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ell interaction show
odulatory properties and
onfer resistance to lethal
fection as a cell-free
ased therapy strategy

enda Celeste Gutierrez1, Maria Eugenia Ancarola1,
dora Volpato-Rossi2,3, Antonio Marcilla4,
rcel Ivan Ramirez2,3, Mara Cecilia Rosenzvit1,
rcela Cucher1 and Carolina Verónica Poncini1,5*

tituto de Investigaciones en Microbiologı́a y Parasitologı́a Médicas (IMPaM), Consejo Nacional de
stigaciones Cientı́ficas y Técnicas (CONICET), Buenos Aires, Argentina, 2Programa de Pós-
uação em Biologia Celular e Molecular, Universidade Federal do Paraná, Curitiba, Paraná, Brazil,

4
tituto Carlos Chagas - Fiocruz Paraná, Curitiba, Paraná, Brazil, Departamento de Farmacia y
nologı́a Farmacéutica y Parasitologı́a, Universitat de Valencia, Valencia, Spain, 5Departamento de
robiologı́a, Facultad de Medicina, Universidad de Buenos Aires (UBA), Buenos Aires, Argentina
racellular vesicles (EVs) include a heterogeneous group of particles.

rovesicles, apoptotic bodies and exosomes are the most characterized

icles. They can be distinguished by their size, morphology, origin and

lecular composition. To date, increasing studies demonstrate that EVs

diate intercellular communication. EVs reach considerable interest in the

entific community due to their role in diverse processes including antigen-

sentation, stimulation of anti-tumoral immune responses, tolerogenic or

ammatory effects. In pathogens, EV shedding is well described in fungi,

teria, protozoan and helminths parasites. For Trypanosoma cruzi EV

ration and protein composition was previously described. Dendritic cells

s), among other cells, are key players promoting the immune response

inst pathogens and also maintaining self-tolerance. In previous reports we

e demonstrate that T. cruzi downregulates DCs immunogenicity in vitro and

vivo. Here we analyze EVs from the in vitro interaction between blood

ulating trypomastigotes (Tp) and bone-marrow-derived DCs. We found

t Tp incremented the number and the size of EVs in cultures with DCs. EVs

played some exosome markers and intracellular RNA. Protein analysis

monstrated that the parasite changes the DC protein-EV profile. We

served that EVs from the interaction of Tp-DCs were easily captured by

stimulated-DCs in comparison with EVs from DCs cultured without the
asite, and also modified the activation status of LPS-stimulated DCs.

frontiersin.org01
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d protection in animals treated with EVs-DCs+Tp and
teworthy, we foun
llenged with T. cruzi lethal infection. Our goal is to go deep into the

lecular characterization of EVs from the DCs-Tp interaction, in order to

ntify mediators for therapeutic purposes.
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Extracellular vesicles (EVs) are a heterogeneous group of

articles that includes among others three major groups

ccording to their subcellular origin and size: apoptotic bodies,

xosomes and microvesicles (Gurunathan et al., 2019; Bazzan

t al., 2021). To date, increasing studies confirm that EVs

ediate intercellular communication (Colombo et al., 2014).

hey are detected in most body fluids such as nasal secretion,

eces, urine, blood and breast milk (Keller et al., 2006; Yáñez-Mó

t al., 2015). Circulating EVs are high in patients with acute or

hronic inflammation, preeclampsia, atherosclerosis, diabetes

ellitus or cancer among other pathogenic conditions

Yamamoto et al., 2016). An important breakthrough was the

iscovery of nucleic acids in EVs such as mRNA and miRNA.

NA molecules cargo in EVs can be a selective process and

everal studies have shown that EV-associated mRNAs and

iRNAs can be functionally transferred to recipient cells

Valadi et al., 2007; Baj-Krzyworzeka et al., 2016).

In pathogens, EV shedding is well described in fungi,

acteria, protozoan and helminth parasites (Ramirez and

arcilla, 2021; Wang et al., 2022). Of note, they were

escribed mediating host-parasite interactions (Silverman

t al., 2010a; Buck et al., 2014). In models of infection with

eishmania spp., it was described the importance of EVs in cell

ommunication, the modulation of the immune response

Silverman et al., 2010a) and the importance of parasite

lycoproteins regulating these processes, including

onditioning antigen presenting cells (APCs) (Silverman

t al., 2010b).

EV liberation and also their protein composition were

reviously described for Trypanosoma cruzi (da Silveira et al.,

979; Alves and Colli, 2008; Bayer-Santos et al., 2013; Cortes-

erra et al., 2022). Noteworthy, some studies have demonstrated

he presence of mediators inside the EVs from T. cruzi

egulating cellular functions in the host, adhesion and cell

nvasion (Gazos-Lopes et al., 2014; Neves et al., 2014; Wang

t al., 2022), and new evidence suggests the EVs role in remote

ignaling and inflammation (Dantas-Pereira et al., 2021).

lthough T. cruzi does not possess the miRNA synthesis
02
inery, other small RNAs were found including transfer

-derived small RNA (stRNA), which make up the

rtoire of small regulatory RNAs and are capable of

ifying the genetic expression of host cells (Bayer Santos

., 2013; Garcia Silva et al., 2014). The secretion of these

by T. cruzi would constitute a true information

sfer mechanism between organisms from different

doms (Fernandez-Calero et al., 2015). In T. cruzi EVs

e are glycoproteins from the trans-sialidase/gp85

rfamily (Ouaissi et al., 1990), and proteomic studies

the presence of a-Gal-glycoproteins, proteases

muc i n s no rma l l y memb r an e - a s s o c i a t e d b y

sylphosphatidylinositol or GPI anchors (Nakayasu et al.,

; Torrecilhas et al., 2012; Bayer-Santos et al., 2013).

estingly, animals injected with EVs from trypomastigotes

containing a-Gal residues increased amastigote nests in

t sections, triggered inflammation, and severe cardiac

ology (Trocoli-Torrecilhas et al., 2009). More recently,

-Martins and colleagues have shown that the inoculation

s from Y T. cruzi strain prior to the infection reduces the

mmatory mediators and favors parasitism. In vitro, bone-

ow derived macrophages stimulated with these EVs before

nteraction with the parasite increase its internalization and

nregulate prostaglandin E2 and proinflammatory

ines, suggesting a regulatory role for EVs supporting the

site persistence (Lovo-Martins et al., 2018).

mmune cells are important targets for EVs and several

rts demonstrate immune modulation by T. cruzi EVs

recilhas et al., 2020; Dantas-Pereira et al., 2021). The

ite pathogen associated molecular patterns (PAMPs) are

ly detected at the initial steps of the infection (de Pablos

ó et al., 2018); however, T. cruzi EVs can trigger

mmatory responses and promote infection via TLR2

al l ing in macrophages (Nogueira et al . , 2015;

emberger-Andrade et al., 2020). EVs purified from

pheral blood of patients with Chagas induced

flammatory cytokines in THP-1 cells (Groot-Kormelink

., 2018), and both T. cruzi derived EVs from immune or

immune cells are inflammatory for macrophages in vitro.

sensing of oxidized DNA inside EVs is involved in the
frontiersin.org
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ctivation of the inflammatory response via TLR9 and cGAS-

ARP1 signalling pathways (Choudhuri and Garg, 2020).

Dendritic cells (DCs) are professional APCs, key players in

rompting the immune response against pathogens and in self-

olerance maintenance, with a pivotal role capturing, processing

nd presenting antigens to T cells (Merad et al., 2013). Exosomes

re considered immune regulators in DC-based immunotherapy

Markov et al., 2019). It is well described that DC-derived EVs

an carry functionally active molecules on the surface such as

omplexes of MHC class I and II with antigens or costimulatory

olecules (Munich et al., 2012). During the last decades, the use

f EVs was also described such as an alternative immunotherapy

pproach in cancer (Yang et al., 2021) and numerous infections.

Vs can interact with target cells and modify cellular activity by

elivering different mediators. EVs can be presented as

onventional carriers for RNAs, lipids and proteins, and

ppear as an alternative cell-free vectors for antigen delivery.

umor-derived EVs stimulate antitumor immunogenicity in

Cs (André et al., 2002) and more interestingly, Ag-pulsed

C derived exosomes display prophylactic and therapeutic

roperties in tumour-bearing mice (Zitvogel et al., 1998).

mmune protective response triggered by EVs from Ag-loaded

Cs has also been described for different pathogens such as

oxoplasma gondii (Aline et al., 2004; Jung et al., 2020), Eimeria

pp. (del Cacho et al., 2012) and Leishmania major (Schnitzer

t al., 2010). However, no previous results in the field were

escribed for T. cruzi.

Our group and others have previously demonstrated that T.

ruzi downregulates DCs immunogenicity in vitro and in vivo

2015; Poncini et al., 2008; Gil-Jaramillo et al., 2016). Here we

nalyze EVs from the in vitro interaction between blood

irculating Tp and bone-marrow derived DCs. We found that

p increases the number and size of EVs in cultures with DCs.

Vs displayed some exosome markers, and intracellular RNA.

y proteomics we found that the presence of the parasite in DCs

ultures has an impact in the protein composition of EVs. In

ddition, EVs from the interaction of Tp-DCs are easily uptaken

y unstimulated DCs and modify the activation status of LPS-

timulated DCs. Finally, we found that the prophylactic

reatment with EVs from DCs co-cultured with Tp (EVs-DCs

Tp) partially protects animals from the lethal infection,

roposing EVs as promising mediators for therapeutic

utierrez et al.
urposes against Chagas disease. F

subje

et al.

300 ×

were

10,0

ultra

Coul
aterials and methods

nimals and parasites

Eight-to-ten week old C3H/HeN, C57BL/6 and CF1 male
ice were obtained from the animal facilities of IMPaM UBA- Pelle

rontiers in Cellular and Infection Microbiology 03
ICET, School of Medicine, University of Buenos Aires.

als were bred under sanitary barrier in specific-pathogen-

conditions.

arasites from RA strain (González et al., 1981) were

tained by weekly intraperitoneal inoculation of three

s-old male CF1 mice (1 × 105 parasites/mouse). RA

stream forms (Tp) were obtained from whole blood at

eak of parasitemia 7 days post-infection (dpi), thoroughly

ed and purified by density gradient centrifugation as

iously reported (Poncini et al., 2008). For the lethal

tion challenge, ten-to-twelve week old C57BL/6 male mice

ved intradermic (hindfoot) injection with 1000 parasites as

ously described (Poncini et al., 2015; Poncini et al., 2017;

errez et al., 2021). Animal health condition, parasite load

mortality were periodically recorded.

ll experiments were performed according to protocols CD

4/2015 approved by the University of Buenos Aires´s

tutional Committee for the Care and Use of Laboratory

als (CICUAL) in accordance with the Council for

national Organizations of Medical Sciences (CIOMS)

International Council for Laboratory Animal Science

10.3389/fcimb.2022.980817
rch involving animals.

l culture and EV isolation

Cs were differentiated as previously described (Poncini

, 2008). Briefly, femurs and tibias from C3H 8-12 week-old

were flushed and bone marrow cells were incubated for

n IMDM complete medium supplemented with: 10% (v/v)

-inactivated FCS (Internegocios, Argentina), penicillin

U/mL) and s t r ep tomyc in (100 mg/mL) , 2 -

aptoethanol (50 µM); with 20% conditioned medium

GM-CSF-producing J558 cells. After 7 days, cells were

ested, washed, plated (1 × 106 cells/mL) and cultured in

free medium with or without Tp (1:2 cell: parasite) for

Control DCs were cultured with medium alone. Activated

were treated with a low dose of LPS (50ng/mL). Cell

lity was assessed before and after culture by Trypan blue

ing at 0.2% final concentration. Cell viability for

riments was 85% or more.

or EVs isolation, culture supernatants were collected and

cted to successive centrifugation steps according to Théry

(2006). At least 5 mL of culture medium was centrifuged at

g for 10 min in order to pellet cells, and then supernatants

harvested and centrifuged at 2,000 × g for 20 min and at

00 x g for 30 min. Finally, supernatants were

centrifuged at 100,000 × g for 70 min at 4°C (Beckman

ter Optima L-100 XP centrifuge using a fix angle rotor).
ts were washed with PBS and ultracentrifuged at 100,000 × g

frontiersin.org
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or 70 min at 4°C and then resuspended in PBS and used for Flo

F

4°C

(biot

was C

PBS

µg/m

(Beck

Cyto
ransmission electron microscopy (TEM), RNA isolation,

rotein characterization and functional studies.

ransmission electron microscopy (TEM)

Cellular pellets and EVs resuspended in PBS were fixed in

arnovsky’s fixative (0.5% glutaraldehyde, 2.5% paraformaldehyde),

nd processed according to Marcilla et al. (2012) at the Service of
icroscopy, Servicios Centrales de Soporte a la Investigación Coul

was p

in or

F

incu

mou

CD3

(PerC

was

F

Ag a

previ

cells
xperimental (SCSIE), Universitat de València, Spain and

nalyzed by TEM.

anoparticle tracking analysis

For Nanoparticle Tracking Analysis (NTA), each pellet was

uspended in filtered PBS (1:50) and analyzed with a Nanosight

M10 (Malvern™, U.K.). Readings were performed in triplicate

uring 60 sec videos at 10 frames per sec at room temperature,

ith the following parameters: camera level 9, screen gain 9,

etection threshold 6. The mode size and the concentration of
articles resulting from 2 independent replicates from 2 pooled

amples for each treatment.
Cyto

INF-

rontiers in Cellular and Infection Microbiology 04
w cytometry

or EVs characterization, samples were stained for 15 min at

with anti-MHCII (FITC, M5/114.15.2) and anti-CD9

in, MZ3) all from Miltenyi Biotec. The secondary reagent

y5-streptavidin (BD Biosciences). After washing in filtered

EV suspensions were diluted to a protein concentration of 5

L and analyzed in a CytoFLEX LX flow cytometer

man Coulter). Particle detection was calibrated by using

FLEX fluorospheres from 160 to 900 nm (Beckman

ter), as observed in Figure 1D (right panel). Acquisition

erformed at continuous flow yielding the events per 30 µL

der to calculate EVs concentration per sample.

or T cell characterization, single cell suspensions were

bated with the following fluorophore-conjugated anti

se monoclonal antibodies (Ab) for 30 min at 4°C: anti-

(biotin, 145-2C11), anti-CD4 (FITC, GK1.5), anti-CD8

P, 53-6.7) all from Miltenyi Biotec. PE-Cy7-streptavidin

used as secondary regent (BD Biosciences).

or intracellular staining, cells were incubated with T. cruzi

t 20 µg/mL and brefeldin A (10 µg/mL; Sigma) for 5 h as

ously described (Poncini et al., 2015). After surface staining

were washed, fixed and permeabilized with Cytofix/

10.3389/fcimb.2022.980817
perm solutions (BD Biosciences) and stained with anti-

g (PE, W18272D; BioLegend). Cells were acquired in a
B

C D E F

A

FIGURE 1

EVs from DCs+Tp presented higher diameters and abundance than EVs DCs. (A) Multivesicular compartments in DCs (upper panel) and DCs+Tp
(lower panel) analyzed by TEM. Black arrows show amplified images. Bars, 500nm, 600 nm and 1µm. (B) EVs were isolated after sequential
centrifugation from cultures of DCs at 1 ×106 cells/mL and 1:2 relation DC : Tp and processed for TEM. Bar, 500 nm. (C) Concentration
distribution profile of EVs by size from 0 to 600 nm by Nanoparticle Tracking Analysis. (D) Mode size of EVs derived from DCs or DCs+Tp.
(E) Concentration of EVs based in size ranges. Statistical analysis was performed with Wilcoxon test, ***p<0.001. (F) EVs size distribution in 50
nm ranges. Statistical analysis was performed with two-way ANOVA and Bonferroni´s post-test, ***p<0.001.
frontiersin.org
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downloaded from The European Bioinformatics Institute site

(https://www.ebi.ac.uk/QuickGO/) as previously described

(Anc

Lab

D

Aldr

then

enric

then

the c

cultu

was

addition, DC activation status was determined by flow cytometry

as described below.

Det
DC
and
ACSAria flow cytometer and analyzed using FlowJo 7.6. Gating

trategy to study T cells is depicted in Supplementary Figure 4.

NA isolation, protein purification and
haracterization

RNA from EVs was isolated with Trizol LS (Life Technologies)

ccording to Ancarola et al. (2017). RNA integrity was analyzed by

el electrophoresis and the concentration was determined using a

ubit Fluorometer (Invitrogen).

To confirm the intravesicular location of the isolated RNA,

amples were differentially treated or not, prior to RNA isolation

s follow: proteinase K (0,5 mg/mL) 10 min at 37°C, 10 min at 65°

followed by incubation with RNAse A (0.04 mg/mL),
epending on the sample and as it was described by Ancarola

t al. (2017). The corresponding RNA profiles were analyzed by

apillary electrophoresis in Fragment Analyser (Advanced

nalytical Technologies, U.S.A.).

For protein analysis, immunoblot or liquid chromatography

oupled with tandem mass spectrometry (LC-MS/MS) was

erformed on ultracentrifugation pellets according to Marcilla

t al. (2012). For immunoblots, approximately 15 µg of cellular

rotein determined by Bradford (1 ×106 DCs) or the EVs-pellet

btained from 5 × 106 cells (cultured at 1 ×106 cells/mL) were

esuspended in ice-cold lysis buffer (20 mM Tris-acetate, pH 7.0,

mM EGTA, 1% Triton X-100, 0.1 mM sodium fluoride, 5 mg/
L leupeptin, 1 mM sodium orthovanadate, 1 mM

henylmethylsulfonyl fluoride). Proteins were resolved by

DS-PAGE, transferred to nitrocellulose membranes

Amersham) and transfer verified by reversible membrane

taining with Ponceau Red (5% w/v) in 1% (v/v) acetic acid.

hen, membranes were probed with anti-CD63 polyclonal Ab

SC-31211, Santa Cruz), anti-MHCI monoclonal Ab (Sc-59309,

anta Cruz), anti-CD9 monoclonal Ab (MZ3, Miltenyi Biotec)

nd HRP-conjugated secondary Ab. Detection was assayed using

CL chemiluminescent system (Amersham) according to

anufacturer’s instructions. Three independent samples of
Vs from DCs or DCs+Tp were analyzed. F

fixed

stain

FV10

objec

micr

Hou

the I

F

follo

and

secon

F

roteomics and bioinformatics analysis

Liquid chromatography coupled with tandem mass

pectrometry (LC-MS/MS) was performed on EVs

ltracentrifugation pellets according to Marcilla et al. (2012).

he proteomic analysis was executed at the proteomics facility of

CSIE University of Valencia that belongs to ProteoRed, PRB2‐

SCIII, and is supported by grant PT13/0001, of the PE I+D+i

013‐2016, funded by ISCIII and FEDER. The Paragon

lgorithm of ProteinPilot v 4.5 was used to search the NCBI
omplete database with the following parameters: trypsin incub

rontiers in Cellular and Infection Microbiology 05
ficity, cys‐alkylation, no taxonomy restriction, and the

h effort set to through. Reported results correspond to

proteins showing unused score ≥ 1.3 (identified with

dence ≥ 96%), ≥ 2 distinct peptides having at least 95%

dence and T. cruzi or mouse protein sequence annotation.

ins annotated under the terms “hypothetical protein”,

ressed protein” or “conserved protein” were searched for

ains in the domains database CDART at the NCBI site, and

notated if necessary, as previously described (Ancarola

, 2017).

or protein analysis, a Venn diagram was generated using

online tool Venny 2.1 (Oliveros, 2007). PANTHER

ase was used to retrieve the gene ontology (GO) terms

olecular function and cellular components of EV proteins

DCs and DCs+Tp. GO term descriptions were then

10.3389/fcimb.2022.980817
arola et al., 2017).

elling of EVs and functional assay

Cs were labelled with the lipophilic dye PKH26 (Sigma-

ich) according to manufacturer’s protocol, washed, and

cultured with or without Tp. DCs-derived EVs were

hed as described above. PKH26+ DC-derived EVs were

isolated and used for functional assays. EVs isolated from

ulture of 2.5 × 106 cells DCs or DCs+Tp were added to DCs

res (5 × 105 cells per well) for 24 h. Internalization by DCs

identified by confocal microscopy and flow cytometry. In
ermination of EVs internalization and
s activation by confocal microscopy
flow cytometry

or confocal microscopy, cells were harvested, washed and

in cold methanol for 10 min and DAPI (Invitrogen™)

ing was used for nuclear visualization on an Olympus

00 microscope (lasers exciting at 405 and 559 nm, × 60

tive) using Olympus Fluoview (version 4.2b) at the confocal

oscopy service of Instituto de Fisiologıá y Biofıśica (IFIBIO-

ssay), School of Medicine, UBA. Images were analyzed using

mageJ software (version 1.52p).

or flow cytometry and depending on the assay, the

wing Ab were used: anti-MHCII (FITC, M5/114.15.2),

anti-CD11c (Biotin, N418) all from Miltenyi Biotec. The

dary reagent was Cy5-streptavidin (BD Biosciences).

or DCs surface staining, cellular suspensions were
ated with fluorescent-labeled Ab, 30 min at 4°C. Sample

frontiersin.org
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cquisition was achieved on FACSAria flow cytometer (BD

iosciences) and analyzed by FlowJo 7.6 software.

LISA

After 20 h of culture, cell supernatants were harvested and
tored at -80°C until used. Mouse IL-10 or TNF-a was detected EVs

four

varia

Parti

the
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2011
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chara

micr

W
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mult

(Figu

H

after

after

only
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from

rand

diam

eval

effec

in EV

for t

obse

show

nm f
y ELISA (R&D Systems, Minneapolis, MN) according to

anufacturer’s protocol.

xperimental treatment with EVs and
nalysis of the effector response after
he infection challenge

EVs from DCs or DCs+Tp were obtained as described above.

BS or EVs generated from 1 × 106 cells were intradermically

njected per mice at day 0. At day 7 post EVs or PBS injection,

nimals were challenge with the lethal infection. To this end,

en-to-twelve week old C57BL/6 male mice received intradermic

id, hindfoot) injection with 1000 RA parasites (Gutierrez et al.,

021). Experimental procedure included four to five animals per

roup depending on the experiment and was defined as: i) PBS,

egative for infection; ii) PBS+Tp, positive for infection; iii) EVs

Cs treatment+Tp; iv) EVs DCs+Tp treatment+Tp. Animal

ealth condition, parasite load and mortality were

eriodically recorded.

In a second round of experiments a second immunization

ose with EVs was applied at day 7 after the first one, followed by

he challenge with the parasite 10 days after the treatment.

mmune response was studied at day 20 pi. To this end, T cell

opulations and intracellular INF-g production were analyzed in

ell suspensions from popliteal lymph nodes (pLN) by flow

ytometry, as described above. Cell suspensions were obtained

fter mechanical disaggregation of pLNs in a 100 µm nylon mesh

s previously described (Poncini and González-Cappa, 2017).

ell viability was assessed by Trypan blue dye exclusion.

xperimental procedure included four to five animals per

roup depending on the exper iment , and two to
hree repetitions.
and confirming the TEM findings (Figure 1F).

Diff
DC

T

DCs

(Sup

+Tp

200 a

also
tatistical analysis

Student´s t-test or non-parametric Wilcoxon tests were

erformed in order to analyse statistical significance between

wo samples. For more samples ANOVA and Dunnett´s or

onferroni´s post-test or the non-parametric Mann-Whitney U

est were applied. Survival curves were analyzed by Kaplan-

eier. Analyses were carried out with GraphPad Prism 4
oftware for Windows. P<0.05 value was defined as significant. RNA

rontiers in Cellular and Infection Microbiology 06
sults

ntification and quantification of EVs
the interaction of DCs with T. cruzi

itro

revious studies demonstrated the capacity of DCs to secrete

to the extracellular milieu (Zitvogel et al., 1998); especially

different populations of DC-EVs were described with

ble size and protein content (Kowal et al., 2016).

cularly, the maturation state of these cells can influence

subcellular protein distribution and also the EVs-DCs

osition and size (Théry et al., 2009; Ten Broeke et al.,

). Ultracentrifugation and density gradients are still the

common methods for EV purification and EV structural

cterization is currently carried out by transmission electron

oscopy (TEM) (Royo et al., 2020).

e found by TEM that both control and Tp co-cultured

(DCs+Tp) presented structures compatible with internal

ivesicular compartments next to the plasmatic membrane

re 1A, black arrows).

ere, small EVs were isolated from culture supernatants

differential ultracentrifugation (Figure 1B). Pellets obtained

300, 2,000 and 10,000 x g centrifugation were discarded and

small EVs from 100,000 x g were analyzed. Size distribution

mined by TEM showed a heterogeneous population of

les with diameters ranging from 30 to 200 nm in DCs

res and from 60 to 400 nm in samples from DCs co-

red with Tp (Supplementary Figure 1A). Particles derived

Tp-DC co-cultures (EVs DCs+Tp) were more abundant, as

omly quantified across 20 fields, and showed larger

eters than EVs DCs (Supplementary Figure 1B). The

uation by Nanoparticle Tracking Analysis (NTA)

tively demonstrated that Tp induced a significant increase

release to milieu by DCs (Figures 1C, E). A similar mode

he size of EVs DCs and EVs DCs+Tp populations was

rved (Figure 1D); however the EVs size profile distribution

s a higher proportion of EVs in the range from 150 to 300

or EVs DCs+Tp, consistent with microvesicles/ectosomes

10.3389/fcimb.2022.980817
erent RNA and protein content in EVs
s+Tp compared with EVs DCs

he analysis of the RNA and the protein cargo showed that EVs

contain almost exclusively small RNA (<200 nt)

plementary Figure 2A, panel a). On the contrary, EVs DCs

showed a different RNA pattern including RNA species around

nd 500 nt (Supplementary Figure 2A, panel b). This pattern

differed from the corresponding to ribosomal 18S and 28S
s found in cell samples (Supplementary Figure 2B, C). To
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void possible contamination with `free´ RNA co-sedimented with

Vs in the ultracentrifugation step and to confirm that the results

btained corresponded to intravesicular RNA, isolated EVs were

reated with proteinase K and RNase A and then analyzed. RNA

atterns from DCs and DCs+Tp EVs treated or not-treated were

omparable, confirming the intravesicular location of the RNA

ound (Supplementary Figure 2A; a versus c, and b versus d).

Previous reports demonstrate that not only plasmatic

embrane-derived vesicles from DCs, but also endosome-

erived membrane vesicles can bear MHC class I and II

olecules (Zitvogel et al., 1998; Kowal et al., 2016) and co-

timulatory molecules, features that enhance their

mmunotherapeutic potential as a cell-free strategy (Markov

t al., 2019). In addition, the presence of tetraspanins such as

D9, CD63 and CD81 propose, to some extent, a protein

ignature for DCs exosomes (Kowal and Tkach, 2019).

pparently the composition of exosomes in DCs is related to

ell maturation state (Segura et al., 2005). Interestingly,

etraspanins have been reported to be involved in antigen

resentation by MHC interaction and by the immune synapse

ormation in DCs or other APCs (Unternaehrer et al., 2007;

etersen et al., 2011). Here, we observed by western blot that EVs

utierrez et al.
Cs and EVs DCs+Tp contain CD9 and MHC class I molecules,

lso detected with different intensities in total cell lysates

lowe

HSP

rontiers in Cellular and Infection Microbiology 07
re 2A). No CD63 was detected in EVs, although CD63

l was clearly observed in total cell lysates (Figure 2A). By

cytometry, we also confirmed that EVs DCs+Tp displayed an

ged population from 200-230 nm (P2) compared to EVs DCs

re 2B) as observed by TEM and NTA. Furthermore, we

d a variable amount of MHCII in different subpopulations of

(P1, P2 and P3), both in EVs DCs and EVs DCs+Tp samples

re 2C). P2 and P3 subpopulation showed higher expression

HCII. Interestingly, P3 in EVs DCs+Tp displayed increased

an fluorescence intensity (MFI) of MHCII compared to EVs

(Figure 2C).To identify the protein content in EVs DCs and

DCs+Tp enriched fractions we performed an exploratory

sis by liquid chromatography coupled with tandem mass

rometry (LC-MS/MS). We observed that both DCs and DCs

EVs contained the presence of proteins typically found in

mes derived from DCs such as CD9, MHCII, annexins,

DH and enolase (Supplementary Figure 3A), as previously

rted (Kowal et al., 2016). However, some proteins were

entially detected in EVs from DCs versus DCs+Tp as

ssed in the Venn diagram and GO terms for molecular

ion and cellular component (Supplementary Figures 3A, B,

ctively). Interestingly, other proteins were detected with a

10.3389/fcimb.2022.980817
r unused score or number of peptides such as CD81, Alix,

70, Syntenin-1, TSG101, Galectin-1/3 and T. cruzi trans-
B

A C

FIGURE 2

EVs protein characterization. (A) Detection of CD9, CD63 and MHCI in EVs DCs, EVs DCs+Tp and total cell lysates by immunoblot. Ponceau red
staining confirmed the correct protein transfer to membranes prior to Ab incubation. B-C) EVs analysis by flow cytometry. (B) Gating strategy
was performed based on the known sizes of commercial beads (left panel). Based in EVs concentration detected in samples, three major
subpopulations were defined in EVs DCs and EVs DCs+Tp (P1, P2 and P3; right panels). (C) Percentage and median fluorescence intensity of the
MHCII marker was analyzed in MHCII+ EVs (R1) in P1, P2 and P3. Data are representative of at least two biological replicates for each treatment.
For comparisons between two groups student’s t-test was used. *p < 0.05.
frontiersin.org
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ialidase, the last one only in EVs DCs+Tp (The mass
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pectrometry proteomics data have been deposited to

he ProteomeXchange Consortium via the PRIDE (Perez-

obse

inten

effec

with

contr

Inter

secre

no d

shown). These results suggest that EVs from DCs+Tp modulate

to so

secre

EVs
bet
mic

E

sinc

imm

prev

deriv

Toxo

(Sch
iverol et al., 2022) partner repository with the dataset

dentifier PXD037795.).

Vs from T. cruzi-DCs interaction
odulate DC activation in vitro

Previously, we have reported that Tp interaction confers

olerogenic properties to DCs in vitro. However, this effect was

bserved with the whole parasite and not with medium enriched

n Tp secretion products (Poncini et al., 2008). Here we studied

he effect of DCs-derived EVs and EVs product of the parasite-

Cs interaction over DCs in a steady and/or activated state. To

his end, first we analyzed if EVs can be uptaken by DCs. EVs

abeled with the lipid dye PKH26, were incubated with DCs in

teady-state and uptake was determined by confocal microscopy

nd flow cytometry. By confocal microscopy we confirmed that

oth types of EVs were uptaken by DCs. While not quantified by

icroscopy, DCs incubated with EVs-DCs+Tp showed cells

ith high PKH26 incorporation, compatible with high EV

ptake (Figure 3A, a versus b). By flow cytometry, we

onfirmed that DCs with MHCIIint/low expression incorporate
ore EVs DCs+Tp than EVs DCs (Figure 3B). In addition, DCs

ncubated with EVs DCs slightly increased MHCII expression,

while

(Dan

rontiers in Cellular and Infection Microbiology 08
the EVs-DCs+Tp treated displayed the same expression

rved in control DCs and expressed as mean fluorescence

sity (MFI) (Figure 3C). Next, we analyzed by ELISA the

t of EVs on TNF-a and IL-10 secretion in DCs activated

LPS. We found no differences in cytokine secretion between

ol DCs and DCs incubated with EVs DCs (Figure 3D).

estingly, EVs DCs+Tp downregulated the IL-10 and TNF-a
tion, the former at undetectable levels (Figure 3D). Of note,

ifferences in cell viability were detected in cultures (data not

10.3389/fcimb.2022.980817
me extent MHCII expression in DCs, also IL-10 and TNF-a
tion to the milieu.

derived from the interaction
ween DCs and Tp partially protect
e from lethal infection

Vs derived from DCs have lately become an attractive tool

e they can cargo specific antigen and display

unogenicity. A cell-free-based vaccine using EVs has been

iously described (Keller et al., 2006). In addition, DCs

ed EVs were reported to induce protective immunity in

plasma gondii (Aline et al., 2004), Leishmania major

nitzer et al., 2010), among other infections. However,
there are extensive studies on EVs derived from T. cruzi

tas-Pereira et al., 2021), and their role in the host immune
B

C D

A

FIGURE 3

DCs-derived EVs are internalized by DCs in culture. (A) Confocal microscopy of DCs incubated with PKH26+ EVs (red) derived from DCs (a) or
DCs+Tp (b) for 24 h at 37°C. Scale indicates 5 µM. (B) Analysis of MHCII expression associated to PKH26+ EVs uptake by DCs in culture by flow
cytometry. Statistical analysis was performed with Student´s t-test, *p<0.05. (C) Analysis of MHCII median fluorescence intensity (MFI) in DCs
stimulated or not with EVs-DCs or EVs-DCs+Tp. Statistical analysis was performed with ANOVA and Dunnett´s test, *p<0.05. (D) TNF-a and IL-
10 in culture supernatants detected by ELISA. Statistical analysis was performed with ANOVA and Dunnett´s test, *p<0.05. Data are
representative of at least three biological replicates for each treatment.
frontiersin.org
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egulation (D’Avila et al., 2021), there is little information about

herapy approaches with DCs in experimental Chagas disease.

Here we analyzed the effect of one dose of EVs-DCs+Tp and

days

strai

mort

rontiers in Cellular and Infection Microbiology 09
10.3389/fcimb.2022.980817
before the challenge with the infection with the lethal RA

n (Poncini et al., 2015). Parasitemia, body weight and

ality were registered, and animals losing more than 25%
Vs DCs injected i.d. as described in material and methods, 7 of their body weight were euthanized (represented in Figure 4A).

B

C D E

F

A

FIGURE 4

EVs DCs+Tp protect mice from lethal T. cruzi infection. (A) Schematic representation of the experimental design. (B) Peripheral blood
parasitemia and mice survival. Animals were monitored during experimental infection. Control of infection (squares), EVs DCs treated and
challenged (filled circle) and EVs DCs+Tp treated and challenged (fill circle) as described in materials and methods. (C) Peripheral blood
parasitemia in animals treated with a second dose of EVs 7 days after the first application and challenged with RA 10 days after the treatment.
(D) Absolute cell number in popliteal lymph nodes (pLN) 20 days post-infection. (E) Percentage of CD3+ T cells in pLN (left panel) and
percentage of CD4+ and CD8+ T cells in pLN (right panel) by flow cytometry. No differences were detected between no-treated infected (Inf)
and treated animals (data not shown). (F) Intracellular INF-g detection from ag-specific CD4+ or CD8+ T cells by flow cytometry. One
representative assay of the gating strategy for INF-g detection in CD4+ and CD8+ T cells is shown (left panels). Bar graph representation
summing up the values obtained from the biological replicates in independent experiments (right panel). One of three representative
experiments designed with 4-5 mice per group is shown. For more than two treatments, statistical analysis was performed with ANOVA and
Dunnett´s test. For comparisons between two groups student´s t-test was used. *p< 0.05, **p<0.01.
frontiersin.org
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reatment with EVs-DCs+Tp partially protected animals from

he lethal infection; with approximately a 60% of survival (one

epresentative experiment of three independent studies with

imilar results is shown; Figure 4B right panel). In addition,

Vs-DCs+Tp treatment reduced the number of circulating

arasites at the peak of parasitemia (28 dpi, Figure 4B left panel).

In order to analyze the immune response after the treatment

n animals challenged with the lethal infection, we set a second

ound of experiments with a second immunization with EVs at

ay 7 after the first dose, followed by the challenge with the

arasite 10 days after. Immune response was studied at 20 dpi.

e found that animals treated with two EVs DCs+Tp doses

ontrolled the parasitemia earlier in time in comparison with the

nes that received one dose. In addition, treated animals, showed

marked decline in blood-Tp since 16 dpi (Figure 4C). No

ifferences were observed between infected animals and EVs

Cs treated and challenged (data not shown). We found a sharp

denomegaly in draining lymph node (pLNs), with high absolute

ell-number in EVs DCs+Tp treated animals (Figure 4D).

lthough treatment with EVs DCs+Tp did not modify the

roportion of total CD3+ T cells during the infection

Figure 4E, left panel; EVs DCs versus EVs DCs+Tp treated),

Vs DCs+Tp treatment enhanced the percentage of CD8+T cells

Figure 4E, right panel). Of note, it was detected more INF-g
roduction by ag-specific CD8+ T cells (Figure 4F), compatible

ith a stronger effector T-cell response. These results provide the

utierrez et al.
vidence that T. cruzi-DCs derived EVs are an attractive cell-free et al.
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iscussion

It is reasonable to assume that in protozoan infections the

ntracellular stages are the responsible for the EV exchange

etween the parasite and host cells, as described for

mastigotes in Leishmania major (Silverman and Reiner,

012). However, a paracrine/juxtacrine cross-talk between Tp

the extracellular forms of the parasite) and host cells through

Vs secretion was described by Ramirez et al. (2017). In

ddition, it was also demonstrated a Ca2+ dependent up-

egulation in the secretion of membrane derived vesicles in

HP-1 monocytes induced by Tp (Cestari et al., 2012);

evertheless, the precise mechanism and the signaling cascades

timulated by the parasite are still unknown. Interestingly,

revious reports show that low pH and other stress signals

ncrement the release of EVs by the parasite which reach a peak

t 120 min at 37°C in vitro (Vasconcelos et al., 2021), suggesting

ts possible participation in parasite invasion.

On the other hand, not only parasite products but also EVs

eleased by human peripheral blood mononuclear cells infected

ith SylvioX10/4 strain of T. cruzi activate THP-1 in culture.

nterestingly, it was shown that in infected mice and chronic
atients with Chagas disease most of the vesicles are of leukocyte addit

rontiers in Cellular and Infection Microbiology 10
dothelial origin (Chowdhury et al., 2017; Choudhuri and

, 2020).

n the present work we found that T. cruzi is capable of

ulating the secretion of EVs derived from DCs in vitro. Due to

uzi-DC interaction time in cultures, the effects described here

ve the Tp stage of the parasite. During the first 24 h of culture,

depending on the multiplicity of infection, the percentage of

infected with amastigotes can be low (Poncini et al., 2008).

lts obtained by proteomics showed low T. cruzi protein cargo

s (only trans-sialidase was detected), suggesting that most of

Vs released in supernatants are fromDC origin. However, the

nce of Tp modifies the abundance and the size of the EVs

ding to milieu by DCs.

hile exosome-like particles display diameters up to 100

ectosomes or microvesicles whose origin is the plasma

brane, display among 100-350 nm (Cocucci and

olesi, 2015; Witwer and Théry 2019). In addition to

ify the number and size of the EVs released, here we

d that Tp apparently, change the RNA and protein

ent in EVs from DCs. These results suggest that the

ite could shape the nature and probably the origin of the

released by DCs; however more studies are needed in order

nfirm this affirmation.

Cs in different maturation status delivered exosomes with

rent RNA cargo, especially miRNAs. Interestingly,

ature DCs secrete high quantity of exosomes (Montecalvo

, 2012). Here we observed that EVs DCs+Tp in addition to

l RNA, present populations of longer RNA (>180nt and

nt), different from large ribosomal RNA. No previous

rts were found about these RNA populations in EVs and

zi. This result needs further studies since these RNAs could

sent long non-coding RNAs or mRNA transcripts. Long

coding RNAs are heterogeneous group of regulators with a

h of more than 200 nt and their description in EVs has not

thoroughly studied enough (Wang et al., 2019).

n the same line, we found different protein content between

and DCs+Tp EVs. It was previously described that

spanins are differentially expressed by human and murine

ts, and they display a key role in DC receptors regulation,

ding antigen presentation (Zuidscherwoude et al., 2017). As

cted for murine DCs, we found more CD9 than CD63

ssion in cell lysates and in EVs by immunoblot and LC-

S. Interestingly, in DCs and DCs+Tp EVs we also detected

II. Previous studies reported the association of CD9 and

II for the formation of multimers in the membrane of DCs

by this interaction an enhanced efficiency for antigen

ntation (Unternaehrer et al., 2007). On the contrary,

spanins content in EVs can be variable and in the case of

l EVs isolated by ultracentrifugation MHCII might be

dant both in CD9+ or CD9- particles (Kowal et al., 2016).

3 is an accepted marker found in exosomes and

ominantly an intracellularly expressed tetraspanin. In

10.3389/fcimb.2022.980817
ion it was observed to be involved in the internalization of
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omplex ag (Mantegazza et al., 2004). Previous reports

emonstrate that tetraspanins can be differentially expressed by

ifferent DCs subsets and CD9 is highly expressed in murine

yeloid DCs (Zuidscherwoude et al., 2017). Here we found that

Vs display CD9, while no CD63. Future studies would explain if

his result is associated to the particles origin or if another

echanism is involved in the lack of CD63 in EVs.

By proteomics we observed that EVs DCs and EVs DCs+Tp

hare the presence of certain proteins; however, EVs DCs+Tp

isplayed an extended list of protein cargo. Of note, here we

emonstrate that the larger population of EVs from DCs+Tp

isplays more MHCII. This result is extremely interesting since

ur group and others have previously described that Tp

ownregulate the surface expression of MHCII in DCs

Poncini et al., 2008). The release of MHCII molecules in EVs

ould be a possible evasion mechanism that the parasite exploits

n order to modulate DCs immunogenicity. Studies in course

ay answer this question.

DC based vaccines have great potential for the treatment of

ifferent disorders, especially in cancer (Sprooten et al., 2019).

ifferent approaches were described ranging from passive loading

f in vitro differentiated DCs with tumor or pathogen peptides to

ransfection with nucleic acids or viral vector encoding diverse

ntigens. Although the FDA has approved monocyte-derived DC

herapy for cancer, this presented some limitations (Palucka and

anchereau, 2013). One of the most important problems for DC-

ased vaccines, in addition to the high price, is the correct delivery

f the antigen. In this context, EVs derived from DCs have lately

ecome an attractive tool for cell-free-based vaccine since they

isplay immunogenicity; can load specific antigens and the

tructure for antigen presentation (Markov et al., 2019). In vitro

e found a greater uptake of EVs DCs+Tp than EVs DCs by

ontrol DCs. Surprisingly, EVs DCs+Tp modulated the activation

tatus of DCs in culture. Not only MHCII surface expression, but

lso both IL-10 and TNF-a secretion were decreased. In vivo

mmunization with EVs as a cell-free immunotherapy shows that

ice treated with only one dose of EVs-DCs+Tp have higher

urvival and low parasitemia after the challenge with the lethal

nfection with T. cruzi. Animals treated with two doses of EVs DCs

Tp showed fewer circulating parasites compared to those treated

ith one-dose and improved effector response of ag-specific T cell.

In conclusion, the results presented here, as well as go deep

n the understanding of the parasite and the host interplay,

uggest that T. cruzi-DCs derived EVs are a novel cell-free

trategy as immunotherapy against Chagas disease. The results

lso propose EVs better molecular characterization for future

utierrez et al.
evelopment of new accessible synthetic tools. Exp
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