
by triggering autophagy dent fusion of pathog ining

and lysosomes. J. Clin. ig 116:2366-2377,
t!ctdn,sql.l.mauLS.mGuﬂ.MudJ.c.
Mottram. 2006. Endosome sorting and autophagy are essential for differen-
major. J. Biol. Chem. 281:11384-11396.

155:323-330,
G.CWLC.GHQMMMMHW,Y.SIMMV.ML&M.
C. Weber, C, Mukherjee, 1. Bruchh E. Tannich, M. Leippe, T, Sicheritz-
Polmm..I'.G.l?uur,.l.Smullﬂ.c.l‘h‘ad.ll.r.ﬂln.tﬂ.ﬁwuq.
cxmmn.xu—..u.m:.r.ms.nmn.a.
mxmu.wm.umr.nm-un.m
Structure and content of Entamocha histolyti Adv, Parasiiol., in

Im "’ 8 lat nf Enr Da i i, en-
Y and gene expression with galactose and N-acetylglucosamine. Mol,
Biochem, Parasitol 102:67-77,
Diamond, L. S, C. F. T. Mattern, and 1. L. Bartgis. 1972. Viruses of
Entamoeba histolytica. 3. Virol. 9:326-341.
9. Daelling, J. H., J. M. Walker, E. M. Friedman, A. R. Thompsaon, and R. ),
Vierstra. 2002, The APG&/12-activating enzyme APCi’.liuequ:'ted for proper
i ling and in Antbidopsi

yeling thaliana, J. Biol. Chem.
277:33105-33114,

10. Ehrenkanfer, G. M., K. Haque, J. A, Hackney, D. 1. Eichinger, and U. Singh.

2007. Identification of develog lly regulated genes in Entamoeba histo-

pres
7. Coppi, A, and D. Eiching

P

: insights into mechanisms of stage inap p
Cell. Microbiol. 9:1426-1444,
11. Eichinger, ). 2001 Encystation in p Curr, Opin. Microbiol.
45421426,

IlMJqG.MU.FMEJ.Cw.MD.w.IM.M
dependent cyst fi and stage-specific ubiquitin mRNA ac-
lation in £ ba imvadens. Eur. J. Biochem. 264:897-004,

13 GMMG.,S.S.MM,&EMG.&le'lur.MLCdﬂlw.lld
V. Deretic. 2004. Autophagy is a defense mechanism inhibiting BCG and
Mycobacterium rnhrmhsbmﬁvﬂhmedmall 119%:753-
766,

14, Homasaki, M., T. Noda, and Y, Ohsumi, 2003, The early secretory pathway
contributes to autophagy in yeast. Cell Struct. Funct. 28:49-54,

15, Huang, W. P., and D, J, Klionsky. 2002. Autophagy in yeast: a review of the
molecular machinery. Cell Struct. Funct. 27:400-420.

i6. Ichimura, Y., Y. Imamura, K. Emoto, M. Umeda, T. Noda, and Y, Ohsumi
2004. In vivo and in vitro ion of Atg8 jugati inl for
autophagy. J. Biol. Chem. 279:40584-40592

17. mmY,T‘MT.TMY.SﬂMY.mW.N.MM
N.MMM.LTmﬁquMT.NdI.M A
Obsumi. 2000. A ubiquitin-like system mediates protein lipidation. Nature
408:4588-4972

I8 Ishihara, N, M. Hamasald, S, Yokota, K. Suzuki, Y. Kamada, A. Kibara, T,
Yoshimori, T. Noda, and Y. Obswmi. 2001 Autophagosome requires specific

- 189 -

4002 "L Jequedag uo pezoN Iysokowo) Aq Bio wseer wouy papeojumaq



288

3L

33

34,

35

36. Nll.r,l} und I J. K]!mnh 200 Mol
and

.

39,

. Lindmo, K., and H. S

PICAZARRI ET AL

early Sec proteins for its formation and NSF/SNARE for vacuolar fusion.
Mol. Biol Cell 12:3690-3702.

Kabeya, Y., N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T, Noda, E.
Kominami, Y. O MMT.YMM I.Ci.ammmlhmhnm
logue of yeast is | d in phag: after pro-
cessing. EMBO J. 19:5720-5725.

Kirisako, T., Y. Ichimurs, H. Okada, Y. Kabeya, N. Mizushima, T. Yoshi-
noﬂ,M.OIu-l.T Takao, T. Noda, and Y. Ohsumi. 2000. The revemsible
modification he b binding state of Apg8/Aut7 essentinl
10 vacuole targeting pathway. J, Cell Biol

,_‘n;m!lhc ytopl

. Klionsky, D. J..J.M.Cmg,w.;LD-.,lr S. D. Emr, Y. Sakai, I V.

Sandoval, A. Sibirny, 5. Subramani, M. Thumm, M. Veenhuls, and Y.
Ohsumi. 2003. A unified nomenclature (ur yeast autophagy-related genes.
Dev. Cell 5:539-545.

22. Kuma, A., N. Mizushima, N, Ishibara, and Y. Othm.memnn!

the nppmnmudy 350-kDa Apgl! Apgs Ap‘lﬂ multimeric complex, medi-

41

42

4.

45

INFECT, IMMUN,

. Nezaki, T., T. Asal, and T. Takenchi. 1997. Codon usage in Entamoeba

histolytica, E. dispar and E. invadens, Parasitol. Int. 46:105-109.
DMG.P.ILV.WQN.KWOLMMMR.ILMI.WE
is dcellul of the social
mwmwewl Biol. Chem. 27R17636-17645,
Petiot, A, E. Ogier-Denis, E. F. Blommaart, A. J. Meijer, and P. Codogno.
mmmmm:hmdplmmwylwmmirkinnummohedmw
naling p ys that control gy in HT-29 cells. J. Biol. Chem.
ns.-wz_m
Pua, H. H, L Dzhagaloy, M. Chuck, N. Mizushima, and Y. W, He. 2007 A
critical role for the autophagy gene AtgS in T cell survival and proliferation.
1. Exp. Med, 204:25-31.
Q"-LL‘I’..G,MI.N Furuya, H. Hibshoosh, A. Troxel, J. Rosen, E. L.
Eskelinen, N. Mizushima, Y. Obsumi, G, Cattoreiti, and B. Levine. 2003
Prmdhncllmmgmhbemmdmmmorme beclin | au-
tophagy gene J. Clin. Investig. 112:1809-1820
Reggiorl, F., T. Shintani, U. Nair, and D. J. Klionsky, 2005. Atg9 cycles

ated by Apglt phagy in yeast. J. Biol between mitochondria and the pre-autophagosomal structure in yeasts. Au-
Chem. 277:18619-18625 tophagy 1:101-109.

Levine, B. 2005. Eating oneself and uninvited guests phagy-related 46. Sambrook, 1., and D, W. Russell. 2001. M cloning: a |
pathways in cellular defense. Cell 120:159-162. manual, 3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring H'.l!-
uﬂ.c.l..-uu.].nmmnemupmwy self-digestion: molec- bor, NY

ular mechani logical fi . Dev. Cell 6:463-477. 47. Suncbn,l..\".hﬂ.lndl).m“" 1994, Tdentif of a devel
Levine, B., and J. Yuan. 2005, Aulnphqylnonl.lﬁulh an innocent convict? d d during ion of E b

1 Clin. Investig. 115:2679-2688.
MLV.UL?.MLMPAMMB zu...mm
GABAA

recep d pro-
tcin‘h.ke 2 gene. Dev. Gmel EwL 21«339-341
2006. traffic by

hoinositide 3-kinases. J. Cell Sci. llm&ﬂll

phosp!
. Ling, Y. M., M. i Shaw, C. Ayals, I. Coppens, G. A. Taylor, D. J. Ferguson,

and G. S. Yap. 2006. Vacuolar and plasma membranc stripping and
ion of Tozxopk gondii in primed effector macro-
ph.ages. J. Exp. Med 203:2063-2071.

. Lin, Y., M. Schiff, K. Cxynunek, Z. Talloczy, B. Levine, and 5, P, Dinesh-

Kumar. 2005. Autophagy regulates programmed cell death during the plant
innate immune utponu Cell 121:567-577.

Lum, J. J., R. J. DeBerardinis, and C. B. Th 2005. A
metazoans' cell survival in the land of plenty. Nat Rev. Mol. Cell Blut
6:439-448,
A A M. Ki i, H. Ob 5. Kobayashi, and T, Takeuchi, 2001.
Inhibition of of Ei iy i in. Parasitol.
Res. 87:371-375.

2. Makioka, A, M. Kumagai, EOMo.S.linhyldﬂ.lndT.Tme
Effect of the bulin drug oryzalin in the ency of Ei
invadens. Parasitol. Res. 86:625-629.

Martinez-Palomo, A, and M. Ba
care: strategies for control of disease in the
Rev. Infect. Dis. 5:1093-1102
Melendez, A, Z. Talloczy, M. Seaman, E. L. Eskelinen, 1). H. Hall, and B.
Levine. 2003. Autophagy genes are cssential for dauer development and
life-span extension in C. elegans. Science 301:1367- 1391
Mizushima, N., Y. Ohsumi, and T, Yoshimori, 2002. Autophag
mation in mammalian cells. Cell Struct. Funct 3741]-‘29
! and regulation of
in yeast. J. Biol Chem. 280:

1983, Sel primary health
ping world, X. Amehiasi

for-

nspecific gy pathway
4178541788,
Nakagawa, L, A. Amano, N. Mizoshi A Yi H Y hi, T.
WQLNmJ.MMm&Tm&MMT
Yoshimori. 2004. jefends cells against invading group A Smrep-
tococcus, Science JO‘:IDJ?-IU‘U
mm.mr,amm.u.mus.ulmn.um

bility

49

51,
52

53,

5

56

57,

58

39,

60,

6l
62.

imvadens. Mol Bhdn.nL Parasitol. 67:125-135,

. Sarbassov, D. D., 5. M. Ali, and D, M. Sabatini. 2005. Growing roles for the

mTOR pathway. Curr. Opin. Cell Biol. 17:596-603.

Schmid, D, J. nqw.o.s:sw.s.wnmmcumm Au-
tophagy in innate and adaptr ngninst L.
Mol. Med. 84:194-202

. Shintani, T., W. P.um?.&smmn.mn._r xmm

Mechanism of cargo selection in the cytopl
Dev. Cell 3:825-837

Strawbridge, A. B., and J, 8, Blum, 2007, Autophagy in MHC class I antigen
processing. Curr. Opin. Immunol. 19:87-92.

Sugawara, K., N. N, Suzuki, ¥. Fujioka, N. Mizushima, Y. Ohsumi, and F.
Inagaki. 2005. Sﬂucmrﬂbuutuwlhlspmﬁnl!yudullwnihum
AlgdB ponsible for : . Biol Chem. 280:40058-

Smli,lL.\'.lhbotl T.delo.lnd\’.omw Hierarchy of Atg
ing in pre | structure i Genes Cells 12:209-

1o vacuole

L iaats 14

218,

Tanida, L, T. Ueno, and E. Kominami, 2004, L3 conjugation system in

mammalian autophagy. Int. J. Biochem. Cell Biol. 36:2503-2518.

Tsukada, M., and Y. Ohsumi. 1993, Tsolation and ch i of au-

tophagy-defective mutants of Saccharomyces cerevisiae, FEBS Lett. 333:169-

174,

Uritani, M., H. Hidaka, ¥. Hotta, M. Ueno, T. Ushimaru, and T, Toda, 2006,

Fission yeast Tor2 links nitrogen signals to cell proliferation and acts down-

stream of the Rheb GTPase. Genes Cells 11:1367-1379.

Van Dellen, K. L., J\.Cﬂlmnjer-D.M.th. P. E. Magnelll, J. F. (,Ipnlln,
2006. Unique §

M. Steflen, P, W, Robbins, and J. S 1

modifications of chitin-binding lectins of Entamoeba invadens cyst walls.
Eukaryot, Cell 5:836-848,

Wang, C, W,, and D, J. Klionsky. 2003. The molecular mechanism of nu-
tophagy. Mol. Med. %:65-76.

Reference deleted

Williams, R. A, L. Tetley, J. C. Mottram, and G. H. Coombs. 2006, Cﬁtwt
peptidases CPA and CPB are vital for hagy and diff i in
Leishmania mexicana, Mol. Macmbmt 61:655-674,

Wﬂ‘lﬂ Hul.ll Orllululimﬂ‘lu i Health Organizati 1997,

L Rec. 72:97-99.

Vaskimad

G.W. B-wnhm,nodlh'lmﬂlﬂ' 2003. Major h
class [ ion of a cy ic antigen 'b:.r sutophagy. Eur.
1. Immunol. 33:1250-1259,

Nozaki, T., T. Asai, S. Kobayashi, F. fkegami, M. Noji, K- Saito, and T.
Takeunchi. 1998. Malecular cloning and characterization of the genes encod-

63.

Wiy, E;

K..ll" ka, S. Sato, T. Kato, S. Tabata, T. Noda, and Y.
Obsumi. 2004. Processing of ATG8s, ubiquitin-like ins, and their de-
conjugation by ATG4s are essential for plant autophagy. Plant Cell 16:2967-
2983.

YMLS.JEI.C.YIHQJ\.J.MMMN nu-n.moa Beclin 1, an
| for

ing two isof of i h in the enteric p T
Entamoeba histolytica. Mol. Biochem. Parasitol. 97:33-4.

Editor: W. A. Petri, Jr.

g gene early 1 o ol 1
ficient tumor suppressor. Proc. Matl, Acad. Sci. USA lm::ﬂﬁ-lm

2002 ‘L2 19qwacag uo pezoy ysofowo ) Aq fuowse e woy papeojumog




Genes and Immunity (2008}, 1-10
© 2008 Natre Poblishing Group  All rights resarved 1456487308 $30.00

‘www.nature_com/gene

ORIGINAL ARTICLE
Gender and genetic control of resistance to intestinal

amebiasis in inbred mice

S Hamano', S Becker?, A Asgharpour®, YPR Ocasio?, SE Stroup?, M McDuffie® and E Houpt?
*Department of Parasitology, Faculty of Medical Sciences, Kyushu University, Fukuoka, Japan; *Division of Infectious Diseases

and International Health, Department of Medicine, University of Virginia, Charlottesville, VA, USA and *Department of Microbiology,
University of Virginia, Charlottesville, VA, LISA

Resistance to the establishment of intestinal Entamoeba histolytica infection is dependent on the Inbred mouse strain. In this
work we used the inbred strains B6 (resistant), CBA (susceptible), BECBAF, and a backcross of BECBAF, to CBA to further
examine the genelic basis of resistance. Mouse genotype was assessed with single nucleotide polymorphism and
microsatellite markers and infection assessed by culture 9 days after intracecal E. histolytica challenge. The backcross
population showed a male predisposition to culture positivity (P< 0.002). F1 genotype at two loci on chromosomes 1 and 2
exhibited suggestive linkage with resistance to infaction (P= 0.0007 and 0.0200). Additional suggestive quantitative Irait locus
were observed on chromosomes 1, 9 and 13 for cecal parasite antigen load and histologic evidence of inflammation, Infection
in C3H x B recombinant inbred mice supported the mapping data. Candidate BE genes on chromosomes 1 and 2 were
examined by microarray analysis of epithelial tissues from B6 vs CBA mice. This work shows a male predisposition to intestinal
amebiasis and suggests that relatively few B6 loci can confer resistance in inbred mice. Future identification of regional

candidate genes has implications for understanding the human variability to amebic infection.
Genes and Immunity advance online publication, 15 May 2008; doi:10.1038/gene.2008.37

Keywords: parasite; protozoa; mucosa; Entamoeba; epithslium; infection

Introduction

Entamocba histolytica is the agent of amebic colitis and
liver abscess and is responsible for a global mortality
burden, second only to malaria, among parasitic dis-
eases.' However not all infections result in disease,
Bangladeshi children with similar exposure risk exhibit
significant variability in susceptibility to both coloniza-
tion and invasive infection.** Other reports confirm a
colonization rate of up to 8% in endemic areas, yet only
approximately 9% of colonized individuals develop
symptoms.*< For unknown reasons male gender appears
to predispose toward progression to invasive disease,
both colitis and liver abscess, but has a neutral effect on
colonization rates.” Mechanisms of human resistance to
the parasite have largely been studied at the adaptive
immune level and show associations between fecal
immunoglobin A and parasite-specific interferon gamma
production with resistance to subsequent diarrheal
episodes.*®* Comparatively little is known about me-
chanisms that protect against primary infection in the

gut.
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We have used a mouse model of intestinal amebiasis
that is informative of this initial infection event.
Intracecal inoculation of trophozoites™'®" leads to patent
infection and inflammation in certain strains of mice
such as CBA or C3H (either TLR4 mutant or wild-type)
while several other inbred mouse strains including B6
are highly resistant to infection, clearing trophozoites
within hours. This timing suggests that B6 resistance is
innate, or perhaps more appropriately termed ‘natural,’
because it occurs with relatively little histologic change
and does not require an intact inflammatory response
(for example, it is seen in severe combined immunode-
ficency disease (SCID), IL-12p40 deficient, inducible
nitric oxide synthase deficient, phagocyte oxidase defi-
cient, MyD88 deficient or neutrophil-depleted B6
mice).""' Bone marrow chimera experiments have
shown that the resistance vs susceptbility of Bé vs
CBA mice to this infection track with the strain's
nonhematopoietic cells,'? suggesting the host’s epithe-
lium governs this phenotype. Overall we conceptualize
B6 mice as endowed with an inherently resistant
epithelial response to the parasite, while that of the
CBA is permissive to infection. One hypothesis is that B6
mucosa is deficient in binding to the parasite or its
adhesin. Another hypothesis is that B6 epithelial cells
undergo a phenotypically distinct and protective pro-
gram upon interaction with the parasite. In this work we
could not readily observe a defect in parasite adherence
to the B6 mucus layer and therefore pursued potential
B6 resistance genes through comparison of B6, CBA,
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B6CBAF, and N, backcross mice. To our surprise this
work incidentally identified an effect of gender on

primary susceptibility.

Results

B6 resistance is not associated with diminished parasite
adherence to mucus layer

E. histolytica trophozoites initiate infection by adhering to
colonic mucus through the parasite’s galactose/N-acetyl-
p-galactosamine inhibitable (Gal/GalNAc) lectin.}*** We
therefore sought to examine the hypothesis that Bé
resistance was contributed by dysfunctional parasite
adherence to cecal mucus. First we examined binding of
purified E. histolytica Gal/GalNac lectin to cecal mucus
and epithelium between strains but there were no
apparent differences by histochemistry (Figure 1a). Next
we preincubated intestinal washes from CBA and B6
mice with the ameba but found no alteration in strain
susceptibility upon subsequent challenge (culture
positivity rates 9 days post-challenge 1/17, 1/16, 11/30
and 11/27 for B6 mice injected with ameba incubated
with B6 washes, B6 mice/CBA washes, CBA mice/B6
washes and CBA mice/CBA washes; P<0.03 for mouse
strain, P=NS for intestinal washes). Finally we exam-
ined susceptibility of B6 mice deficient in Muc2, the most
abundant secreted mucin in the colon'® and known to
prevent E. histolytica adherence in vitro.® For such
experiments on the resistant B6 background we killed

a E. histolytica lectin

CBA

the mice at 3 days post-challenge to look for evidence
of ameba histologically, however the Muc2KO mice
remained resistant to wild-type levels, with ameba or
inflammation rarely seen (Figures 1b and c).

B6CABF, x CBA backcross N; mice exhibit intermediate
susceptibility to amebiasis and show a male predisposition
to infection
As we could not demonstrate any obvious role for
differential adherence to intestinal mucus between
strains, we undertook a less biased forward approach
to identify genetic loci associated with B6 resistance to
primary infection. First we examined susceptibility in F1
mice and found that B6CBAF, mice (offspring of a B6
female x CBA male cross) or the reciprocal CBAB6F,
mice were resistant (infection rate=2/28 and 0/6,
respectively, based on culture 1 week after challenge,
with no difference between males or females) indicating
that resistance was dominant and susceptibility
recessive.
In order to map Bé loci that confer resistance, we
enerated N, mice using a cross between B6CBAF,
le and CBA male mice. To efficiently examine the
cs of susceptibility with the fewest numbers of
mice, all cohorts shown in the experiments of Figure 2
were pretreated with dexamethasone because this
maneuver raises the susceptibility of CBA mice (from
~60to ~95%) but has little effect on B611 or F1 mice (for
example, B6CBAF, infection rate=5/23 and CBAB6F,
infection rate =2/24 with dexamethasone, compared to

No lectin

»n w

Inflammation scors  ©

bs

)

4

g2

_52 NS

]
N

BE B6 Muc2 KO

NS
—_——
2
’ .

o
BE B6 Muc2 KO

Figure 1 B6 resistance is not associated with diminished mucus binding. (a) Binding of purified Entamoeba histolytica Gal/GalNac adherence

lectin to cecal epithelium was compared between naive Bé and CB

A cecal tissue by histochemistry. (b) Histologic ameba score and

(¢) inflammation score was evaluated in B& and MucZKO mice 3 days after intracecal challenge with ameba. n=18 B6 Muc2KO vs 17 B6

WT littermates, respectively; P =NS.
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Figure 2 Susceptibility of CBA, B6, F1 and N2 mice. CBA (open
symbols) and B6 (closed symbols) mice were bred as indicated and
challenged intracecally with Ent. ba histolytion trophozoites at
6-10 weeks of age. Susceptibility to establishment of infection was
determined by cecal culture upon killing 7-10 days post-challenge.
Percentages of infected mice are shown at each generation, n=20,8,
12, 12, 16, 55 and 62 for female CBA. male CBA, female B6, male Bé,
female F,, female N, and male Ni mice, respectively. *P<0.05 for
infection rate. Pro%m-tians of open vs closed shading represent
contribution of CBA vs B6 genetic material; circles=female,
squares = male. Data represent several experi in mice treated
with 0.2mg dexamethasone on days —3, —2, —1 and 0 to ensure
imal phenotypic ion between CBA and B6 mice.

B6CBAF,; infection rate=2/28 and CBABGF, infection
rate=0/6, P=NS; no difference between males or
females, data not shown). N, mice (117) were intracecally
challenged with E. histolytica trophozoites and killed
after 9 ans. Of these 117 N, mice, 36 exhibited patent E,
histolytica infection by cecal culture (infection rate, 31%).
We detected a significant difference in infection rate
between males and females in this N, population (27/62
male mice infected vs 9/55 female mice; P=0.002).
Additionally, infected male mice had a higher parasite
burden than infected females according to enzyme-
linked immunosorbent assay (ELISA; 0.54£0.11 vs
0.16+0.11, P=0.04; n =27 and 9). Thus far we have not
documented a male effect on infection rate in the pure
CBA, Bé6 or F1 strains, perhaps due to sample size issues,
however we have observecrsa significant male predis-
position in the FVB strain (for example, 15/18 FVB males
infected vs 10/25 females based on culture 5 days post-
challenge with no dexamethasone pretreatment;
P<0.05).

This infection rate of 42% in male N, mice suggested
that relatively few co-inherited B6 alleles could impart
resistance (for example, 1 or 2 genes should impart ~25
or ~50% infection rate, tively, given 0% infection
rate in B6 male and 100% in CBA male). Likewise, the
low infection rate of 15% in female N, suggested that
several CBA genes must be inherited for susceptibility in
fernales.

Loci on chromosomes 1 and 2 correlate with resistance

to intestinal amebinsis

In order to examine candidate B6 genes that could impart
resistance in the N, population, we fixed the CBA Y
chromosome and compared the 27 infected vs 25
uninfected N, males by whole-genome scan (Table 1).

Genetic control of resistance to E. Aistalyfica
5 Hamano ef al

Table 1 Microsatellite and SNP markers used for whole-gename
scan

Chromosome Markers hr position (approxi) bp)
1 33658242 4147733
rs3024171 6479 671
3706453 10022182
rs3684370 16188620
rs13475752 19945224
53725641 29062181
rs3695988 30064384
rs3707642 32883065
rs4136282 43879038
rs3720019 59025545
183697376 65048023
53022803 68518728
rs4222476 79140199
rs3677697 BDO71474
53022828 93044874
rs3680832 118653878
DIMit217 122498355
rs3710036 149729600
rs3710904 187152679
DIMit155 1962551463
2 rs3695983 6153138
rs3689602 302681356
513476468 44473712
rs3022884 54417652
rs3690911 56262283
1513476522 (not mapped)
54223211 69634901
rs3699089 75946661
rs3668963 79192487
rs4223268 93260019
33686727 99962752
53656441 103087510
153022892 109840163
rs4223406 113667 509
rs3691456 118811005
153674772 122897952
3662211 129970691
83726475 138397 679
153690107 145704 738
354223557 150107 206
54223564 154704 249
rs3022939 161846330
33680965 180173682
3 33680834 11364 825
rs3659585 32420597
rs4223979 60881246
rs4224040 88405297
rs3708141 117412146
re3654999 153537571
4 83694594 3163293
rs3706812 33090337
rs3654495 59137998
' rs4136370 88963 090
rs3673616 123641393
rs3680364 152370035
5 D5Mit346 4879428
rs13478101 6996931
D5Mit255 55345578
53690045 88600282
rs3023056 123036374
6 53661628 3165742
Dé6MitB6 4414884
33699842 32777082
rs3708822 89830709
183727110 122832 668
DEMit15 146377 508
DéMit201 146582 003
7 183710949 33124503
D7Mit340 4578848
rs3024018 62470203

s
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‘ Table 1 Continued Table 1 Continued

Chromasome ~ Markers  Ch position (approximate bp) Markers  Ch position (appraximate bp)
83705245 59854074 1513483595 32472038
D7Mir222 120077 980 rs3023517 59767 603
rs3690034 126850930 X 513476522 (not mapped)

D7Mit12 143722527 rs3684845 38424 585

] 3675426 30815477 rs3161045 55628339
DEMit191 36243839 rs3709255 84188766
rs3089230 67095184 rs3702256 116747 330
rs3089148 92310176 DXMit149 124541535
DSMit242 104 283476 rs3698078 146295362
136296597 122145801

9 3023961 3974986
D9Mi330 46949949
rs4227706 62567 226
53696932 9%};&?\1&5
671 1% We carried out c2 test because infection rate is categorical

! Eprioeans) i data (culture positive Y/N) and found that an F,
rs13480578 34297 659 genotype at proximal chromosome 1 (rs3725641/
r513480619 57472268 29062 181 bp, 2 =10.23, P = 0.0007) and middle chromo-
153713441 90418025 some 2 (rs3690911/56262283bp, c2=4.22, P=0.0200)
D10Mit12 98936190 exhibited suggestive linkage with resistance to infection

1" m :?3;?53:? (Figure 3a). Paradoxically, mice homozygous for CBA at
DIIMit152 24126273 proximal chromosome 17 were also resistant (rs3660203/
83696538 39186264 $958021bp and D17Mitl113/12172308bp, ¢2=3.88,
rs3023311 59601495 P =0,0244). Upon increasing the resolution of genome
D11Mitd 68422759 scan via 20 additional genetic markers across the
re3682081 90284270 chromosomes 1 and 2 intervals we observed that the

5 ’::3‘:;;232; ?503%9 chromosome 1 interval continued to show evidence
1s3711295 26348059 suggestive of linkage from the telomere until rs3022803/
23677704 61096491 68518728 bp, ¢2=6.52, P =0.0053), with strongest loci at
DI2Mit201 73392448 positions rs3684370/16188 620bp (c2 = 10.39, P =0.0006)
53?1966? 3222‘5;;32%% and r53695988/30064384bp (c2=1039, P=10.0006;
re368663 Figure 3b). Likewise, suggestive linkage existed for most

3 3701757 1560556 of the chromosome 3. region between 1s3022884)/
DiSMinS it 54417652bp and rs3662211/129970691bp (c2=526,
re3675592 90070327 P=00109 and ¢2=700, P=00041, respectively;
rs3724755 112195257 Figure 3b). Additionally, suggestive linkage persisted

5 DI3Mit35 lgﬂu;;l;:gl for both chromosomes 1 and 2 loci whaln all 117 mice
13689508 including females were added to the analysis: proximal
il oo chromosome 1 rs3684370/16 188620 bp (c2 = 8.83, P=0.001)
=3664667 57409125 and middle chromosome 2 rs3022884/54417652bp
23712154 102919945 (c2=6.48, P=0.005).

15 rs3715343 6003109 The effects of the chromosomes 1 and 2 alleles
133720676 32952272 appeared to be additive. In particular, only 17% of the
rs3702158 57312070 N, mice homozygous for CBA alleles at both loci were
g;%g f’gzogg’;'; resistant (Figure 3c). N, mice of F1 genotype at either
D15SMit35 103347764 chromosome 1 (rs3684370/16 188 620) or chromosome 2

16 re4153115 5057146 (rs3662211/129970691bp) loci exhibited intermediate
D16Mit60 32704177 levels of resistance (46 and 36%, respectively) while N,
];%1;]4::’;8 gg\g% mice of F1 genotype at both loci were highly resistant
= o (94%; P<0.01 vs other groups).

17 m 9:;]51:022312 Genetic determinants for levels of ameba antigen and
D17Mit113 12172308 inflammation scores
DI17Mit16 33737692 While susceptibility to the establishment of infection
D17Mit13 35216590 (culture positive Y/N) is the simplest and most funda-
DIZMitl0 "‘ZE;‘SPP“‘“ mental phenotype of this model we also performed
o et s quantitative trait locus (QTL) analysis of N, mice for the
24231722 85479538 continuous variables of cecal amebic antigen and

18 s4231742 11079095 histologic inflammation score. Based on significance
rs3707236 22167340 thresholds determined by permutation analysis (5000
rs3023468 63864232 replicates), our genome-wide scan of N, mice revealed

= r3670234 ?&ﬁ‘;‘; suggestive QTLs for cecal antigen within the chromosome 1

2 s region (rs3024171/6479 671 bp and rs3684370/16 188620 bp,
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Figure 3 Resistance to inustirlal amebiasis in N; mice is linked to F, B6/CBA loci on chromosomes 1 and 2. N, mice (117) were intracecally

challenged with Entarmoch

at 6-10 weeks of age. (a) Infected male vs uninfected

males were examined by whola

genome analysis to identify F, B6/CBA loci that correlated with 1

€. Asterisks indicate the peak of y*-score at each Jocus. (b) Extents of

suggestive chramosome 1 and 2 loci were determined through an addilio'nul 20 genetic markers. (c) Infection rate is shown stratified per

chromosomes 1 and 2 loci in Ny mice (n=12, 11, 13, 16; *P<0.01).

likelihood ratio statistic (LRS)=7.3, P=0.0068, where
LRS >6.8 is suggestive of linkage and LRS >12.6 is
significant) as well as a new locus on proximal
chromosome 13 (rs3679151/41944861bp, LRS=7.3,
P=0.0071). In contrast, the same analysis based on
histologic inflammation score yielded a suggestive QTL
on chromosome 9 (rs3679771/112768 715bp, LRS=8.8,
P =0.0030 where LRS >7.3 is suggestive and LRS >13.6
is significant). These data suggest that genetic mechan-
isms controlling establishment of infection by the
parasite (that is, infection rate, loci on chromosomes 1
and 2) may be distinct from those that control parasite
burden during later infection (that is, cecal ELISA,
chromosomes 1 and 13) and the resultant inflammatory
response (that is, inflammation score, chromosome 9).

Combined gene effects

We next examined whether two or more loci could
yield combined effects. Using permutation analysis we
observed two combined effects that were again of
suggestive significance for infection rate: 62211/
Chrl-129970691 plus rs3024018/Chr7-62470203 (LRS
24.4 where >20.6 is ‘suggestive’) and rs3654495/Chr4-
59137998 plus rs3024018/Chr7-62470203 (LRS 21.1).
Likewise, there were three combined effects that were
of suggestive significance for cecal antigen: rs3022884/
Chr2-54417652 plus rs4231722/Chr17-85479538 (LRS
26.1 where >222 is ‘suggestive’), rs3725641/Chrl-
29062181 plus rs3022803/Chrl-68518728 (LRS 25.8)
and rs13476468/Chr2-44473712 plus rs4231722/Chr17-
85479538 (LRS 23.4). Finally, there were two combined
effects that were of suggestive significance for inflamma-
tion score: rs3706812/Chr 4-33 090337 plus rs3024018/
Chr7-62470203 (LRS 22.5 where >21.0 is ‘suggestive’)
and  rs3654495/Chr4-59 137998 plus  rs3024018/

Chr7-62 470203 (LRS 21.3). This suggests that additional
loci on chromosomes 4, 7 and 17 may interact with those
of chromosomes 1 or 2 to impact the establishment of
infection, parasite burden or inflammation.

Effect of B6 alleles on chromosomes 1 and 2 loci on amebic
infection in vivo

We next sought to validate our mapping results on
chromosomes 1 and 2 using genotypically defined mice.
Although no defined recombinant inbred or consomic
panels are available for the CBA /B6 strain combination,
we were able to obtain recombinant inbred mice derived
from progenitor strains C3H/He] and B6 (BXH). The
C3H and CBA strains are both susceptible in our model
and are genetically similar, derived from the same 1920
cross between a Bagg albino female and a DBA male.””
The BXH14/Ty] mouse is homozygous for C3H/HeJ
alleles throughout the entire identified chromosome 1
and most of the chromosome 2 loci. For these studies no
dexamethasone was administered which could confound
effects on host genes. Given the known high-level
resistance of B6 mice, these experiments were shortened
to 24h post-challenge and numbers of ameba was
assessed by histology, a more discriminatory measure
than culture or antigen at such an early time point.”?
Ameba score indicated that BXHI4/Ty] mice were
similarly susceptible to infection as C3H mice by this
measure (P=NS vs C3H, P=0.01 vs B6; Figure 4),
compatible with the notion that the chromosomes 1 and 2
loci are relevant.

Candidate genes at chromosomes 1 and 2 loci

Based on our previous findings that infection in this
model is limited to the cecum and that mouse
strain resistance tracks with nonhematopoietic cells,? a
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Figure 4 Correlation of resistance in Bé mice with chromosomes 1
and 2 loci, C3H/He], BXH14/Ty] and B6 mice were challenged with
Entamoeba histolytica trophozoites and killed at 24 h for evaluation of
infection by histologic ameba score (n=11, 8 10, respectively:
*P <0.05).

possible hypothesis is that genetic control of resistance
resides at the level of the cecal epithelium. As genetic
differences between CBA and Bé may be observable at
the level of transcription we examined mRNA expres-
sion by microarray in stripped cecal epithelial tissues
from naive CBA "and B6 mice. Of 45037 genes or
expressed sequence tags probed with the Affymetrix
MOE430 2.0 arrays, 954 were found to be differentially
ted in these two strains using a conventional
D-chip analysis. Among genes with dysregulated
expression more than 1.75-fold, 28 candidates localized
to the relevant regions on chromosomes 1 or 2 (shown in
Table 2). The expression of several upregulated B6
‘resistance’ candidate genes Ctdspl2, Trpd3bpl and Spa-
ta5l1 and upregulated CBA ‘susceptibility’ candidate
genes Tmtm87a and Pldn showed consonant results by
reverse transcriptase (RT)-PCR, per the validation
methodology of Miron et al.** (Supplementary Figure 1,
correlation coefficient =0.80, P'= 0.028). Full access to the
microarray data including candidate genes at chromo-
somes 4, 7, 9, 13, and 17 can be found at https://
genes.med.virginia.edu/public_data/index.cgi under
‘Eric_Houpt_CBAvsBé6naive'.

Discussion

The first clear finding from this work is that male gender
can predispose toward intestinal amebiasis in mice,
linking this mouse model strongly to human disease
where male predominance has been repeatedly noted.
The second finding from the backcross studies is that
murine resistance to infection with E. histolytica may be
imparted by relatively few genetic loci. Third, suggestive
loci that associate with the initial infection rate were
distinet from those of parasite burden and inflammation
severity, suggesting that these phenomena may be under
distinct host control.

Demonstration of a male predisposition to amebiasis
was clearly dependent on the strength of the genetic
susceptibility, with its effects only clearly seen in animals
with inheritance of some resistance alleles. In the N;
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mouse population, male sex was associated with
increases in both infection rate (culture positivity) and
parasite burden once infected. A male increase in
infection rate was also observed with the inbred FVB
strain, but has not been seen in the strongly susceptible
C3H or CBA or the resistant B6, presumably because sex
chromosome-independent effects predominate in these
strains. Although likely simplistic, we presently con-
ceptualize the infection rate (culture positivity) as
informing the event of colonization, while parasite
burden and inflammation scores are measures of the
severity of invasive disease. If this model is accurate, the
Jatter finding of increased parasite burden in male mice
is particularly supportive of the long-appreciated clinical
finding that men are more predisposed to severe
invasive amebiasis than women. The male predisposition
to invasive amebiasis is striking and worldwide, with a
male:fernale ratio of up to 7:1 for both colitis and liver
abscess in several studies” Mechanisms are unclear,
however a male predominance has also been observed in
a B6 mouse model of amebic liver abscess where it can be
traced to a diminished innate interferon-y response.'” In
other intestinal infection models such as Campylobacter,
Helicobacter and Strongyloides*** a male predominance
has also been observed and has been attributed broadly
to testosterone effects.

Another important finding from this work was the
suggestive association between B6 alleles on chromo-
somes 1 and 2 and resistance to parasite establishment in
the gut. It is unclear whether such B6 loci actively confer
resistance or whether CBA lodi actively support the
colonization of ameba in the gut, and that this permis-
siveness is then lost by default by replacement with B6
loci. One could argue the latter, that susceptibility is the
abnormal phenof and resistance is default, given
ﬁren'au.s work that shows the relative lack of an active

istologic inflammatory response in B6 mice and their
persistent resistance despite maneuvers to ablate inflam-
mation.’™" As such, one would be interested in the
pathologic role of upregulated epithelial CBA transcripts
at the chromosomes 1 and 2 loci such as Tmem87a or Pldn,
which unfortunately are presently undescribed (Table 2).

Alternatively one could argue that the presence of
particular B6 genes could still actively confer resistance
(for example, with minimal induction of inflammation)
such as through control of production of an antimicrobial

tide. This would drive interest in the potential
resistance functions of the upregulated B6 genes known
to be involved in epithelial immunity (Table 2). Certainly
lymphocyte antigen 96 (Ly96; MD-2) is an interesting
candidate given its role in upregulating signaling
through TLR4,* to which E. histolytica is known to
bind."® However B6 resistance has not required MyD88,"
therefore this candidate loses some enthusiasm, or one
would need to invoke TRIF/MyD88-independent me-
chanisms of TLR4 activation.™

Transformation related p53 binding protein 1 was the
maost upregulated annotated B6 gene in the epithelium vs
CBA (501-fold by microarray) and has been shown in
other models of gut injury to function in maintaining
DNA stability® thus a possible role for this molecule in
intestinal amebiasis could be envisioned. Other B6
transcripts of potential interest include apoptosis-related
genes such as the proapoptotic gene BCL2-like 11
Epithelial apoptosis could be pre icted to be either
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protective or deleterious during amebiasis. In a SCID
mouse model of amebic liver abscess, hepatocyte
apoptosis plays a pathologic role in abscess formation.*
In contrast in intestinal: helminth models epithelial
apoptosis is thought to be protective by maintaining
crypt length and epithelial homeostasis.™

Beyond these chromosomes 1 and 2 loci that associate
with resistance to the establishment of infection, the
presence of other loci that associate with parasite burden
once infected (chromosome 13) and the resultant
inflammatory response (chromosome 9) suggest the
presence of multiple layers of host control in amebiasis.
The LRS scores for these loci were modest and should
not be overinterpreted in the absence of confirmatory
evidence in congenic or recombinant inbred strains,
However the concept of sequential nodes of host control
is in keeping with our working understanding of this
model, which holds that amebic infection proceeds
through multiple phases, step one being parasite
survival amid the epithelium and step two being
survival amid the inflammatory response. Therefore the
possibility of distinct genetic loci that associate with
these two steps was anticipated, As the mouse genome
becomes annotated and whole genome association
studies unfold from human amebiasis sites” it is hoped
that findings such as these can be directly tested to shed
light on the pathogenesis of this disease.

[ -]

Materials and methods

Mice
C57BL/6, CBA/], B6CBAF, (B6 x CBA) and BXH14/Ty]J
mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). FVB mice were obtained from Craig
Coopersmith (Washington University, St Louis, MO,
USA). Muc2 KO mice were obtained from Anna Velcich
(Albert Einstein Cancer Center/Montefiore Medical
Center, New York, NY, USA) and tested against wild-
littermates. N, mice were bred by backcrossing
B6CBAF, female with CBA/] male mice. Animals were
maintained under specific pathogen-free conditions at
the University of Virginia and were challenged at 4-8
weeks of age. The Institutional Animal Care and Use
Committee approved all protocols. Recombinant inbred
strain BXHM/P Ty] contains unique, approximately equal
proportions of genetic contributions from two progenitor
C3H/He] and C57BL/6] inbred strains and is, impor-
tantly, homozygous for C3H/He] at whole chromosome
1 and the latter half of chromosome 2 (http:/ /www.well.
ox.ac.uk/mouse/INBREDS/RIL/BXH.shtml),

Parasites and intracecal inoculation

Trophozoites for intracecal injections were originally
derived from laboratory strain HML:IMSS (American
Type Culture Collection, Manassas, VA, USA) that have
been sequentially passaged in vivo through the mouse
cecum. Cecal contents were cultured in in-yeast-iron
(TYI-5-33) medium supplemented with 25 ml-' penicil-
lin and 25mgml-' streptomycin. For all intracecal
inoculations, trophozoites were grown to the log phase,
counted with a hemacytometer and 2 x 10® trophozoites
in 150 pul were injected thrice intracecally after laparotomy
as described.'® For select experiments dexamethasone
was administered to mice 0.2mg i.p. on days -3, -2, -1
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and 0 to enhance susceptibility of CBA mice. For cecal
wash experiments, cecal mucinous intestinal washes were
p by flushing cecal contents with completed TYI
media and centrifuging at 14000g x 10min (simplified
from Carlstedt ef al*). Supernatant was incubated 1:1
with an E. histolytica pellet of 2 x 10° trophozoites at 37 °C
for 1h and ameba were then injected intracecally.

Pathology and scoring of amebic colitis

Mice were killed and each cecum longitudinally bisected.
One half of the cecum was placed in Hollande's fixative,
cut into 3-5 equal cross sections, paraffin embedded and
4 mm sections were stained with hematoxylin and eosin.
Histopathology was scored in blinded fashion for
inflammation score and ameba score for each mouse as
described previously.’® To determine infection rate by
culture, the contents of the other half of the cecum were
rinsed in 1ml phosphate-buffered saline (PBS) and
cultured in TYI-5-33 medium. To determine infection
severity 200 ul of this material was tested for E. histolytica
antigen by ELISA (E. histolytica 11 test, Techlab, Blacks-
burg, VA, USA). ELISA values were normalized for
background and positive control optic density.

Lectin histochemistry

Purified E. histolytica Gal /GalNAc lectin was prepared as
previously described.' Frozen acetone-fixed sections of
cecal tissue were stained with or without 20 g lectin per
ml x 30 min at room temperature, followed by 12 pug ml~!
rabbit polyclonal anti-E. histolytica Gal/GalNAc lectin
antibody x 30min at room temperature, followed by
biotinylated goat anti-rabbit immunoglobin G, ABC
working solution and diaminobenzidine (Vector, Burlin-
game, CA, USA) as per the manufacturer’s instructions.
The identical protocol without Gal/GalNAc lectin was
performed as control.

Genotyping

Genomic DNA was isolated from the tails and livers of
mice by using the standard phenol/chloroform extraction
and ethanol precipitation method. A total of 150 markers
with 32 microsatellites and 118 single nucleotide poly-
morphisms, distinguishing B6 from CBA strain and
covering all 19 autosomes and the X chromosome, were
used to identify which of the two tal strains
contributed to alleles at a specific locus of each N, mouse
(Table 1). Parental and F; DNA served as control for each
marker. The linkage maps and marker positions reported
were determined using our own data and Map Manager.

Epithelial microarrays

Affymetrix gene chip analysis was performed according
to the manufacturer’s instructions using murine MOE430
2.0 arrays. Full public access to the raw data is available
at https://genes.med.virginia.edu/public_data/index,
CE) under ‘Eric_Houpt CBAvsBénaive’. Information
about a microrarray experiment (www.mged.org/
miame) includes the following. Ceca were obtained from
male 6-week-old CBA /] and Bé mice (n=3 each). Cecal
contents were rinsed in sterile PBS and the cecal wall was
scored, and serosal and muscularis layers were removed.
Mucosal epithelial tissues were then placed in RNAlater
(Ambion, Austin, TX, USA), homogenized and total
RNA extracted using the RNAEasy kit (Qiagen, Valencia,
CA, USA). Ribosomal peaks were intact and showed no
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