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Abstract

Host cell invasion is a critical step for infection by Trypanosoma cruzi, the agent of Chagas
disease. In natural infection, T. cruzi metacyclic trypomastigote (MT) forms establish the
first interaction with host cells. The gp35/50 mucin molecules expressed in MT have been
implicated in cell invasion process, but the mechanisms involved are not well understood.
We performed a series of experiments to elucidate the mode of gp35/50-mediated MT inter-
nalization. Comparing two parasite strains from genetically divergent groups, G strain (Tcl)
and CL strain (TcVI), expressing variant forms of mucins, we demonstrated that G strain
mucins participate in MT invasion. Only G strain-derived mucins bound to HelLa cells in a
receptor-dependent manner and significantly inhibited G strain MT invasion. CL strain MT
internalization was not affected by mucins from either strain. HeLa cell invasion by G strain
MT was associated with actin recruitment and did not rely on lysosome mobilization. To
examine the involvement of annexin A2, which plays a role in actin dynamic, annexin A2-
depleted Hela cells were generated. Annexin A2-deficient cell lines were significantly more
resistant than wild type controls to G strain MT invasion. In a co-immunoprecipitation assay,
to check whether annexin A2 might be the receptor for mucins, protein A/G magnetic beads
crosslinked with monoclonal antibody to G strain mucins were incubated with detergent
extracts of MT and Hela cells. Binding of gp35/50 mucins to annexin A2 was detected. Both
G strain MT and purified mucins induced focal adhesion kinase activation in HeLa cells. By
confocal immunofluorescence microscopy, colocalization of invading G strain MT with cla-
thrin was visualized. Inhibition of clathrin-coated vesicle formation reduced parasite internal-
ization. Taken together, our data indicate that gp35/50-mediated MT invasion is
accomplished through interaction with host cell annexin A2 and clathrin-dependent
endocytosis.

Author summary

Host cell invasion by Trypanosoma cruzi, the agent of Chagas disease, is critical for the
establishment of infection. Metacyclic trypomastigote (MT) forms are responsible for the
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initial T. cruzi-host cell interaction. Mucin molecules expressed on MT surface have been
implicated in target cell invasion process, but the underlying mechanism are not fully
understood. In this study, we aimed at elucidating the mode of mucin-mediated MT inter-
nalization. We found that requirement of mucins for MT invasion is 7. cruzi strain-
dependent. Experiments with G strain M T's, which rely on mucins and on target cell actin
for internalization, revealed that mucin molecules bind to annexin A2, a protein that plays
arole in actin dynamic. Annexin A2-deficient cell lines were generated and found to be
significantly more resistant than wild type controls to MT invasion. Both MT and purified
mucins induced focal adhesion kinase activation in host cells. By confocal immunofluo-
rescence microscopy, invading MT was found to colocalize with clathrin, a protein that
plays a role in endocytosis. Inhibition of clathrin-coated vesicle formation reduced para-
site internalization. From these data we infer that mucin-mediated MT invasion is accom-
plished through interaction with host cell annexin A2 and clathrin-dependent
endocytosis.

Introduction

Annexins are a multigene family of Ca**-regulated phospholipid-binding proteins with diverse
functions, with members of the family being expressed throughout animal and plant kingdoms
[1,2]. Members of the annexin family have the requisite properties to integrate Ca**-signaling
with actin dynamics at membrane contact sites [3]. Annexin A2 is an F-actin-binding protein
enriched at actin assembly sites on the plasma membrane, and plays a role as a platform for
actin remodeling [4-6].

Trypanosoma cruzi, the protozoan parasite that causes Chagas disease, invades the host cell
in a manner dependent on Ca®*-signaling [7,8] and actin cytoskeleton rearrangement [9-11].
Disruption of the target cell F-actin had no major effect on the internalization of tissue cul-
ture-derived trypomastigote (TCT) but inhibited the extracellular amastigote (EA) entry into
cells [12,13]. EA internalization, which involves the formation of actin-rich membrane expan-
sions resembling cup-like structures [14], was found to be reduced in annexin A2 knockout
cells [15]. More recently, it was reported that TCT and EA enter target cells in a manner
dependent on clathrin-mediated endocytosis [16], a process connected with actin cytoskeleton
that participates in membrane dynamics [17,18].

Studies with metacyclic trypomastigote (MT) forms of T. cruzi, which are implicated in
orally transmitted infection, responsible for outbreaks of acute cases of Chagas’ disease in sev-
eral countries in Latin America [19,20], have shown that different parasite strains induce dis-
tinct F-actin rearrangement during cell invasion [10,21]. For instance, the disassembly of host
cell actin cytoskeleton did not affect invasion by CL strain but inhibited G strain internaliza-
tion [10]. G and CL strains, which are classified as discrete typing units TcI and TcVI respec-
tively [22], differ in their ability to invade target cells [23]. The highly invasive CL strain enters
the host cell in a manner mediated by the MT stage-specific surface molecule gp82, which
binds to lysosome-associated membrane protein LAMP2 [24,25], inducing lysosome spread-
ing and exocytosis that contribute for the parasitophorous vacuole formation [26]. As regards
G strain, it has been suggested that the mucin-like glycoproteins, gp35/50, may be implicated
in MT entry into the host cell, based on the finding that the parasite internalization was inhib-
ited by specific monoclonal antibody [27], but the mechanisms involved remain to be clarified.
Gp82 and gp35/50 are structurally quite distinct glycoproteins. Exclusively expressed in MT
[28], gp82 is encoded by a multigene family [29]. It contains N-linked oligosaccharides [30],
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but the carbohydrate portion of the molecule is irrelevant for host cell adhesion or invasion
[31]. The identity of amino acid sequences of gp82, as deduced from cDNA clones of G and
CL strain MT, is 97.9% and, as regards the cell binding domain, the identity is 100% [23].
Gp35/50 molecules are expressed both in MT and epimastigotes [27]. They are encoded by a
multigene family and are highly glycosylated proteins rich in threonine, with a unique type of
glycosylation consisting of several sialylated O-glycans linked to the protein backbone via N-
acetylglucosamine residues [32,33]. Abundantly expressed on the parasite surface, gp35/50
mucins are highly resistant to proteolytic degradation [34], a property associated with MT sur-
vival in the host stomach upon oral infection. G strain gp35/50 mucins bind to target cells in a
manner mediated by receptor [8], which still awaits identification. Here we aimed at elucidat-
ing the mechanisms of host cell invasion by T. cruzi MT mediated by gp35/50 mucin mole-
cules. Experiments were performed to unequivocally demonstrate the participation of gp35/50
mucins in G strain MT internalization and to determine whether they interacted with annexin
A2. Human epithelial cells depleted in annexin A2 were generated and tested for the suscepti-
bility to MT invasion. In addition, we examined the possibility that clathrin-dependent endo-
cytosis and protein tyrosine kinase-mediated signaling were implicated.

Methods

Ethics statement

All procedures conformed to Brazilian National Committee on Ethics Research (CONEP)
guidelines, and the study was approved by the Committee on Ethics of Animal Experimenta-
tion of Universidade Federal de Sdo Paulo (protocol number: CEUA 9780200918). Biosecurity
certificate (CQB) 028/97.

Parasites, mammalian cells and invasion assay

T. cruzi strains G and CL were maintained alternately in mice and in liver infusion tryptose
(LIT) medium containing 5% fetal bovine serum (FBS). To obtain cultures enriched in meta-
cyclic forms, G strain was maintained in LIT medium up to the stationary growth phase, and
CL strain was cultured for one passage in Grace’s medium (Life Technologies/Thermo Fisher
Scientific). For MT purification, the parasites were passed in DEAE-cellulose column, as
described [28]. G strain EA forms were generated as follows: purified metacyclic forms were
incubated with Vero cells for 24 h. After removal of unbound parasites, RPMI containing 1%
FBS was added and incubation proceeded for 10-15 days, with change of medium every two to
three days. Released trypomastigotes were collected, centrifuged and incubated for 12-14 h in
LIT medium, pH 5.8, at 37°C, for differentiation into EA. Invasion assays were performed with
human epithelial HeLa cells, as previously described [35], in RPMI medium containing FBS or
in PBS*" (PBS containing per liter: 140 mg CaCl,, 400 mg KCl, 100 mg MgCl,.6H,0, 100 mg
MgS0,.7H,0, 350 mg NaHCO3), depending on the experiment. After 1 h incubation of HeLa
cells with MT at MOI = 10 (CL strain) or MOI = 20 (G strain), or with EA at MOI = 5, the cells
were fixed with Bouin’s solution for 5 min, washed and stained with Giemsa solution (Sigma-
Aldrich/Merck), followed by sequential dehydration with acetone, acetone:xylol, xylol. Giemsa-
stained HeLa cell-coated coverslips were mounted on glass slides with Entellan (Merck Milli-
pore), and the number of internalized parasites was quantified, by counting a total of 250 cells.

Antibodies and reagents

Anti-LAMP?2 antibody (H4B4) was from Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained by The University of Iowa, Department of
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Biology, Iowa City, IA 52242. Antibodies to Annexin A2 (D11G2), B-tubulin (9F3), phospho-
PKC (pan) (yThr514), phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) and phospho-tyro-
sine (p-Tyr-1000) were from Cell Signaling Technology. Antibody to phospho-FAK (Tyr397)
was from Invitrogen and anti-clathrin antibody was from Sigma/Merck. TRITC-rhodamine
phalloidin and Alexa Fluor 488-conjugated anti-mouse IgG were from Thermo Fisher Scien-
tific, Alexa Fluor 555-conjugated anti-goat IgG was from Abcam. Monoclonal antibodies
(mAbs) 5E7, 3F6, 10D8 and 2B10, directed to T. cruzi surface antigens, were produced and
characterized in previous studies [27,28,34].

Purification of T. cruzi mucin-like molecules

We followed the protocol used previously to purify mucins from epimastigotes and MT, which
have essentially the same glycosylphosphatidyl anchor and the O-linked sugar chains [36]. A
total of 5 x 10'° parasites, from G or CL strain cultures containing mostly epimastigotes,
which do not express gp82 [28], was centrifuged, the pellet was freeze-dried and placed in a
sonicating water bath for 10 min with 10 ml of chloroform/methanol/water (1:2:0.8, by vol-
ume). After centrifugation at 2000 x g for 5 min, and two more extraction of the pellet, the
insoluble material served as source of delipidated parasites and the pooled fractions (30 ml)
were placed in a round-bottom flask and dried by rotatory evaporation. The residue was
extracted with 20 ml of butan-1-ol/water (2:1, by volume), the butan-1-ol phase contained the
lipid fraction (F1) was discarded, the aqueous phase (F2) containing mucins was washed twice
with water-saturated butan-1-ol and concentrated. The delipidated parasites were extracted
three times by sonication with 10 ml of 9% butanol in water, and the pooled soluble material
containing mucins (F3) was concentrated. The mucins containing F2 and F3 were resus-
pended in 2 ml of buffer A (0.1 M ammonium acetate in 5% propan-1-ol (v/v)) and fraction-
ated on an octyl-Sepharose column, pre-equilibrated in buffer A. After washing the column
with buffer A, and elution with a linear gradient at a flow rate of 12 ml/h, starting with 15 ml
of buffer A and ending with 60% (v/v) propan-1-ol in water, fractions (2 ml) were analyzed by
silver staining or Schiff staining of SDS-PAGE gels, as well as by immunoblotting using the
monoclonal antibodies 2B10 and 10DS8, directed to carbohydrate epitopes [34].

Binding of purified gp35/50 mucins to HeLa cells

For cell binding assay, HeLa cells were seeded onto 96-well microtiter plates at 4 x 10* cells/
well and were grown overnight at 37°C. After fixation with 4% paraformaldehyde in PBS,
washings with PBS and blocking with PBS containing 2 mg/ml BSA (PBS-BSA) for 1 h at
room temperature, the cells were incubated for 1 h at 37°C with purified mucin in PBS-BSA.
Following washes and 1 h incubation with anti-mucin mAb in PBS-BSA, the cells were incu-
bated with anti-mouse IgG conjugated to peroxidase. The bound enzyme was revealed using
o-phenylenediamine and the absorbance at 490 nm was read in ELx800 microplate reader
(BioTek).

Generation of annexin A2-knockdown HeLa cell lines by lentiviral
transduction

We followed the previous described protocol [24], using plasmids containing shRNA
sequences targeted to Annexin A2 (Sigma Aldrich/Merck, clone IDs: TRCN0000296322,
sequence TGAGGGTGACGTTAGCATTAC, and TRCN0000289781, sequence CGGGATG
CTTTGAACATTGAA). The first sequence is predicted to bind to CDS region, and the second
to 3’UTR region, leading to 98-99% gene silencing in human cells. Briefly, the lentiviral parti-
cles produced in HEK293T cells were filtered in 0.45 pm syringe filter, to remove cell debris,
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and added to 6-well plates coated with HeLa cells. After 24 h incubation in the presence of

4 pg/ml polybrene, the cells were washed, incubated in R10 for 24 h, and then the medium was
replaced every 48 h or 72 h, with increasing concentrations of puromycin, up to 10 pg/ml. The
selected transduced HeLa cells were checked for Annexin A2 depletion by western blotting.

Treatment of HeLa cells

Depletion of intracellular potassium was performed based on protocol described by Arkin

et al. [37]. Briefly, HeLa cells were washed in buffer A (50 mM Hepes, 100 mM NaCl), pH 7.4,
followed by incubation in hypotonic medium (RPMI/H,0, 1:1) for 5 min at 37°C, and in iso-
tonic buffer A for 20 min. For cytoplasmic acidification, the procedure by Cosson et al. [38]
was employed. HeLa cells were washed in RPMI/FBS (RPMI containing 20 mM Hepes, 4.5 g/
liter glucose, 10% FBS), and then incubated for 30 min at 37°C in RPMI/FBS containing 20
mM NH,CI. Treatment with 0.45 M sucrose, or 10 uM chlorpromazine hydrochloride, con-
sisted in incubating HeLa cells for 30 min with the drug in serum-free medium. HeLa cells
were also treated for 45 min with FAK inhibitor PF573228 in serum-free medium.

Indirect immunofluorescense assay

For confocal microscopy visualization of HeLa cell F-actin, lysosomes, clathrin and nucleus,
upon interaction either with MT or with purified gp35/50 mucins, coverslips with adherent
cells were processed as previously described [35] using TRITC-rhodamine phalloidin, anti-
LAMP antibody, anti-clathrin antibody, Alexa Fluor conjugated IgG, and DAPI. For detection
of MT, anti-mucin mAbs 10D8 and 2B10 were used. The coverslips were mounted in ProLong
Gold (Invitrogen), and confocal images were acquired in Leica TCS SP8 laser-scanning micro-
scope (Leica, Germany), at Instituto de Farmacologia e Biologia Molecular (INFAR), Universi-
dade Federal de Sao Paulo, using oil immersion 63X objective. The images were processed and
analyzed using Leica LAS AF (Leica, Germany) and Imaris (Bitplane) software. An average of
10 fields were checked for consistency with the representative images shown in Results.

Preparation of HeLa cell extract and western blotting

HeLa cells were washed three times with PBS and submitted to mechanical lysis in 10 mM Tris
pH 7.5 buffer, containing 1 mM EDTA, 100 mM NaCl, 1% nonionic detergent Igepal CA630,
10% glycerol, protease cocktail inhibitor, 2 mM Na;VO,4 and 1 mM NaF. After 30 min on ice,
followed by centrifugation, detergent soluble proteins were quantified, subjected to 10%
SDS-PAGE and transferred to nitrocellulose membrane. For immunoblot analysis, the mem-
branes were blocked with 5% skimmed milk powder in TBS-T (50 mM Tris-HCI, pH 7.5, 150
mM NaCl and 0.1% Tween 20). Following incubation with the primary antibody and HRP-
conjugated secondary antibody diluted in blocking solution, and washings in TBS-T, the pro-
tein bands were revealed with Immobilon Western Chemiluminescent HRP Substrate (Merck)
in Hyperfilm ECL (GE Healthcare).

Co-immunoprecipitation assay

Protein A/G magnetic beads (Pierce Crosslink Magnetic IP/Co-IP Kit, Thermo Fisher Scien-
tific), crosslinked to mAb 10D8 directed to MUC-G, were incubated for 1 h at room tempera-
ture, under agitation, with detergent-solubilized G strain MT extract, prepared by treating 3 x
10® cells with PBS plus 0.5% Igepal, followed by centrifugation at 16,000 x g for 10 min. After
washes and incubations with HeLa cell extract, bound proteins were eluted and submitted to
western blotting analysis.
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Statistical analysis

The Student’s ¢ test (GraphPad Prism software Version 6.01) was employed to evaluate signifi-
cance between cells subjected to treatment and their controls.

Results

T. cruzi G strain MT internalization is mediated by gp35/50 mucin
molecules, depends on host cell actin cytoskeleton and is independent of
lysosome mobilization

Previous studies suggested that gp35/50 mucin molecules are implicated in G strain MT inva-
sion [10,27]. To clearly demonstrate the role played by gp35/50 mucins in G strain MT inva-
sion, a series of experiments was performed, using the serum-free PBS™" medium, which is
suitable to comparatively analyze the infectivity of different T. cruzi strains and the factors
involved in the invasion process [39-41]. In serum-containing full nutrient medium the inva-
sion rate of T. cruzi strains, such as G, is very low because high amounts of surface molecules
gp82 and gp90, which bind to the target cell, are also shed into medium and interfere with
MT-host cell interaction, whereas in PBS*" shedding is reduced [41]. Here we checked
whether gp35/50 mucins were differentially released by G strain MT in RPMI medium con-
taining 1% serum (R1) and in PBS*". The western blot analysis of the conditioned medium
from parasites incubated for 30 min in R1 or PBS™™ revealed lower levels of gp35/50 in PBS™"
(S1A Fig). In MT invasion assay, performed by incubating HeLa cells with parasites for 1 h in
R1 or in PBS™™, the number of internalized parasites was about three-fold higher in PBS™
(S1B Fig), a difference similar to that observed when the MT infectivity in medium containing
10% serum (R10) and PBS™ was compared [39,41].

We examined the effect of gp35/50 mucin molecules purified from G strain (MUC-G) or CL
strain (MUC-CL) on MT internalization. MUC-G and MUC-CL display some difference in the
mobility in SDS-PAGE gel, and differ in their reactivity toward monoclonal antibodies 2B10
and 10D8 (Fig 1). Both MUC-G and MUC-CL are recognized by mAb 2B10, but reaction with
mAb 10D8, presumed to recognize epitopes containing galactofuranose, is restricted to MUC-G
[23]. HeLa cells were incubated for 1 h with G or CL strain MT in absence or in the presence of
MUC-G or MUC-CL, at 40 pg/ml, and the number of intracellular parasites was quantified.
MUC-G, but not MUC-CL, significantly inhibited G strain MT invasion, whereas CL strain MT
entry into HeLa cell was not affected by mucins, either from G or CL strain (Fig 2A). To

G CL G CL GCL G CL

| " i

MUC

Silver stain Schiff stain mAb 2B10 mAb 10D8
Western blot

Fig 1. Profile of purified gp35/50 mucins from T. cruzi strains G and CL. Purified mucins were analyzed by silver
staining or Schiff staining of SDS-PAGE gel, or by western blot using the indicated gp35/50 mucin-specific mAbs.

https://doi.org/10.1371/journal.pntd.0010788.9001
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Fig 2. Inhibition of T. cruzi G strain MT internalization and host cell lysosome spreading by purified G-MUC. (A)
HeLa cells were incubated for 1 h with MT of G or CL strain, in absence or in the presence of mucins purified from G
strain (G-MUC) or CL strain (CL-MUC), and the number of intracellular parasites was quantified. Values are the
means * four independent assays. Note the significant decrease in G strain MT invasion in the presence of G-MUC
(*P<0.001). (B) HeLa cells, grown in ELISA microtiter plates, were fixed and incubated for 1 h with MUC-G or
MUC-CL at the indicated concentrations. Binding of mucin was revealed by mAb 2B10. The assay was performed in
triplicates. (C) HeLa cells were incubated for 30 min with G strain or CL strain MT and processed for
immunofluorescence analysis for detection of actin (red), nucleus (blue) and mucin (green). Confocal microscopy
visualization, under 63x objective, showed thick F-actin filaments in cells incubated with G strain and overall
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disruption of F-actin in cells incubated with CL strain. Arrows indicate the site of MT entry with disrupted cortical
actin. Scale bar = 10 um. (D) HeLa cells were incubated for 30 min in absence or in the presence of MUC-G and
processed for detection of actin (red), nucleus (blue) and lysosome (green). Thick actin bundles were observed in cells
incubated with MUC-G. Scale bar = 20 pm.

https://doi.org/10.1371/journal.pntd.0010788.g002

determine the cell binding capacity of MUC-G and MUC-CL, microtiter plates coated with
HeLa cells were incubated for 1 h with MUC-G or MUC-CL, and the binding was revealed
using mAb 2B10. Confirming the previous finding [8], MUC-G bound to HeLa cells in a dose-
dependent and saturable manner, whereas MUC-CL binding was negligible (Fig 2B). Because it
was previously found that treatment of host cells with F-actin disrupting drugs, such as cytocha-
lasin D and latrunculin B, inhibited invasion by G strain, but not by CL strain [10], we examined
the architecture of the target cell actin cytoskeleton during MT invasion. HeLa cells were incu-
bated for 30 min with MT and processed for indirect immunofluorescence and confocal micros-
copy visualization of F-actin and parasites. Well organized thick actin filaments were detected in
cells incubated with G strain M T, whereas disrupted F-actin was observed upon incubation with
CL strain MT (Fig 2C). Next, the effect of MUC-G on the actin organization was determined.
HelLa cells were incubated for 30 min in absence or in the presence of 40 ug/ml MUC-G. Thick
actin filament bundles were observed in cells incubated with MUC-G, and we also noted that
lysosomes were more densely localized in the perinuclear region, as compared to control cells
(Fig 2D). We also checked the effect of MUC-G on lysosome mobilization, HeLa cells were incu-
bated for 30 min in R10 or in PBS™™, in absence or in the presence of MUC-G or MUC-CL as
control. Lysosome spreading induced by PBS™ was counteracted by MUC-G, but not MUC-CL
(Fig 3). Taken together, these results indicate that the mucin-mediated invasion of G strain M T
is actin-dependent and independent of the host cell lysosome mobilization. This is compatible
with the finding that the number of LAMP-positive G strain MT is very low, as opposed to the
high number of CL strain MT within LAMP-positive parasitophorous vacuole [42].

Depletion of host cell annexin A2 impairs G strain MT invasion

The gp35/50-mediated invasion of G strain MT is closely associated with target cell actin cyto-
skeleton, and is inhibited upon treatment with F-actin-disrupting drugs, as reported [10]. We
decided to investigate whether annexin A2 was involved in G strain MT invasion, because of
its importance as actin nucleator in the vicinity of cellular membranes [5,6]. To that end, we
employed the lentiviral transduction methodology to generate Annexin A2-deficient HeLa
cells, using two different target sequences. Knockdown (kd) of annexin A2 was detected by
western blot analysis in two cell lines (Fig 4A). The susceptibility of these cell lines to MT inva-
sion was checked, by incubating HeLa cells with parasites for 1 h and counting the number of
internalized parasites. Both cell lines, annexin A2-kd1 and annexin A2-kd2, were significantly
more resistant to G strain MT invasion than wild type (WT) cells (Fig 4B), but remained sus-
ceptible to CL strain MT (S2 Fig). By confocal immunofluorescence analysis of uninfected
cells, we noted differences between the WT and annexin A2-depleted cells. As compared to
WT cells, annexin A2-kd1 cells were much smaller and the clustered lysosomes occupied most
part of the cytoplasm, whereas annexin A2-kd2 cells were morphologically similar to WT cells
but exhibited more scattered lysosomes (Fig 4C).

T. cruzi G strain mucins interact with target cell annexin A2 and induce
focal adhesion kinase (FAK) activation

We examined whether G strain mucins bound to the host cell annexin A2, by co-immunopre-
cipitation assay. Protein A/G magnetic beads crosslinked with anti-gp35/50 mAb 10D8 were
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Fig 3. Inhibition of PBS"*-induced lysosome spreading by MUC-G. HeLa cells were incubated for 30 min in RPMI
containing 10% serum (R10) or in PBS**, in absence or in the presence of 40 ug/ml MUC-G or MUC-CL, and then
processed for immunofluorescence analysis for detection of lysosome (green), actin (red) and nucleus (blue) by
confocal microscopy. Scale bar = 20 pm. Note the PBS**-induced lysosome spreading, with accumulation of lysosomes
at the cell edges (white arrows) and inhibition by MUC-G.

https://doi.org/10.1371/journal.pntd.0010788.g003

incubated for 1 h with G strain MT detergent-soluble extract, washed and then incubated for 1
h with HeLa cell extract. Following washes and elution, the eluted samples were analyzed by
western blotting using antibodies to anti-annexin A2 or mAb 10D8. Both annexin A2 and
gp35/50 mucins were detected in the co-immunoprecipitated sample (Fig 5A), indicating that
mucins do bind to annexin A2. As a previous study showed that protein tyrosine kinase (PTK)
inhibition of HeLa cells affected invasion of G strain MT [39], we examined whether purified
mucins or MT were capable of inducing PTK activation. HeLa cells were incubated for 30 min
in absence or in the presence of MUC-G or with MT, and HeLa cell extracts were analyzed by
western blotting, using antibody directed to phosphorylated tyrosine proteins. Tyrosine phos-
phorylation levels of a 130 kDa protein were increased in cells that interacted with MUC-G or
MT, which also induced tyrosine phosphorylation of proteins larger than 180 kDa (S3 Fig).
We tested the possibility that FAK might be activated by MUC-G and MT, based on the fact
that FAK is a cytoplasmic PTK with a molecular mass of 125 kDa, which regulates the F-actin
dynamics [43,44]. HeLa cells were incubated for 30 min in absence or in the presence of 40 pg/
ml MUC-G or with MT, followed by western blot analysis, using antibody to phospho-FAK
(Tyr397). As shown in Fig 5B, the phosphorylation levels of FAK increased upon HeLa cell
interaction with MUC-G or MT. We examined the effect of specific FAK inhibitor on G strain
MT internalization. HeLa cells were treated for 30 min with FAK inhibitor PF573228, at vary-
ing concentrations. After removal of the drug, the cells were checked for susceptibility to MT
invasion, along with untreated control cells. Treatment of HeLa cells with FAK inhibitor, at
40 pM, resulted in significant inhibition of MT internalization (Fig 5C).
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Fig 4. Increased resistance of annexin A2-depleted cells to G strain MT invasion. (A) HeLa cells were submitted to
lentiviral transduction for annexin A2 knockdown (kd) and analyzed by western blotting. Note the depletion of
annexin A2 in two independent cell lines. (B) HeLa cells depleted in annexin A2 and WT cells were incubated for 1 h
with G strain MT. The amounts of intracellular parasites are shown as means + SD of three independent assays
performed in duplicate. MT invasion was significantly diminished in cells deficient in annexin A2 (*P<0.01,
**P<0.005). (C) Non infected annexin A2-deficient and WT cells were analyzed by immunofluorescence, to visualize
actin (red), lysosome (green) and nucleus (blue). Scale bar = 30 um. Note the altered morphology of annexin-kd1 cells,
as compared to WT cells, and the distinct lysosome distribution in annexin-kd2 cells.

https://doi.org/10.1371/journal.pntd.0010788.g004

Invading G strain MT colocalizes with clathrin and inhibition of clathrin-
coated pit formation decreases parasite internalization

As clathrin-mediated endocytosis is associated with actin cytoskeleton that participates in
membrane dynamics [17], we examined whether there was any association of invading G
strain MT with clathrin. HeLa cells were incubated with G strain MT for 30 min in PBS*", and
then processed for immunofluorescence microscopy, using anti-clathrin antibody and mAb
10D8 for detection of parasites. Clathrin-positive parasites were visualized (Fig 6A and 6B). In
addition to the colocalization of clathrin with MT, the magnified image of a single cell revealed
the colocalization of clathrin with shed mucins at the cell surface (Fig 6B). These are probably
gp35/50 mucins that are spontaneously released by G strain MT into medium and bind to
annexin A2 at the cell membrane. Next, we checked the effect of treatment of HeLa cells with
sucrose on G strain invasion because the treatment of macrophages and epithelial cells with
sucrose at 0.45 M was reported to inhibit the formation of clathrin-coated vesicles and to
reduce the internalization of Y strain TCT and EA [16]. HeLa cells were treated for 30 min
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Fig 5. Binding of G strain mucins to annexin A2 and activation of host cell FAK. (A) Protein A/G magnetic beads,
crosslinked to mAb 10D8 directed to gp35/50 mucins, were incubated for 1 h with MT lysate and afterwards with
HeLa cell extract for 1 h. The eluate corresponding to immunoprecipitate (IP) was analyzed by western blot (WB),
along with the flowthrough samples corresponding to HeLa cell extract or MT. The blot was revealed with anti-
annexin A2 antibody or with mAb 10D8. Note that both annexin A2 and gp35/50 mucins were detected in IP from
beads crosslinked to mAb 10D8 (red arrows). (B) HeLa cells were incubated for 30 min in absence or in the presence
of MT or purified gp35/50 mucins at 40 ug/ml. After washings, the cell extracts were analyzed by western blotting,
using antibody directed to phosphorylated FAK. Note the increased phosphorylation levels of FAK in cells that
interacted with MT or with gp35/50 mucins. (C) HeLa cells, untreated or pretreated with FAK inhibitor at indicated
concentrations, were incubated for 1 h with MT and the number of internalized parasites was counted. Values are
means + SD of three independent assays performed in duplicate. MT invasion was significantly reduced in cells
pretreated with 40 uM (*P<0.005).

https://doi.org/10.1371/journal.pntd.0010788.g005

with 0.45 M sucrose in serum-free medium, washed and incubated for 1 h with G strain MT in
PBS™" or with EA in R10. Cells pretreated with sucrose were significantly more resistant to
MT as well as to EA invasion (Fig 7A and 7B). To determine the pattern of MT-clathrin associ-
ation upon sucrose treatment, immunofluorescence analysis was performed with untreated
and sucrose-treated HeLa cells incubated for 30 min with MT. Fewer clathrin-positive para-
sites were detected in sucrose-treated cells, as compared to untreated controls (Fig 7C). Images
of selected fields, showing comparable number of parasites, revealed in untreated cells more
spots of clathrin-positive gp35/50 mucins, either in the vicinity of parasites or attached to cell
membrane (Fig 8). In addition to treatment with sucrose, HeLa cells were subjected to other
procedures, such as treatment with chlorpromazine, intracellular K" depletion or cytoplasmic
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Fig 6. Colocalization of invading G strain MT and released gp35/50 mucins with host cell clathrin. (A) HeLa cells
were incubated for 30 min with parasites and processed for immunofluorescence microscopy, using anti-clathrin
antibody and mAb 10D8. The images show clathrin (red), parasite mucins (green) and nucleus (blue). Scale

bar = 30 pm. Note the colocalization of MT with clathrin. (B) A single cell with invading parasites is depicted to show
the colocalization of clathrin with MT and also with shed gp35/50 mucins at the cell membrane (white arrows). Scale
bar =5 pm.

https://doi.org/10.1371/journal.pntd.0010788.g006

acidification, reported to affect clathrin-coated pits and endocytosis [16,37,38]. HeLa cells,
subjected to the referred procedures, as detailed in Methods, were incubated for 1 h with MT,
and the number of internalized parasites was counted. These cells were significantly more
resistant to MT invasion, as compared to control cells (54 Fig).

G strain MT invasion does not require gp82

To determine the participation of gp82 on G strain M T invasion, the effect of mAb 3F6
directed to gp82 was examined. Parasites were pretreated for 30 min with ascitic fluid
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Fig 7. Inhibition of G strain MT invasion by pretreatment of host cells with sucrose. (A) HeLa cells were treated for
30 min with 0.45 M sucrose in serum-free medium, washed and incubated with: (A) G strain MT in PBS** or (B) G
strain EA in R10. After 1 h, the cells were processed for intracellular parasite quantification. Values are the

means = five independent assays. HeLa cells pretreated with sucrose were significantly more resistant to invasion by
MT (*P<0.0001) or EA (*P<0.005). (C) Untreated and sucrose-treated HeLa cells were incubated for 30 min with MT
and processed for immunofluorescence microscopy, using anti-clathrin antibody and mAb 10D8. The images show
clathrin (red), parasite mucins (green) and nucleus (blue). Scale bar = 30 um.

https://doi.org/10.1371/journal.pntd.0010788.g007

containing mAb 3F6 or mAb 5E7 that does not recognize live MT, at 1:100 dilution, and then
were incubated for 1 h with HeLa cells. Quantification of intracellular parasites showed a sig-
nificantly augmented invasion capacity of MT pretreated with mAb 3F6 (Fig 9A). In addition,
an experiment with purified mAb 3F6 was performed. Parasites were pretreated for 30 min
with mAD 3F6, at two different concentrations, and then used for invasion assay. A significant
increased MT invasion resulted upon incubation of parasites with mAb 3F6 at 200 ug/ml (Fig
9B). The effect of recombinant gp82 protein (r-gp82), prepared as detailed [21], was also
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Fig 8. Reduced gp35/50 mucin co-localization with clathrin in sucrose-treated cells. Untreated and sucrose-treated
HeLa cells were incubated for 30 min with MT and processed for immunofluorescence microscopy, using anti-clathrin
antibody and mAb 10D8. Note the clathrin-positive gp35/50 mucins (arrows) in the parasite vicinity or attached to cell
membrane. Scale bar = 10 um.

https://doi.org/10.1371/journal.pntd.0010788.g008

checked. HeLa cells were incubated for 1 h in absence or in the presence of 40 ug/ml r-gp82 or
GST, used as control for the recombinant protein fused to GST, and the number of internal-
ized parasites was quantified. MT invasion was significantly inhibited by r-gp82 but not by
GST (Fig 9C). Presumably the inhibitory effect of r-gp82 is due to its ability to induce F-actin
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Fig 9. Lack of requirement of gp82 in G strain MT invasion. HeLa cells were incubated for 1 h with: (A) MT
pretreated for 30 min with non purified anti-gp82 mAb 3F6 or mAb 5E7, or (B) purified mAb 3F6 at indicated
concentrations, (C) MT in absence or in the presence of recombinant gp82 protein or GST, and processed for
intracellular parasite quantification. MT invasion was significantly increased by treatment with non purified mAb 3F6
or by purified antibody at 200 ug/ml (*P<0.05), and decreased in the presence of r-gp82 (*P<0.005). (D) HeLa cells
were incubated for 30 min in absence or in the presence of MT. After washings, the cell extracts were analyzed by
western blotting, using antibody directed to phosphorylated PKC or ERK1/2. Note that incubation with MT did not
alter the phosphorylation levels of PKC or ERK1/2.

https://doi.org/10.1371/journal.pntd.0010788.g009

disruption and lysosome spreading. These results indicate that G strain MT invasion does not
require gp82, which plays a major role in CL strain internalization [23]. As gp82-mediated CL
strain invasion is associated with activation of the target cell protein kinase C (PKC) and extra-
cellular signal-regulated protein kinases (ERK1/2) [25], an assay was peformed in which HeLa
cells were incubated for 30 min with G strain MT and the soluble cell extract was analyzed by
western blotting to check the phosphorylation levels of PKC and ERK1/2, as compared to cells
incubated in absence of parasites. Activation of PKC or ERK1/2 was not detected, as shown by
unaltered phosphorylation levels in cells incubated with MT (Fig 9D).

Discussion

Gp35/50 mucins, which are highly glycosylated and resistant to proteolytic degradation
[34,36], play an important role in oral T. cruzi infection, which is currently a frequent mode of
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transmission. Studies in mice have shown that metacyclic forms invade the gastric mucosal
epithelia as a portal of entry for systemic infection [45,46]. The resistance of MT of different T.
cruzi strains against peptic digestion is presumably conferred by gp35/50 mucins. When recov-
ered from the mouse stomach 1 h after oral inoculation, the infectivity of MT of different
strains towards HeLa cells was fully preserved, similarly to the MT ability to invade cells upon
treatment with pepsin at acidic pH [47]. Differently from MT, bloodform trypomastigotes can-
not efficiently initiate mucosal infection after an oral challenge [48] and this may be associated
with the partial susceptibility of mammalian stage trypomastigotes to some proteases [33].

The present study provides robust evidences that gp35/50 mucins mediate the host cell
invasion of G strain MT and disclosed the part played by annexin A2 as the receptor for gp35/
50. We detected the interaction of annexin A2 with the native gp35/50 mucins and found that
depletion of annexin A2 reduces the host cell susceptibility to G strain MT internalization.
Consistent with the involvement of annexin A2, which is known to be recruited to actin
assembly sites at cellular membranes [4-6], thick F-actin bundles were observed in cells upon
interaction with G strain MT or with purified G strain mucins. That G strain MT exploits the
clathrin-mediated endocytic pathway was indicated by detection of clathrin colocalized with
invading parasites, and by decreased internalization upon host cell treatment that inhibits cla-
thrin-coated vesicle formation. Such a mechanism resembles that used by Listeria monocyto-
genes, which relies on the interaction of the surface protein InlB with its receptor Met, to
invade cells through the clathrin-dependent endocytic pathway [49].

Gp35/50-mediated G strain MT invasion bears similarities to EA internalization, although
gp35/50 mucins are not expressed in EA and the two parasite forms interact with different
structures on HeLa cell surface, MT invading cells preferentially at the edges and EA binding
to surface microvilli [50]. Like G strain MT internalization, EA entry into host cells is an actin-
dependent and clathrin-mediated endocytic process, which is impaired in annexin
A2-depleted cells [14-16], and lysosomes are not required. At the early stages of EA invasion,
lysosomes are concentrated in the perinuclear area, actin recruitment is induced and actin-
rich small cup-like membrane protrusions are seen around invading EAs [13,14]. Such struc-
tures, comparable to actin-rich pedestals induced by enteropathogenic Escherichia coli, which
recruits annexin A2 to the bacterial attachment site [51], are not formed during MT invasion.
Of note is that in a mixed infection, when G strain MTs were added to HeLa cells shortly before
enteroinvasive E. coli (EIEC), the bacterial uptake was significantly increased, similarly to what
is seen when purified gp35/50 mucins were added [10]. By contrast, EIEC uptake by HeLa cells
was inhibited in the presence of CL strain MT or the recombinant gp82 protein [10].

Our data indicated that gp82, which plays a major role in CL strain MT invasion is not
required for G strain MT internalization, although the gp82 molecule expressed in the two
strains share 100% identity as regards the domain containing the cell binding site [23]. Anti-
gp82 mADb 3F6, which inhibits CL strain invasion [30,52], had an opposite effect on G strain
internalization. It is conceivable that, when gp82-mediated MT interaction is impaired by
mADb 3F6, the host cell binding of gp35/50 is facilitated, because of appropriate F-actin
arrangement and lysosome distribution. In accord is the finding that the recombinant gp82
exerts an opposite effect. It promotes F-actin disruption and lysosome scattering, unfavorable
to gp35/50-dependent MT internalization. We presume that in G strain MT-host cell interac-
tion binding of 35/50 mucins prevails over that of gp82, because of their abundance and
because annexin A2 is distributed throughout cell membrane, whereas the gp82 receptor
LAMP?2, associated with the lysosome membrane, is expressed at low levels on the cell surface.
Gp82-mediated invasion of CL strain induced the activation of PKC and ERK1/2 in host cells
[25]. Compatible with the lack of gp82 participation in G strain MT invasion, neither PKC nor
ERK1/2 was activated upon parasite-host cell interaction. The signaling pathway triggered
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Fig 10. Schematic representation of possible mechanisms of host cell invasion by T. cruzi strains G and CL. Host
cell invasion by G strain MT involves the interaction of gp35/50 mucins with annexin A2, FAK activation and F-actin
recruitment, whereas CL strain MT internalization relies on the recognition of gp82 by LAMP?2, activation of PKC and
ERK1/2, disruption of F-actin and spreading of lysosomes to the cell periphery.

https://doi.org/10.1371/journal.pntd.0010788.g010

during gp35/50-mediated MT internalization appears to involve PTK, including FAK. For
host cell invasion by CL strain MT, PTK is not required [39]. From the available data, plus the
new informations from the present study, we can visualize a more clear picture of the differ-
ences between G and CL strains, as regards the mechanisms of host cell entry (Fig 10). Inva-
sion of G strain MT is mediated predominantly by gp35/50 mucins that interact with host cell
annexin A2, induce PTK activation and recruitment of F-actin. On the other hand, CL strain
MT internalization involves the recognition of gp82 by its receptor LAMP2, the activation of
PKC and ERK1/2, disruption of F-actin and lysosome spreading to the cell periphery.

Supporting information

S1 Fig. Effect of incubation medium on release of gp35/50 mucins and cell invasion capac-
ity of G strain MT. (A) Conditioned medium from parasites, incubated for 30 min in RPMI
medium containing 1% serum (R1) or in PBS™", was analyzed by western blotting using mAb
10D8. Note the higher mucin levels in R1. (B) HeLa cells were incubated for 1 h with MT in R1
or PBS™, and the number of intracellular parasites was quantified. Values are the means + five
independent assays.

(TIF)

$2 Fig. Unchanged susceptibility of annexin A2-depleted cells to CL strain MT invasion.
HeLa cells depleted in annexin A2 and WT cells were incubated for 1 h with CL strain MT.
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The amounts of intracellular parasites are shown as means + SD of three independent assays
performed in duplicate.
(TIF)

S3 Fig. Activation of host cell PTK by MUC-G and G strain MT. HeLa cells were incubated
for 30 min in absence or in the presence of MT or MUC-G at 40 pg/ml. After washings, the
cell extracts were analyzed by western blotting, using antibody directed to phosphorylated
tyrosine proteins. Note the increased phosphorylation levels of protein bands in cells that
interacted with MT or with MUC-G (black arrows).

(TIF)

S4 Fig. Effect of diverse treatments of host cell on G strain MT invasion. HeLa cells were
subjected to chlorpromazine treatment, intracellular K* depletion or cytoplasmic acidification,
and then incubated with MT for 1 h, followed by internalized parasite quantification. Values
are the means + three independent assays performed in duplicate. MT invasion was signifi-
cantly reduced in cells subjected to diverse procedures (*P<0.001, **P<0.0005).

(TIF)

Author Contributions
Conceptualization: Thiago Souza Onofre, Nobuko Yoshida.
Formal analysis: Thiago Souza Onofre, Nobuko Yoshida.

Investigation: Thiago Souza Onofre, Leonardo Loch, Jodo Paulo Ferreira Rodrigues, Nobuko
Yoshida.

Methodology: Thiago Souza Onofre, Silene Macedo.
Supervision: Nobuko Yoshida.
Writing - original draft: Nobuko Yoshida.

Writing - review & editing: Thiago Souza Onofre, Leonardo Loch, Jodo Paulo Ferreira Rodri-
gues, Silene Macedo, Nobuko Yoshida.

References

1. Gerke V, Moss SE. Annexins: from structure to function. Physiol Rev. American Physiological Society;
2002; 82: 331-371. https://doi.org/10.1152/physrev.00030.2001 PMID: 11917092

2. Rescher U, Gerke V. Annexins-unique membrane binding proteins with diverse functions. J Cell Sci;
2004; 117: 2631-3309. https://doi.org/10.1242/jcs.01245 PMID: 15169834

3. Hayes MJ, Rescher U, Gerke V, Moss SE. Annexin-Actin interactions [Internet]. Traffic; 2004. pp. 571—
576.

4. Rescher U, Ruhe D, Ludwig C, Zobiack N, Gerke V. Annexin 2 is a phosphatidylinositol (4,5)-bispho-
sphate binding protein recruited to actin assembly sites at cellular membranes. J Cell Sci; 2004; 117:
3473-3480. https://doi.org/10.1242/jcs.01208 PMID: 15226372

5. Hayes MJ, Shao DM, Grieve A, Levine T, Bailly M, Moss SE. Annexin A2 at the interface between F-
actin and membranes enriched in phosphatidylinositol 4,5,-bisphosphate. Biochim Biophys Acta; 2009;
1793: 1086—-1095. https://doi.org/10.1016/j.bbamcr.2008.10.007 PMID: 19022301

6. Grieve AG, Moss SE, Hayes MJ. Annexin A2 at the interface of actin and membrane dynamics: A focus
on its roles in endocytosis and cell polarization. Int J Cell Biol; 2012. 2012:852430. https://doi.org/10.
1155/2012/852430 PMID: 22505935

7. Tardieux |, Webster P, Ravesloot J, Boron W, Lunn JA, Heuser JE, et al. Lysosome recruitment and
fusion are early events required for trypanosome invasion of mammalian cells. Cell. 1992; 71: 1117—
1130. https://doi.org/10.1016/s0092-8674(05)80061-3 PMID: 1473148

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010788  October 3, 2022 18/21


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010788.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0010788.s004
https://doi.org/10.1152/physrev.00030.2001
http://www.ncbi.nlm.nih.gov/pubmed/11917092
https://doi.org/10.1242/jcs.01245
http://www.ncbi.nlm.nih.gov/pubmed/15169834
https://doi.org/10.1242/jcs.01208
http://www.ncbi.nlm.nih.gov/pubmed/15226372
https://doi.org/10.1016/j.bbamcr.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19022301
https://doi.org/10.1155/2012/852430
https://doi.org/10.1155/2012/852430
http://www.ncbi.nlm.nih.gov/pubmed/22505935
https://doi.org/10.1016/s0092-8674%2805%2980061-3
http://www.ncbi.nlm.nih.gov/pubmed/1473148
https://doi.org/10.1371/journal.pntd.0010788

PLOS NEGLECTED TROPICAL DISEASES T. cruzimucins that mediate host cell invasion interact with annexin A2

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Ruiz RC, Favoreto S Jr, Dorta ML, Oshiro ME, Ferreira AT, Manque PM, et al. Infectivity of Trypano-
soma cruzi strains is associated with differential expression of surface glycoproteins with differential
Ca2+ signalling activity. Biochem J. 1998; 330: 505-511. https://doi.org/10.1042/bj3300505 PMID:
9461549

Rodriguez A, Rioult MG, Ora A, Andrews NW. A trypanosome-soluble factor induces IP3 formation,
intracellular Ca2+ mobilization and microfilament rearrangement in host cells. J Cell Biol. 1995; 129:
1263-1273. https://doi.org/10.1083/jcb.129.5.1263 PMID: 7775573

Ferreira D, Cortez M, Atayde VD, Yoshida N. Actin cytoskeleton-dependent and -independent host cell
invasion by Trypanosoma cruziis mediated by distinct parasite surface molecules. Infect Immun. 2006;
74:5522-5528. https://doi.org/10.1128/IA1.00518-06 PMID: 16988227

Bonfim-Melo A, Ferreira ER, Mortara RA. Rac1/WAVE2 and Cdc42/N-WASP participation in actin-
dependent host cell invasion by extracellular amastigotes of Trypanosoma cruzi. Front Microbiol. 2018;
9: 360. https://doi.org/10.3389/fmicb.2018.00360 PMID: 29541069

Schenkman S, Robbins ES, Nussenzweig V. Attachment of Trypanosoma cruzito mammalian cells
requires parasite energy, and invasion can be independent of the target cell cytoskeleton. Infect Immun.
1991; 59: 645-654.

Procépio DO, Da Silva S, Cunningham CCC, Mortara RAA, Procépio DOO, Da Silva S, et al. Trypano-
soma cruzi: effect of protein kinase inhibitors and cytoskeletal protein organization and expression on
host cell invasion by amastigotes and metacyclic trypomastigotes. ExpParasitol. 1998/08/26. 1998; 90:
1-13. https://doi.org/10.1006/expr.1998.4314 PMID: 9709024

Procépio DO, Barros HC, Mortara RA. Actin-rich structures formed during the invasion of cultured cells
by infective forms of Trypanosoma cruzi. Eur J Cell Biol. 1999; 78. https://doi.org/10.1016/S0171-9335
(99)80093-4

Teixeira TL, Cruz L, Mortara RA, Da Silva CV. Revealing Annexin A2 and ARF-6 enroliment during Try-
panosoma cruzi extracellular amastigote-host cell interaction. Parasit Vectors; 2015; 8:493. https://doi.
org/10.1186/S13071-015-1097-6 PMID: 26416603

Barrias E, Reignault L, de Carvalho TMU, de Souza W. Clathrin coated pit dependent pathway for Try-
panosoma cruziinternalization into host cells. Acta Trop; 2019; 199. https://doi.org/10.1016/J.
actatropica.2019.105057 PMID: 31202818

Kaksonen M, Toret CP, Drubin DG. Harnessing actin dynamics for clathrin-mediated endocytosis. Nat
Rev Mol Cell Biol; 2006; 7: 404—414. https://doi.org/10.1038/nrm1940 PMID: 16723976

Merrifield CJ, Feldman ME, Wan L, Almers W. Imaging actin and dynamin recruitment during invagina-
tion of single clathrin-coated pits. Nat Cell Biol. Nat Cell Biol; 2002; 4: 691-698. https://doi.org/10.1038/
nch837 PMID: 12198492

de Noya BA, Diaz-Bello Z, Colmenares C, Ruiz-Guevara R, Mauriello L, Mufioz-Calderdn A, et al.
Update on oral chagas disease outbreaks in Venezuela: Epidemiological, clinical and diagnostic
approaches. Mem Inst Oswaldo Cruz. 2015; 110: 377-386. hitps://doi.org/10.1590/0074-02760140285
PMID: 25946155

Franco-Paredes C, Villamil-Gémez WE, Schultz J, Henao-Martinez AF, Parra-Henao G, Rassi A, et al.
A deadly feast: Elucidating the burden of orally acquired acute Chagas disease in Latin America—Pub-
lic health and travel medicine importance. Travel Med Infect Dis; 2020; 36. https://doi.org/10.1016/].
tmaid.2020.101565 PMID: 32004732

Cortez M, Atayde V, Yoshida N. Host cell invasion mediated by Trypanosoma cruzisurface molecule
gp82 is associated with F-actin disassembly and is inhibited by enteroinvasive Escherichia coli.
Microbes Infect. 2006; 8: 1502—1512. https://doi.org/10.1016/j.micinf.2006.01.007 PMID: 16697683

Zingales B, Andrade SG, Briones MRS, Campbell DA, Chiari E, Fernandes O, et al. A new consensus
for Trypanosoma cruziintraspecific nomenclature: second revision meeting recommends Tcl to TcVI.
Mem Inst Oswaldo Cruz. 2009; 104: 1051—1054. https://doi.org/10.1590/s0074-02762009000700021
PMID: 20027478

Yoshida N. Molecular basis of mammalian cell invasion by Trypanosoma cruzi. An Acad Bras Cienc.
2006; 78: 87-111.

Rodrigues JPF, Souza Onofre T, Barbosa BC, Ferreira ER, Bonfim-Melo A, Yoshida N. Host cell protein
LAMP-2 is the receptor for Trypanosoma cruzi surface molecule gp82 that mediates invasion. Cell
Microbiol. 2019; e13003. https://doi.org/10.1111/cmi.13003 PMID: 30609224

Onofre TS, Rodrigues JPF, Shio MT, Macedo S, Juliano MA, Yoshida N. Interaction of Trypanosoma
cruzigp82 with host cell LAMP induces protein kinase C activation and promotes invasion. Front Cell
Infect Microbiol. 2021; 11. https://doi.org/10.3389/fcimb.2021.627888 PMID: 33777840

Cortez C, Real F, Yoshida N. Lysosome biogenesis/scattering increases host cell susceptibility to inva-
sion by Trypanosoma cruzimetacyclic forms and resistance to tissue culture trypomastigotes. Cell
Microbiol. 2016; 18: 748-760. https://doi.org/10.1111/cmi.12548 PMID: 26572924

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010788  October 3, 2022 19/21


https://doi.org/10.1042/bj3300505
http://www.ncbi.nlm.nih.gov/pubmed/9461549
https://doi.org/10.1083/jcb.129.5.1263
http://www.ncbi.nlm.nih.gov/pubmed/7775573
https://doi.org/10.1128/IAI.00518-06
http://www.ncbi.nlm.nih.gov/pubmed/16988227
https://doi.org/10.3389/fmicb.2018.00360
http://www.ncbi.nlm.nih.gov/pubmed/29541069
https://doi.org/10.1006/expr.1998.4314
http://www.ncbi.nlm.nih.gov/pubmed/9709024
https://doi.org/10.1016/S0171-9335%2899%2980093-4
https://doi.org/10.1016/S0171-9335%2899%2980093-4
https://doi.org/10.1186/S13071-015-1097-6
https://doi.org/10.1186/S13071-015-1097-6
http://www.ncbi.nlm.nih.gov/pubmed/26416603
https://doi.org/10.1016/J.actatropica.2019.105057
https://doi.org/10.1016/J.actatropica.2019.105057
http://www.ncbi.nlm.nih.gov/pubmed/31202818
https://doi.org/10.1038/nrm1940
http://www.ncbi.nlm.nih.gov/pubmed/16723976
https://doi.org/10.1038/ncb837
https://doi.org/10.1038/ncb837
http://www.ncbi.nlm.nih.gov/pubmed/12198492
https://doi.org/10.1590/0074-02760140285
http://www.ncbi.nlm.nih.gov/pubmed/25946155
https://doi.org/10.1016/j.tmaid.2020.101565
https://doi.org/10.1016/j.tmaid.2020.101565
http://www.ncbi.nlm.nih.gov/pubmed/32004732
https://doi.org/10.1016/j.micinf.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16697683
https://doi.org/10.1590/s0074-02762009000700021
http://www.ncbi.nlm.nih.gov/pubmed/20027478
https://doi.org/10.1111/cmi.13003
http://www.ncbi.nlm.nih.gov/pubmed/30609224
https://doi.org/10.3389/fcimb.2021.627888
http://www.ncbi.nlm.nih.gov/pubmed/33777840
https://doi.org/10.1111/cmi.12548
http://www.ncbi.nlm.nih.gov/pubmed/26572924
https://doi.org/10.1371/journal.pntd.0010788

PLOS NEGLECTED TROPICAL DISEASES T. cruzimucins that mediate host cell invasion interact with annexin A2

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

44,

45.

46.

Yoshida N, Mortara RA, Araguth MF, Gonzalez JC, Russo M. Metacyclic neutralizing effect of monoclo-
nal antibody 10D8 directed to the 35- and 50-kilodalton surface glycoconjugates of Trypanosoma cruzi.
Infect Immun. 1989; 57: 1663-1667.

Teixeira MM, Yoshida N. Stage-specific surface antigens of metacyclic trypomastigotes of Trypano-
soma cruziidentified by monoclonal antibodies. Mol Biochem Parasitol. 1986; 18: 271-282.

Araya JE, Cano MI, Yoshida N, da Silveira J. Cloning and characterization of a gene for the stage-spe-
cific 82-kDa surface antigen of metacyclic trypomastigotes of Trypanosoma cruzi. Mol Biochem Parasi-
tol. 1994; 65. https://doi.org/10.1016/0166-6851(94)90124-4

Ramirez MI, Ruiz R de C, Araya JE, Da Silveira JF, Yoshida N. Involvement of the stage-specific 82-
kilodalton adhesion molecule of Trypanosoma cruzi metacyclic trypomastigotes in host cell invasion.
Infect Immun. 1993; 61: 3636-3641.

Manque PM, Eichinger D, Juliano M a, Juliano L, Araya JE, Yoshida N. Characterization of the cell
adhesion site of Trypanosoma cruzi metacyclic stage surface glycoprotein gp82. Infect Immun. 2000;
68: 478-484.

Schenkman S, Ferguson MAJ, Heise N, Cardoso de Almeida ML, Mortara RA, Yoshida N. Mucin-like
glycoproteins linked to the membrane by glycosylphosphatidylinositol anchor are the major acceptors of
sialic acid in a reaction catalyzed by trans-sialidase in metacyclic forms of Trypanosoma cruzi. Mol Bio-
chem Parasitol. 1993; 59. https://doi.org/10.1016/0166-6851(93)90227-0O

Acosta-Serrano A, Almeida IC, Freitas-Junior LH, Yoshida N, Schenkman S. The mucin-like glycopro-
tein super-family of Trypanosoma cruzi: structure and biological roles. Mol Biochem Parasitol. 2001;
114: 143-150. https://doi.org/10.1016/s0166-6851(01)00245-6

Mortara RA, da Silva S, Araguth MF, Blanco SA, Yoshida N. Polymorphism of the 35- and 50-kilodalton
surface glycoconjugates of Trypanosoma cruzi metacyclic trypomastigotes. Infect Immun. 1992; 60:
4673-4678.

Rodrigues JPF, Takahashi Sant'ana GH, Juliano MA, Yoshida N. Inhibition of host cell lysosome
spreading by Trypanosoma cruzi metacyclic stage-specific surface molecule gp90 downregulates para-
site invasion. Infect Immun. 2017; 85. https://doi.org/10.1128/IA1.00302-17 PMID: 28607099

Serrano AA, Schenkman S, Yoshida N, Mehlert A, Richardson JM, Ferguson MAJ. The lipid structure
of the glycosylphosphatidylinositol-anchored mucin-like sialic acid acceptors of Trypanosoma cruzi
changes during parasite differentiation from epimastigotes to infective metacyclic trypomastigote forms.
J Biol Chem; 1995; 270: 27244—-27253. https://doi.org/10.1074/JBC.270.45.27244 PMID: 7592983

Larkin JM, Brown MS, Goldstein JL, Anderson RGW. Depletion of intracellular potassium arrests
coated pit formation and receptor-mediated endocytosis in fibroblasts. Cell; 1983; 33: 273-285. hitps://
doi.org/10.1016/0092-8674(83)90356-2 PMID: 6147196

Cosson P, De Curtis |, Pouyssegur J, Griffiths G, Davoust J. Low cytoplasmic pH inhibits endocytosis
and transport from the trans-Golgi network to the cell surface. J Cell Biol; 1989; 108: 377-387. https:/
doi.org/10.1083/jcb.108.2.377 PMID: 2918022

Maeda FY, Cortez C, Alves RM, Yoshida N. Mammalian cell invasion by closely related Trypanosoma
species T. dionisiiand T. cruzi. Acta Trop. 2012; 121. https://doi.org/10.1016/j.actatropica.2011.10.017
PMID: 22079376

Maeda FY, Clemente TM, Macedo S, Cortez C, Yoshida N. Host cell invasion and oral infection by Try-
panosoma cruzistrains of genetic groups Tcl and TclV from chagasic patients. Parasites and Vectors.
2016; 9. https://doi.org/10.1186/s13071-016-1455-z PMID: 27038796

Clemente TM, Cortez C, Novaes ADS, Yoshida N. Surface Molecules Released by Trypanosoma cruzi
Metacyclic Forms Downregulate Host Cell Invasion. PLoS Negl Trop Dis. 2016; 10. https://doi.org/10.
1371/journal.pntd.0004883 PMID: 27483135

Loch L, Onofre TS, Rodrigues JPF, Yoshida N. Shedding of Trypanosoma cruzi Surface Molecules
That Regulate Host Cell Invasion Involves Phospholipase C and Increases Upon Sterol Depletion.
Front Cell Infect Microbiol; 2021; 11. https://doi.org/10.3389/fcimb.2021.769722 PMID: 34737979

Parsons JT, Martin KH, Slack JK, Taylor JM, Weed SA. Focal Adhesion Kinase: a regulator of focal
adhesion dynamics and cell movement. Oncogene. 2000; 19: 5606—-5613. https://doi.org/10.1038/s;.
onc.1203877 PMID: 11114741

Li SY, Mruk DD, Cheng CY. Focal adhesion kinase is a regulator of F-actin dynamics. Spermatogene-
sis. 2013; 3: e25385. hitps://doi.org/10.4161/spmg.25385 PMID: 24381802

Hoft DF, Farrar PL, Kratz-Owens K, Shaffer D. Gastric invasion by Trypanosoma cruzi and induction of
protective mucosal immune responses. Infect Immun. 1996; 64: 3800-3810.

Yoshida N. Trypanosoma cruziinfection by oral route: how the interplay between parasite and host
components modulates infectivity. Parasitol Int. 2008; 57: 105—109. https://doi.org/10.1016/j.parint.
2007.12.008 PMID: 18234547

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010788  October 3, 2022 20/21


https://doi.org/10.1016/0166-6851%2894%2990124-4
https://doi.org/10.1016/0166-6851%2893%2990227-O
https://doi.org/10.1016/s0166-6851%2801%2900245-6
https://doi.org/10.1128/IAI.00302-17
http://www.ncbi.nlm.nih.gov/pubmed/28607099
https://doi.org/10.1074/JBC.270.45.27244
http://www.ncbi.nlm.nih.gov/pubmed/7592983
https://doi.org/10.1016/0092-8674%2883%2990356-2
https://doi.org/10.1016/0092-8674%2883%2990356-2
http://www.ncbi.nlm.nih.gov/pubmed/6147196
https://doi.org/10.1083/jcb.108.2.377
https://doi.org/10.1083/jcb.108.2.377
http://www.ncbi.nlm.nih.gov/pubmed/2918022
https://doi.org/10.1016/j.actatropica.2011.10.017
http://www.ncbi.nlm.nih.gov/pubmed/22079376
https://doi.org/10.1186/s13071-016-1455-z
http://www.ncbi.nlm.nih.gov/pubmed/27038796
https://doi.org/10.1371/journal.pntd.0004883
https://doi.org/10.1371/journal.pntd.0004883
http://www.ncbi.nlm.nih.gov/pubmed/27483135
https://doi.org/10.3389/fcimb.2021.769722
http://www.ncbi.nlm.nih.gov/pubmed/34737979
https://doi.org/10.1038/sj.onc.1203877
https://doi.org/10.1038/sj.onc.1203877
http://www.ncbi.nlm.nih.gov/pubmed/11114741
https://doi.org/10.4161/spmg.25385
http://www.ncbi.nlm.nih.gov/pubmed/24381802
https://doi.org/10.1016/j.parint.2007.12.008
https://doi.org/10.1016/j.parint.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18234547
https://doi.org/10.1371/journal.pntd.0010788

PLOS NEGLECTED TROPICAL DISEASES T. cruzimucins that mediate host cell invasion interact with annexin A2

47.

48.

49.

50.

51.

52.

Covarrubias C, Cortez M, Ferreira D, Yoshida N. Interaction with host factors exacerbates Trypano-
soma cruzi cell invasion capacity upon oral infection. Int J Parasitol. 2007; 37: 1609—1616 https://doi.
org/10.1016/j.ijpara.2007.05.013 PMID: 17640647

Hoft DF. Differential mucosal infectivity of different life stages of Trypanosoma cruzi. Am J Trop Med
Hyg. 1996; 55: 360—-364. https://doi.org/10.4269/ajtmh.1996.55.360 PMID: 8916789

Veiga E, Cossart P. Listeria hijacks the clathrin-dependent endocytic machinery to invade mammalian
cells. Nat Cell Biol; 2005; 7: 894—900. https://doi.org/10.1038/ncb1292 PMID: 16113677

Mortara RA. Trypanosoma cruzi: amastigotes and trypomastigotes interact with different structures on
the surface of HelLa cells. Exp Parasitol. 1991; 73: 1—14. https://doi.org/10.1016/0014-4894(91)90002-
e

Zobiac N, Rescher U, Laarmann S, Michgehl S, Schmidt MA, Gerke V. Cell-surface attachment of ped-
estal-forming enteropathogenic E. coliinduces a clustering of raft components and a recruitment of
annexin 2. J Cell Sci. 2002; 115: 91-98. https://doi.org/10.1242/jcs.115.1.91 PMID: 11801727

Cortez M, Neira |, Ferreira D, Luquetti AO, Rassi A, Atayde VD, et al. Infection by Trypanosoma cruzi
metacyclic forms deficient in gp82 but expressing a related surface molecule, gp30. Infect Immun.
2003; 71.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010788  October 3, 2022 21/21


https://doi.org/10.1016/j.ijpara.2007.05.013
https://doi.org/10.1016/j.ijpara.2007.05.013
http://www.ncbi.nlm.nih.gov/pubmed/17640647
https://doi.org/10.4269/ajtmh.1996.55.360
http://www.ncbi.nlm.nih.gov/pubmed/8916789
https://doi.org/10.1038/ncb1292
http://www.ncbi.nlm.nih.gov/pubmed/16113677
https://doi.org/10.1016/0014-4894%2891%2990002-e
https://doi.org/10.1016/0014-4894%2891%2990002-e
https://doi.org/10.1242/jcs.115.1.91
http://www.ncbi.nlm.nih.gov/pubmed/11801727
https://doi.org/10.1371/journal.pntd.0010788

