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Abstract

Trypanosoma cruzi enters host cells by subverting the mechanism of cell membrane repair.
In this process, the parasite induces small injuries in the host cell membrane leading to cal-
cium entry and lysosomal exocytosis, which are followed by compensatory endocytosis
events that drive parasites into host cells. We have previously shown that absence of both
LAMP-1 and 2, major components of lysosomal membranes, decreases invasion of T. cruzi
into host cells, but the mechanism by which they interfere with parasite invasion has not
been described. Here we investigated the role of these proteins in parasitophorous vacuole
morphology, host cell lysosomal exocytosis, and membrane repair ability. First, we showed
that cells lacking only LAMP-2 present the same invasion phenotype as LAMP1/27 cells,
indicating that LAMP-2 is an important player during T. cruziinvasion process. Second, nei-
ther vacuole morphology nor lysosomal exocytosis was altered in LAMP-2 lacking cells
(LAMP27" and LAMP1/27 cells). We then investigated the ability of LAMP-2 deficient cells
to perform compensatory endocytosis upon lysosomal secretion, the mechanism by which
cells repair their membrane and T. cruzi ultimately enters cells. We observed that these
cells perform less endocytosis upon injury when compared to WT cells. This was a conse-
quence of impaired cholesterol traffic in cells lacking LAMP-2 and its influence in the distri-
bution of caveolin-1 at the cell plasma membrane, which is crucial for plasma membrane
repair. The results presented here show the major role of LAMP-2 in caveolin traffic and
membrane repair and consequently in T. cruziinvasion.

Author summary

Trypanosoma cruzi is the etiological agent of Chagas disease, a very debilitating illness that
has no efficient treatment to date. Better knowledge of the mechanisms involved with host
cell infection is important to change this scenario. T. cruzi enters host cells by subverting
the mechanism by which cells repair small injuries in their plasma membrane. In this
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process, parasites interact with host cells causing membrane injuries. These injuries lead
to secretion of lysosomal content to the extracellular media, which in turn causes the
internalization of plasma membrane wounds via endocytosis. During this endocytic pro-
cess the parasite is internalized by the host cell. We have previously shown that absence of
two proteins located at the lysosomal membrane, LAMP-1 and 2, severely interferes with
T. cruzi entry into host cells. In the present manuscript we show that absence of LAMP-2
alone is enough to compromise T. cruzi entry into host cells and it does so by compromis-
ing the endocytic events that follow lysosome secretion, which in turn is responsible for
driving T. cruzi into the host cell interior.

Introduction

Trypanosoma cruzi is the causative agent of Chagas disease. This parasite is naturally transmit-
ted through the feces of an infected vector, a triatomine bug, but transmission may also occur
through contaminated food, blood transfusion, placenta or organ transplantation [1]. There-
fore, although originally endemic to Latin America, where the vector is widespread, Chagas
disease is now found in non-endemic countries, especially in the southern part of the United
States and Europe due to human migration [2-5]. Chagas disease is a serious and debilitating
illness with a variable clinical course, ranging from asymptomatic to very serious cardiac and/
or gastrointestinal disease [6]. Available treatment is not efficient, especially considering the
chronic phase of the infection [7]. In order to survive and replicate in the vertebrate host, T.
cruzi needs to interact with and invade host cells. Therefore the comprehension of the mecha-
nisms involved in these processes is extremely important for the development of more efficient
treatment and disease control.

The parasite is able to invade a wide variety of cell lines, professional and non-professional
phagocytic cells. In order to gain entry into host cells, T. cruzi subverts the mechanism by which
cells repair small injuries in their plasma membrane. These small membrane tears lead to extra-
cellular calcium influx into the cell cytoplasm. Increase in intracellular calcium induces lysosome
recruitment and fusion at the site of injury, which leads to the release of an enzyme called acid
sphingomyelinase. This enzyme cleaves sphingomyelin, generating ceramide, which induces a
compensatory endocytosis event that carries the damaged site to the cell interior, resealing the
plasma membrane. In the case of T. cruzi, intracellular calcium increase may occur through a
series of molecules released by the parasite or located at its surface, which will trigger host signal-
ing events that promote a rise in intracellular calcium [8-12]. In parallel, T. cruzi is also able to
induce microinjuries at the host cell membrane, leading to calcium influx from the extracellular
media into the cells [13]. In both cases, calcium leads to lysosomal exocytosis at the site of para-
site attachment/injury [14, 15], followed by compensatory endocytosis events that pull T. cruzi
into host cells [13]. To the newly formed parasitophorous vacuole, more lysosomes fuse until the
entire vacuole is covered with lysosomal membrane markers. Lysosomal association and fusion
during T. cruzi host cell invasion is essential for the formation of a viable parasitophorous va-
cuole, without which parasites could exit host cells [15]. Lysosomes could be contributing to
anchor and drag parasite into host cells. In fact, we have previously shown that cells lacking
Lysosomal Associated Membrane Proteins 1 and 2 (LAMP1/2”" cells), the major integral mem-
brane proteins of lysosomes, are less susceptible to T. cruzi infection [16]. However, the mecha-
nism by which these proteins interfere with invasion is still unclear.

LAMPs are highly glycosylated proteins, rich in sialic acid, and estimated to cover approxi-
mately 80% of the lysosome luminal surface [17, 18]. Due to its high sialic acid content and the
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previously reported role of host cell sialic acid in T. cruzi invasion process [19-22], it has been
suggested that LAMP’s sialic acid moieties could be contributing to the invasion phenotype in
LAMP knock out cells [16]. However, despite being heavily sialylated and structurally very simi-
lar, LAMP-1 and 2 have only around 37% similarity in amino acid sequence [23, 24] and differ
in function, as revealed by the generation of LAMPI and 2 single knock out mice [18, 25-27].
Therefore we were interested in evaluating the real role of LAMP during T. cruzi invasion of
host cells. In order to evaluate the mechanism by which LAMP proteins participate in T. cruzi
host cell invasion, we decided to investigate the role of these proteins in known important events
involved in this process: parasitophorous vacuole morphology, host cell lysosomal exocytosis,
and membrane repair ability. For this, we used LAMP1/2”" cells in comparison to WT cells. In
parallel, we performed the same assays using LAMP2 single knock out fibroblast (LAMP2™"),
since the lack of LAMP-2 caused a more severe alteration in cells and mice [28, 29].

Materials and methods
Antibodies and reagents

Anti-mouse LAMP-1 mADb (1D4B), as well as anti-mouse LAMP-2 mAb (ABL-93), were
obtained from the Developmental Studies Hybridoma Bank. Anti-T. cruzi polyclonal antibod-
ies were obtained from serum of rabbits immunized with T. cruzi trypomastigotes as described
previously [30, 31]. Secondary antibodies, anti-rat IgG-Alexa fluor 488, anti-mouse-Alexa
fluor 488 and anti-rabbit IgG-Alexa fluor 546 were obtained from Thermo Fischer Scientific.

Cells and parasites

Mouse fibroblasts cell lines, derived from wild type (WT), LAMP1 and 2 (LAMP1/27") or
LAMP2 (LAMP2"") knock out C57BL6 mice, were obtained from a collection of cell lines
from Dr. Paul Saftig’s laboratory (Biochemisches Institut / Christian- Albrechts-Universitat
Kiel, Germany), which were previously generated by spontaneous immortalization of primary
fibroblasts in culture around passages 10-20 [18, 29, 32]. The cells were maintained in high-
glucose DMEM (Thermo Fischer Scientific) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin (100U/mL and 100ug/mL, respectively) and 1% glutamine
(DMEM 10%).

Tissue culture trypomastigotes (TCTSs) from the T. cruzi Y strain were obtained from the
supernatant of infected LLC-MK2 monolayers and purified as described by Andrews et al.
(1987) [30].

T. cruziinvasion assay

For invasion assays, 4x10* cells (WT, LAMP1/2”" and LAMP2”" fibroblasts) in high glucose
DMEM 10% were plated in each well of a 24-well plate, containing 13mm round glass cover-
slips. Cells were plated 24 h before the experiment and incubated at 37°C and 5% CO,. Cells
were then exposed to T. cruzi TCTs Y strain for 20 min at 37°C at a multiplicity of infection
(MOI) of 100. After parasite exposure, the monolayers were washed 4 times with phosphate
buffered saline containing Ca** and Mg”* (PBS+/+), in order to remove the non internalized
parasites, and fixed in paraformaldehyde 4% overnight. After fixation, cells were processed for
immunofluorescence.

Immunofluorescence and quantification of parasite invasion

After fixation, coverslips with attached cells were washed three times in PBS, incubated for 20
min with PBS containing 2% BSA and processed for an inside/outside immunofluorescence
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invasion assay as described previously [30]. Briefly, extracellular parasites were immunos-
tained with rabbit anti-T. cruzi polyclonal antibodies in a 1:500 dilution in PBS/BSA for 1h at
room temperature, washed and labeled with Alexa Fluor-546 conjugated anti-rabbit IgG anti-
body (Thermo Fischer Scientific) in a proportion of 1:500 in PBS/BSA for 45min.

After the inside/outside immunofluorescence staining, host cell lysosomes were also im-
munostained using a 1:50 dilution of either rat anti-mouse LAMP-1 hybridoma supernatant
(1D4B) or rat anti-mouse LAMP-2 hybridoma supernatant (Abl 93) in PBS/BSA/saponin
and the appropriate fluorescent labeled secondary antibody anti-rat IgG-Alexa fluor 488, as
described previously [15, 30]. After that, the DNA of host cells and parasites was stained for 1
min with DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride—Sigma), 0,1uM in PBS,
mounted, and examined on an Olympus BX51 microscope equipped with a Q color 3 camera
controlled by the ImagePro Express Software (Olympus).

Transmission Electron Microscopy and analyses of parasitophorous
vacuole morphology

WT, LAMP1/2”" and LAMP2™" fibroblasts were infected with T. cruzi TCTs at a MOI of 100
for 20 min, washed in PBS+/+ and then fixed with 2.5% Glutaraldehyde in 0.1M PHEM buffer
(5mM MgCl,.6H,0, 70mM KCI, EGTA 10mM, HEPES 20mM, PIPES 60mM), pH7.2. After
fixation cells were gently scraped off with a rubber policeman, harvested by centrifugation and
incubated in 3% low melting agarose. The hardened agarose with the sample was cut into
small pieces and washed in PHEM buffer. All samples were post-fixed with 2% osmium tetrox-
ide containing 1.5% potassium ferrocyanide in PHEM buffer for 1h at room temperature. The
cells were dehydrated using increasing concentrations of graded acetone before embedding
the pellet in Araldite. Ultrathin sections in 200 mash copper grids were stained with lead citrate
and analyzed on Tecnai G2-12 -SpiritBiotwin FEI electron microscope. Quantification of vac-
uole volume density was performed by the ratio between the total area of the vacuole and the
parasite area, using the Image ] software. Values closer to 1 indicate a tight vacuole, while val-
ues greater than 1 indicate looser vacuoles.

B-hexosaminidase assay

To evaluate the lysosomal exocytosis, a B-hexosaminidase secretion assay was performed
according to previous work [31]. Briefly, WT, LAMP1/2”" and LAMP2”" cells were treated
with Ionomycin (Calbiochem) 5 and 10 pM for 10 min at 37°C. After treatment, cell extracel-
lular media was collected and cells were lysed with Triton x-100 (Sigma) 1% in PBS. Extracellu-
lar media and cell lysates were incubated with 50uL of B-hexosaminidase substrate, 6mM 4
methylumbelliferyl-N-acetyl-B-D-glucosaminide (Sigma-Aldrich), dissolved in Na-citrate-
PO, buffer (pH4.5). After 15-20 min of incubation at 37° the reactions were stopped by adding
100uL of stop solution (2M Na,CO5-H,O, 1.1M glycine). 100pL of this solution was used for
reading at 365nm of excitation and 450 nm of emission in a spectrofluorimeter (Synergy 2,
Biotek in the Center of Flow Cytometry and Fluorimetry, Department of Biochemistry and
Immunology, ICB-UFMG).

Compensatory endocytosis assay after cell injury

Compensatory endocytosis after injury was measured using a scrape wound assay followed by
trypan blue fluorescence quenching, as previously described [33]. Briefly, WT cells were grown
in 10cm plates, washed with HBSS at 4°C containing or not containing 1.8mM Ca** and labeled
on the plasma membrane with 1ug/mL wheat germ agglutinin (WGA)-Alexa Fluor 488 (Invi-
trogen) for 1 minute at 4°C, followed by two more washes in HBSS. Cells were then wounded
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by scraping in the presence or absence of Ca®" and incubated for 2 minutes at 37°C with 0.2%

trypan blue before washing and FACS analysis. Due to WGA-Alexa Fluor 488 susceptibility to
quenching by the membrane impermeable trypan blue, Alexa Fluor 488 fluorescence measure-
ment will correspond to the amount of membrane endocytosed after trypan blue exposure.

Acid sphingomyelinase exocytosis and detection

WT, LAMP1/2 and LAMP2 knockout cells were plated on 10 cm round dishes 24 hours prior
to experiments at 2 x 10° cells/dish. Cell monolayers were washed 3 X with PBS and incubated
at 4° C with 2 mL of cold HBSS media containing Ca**. To induce PM damage, exocytosis of
lysosomes and PM repair each cell type was scrapped at 4° C, gently re-suspended with a sero-
logical pipette and incubated at 37° C for 5 minutes to induce lysosomal secretion and plasma
membrane repair. As controls, non-scraped cells were incubated for 5 minutes at 37° C and
the media were collected to assess constitutive exocytosis. The suspensions containing the exo-
cytosed content from lysosomes were transferred to ice and centrifuged for 30 minutes at
10,000 gin order to remove possible detached cells. The supernatants containing the enzymes
released from lysosomes were concentrated 20 times using 3 kDa Amicon Ultra filter units
and analyzed by SDS-PAGE and Western Blot. Immunoblot assay was performed using rabbit
polyclonal anti-ASM (Abcam ab83354). Protein samples were prepared with reducing sample
buffer, boiled, separated on 10% SDS-PAGE and blotted onto nitrocellulose membranes (Bio-
Rad) using the Trans-Blot transfer system (Bio-Rad) for 1 hour and 30 minutes at 100 V. The
membrane was blocked for 1 h with 5% milk solution. After incubation with the primary anti-
body and peroxidase conjugated secondary antibody, detection was performed using Lumi-
nata Forte Western HRP Substrate (Millipore) and a Fuji LAS-4000 Imaging System with
Image Reader LAS-4000 software (Fuji).

Membrane injury and repair assays

WT, LAMP1/2”" and LAMP2 cells were cultured in 35mm culture dishes (3x10° cells/dish) at
37 Cin 5% CO, in DMEM 10%. After 24 hours, cell monolayers, treated or not with MBCD,
were washed at 4 C with Ca®*-free PBS followed by two more washes in Ca**-free PBS. Cells
were then incubated with HBSS containing Ca®" at 4 C, wounded by scrapping and incubated
for 5 minutes at 37 C, to allow plasma membrane repair. Afterwards, cells were incubated at
4'C for 5 minutes with Propidium Iodide (PI) (10pg/mL in HBSS). For hitting control, cells
were incubated with Ca®*-free HBSS at 4 C, wounded by scraping in the presence of PI and
incubated for 5 minutes at 37 C. Alternatively, cell monolayers were injured by incubation with
DMEM 10% containing PI (10pg/mL) in the presence or absence of T. cruzi TCTs Y strain for
30 min at 37°C at a multiplicity of infection (MOI) of 100. After flow cytometry (FACS Scan;
Becton Dickinson), the data were analyzed using FlowJo v10.1 software (Tree Star, Inc.).

Actin cytoskeleton labeling

WT, LAMP1/2”" and LAMP2 ™" cells were plated on 24 well plates containing 13 mm round
coverslips at a density of 5x10* cells/well 24 hours before the assay. Cells were then fixed with
paraformaldehyde (PFA) 4% for 1 hour at 4 C. After fixation, coverslips with attached cells
were washed three times in PBS+/+, permeabilized with Triton X-100 0.1% (Sigma-Aldrich)
and incubated for 30 min with PBS+/+ containing 1% BSA (PBS/BSA 1%). For labeling poly-
merized actin, cells were incubated with Phalloidin-Alexa Fluor 546 (Thermo Fischer Scien-
tific) using a dilution 1:40 in PBS/BSA 1% at room temperature, followed by three additional
washes. Labeled coverslips were mounted on glass slides and examined on a Zeiss Axio
Imager.Z2 (ApoTome.2 structured illumination system) microscope.
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Plasma membrane cholesterol quantification

Plasma membranes (PM) from WT, LAMP1/2”" and LAMP2™" cells were separated from
nuclei and large granule fraction through differential centrifugation and subsequently isolated
from endoplasmatic reticulum using equilibrium density ultracentrifugation as previously
described [34], with few modifications. After isolation, PM subfraction was saponified with 25
ml ethanolic sodium hydroxide (1M) under heating. The unsaponifiable phase (enriched in
cholesterol) was extracted with ethyl acetate and dried out overnight. The unsaponifiable mat-
ter was treated with N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) to obtain trimethyl-
silyl (TMS) derivatives [35]. Gas chromatography (GC) analyses were performed in a gas chro-
matograph HP7820A (Agilent) equipped with a flame ionization detector. An HP5 column
(Agilent; 30 m x 0.32 mm x 0.25um) was used following a ramp protocol starting from 250°C
at a rate of 10°C/min for 5 min, with an injector (split 1:30) at 300°C and a detector at 300°C.
Hydrogen was used as the carrier gas (3 ml/min); and an injection volume of 3pl. Peak identifi-
cation and cholesterol concentration were obtained comparing peak areas with a standard
curve using known concentration of cholesterol (Sigma-Aldrich) derivatized under same
conditions as samples. The final content of cholesterol was normalized by total protein con-
centration taken from particle free supernatant obtained during PM subfraction isolation and
protein concentration was determined according to Lowry et al. using bovine serum albumin
as standard [36].

Caveolin detection

For Western blot detection of total caveolin-1 content, WT, LAMP1/2”" and LAMP2”" cells
were plated the day before, scraped and lysed with RIPA buffer (25mM Tris-HCl pH 7.6,
150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Protein content was measured,
samples were prepared with reducing sample buffer, boiled and 50 pg of protein were loaded
in each lane on a 12% SDS-PAGE. After transfer (see above-same as for acid sphingomyelinase
(ASM) detection) the membrane was incubated with anti-Caveolin 1 (BD—-cat. # 610406)
diluted 1:2000. Detection and imaging were performed as described for ASM detection.

For immunofluorescence labeling, WT, LAMP1/2”" and LAMP2 ™" cells were plated onto
round glass coverslips the day before, fixed in 4% paraformaldehyde for 10 min and washed 3
x in PBS, followed by incubation for 45 min at room temperature in PBS containing 2% BSA
and 0.05% saponin (PBS/BSA/saponin). Cells were then incubated for 2 h with anti-Caveolin
1 (BD-cat. # 610406) antibody diluted 1:500 in PBS/BSA/saponin, washed, followed by 1 h
incubation with secondary anti-mouse antibodies conjugated with Alexa Fluor 488 (Thermo
Fischer Scientific) diluted 1:500 in PBS/BSA/saponin. Coverslips were mounted using Pro-
LonglGold antifade reagent (Thermo Fischer Scientific) and imaged using a Zeiss Axio
Imager.Z2 (ApoTome.2 structured illumination system) microscope with an Axiocam 503
monochrome camera controlled by the Zen Blue Software (Zeiss). Alternatively, cells were
imaged in a Zeiss Axio Imager.Z2 Microscope to create a 3D reconstruction, which has been
made following capture of 16 optical sections with an approximate 0.93um interval, using the
63x oil objective. The 3D imaging stack has been reconstructed using Zen Blue Software.

Results

LAMP2" cells are as refractory to T. cruziinvasion as LAMP1/27

cells

We first decided to test the influence of lysosomal integral membrane protein 2, LAMP-2,
in T. cruzi cell infection, when compared to LAMP1/2” deficient or WT control fibroblasts.
It had been shown before that LAMP-1 deficiency had little effect on cell morphology,
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Number of parasites/ 100 cells

metabolism or viability and led to overexpression of LAMP-2 in cells, suggesting that LAMP-2
might compensate for LAMP-1 deficiency [25]. On the other hand, LAMP-2 deficiency in
mice led to a series of lysosomal defects, which together compromised mice viability [27, 28].
For this, we performed cell invasion assays using fibroblast cell lines generated from a LAMP2
knock out mouse (LAMP2” fibroblasts) and compared to the invasion rates obtained from
WT and LAMP1/2 double knock out mouse (LAMP1/2” fibroblasts) [29]. The phenotypes of
the cell lines were confirmed through immunolabeling with both anti LAMP-1 and LAMP-2
antibodies (S1 Fig).

As expected from previous data from our group [16], lack of both LAMP-1 and 2led to a
reduction in the invasion rate of T. cruzi TCTs when compared to WT fibroblasts (Fig 1A-
1C). The number of internalized parasites per 100 counted cells (Fig 1A), as well as the per-
centage of infected cells (Fig 1B) in LAMP1/2”" fibroblast cultures are about 3 times lower
when compared to their WT counterparts. The same was observed for LAMP2™" fibroblasts,
revealing that absence of LAMP-2 alone was sufficient to reduce T. cruzi invasion rates to the

B

80+ | ———|

60+

20+

504 -

~—
1 T COWT
1

30- B LAMP1/2*
ELAMP2*
20+

Percentage of infected cells

LAMP1/2" LAMP2--

Fig 1. LAMP-2 deficiency is enough to compromise T. cruziinvasion in host cells. WT, LAMP1/2”- or LAMP2™" fibroblasts monolayers were
exposed to Tissue Culture derived Trypomastigotes (TCT) from Y strain at a MOI of 50 for 20 minutes, washed, fixed and then processed for
immunofluorescence detection of total intracellular parasites. Quantitative analysis of parasite infection rates in the three fibroblast cell lines was
determined by the number of internalized parasites per 100 counted cells (A), as well as the percentage of infected cells (B). Data are shown as

mean of triplicates +SD. Asterisks indicate statistically significant differences (p<0.05, Student’s t test) between WT and LAMP deficient cells. (C)
Representative panels of T. cruziinvasion in the three different fibroblast cell lines revealed by immunofluorescence labeling. Cell and parasite nuclei,
as well as parasite kinetoplast DNA, were labeled with DAPI (blue); extracellular parasites in the field were labeled with anti- T. cruzi antibody followed
by secondary IgG labeled with Alexa Fluor 546 (red). White arrows indicate intracellular parasites, while red arrows indicate extracellular parasites.
Data shown are representative of three independent experiments.

https://doi.org/10.1371/journal.pntd.0005657.9001
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same level observed for LAMP1/2”"" fibroblasts and indicating a primary role for this protein
in the invasion process (Fig 1A-1C).

LAMP-2 deficiency does not affect T. cruzi parasitophorous vacuole
morphology

Interaction of T. cruzi with its vacuolar membrane has been shown to interfere with parasite
invasion ability [22]. Therefore, we decided to test whether, in the absence of LAMP proteins,
parasite interaction with its vacuole was compromised, contributing to the decreased cell
invasion observed in LAMP knock out cells. For this, we evaluated parasitophorous vacuole
morphology in the different cell lines (WT, LAMP1/2”" and LAMP2”" fibroblasts) through
Transmission Electron Microscopy (TEM). TEM images of parasitophorous vacuoles contain-
ing recently internalized trypomastigotes, in the different cell lines (Fig 2A-2C), were pro-
cessed using the software Image ] and the ratio between the parasitophorous vacuole and
parasite areas were calculated (Fig 2D). As expected, membranes of parasite and vacuole

were tightly apposed to each other in WT cells, showing almost no intravacuolar space
between parasite plasma membrane and parasitophorous vacuolar membrane (Fig 2A). The
same was observed for LAMP1/2”" or LAMP2™" fibroblasts (Fig 2B and 2C, respectively).
Quantification of the ratio between vacuolar area and parasite area confirmed that presence or
absence of LAMP did not interfere with vacuolar morphology (Fig 2D). The ratio between

OwT
l LAMP1/2*
= LAMP2+

O

1.5

H

1.0

0.5

vacuole area/
Parasite area

0.0

Fig 2. Absence of LAMP does not interfere with parasitophorous vacuole morphology. Transmission Electron Microscopy
images of parasitophorous vacuoles from WT (A), LAMP1/27" (B) e LAMP2™ (C) cells. Red arrows indicate parasite membrane and
black arrows indicate parasitophorous vacuole membrane. (D) Graph shows the rate between parasitophorous vacuole and parasite
areas. Data are shown as mean from 15 observed vacuoles +SD from each cell line, WT, LAMP1/2”- and LAMP2™". No statistically
significant differences were observed (P < 0,05, Student’s T test).

https://doi.org/10.1371/journal.pntd.0005657.9g002
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parasitophorous vacuole and parasite areas for all three cell lines were very close to one, show-
ing that the two membranes, parasite and vacuolar, were intimately associated even in the
absence of LAMP.

LAMP-2 deficiency does not impair lysosomal exocytosis

As it is well known, T. cruzi invasion depends on lysosomal secretion induced by calcium sig-
naling events [14, 37], followed by compensatory endocytosis, which drives parasites into host
cells [13]. To test whether impairment in T. cruzi entry was due to deficiency in lysosomal
exocytosis in cells lacking LAMP-2, we performed a lysosomal exocytosis assay using WT,
LAMP1/2”" and LAMP2 ™" fibroblasts stimulated with Tonomycin, a calcium ionophore. Cells
were exposed to Ionomycin in two different concentrations, 5 and 10uM and lysosomal exocy-
tic events were measured by assaying B-hexosaminidase activity in cell culture supernatants.
Supernatant of non-treated cells showed very little amounts of enzyme activity, as expected.
On the other hand, treatment with Ionomycin did trigger lysosomal exocytosis in all cell lines,
as it is demonstrated by the increase in B-hexosaminidase activity values in the cell supernatant
upon treatment (Fig 3A). Treatment with 5 or 10uM of the drug led to the same exocytic values
in all cell lines. Additionally and most important, no difference in lysosomal content release
was observed among the distinct cell lines either before or after cell stimulation with the drug,
indicating that absence of LAMP does not affect host cell lysosomal exocytic ability and could
not contribute to the invasion phenotype observed for LAMP-2 deficient cells.

LAMP-2 deficiency seriously affected compensatory endocytosis events
induced by membrane injury

Once neither exocytosis nor vacuole morphology were compromised by LAMP deficiency,

we decided to test whether compensatory endocytosis induced by these exocytic events, an-
other important step of T. cruzi induced entry process [13], was affected. Compensatory endo-
cytosis was measured by FACS analysis after scrape wounding using a trypan blue quantitative
quenching assay [33, 38]. For this, WT, LAMP1/2”" and LAMP2”" fibroblasts were treated
with WGA-Alexa Fluor 488, upon which cell membranes were fluorescently labeled, submitted
to scrape wounding in the presence or absence of calcium and allowed to recover from injury.
In this process, scrape wounding of plasma membrane will induce lysosome secretion, which
will trigger compensatory endocytosis carrying the damaged WGA-Alexa Fluor 488 labeled
membrane to cell interior. Cell external fluorescence was then quenched by trypan blue, to
keep only fluorescence from internalized membranes, and cells were read using FACS. In the
absence of calcium, endocytosis events were minimal, while in the presence of calcium endo-
cytosis reached its maximum, enhancing intracellular WGA- Alexa Fluor 488 fluorescence. As
observed in Fig 3B, a significant increase in intracellular WGA- Alexa Fluor 488 fluorescence
is observed when WT cells were submitted to scrape wounding in the presence of calcium.
However, no increase in intracellular WGA- Alexa Fluor 488 fluorescence was observed when
LAMP1/2" and LAMP2 ™" fibroblasts were submitted to the same procedure, indicating that
LAMP-2 plays a critical role in the process of membrane repair by interfering with compensa-
tory endocytosis after lysosome secretion (Fig 3B).

Since the endocytic process triggered by lysosomal secretion during membrane injury
events is dependent on lysosomal acid sphingomyelinase (ASM) action on the extracellular
leaflet of PM, we decided to evaluate whether ASM was present in the lysosomal secreted
content during PM repair in WT, LAMP1/2”" and LAMP2”" cells. As shown in Fig 3C, the
enzyme was normally exocytosed from lysosomes in all cell lines during resealing of mech-
anical wounds provoked by scraping. Thus, the defect in endocytosis observed in LAMP-2
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Fig 3. Absence of LAMP does not affect lysosomal exocytosis, but do interfere with compensatory endocytosis events. (A) Lysosome exocytosis
assay. WT, LAMP1/2”- or LAMP2” fibroblasts monolayers were exposed to 5 or 10uM lonomycin for 10 minutes at 37°C, in the presence of calcium. Both
extracellular media and lysates were collected and assayed for beta-hexosaminidase activity. Results are shown as the ratio between extracellular media
B-hexosaminidase activity and total B-hexosaminidase activity (extracellular media plus cell lysate hexosaminidase activity). Non treated cells were used
as lysosomal exocytosis negative control. Data are shown as mean of triplicates +SD. Asterisks indicate statistically significant differences (p < 0.05,
Student’s t test) between control and treated cells. (B) Measurement of compensatory endocytosis events induced by membrane injury. Cells were labeled
with WGA-Alexa Fluor 488, submitted to membrane injury by cell scraping in the presence (red) or absence (blue) of calcium, and then incubated with
trypan-blue to eliminate plasma membrane labeling. Only fluorescence from internalized membranes was preserved. The endocytosis was then quantified
by FACS analysis. Histograms show the number of cells displaying WGA-Alexa Fluor labeling for the different fibroblast cell lines, WT, LAMP1/27" and
LAMP27". Bars above the curves indicate the median of the fluorescence for each condition (with or without calcium). Data shown are representative of
three independent experiments. (C) Detection of ASM in the supernatant of control non-scraped cells, and cells that had been subjected to scrape
wounding and membrane repair. Supernatants of WT, LAMP1/2”" and LAMP2™", in the different conditions, were run on a gel, blotted onto nitrocellulose
membranes and revealed using an anti-ASM antibody. The panel shows the presence of ASM in the supernatant of all three cells, only upon wounding and
membrane repair.

https://doi.org/10.1371/journal.pntd.0005657.9003
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deficient cells was not due to lack of ASM secretion and it is most likely due to events down-
stream of lysosomal secretion.

LAMP absence interferes with membrane repair efficiency

If endocytosis induced during plasma membrane repair was compromised in LAMP-2 deficient
cells we should also observe a defect in these cells’ ability to repair their plasma membrane. To
test whether cells lacking LAMP were really deficient in repairing injured membranes, an event
that requires compensatory endocytosis, we performed a plasma membrane repair assay using
the membrane impermeable fluorophore propidium iodide (PI). For this, cells were exposed to
PI during or after scraping. In the first experiment, cells were exposed to PI during scraping to
measure the efficiency in mechanical wounding of plasma membrane. Therefore, PI labeled
cells provided the total number of cells injured by scraping from plates (Fig 4A). Scraping in the
presence of PI resulted in 94.7% of WT cells injured by scraping, while only 5.3% were not
injured in this process. A similar amount of injured/non-injured cells was found for LAMP1/
27 and LAMP2™" (95.7% / 4.3% and 96.5% / 3.5%, respectively). In the second experiment, cells
were exposed to PI after scraping in order to measure cells’ ability in repairing injured mem-
brane. In this case, PI labeled cells provided the total number of cells unable to recover from
membrane injury. On the other hand, cells that excluded the fluorophore included the cells that
were never injured and the ones that had been injured, but were able to repair their membranes
(Fig 4B). In order to calculate the percentage of cells that recovered from injury by membrane
repair, for each cell type, we subtracted the percentage of not injured cells given by the first
experiment (Fig 4A, PI-) from the total percentage of viable cells given by the second experi-
ment (Fig 4B, PI-). As shown in Fig 4A and 4B, 5.3% of cells were negative for PI when exposed
to the fluorophore during scraping, while 36.8% of cells were negative for PI when exposed to
the fluorophore after scraping, indicating that 31.5% of cells recovered from injury by plasma
membrane repair. On the other hand, only 7.7% (12% - 4.3%) of LAMP1/2”"" cells and 19%
(22.5% - 3.5%) of LAMP2 ™" cells were able to recover from membrane injury. This result con-
firms the importance of LAMP-2 for the membrane repair process.

In order to confirm that the decreased invasion in cells lacking LAMP-2 was due to their
deficiency in compensatory endocytosis and not an inability of these cells to be injured by T.
cruzi, we have also measured membrane injury, using the parasite as the source of membrane
tear. For this, cells were exposed to T. cruzi trypomastigotes for 30 minutes in the presence of
PI. Cultures not exposed to the parasite, but incubated with PI for the same amount of time,
were used as controls in order to measure membrane injuries that may occur even in the
absence of the parasite. As shown in Fig 4C, upon parasite exposure, it was possible to observe
an increase in the number PI positive events for all cell lines (WT, LAMP1/2”" and LAMP27")
when compared to control condition (cell cultures without parasite exposure). WT cells
exposed to T. cruzi showed about 7.3% more PI positive cells than its respective control, fol-
lowed by LAMP1/2”" with 9.9% and LAMP2™~ with 15.2% of PI positive cells (Fig 4D).

LAMP absence interferes with cholesterol content, as well as caveolin-1,
at the plasma membrane

LAMP absence, especially LAMP-2, had been previously shown to induce cholesterol accumu-
lation in lysosomes [26, 29]. The latter could compromise the levels of cholesterol delivered to
the cell plasma membrane and consequently interfere with caveolin-1 distribution at the cell
surface, which is important for the compensatory endocytosis process triggered during mem-
brane repair [39]. Since plasma membrane cholesterol sequestration using MBCD has been
shown to induce actin stress fiber formation [31], we first decided to evaluate the actin
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Fig 4. Absence of LAMP-2 does interfere with membrane repair. (A-B) WT, LAMP1/2” or LAMP2”" were
submitted to membrane injury by cell scraping. (A) Cells were scraped in the presence of Propidium lodide
(P1). Histograms show the number of cells presenting Pl labeling (Pl +), which represent the number of cells
that suffered injury during scraping, while cells excluding PI represent those that didn’t suffer membrane
injury. Bars above the curve indicate the percentage of injured (P1 +) and non-injured cells (PI -). (B) Cells
were scraped in the absence of PI, allowed to reseal, and then exposed to PI. Histograms show the number of
PI + and Pl—cells, which represent the ones that did not or did recover from injury, respectively. Bars above
the curve indicate the percentage of non-viable (PI +) and viable cells (PI -). (C) Cells were exposed or not to
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T. cruzitrypomastigotes for 30 minutes in the presence of Propidium lodide (PI1). Blue curves represent
control cultures, without parasite exposure, while red curves represent cell cultures exposed to T. cruzi.
Histograms show the number of cells presenting Pl labeling (PI +), which represent the number of cells that
suffered injury, while cells excluding Pl represent those that didn’t suffer membrane injury. Bars above the
curve indicate the percentage of injured (Pl +) and non-injured cells (PI -) in the presence or absence of T.
cruzi. (D) Difference in the percentage of Pl+ cells between control and T. cruziexposed cell cultures. Asteriks
indicate statistically significant differences p<0.05. Data shown are representative of three independent
experiments.

https://doi.org/10.1371/journal.pntd.0005657.g004

cytoskeleton organization in WT, LAMP2”" and LAMP1/2”" using phalloidin staining of actin
filaments. Analysis of the actin organization revealed that cells lacking LAMP-2 (LAMP2"
and LAMP1/27") showed a differential organization of actin stress fibers in their cytoplasm,
especially at the cell periphery, strongly suggesting that cholesterol content at the plasma mem-
brane level was compromised in these cells (Fig 5A). In order to prove that the cholesterol con-
tent at the plasma membrane of cells lacking LAMP-2 was in fact lower when compared to
WT cells, we prepared lipid extracts from cell plasma membrane and measured the cholesterol
content. Cells lacking LAMP-2 showed a reduction of 70% in the levels of cholesterol at the
cell plasma membrane when compared to WT cells (Fig 5B).

We also labeled caveolin-1 using an anti-cavl antibody and a secondary conjugated with
Alexa-Fluor-488. WT cells show caveolin staining in cell interior, seen as small dots, as well as
a very strong labeling at the cell surface (Fig 6A, S3 Fig and S1 Video). On the other hand, in
cells lacking both LAMP-1 and 2 no surface labeling is observed, only the doted labeling in cell
interior (Fig 6A, S3 Fig and S1 Video). LAMP2-/- cells show a profile similar to LAMP1/2”"
cells, although in the first it is possible to see some labeling at the cell surface in few cells (Fig
6A, S3 Fig and S1 Video). In order to show that the amounts of caveolin produced by these
cells were the same and only the distribution was different, we also evaluated by Western Blot
the total amount of caveolin-1 in protein cell extracts. As it can be seen in Fig 6B and 6C, WT,
LAMP1/2”" and LAMP2™" cells have the same amount of Caveolin-1.

Discussion

In order to gain entry into host cells, T. cruzi stimulates them by interacting with their proteins
and /or producing small injuries in their plasma membrane [10, 12, 40-42]. These events lead
to the increase in intracellular calcium, which will in turn trigger lysosome exocytosis [43-45].
The latter is followed by a compensatory endocytic event that carries the parasite into the host
cell [13]. Lysosomes have also been shown to be important for parasite retention inside cells
[15]. Therefore these organelles have a pivotal role during T. cruzi invasion.

Lysosomal proteins LAMP-1 and 2 have been shown before to interfere with parasite inva-
sion, since LAMP1/2 knock out cells led to very low levels of cell infection. LAMPs are not
only the most abundant, but also highly glycosylated proteins, rich in sialic acid, and estimated
to cover about 80% of the luminal surface of this organelle [17, 18, 46, 47]. Since sialic acid
had been shown to be important for T. cruzi entry into host cells, it had been proposed that
those residues could contribute to the observed LAMP knock out phenotype [16, 21, 48]. How-
ever, cells lacking only LAMP-2 were able to reproduce the invasion defect produced by abro-
gation of both LAMP proteins, strongly suggesting that LAMP-2 alone was responsible for the
LAMP1/2”" invasion phenotype and that sialic acid moieties, specifically from LAMPs, were
most likely not important for this process. This was reinforced by the fact that parasitophorous
vacuole morphology was not altered in LAMP2”" or LAMP1/2”" cells as compared to WT
cells. It had been shown before by Lopez and co-workers (2002) that cells lacking sialic acid are
less susceptible to infection and that this phenotype was a result of the formation of a looser
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Fig 5. Absence of LAMP-2 leads to actin cytoskeleton rearrangement and decrease in cholesterol levels at
the cell plasma membrane. (A) WT, LAMP1/2”" or LAMP2 cells were submitted to phalloidin staining and
analyzed in a fluorescence microscope. Arrows indicate the presence of the long actin stress fibers. (B) WT,
LAMP1/27 or LAMP2 cells were submitted to lipid extraction from plasma membrane and the amount of
cholesterol content evaluated. Plasma membrane cholesterol of LAMP2” and LAMP1/2” was measured as a
percentage the plasma membrane content of WT cells, which was set as 100. Asterisk above bars indicate
statistically significant differences.

https://doi.org/10.1371/journal.pntd.0005657.9005

vacuole, where membranes of parasite and vacuole were not tightly apposed [22]. Altogether
these data reinforced that intrinsic characteristics of LAMP-2, other than its sialic acid residues
were important for T. cruzi invasion of host cells.

In order to investigate how LAMP-2 was involved with T. cruzi host cell invasion, we evalu-
ated the different steps involved with parasite internalization. First we investigated the ability
of these LAMP2 knock out cells to perform lysosomal exocytosis. It had been shown before
that lysosome fusion with phagosomes was somewhat disturbed in LAMP1/27" cells [49], indi-
cating that lysosome mobility could be affected upon loss of LAMP. We showed that this was
not the case, since upon stimuli these LAMP knock out cells were able to induce lysosome exo-
cytic events. These data corroborate previous work from our group, which had shown that no
parasite loss was observed in LAMP1/27 cells [16], as would be expected when lysosomal
fusion is blocked [15].

On the other hand we showed that compensatory endocytosis triggered by lysosomal exo-
cytosis is compromised in cells lacking LAMP-2 (LAMP2”" and LAMP1/2™"). These compen-
satory endocytic events are extremely important during membrane repair, since they are
responsible for removing the injured membrane and promoting membrane resealing, without
which cells would die [33, 38]. In fact, we showed here that LAMP-2 deficiency leads to more
death of scraped injured cells. Although the latter could be explained by a compensatory endo-
cytosis defect, it could also be a consequence of the fact that these cells are more prone to
injury by scraping when compared to WT cells. The higher the number of injuries in one cell
could lower its chance of membrane repair and recovery. In fact a larger number of cells pre-
senting higher PI labeling values, was observed for cells lacking LAMP-2. The same was
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Fig 6. Absence of LAMP leads to decrease in caveolin associated with cell plasma membrane. (A) WT, LAMP1/2”, or LAMP2™" cells were fixed,
submitted to labeling with anti-caveolin 1 and analyzed in a fluorescence microscope. Arrows indicate the presence of caveolin-1 at the cell surface. Details
of each image are shown on the side. (B) WT, LAMP1/2”" or LAMP2™" cells were submitted to total protein extraction. Extracts were run on a gel, blotted
onto nitrocellulose membranes and revealed using an anti-caveolin 1 antibody. The panel shows the presence of caveolin in the protein extracts from all
three cells. (C) Graph shows the quantification of the amount of total caveolin in the different cell types.

https://doi.org/10.1371/journal.pntd.0005657.g006

observed when we used the parasite as the source of injury. This susceptibility to membrane
injury is probably linked to the fact that cells deficient in LAMP-2 retain cholesterol in lyso-
somes [29, 50]. LAMP-2 has been shown to bind cholesterol and help in its traffic to the plasma
membrane [51], leading to less cholesterol at the cell surface, as demonstrated here. The
decrease in the levels of cholesterol at the cell plasma membrane leads to actin cytoskeleton
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reorganization and cell stiffening [31, 52], which could make cells more prone to mechanical
injury. We then tested whether cells pre-treated with MBCD, a drug able to decrease cholesterol
from cell plasma membrane and induce actin cytoskeleton rearrangement would also lead to
increased cell injury and death. In the conditions tested here, even though MBCD treated cells
were more prone to injury by scraping, they were almost as efficient as non-treated cells in
recovering from injury (see S2 Fig). Therefore, the inability of LAMP-2 deficient cells in recov-
ering from injury should really be due to their inability to endocytose the injured membrane
and not due to the fact that they are excessively injured.

We further investigated why compensatory endocytosis events were compromised in cells
lacking LAMP-2. Compensatory endocytosis triggered by lysosomal exocytic events are depen-
dent on the secretion of Acid Sphingomyelinase (ASM), an enzyme that cleaves sphingomyelin
into ceramide inducing its coalescence and membrane internalization [33]. The levels and
secretion of ASM were not altered in LAMP-2 deficient cells. This corroborates previous data
by Eskelinen and coworkers (2004), which showed that although these LAMP-2 deficient
fibroblasts present an accumulation of autophagic vacuoles no deficiency in protein degrada-
tion was observed, indicating that lysosomal enzyme content seemed to be unaffected by
LAMP-1 or 2 deficiency [29]. Additionally, contrary to other cellular models of cholesterol
storage defects, such as NPC (Niemann-Pick type C) patient cells, it has been demonstrated
that LAMP1/2” cells do not show significant differences in the levels of sphingomyelin, cer-
amide and gangliosides at the cell surface when compared to WT cells. Therefore, not only
ASM but also its substrate were available to trigger endocytosis in cells lacking LAMP-2 [50].
Thus subsequent events had to be responsible for the compensatory endocytosis defect.
LAMP1/2”"" fibroblasts had also been shown to have a marked defect in the maturation of
autophagosomes and phagosomes to degradative autolysosomes and phagolysosomes, indicat-
ing an alteration in lysosome mobility in these cells [29, 49, 53]. In the work by Huynh and
coworkers, late endosomes/lysosomes, as well as phagosomes, show reduced ability to move
on microtubules towards the cell center in LAMP1/2”"" cells, most likely due to impairment in
the interaction between them. This reduced mobility could also be accounting for the reduc-
tion in the observed endocytic events. However, it has also been shown that in LAMP1/27"
cells the phagosomes acquired Rab5 and accumulated phosphatidylinositol 3-phosphate nor-
mally, suggesting that the first steps of the endocytic pathways had not been altered when
LAMPs are not present [49]. Moreover Schneede and co-workers have described that the
maturation defect of autophagosomes and phagosomes to degradative autolysosomes and pha-
golysosomes in LAMP1/2”"" cells was not observed in MEFs lacking only LAMP-1 or 2. There-
fore mobility was not likely to be responsible for the reduced compensatory events observed
for LAMP-2 deficient cells.

Corrote and coworkers described that the endocytosis of PM wounds is dependent on
caveolin-1 and caveolar structures, this being a major mechanism used by cells to reseal plasma
membrane injuries [54]. Interestingly, our results showed that the distribution of caveolin-1 at
the cell surface is seriously compromised in cells lacking LAMP-2. Since caveolin-1 associates
with cholesterol to form caveoale, cholesterol decrease in plasma membrane could be leading
to dispersion of caveolin-1 as previously suggested [55]. Additionally, it has been shown that
during caveolin traffic to the plasma membrane it accumulates in the medial Golgi, where it
associates with cholesterol in order to be relocated to cell plasma membrane [56]. The altered
intracellular traffic of cholesterol could be holding caveolin inside the cell and preventing its
relocation to cell surface. In fact, we showed that the amount of caveolin produced in LAMP-2
deficient cells is the same as the one from WT cell. However, in LAMP-2 deficient cells caveo-
lin is found only inside cells, apparently in small vesicles, most likely lysosomes as shown
before [55]. Therefore, the lack of caveolin-1 at the plasma membrane could be responsible for
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the defect in compensatory endocytosis phenotype of LAMP2 knock out cells. This would also
consequently account for less parasite internalization, especially considering that we have
shown that T. cruzi was able to promote membrane injuries in all three cell lines, but failed to
efficiently invade cells lacking LAMP-2.

The results shown here not only demonstrate the importance and mechanism by which
LAMP-2 interferes with T. cruzi host cell entry but also indicate a major role for this protein in
regulating plasma membrane repair. Consequently, it may help to understand the mechanisms
involved with other diseases, related not only to LAMP-2 deficiency, such as Danon disease,
but also with some lysosomal storage maladies or any genetic disorder in which impairment in
plasma-membrane repair is observed.

Supporting information

S1 Fig. LAMP-1 and 2 labeling in WT, LAMP1/2”" and LAMP2”" cells, through immunofluo-
rescence with anti-LAMP-1 (A, C and E) or anti-LAMP-2 (B, D and F) antibodies and second-
ary labeled with Alexa Fluor 488®) (as described in Material and Methods, 2.4). Cell nuclei are
labeled with DAPI. LAMP-1 and 2 labeling is observed in WT cells (A and B), while no label-
ing of LAMP-1 or 2 is seen in LAMP1/2” fibroblasts (C and D). LAMP2 " fibroblasts show
labeling for only LAMP-1 (E and F). Nuclei can be seen in all panels. Details of each panel are
shown on the side.

(TIF)

S2 Fig. Increased actin stress fibers make cells more susceptible to mechanical injury, but
does not interfere with membrane repair. WT cells were treated with 5mM MBCD for 30
minutes in DMEM without serum and submitted to membrane injury by cell scraping. (A)
Measurement of compensatory endocytosis events induced by membrane injury. Non-treated
and MBCD-treated WT fibroblasts were labeled with WGA-Alexa Fluor 488, submitted to
membrane injury by cell scraping, in the presence (red) or absence (blue) of extracellular cal-
cium, and then incubated with trypan-blue to eliminate plasma membrane labeling. Only fluo-
rescence from internalized membranes was preserved. The endocytosis was then quantified by
FACS analysis. Histograms show the number of cells displaying WGA-Alexa Fluor 488 label-
ing. (B) Non-treated and MBCD-treated W'T fibroblasts were either scraped in the absence of
extracellular calcium and in the presence of Propidium Iodide (No Ca* + PI), to evaluate the
amount of injury, or in the presence of extracellular calcium and absence of PI, allowed to
reseal, and then exposed to PI (Ca** / PI), to evaluate the ability to recover from injury. For the
“No Ca** + PI” condition, the number of PI+ cells represent the ones that suffered injury dur-
ing scraping, while cells excluding PI represent those that didn’t suffer membrane injury. For
the “Ca>* / PI” condition, the number of PI- cells represent the ones did recover from injury
and the PI+ cells the ones that did not recover from injury. Bars above the curve indicate the
percentage of PI + and PI—cells. Data shown are representative of three independent experi-
ments.

(TIF)

$3 Fig. Z-stack images of WT, LAMP1/2”" and LAMP2" labeled with anti-caveolin 1 anti-
body. WT, LAMP1/27", or LAMP2" cells were fixed, submitted to labeling with anti-caveolin
1 and imaged using a Zeiss Axio Imager Microscope. Eight optical slices with an approximate

1.86pm interval of each cell line were captured from bottom to top, using the 63x oil objective.
(TIF)

$1 Video. 3D reconstruction of wild type, LAMP1/2”", and LAMP2”" cells. Cells were
imaged in a Zeiss Axio Imager Microscope to create a 3D reconstruction, which has been
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made following capture of 16 optical slices with an approximate 0.93um interval, using the 63x
oil objective. The 3D imaging stack has been reconstructed using Zen Blue software.
(MP4)

Acknowledgments

We are especially grateful to Dr. Paul Saftig and Dr. Renato Mortara for providing the LAMP1/2
and LAMP2 knock out cells that have been used in this work, as well as Artur Miranda, Jader
Santos and Vany Perpétua Ferraz for the help with the cholesterol quantification. We are also
grateful to Centro de Aquisigdo e Processamento de Imagens (CAPI / ICB) and Centro de
Microscopia da UFMG for the use of microscopes and imaging processing systems.

Author Contributions
Conceptualization: LOA TCG.

Data curation: LOA TCG.

Formal analysis: DP NFC LR TCG.
Funding acquisition: LOA.
Investigation: DP NFC LR PPD TLC LCB ACSO LFK TCG.
Methodology: LOA TCG NEFC.

Project administration: LOA.

Resources: TCG LOA.

Supervision: LOA.

Validation: DP NFC LR TCG LOA.
Visualization: DP NFC LR LFK TCG.
Writing - original draft: NFC TCG LOA.
Writing - review & editing: TCG LOA.

References

1. CouraJR, Dias JC. Epidemiology, control and surveillance of Chagas disease—100 years after its dis-
covery. Mem Inst Oswaldo Cruz. 2009; 104(4):31—40. Epub 2009/08/04. doi: S0074-0276200900090
0006 [pii]. PMID: 19649434.

2. GasconJ, Bern C, Pinazo MJ. Chagas disease in Spain, the United States and other non-endemic
countries. Acta Trop. 2010; 115(1-2):22—7. Epub 2009/08/04. https://doi.org/10.1016/j.actatropica.
2009.07.019 PMID: 19646412.

3. CouraJR, Vinas PA. Chagas disease: a new worldwide challenge. Nature. 2010; 465(7301):S6-7.
https://doi.org/10.1038/nature09221 PMID: 20571554.

4. Albajar-Vinas P, Jannin J. The hidden Chagas disease burden in Europe. Euro Surveill. 2011; 16(38).
Epub 2011/10/01. PMID: 21958529.

5. GobbiF, Angheben A, Anselmi M, Postiglione C, Repetto E, Buonfrate D, et al. Profile of Trypanosoma
cruzi infection in a tropical medicine reference center, Northern ltaly. PLoS Negl Trop Dis. 2014; 8(12):
€3361. https://doi.org/10.1371/journal.pntd.0003361 PMID: 25502927; PubMed Central PMCID:
PMC4263408.

6. RassiA Jr., Rassi A, Marcondes de Rezende J. American trypanosomiasis (Chagas disease). Infect
Dis Clin North Am. 2012; 26(2):275-91. Epub 2012/05/29. doi: S0891-5520(12)00011-6 [pii] https://doi.
org/10.1016/j.idc.2012.03.002 PMID: 22632639.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005657  June 6, 2017 18/21


http://www.ncbi.nlm.nih.gov/pubmed/19649434
https://doi.org/10.1016/j.actatropica.2009.07.019
https://doi.org/10.1016/j.actatropica.2009.07.019
http://www.ncbi.nlm.nih.gov/pubmed/19646412
https://doi.org/10.1038/nature09221
http://www.ncbi.nlm.nih.gov/pubmed/20571554
http://www.ncbi.nlm.nih.gov/pubmed/21958529
https://doi.org/10.1371/journal.pntd.0003361
http://www.ncbi.nlm.nih.gov/pubmed/25502927
https://doi.org/10.1016/j.idc.2012.03.002
https://doi.org/10.1016/j.idc.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22632639
https://doi.org/10.1371/journal.pntd.0005657

@ PLOS | RSHEAE Biseases

LAMP-2, membrane repair and T. cruziinfection

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Bahia MT, Diniz Lde F, Mosqueira VC. Therapeutical approaches under investigation for treatment of
Chagas disease. Expert opinion on investigational drugs. 2014; 23(9):1225-37. https://doi.org/10.1517/
13543784.2014.922952 PMID: 24855989.

Schenkman S, Ferguson MA, Heise N, de Almeida ML, Mortara RA, Yoshida N. Mucin-like glycopro-
teins 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 Biochem
Parasitol. 1993; 59(2):293-303. Epub 1993/06/01. PMID: 8341326.

Ramirez MI, Ruiz Rde C, Araya JE, Da Silveira JF, Yoshida N. Involvement of the stage-specific 82-kilo-
dalton adhesion molecule of Trypanosoma cruzi metacyclic trypomastigotes in host cell invasion. Infect
Immun. 1993; 61(9):3636—41. Epub 1993/09/01. PMID: 8359886.

Caler EV, Vaena de Avalos S, Haynes PA, Andrews NW, Burleigh BA. Oligopeptidase B-dependent
signaling mediates host cell invasion by Trypanosoma cruzi. EMBO J. 1998; 17(17):4975-86. https://
doi.org/10.1093/emboj/17.17.4975 PMID: 9724634; PubMed Central PMCID: PMC1170826.

Scharfstein J, Schmitz V, Morandi V, Capella MM, Lima AP, Morrot A, et al. Host cell invasion by Trypa-
nosoma cruzi is potentiated by activation of bradykinin B(2) receptors. J Exp Med. 2000; 192(9):1289—
300. Epub 2000/11/09. PMID: 11067878; PubMed Central PMCID: PMC2193362.

Yoshida N, Cortez M. Trypanosoma cruzi: parasite and host cell signaling during the invasion process.
Subcell Biochem. 2008; 47:82—91. Epub 2008/06/03. PMID: 18512343.

Fernandes MC, Cortez M, Flannery AR, Tam C, Mortara RA, Andrews NW. Trypanosoma cruzi sub-
verts the sphingomyelinase-mediated plasma membrane repair pathway for cell invasion. J Exp Med.
2011; 208(5):909-21. https://doi.org/10.1084/jem.20102518 PMID: 21536739; PubMed Central
PMCID: PMCPMC3092353.

Rodriguez A, Martinez |, Chung A, Berlot CH, Andrews NW. cAMP regulates Ca2+-dependent exocyto-
sis of lysosomes and lysosome-mediated cell invasion by trypanosomes. J Biol Chem. 1999; 274
(24):16754—9. PMID: 10358016.

Andrade LO, Andrews NW. Lysosomal fusion is essential for the retention of Trypanosoma cruzi inside
host cells. J Exp Med. 2004; 200(9):1135-43. PMID: 15520245. https://doi.org/10.1084/jem.20041408

Albertti LA, Macedo AM, Chiari E, Andrews NW, Andrade LO. Role of host lysosomal associated mem-
brane protein (LAMP) in Trypanosoma cruzi invasion and intracellular development. Microbes Infect.
2010; 12(10):784-9. Epub 2010/06/22. https://doi.org/10.1016/j.micinf.2010.05.015 S1286-4579(10)
00154-1 [pii]. PMID: 20561595.

Howe C, Granger BL, Hull M, Green SA, Gabel CA, Helenius A, et al. Derived protein sequence, oligo-
sacharides, and membrane insertion of the 120 kDa lysosomal membrane glyocprotein (Igp120): identi-
fication of a highly conserved family of lysosomal membrane glycoproteins. Proc Natl Acad Sci USA.
1988; 85(7577-7581). PMID: 3174652

Eskelinen EL, Tanaka Y, Saftig P. At the acidic edge: emerging functions for lysosomal membrane pro-
teins. Trends Cell Biol. 2003; 13(3):137—-45. Epub 2003/03/12. doi: S0962892403000059 [pii]. PMID:
12628346.

Schenkman S, Jiang MS, Hart GW, Nussenzweig V. A novel cell surface trans-sialidase of Trypano-
soma cruzi generates a stage-specific epitope required for invasion of mammalian cells. Cell. 1991;
65:1117-25. PMID: 1712251

Schenkman RP, Vandekerckhove F, Schenkman S. Mammalian cell sialic acid enhances invasion by
Trypanosoma cruzi. Infect Immun. 1993; 61(3):898-902. PMID: 8381772.

Villalta F, Smith CM, Ruiz-Ruano A, Lima MF. A ligand that Trypanosoma cruzi uses to bind to mamma-
lian cells to initiate infection. FEBS Lett. 2001; 505(3):383-8. PMID: 11576533.

Lopez M, Huynh C, Andrade LO, Pypaert M, Andrews NW. Role for sialic acid in the formation of tight
lysosome-derived vacuoles during Trypanosoma cruzi invasion. Mol Biochem Parasitol. 2002; 119
(1):141-5. PMID: 11755197

Chen JW, Chen GL, D’'Souza MP, Murphy TL, August JT. Lysosomal membrane glycoproteins: proper-
ties of LAMP-1 and LAMP-2. Biochemical Society symposium. 1986; 51:97—112. PMID: 3101702.

Fukuda M, Viitala J, Matteson J, Carlsson SR. Cloning of cDNAs encoding human lysosomal mem-
brane glycoproteins, h-lamp-1 and h-lamp-2. Comparison of their deduced amino acid sequences. J
Biol Chem. 1988; 263(35):18920—-8. PMID: 3198605.

Andrejewski N, Punnonen EL, Guhde G, Tanaka Y, Lullmann-Rauch R, Hartmann D, et al. Normal lyso-
somal morphology and function in LAMP-1-deficient mice. J Biol Chem. 1999; 274(18):12692—701.
PMID: 10212251.

Schneede A, Schmidt CK, Holtta-Vuori M, Heeren J, Willenborg M, Blanz J, et al. Role for LAMP-2 in
endosomal cholesterol transport. J Cell Mol Med. 2009. Epub 2009/11/26. doi: JCMM973 [pii] https://
doi.org/10.1111/j.1582-4934.2009.00973.x PMID: 19929948.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005657  June 6, 2017 19/21


https://doi.org/10.1517/13543784.2014.922952
https://doi.org/10.1517/13543784.2014.922952
http://www.ncbi.nlm.nih.gov/pubmed/24855989
http://www.ncbi.nlm.nih.gov/pubmed/8341326
http://www.ncbi.nlm.nih.gov/pubmed/8359886
https://doi.org/10.1093/emboj/17.17.4975
https://doi.org/10.1093/emboj/17.17.4975
http://www.ncbi.nlm.nih.gov/pubmed/9724634
http://www.ncbi.nlm.nih.gov/pubmed/11067878
http://www.ncbi.nlm.nih.gov/pubmed/18512343
https://doi.org/10.1084/jem.20102518
http://www.ncbi.nlm.nih.gov/pubmed/21536739
http://www.ncbi.nlm.nih.gov/pubmed/10358016
http://www.ncbi.nlm.nih.gov/pubmed/15520245
https://doi.org/10.1084/jem.20041408
https://doi.org/10.1016/j.micinf.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20561595
http://www.ncbi.nlm.nih.gov/pubmed/3174652
http://www.ncbi.nlm.nih.gov/pubmed/12628346
http://www.ncbi.nlm.nih.gov/pubmed/1712251
http://www.ncbi.nlm.nih.gov/pubmed/8381772
http://www.ncbi.nlm.nih.gov/pubmed/11576533
http://www.ncbi.nlm.nih.gov/pubmed/11755197
http://www.ncbi.nlm.nih.gov/pubmed/3101702
http://www.ncbi.nlm.nih.gov/pubmed/3198605
http://www.ncbi.nlm.nih.gov/pubmed/10212251
https://doi.org/10.1111/j.1582-4934.2009.00973.x
https://doi.org/10.1111/j.1582-4934.2009.00973.x
http://www.ncbi.nlm.nih.gov/pubmed/19929948
https://doi.org/10.1371/journal.pntd.0005657

@ PLOS | RSHEAE Biseases

LAMP-2, membrane repair and T. cruziinfection

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Tanaka Y, Guhde G, Suter A, Eskelinen EL, Hartmann D, Lullmann-Rauch R, et al. Accumulation of
autophagic vacuoles and cardiomyopathy in LAMP-2-deficient mice. Nature. 2000; 406(6798):902—6.
https://doi.org/10.1038/35022595 PMID: 10972293.

Eskelinen EL, lllert AL, Tanaka Y, Schwarzmann G, Blanz J, Von Figura K, et al. Role of LAMP-2 in
lysosome biogenesis and autophagy. Mol Biol Cell. 2002; 13(9):3355-68. Epub 2002/09/11. https://doi.
org/10.1091/mbc.E02-02-0114 PMID: 12221139; PubMed Central PMCID: PMC124165.

Eskelinen EL, Schmidt CK, Neu S, Willenborg M, Fuertes G, Salvador N, et al. Disturbed cholesterol
traffic but normal proteolytic function in LAMP-1/LAMP-2 double-deficient fibroblasts. Mol Biol Cell.
2004; 15(7):3132-45. Epub 2004/05/04. https://doi.org/10.1091/mbc.E04-02-0103 E04-02-0103 [pii].
PMID: 15121881; PubMed Central PMCID: PMC452571.

Andrews NW, Hong KS, Robbins ES, Nussenzweig V. Stage-specific surface antigens expressed dur-
ing the morphogenesis of vertebrate forms of Trypanosoma cruzi. Exp Parasitol. 1987; 64:474-84.
PMID: 3315736

Hissa B, Pontes B, Roma PM, Alves AP, Rocha CD, Valverde TM, et al. Membrane cholesterol removal
changes mechanical properties of cells and induces secretion of a specific pool of lysosomes. PLoS
One. 2013; 8(12):e82988. https://doi.org/10.1371/journal.pone.0082988 PMID: 24376622; PubMed
Central PMCID: PMC3869752.

Aderem A. Signal transduction and the actin cytoskeleton: the roles of MARCKS and profilin. TIBS.
1992; 17:438-43. PMID: 1455513

Tam C, Idone V, Devlin C, Fernandes MC, Flannery A, He X, et al. Exocytosis of acid sphingomyelinase
by wounded cells promotes endocytosis and plasma membrane repair. J Cell Biol. 2010; 189(6):1027—
38. https://doi.org/10.1083/jcb.201003053 PMID: 2053021 1; PubMed Central PMCID: PMC2886342.

Ferber E, Resch K, Wallach DF, Imm W. Isolation and characterization of lymphocyte plasma mem-
branes. Biochim Biophys Acta. 1972; 266(2):494-504. PMID: 5038272.

Alonso L, Lozada L., Fontecha J., Juarez M. Determination of cholesterol in milk fat by gas chromatog-
raphy with direct injection and sample saponification. Cromatographia. 1995; 41(5):6.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. J
Biol Chem. 1951; 193(1):265-75. PMID: 14907713.

Dorta ML, Ferreira AT, Oshiro ME, Yoshida N. Ca2+ signal induced by Trypanosoma cruzi metacyclic
trypomastigote surface molecules implicated in mammalian cell invasion. Mol Biochem Parasitol. 1995;
73(1-2):285-9. Epub 1995/07/01. PMID: 8577342.

Idone V, Tam C, Goss JW, Toomre D, Pypaert M, Andrews NW. Repair of injured plasma membrane by
rapid Ca2+-dependent endocytosis. J Cell Biol. 2008; 180(5):905—14. Epub 2008/03/05. doi:
jcb.200708010 [pii] https://doi.org/10.1083/jcb.200708010 PMID: 18316410; PubMed Central PMCID:
PMC2265401.

Miller H, Castro-Gomes T, Corrotte M, Tam C, Maugel TK, Andrews NW, et al. Lipid raft-dependent
plasma membrane repair interferes with the activation of B lymphocytes. J Cell Biol. 2015; 211
(6):1193-205. https://doi.org/10.10883/jcb.201505030 PMID: 26694840; PubMed Central PMCID:
PMCPMC4687878.

Burleigh BA, Andrews NW. A 120-kDa alkaline peptidase from Trypanosoma cruzi is involved in the
generation of a novel Ca(2+)-signaling factor for mammalian cells. J Biol Chem. 1995; 270(10):5172—
80. PMID: 7890627.

Andrade D, Serra R, Svensjo E, Lima AP, Ramos ES Jr., Fortes FS, et al. Trypanosoma cruzi invades
host cells through the activation of endothelin and bradykinin receptors: a converging pathway leading
to chagasic vasculopathy. Br J Pharmacol. 2012; 165(5):1333—-47. Epub 2011/07/30. https://doi.org/10.
1111/j.1476-5381.2011.01609.x PMID: 21797847.

Fernandes MC, Cortez M, Geraldo Yoneyama KA, Straus AH, Yoshida N, Mortara RA. Novel strategy
in Trypanosoma cruzi cell invasion: implication of cholesterol and host cell microdomains. Int J Parasi-
tol. 2007; 37(13):1431—-41. Epub 2007/06/22. doi: S0020-7519(07)00149-X [pii] https://doi.org/10.1016/
j.ijpara.2007.04.025 PMID: 17582418.

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(7):1117—
30. PMID: 1473148.

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;
129:1263-73. PMID: 7775573

Rodriguez A, Webster P, Ortego J, Andrews NW. Lysosomes behave as Ca2+-regulated exocytic vesi-
cles in fibroblasts and epithelial cells. J Cell Biol. 1997; 137:93-104. PMID: 9105039

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005657  June 6, 2017 20/21


https://doi.org/10.1038/35022595
http://www.ncbi.nlm.nih.gov/pubmed/10972293
https://doi.org/10.1091/mbc.E02-02-0114
https://doi.org/10.1091/mbc.E02-02-0114
http://www.ncbi.nlm.nih.gov/pubmed/12221139
https://doi.org/10.1091/mbc.E04-02-0103
http://www.ncbi.nlm.nih.gov/pubmed/15121881
http://www.ncbi.nlm.nih.gov/pubmed/3315736
https://doi.org/10.1371/journal.pone.0082988
http://www.ncbi.nlm.nih.gov/pubmed/24376622
http://www.ncbi.nlm.nih.gov/pubmed/1455513
https://doi.org/10.1083/jcb.201003053
http://www.ncbi.nlm.nih.gov/pubmed/20530211
http://www.ncbi.nlm.nih.gov/pubmed/5038272
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://www.ncbi.nlm.nih.gov/pubmed/8577342
https://doi.org/10.1083/jcb.200708010
http://www.ncbi.nlm.nih.gov/pubmed/18316410
https://doi.org/10.1083/jcb.201505030
http://www.ncbi.nlm.nih.gov/pubmed/26694840
http://www.ncbi.nlm.nih.gov/pubmed/7890627
https://doi.org/10.1111/j.1476-5381.2011.01609.x
https://doi.org/10.1111/j.1476-5381.2011.01609.x
http://www.ncbi.nlm.nih.gov/pubmed/21797847
https://doi.org/10.1016/j.ijpara.2007.04.025
https://doi.org/10.1016/j.ijpara.2007.04.025
http://www.ncbi.nlm.nih.gov/pubmed/17582418
http://www.ncbi.nlm.nih.gov/pubmed/1473148
http://www.ncbi.nlm.nih.gov/pubmed/7775573
http://www.ncbi.nlm.nih.gov/pubmed/9105039
https://doi.org/10.1371/journal.pntd.0005657

@ PLOS | RSHEAE Biseases

LAMP-2, membrane repair and T. cruziinfection

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Granger B, Green SA, Gabel CA, Howe CL, Mellman I, Helenius A. Characterization and cloning of Igp
110, a lysosomal membrane glycoprotein from mouse and rat cells. J Biol Chem. 1990; 265:12036—43.
PMID: 2142158

Fukuda M. Lysosomal membrane glycoproteins. Structure, biosynthesis, and intracellular trafficking. J
Biol Chem. 1991; 266(32):21327-30. PMID: 1939168.

Schenkman S, Diaz C, Nussenzweig V. Attachment of Trypanosoma cruzi trypomastigotes to receptors
at restricted cell surface domains. Exp Parasitol. 1991; 72(1):76—86. PMID: 1993466

Huynh KK, Eskelinen EL, Scott CC, Malevanets A, Saftig P, Grinstein S. LAMP proteins are required for
fusion of lysosomes with phagosomes. EMBO J. 2007; 26(2):313—24. Epub 2007/01/25. doi: 7601511
[pii] https://doi.org/10.1038/sj.emboj.7601511 PMID: 17245426; PubMed Central PMCID:
PMC1783450.

Schneede A, Schmidt CK, Holtta-Vuori M, Heeren J, Willenborg M, Blanz J, et al. Role for LAMP-2 in
endosomal cholesterol transport. J Cell Mol Med. 2011; 15(2):280-95. https://doi.org/10.1111/j.1582-
4934.2009.00973.x PMID: 19929948; PubMed Central PMCID: PMCPMC3822795.

Li J, Pfeffer SR. Lysosomal membrane glycoproteins bind cholesterol and contribute to lysosomal cho-
lesterol export. eLife. 2016; 5. https://doi.org/10.7554/eLife.21635 PMID: 27664420; PubMed Central
PMCID: PMCPMC5068966.

Byfield FJ, Aranda-Espinoza H, Romanenko VG, Rothblat GH, Levitan |. Cholesterol depletion
increases membrane stiffness of aortic endothelial cells. Biophys J. 2004; 87(5):3336—43. Epub 2004/
09/07. https://doi.org/10.1529/biophysj.104.040634 S0006-3495(04)73800-X [pii]. PMID: 15347591.

Binker MG, Cosen-Binker LI, Terebiznik MR, Mallo GV, McCaw SE, Eskelinen EL, et al. Arrested matu-
ration of Neisseria-containing phagosomes in the absence of the lysosome-associated membrane pro-
teins, LAMP-1 and LAMP-2. Cell Microbiol. 2007; 9(9):2153—-66. Epub 2007/05/18. doi: CMI946 [pii]
https://doi.org/10.1111/j.1462-5822.2007.00946.x PMID: 17506821.

Corrotte M, Aimeida PE, Tam C, Castro-Gomes T, Fernandes MC, Millis BA, et al. Caveolae internaliza-
tion repairs wounded cells and muscle fibers. eLife. 2013; 2:e00926. https://doi.org/10.7554/eLfe.
00926 PMID: 24052812; PubMed Central PMCID: PMC3776555.

Mundy DI, Li WP, Luby-Phelps K, Anderson RG. Caveolin targeting to late endosome/lysosomal mem-
branes is induced by perturbations of lysosomal pH and cholesterol content. Mol Biol Cell. 2012; 23
(5):864—80. https://doi.org/10.1091/mbc.E11-07-0598 PMID: 22238363; PubMed Central PMCID:
PMCPMC3290645.

Hayer A, Stoeber M, Bissig C, Helenius A. Biogenesis of caveolae: stepwise assembly of large caveolin
and cavin complexes. Traffic. 2010; 11(3):361-82. https://doi.org/10.1111/j.1600-0854.2009.01023.x
PMID: 20070607.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005657  June 6, 2017 21/21


http://www.ncbi.nlm.nih.gov/pubmed/2142158
http://www.ncbi.nlm.nih.gov/pubmed/1939168
http://www.ncbi.nlm.nih.gov/pubmed/1993466
https://doi.org/10.1038/sj.emboj.7601511
http://www.ncbi.nlm.nih.gov/pubmed/17245426
https://doi.org/10.1111/j.1582-4934.2009.00973.x
https://doi.org/10.1111/j.1582-4934.2009.00973.x
http://www.ncbi.nlm.nih.gov/pubmed/19929948
https://doi.org/10.7554/eLife.21635
http://www.ncbi.nlm.nih.gov/pubmed/27664420
https://doi.org/10.1529/biophysj.104.040634
http://www.ncbi.nlm.nih.gov/pubmed/15347591
https://doi.org/10.1111/j.1462-5822.2007.00946.x
http://www.ncbi.nlm.nih.gov/pubmed/17506821
https://doi.org/10.7554/eLife.00926
https://doi.org/10.7554/eLife.00926
http://www.ncbi.nlm.nih.gov/pubmed/24052812
https://doi.org/10.1091/mbc.E11-07-0598
http://www.ncbi.nlm.nih.gov/pubmed/22238363
https://doi.org/10.1111/j.1600-0854.2009.01023.x
http://www.ncbi.nlm.nih.gov/pubmed/20070607
https://doi.org/10.1371/journal.pntd.0005657

