THE IMMUNOMODULATORY
PROPERTIES OF EXTRACELLULAR
VESICLES FROM PATHOGENS, IMMUNE
CELLS AND NON-IMMUNE CELLS

EDITED BY: Ivan K. H. Poon, Christopher D. Gregory and Maria Kaparakis-Liaskos
PUBLISHED IN: Frontiers in Immunology

O C

,frontiers Research Topics


https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles

:' frontiers

Frontiers Copyright Statement

© Copyright 2007-2019 Frontiers
Media SA. All rights reserved.

All content included on this site,

such as text, graphics, logos, button
icons, images, video/audio clips,
downloads, data compilations and
software, is the property of or is
licensed to Frontiers Media SA
(“Frontiers”) or its licensees and/or
subcontractors. The copyright in the
text of individual articles is the property
of their respective authors, subject to a
license granted to Frontiers.

The compilation of articles constituting
this e-book, wherever published,

as well as the compilation of all other
content on this site, is the exclusive
property of Frontiers. For the
conditions for downloading and
copying of e-books from Frontiers’
website, please see the Terms for
Website Use. If purchasing Frontiers
e-books from other websites

or sources, the conditions of the
website concerned apply.

Images and graphics not forming part
of user-contributed materials may
not be downloaded or copied
without permission.

Individual articles may be downloaded
and reproduced in accordance

with the principles of the CC-BY
licence subject to any copyright or
other notices. They may not be re-sold
as an e-book.

As author or other contributor you
grant a CC-BY licence to others to
reproduce your articles, including any
graphics and third-party materials
supplied by you, in accordance with
the Conditions for Website Use and
subject to any copyright notices which
you include in connection with your
articles and materials.

All copyright, and all rights therein,
are protected by national and
international copyright laws.

The above represents a summary only.
For the full conditions see the
Conditions for Authors and the
Conditions for Website Use.

ISSN 1664-8714

ISBN 978-2-88945-754-0
DOI 10.3389/978-2-88945-754-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

Frontiers in Immunology

1 January 2019 | Immunomodulatory Properties of Extracellular Vesicles


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/
mailto:researchtopics@frontiersin.org

THE IMMUNOMODULATORY
PROPERTIES OF EXTRACELLULAR
VESICLES FROM PATHOGENS, IMMUNE
CELLS AND NON-IMMUNE CELLS

Topic Editors:

Ivan K. H. Poon, La Trobe University, Australia

Christopher D. Gregory, The University of Edinburgh, United Kingdom
Maria Kaparakis-Liaskos, La Trobe University, Australia

Citation: Poon, I. K. H., Gregory, C. D., Kaparakis-Liaskos, M., eds. (2019). The
Immunomodulatory Properties of Extracellular Vesicles from Pathogens, Immune
Cells and Non-Immune Cells. Lausanne: Frontiers

Media. doi: 10.3389/978-2-88945-754-0

Frontiers in Immunology

2 January 2019 | Immunomodulatory Properties of Extracellular Vesicles


https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles

Table of Contents

05 Editorial: The Immunomodulatory Properties of Extracellular Vesicles
From Pathogens, Immune Cells, and Non-immune Cells
Ivan K. H. Poon, Christopher D. Gregory and Maria Kaparakis-Liaskos
CHAPTER1

IMMUNOREGULATORY PROPERTIES OF EVs RELEASED FROM GRANULOCYTES
AND MACROPHAGES

08

24

36

Granulocyte-Derived Extracellular Vesicles Activate Monocytes and are
Associated With Mortality in Intensive Care Unit Patients

Ali Danesh, Heather C. Inglis, Mohamed Abdel-Mohsen, Xutao Deng,

Avril Adelman, Kenneth B. Schechtman, John W. Heitman, Ryan Vilardi,
Avani Shah, Sheila M. Keating, Mitchell J. Cohen, Evan S. Jacobs,

Satish K. Pillai, Jacques Lacroix, Philip C. Spinella and Philip J. Norris
Extracellular Vesicles Released From Mycobacterium tuberculosis-Infected
Neutrophils Promote Macrophage Autophagy and Decrease Intracellular
Mycobacterial Survival

Violeta D. Alvarez-Jiménez, Kahiry Leyva-Paredes, Mariano Garcia-Martinez,
Luis Vazquez-Flores, Victor Gabriel Garcia-Paredes,

Marcia Campillo-Navarro, Israel Romo-Cruz, Victor Hugo Rosales-Garcia,
Jessica Castafieda-Casimiro, Sirenia Gonzalez-Pozos,

José Manuel Hernandez, Carlos Wong-Baeza, Blanca Estela Garcia-Pérez,
Vianney Ortiz-Navarrete, Sergio Estrada-Parra, Jeanet Serafin-Lopez,

Isabel Wong-Baeza, Rommel Chacon-Salinas and Iris Estrada-Garcia

Roles of Macrophage Exosomes in Inmune Response to Calcium Oxalate
Monohydrate Crystals

Nilubon Singhto, Rattiyaporn Kanlaya, Angkhana Nilnumkhum and

Visith Thongboonkerd

CHAPTER 2

IMMUNOREGULATORY PROPERTIES OF EVs RELEASED FROM TUMOUR AND
APOPTOTIC CELLS

52

64

Hodgkin Lymphoma-Derived Extracellular Vesicles Change the
Secretome of Fibroblasts Toward a CAF Phenotype

Bastian Dorsam, Teresa Bésl, Katrin S. Reiners, Sabine Barnert,

Rolf Schubert, Olga Shatnyeva, Paola Zigrino, Andreas Engert,
Hinrich P. Hansen and Elke Pogge von Strandmann

Tumor-Derived Microvesicles Enhance Cross-Processing Ability of
Clinical Grade Dendritic Cells

Marco Dionisi, Claudia De Archangelis, Federico Battisti,

Hassan Rahimi Koshkaki, Francesca Belleudi, llaria Grazia Zizzari,
Ilary Ruscito, Christian Albano, Alessandra Di Filippo, Maria Rosaria Torrisi,
Pierluigi Benedetti Panici, Chiara Napoletano, Marianna Nuti and
Aurelia Rughetti

Frontiers in Immunology

3 January 2019 | Immunomodulatory Properties of Extracellular Vesicles


https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/journals/immunology

77  Apoptotic Tumor Cell-Derived Extracellular Vesicles as Important
Regulators of the Onco-Regenerative Niche
Christopher D. Gregory and lan Dransfield

84  Tumor-Derived Apoptotic Vesicles: With Death They Do Part
Morad-Remy Muhsin-Sharafaldine and Alexander D. McLellan

98 Apoptotic Cell-Derived Extracellular Vesicles: More Than Just Debris
Sarah Caruso and lvan K. H. Poon

CHAPTER 3
IMMUNOREGULATORY PROPERTIES OF EVs RELEASED FROM PATHOGENS
107 Helicobacter pylori Outer Membrane Vesicle Size Determines Their
Mechanisms of Host Cell Entry and Protein Content
Lorinda Turner, Natalie J. Bitto, David L. Steer, Camden Lo,
Kimberley D'Costa, Georg Ramm, Mitch Shambrook, Andrew F. Hill,
Richard L. Ferrero and Maria Kaparakis-Liaskos
117 Hookworm Secreted Extracellular Vesicles Interact With Host Cells and
Prevent Inducible Colitis in Mice
Ramon M. Eichenberger, Stephanie Ryan, Linda Jones, Geraldine Buitrago,
Ramona Polster, Marcela Montes de Oca, Jennifer Zuvelek,
Paul R. Giacomin, Lindsay A. Dent, Christian R. Engwerda,
Matthew A. Field, Javier Sotillo and Alex Loukas
131 Monitoring Extracellular Vesicle Cargo Active Uptake by Imaging Flow
Cytometry
Yifat Ofir-Birin, Paula Abou karam, Ariel Rudik, Tal Giladi, Ziv Porat
and Neta Regev-Rudzki

Frontiers in Immunology

4 January 2019 | Immunomodulatory Properties of Extracellular Vesicles


https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune#articles
https://www.frontiersin.org/journals/immunology

1' frontiers
in Immunology

EDITORIAL
published: 19 December 2018
doi: 10.3389/fimmu.2018.03024

OPEN ACCESS

Edited and reviewed by:
Herman Waldmann,
University of Oxford, United Kingdom

*Correspondence:

Ivan K. H. Poon
i.poon@latrobe.edu.au
Christopher D. Gregory
chris.gregory@ed.ac.uk
Maria Kaparakis-Liaskos
m.liaskos@latrobe.edu.au

Specialty section:

This article was submitted to
Immunological Tolerance and
Regulation,

a section of the journal
Frontiers in Immunology

Received: 09 November 2018
Accepted: 06 December 2018
Published: 19 December 2018

Citation:

Poon IKH, Gregory CD and
Kaparakis-Liaskos M (2018) Editorial:
The Immunomodulatory Properties of
Extracellular Vesicles From Pathogens,
Immune Cells, and Non-immune Cells.
Front. Immunol. 9:3024.

doi: 10.3389/fimmu.2018.03024

Check for
updates

Editorial: The Immunomodulatory
Properties of Extracellular Vesicles
From Pathogens, Immune Cells, and
Non-immune Cells

Ivan K. H. Poon"?*, Christopher D. Gregory® and Maria Kaparakis-Liaskos>**

" Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, VIC,
Australia,  Research Centre for Extracellular Vesicles, School of Molecular Sciences, La Trobe University, Melbourne, VIC,
Australia, ° The Queen’s Medical Research Institute, University of Edinburgh Centre for Inflammation Research, Edinburgh,
United Kingdom, * Department of Physiology, Anatomy and Microbiology, School of Life Sciences, La Trobe University,
Melbourne, VIC, Australia

Keywords: apoptotic cells, apoptotic bodies, bacterial membrane vesicles, exosomes, extracellular vesicles,
immunomodulatory, microvesicles, tumor cells

Editorial on the Research Topic

The Immunomodulatory Properties of Extracellular Vesicles From Pathogens, Immune Cells,
and Non-immune Cells

INTRODUCTION

Intercellular communication is key for immune regulation and extracellular vesicles (EVs) are
emerging as important mediators of this process. EVs like exosomes, microvesicles, and apoptotic
bodies are membrane-bound vesicles that can be released by both immune and non-immune
cells. Although different types of EVs vary greatly in their size (~30nm to 5pm in diameter)
and mechanism of formation, it is now well-established that the cellular constituents in/on EVs
(e.g., antigens, cytokines, membrane proteins, and microRNAs) can regulate a variety of immune
responses. Besides mammalian cells, bacteria, fungi, and parasites can also release membrane
vesicles to modulate host immune responses. In this research topic, a collection of primary research
and review papers explored the immunoregulatory properties of EVs released from immune cells,
tumor cells, apoptotic cells as well as pathogens.

IMMUNOREGULATORY PROPERTIES OF EVS RELEASED FROM
GRANULOCYTES AND MACROPHAGES

EVs can be released from a variety of cell types, in particular by immune cells to regulate immune
responses (1). In this research topic, small and large EVs (<220 nm and >220 nm, respectively)
generated from granulocytes were described by Danesh et al. to exhibit immunostimulatory
properties on monocytic cells. Interestingly, the authors also observed a positive association
between the levels of CD66b™ granulocyte-derived EVs with mortality in intensive care unit
patients. In another study in this research topic, Alvarez-Jimenez et al. described the ability of
EVs generated from Mycobacterium tuberculosis-infected neutrophils (~100-700 nm) to promote
the release of proinflammatory cytokines from macrophages and removal of intracellular M.
tuberculosis via an autophagy-dependent mechanism. Furthermore, Singhto et al. examined the
role of macrophage-derived EVs (~50-80 nm) in the context of kidney stone pathogenesis. The

Frontiers in Immunology | www.frontiersin.org 5

December 2018 | Volume 9 | Article 3024


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.03024
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.03024&domain=pdf&date_stamp=2018-12-19
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:i.poon@latrobe.edu.au
mailto:chris.gregory@ed.ac.uk
mailto:m.liaskos@latrobe.edu.au
https://doi.org/10.3389/fimmu.2018.03024
https://www.frontiersin.org/articles/10.3389/fimmu.2018.03024/full
http://loop.frontiersin.org/people/237103/overview
http://loop.frontiersin.org/people/411055/overview
http://loop.frontiersin.org/people/377778/overview
https://www.frontiersin.org/research-topics/6337/the-immunomodulatory-properties-of-extracellular-vesicles-from-pathogens-immune-cells-and-non-immune
https://doi.org/10.3389/fimmu.2018.00956
https://doi.org/10.3389/fimmu.2018.00272
https://doi.org/10.3389/fimmu.2018.00316

Poon et al.

Immunomodulatory Properties of Extracellular Vesicles

authors described the proteomic profile of macrophage-derived
EVs following calcium oxalate monohydrate crystals (a type
of crystal that is more pathogenic in kidney stone disease)
treatment, and how these EVs could modulate a variety of
immune cell functions in vitro. Collectively, these studies
highlight the immunomodulatory properties of EVs generated
from immune cells.

IMMUNOREGULATORY PROPERTIES OF
EVS RELEASED FROM TUMOUR AND
APOPTOTIC CELLS

Tumor cells can play a key role in establishing a
microenvironment that favors their growth, and a variety
of soluble factors released from tumor cells including VEGF
and IL-10 have been shown to facilitate this process (2).
Similarly, tumor cell-derived exosomes and microvesicles
have also been reported to contribute to the establishment
of tumor microenvironment (3, 4). In this research topic,
Dorsam et al. reported the ability of EVs (~130nm) generated
from Hodgkin lymphoma to promote recipient fibroblasts to
exhibit a cancer-associated fibroblast phenotype, resulting in
the release of pro-inflammatory cytokines, growth factors and
pro-angiogenic factors that could facilitate a tumor supportive
environment. In another research article, Dionisi et al. explored
a different concept and demonstrated the ability of tumor
(Burkitt's lymphoma)-derived microvesicles (3 predominant EV
populations of ~105, 175, and 285 nm) carrying tumor antigens
to enhance cross-processing ability of clinical grade dendritic
cells and facilitate activation of CD8' T cells. These findings
suggest the potential use of tumor cell-derived microvesicles
to promote the efficacy of dendritic cell-based vaccines for
anti-tumor immunotherapy.

In addition to EVs released from healthy/viable tumor cells,
two reviews by Gregory and Dransfield and Muhsin-Sharafaldine
and McLellan discussed the recent literature on the ability EVs
released from apoptotic tumor cells to modulate tumor growth
and anti-tumor immunity. Firstly, Gregory and Dransfield
described the heterogeneity of apoptotic cell-derived EVs in
terms of size and content, as well as their mechanism of
formation. The authors also discussed how EVs could facilitate
intercellular communication in the tumor microenvironment
and regulate tumor growth, metastasis, drug resistance, and anti-
tumor immunity. However, the importance of EVs generated
from apoptotic cells (ApoEVs), in particular from dying tumor
cells, in modulating the tumor microenvironment remains
to be fully defined. Muhsin-Sharafaldine and McLellan also
discussed how ApoEVs generated from tumor cells could
exhibit immunosuppressive or immunostimulatory properties
depending on the experimental context. In particular, how
CD169" macrophages in the lymph node could play a key
role in interacting with tumor cell-derived ApoEVs and
regulate anti-tumor immunity, as well as how the exposure
of phosphatidylserine on tumor cell-derived ApoEVs (e.g.,

generated after chemo-/radio-therapy) could promote tumor
growth through activation of the extrinsic coagulation cascade.
It should be noted that in additional to tumor cell-derived
ApoEVs, ApoEVs released from a range of untransformed
cells during apoptosis could also exhibit immunoregulatory
properties. Another review by Caruso & Poon discussed how
ApoEVs generated from a range of cell types could modulate
immune responses by regulating the efficient clearance of
apoptotic cells, antigen presentation, as well as trafficking of
cytokines, damage-associated molecular patterns and pathogens.
Caruso and Poon also highlighted the variation in nomenclature
and isolation/characterization methods used in a range of ApoEV
studies.

IMMUNOREGULATORY PROPERTIES OF
EVS RELEASED FROM PATHOGENS

In additional to the importance of EVs in mediating intercellular
communication in higher organisms, it is also well-established
that a variety of pathogens can release membrane vesicles to
modulate host immunity (5), with three research articles in this
research topic exploring this area of research. First, Turner et
al. examined the mechanism underpinning the entry of Gram-
negative bacterial derived outer membrane vesicles (OMVs) into
host cells. The authors described the size of OMV being a key
determining factor for OMV cargo composition and their host
cell entry, with smaller OMVs (20-100nm) and larger OMVs
(90-450 nm) entering host epithelial cells via caveolin-mediated
endocytosis and macropinocytosis/endocytosis, respectively.
Second, Eichenberger et al. performed proteomic and RNA-seq
analysis on parasite (Nippostrongylus brasiliensis)-derived EVs
(60-160nm), as well as demonstrated the ability of parasite-
derived EVs to suppress inflammation in a murine model of
colitis. Lastly, Ofir-Birin et al. described the use of imaging
flow cytometry to monitor malaria parasites (Plasmodium
falciparum)-derived EVs, their uptake into host monocytes, as
well as the subsequent translocation of phosphorylated IRF3 into
the nucleus in monocytes.

AFTERWORD

The field of EVs is a rapidly growing area of research, with
the identification of new types of EVs, expansion on the cell
types or organisms that could release EVs and their functions, as
well as the development of novel approaches to study EVs. This
research topic has covered a number of cutting-edge discoveries
in this field. Lastly, we would like to thank all the authors for
their contribution to this research topic and the referees for their
prompt and in-depth reviews.
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To understand how extracellular vesicle (EV) subtypes differentially activate monocytes, a
series of in vitro studies were performed. We found that plasma-EVs biased monocytes
toward an M1 profile. Culturing monocytes with granulocyte-, monocyte-, and endothelial-
EVs induced several pro-inflammatory cytokines. By contrast, platelet-EVs induced TGF-p
and GM-CSF, and red blood cell (RBC)-EVs did not activate monocytes in vitro. The
scavenger receptor CD36 was important for binding of RBC-EVs to monocytes, while
blockade of CD36, CD163, CD206, TLR1, TLR2, and TLR4 did not affect binding of
plasma-EVs to monocytes in vitro. To identify mortality risk factors, multiple soluble
factors and EV subtypes were measured in patients’ plasma at intensive care unit
admission. Of 43 coagulation factors and cytokines measured, two were significantly
associated with mortality, tissue plasminogen activator and cystatin C. Of 14 cellular
markers quantified on EVs, 4 were early predictors of mortality, including the granulocyte
marker CD66b. In conclusion, granulocyte-EVs have potent pro-inflammatory effects on
monocytes in vitro. Furthermore, correlation of early granulocyte-EV levels with mortality
in critically ill patients provides a potential target for intervention in management of the
pro-inflammatory cascade associated with critical illness.

Keywords: extracellular vesicles, monocytes, granulocytes, exosomes, microvesicles, mortality, intensive care
unit, receptor

INTRODUCTION

Extracellular vesicles (EVs) are double membrane vesicles that can be released from virtually all
cell types under physiological and pathological conditions and may be detected in blood and other
body fluids (1, 2). The role of EVs in cell-cell communication and immunity is a new area in biol-
ogy and medicine, and immunosuppressive and immunostimulatory roles have been attributed to
EVs (3-6). We previously showed that EVs from stored leukoreduced blood are heterogeneous and
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originate from multiple cell types. We observed that monocytes
bind to and engulf EVs, and T cell response modulation by EV's
is indirect and mediated via monocyte activation (7). Red blood
cell (RBC)-EVs have been described as immunosuppressive or
immunostimulatory in separate studies (8, 9). The literature is also
conflicting on the stimulatory vs. suppressive effect of platelet-
EVs on monocytes and macrophages (10, 11).

Understanding how EV subtypes interact with immune
cells would better allow their manipulation in disease states,
as several mechanisms of uptake have been described for EVs.
EV surface proteins can play an important role in EV uptake, as
treatment of EVs with proteinase K decreases the uptake of EV's
by ovarian cancer cells (12). Phagocytosis, clathrin-mediated
endocytosis, caveolin-mediated endocytosis, and membrane
fusion are suggested mechanisms for EV uptake (13). It is
believed that adhesion molecules, integrins, and lectins play
a role in EV uptake (13-15). Proteoglycans such as heparin
sulfate may also play a role in EV uptake, as treatment of cells
with a heparin sulfate mimetic reduces EV uptake (16). The
role of TLRs in EV uptake has also been studied, and the data
in the literature on TLRs are conflicting (17, 18). In general,
EV uptake can involve several receptors (12, 19-24). The role
of scavenger receptors in EV uptake is not well studied, but
it has been shown that endothelial-EVs bind to the scavenger
receptor CD36 on platelets and contribute to thrombosis in
mice (25).

Increased levels of particular EV subtypes have been asso-
ciated with specific diseases, and EV subtypes may serve as
novel biomarkers. The plasma level of CD31* EVs is associated
with increased risk of cardiovascular death (26). Tissue factor
(CD142)-positive EVs derived from endothelial cells and mono-
cytes in sickle cell disease contribute to thrombin generation
and coagulation (27). In a study of critically ill patients, the ratio
of platelet-EVs to platelet count was associated with mortality,
primarily driven by an inverse relationship between platelet count
and mortality (28). In critically ill burn patients, white blood cell
(WBC)- and granulocyte-EVs at intensive care unit (ICU) admis-
sion are associated with subsequent mortality (29).

Using RNA sequencing and global transcriptomic analyses,
here we show that plasma-EVs bias primary monocytes toward
an M1 profile, which leads to generation of a dominant inflam-
matory response. We also show that whether EVs induce pro- or
anti-inflammatory responses in monocytes depends on their
cell of origin. Finally, we demonstrate that a group of scavenger
receptors were regulated in monocytes stimulated with EVs, and
that RBC-EV's bind monocytes at least in part via the scavenger
receptor CD36. We enrolled a subset of 100 critically ill subjects
from three of the clinical sites participating in the Age of BLood
Evaluation (ABLE) trial and measured a broad array of immune
and coagulation parameters to determine if the age of blood
transfused affected these parameters, and secondarily whether
any of the parameters predicted subsequent mortality (30). We
showed that in addition to cystatin C and tissue plasminogen
activator (TPA), EVs expressing CD66b (granulocyte), CD15
(granulocyte and monocyte), CD11b (adhesion molecule), and
CD62P (activated platelets and endothelial cells) are early pre-
dictors of mortality in ICU patients.

MATERIALS AND METHODS
Study Samples

For in vitro experiments Trima filters (discarded byproducts of
platelet apheresis) were used to generate large stocks of stored
peripheral blood mononuclear cells (PBMCs). Fresh blood from
six healthy donors was used for isolation of granulocytes to gen-
erate pure granulocyte-EVs. To purify RBC- and platelet-EVs,
RBC units and platelet units were washed by automation and
stored for 21 and 5 days, respectively. All filters and units were
de-identified and acquired from Blood Centers of the Pacific
(BCP). All study protocols were approved by the University of
California, San Francisco Committees on Human Research.

Samples from the ABLE study were used for ex vivo experi-
ments. ABLE was a multicenter, randomized, controlled clinical
trial that studied the effect of RBC unit storage time in 1,430
critically ill patients who received RBC transfusion. PBMC sam-
ples from a subset of 100 patients in the ABLE trial were collected
pre-transfusion and on days 2, 6, 28, and 180 post-transfusion.
ABLE sites participating in this study included The Ottawa
Hospital (General and Civic campuses) and the Institut de Car-
diologie et de Pneumologie de Québec, Université Laval. All
patients from the ABLE trial were eligible to participate, with the
exception of those with history of bone marrow transplantation.
Plasma samples were used for measurement of EVs, cytokines,
growth factors, and coagulation factors. In addition, clinical
data were collected in the ABLE trial, including mortality and
multiorgan dysfunction syndrome score. Samples were collected
under informed consent and IRB approval in accordance with
the Declaration of Helsinki. A group of 48 healthy control subjects
was enrolled at Blood Systems Research Institute, with a blood
sample collected at a single time point for analysis of EV subtypes
in peripheral blood.

Sample Processing

Plasma-EVs were isolated from ACD-treated blood using diff-
erential centrifugation. Plasma was separated at 1,000 g from
cells and spun at 13,000 g to make platelet-free plasma (PFP). Six
mL of PFP were added to 30 mL phosphate-buffered saline and
spun for 1 h at 100,000 g. EV pellets were resuspended in 1 mL
RPMI and stored at —80°C. Purified EVs were used for functional
experiments.

For measurement of EV subtypes in peripheral blood, whole
blood from 48 donors was collected in a citrate tube. Tubes were
centrifuged at 2,500 g, and plasma was stored in 0.5 mL aliquots
at —80°C until testing. Whole blood was collected in EDTA tubes
from ABLE study subjects on day 0 (before transfusion) and on
days 2, 6, and 28 after the first RBC transfusion. Collection tubes
were centrifuged at 1,000 g to separate cells from plasma, and
plasma was centrifuged at 13,000 g for removal of platelets and
large fragments of cells. Aliquots of 0.5 mL PFP were stored at
—80°C until testing.

Generation of Pure EV Subtypes Based on
Their Cell of Origin

Pure RBC-, platelet-, monocyte-, granulocyte-, and endothelial-
EVs were prepared for functional experiments. Monocytes were
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isolated from PBMC:s of healthy donors by double negative sele-
ction using an EasySep Human Monocyte Enrichment Without
CD16 Depletion Kit (Stemcell Technologies), and they were
cultured at 1 million cells/mL for 2 days to generate monocyte-
EVs in the culture supernatant. Whole blood was treated with
HetaSep (Stemcell Technologies) to sediment RBCs and isolate
leukocytes. Granulocytes were isolated from leukocytes by double
negative selection using an EasySep Human Pan-Granulocyte
Isolation Kit (Stemcell Technologies) and were cultured at 1
million cells/mL for 24 h to generate granulocyte-EVs. Washed
leukoreduced RBC units were stored for 21 days in CP2D plus
AS3 storage solution at 4°C to generate pure RBC-EVs. Platelet
units were washed and stored for 5 days on a shaker at 25°C to
generate platelet-EVs. Human umbilical vein endothelial cells
(University of California, San Francisco Cell Culture Facility) were
cultured to 90% confluence for 1 week to generate endothelial-
EVs. EV subtypes were isolated from monocyte, granulocyte, and
endothelial cell culture supernatants, and from stored RBC units
and stored platelets by differential centrifugation as described
earlier, followed by storage at —80°C.

Characterization of EVs

To characterize EVs from patients, PFP samples were stained
and acquired as previously described (31) using 14 different
fluorochrome-conjugated monoclonal antibodies in three sepa-
rate panels, including CD235a-FITC, CD62P-APC, CD3-PerCP/
Cy5.5,CD19-Alexa/700, CD28-FITC, CD16-V450, CD62L-APC,
CD11b-PE/Cy7, CD66-PE (BioLegend), CD15-FITC (ExAlpha),
CD152-APC, CD14-APC/Cy7, CD108a-PE, and CD41a-PerCP/
Cy5.5 (BD Biosciences). In normal donor samples CD142-PE
(BioLegend) and CD154-APC (BD Biosciences) were substituted
for CD14 and CD152, respectively. To reduce the background
staining and as the size of small EVs fall below the detection limit
of flow cytometer, stained EVs were diluted in PBS and were
centrifuged for 5 min at 500 g using 0.22 pm Ultrafree MC-GV
Centrifugal Filter Units (Millipore). Flow through (small EVs
and unbound antibodies) was discarded, and stained large EV's
were harvested in PBS from the top of the filter. Data were
acquired using an LSR II flow cytometer (BD Biosciences). FSC/
SSC voltages were set to the highest values that excluded the
majority of background noise (i.e., just below the voltage thre-
shold at which event rate surpassed 5 events/s while running
a tube of PBS alone). Typically, this threshold occurred at FSC
and SSC voltages of around 500-600 and 300-350, respectively.
Gates were set using beads sized 100, 200, 240, 500, and 1,000 nm
(Megamix-Plus SSC; BioCytex), and EVs were collected from
the threshold to the 1,000 nm gate based on SSC. Analysis was
performed using Flow]Jo 7.6.5 software (Tree Star).

Isolation of PBMCs and Purification

of Monocytes

Whole blood or leukocytes trapped in TRIMA filters were over-
laid on Ficoll-Paque (Sigma-Aldrich) and centrifuged for 30 min
at 600 g. PBMC layers were harvested followed by washing and
cryopreservation in fetal bovine serum (FBS) containing 10%
DMSO. Isolation of monocytes from PBMCs was performed by

double negative selection from PBMCs using the EasySep Human
Monocyte Enrichment Without CD16 Depletion Kit (Stemcell
Technologies).

Stimulation of Monocytes With EVs
Extracellular vesicles were counted using Trucount Absolute
Counting Tubes (BD Biosciences). To each Trucount™ tube, 50 uL
sample and 350 uL PBS were added and samples were read imme-
diately on the flow cytometer. EV concentrations were calculated
using the following equation:

EVs/uL :[EV region events / bead region events]
><[TrucountTM beads / puL of sample added].

One million monocytes were cultured in 1 mL of 10% inac-
tivated exosome-free FBS (SBI) in RPMI (containing 10 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 100 U/mL
penicillin G, and 100 mg/mL streptomycin) in the presence or
absence of one million plasma-EVs in a 5% CO; incubator at 37°C
for 1, 3, and 24 h. Each experiment was performed in duplicate
wells, and cell culture supernatants (0.3 mL) were harvested for
cytokine assays and cells were added to 0.7 mL QIAzol Lysis
Reagent (Qiagen) for total RNA isolation. For experiments using
individual EV subtypes, 1 million monocytes were cultured with
1 million EVs of a given subtype (RBC-, platelet-, monocyte-,
endothelial-, and granulocyte-EVs) for 24 h, and supernatants
were harvested for cytokine assays. For some experiments EVs were
fractionated by size. Briefly, EVs were centrifuged at 500 g using
0.22 pm Ultrafree MC-GV Centrifugal Filter Units (Millipore) to
separate small and large EVs (enriched for exosomes and MVs,
respectively). The small EVs (<220 nm) were collected in the flow
through, and the large EV's (>220 nm) were recovered from the top
of the filter. Each fraction was incubated with monocytes for 16 h
followed by permeabilization of cells using Cytofix/Cytoperm Kit
(BD Biosciences) and intracellular staining for TNF-a (-V421
labeled, BioLegend).

Gene Expression Profiling With High

Throughput Sequencing

Total RNA from monocytes, EVs, and PBMC positive controls
was extracted using the miRNeasy Mini Kit (Qiagen) with the
optional on-column DNAse treatment step. RNA was quantified
using a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies) and integrity was assessed using an Agilent 2100
Bioanalyzer (Agilent Technologies). For RNA-Seq experiments
cDNA was generated using the Illumina TruSeq Stranded mRNA
Library Prep Kit (Illumina Technologies), and 400 ng of total RNA
was used as input. Single-read sequencing was performed using
the Ilumina HiSeq 2000 instrument to obtain 30-50 million
single reads of 51 nucleotides. RNA-Seq data were preprocessed by
adaptor trimming and low quality 3'-tail trimming (Phred > 20).
The preprocessed reads were mapped using Tophat to the ref-
erence genome hgl9. Gene level expression quantification in
FPKM (Fragments Per Kilobase of transcript per Million mapped
reads) was calculated using Cufflinks suite including Cufflinks,
Cuffmerge, Cuffquant, and Cuffnorm. Significant changes in
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transcript expression were quantified by #-test, which were adju-
sted by false discovery rate (FDR < 0.05). Gene annotations and
GO terms were extracted from BioMart using the Bioconductor/
biomaRt package.

Intracellular Cytokine Assays and
TLR Blocking Antibodies

Intracellular staining of monocytes for detection of TNF-a was
performed after stimulation of 1 million/mL monocytes with
EVs as previously described (7). To test the efficacy of anti-TLR
neutralizing antibodies, one million PBMCs were treated with
1 pg/mL TLR1, TLR2, or TLR4 antibodies for 1 h, and then stimu-
lated with TLR agonists (InvivoGen) for 16 h. Synthetic tripal-
mitoylated lipopeptide Pam3CysSerLys4 (Pam3CSK4, 20 ng/mL)
was used as a TLR1 and TLR2 agonist, and LPS (5 ng/mL) was used
as a TLR4 agonist. Finally, cells were stained with CD14-APC/
Cy7 antibody (BioLegend) before permeabilization, then washed
and stained for TNF-a, and run on the flow cytometer.

Measurement of Cytokines in Supernatant

of Monocytes Stimulated With EVs

A Milliplex MAP Kit (Millipore) was used to measure the level
of 13 cytokines and growth factors in culture supernatants
of monocytes stimulated with plasma-EVs (GM-CSE IFNy,
IL-10, IL-12p70, IL-13, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,
and TNF-a). A second Milliplex MAP kit from the same manu-
facturer was used to measure the level of 12 cytokines in super-
natants of monocytes stimulated with EV subtypes (IFNy, IL-10,
sCD40L, IL-1RA, IL-1a, IL-1B, IL-6, MIP-la, TNF-a, MIG,
GM-CSE and TGF-p). A Bio-Plex 200 instrument (Bio-Rad) was
used for data acquisition.

Cell Surface Expression of Scavenger
Receptors and TLRs

Cell surface expression of scavenger receptors CD36, CD163, and
CD206, and cell surface expression of TLR1, TLR2 and TLR4
on monocytes were assessed by staining PBMCs with CD14-
PerCP/Cy5.5, CD36-PE, CD163-APC, CD206-Alexa Fluor 488,
TLR2-PE, TLR4-APC (BioLegend), and TLR1-FITC (Invivogen)
fluorochrome-conjugated antibodies according to the manufac-
turers’ instructions. Samples were fixed in 2% paraformaldehyde
solution and were run on the flow cytometer. Percent expression
of scavenger receptors and MFI of TLRs were measured after
gating on CD14* monocytes.

EV-Monocyte Binding Assay

Plasma-EVs, aged RBC-EVs, or EV subtypes were stained with
PKH26 Red Fluorescent Cell Linker Dye (Sigma-Aldrich). EVs
were washed twice with 10% exosome-free FBS in RPMI to quench
the unbound dye. Recombinant annexin V (BD Biosciences) or
functional grade blocking monoclonal antibodies against phos-
phatidylserine (PS) (Millipore), CD36 (Stemcell Technologies),
CD163,CD206 (BioLegend), TLR1 (Invivogen), TLR2, and TLR4
(BioLegend) were used at multiple concentrations (0.01-2.0 ug/
mL) to block EV-monocyte binding. In some experiments, EVs
were incubated with annexin V or anti-PS antibody. In other

experiments PBMCs were incubated with monoclonal antibodies
against CD36, CD163, CD206, TLR1, TLR2, or TLR4 in a 5% CO,
incubator at 37°C for 1 h. PBMCs (500,000) were cultured with
EVs, in a final volume of 0.5 mL for 24 h. PBMCs were stained
with CD14-PerCP/Cy5.5 (BioLegend) and were fixed in 2% para-
formaldehyde solution. PBMCs were subject to flow cytometry,
and percent binding of monocytes to EVs was measured by gating
on CD14* cells.

Measurement of Cytokines and

Coagulation Factors

PFP from 100 ABLE study subjects was analyzed for levels of
immune and coagulation markers. To determine the inflamma-
tory and coagulation profile of PFP, a total of 43 different markers
were measured, including 16 coagulation factors: prothrombin
time, partial thromboplastin time, D-dimer concentration,
factor II, factor V, factor VII, factor VIII/40, factor IX/20, fac-
tor X, antithrombin III, protein C, fibrinogen concentration,
thrombomodulin, endothelial cell protein C receptor, TPA, and
plasminogen activator inhibitor type-1 (PAI-1). The markers of
coagulation were analyzed on a Stago or Dade Behring-Siemens
device. Coagulation factors Va, VIIIa, VII, as well as antithrombin III,
prothrombin time, partial thromboplastin time, TPA, D-dimer,
and protein C were measured on a Diagnostica Stago™ coagula-
tion analyzer. Concentrations of prothrombin fragments 1 + 2,
soluble thrombomodulin, PAI-1, soluble endothelial protein
C receptor, and cytokines were measured using commercially
available ELISA kits. In addition, 27 cytokines were measured
using Milliplex MAP kit (Millipore): GM-CSEF, IL-12p70, IL-17A,
IL-1p, IL-2, IL-21, IL-23, IL-6, IL-7, IL-8, ITAC, MIP-1a, MIP-
1B, TNF-a, EGF, FGE, IFN-y, IP-10, VEGE, p2-microglobulin,
cystatin C, myeloperoxidase, PAI-1, PDGF-AB/BB, RANTES,
sICAM-1, and sVCAM-1. A Bio-Plex 200 instrument (Bio-Rad)
was used for cytokines data acquisition.

Data Analysis

Supervised gene analysis was performed on all genes that were
mapped by high throughput sequencing and used in this paper.
FDRs were computed using the Benjamini-Hochberg procedure
to adjust for multiple comparisons in the RNA-Seq data. The heat
maps were generated using standardized Z-scores. GraphPad
Prism v.6 was used for ANOVA and t-test analyses as noted in
the figure legends. The significance of predictors of mortality was
based on Cox regression analyses. The distribution of the data was
analyzed, and for analytes with non-normally distributed data,
values were log-transformed before analysis.

RESULTS

EV Exposure Initiates an M1 Phenotype

Gene Expression Program

To better understand how EVs affect human immune cells,
we performed transcriptomic analyses using RNA-Seq on
monocytes at baseline and longitudinally after exposure to
EVs derived from PFP. It has been shown that monocytes and
monocyte-derived macrophages internalize EVs, which leads to
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their activation (11, 32, 33). Our prior work demonstrated that
monocytes ingest EVs found in stored RBC units (7), therefore
we focused our studies on this population of immune cells. It has
been shown that several genes are expressed differentially during
the process of monocyte polarization to M1 and M2 profiles, and
that the M1 phenotype has pro-inflammatory effects, while the
M2 phenotype possesses anti-inflammatory properties (34). We
analyzed 53 genes that have been described as associated with the
M1 profile and 43 genes associated with the M2 profile (34). From
M1-associated genes, the mRNA of 19 genes were significantly
upregulated at 3 and/or 24 h, including NAMPT, IL15RA, VCAN,

CHI3L2, IL7R, IL2RA, PTX3, SLC2A6, BIRC3, SPHKI1, TNF,
EDNI1,BCL2A1,CCR7,CCL20,IL6,INHBA, PFKFB3,and SLC7A5
(Figure 1A). Three genes were downregulated at 1 and/or 3 h,
including SLC31A2, PSMBY, and PSAM2. Analysis of M2 genes
showed that the majority of M2-biasing genes with significant
changes after EV exposure were downregulated (Figure 1B). We
found that mRNA of 19 genes were downregulated, most notably
at 3 h post EV exposure, including MSR1, CXCR4, CD302, GAS7,
TPST2,CD36, MS4A6A,LTA4H, TLR5,SLC38A6,SLEC10A,LIPA,
MS4A4A, SLCO2B1, LPAR6, TGFBI, ADK, HS3ST1, and HEXB.
Only four M2-associated genes were upregulated, including

A M1 genes B M2 genes
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I B CCL20 CA2
——<>— = & DN1 o SLC4A7
— ] *%k TNF

* I [L2RA MRC1
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FIGURE 1 | (A) M1 and (B) M2 mRNA expression profile of extracellular vesicle (EV)-exposed monocytes. Monocytes were purified from peripheral blood
mononuclear cells of five healthy donors and were cultured unstimulated or stimulated with plasma-EVs from five other healthy donors for 0, 1, 3, and 24 h.
mRNA expression was determined by RNA-Seq and analyzed longitudinally for a panel of previously described M1 and M2-associated genes. Results for
EV-incubated conditions were normalized to matched, unstimulated conditions at each time point and log.-transformed (o < 0.05, **p < 0.01, and ***p < 0.001).
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SLC4A7, CD209, CCL23, and HRH]1. In summary, exposure of
primary monocytes to EVs from plasma of healthy donors led
to predominant upregulation of M1-associated genes (19 up and
3 down) and downregulation of M2-associated genes (4 up and
19 down), and the different regulation pattern of M1 and M2-
associated genes was significant (p < 0.0001, Fisher’s exact test).

Effector Molecules Induced in Monocytes
Exposed to EVs

The RNA-Seq data were next analyzed to examine expression
of cytokines and growth factors in more detail. From 36 known
interleukins, message for 27 was detectable by high throughput

sequencing. The mRNA expression of 14 interleukins and
interleukin receptors was significantly upregulated at 3 and/
or 24 h (Figure 2A). We next looked at the gene expression of
chemokines and found 24 mRNA transcripts that were detect-
able. Expression of 17 chemokines changed significantly, with the
majority upregulated at 3 and/or 24 h (Figure 2B). In contrast
to interleukins and chemokines, most interferon transcripts were
not detectable, and of the five that were, none showed significant
changes after EV exposure (Figure 2C).

To determine whether the changes in cytokine mRNA levels
measured after monocyte exposure to EVs translated to changes
in protein levels, the supernatants from the same stimulated
monocytes were tested using a multiplex cytokine assay. The levels
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FIGURE 2 | Expression of cytokines, chemokines, and growth factors. Monocytes were purified from peripheral blood mononuclear cells of five healthy donors
and were cultured unstimulated or stimulated with plasma-EVs from five other healthy donors for 0, 1, 3, and 24 h. Supervised gene analysis was performed, and
significant changes in transcript expression quantified by t-test, which were adjusted by false discovery rate (<0.05). (A) Of the panel of genes for interleukins or
their receptors, expression of 14 was significantly upregulated and of 3 was downregulated at 3 and/or 24 h in monocytes stimulated with EVs compared with
paired unstimulated samples. (B) Of the chemokines and their receptors, expression of 14 was significantly upregulated and of 3 was downregulated at 3 and/or
24 h. (C) mRNA expression of most interferons was not detectable, and of the detectable messages none was significantly different from unstimulated monocytes.
(D) Supernatants were collected from the same cultures used for mRNA expression analysis. Results for stimulated conditions were normalized to unstimulated
data and log,-transformed to show log-fold increase after stimulation (o < 0.05, *p < 0.01, and ***p < 0.001).
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of nine pro-inflammatory and four anti-inflammatory cytokines
were measured at 0, 1, 3, and 24 h intervals in the supernatant
of monocytes that were unstimulated or incubated with EVs
isolated from normal donor plasma, and values were reported
as a ratio of EV-exposed to unstimulated conditions at each time
point (Figure 2D). Of the cytokines in the panel, mRNA levels
of TNF and IL7 were elevated at 3 and 24 h after EV exposure,
and mRNA from IL1B was elevated at 24 h. Protein levels of all
these analytes were significantly elevated and concordant with the
mRNA expression data, with the exception that IL6 mRNA was
significantly elevated at 3 h while the elevation in IL-6 protein
did not reach significance until 24 h. In addition, there were two
cytokines with elevated protein levels at 3 h (IFN-y and IL-8) and
seven cytokines or growth factors with elevated protein levels at
24 h that were either not significantly elevated or not detected in
the mRNA analysis (IL-12p70, IFN-y, IL-8, GM-CSF, IL-10, IL-
13, and IL-4). Examination of the mRNA and protein expression
data of four representative cytokines revealed similar patterns
between mRNA and protein expression for TNF-a, IL-1p, and
IL-6, while increases in IL-10 were detectable at the protein
but not mRNA expression level (Figure S1 in Supplementary
Material). To determine whether EV-derived mRNA contributed
to the signal in the RNA-Seq experiments, RNA was quantified
in the monocyte preparations as well as separate PBMC, EV, and
blank well conditions. Monocyte and PBMC controls showed
peaks consistent with both small and mRNA species, while
RNA was not detectable in EV preparations (Figures S2A,B in
Supplementary Material). Overall, these data demonstrate that
EVs found in healthy human plasma bias purified monocytes to
a pro-inflammatory, M1 phenotype.

EV Cell of Origin Determines Effect
of EVs on Monocytes

To better discriminate which EVs in plasma affect monocyte phe-
notype, we tested EVs derived from purified cell populations.
Monocytes were stimulated with smaller EVs (<220 nm, enriched
for exosomes) and larger EVs (>220 nm, enriched for microvesi-
cles) derived from granulocyte- and platelet-EVs for 16 h and
monitored for TNF-a production. While both small and large EV
fractions of granulocyte-EVs led to production of TNF-a, neither
the small nor the large EV fractions of platelet-EVs induced the
production of this pro-inflammatory cytokine (Figure 3A).

To more comprehensively measure EV subtype effects, puri-
fied monocytes were stimulated with RBC-, platelet-, monocyte-,
endothelial-, or granulocyte-EVs, and a panel of 12 cytokines was
measured in cell culture supernatants. Granulocyte-EVs were the
most pro-inflammatory, inducing significant increases in mono-
cyte secretion of TNF-a, IL-1f, IL-6, MIP-1a, and GM-CSF
(Figure 3B). Stimulation of monocytes with monocyte-EVs
led to a significant increase in TNF-a, IL-6, and MIP-1a, and
endothelial-EVs induced IL-6 and MIP-1a secretion. Stimulation
of monocytes with platelet-EVsled toasignificantincrease of TGF-
f production. Analysis of all 12 cytokines revealed EV-induced
changes in IL-10 and IL-1RA as well. Stimulation of monocytes
with RBC-EVs did not change the secretion of cytokines that
we measured (Figure 3C). In general, culturing monocytes with

pure granulocyte-, monocyte-, and endothelial-EVs induced the
secretion of several pro-inflammatory cytokines, in contrast to
platelet- and RBC-EVs.

Gene Regulation and Cell Surface

Expression of Scavenger Receptors

The role of scavenger receptors in EV uptake is an area of active
investigation (25, 35, 36). The mRNA expression of 24 scavenger
receptors was measured by RNA-Seq to determine if these recep-
tors are regulated in monocytes after plasma-EV exposure. The
mRNA expression of scavenger receptors SRA-1 (CD204), SRI-1
(CD163),CD280,SRI-2(CD163L1), SRB-2(CD36), and SRJ-1 was
downregulated, and the mRNA expression of SRF-1, and CD209
was upregulated compared with the time-matched unstimulated
condition (Figure S3A in Supplementary Material).

Several scavenger receptors were selected for analysis of pro-
tein expression and requirement for EV-monocyte binding. It has
been shown that the scavenger receptor CD36 plays a role in thro-
mbosis in mice by binding to endothelial-EVs (25). Monocytes
express the scavenger receptor CD163, which binds to hemo-
globin and haptoglobin-hemoglobin complex (37). As RBC-EV's
are loaded with hemoglobin (38), we thought CD163 may play a
role in EV binding. The mRNA expression of CD206, a receptor
on monocytes that binds to mannose residues on bacteria (39),
did not change in the RNA-Seq data, so this gene was included
as a control (Figure S3B in Supplementary Material). To validate
the mRNA findings, the cell surface expression of these receptors
was determined. CD36 expression was decreased significantly 3 h
after stimulation of monocytes with plasma-EVs. Expression of
CD163 on the monocyte cell surface was decreased significantly
at 3 and 24 h. Incubation of monocytes with plasma-EVs did not
significantly change surface CD206 expression (Figure S3C in
Supplementary Material). The surface expression of the scavenger
receptors on monocytes was largely consistent with the mRNA
expression data, with decreases seen after incubation with EVs.

Gene Regulation and Cell Surface

Expression of Toll-Like Receptors

The expression of TLRI, TLR2, and TLR4 mRNA was examined
after exposure to plasma-EVs, as TLRs have been proposed as
potential receptors for EVs (17, 18). The mRNA expression of
TLRI was downregulated at 3 h and upregulated at 24 h. The
mRNA expression of TLR2 was upregulated at 3 and 24 h time
points. Expression of TLR4 mRNA was downregulated at 3 h
(Figure S3D in Supplementary Material). The surface expression
of the TLR receptors was not concordant with the gene expres-
sion data. TLR1 surface expression did not differ after exposure
to plasma-EVs, while TLR2 and TLR4 surface expression
dropped at 3 h after EV exposure (Figure S3E in Supplementary
Material).

Dependence of EV-Monocyte Binding
on Scavenger Receptors and

Toll-Like Receptors
Plasma-EVs were incubated with PBMCs for 24 h with or without
the addition of annexin V or antibodies to phosphatidyl serine or
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several scavenger receptors. Blocking phosphatidyl serine, CD36,

CD163, or CD206 did not affect EV-monocyte binding (Figure 4A).

Similarly, blockade of TLR1, TLR2, or TLR4 had no effect on EV-
monocyte binding (Figure 4B). To ensure that the TLR antibodies
had blocking activity, PBMCs from two subjects were activated with

LPS or Pam3CSK4 and incubated with TLR4 or TLR1/2 antibodies,
respectively. Monocyte TNF-a production was decreased 30-80%
by the TLR antibodies (Figure S4A in Supplementary Material).

In addition to testing the ability of plasma-EVs to bind to
monocytes, EVs derived from packed RBC units stored for
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FIGURE 3 | Cytokine secretion by monocytes stimulated with subtypes of extracellular vesicles (EVs). Monocytes from peripheral blood mononuclear cells of six
healthy donors were purified by negative selection. Six replicates of red blood cell-, platelet-, monocyte-, endothelial-, and granulocyte-EVs were prepared as described
in the “Materials and Methods” section. Monocytes were cultured unstimulated or incubated with noted EV subtypes for 24 h. (A) Two independent experiments were
run with small (enriched for exosomes) and large (enriched for MVs) fractions of granulocyte- and platelet-EVs, and the percentage of monocytes that produced TNF-a
was measured by intracellular staining. Representative data showing intracellular cytokine staining of monocytes incubated with small and large fractions of
granulocyte- and platelet-EVs. (B) Supernatants were collected at 24 h and were tested using a multiplex cytokine assay for 12 cytokines. Data were analyzed by
ANOVA, and each condition was compared with the control condition using a Dunnett’s post-test. Data are shown for 6 of the 12 cytokines tested. (C) The logio ratio
of cytokines induced by incubating monocytes with five subtypes of EVs over the control condition is summarized in a heat map for all 12 cytokines (*p < 0.05,

**p < 0.01, and **p < 0.001).

42 days were examined for their binding capacity to monocytes.  populations. Flow plots gated on EVs (events <1 pm by forward
As we previously published, the predominant EV subtype in  andsidescatter, Figure 5A) revealed that the RBC marker CD235a
these preparations was RBC-derived (7). Incubation of RBC  and platelet marker CD41a were found on separate populations,
unit-EVs with annexin V or anti-phosphatidyl serine antibody =~ while the RBC activation marker CD108a was only found on
before incubation with monocytes significantly reduced binding ~ EVs also positive for CD235a (Figure 5B). Similarly, EVs bear-
to monocytes. Incubation of monocytes with anti-CD36 antibody ~ ing the granulocyte marker CD66b were a separate population
also significantly reduced binding to RBC unit-EVs (Figure 4C).  from those bearing CD62P (P-selectin), while those bearing the
Based on the data that CD36 blockade decreased interaction ~ adhesion molecule CD11b were found almost exclusively on the
of RBC unit- but not plasma-EVs with monocytes, the binding  granulocyte-EVs (Figure 5C). Platelet-EV's were more numerous
capacity of, monocyte-, granulocyte-, RBC-, and platelet-EVs  than those derived from any other cell type measured, and those
to primary monocytes was tested with or without monoclonal ~ bearing CD142 (tissue factor) were rarely detected (Figure 5D).
antibody blockade of scavenger receptor CD36. A representa-  To characterize WBC-EVs, various cell lineage and activation
tive titration of antibody is shown for purified RBC-EVs and ~ markers were examined (Figure 5E). EVs bearing markers of
monocytes (Figure S4B in Supplementary Material). Inhibition T cells (CD3), B cells (CD19), monocyte/NK cells (CD16), and
of binding of platelet-, granulocyte-, and monocyte-EVs to  granulocytes (CD66b) were all detected. The adhesion molecule
primary monocytes in PBMC cultures was tested, and none  CD15 was detected at higher levels than the adhesion molecule
showed significant inhibition after incubation with anti-CD36 ~ CD62L (L-selectin), though overall there were insignificant
antibody. These data show that CD36 is important in the binding  differences in expression of various WBC markers on EVs in
of RBC-EV's to monocytes, but not for EVs derived from platelets, ~ healthy subjects. These data demonstrate that EVs from different
granulocytes, or monocytes (Figure 4D). cell subtypes can be distinguished by flow cytometry and that
WBC-EVs are present at low-level in healthy subjects’ plasma.
Cellular Origin of EVs in Healthy Subjects . . .
The plasma EV prgoﬁle in 48 healthy subjects (42% male, median Predictors of Mortality in Critically Il
age 46) was examined using a panel of markers to identify EVs ~ Patients
bearing markers of endothelial cells (CD142, CD62P), platelets ~ As part of the ABLE study to analyze the effect of RBC unit stor-
(CD41a, CD62P), RBCs (CD235a, CD108a), and multiple WBC age on clinical outcomes in transfused, critically ill patients (30),
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FIGURE 4 | Role of scavenger receptors and TLRs in extracellular vesicle (EV)-monocyte binding. Peripheral blood mononuclear cells (PBMCs) (500,000) from 4
healthy donors were cultured unstimulated or incubated with 100 pL of PKH26 labeled EVs derived from plasma of 4 other healthy donors for 24 h. (A) PBMCs
were incubated with EVs alone, or EVs pre-incubated with annexin V (1.0 ug/mL) or anti-phosphatidylserine (PS) antibody (1.0 ug/mL) for 1 h and added to PBMCs,
or PBMCs were pre-incubated for 1 h with other antibodies noted on the x-axis at 1.0 pg/mL and added to PBMCs. After 24 h cells were stained with anti-CD14
and monocyte-EV binding was analyzed. (B) PBMCs were pre-incubated for 1 h with the noted TLR antagonists before incubation with EVs for 24 h as above.

(C) PBMCs were incubated with EVs derived from red blood cell (RBC) units stored for 42 days, and binding inhibitors were added as above. (D) Binding of EVs
derived from four different purified cell types to monocytes was assessed with or without pre-incubation of PBMCs with anti-CD36 antibody. EV binding inhibition
conditions were compared with the EV alone condition by ANOVA with Dunnett’s post-test (A-C) or by t-test (D) (o < 0.05, **p < 0.01, and ***p < 0.001).

serial samples were collected from 100 subjects randomized to
receive RBC units that had been stored for a shorter or longer
period. These subjects were 95% medical admissions, were 50%
female, and had a median age of 67. These samples were tested
for an array of 16 coagulation, 27 cytokine, 3 immune cell, and 14
EV markers. The ABLE study found no effect of RBC unit storage

age on mortality or other clinical outcomes, and the longitudinal
analysis of the relationship of these markers with RBC unit age
is the subject of a manuscript in preparation. For this study, we
analyzed the 100 subjects in aggregate to determine if immune
or coagulation markers in samples collected at ICU admission,
pre-transfusion predicted subsequent 28-day mortality, which
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FIGURE 5 | Extracellular vesicles (EVs) in healthy controls and as predictors of mortality in intensive care unit patients. (A) Gating strategy for EVs shows detection
of beads sized 100-1,000 nm on the SSC channel in the left panel, and gating of EVs in the right panel. Representative flow cytometry plots for (B) red blood cell
(RBC) and (C) granulocyte markers are shown. (D) Levels of EVs were measured in 48 healthy control subjects using a panel of markers to identify EVs derived from
platelets (CD41a and CD62P), RBCs (CD235a and CD108a), and endothelial cells (CD142). CD41a* EVs were significantly more abundant than all other populations
(p < 0.0001); all other significant differences are noted on the graph. (E) White blood cell (WBC)-EVs were characterized based on cell of origin (CD3, CD16, CD19,
CD66b) and expression of co-stimulatory (CD28 and CD154), and adhesion molecules (CD62L, CD11b, and CD15). (F) Of 62 parameters measured at baseline in
100 critically ill subjects, the 6 associated with 28-day mortality are shown, including EVs expressing four markers (CD15, CD11b, CD62P, and CD66b) (*p < 0.05,
**p < 0.01, **p < 0.001, and ***p < 0.0001).

was 22% in these subjects (Table 1). Elevated levels of six fac-
tors upon intensive care unit (ICU) admission were associated
with subsequent mortality: cystatin C, TPA, and EV's bearing the
markers CD15, CD11b, CD62P, or CD66b (Figure 5F).

DISCUSSION

In this article, we show that plasma-EVs biased primary mono-
cytes toward an M1 profile and led to secretion of inflammatory
mediators. Inspection of EVs from purified cell populations

revealed that monocyte-, granulocyte-, and endothelial-EV's drove
a pro-inflammatory monocyte response, with granulocyte-EVs
inducing the broadest and highest magnitude response. In addi-
tion, platelet-EVs were the only population to induce monocyte
production of the anti-inflammatory cytokine TGF-f, and RBC-
EVs did not regulate cytokines and chemokines that we measured.
The scavenger receptor CD36 is a potential receptor for RBC-
EVs but not for the other EV subtypes tested. Finally, we showed
that CD66b* granulocyte-EVs are early predictors of mortality
in ICU patients.
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Knowing that plasma-EVs are comprised of a heterogeneous
mix of subtypes derived from distinct cells of origin (40-42), and
to better understand which EVs in plasma bias monocytes to a pro-
inflammatory phenotype, EVs were prepared from purified cell
populations using routine procedures in a blood bank setting
(RBC- and platelet-EVs), or by culturing unstimulated cells (mono-
cyte-, granulocyte-, and endothelial-EVs) to avoid the effect of
mitogens on EV cargo (43). Granulocyte-EVs were found to be
the most potent pro-inflammatory agents of the EV subtypes
studied, followed by monocyte- and endothelial-EVs in pro-
inflammatory activity in our in vitro assays. Granulocyte-EVs have
also been described to augment or suppress immune response
(42, 43). Eken et al. have reported that EVs released by granu-
locytes induce a MerTK-dependent anti-inflammatory pathway
in monocyte-derived macrophages (44). One difference between
that study and the current work is that they stimulated purified
granulocytes with fMLP to generate EVs. This stimulation could
have affected the EV cargo and composition compared with
EVs that are released during physiologic conditions or from
granulocytes that were not stimulated (45). In contrast to the
pro-inflammatory EVs, platelet-EVs induced TGF-f secretion by
monocytes. TGF- is a multifunctional cytokine with a dominant

immunosuppressive activity. While it plays a positive role in
tissue repair and in the control of autoimmune and infectious
diseases, its upregulation may increase the growth of tumor cells
(46). Platelet-EVs may have therapeutic value in tissue repair and
downregulating the immune system in autoimmune diseases.
After demonstrating that plasma-EVs activated monocytes,
we searched for antibodies that could block EV-monocyte bind-
ing. The RNA-Seq data showed the downregulation of a cluster of
scavenger receptors on monocytes followed by their stimulation
with total EVs. Two well-known scavenger receptors that were
downregulated (CD36 and CD163) and one whose gene tran-
scription did not change (CD206) were selected for functional
studies. Blockade of these receptors did not affect the binding of
plasma-EVs to monocytes, though anti-CD36 antibody blocked
RBC-EV binding to monocytes. A prior study has shown that
endothelial-EVs bind to the scavenger receptor CD36 on platelets
and contribute to thrombosis in mice (25). We found that the
scavenger receptors CD36 and CD163 were downregulated
on the cell surface of monocytes stimulated with plasma-EVs;
however, a binding inhibition assay showed that only CD36 was
involved in RBC-EV binding to monocytes. Given the relative
lack of effect of RBC-EVs in our monocyte stimulation assays,

TABLE 1 | Baseline predictors of mortality.

Coagulation Cytokines Extracellular vesicles

Parameter p Value HR (cb) Parameter p Value HR (cb) Parameter p Value HR (cb)
PT 0.33 1.02 (0.97-1.08) GM-CSF 0.059 0.70 (0.48-1.01) EV concentration 0.83 1.04 (0.74-1.45)
PTT 0.085 1.01(0.999-1.017) IFN-y 0.84 0.97 (0.73-1.29) Annexin V 0.85 0.98 (0.80-1.20)
D-dimer 0.7 1.04 (0.86-1.25) IL-10 0.84 1.08 (0.77-1.37) CD3 0.78 1.04 (0.79-1.37)
Factor Il 0.28 0.99 (0.97-1.01) IL-12p70 0.84 1.06 (0.58-1.96) CDh14 0.56 1.06 (0.88-1.27)
Factor V 0.21 0.99 (0.98-1.004) IL-17A 0.3 0.81(0.54-1.21) CDh16 0.62 0.93 (0.70-1.24)
Factor VI 0.28 0.75 (0.45-1.26) IL-1p 0.89 1.06 (0.45-2.49) CD19 0.8 0.97 (0.76-1.24)
Factor VIII40 0.63 1.00 (0.998-1.003) IL-2 0.62 0.85 (0.45-1.61) CD28 0.22 1.11(0.94-1.31)
Factor IX 0.96 1.00 (0.99-1.01) IL-21 0.31 0.73(0.40-1.34) CD152 0.59 0.93 (0.72-1.21)
Factor X 0.95 0.99 (0.98-1.01) IL-23 0.84 0.98 (0.78-1.22) CD41a 0.32 1.12(0.89-1.41)
AT 0.74 1.03 (0.88-1.20) IL-6 0.62 0.92 (0.67-1.27) CDh62L 0.091 1.22 (0.97-1.55)
PC 0.18 0.90 (0.78-1.05) IL-7 0.69 1.01 (0.94-1.09) CD108a 0.71 0.94 (0.70-1.28)
FIB 0.26 0.99 (0.98-1.01) IL-8 0.62 1.10 (0.75-1.61) CD235a 0.98 1.00 (0.76-1.31)
™ 0.69 1.18 (0.51-2.73) ITAC 0.92 0.98 (0.70-1.38) CD11b 0.01 1.44 (1.09-1.91)
ECPR 0.72 1.01(0.94-1.10) MIP-Ta 0.19 0.73 (0.46-1.17) CD15 0.021 1.25(1.03-1.52)
TPA 0.011 1.57 (1.10-2.22) MIP-1p 0.24 0.70 (0.38-1.26) CD62P 0.008 1.34 (1.08-1.66)
PAI-1 0.27 1.14 (0.93-1.44) TNF-a 0.81 1.06 (0.67-1.67) CD66b 0.001 1.60 (1.20-2.15)

EGF 0.82 1.03 (0.77-1.39)

FGF 0.82 0.97 (0.72-1.30) Cellular immunity

VEGF 0.29 1.10 (0.92-1.31) Treg 0.098 1.25 (0.96-1.63)

p2-Microglobulin 0.28 1.12(0.91-1.31) CD4-IL-7 0.21 2.30 (0.63-8.37)

Cystatin C <0.0001 1.04 (1.02-1.07) CD8-IFN-y 0.3 0.98 (0.94-1.02)

MPO 0.26 1.19 (0.88-1.59)

PDFG AB/BB 0.59 1.05 (0.88-1.26)

RANTES 0.47 0.91 (0.70-1.18)

sICAM-1 0.57 1.01 (0.98-1.04)

SVCAM-1 0.084 1.02 (1.00-1.04)

HR, hazard ratio; cb, confidence bound; FAI-1, plasminogen activator inhibitor type-1; TPA, tissue plasminogen activator; EV, extracellular vesicle.

Significant values in bold.

HRs reflect the change in the hazard that is associated with one unit of change in particular variables except as noted below.

10 units of change: GM-CSF, IFN-y, IL-10, IL-23, IL-6, IL-8, ITAC, EGF, FGF, and VEGF.

100 units of change: PDFG AA/BB, CD3, CD14, CD16, CD19, CD28, CD152, CD62L, CD108a, CD11b, CD15, and CD66b.

1,000 units of change: RANTES, CD235a, CD62F, and annexin V.
10,000 units of change: MPO, sICAM-1, CD41a, and EV concentration.
1 million units of change: cystatin C.

10 million units of change: p2-microglobulin.
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it is unclear how effective CD36 blockade would be in regulat- ill patients who primarily presented with medical as opposed to
ing immune changes potentially induced by transfusions rich in ~ surgical diagnoses (30). The existing literature is relatively scarce
RBC-EVs, though other investigators have described RBC-EVs  describing the prognostic potential of EVs as predictors of mortal-
as having immune suppressive activity (9). Blockade of CD9, ity. Our results indicate that CD66b, CD15, CD11b, and CD62P
CD81, CD54, CD11a, CD51, and CD61 is reported to reduce EV. EVs were predictors of mortality in our cohort of patients. Of
uptake by dendritic cells (22). The interaction of lectin family  these, CD66b is the most specific and is a marker for granulocytes
members such as CD205 and CD209 has also been studied, and ~ (53). CD15 is expressed on granulocytes and monocytes (54),
their blockade leads to reduced EV uptake (21,23). In general, EV. and given that levels of the monocyte markers CD14 and CD16
uptake cannot be prevented completely by blockade of one recep- ~ were not associated with risk of death, it is likely that the CD15
tor, suggesting that several receptors are involved (12, 19, 21-24).  EVs arose from granulocytes rather than monocytes. CD11b is
TLRs have also been described to play a role in EV uptake. We  expressed on many cell types including granulocytes, monocytes,
tested antibodies against TLR1, TLR2, and TLR4, and they did  and lymphocytes (55), so while elevated CD11b-expressing EV's
not block EV-monocyte binding. It has been shown that tumor-  is consistent with a granulocyte cell of origin, this marker is not
exosomes control the expansion of myeloid-derived suppressor  specific. CD62P is an endothelial and platelet marker (56), and
cells through TLR2 and not TLR4, which leads to secretion of  in this study EVs bearing the platelet marker CD41a were not
IL-6 and suppression of CD8* T cells (18). However, it was found ~ associated with mortality risk. CD41a-expressing EVs have been
in another study that stimulation of the monocytic cellline THP1 ~ reported to be positively or negatively associated with mortality
with tumor-exosomes induced TNF-a, IL-1pB, and IL-6 through  in prior studies (57-59). Endothelial-EV markers were not mea-

TLR2 and TLR4 signaling (17). sured in this study, though it is possible that CD62P EVs were
In our ex vivo study on plasma samples from ICU patients,  derived from endothelial cells. The upregulation of endothelial-
a panel of 43 cytokines and coagulation factors was examined, =~ EVs has been described in patients with systemic inflammation

and only TPA and cystatin C were associated with mortality risk ~ due to sickle cell disease (27). Given the exploratory nature of
(47-52). TPA is involved with fibrinolysis and has been reported to the large panel of analytes studied, correlations were not corre-
be a marker for subsequent mortality in subjects hospitalized for ~ cted for multiple comparisons. The pattern of predominantly
acute dyspnea (50). Its significant release by endothelial cells after ~ granulocyte-EVs correlating with mortality risk is suggestive
traumatic injury has been shown to result in excessive bleeding  that the correlations were not random, though future studies
and hyperfibrinolysis, which are known risk factors for mortality ~ will be needed to confirm the association. Of note, WBC- and
(48, 49). Cystatin C is a cysteine protease inhibitor that plays a  granulocyte-EVs were recently reported to be associated with
role in catabolism of proteins, and it has been widely described ~ subsequent mortality in a population of critically ill burn patients,
as being associated with mortality risk in various disease states  increasing confidence in the validity of the association (29). Our
(47, 51, 52). In addition, 4 of the 14 EV markers tested were asso- data are consistent with a model in which EVs from various cell
ciated with increased death risk in this population of critically  types signal circulating monocytes, which can synthesize these

EVs:
Cytokines

-0
_——

Inflammation

Organ Failure / Death J &—  Oxidative stress
Direct cell damage

FIGURE 6 | Hypothetical model of extracellular vesicle (EV) interaction with monocytes. In this model, acute infection results in augmented release of EVs from cells,
particularly granulocytes, which are ingested by monocytes. Activated monocytes can then differentiate and migrate to tissues, which can increase tissue
inflammation and damage. Abbreviations: PMN, polymorphonuclear cell (granulocyte); PIt, platelet.
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signals to become activated and potentially participate in tissue
damage (Figure 6).

Here, we have shown by gene expression analysis that incu-
bation of monocytes with EVs polarized monocytes toward a
pro-inflammatory state. Of five EV subtypes that were tested,
monocyte-, endothelial-, and granulocyte-EVs induced production
of pro-inflammatory cytokines in monocytes, and granulocyte-
EVs were the most potent inflammation trigger. Platelet-EV's
induced production of the anti-inflammatory cytokine TGF-p
and GM-CSE, and RBC-EVs did not regulate cytokines and
chemokines that were measured. We demonstrated a role for
the scavenger receptor CD36 in the binding of RBC-EVs to
monocytes. Finally, we have shown granulocyte-EVs (expres-
sing CD66b) were early predictors of mortality in ICU patients.
Characterization of anti-inflammatory subtypes of EVs may have
therapeutic applications in inflammatory diseases including cri-
tical illness, and pro-inflammatory EVs could potentially be
harnessed as vaccine adjuvants or targeted for blockade to reduce
inflammation during critical illness.
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Tuberculosis is an infectious disease caused by Mycobacterium tuberculosis (Mtb).
In the lungs, macrophages and neutrophils are the first immune cells that have
contact with the infecting mycobacteria. Neutrophils are phagocytic cells that Kill
microorganisms through several mechanisms, which include the lytic enzymes and
antimicrobial peptides that are found in their lysosomes, and the production of reactive
oxygen species. Neutrophils also release extracellular vesicles (EVs) (100-1,000 nm
in diameter) to the extracellular milieu; these EVs consist of a lipid bilayer surround-
ing a hydrophilic core and participate in intercellular communication. We previously
demonstrated that human neutrophils infected in vitro with Mt H37Rv release EVs
(EV-TB), but the effect of these EVs on other cells relevant for the control of Mtb
infection, such as macrophages, has not been completely analyzed. In this study, we
characterized the EVs produced by non-stimulated human neutrophils (EV-NS), and
the EVs produced by neutrophils stimulated with an activator (PMA), a peptide derived
from bacterial proteins (fMLF) or Mtb, and observed that the four EVs differed in their
size. Ligands for toll-like receptor (TLR) 2/6 were detected in EV-TB, and these EVs
favored a modest increase in the expression of the co-stimulatory molecules CD80, a
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Neutrophil EVs Impair Mycobacterial Growth

higher expression of CD86, and the production of higher amounts of TNF-a and IL-6,
and of lower amounts of TGF-f, in autologous human macrophages, compared with
the other EVs. EV-TB reduced the amount of intracellular Mtb in macrophages, and
increased superoxide anion production in these cells. TLR2/6 ligation and superoxide
anion production are known inducers of autophagy; accordingly, we found that EV-TB
induced higher expression of the autophagy-related marker LC3-Il in macrophages,
and the co-localization of LC3-II with Mtb inside infected macrophages. The intracel-
lular mycobacterial load increased when autophagy was inhibited with wortmannin in
these cells. In conclusion, our results demonstrate that neutrophils produce different
EVs in response to diverse activators, and that EV-TB activate macrophages and pro-
mote the clearance of intracellular Mtb through early superoxide anion production and
autophagy induction, which is a novel role for neutrophil-derived EVs in the immune

response to Mtb.

Keywords: extracellular vesicles, neutrophils, tuberculosis, macrophage, autophagy

INTRODUCTION

Tuberculosis is an infectious disease that causes more than a mil-
lion deaths per year worldwide. The infection with Mycobacterium
tuberculosis (Mtb) is transmitted by aerosols, and macrophages
are the first immune cells that have contact with Mtb in lung
alveoli, through their toll-like receptors (TLRs), NOD-like recep-
tors, and C-type lectin-like receptors (1). The binding of these
receptors with their ligands induces Mtb phagocytosis and the
production of pro-inflammatory cytokines, including TNF-a,
IL-6, IL-8, and IL-1p, which promote activation and migration
of other immune cells, such as neutrophils, to the infected site
(2, 3). Neutrophils are the most abundant phagocytic cells of the
innate immune system and are crucial for the immune response
to Mtb, since the absence of neutrophils accelerates death in Mtb-
infected mice (4). Patients with active pulmonary tuberculosis
present abundant neutrophils in sputum samples and bronchoal-
veolar lavages, which indicates that these cells are relevant during
human infection with Mtb (5). Neutrophils phagocytose Mtb and
kill them in the phagolysosome, which contains several antimi-
crobial molecules, such as myeloperoxidase, neutral proteinases
(mainly cathepsin G, elastase, and proteinase 3), bactericidal/
permeability-increasing protein and defensins (6, 7). In addition,
neutrophils are able to trap Mtb in neutrophil extracellular traps
(NETs), although they are unable to eliminate the mycobacteria
(8). Moreover, neutrophils cooperate with other cellular elements
of the immune response, such as dendritic cells (DCs), which
mount T cell responses to mycobacteria (9).

Neutrophils participate in several intercellular communica-
tion networks. One of these networks has attracted interest in
recent years and involves the release of extracellular vesicles
(EVs) to the extracellular milien. Human neutrophil-derived
EVs were first described when these cells were incubated with
sublytic doses of complement (10). The EVs that are released by
neutrophils are formed by a lipid bilayer with trans-membrane
proteins, which limits an internal milieu with hydrophilic com-
ponents; this membrane is derived from the neutrophil cellular

membrane, so these EVs are classified as ectosomes. Neutrophil-
derived EVs have phosphatidylserine in the outer layer of their
membranes, and also contain CR1/CD35, LFA-1/CD11a, CD11b,
FcyRIII/CD16, L-selectin, HLA class I, CD66b, DAF/CD55, and
CD59 (11); their diameter ranges from 100 to 1,000 nm, and they
participate in intercellular communication, modulating several
biological processes (12). For example, neutrophil-derived EVs
decrease the phagocytic capacity and the expression of CD80 and
CD86 and increase the expression of TGF-f1, in immature DCs,
thus promoting a low T cell-activating capacity in mature DCs
(13). Neutrophil ectosomes contain the enzymes myeloperoxi-
dase, elastase, matrix metalloproteinase 9 and proteinase 3, which
suggests that neutrophil-derived ectosomes are “ecto-organelles”
with antimicrobial activity against opsonized microorganisms in
the extracellular milieu (14). In fact, recent studies showed that
neutrophil-derived EV's contain antimicrobial proteins from the
neutrophil granules, and that these EV's form integrin-dependent
aggregates with Staphylococcus aureus, impairing bacterial growth
(15). Our group demonstrated for the first time that human
neutrophils infected in vitro with Mtb H37Rv release EVs with
a diameter of 500-1,000 nm, and that these EVs express CD35,
phosphatidylserine, gp91Phox, Rab5, Rab7, and a subunit of
cytochrome b555 (16). However, the effect of these EVs on other
cells that are present at the infected site, such as macrophages,
is not completely understood. Therefore, we investigated the
effect of EVs derived from Mtb-infected neutrophils on human
macrophages. In this study, we characterized the EVs released
by non-stimulated human neutrophils (“spontaneous” EVs), and
those released by neutrophils stimulated with an activator (PMA),
a peptide derived from bacterial proteins (fMLF) or an intracel-
lular pathogen (Mtb), in terms of their size and heterogeneity and
their TLR-ligand content. We also evaluated the ability of these
different types of EVs to affect cytokine, superoxide anion and
NO production, and the expression of costimulatory molecules
on macrophages, and determined if the EVs altered the intracel-
lular growth of Mtb and the cellular mechanism involved in this
intracellular killing of Mtb.
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MATERIALS AND METHODS

Mtb Culture

Mycobacterium tuberculosis H37Rv (Mtb) TMC 102 strain was
grown in Middlebrook 7H9 (BD BBL, NJ, USA) with 10% glyc-
erol and 10% OADC (BD BBL, NJ, USA) for 4 weeks at 37°C,
until the logarithmic phase was reached. Bacteria were harvested
by centrifugation and stored in DMEM (Gibco, CA, USA) with
10% FCS (Gibco) at —70°C.

Preparation of Human Neutrophil and
Macrophage Cultures

Peripheral blood was obtained by venipuncture from healthy
volunteers, which signed an informed consent form. This
study was approved by the Bioethics Committee of ENCB-IPN
(CEI-ENCB 114 011/2013). Fifteen milliliters of peripheral
blood were collected in tubes with heparin (BD Vacutainer).
Neutrophils were separated by gradient centrifugation on
Histopaque 1119-Percoll (Sigma-Aldrich, MO, USA), accord-
ing to Aga et al. (17). All neutrophil cultures had purity and
viability of at least 98%. Monocytes were separated by gradi-
ent centrifugation on Histopaque 1077 (Sigma-Aldrich). To
obtain macrophages, monocytes were resuspended in RPMI
(Gibco) with penicillin (100 U/ml), streptomycin (100 pg/ml),
and L-glutamine (2 mM), and placed in 24-well culture plates
(2 x 10° cells/well) at 37°C and 5% CO, for 2 h. Wells were
washed three times with warm RPMI and cultured in RPMI
with 10% FCS at 37°C and 5% CO, overnight. GM-CSF (5 ng/
ml, PeproTech, NJ, USA) was added on days 1 and 3, and after
7-10 days, macrophage differentiation was confirmed by flow
cytometry analysis. The cells were stained with anti-CD14/APC
(clone: HCD14), anti-CD11b/PB (clone: 3.9), HLA-DR/FITC
(clone: L243), and anti-CD86/PE-Cy7 (clone: IT2.2) (all from
BioLegend, CA, USA); macrophages were CD14+ CD11b+
HLA-DR+ CD86+ (data not shown). Data were analyzed on a
BD LSR Fortessa with BD FACSDiva software v. 6.0; data were
analyzed with Flow]o software v.7.6 (FlowJo LLC, OR, USA).
The neutrophils and the macrophages in each experiment were
derived from the same donor.

Production, Concentration, and
Characterization of Neutrophil-Derived

EVs

Neutrophils (10 X 10° cells/ml in DMEM) were stimulated with
10 nM phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich),
or with 1 upM N-formylmethionyl-leucyl-phenylalanine
synthetic peptide (fMLF) (Sigma-Aldrich), or with Mtb at a
multiplicity of infection (MOI) of 10 viable bacteria per cell.
Neutrophils were incubated at 37°C and 5% CO, for the indi-
cated times. To determine if neutrophil apoptosis is induced
under these conditions, apoptosis was evaluated after 30 min of
stimulation with PMA, fMLF or Mtb; dexamethasone (100 ng/
ml) (Chinoin, Mexico) was used as positive control. Neutrophils
were then stained with annexin V/APC (BioLegend) and pro-
pidium iodide (BioLegend) and analyzed by flow cytometry. To
concentrate EVs from culture supernatants, the supernatants

(from neutrophils stimulated with PMA, fMLE, or Mtb, or from
non-stimulated neutrophils) were centrifuged, sequentially, at
300 x g for 10 min, 2,000 X g for 10 min and ultra-centrifuged at
160,000 X g for 60 min in an SW40Ti rotor (Beckman Coulter,
CA, USA). The concentrated EVs were resuspended in 50 pl
of 0.2 um-filtered PBS. EVs were stored for no more than 24 h
at 4°C before performing the experiments. Determination of
the protein concentration in EVs: EVs were lysed with 0.2%
SDS and analyzed with the micro-bicinchoninic acid method
(ThermoFisher Scientific, MA, USA), according to the manu-
facturer’s protocol. For all the experiments, the EV suspensions
were adjusted to 30 ug of protein per ml of 0.2 pm-filtered PBS.
Analysis of EVs by flow cytometry: neutrophils were incubated
for 10 min with CellVue Jade (Polysciences, PA, USA), a dye
that binds phospholipids, and washed with 0.2% BSA in 0.2 um
filtered PBS. The released EVs with the different stimuli (30 ug)
were incubated with 5 pl of antihuman CD35/PE (clone: E11)
(BioLegend), 5 pl of annexin V/PE-Cy7 (BioLegend), or 5 ul
of anti-mouse IgG/PE (isotype control, BioLegend) at 4°C for
1 h. The samples were stored at 4°C until acquisition. EVs were
acquired on low flow speed, at a rate of less than 50 events
per second on a flow cytometer CytoFLEX S (Beckman Coulter).
Basal fluorescence was set with 0.2 pm-filtered PBS (to evaluate
electronic noise). To set an acceptable forward-scatter (FSC)
range suitable for discriminating electronic noise from EVs,
we employed Megamix-Plus FSC beads (BioCytex, Marseille,
France), which have different sizes (0.1, 0.3, 0.5, and 0.9 um.)
and are recommended for daily standardization for microparti-
cle measurement on the CytoFLEX (18). The threshold was set
to limit the analysis to CellVue Jade-positive events. EVs were
detected using violet side scatter (VSSC), which has a greater
sensitivity to detect small events; FSC and VSSC scales were set
in logarithmic mode, with a threshold of 200 arbitrary units for
FSC, and the EV gate was set using microbeads (Megamix-Plus).
At least 50,000 total events were acquired for each sample, and
the data were analyzed with Kaluza Software 1.3v (Beckman
Coulter). Analysis of EVs by nanoparticle tracking analysis
(NTA): EVs were resuspended in 1 ml of 0.2 pm-filtered PBS,
and analyzed in a NanoSight NS 300 (Malvern Instruments Ltd.,
Malvern, UK). Latex spheres of 100, 200, and 400 nm (Malvern
Instruments) were used to calibrate the equipment. Analysis
of EVs by transmission electron microscopy (TEM): EVs were
obtained as previously described, with an extra centrifugation of
10,000 X g for 30 min before ultra-centrifugation at 160,000 X g
to improve TEM images. After ultra-centrifugation, EVs were
resuspended in 0.2 pm-filtered PBS and fixed with 1% glutar-
aldehyde for 20 min. The sample was then absorbed for 2 min
on a nickel mesh grid, previously shaded with polyvinyl formal
and carbon. After washing, EVs were stained with 2% uranyl
acetate, and the mesh grid was observed in a JEM 1400 electron
microscope (JEOL USA Inc., MA, USA).

Detection of TLR ligands in EVs: 2 x 10° HEK cells, stably
transfected with human TLR2/6, 4, or 5 (InvivoGen, CA, USA),
were stimulated with EVs (30 pg of total protein) that were pro-
duced by non-stimulated neutrophils (EV-NS), or by neutrophils
stimulated with PMA (EV-PMA), fMLF (EV-fMLF), or Mtb (EV-
TB) for 30 min. As positive controls, cells were stimulated with
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Zymosan (InvivoGen, 10 pg/ml) for TLR2/6 activation, lipopoly-
saccharide (LPS) from Escherichia coli O111:B4 (InvivoGen,
10 pg/ml) for TLR4 activation, and flagellin from Salmonella
typhimurium (InvivoGen, 10 pg/ml) for TLR5 activation. After
24 h, supernatants were collected, and IL-8 was quantified by
ELISA (BioLegend), according to the manufacturer’s protocol.

Cytokine Production and Activation of
Macrophages in Response to Neutrophil-
Derived EVs

Extracellular vesicles (30 pg total protein/ml), which were
produced by non-stimulated neutrophils (EV-NS), or by neu-
trophils stimulated with PMA (EV-PMA), fMLF (EV-fMLF), or
Mtb (EV-TB) for 30 min, were used to stimulate macrophages
(2 x 10°) for 24 h. As controls, the macrophages were left with
medium alone (NS) or were infected with Mtb (2 X 10°). After
this incubation, the supernatants were collected, centrifuged at
400 x g at 4°C and stored at —20°C until analysis. IL-1p, IL-6,
IL-10, and TNF-a were measured with a cytometric bead array
(BD), and TGF-p was measured with an ELISA Kit (BioLegend),
according to the manufacturer’s protocol. In the same experi-
ments, macrophages (detached from the culture plate with cold
PBS) were washed and centrifuged at 400 X g at 4°C, and stained
with anti-CD14/APC, Linl (anti-CD3, CD14, CD16, CD19,
CD20 and CD56)/FITC, anti-HLA-DR/FITC, anti-CD1a/PE,
anti-CD11¢/PB, anti-CD80/PE-Cy5, anti-CD86/PE-Cy7, and
the corresponding isotype controls (BioLegend), for 15 min at
4°C. Cells were then washed with 1% BSA in PBS and analyzed
by flow cytometry.

Determination of Mtb CFU in Mtb-Infected
Macrophages (IM)

Macrophages (2 X 10°) were plated in triplicates on 24-well plates,
infected with Mtb (2 x 10°) for 2 h at 37°C, washed three times
with HBSS, and treated with 8 pg/ml amikacin for 2 h (to elimi-
nate extracellular Mtb). Cells were then washed three times with
HBSS and stimulated with EV's (30 pg of total protein per ml) for
4 h. Cells were washed with PBS and incubated for 24 or 48 h.
The cells were then lysed with 0.2% SDS for 5 min, and the lysis
was stopped with 500 pl of 5% albumin. In some experiments,
50 pg/ml rapamycin (Sigma-Aldrich) was added instead of EVs
to induce autophagy, and 150 nM wortmannin (Sigma-Aldrich)
was added after EV treatment as an autophagy inhibitor.

Intracellular CFU were determined by serial dilutions in PBS,
which were plated on Middlebrook-7H10 agar supplemented
with glycerol and OADC. Agar plates were incubated at 37°C for
2 weeks. For each time point in each repetition of the experiment,
CFU were determined from three different wells.

Quantification of Superoxide Anion and
NO in Mtb-IM

Macrophages (2 X 10°) were infected with Mtb (2 X 10°) for
2 h. After this incubation, the cells were washed with PBS,

treated with 8 pg/ml amikacin for 2 h, and incubated with EV's
(EV-NS, EV-PMA, EV-fMLE, or EV-TB) for 4 h. To quantify

superoxide anion, cells were washed with PBS and incubated
for 15, 30, and 45 min and 1-6 h, in the presence of nitro blue
tetrazolium (Sigma-Aldrich), as previously reported (19). NO
was quantified using the Griess reagent (Promega, WI, USA),
at 1, 2, 4, and 6 h, according to the manufacturer’s protocol.
In some cases, NADPH oxidase was inhibited with diphenyli-
odonium chloride (DPI) (Sigma-Aldrich) before the stimulus
with EVs.

Detection of the Autophagy Marker LC3-II

in Macrophages

To determine if EVs induce LC3-II expression, macrophages
(2 x 10°) were incubated with EVs (EV-NS, EV-PMA,
EV-fMLE, or EV-TB) (30 pg/ml) for 4 h. As a positive control
for autophagy induction, macrophages were treated with 5 pg/
ml of peptidoglycan (Sigma-Aldrich) for 4 h. The cells were
then stained with anti-LC3-II (goat anti-MAP LC3 a/f, Santa
Cruz Biotechnology, Inc., Midland, ON, Canada) (green) and
DAPI (Vector Laboratories, CA, USA) (blue) and examined
in a confocal microscope (LSM5 Pascal, Zeiss, Oberkochen,
Germany) to determine LC3-II mean fluorescence intensity
(MFTI). At least 100 cells from each condition were analyzed,
and the MFI of LC3-II was calculated using Zeiss LSM image
Browser software v.4.2 (Informer Technologies, Inc., Madrid,
Spain). To determine if EVs induce the co-localization of
LC3-II with Mtb, macrophages (2 X 10°) were infected with
Mtb (2 x 10° previously stained with CellVue Maroon
(Polysciences). After this incubation, the cells were washed
with PBS and left untreated (IM), or were incubated with EVs
(EV-NS, EV-PMA, EV-fMLF, or EV-TB) for 4 h. The cells
were fixed with 4% paraformaldehyde for 20 min at 4°C. Cells
were then permeabilized and blocked for 30 min with 4% BSA
and 0.25% SDS/Triton X-100, and incubated with primary
(goat anti-MAP LC3 o/p) and secondary (donkey anti-goat
IgG/FITC, Santa Cruz Biotechnology) antibodies. The slides
were mounted with VECTASHIELD with DAPI (Vector
Laboratories, CA, USA) and examined in an inverted confo-
cal microscope (LSM5 Pascal, Zeiss). At least 50 cells from
each condition were counted, and the percentage of cells with
LC3-II+ puncta (autophagosomes) was calculated.

Ethical Statement

This human study was approved by the Bioethics Committee
of Escuela Nacional de Ciencias Bioldgicas from the Instituto
Poltécnico Nacional (CEI-ENCB 011/2013). All written informed
consents were received from participants before inclusion in this
study.

Statistical Analysis

Cytokine, superoxide anion, and NO concentrations, and Mtb
CFU were compared with ANOVA, followed by Tukey’s test.
All other results were compared with Kruskal-Wallis test with
Dunn’s posttest. The analysis were performed using GraphPad
Prism v. 5.0 (GraphPad Software, CA, USA), and significance
was set at P < 0.05.
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RESULTS

Human Neutrophils Produce EVs with
Different Physical Characteristics and
TLR-Ligand Content in Response to Mtb,
PMA and fMLF

Previous studies (20, 21) had reported that monocytes, platelets
and endothelial cells release EV's in response to different activa-
tors, from bacterial products like LPS to cellular stress. In this
study, we compared the EVs produced by non-stimulated human
neutrophils (“spontaneous” EVs, EV-NS) to the EVs produced
by neutrophils stimulated with an activator (PMA), a peptide

derived from bacterial proteins (fMLF) or an intracellular patho-
gen (Mtb).

Figure 1A shows the flow cytometry analysis of these EVs.
The gating strategy includes the calibration of the cytometer with
beads of different sizes (a) to allow the differentiation of EV's from
the electronic noise, the EVs were acquired in a highly sensitive
cytometer for analysis of microvesicles, the EVs were analyzed as
single events and CellVue Jade-positive events (c). Since this is a
dye that binds phospholipids, the positive events correspond to
structures that contain a lipid membrane. The gate in the fourth
panel (Figures 1A-D) shows homogenous population of EVs
that express CD35 and phosphatidylserine (annexin V+), which
have been previously described as markers of ectosomes (21).
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FIGURE 1 | Neutrophil extracellular vesicles (EVs) that are induced by Mycobacterium tuberculosis (Mtb) have different characteristics than neutrophil EVs induced
by PMA or fMLF. EVs were derived from neutrophils that were left with medium alone (EV-NS) or stimulated with PMA (EV-PMA), fMLF (EV-fMLF), or with Mtb
(EV-TB) for the indicated times. (A) Gating strategy for the flow cytometry analysis of EVs. (a) Side scatter (SSC-A) of MegaMix® beads of different sizes, which
allowed the differentiation of EVs from the electronic noise. (b) SSC-A of neutrophil-derived EVs, (c) EVs derived from neutrophils stained with CellVue Jade, and (d)
analysis of the expression of CD35 and annexin V on neutrophil-derived EVs. (B) Percentage of CD35+, annexin VV+ EVs derived from neutrophils activated with
different stimuli. Data points represent mean and SEM from four independent experiments and were analyzed (at each time point) with Kruskal-Wallis test with
Dunn’s posttest. Asterisks on the graph represent significant differences between EV-NS and EV-PMA, EV-fMLF, or EV-TB (*P < 0.05 and **P < 0.01). (C)
Nanoparticle tracking analysis (NTA) of EVs derived from neutrophils activated with different stimuli. Three measurements were made from each sample. A result
representative of four independent experiments is shown. (D) Transmission electron microscopy (TEM) of EVs derived from neutrophil activated with different stimuli.
The red bars indicate 100 nm, and the white arrows indicate the largest EVs. The images are representative of three independent experiments.
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Figure 1B shows the percentage of CD35+/annexin V+ EVs
among EVs that were produced by non-stimulated neutrophils
(EV-NS), or by neutrophils stimulated with PMA (EV-PMA),
fMLF (EV-fMLF) or Mtb (EV-TB) for the indicated times. At
30 min, the percentage of CD35+/annexin V4 EVs is higher in
EV-TB than in EV-NS. EV-TB continued to be more abundant at
180 min; however, at this time point the neutrophils are positive
for both annexin V and propidium iodide, and the EVs are likely
to contain apoptotic bodies. For all the subsequent experiments,
EVs were concentrated from the supernatants of neutrophils
stimulated with PMA, fMLF or Mtb for 30 min, when neutro-
phils are not apoptotic or necrotic (Figure S1 in Supplementary
Material).

Figure 1C shows the size distribution of the four types of EVs
(EV-NS,EV-PMA, EV-fMLE and EV-TB), as determined by NTA.
EV-TB are more heterogeneous than the other EVs, and most
of the vesicles in the EV-TB preparation are larger in diameter
than 200 nm (100-700 nm). Most of the vesicles in the EV-NS
preparation have a diameter of 100-200 nm, while the vesicles
in the EV-PMA preparation have a diameter of 100-300 nm, and
those in the EV-fMLF have a diameter of 100-200 nm. EV-TB
have only vesicles with higher concentration of particles/ml than
EV-NS,EV-PMA, and EV-fMLF (Videos S1-54 in Supplementary
Material). TEM shows dense spheres in the four types of EVs;
EV-NS contains the smallest vesicles (50-100 nm), compared
with EV-PMA and EV-fMLEF, whose vesicles are larger than
200 nm. EV-fMLF contains a larger proportion of aggregated
vesicles, compared with other EVs.

Because we observed a heterogeneity in EVs depending on
the stimulus that induced their release, and previous studies have
described a difference in the protein content of different EVs,
which carry information from the parent cell (22), we tested
whether EV-TB contain ligands for TLRs. We observed that
EV-TB induced the highest activation of HEK cells stably trans-
fected with human TLR2/6 (Figure 2A). No ligands for TLR4 and
5 were detected in all the EV tested (Figures 2B,C). These results
indicate that neutrophils stimulated with Mtb release EVs with
intrinsic physical characteristics, which are different from the
physical characteristics of EVs induced by different signals, and
that EV-TB have the ability to differentially interact with innate
immune receptors.

EV-TB Induce the Production of
Pro-inflammatory Cytokines and the
Expression of Costimulatory Molecules

by Human Macrophages

Toll-like receptor 2/6 plays an important role in the recognition
of mycobacterial lipopeptides by inducing the production of
pro-inflammatory cytokines (23), so we decided to evaluate the
production of cytokines on macrophages stimulated with EV-NS,
EV-PMA, EV-fMLE or EV-TB for 24 h. As expected, EV-TB
induced the highest production of TNF-«, IL-6, and IL-10, and
the lowest amounts of TGF-f in macrophages, compared with
the other EVs (Figure 3). By contrast, EV-TB were unable to
induce IL-1p (Figure 3C). Because TLR activation also leads to
an increase in costimulatory molecules and MHC class II proteins

in macrophages (24), we tested whether different EVs induced
a different expression of these molecules on macrophages. We
observed that EV-TB induced the highest expression of the
costimulatory molecule CD86 on macrophages, compared with
the expression induced by other EVs, while CD80 expression was
significantly increased by EV-TB, compared with EV-PMA and
EV-fMLE No changes were observed in the expression levels of
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FIGURE 2 | Extracellular vesicles (EVs) derived from Mycobacterium
tuberculosis (Mtb)-infected neutrophils (EV-TB) contain ligands for toll-like
receptors (TLR) 2/6. HEK cells expressing TLR2/6 (A), TLR4 (B), or TLR5 (C)
were stimulated with EVs that were produced by non-stimulated neutrophils
(EV-NS) or by neutrophils stimulated with PMA (EV-PMA), fMLF (EV-fMLF), or
Mtb (EV-TB) for 30 min. Zymosan (TLR 2/6), lipopolysaccharide (LPS) (TLR4)
and flagellin (TLR5) were used as positive controls, as indicated, and
non-stimulated cells were used as negative controls (NS). After 24 h,
supernatants were collected, and IL-8 was quantified. Data points represent
mean and SD from three independent experiments and were analyzed with
one-way ANOVA followed by Tukey'’s test (***P < 0.001).

Frontiers in Immunology | www.frontiersin.org

29

February 2018 | Volume 9 | Article 272


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Alvarez-Jiménez et al.

Neutrophil EVs Impair Mycobacterial Growth

sk

FIGURE 3 | Neutrophil-derived extracellular vesicles (EVs) that are induced by Mycobacterium tuberculosis (Mtb) induce the production of TNF-« and IL-6 and IL-10
by macrophages. Macrophages were stimulated for 24 h with EVs that were produced by non-stimulated neutrophils (EV-NS), or by neutrophils stimulated with PMA
(EV-PMA), fMLF (EV-fMLF), or Mtb (EV-TB) for 30 min. As controls, the macrophages were left with medium alone (NS) or were infected with Mtb. TNF-« (A), IL-6
(B), IL-1p (C), IL-10 (D), and TGF-p (E) were measured in the supernatants. The graphs represent the results obtained with cells from five different healthy
volunteers and were analyzed with one-way ANOVA followed by Tukey’s test (‘P < 0.05, **P < 0.01, and ***P < 0.001).

HLA-DR (Figure 4). These data indicate that EV-TB differentially
regulate macrophage activation, when compared with other
neutrophil-derived EVs.

EV-TB Reduce the Amount of Intracellular
Mtb and Increase Superoxide Anion
Production and Autophagy in Human

Macrophages

Since EV-TB induced the production of pro-inflammatory
cytokines and the expression of costimulatory molecules by mac-
rophages, we investigated if these activated macrophages were
able to eliminate intracellular Mtb. Macrophages were infected
with Mtb for 2 h and then stimulated with EV-NS, EV-PMA,
EV-fMLE or EV-TB and incubated for 24 or 48 h, before CFU
determination.

Figure 5 shows that EV-TB induced a significant decrease in
the amount of intracellular Mtb at 24 and 48 h after EV treatment,
compared with the other neutrophil-derived EVs.

To investigate the mechanism that allowed macrophages to kill
intracellular Mtb, we first focused on superoxide anion and NO
production, because they have been implied in controlling intra-
cellular Mtb (25, 26). Superoxide anion and NO were measured in
Mtb-IM that were treated with the four EVs. EV-TB induced the
highest modulation of superoxide anion when compared with the
other EVs at 30 min after EV-TB treatment (Figure 6A) this peak
could be attributed to the activity of NADPH oxidase, because
DPI inhibited this increase in superoxide anion production
(Figure 6C). By contrast, neither of the neutrophil-derived EV's

modified NO production in the Mtb-IM (Figure 6B). TLR2/6
ligands and reactive oxygen species (ROS) production are well-
known signals that induce autophagy (27, 28), and autophagy is
a crucial mechanism to inhibit Mtb survival in macrophages (29),
so we investigated if EV-TB were efficient at inducing autophagy
in macrophages. We found that EV-TB induced the highest LC3-1I
expression, compared with macrophages treated with other EV's
(Figure 7A). Moreover, EV-TB induced the co-localization of
the autophagy marker LC3-II with Mtb in macrophages that
internalized Mtb (Figures 7B,C), suggesting that autophagy
could contribute to EV-TB-induced Mtb elimination. To test
this hypothesis, we treated macrophages with wortmannin, an
autophagy inhibitor (30), and evaluated intracellular viable Mtb.
We observed that Mtb-IM stimulated with EV-TB and treated with
this inhibitor showed a full recovery of mycobacterial survival
(Figure 7D). By contrast, IM that were treated with rapamycin,
an autophagy inductor (31), showed a decreased survival of intra-
cellular Mtb (Figure 7D). Taken as a whole, our results indicate
that Mtb activates neutrophils to release EVs with unique physical
and biological properties, which are different to those of the EV's
induced by other activation pathways in neutrophils. Moreover,
EV-TB have the ability to activate macrophages, promoting the
control of Mtb intracellular survival through autophagy.

DISCUSSION

Neutrophils display different effector mechanisms in response
to Mtb infection, including phagocytosis and the induction of
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FIGURE 4 | Effect of neutrophil-derived extracellular vesicles (EVs) on the
expression of costimulatory molecules in macrophages. Macrophages were
stimulated for 24 h with EVs that were produced by non-stimulated
neutrophils (EV-NS), or by neutrophils stimulated with PMA (EV-PMA), fMLF
(EV-fMLF), or Mycobacterium tuberculosis (Mtb) (EV-TB) for 30 min. As
controls, the macrophages were left with medium alone (NS) or were infected
with Mtb. The expression of CD80 (A), CD86 (B), and HLA-DR (C) was
analyzed by flow cytometry. The graphs represent the results obtained with
cells from five different healthy volunteers, and were analyzed with Kruskal-
Wallis test and Dunn’s posttest (P < 0.05, **P < 0.01, and ***P < 0.001).

NETs. In this work, we described another mechanism that is
deployed by neutrophils and allows intercellular communica-
tion with macrophages through EV release. Previous studies
have reported that EVs released from activated neutrophils
can regulate the functions of macrophages and DCs (13, 20).
In this study, we characterized the EVs that are produced
by neutrophils, spontaneously (EV-NS), and in response to
PMA (EV-PMA), fMLF (EV-fMLEF), or Mtb (EV-TB). All our
experiments were performed in an autologous system, which
means that the neutrophils used to produce the EVs and the
monocyte-derived macrophages were from the same donor. In
this system, we detected the release of EVs that express CD35
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FIGURE 5 | EV-TB reduce the amount of intracellular Mycobacterium
tuberculosis (Mtb) in macrophages. Macrophages were infected with Mtb at
a multiplicity of infection (MOI) of 10 for 2 h. Extracellular bacteria were
eliminated with amikacin, and the cells were left untreated (IM) or stimulated
with the four types of extracellular vesicles (EVs). The EVs were produced by
non-stimulated neutrophils (EV-NS), or by neutrophils stimulated with PMA
(EV-PMA), fMLF (EV-fMLF), or Mtb at an MOI of 10 (EV-TB) for 30 min. After
4 h of stimulation with EVs, macrophages were washed with PBS and
incubated for a total of 24 and 48 h after infection. Finally, IM were lysed, and
intracellular bacteria were evaluated through CFU by performing serial
dilutions of macrophage lysates. Data points represent the mean and SD
from three independent experiments and were analyzed (at each time point)
with one-way ANOVA followed by Tukey’s test. Asterisks on the graph
represent significant differences between IM and IM plus each EV (P < 0.05,
**P < 0.01, and **P < 0.001). Abbreviation: IM, infected macrophages.

and phosphatidylserine, which binds annexin V, after neutrophil
stimulation with PMA, fMLF or Mtb. However, EV-TB contained
a higher percentage of CD35+/annexin V+ EVs after 30 min,
compared with EV-NS. These results indicate that vesiculation
occurs at the earliest stages of neutrophil activation and it occurs
independently from apoptosis, since we did not detect apoptotic
neutrophils at this time point. In addition to these CD35+/
annexin V+ vesicles, EV-NS, EV-PMA, EV-fMLF, and EV-TB
also contained annexin V- vesicles, and previous studies indicate
that these vesicles could have an incomplete translocation of
phosphatidylserine to the outer layer of their membranes, caused
by inactivation of the “scramblase” enzyme (32). The EVs that
were released spontaneously from neutrophils (EV-NS) had
different physical characteristics than the EV's that were released
by activated neutrophils, and different stimuli induced the pro-
duction of EVs that also differed in their physical characteristics
and TLR-ligand content. EV-TB were the most heterogeneous
in size, EV-NS were the smallest of the four EVs, and EV-fMLF
contained a larger proportion of aggregated vesicles, compared
with other EVs, which may indicate that EV-fMLF contain a
larger proportion of adhesion molecules, as has been observed
previously (33). Mtb is recognized by the innate immune system
through several PRRs, including TLR2/1, TLR2/6, TLR4, TLRS5,
and possibly TLR8, which has been implicated in the recogni-
tion of mycobacterial cell wall-associated glycolipids (34). We
found no detectable ligands for TLR2/6, TLR4, or TLR5 in
EV-NS, EV-PMA, and EV-fMLE, which suggests that these EV's
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FIGURE 6 | EV-TB induce the production of superoxide anion in
Mycobacterium tuberculosis (Mtb)-IM. Macrophages were infected with
Mtb for 2 h. Extracellular bacteria were eliminated, and macrophages were
left untreated (IM), or incubated with extracellular vesicles (EVs) (EV-NS,
EV-PMA, EV-fMLF, or EV-TB) for 4 h. Un-IM were used as negative controls
(NS). (A) Superoxide anion was measured with the nitro blue tetrazolium
method. The graph represents the change in optical density at

620 nm + SD of stimulated cells, compared with untreated cells. (B) NO
was measured with the Griess method. Data from three independent
experiments were analyzed (at each time point) with one-way ANOVA
followed by Tukey’s test. Asterisks on the graph represent significant
differences between IM and IM plus each EV and the bar in the superoxide
anion graph represent significant differences between EV-TB and each EV.
(C) NADPH oxidase inhibition with DPI. The graph represents the change
in optical density at 620 nm + SD of stimulated cells, compared with
untreated cells. Results were obtained with cells from three different
healthy volunteers and were analyzed with one-way ANOVA followed by
Tukey’s test (*P < 0.05, **P < 0.01, and **P < 0.001). Abbreviation: IM,
infected macrophages.

do not carry damage-associated molecular patterns or alarmins
that could activate these receptors. EV-TB contained ligands for
TLR2/6, which is not unexpected, since several components of
Mtb are known TLR2/6 ligands, including lipoarabinomannan
(ManLAM), lipomannan, phosphatidylinositol mannoside, and
the 19 and 38 kDa lipoproteins (35, 36). This indicates that myco-
bacterial components reach neutrophil-derived EVs in as little as
30 min after infection; the “sorting” mechanism responsible for
this effect has not yet been described. Bhatnagar et al. reported
that exosomes derived from Mtb-IM could induce a pro-inflam-
matory response in macrophages (37); this response could be
caused by one or more of the 40 mycobacterial components that
are transported in these vesicles, including the TLR2/6 ligand
ManLAM (38). However, other studies report that exosomes
derived from Mtb-IM have immune-suppressing effects, but
these effects are attributed to the miRNAs that are transported
in these exosomes, which interfere with the translation of genes
involved in cellular activation and inflammation (39).

We observed that EV-TB induced the production of higher
amounts of TNF-a and IL-6, and the expression of higher levels
of costimulatory molecules in macrophages, compared with the
other EVs; these results correlate with a significant decrease in
intracellular Mtb CFU in Mtb-IM after EV treatment. TNF-a
and IL-6 are well-known macrophage activators, which increase
the production of superoxide anion, NO, antimicrobial peptides,
and other antimicrobial molecules. In fact, EV-TB induced the
production of higher amounts of superoxide anion, with a peak
at 30 min after EV-TB treatment, compared with the other EVs.
It has been reported that EVs have a direct antimicrobial effect:
they can be considered “ecto-organelles” that contain a high
concentration of proteolytic enzymes from neutrophils granules
(14). Timdr et al. reported that neutrophil-derived EVs contain
lactoferrin and myeloperoxidase, and directly eliminate S. aureus;
this bactericidal effect is independent of NET formation (15).
However, another study reported that EVs derived from Mtb-
infected neutrophils interfere with the antibacterial activity of
human macrophages against virulent Mtb (40), in contrast with
our results. The difference in outcome could be explained by the
differences in the MOI for neutrophil infection, the time allotted
for EV release by neutrophils, the amount of EVs used for mac-
rophage activation, the duration of Mtb infection in macrophages
and the protocol for obtaining EVs; for instance, Duarte et al.
used a different centrifugation protocol, that could lead to the
enrichment of different types of EVs.

Autophagy is a highly conserved mechanism that delivers
proteins or whole organelles to lysosomes for degradation. The
induction of autophagy in Mtb-IM results in increased fusion
of Mtb-containing and LC3-II-expressing autophagosomes with
lysosomes, which leads to increased bactericidal activity (29).
Autophagy can be induced by ROS (27) and also by TLR activa-
tion (41). Mycobacterial lipoprotein LpqH induces autophagy
through TLR2, and TLR2 stimulation with the mycobacterial
lipoprotein LpqH robustly induces antibacterial autophagy
through the activation of vitamin D receptor signaling and the
induction of cathelicidin synthesis (27). Here, we report that
EV-TB induced the expression of the autophagy-related marker
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FIGURE 7 | EV-TB-induced autophagy contributes to Mycobacterium tuberculosis (Mtb) elimination in Mtb-IM. (A) Macrophages were incubated with
extracellular vesicles (EVs) (EV-NS, EV-PMA, EV-fMLF, or EV-TB) for 4 h. Non-stimulated cells were used as negative control (NS). As a positive control for
autophagy induction, macrophages were treated with peptidoglycan (PGN) for 4 h. The cells were then stained with anti-LC3-II (green) and DAPI (blue) and
examined in a confocal microscope to determine LC3-Il mean fluorescence intensity (MFI). Data points represent the mean and SEM from three independent
experiments and were analyzed with Kruskal-Wallis test and Dunn’s posttest (*P < 0.05 and **P < 0.01). (B) Macrophages were infected with Mtb previously
stained with CellVue Maroon (red) for 15 min. After this incubation, the cells were left untreated (IM), or were incubated with EVs (EV-NS, EV-PMA, EV-fMLF, or
EV-TB) for 4 h. The cells were then stained with anti-LC3-II (green) and DAPI (blue) and examined in a confocal microscope. The images are representative of
three independent experiments. (C) Percentage of cells with co-localization of LC3-1l and Mtb was calculated. The medians with the interquartile ranges are
shown (n = 3) and were analyzed with Kruskal-Wallis test and Dunn’s posttest (**P < 0.01). (D) Percentage of intracellular Mtb survival. Macrophages were
infected with Mtb for 2 h. Extracellular bacteria were eliminated, and cells were incubated with EVs (EV-NS, EV-PMA, EV-fMLF, or EV-TB) for 4 h, with or
without wortmannin (autophagy inhibitor); IM were also treated with rapamycin (autophagy positive control) or wortmannin. The cells were washed with PBS
and incubated for 4 h. The cells were then lysed, and intracellular bacteria were evaluated through CFU by performing serial dilutions of macrophage lysates.
The percentage of Mtb survival was calculated for each condition, with Mtb-IM considered as 100%. Data points represent the mean and SEM from three
independent experiments and were analyzed with Kruskal-Wallis test and Dunn’s posttest (*P < 0.05, **P < 0.01, and **P < 0.001). Abbreviation: IM, infected
macrophages.
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LC3-1Iin macrophages, and the co-localization of LC3-II with Mtb
inside these macrophages. These results suggest that autophagy is
a key mechanism through which EV-TB reduce intracellular Mtb
in macrophages. In fact, we found that blocking autophagy in
Mtb-IM (using the autophagy inhibitor wortmannin) increases
the survival of Mtb. We detected TLR2/6 ligands in EV-TB, which
could be the autophagy inducers in our model. The induction of
autophagy inhibits IL-1p secretion by degrading pro-IL-1p (42),
and in our experiments, EV-TB were unable to induce a signifi-
cant amount of IL-1p, which coincides with an increase in LC3-1I
expression in macrophages. However, Mtb is not completely
eliminated from EV-TB treated macrophages; the ability of Mtb
to persist inside macrophages is well documented. In particular,
Mtb can block autophagosome maturation to create a replication
niche; Mtb upregulates miR-155 in an ESAT6-dependent manner
to avoid elimination and to promote infection in macrophages
(43), and Mtb also induces miR-33 to inhibit autophagy and to
reprogram the host lipid metabolism to enable its intracellular
survival (44). In conclusion, our study demonstrated that neu-
trophils produce EVs in response to different activators, and that
these EVs differ in their physical characteristics and TLR-ligand
content. Furthermore, these EVs can modulate the response of
other cells of the innate immune system. In particular, EV-TB
activate macrophages and promote the clearance of intracellular
Mtb through high production of superoxide anion and autophagy.
Whether superoxide anion is enough to confer resistance needs
to be clarified in future works. To the best of our knowledge, this
phenomenon represents a new mechanism by which neutrophils
participate in the control of Mtb infection.
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In kidney stone disease, macrophages secrete various mediators via classical secretory
pathway and cause renal interstitial inflammation. However, whether their extracellular
vesicles, particularly exosomes, are involved in kidney stone pathogenesis remained
unknown. This study investigated alterations in exosomal proteome of U937-derived
macrophages (by phorbol-12-myristate-13-acetate activation) after exposure to calcium
oxalate monohydrate (COM) crystals for 16-h using 2-DE-based proteomics approach.
Six significantly altered proteins in COM-treated exosomes were successfully identified by
nanoscale liquid chromatography—electrospray ionization—electron transfer dissociation
tandem mass spectrometry as proteins involved mainly in immune processes, including
T-cell activation and homeostasis, Fcy receptor-mediated phagocytosis, interferon-y
(IFN-y) regulation, and cell migration/movement. The decreased heat shock protein
90-beta (HSP90P) and increased vimentin were confirmed by Western blotting. ELISA
showed that the COM-treated macrophages produced greater level of interleukin-1p (IL-
1p), one of the markers for inflammasome activation. Functional studies demonstrated
that COM-treated exosomes enhanced monocyte and T-cell migration, monocyte
activation and macrophage phagocytic activity, but on the other hand, reduced T-cell
activation. In addition, COM-treated exosomes enhanced production of proinflammatory
cytokine IL-8 by monocytes that could be restored to its basal level by small-interfering
RNA targeting on vimentin (si-Vimentin). Moreover, si-Vimentin could also abolish effects
of COM-treated exosomes on monocyte and T-cell migration as well as macrophage
phagocytic activity. These findings provided some implications to the immune response
during kidney stone pathogenesis via exosomal pathway of macrophages after exposure
to COM crystals.

Keywords: calcium oxalate, calcium oxalate monohydrate, inflammasome, inflammation, kidney stone, migration,
phagocytosis

INTRODUCTION

During an initial phase of kidney stone formation, the causative chemical crystals, such as calcium
oxalate (CaOx), can be deposited in the renal interstitium, where macrophages are recruited to
eliminate these crystals via phagocytosis (1-3). Between the two common hydrated forms of CaOx
crystals, calcium oxalate monohydrate (COM) crystals are predominantly found in clinical stones,
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whereas CaOx dihydrate (COD) crystals can be also found but
with smaller proportion (4). Due to differences in adhesive
capability, binding kinetics, atomic lattice, and surface ionic pat-
tern, COM crystals are more pathogenic during the kidney stone
pathogenesis than COD crystals, which can be also found in the
normal urine of healthy individuals (5-9).

Several lines of evidence have shown that macrophages
exposed to COM crystals increase secretion of reactive oxygen
species (ROS), chemokines, proinflammatory cytokines, and
several fibrotic factors to promote renal interstitial inflammation
in kidney stone disease (10-12). The COM-phagocytosed mac-
rophages can activate NACHT, leucine-rich repeat (LRR), and
pyrin domain-containing protein 3 (NLRP3), which is the central
molecule triggering vascular permeability, leukocyte recruitment,
complement activation, and inflammatory mediator production
(13, 14). NLRP3-inflammasome-activated macrophages can
secrete several proinflammatory cytokines, including interleukin-
1B (IL-1p), IL-6, and IL-18, which serve as the amplification loop
factors to activate tubulointerstitial damage by stimulating the
recruited inflammatory cells (15, 16). Additionally, macrophages
exposed to naturally occurred kidney stone fragments secrete
greater levels of several chemokines, particularly macrophage
inhibitory protein-1, monocyte chemoattractant protein-1,
and interleukin-8 (IL-8) (17). These chemokines consequently
enhance recruitment of various immune cells, i.e., monocytes,
macrophages, neutrophils, dendritic cells, and T-cells into the
inflammatory locale (18).

In addition to these inflammatory/proinflammatory media-
tors, macrophages can also secrete nanovesicles with a discrete
diameter of approximately 30-100 nm, namely “exosomes,’
which play pivotal roles in intercellular communications and
multibiological functions (19). Nevertheless, whether exposure
to COM crystals causes any alterations in macrophage exosomes
remained unknown. This study thus aimed to investigate altera-
tions in exosomal proteins after macrophages were exposed
to COM crystals using a proteomics approach followed by
validation of expression data as well as several functional
assays to address functional significance of exosomes derived
from COM-treated macrophages in relation to kidney stone
pathogenesis, particularly during an induction phase of renal
interstitial inflammation.

MATERIALS AND METHODS
COM Crystal Preparation

Calcium oxalate monohydrate crystals were prepared as described
previously (20, 21). Briefly, 10 mM CaClL,.2H,O was mixed with
1.0 mM Na,C,0, (1:1 v/v) to make their final concentrations to 5
and 0.5 mM, respectively, in a buffer containing 10 mM Tris-HCI
and 90 mM NaCl (pH 7.4). After incubation at 25°C overnight,
COM crystals were harvested by a centrifugation at 2,000 g for
5 min. The supernatant was discarded, whereas COM crystals
were washed three times with methanol. After another cen-
trifugation at 2,000 g for 5 min, methanol was discarded and the
crystals were air-dried overnight at 25°C. The typical morphology
of COM crystals was examined under an inverted phase-contrast
light microscope (model ECLIPSE Ti-S, Nikon; Tokyo, Japan).

Cell Culture and Macrophage
Differentiation

U937 human monocytic cell line and Jurkat T-cell line were
cultivated and maintained in complete RPMI 1640 medium
(Gibco; Grand Island, NY, USA) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS) (Gibco), 100 U/ml
penicillin G and 100 mg/ml streptomycin (Sigma, St. Louis, MO,
USA).

Macrophages were derived from U937 human monocytic
cell line using phorbol 12-myristate 13-acetate (PMA) (Fluka,
St. Louis, MO, USA) for differentiation as previously described
(22). Briefly, U937 monocytic cells at a density of 1 X 10° cells/
ml were treated with 100 ng/ml PMA for 48 h (induction phase)
and then vigorously washed three times with ice-cold PBS to
remove PMA and non-adherent cells, whereas the adherent cells
were further maintained as aforementioned for 48 h (recovery
phase). The characteristics of macrophages were observed under
an inverted phase-contrast microscope (Nikon ECLIPSE Ti-S) as
previously described (22).

COM Crystal Treatment

The COM crystals were decontaminated by exposure to
UV light for 30 min prior to incubation with the cells. After
recovery phase, U937-derived macrophages (10 X 10° cells/
flask) were vigorously washed five times with ice-cold PBS to
remove serum-containing medium and further cultivated in
serum-free medium with or without 100 ug/ml COM crystals
for 16 h, which was the optimal time-point defined for study-
ing macrophage secretome as previously reported (22) (n =5
independent culture flasks per group; a total of 10 independent
cultures were subjected to 2-DE analysis, whereas three inde-
pendent biological replicates were used for other experiments).
After 16-h incubation, the culture supernatants were harvested
and further subjected to exosome isolation as detailed below.

Exosome Isolation by Microfiltration and

Differential Centrifugation

The controlled and COM-treated macrophage supernatants
were filtrated through 0.22-um cellulose acetate membrane
(Sartorius Stedim Biotech GmbH, Goettingen, Germany) to
remove cell debris and apoptotic bodies. Microvesicles and/
or larger vesicles were further removed by centrifugation at
10,000 g and 25°C for 30 min. Exosomes were then isolated
from the remaining supernatants by ultracentrifugation at
100,000 g and 25°C for 90 min using an ultracentrifuge (Sorvall,
Langenselbold, Germany). The isolated exosomal pellets were
washed twice with PBS and resuspended in 2% (w/v) para-
formaldehyde or a lysis buffer (based on experiments described
below).

Examination of Exosome Morphology by

Transmission Electron Microscopy (TEM)

Exosomes were resuspended in 2% (w/v) paraformaldehyde and
loaded onto carbon-Formvar-coated copper grids. The samples
were left on the grids for 20 min to adsorb and form monolayers.
The remaining samples were washed three times with PBS. The
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grids were then fixed with 50 pl of 2% (v/v) glutaraldehyde for
5 min and subsequently washed eight times with distilled water.
The grids were contrasted with 50 pl of 4% (v/v) uranyl acetate
(pH 7.0) for 5 min and the excess fluid was then removed by filter
paper. Finally, the grids were loaded onto a transmission electron
microscope (Tecnai G2 TEM Series, Hillsboro, OR, USA) with an
accelerating voltage set at 80 kV with a magnification of 250,000x.

Exosomal Protein Extraction

Exosomes were resuspended in a 2-D lysis buffer containing
7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate (CHAPS), 120 mM dithiothreitol
(DTT), 2% ampholytes (pH 3-10), and 40 mM Tris-HCl
and incubated at 4°C for 30 min. Protein concentrations were
measured by the Bradford’s method using Bio-Rad protein assay
(Bio-Rad, Milano, Italy).

Western Blotting

Equal amount of exosomal proteins (20 pg/sample) from each
sample were mixed with 2x Laemmli’s buffer (to make the final
concentration of 1X Laemmli’s buffer) and resolved by 12%
SDS-PAGE at 150 V for approximately 2 h using SE260 mini-
Vertical electrophoresis unit (GE Healthcare; Uppsala, Sweden).
After the completion of SDS-PAGE, the resolved proteins were
transferred onto a nitrocellulose membrane (Whatman, Dassel,
Germany) using a semidry transfer apparatus (GE Healthcare)
at 85 mA for 1.5 h. Non-specific bindings were blocked with
5% skim milk in PBS at 25°C for 1 h. The membrane was
incubated with mouse monoclonal anti-heat shock protein
70 (anti-HSP70), anti-Rab5, anti-HSP90p, anti-vimentin, or
rabbit polyclonal anti-Rab7 antibody (all were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA, USA and were
diluted 1:1,000 in 1% skim milk/PBS) at 4°C overnight. After
washing with PBS three times, the membrane was incubated
with corresponding secondary antibody conjugated with
horseradish peroxidase (1:2,000 in 1% skim milk/PBS; DAKO
Glostrup, Denmark) at 25°C for 1 h. Immunoreactive bands
were developed by SuperSignal West Pico chemiluminescence
substrate (Pierce Biotechnology, Rockford, IL, USA) and were
then visualized by autoradiogram.

2-DE and Staining

Exosomal proteins derived from each culture flask were resolved
in each 2-D gel as previously described (21, 23) (60 ug total
protein/each sample/gel; n = 5 gels/group; a total of 10 gels were
analyzed). Each protein sample was premixed with a rehydration
buffer containing 7 M urea, 2 M thiourea, 2% CHAPS, 120 mM
DTT, 40 mM Tris-base, 2% ampholytes (pH 3-10), and a trace
of bromophenol blue to make a final volume of 150 ul. The
mixture was rehydrated onto an Immobiline DryStrip (nonlin-
ear pH gradient of 3-10, 7 cm long) (GE Healthcare, Uppsala,
Sweden) at 25°C for 10-15 h. The first dimensional separation
or isoelectric focusing (IEF) was performed in Ettan IPGphor
III IEF System (GE Healthcare) at 20°C, using a stepwise mode
to reach 9,083 Vh with a limiting current of 50 mA/strip. The
IPG strips were then incubated for 15 min in equilibration buffer
I containing 6 M urea, 130 mM DTT, 112 mM Tris-base, 4%

SDS, 30% glycerol, and 0.002% bromophenol blue following
by another 15 min in equilibration buffer II containing similar
compositions as of buffer I, but DTT was replaced with 135 mM
iodoacetamide. The equilibrated IPG strips were subjected to the
second dimensional separation in 12.5% SDS-polyacrylamide gel
using SE260 Mini-Vertical Electrophoresis Unit (GE Healthcare)
at 20 pA/gel for approximately 1.5 h. Thereafter, the resolved
proteins were stained with Deep Purple protein fluorescence
dye (GE Healthcare) and visualized by using Typhoon 9200 laser
scanner (GE Healthcare).

Spot Matching and Quantitative

Intensity Analysis

Protein spots visualized in 2-DE gels were analyzed using
ImageMaster 2D Platinum software (GE Healthcare). Parameters
used for spot detection were (i) minimal area = 10 pixels; smooth
factor = 2.0 and (ii) saliency = 200. A reference gel was created
from an actual gel with the greatest number of protein spots
and additional spots that were present in other gels were also
combined to produce a single artificial reference gel with all
protein spots present in all gels. The reference gel was then used
for matching the corresponding protein spots across different
gels. Background subtraction was performed and the intensity
volume of each spot was normalized with total intensity volume
(summation of the intensity volumes obtained from all spots
within the same 2-D gel). Differentially expressed protein spots
that reached statistically significant threshold (P < 0.05) were
subjected to in-gel tryptic digestion and identification by mass
spectrometry.

In-gel Tryptic Digestion

In-gel tryptic digestion was performed following protocol
described previously (24, 25). Briefly, the protein spots with sig-
nificantly differential levels were excised from 2-D gels, washed
with 1 ml deionized water, and then destained with 100 pl of
100 mM NH,HCO; at 25°C for 15 min. Thereafter, 100 pl acetoni-
trile (ACN) was added and incubated at 25°C for 15 min. After
removing the solvent, the gel pieces were dried in a SpeedVac
concentrator (Savant; Holbrook, NY, USA) and rehydrated with
50 pl of 10 mM DTT in 100 mM NH,HCO; at 56°C for 30 min
using a heat box. After removing the reducing buffer, the gel
pieces were incubated with 50 pl of 55 mM iodoacetamide in
100 mM NH,HCOs at 25°C for 20 min in the dark. The buffer was
then removed, whereas the gel pieces were incubated with 100 pl
of 50 mM NH,HCO; at 25°C for 15 min. Thereafter, 100 pl ACN
was added and incubated at 25°C for 15 min. After removing the
solvent, the gel pieces were dried in a SpeedVac concentrator,
and then incubated with a minimal volume (just to cover gel
pieces) of 12 ng/ul sequencing grade modified trypsin (Promega,
Madison, WI, USA) in 50 mM NH/HCO; in a ThermoMixer®
C (Eppendorf, Hauppauge, NY, USA) at 37°C for 16-18 h. The
digestion reaction was stopped by incubation with 100 pl of 5%
formic acid/ACN (1:2 vol/vol) at 37°C for 15 min. The digested
peptide mixtures were collected using a pipette with gel loader tip,
transferred into a fresh tube, dried by a SpeedVac concentrator,
and subjected to MS/MS analysis.
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Identification of Proteins by Nanoscale
Liquid Chromatography-Electrospray
lonization-Electron Transfer Dissociation
Tandem Mass Spectrometry (nanoLC-
ESI-ETD MS/MS)

Separation of the digested peptides was performed using EASY-
nLC II (Bruker Daltonics, Bremen, Germany) as previously
described (26, 27). Briefly, peptides were loaded from a cooled
(7°C) autosampler into an in-house, 3-cm-long pre-column
containing 5-um C18 resin (Dr. Maisch GmbH, Ammerbuch,
Germany) and then toan in-house, 10-cm-long analytical column
packed with 3-um C18 resin (Dr. Maisch GmbH) using mobile
phase A (0.1% formic acid). The peptides were then separated by
mobile phase B (ACN/0.1% formic acid) gradient elution with
three steps as follows: 0-35% for 30 min, 35-80% for 10 min,
and then 80% for 10 min at a flow rate of 300 nl/min. Peptide
sequences were then analyzed by amaZon speed ETD (Bruker
Daltonics) with ESI nanosprayer ion source (spray capillary:
fused silica with outer diameter of 90 um and inner diameter of
20 um) controlled by HyStar version 3.2 and trapControl version
7.1. Mass spectrometric parameters were set as follows: electro-
spray voltage = 4,500 V, high-voltage end-plate offset = 500 V,
nebulizer gas = 0.55 bar, dry gas = 5.0 /min, and dry tempera-
ture = 150°C. Precursors were scanned from 400 to 2,200 m/z
range with enhanced resolution mode (speed = 8,100 m/z/s), ion
charge control (ICC) target = 200,000, maximal accumulation
time = 50 ms. The three most intense signals in every MS scan
were selected for MS/MS analysis, whereas singly charged ions
were excluded. For MS/MS experiment, fragmented peptides
from 150 to 3,000 m/z range were scanned with XtremeScan
mode (speed = 52,000 m/z/sec), ICC target = 200,000, maximal
accumulation time = 100 ms. Mass spectra were deconvoluted
via DataAnalysis version 4.0 SP5 (BrukerDaltonics) to .mgf file.
Mascot software version 2.4.0 (Matrix Science; London, UK) was
used to search MS/MS spectra against NCBI database of mam-
malian with the following standard Mascot parameters for CID:
Enzyme = trypsin, maximal number of missed cleavages = 1,
peptide tolerance = + 1.2 Da, MS/MS tolerance = + 0.6 Da,
fixed modification = carbamidomethyl (C), variable modifica-
tion = oxidation (M), charge states = 2+ and 3+, and instrument
type = ESI-Trap.

Effect of COM Crystals on Inflammasome

Activation

To evaluate the effect of COM crystal treatment on inflamma-
some activation, the culture supernatants derived from the con-
trolled and COM-treated macrophages (2 X 10° cells/well) were
collected, clarified by centrifugation at 300 g, and then subjected
to indirect ELISA to measure level of IL-1p, one of the markers of
inflammasome activation. Briefly, the clarified culture superna-
tant was concentrated by vacuum concentrator until completely
dried. Thereafter, the samples were resuspended in 50 pl coating
buffer (15 mM Na,CO; and 30 mM NaHCOs; pH 9.4) and then
coated onto 96-well ELISA plate (Nunc, Roskilde, Denmark) at
4°C overnight. After washing with a washing buffer [0.05% (v/v)

Tween-20/PBS], non-specific bindings were blocked by 1%BSA/
PBS at 25°C for 2 h. After another wash, 100 pl of hamster mono-
clonal anti-IL-1p primary antibody (Santa Cruz Biotechnology)
(diluted 1:50 in 0.1% BSA/PBS) was added and incubated at
25°C for 2 h. After another wash, the corresponding secondary
antibody conjugated with horseradish peroxidase (diluted 1:100
in 0.1% BSA/PBS) was added and further incubated at 25°C for
2 hin the dark. The plate was then washed and added with 100 pl
substrate solution (1.5 mM ortho-phenylenediamine dihydro-
chloride in 35 mM citric acid and 0.012% H,O,; pH 5.5). The
reaction was allowed for 15 min in the dark before 50 pl of stop
reaction solution (2 M H,SO,) was added. Finally, the absorbance
(optical density) of the sample was measured at A492 nm using an
ELISA plate reader (Biochrom Ltd., Cambridge, UK).

Effects of COM-Treated vs. Controlled
Exosomes on Monocyte and T-Cell
Migration

Effects of exosomes derived from untreated (controlled exosomes)
vs. COM-treated macrophages (COM-treated exosomes) on
the migratory ability of monocytes and T-cells were evaluated
using transwell culture plates with 5-um pore size (Corning Life
Sciences; Tewksbury, MA, USA) following protocol described
previously with slight modification (3). Briefly, a total of 2 X 10°
cells/well of U937 monocytes and Jurkat T-cells were cocultivated
with 30 pg intact controlled or COM-treated exosomes at the
upper chamber of transwell containing serum-free medium.
To provide chemoattractant gradient, the medium at the lower
chamber was supplemented with 10% FBS. After 24-h incubation,
numbers of monocytes and T-cells migrated from upper to lower
chambers were observed under an inverted phase-contrast light
microscope (Nikon ECLIPSE Ti-S) and counted from at least 10
low-power fields (LPF) using Image] software (version 1.50f)
(http://imagej.nih.gov/ij).

Effects of COM-Treated vs. Controlled
Exosomes on Monocyte and T-Cell

Activation

To evaluate effects of exosomes derived from untreated (con-
trolled exosomes) vs. COM-treated macrophages (COM-treated
exosomes) on monocyte and T-cell activation, flow cytometric
analyses of markers for activated monocytes (CD11b) and
T-cells (CD69) were performed. Following the migration assay as
described above, the migrated cells at lower chamber of transwell
were fixed with 2% (w/v) paraformaldehyde at 25°C for 15 min.
Non-specific bindings were blocked with 5% (w/v) BSA in PBS
and the cells were incubated with 1 ug/10° cells mouse monoclo-
nal anti-CD11b or anti-CD69 antibody (both were from Santa
Cruz biotechnology and were diluted in 1% BSA/PBS) at 25°C for
1 h. Thereafter, the cells were incubated with rabbit anti-mouse
IgG conjugated with Alexa 488 (Molecular probe, Invitrogen;
Eugene, OR, USA) (1:2,000 in 1%BSA/PBS) at 25°C for 1 h.
The cells were then washed twice with ice-cold PBS and further
analyzed by a flow cytometer (FACaliburs, Becton Dickinson
Immunocytometry System, San Jose, CA, USA). IgGl isotype
antibody was used as the negative control.
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Effects of COM-Treated vs. Controlled
Exosomes on Macrophage Phagocytic
Activity
To evaluate effects of exosomes derived from untreated (con-
trolled exosomes) vs. COM-treated macrophages (COM-treated
exosomes) on phagocytic activity, macrophages (2 x 10° cells/
well) were incubated with 30 pg of intact controlled or COM-
treated exosomes for 24 h. Thereafter, approximately 2 X 107 cells
of Saccharomyces cerevisiae were cocultured with macrophages
for 1 h. Phagocytic cells (macrophages containing at least one
internalized yeast) were examined under an inverted phase-
contrast light microscope (Nikon ECLIPSE Ti-S) and phagocytic
activities were calculated from at least 10 high-power fields (HPF)
using the following formulas.

Formula 1:

Percentage of phagocytic cells =
(Number of phagocytic cells in each HPF/
Total number of macrophages in each HPF)x100.

Formula 2:

Phagocytic index = Percentage of phagocytic cells in each HPF

x Average number of internalized yeasts per cell.

Knockdown of Vimentin by
Small-Interfering RNA (siRNA)

To further validate functional significance of the COM-treated
exosomes in immune response, vimentin whose level was sig-
nificantly increased in the COM-treated exosomes was selected
as the target to be knocked down by siRNA technique. Briefly,
macrophages (10 X 10° cells/flask) were transfected with 60 pmol
of siRNA targeting on vimentin (si-Vimentin) or the controlled
siRNA (si-Control) mixed with transfection reagent in the
transfection medium (Santa Cruz Biotechnology) according to
the manufacturer’s protocol. After 6-h incubation in a humidi-
fied incubator with 5% CO, at 37°C, the transfection medium
was removed and replaced with complete RPMI 1640 medium
supplemented with 10% (v/v) heat-inactivated FBS and the cells
were further incubated for 18 h. At 24-h post-transfection, the
si-Control-transfected and si-Vimentin-transfected cells were
subjected to COM crystal treatment as described earlier in the
non-transfected cells (incubated in serum-free medium with
or without 100 ug/ml COM crystals for 16 h). Confirmation of
vimentin knockdown in the siRNA-transfected macrophages was
performed by immunofluorescence staining as described below,
whereas the culture supernatants were collected and subjected to
exosome isolation as described above.

Immunofluorescence Staining

After COM treatment, the si-Control-transfected and si-Vimentin-
transfected macrophages were adhered on a coverslip, fixed
by 4% (v/v) paraformaldehyde/PBS at 25°C for 15 min, and
then permeabilized with 0.2% Triton X-100/PBS at 25°C for
15 min. After washing, the cells were incubated at 4°C overnight
with mouse monoclonal anti-vimentin antibody (Santa Cruz
Biotechnology) (diluted 1:50 in 1% BSA/PBS). After washing,

the cells were incubated with corresponding secondary antibody
conjugated with Alexa Fluor 488 (Invitrogen) (diluted 1:2,000 in
1% BSA/PBS) at 25°C for 1 h. Finally, the cells were extensively
washed with PBS and mounted onto a glass slide using 50%
glycerol in PBS. The cells were imaged by using Nikon Eclipse 80i
fluorescence microscope (Nikon). Expression level of vimentin
was quantitated by measuring mean fluorescence intensity from
at least 50 cells in 10 random HPF of each sample using NIS-
Elements D V.4.11 software (Nikon).

Effects of si-Vimentin vs. si-Control on
Activities of the COM-Treated Exosomes
on Effector Immune/Inflammatory Cells

After COM treatment, exosomes derived from the si-Control-
transfected and si-Vimentin-transfected macrophages were
isolated. Thereafter, 30 pg of these intact exosomes were incu-
bated with U937 monocytes, Jurkat T-cells, and macrophages
(2 x 10° cells/well) for 24 h and the effector cells were subjected
to evaluation of their migratory and phagocytic activities as
aforementioned.

Effects of COM-Treated Exosomes and
si-Vimentin on Proinflammatory Cytokine
Production in the Effector Immune/

Inflammatory Cells

To evaluate effects of COM-treated exosomes and si-Vimentin on
proinflammatorty cytokine production in the effector immune/
inflammatory cells, U937 monocytes (2 X 10° cells/well) were
incubated with 30 pg intact exosomes derived from the non-
transfected untreated macrophages (controlled exosomes),
si-Control-transfected COM-treated macrophages, and si-
Vimentin-transfected COM-treated macrophages for 24 h. The
culture supernatant was collected, clarified by centrifugation at
300 g, and then subjected to indirect ELISA to measure level of
IL-8, one of the proinflammatory cytokines produced by the
effector immune/inflammatory cells. The sample preparation
and ELISA protocols were similar to those used for ELISA
measurement of IL-1p as described above (except for primary
antibody that was rabbit polyclonal anti-IL-8 antibody (Santa
Cruz Biotechnology) instead).

Statistical Analysis

Statistical analyses were performed using SPSS software version
13.0 (SPSS; Chicago, IL, USA). Comparisons between two sets
of data (e.g., controlled exosome vs. COM-treated exosome)
were performed by unpaired Student’s t-test, whereas multiple
comparisons were performed by one-way ANOVA with Tukey’s
post hoc test. P-values less than 0.05 were considered statistically
significant.

RESULTS

Morphological and Marker Confirmation
Macrophage exosomes were isolated by microfiltration and dif-
ferential centrifugation. Their morphology was examined using
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the negative staining method and visualized by TEM. The results
showed membrane-bounded, spherical shape vesicles with a
size range of 50-80 nm (Figure 1A), consistent with the typi-
cal morphology and size of exosomes reported previously (28).
In addition, Western blotting was performed to confirm the
expression of exosomal markers. The data showed that levels of
HSP70, Rab5, and Rab7, all of which are the typical exosomal
markers, were enriched in the exosome purified fraction as com-
pared to the whole supernatant (Figures 1B-D), indicating that
isolation of macrophage exosomes was successful.

Significantly Altered Proteins in
Macrophage Exosomes after Exposure

to COM Crystals

Macrophages were treated with or without 100 pg/ml COM
crystals for 16 h and their exosomal proteins were then subjected
to comparative proteome analysis using 2-DE-based proteomics
approach (n = 5 gels/group; a total of 10 gels were analyzed).
Deep Purple fluorescence protein staining and Image Master
2D Platinum software (GE healthcare) with high stringent cri-
teria for protein spot detection revealed approximately 150-200
protein spots in each 2-D gel (Figure 2). Spot matching, quan-
titative intensity analysis and statistics revealed six significantly
altered protein spots in exosomes derived from COM-treated
macrophages (COM-treated exosomes) as compared to the
controls (Figure 2). These significantly altered proteins were then

successfully identified by nanoLC-ESI-ETD MS/MS analyses
(Figure 2), including L-plastin, coronin-like protein, pyruvate
kinase, actin-related protein 3 (Arp3), HSP90f, and vimentin
(Table 1). All these identified proteins were classified based on
their main biological processes and immunological functions
using UniProt Knowledgebase (UniProtKB) (http://www.uni-
prot.org), which is the central hub for collection of functional
information of proteins. For biological processes, these included
actin filament bundle assembly, actin cytoskeleton organization,
ATP biosynthesis processes, actin nucleation, cellular response
to unfolded proteins, and intermediate filament organization
(Table 2). For immunological functions, most of the identified
proteins were involved mainly in immune response, including
T-cell activation, T-cell homeostasis, Fc-gamma (Fcy) receptor
pathway mediated phagocytosis, interferon-y (IFN-y) regulation,
and cell migration and movement (Table 2).

Validation of the Proteome Data
by Western Blotting

Western blot analysis was performed to validate the proteome
data of two selected representative proteins with decreased and
increased levels, respectively. The data demonstrated that the
decreased level of HSP90P and increased level of vimentin in COM-
treated exosomes as determined by 2-DE-based proteome analysis
could be confirmed by Western blot analysis using Rab5, an exo-
somal marker, as the loading control to normalize (Figure 3).

in Supplementary Material.
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FIGURE 1 | Morphology and markers of exosomes isolated from macrophages. (A) Exosomes were isolated from macrophages, negatively stained with

uranyl acetate, and imaged by transmission electron microscopy. The arrow indicates typical spherical shape of exosomes at original magnification of 250,000x.
(B-D) Western blot analyses of exosomal markers, including heat shock protein 70, Rab5, and Rab7, in the whole supernatant compared to the exosome purified
fraction (with an equal amount of total protein loaded in each lane). Note that these are the cropped images of the original blots, which are fully shown as Figure S1
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FIGURE 2 | 2-D proteome map of differentially expressed proteins. (A) Representative 2-D map of the controlled macrophage exosomes. (B) Representative
2-D map of exosomes derived from the calcium oxalate monohydrate (COM)-treated macrophages (COM-treated exosomes). Deep Purple fluorescence protein
staining, n = 5 gels/group, a total of 10 gels were analyzed. The differentially expressed proteins are labeled with numbers that correspond to those indicated in
Tables 1 and 2.

Effects of COM Crystals on Inflammasome

Activation

To evaluate the inflammatory response induced by COM
crystal treatment, activation of inflammasome was evaluated
by measuring level of IL-1pB, one of the markers of inflamma-
some activation, in culture supernatants of the COM-treated vs.
controlled macrophages. ELISA revealed significant increase in
IL-1f production in the COM-treated macrophages, suggesting
that inflammasome was activated by COM crystal treatment
(Figure 4).

Effects of COM-Treated vs. Controlled
Exosomes on Monocyte and T-Cell
Migration

Because most of the altered proteins were involved in immune
response and vimentin (one of the proteins involving in cell migra-
tion/movement) was markedly increased in the COM-treated
exosomes, we thus speculated that the COM-treated exosomes
might affect migration of monocytes and T-cells. Our hypothesis
was addressed by evaluation of the effects of COM-treated vs.
controlled exosomes on monocyte and T-cell migration. The
migration assay was performed using transwell and numbers
of the migrated monocytes and T-cells were counted after
incubation with these differential exosomes for 24 h. The results
showed marked increases in numbers of migrating monocytes
(Figures 5A,B) and T-cells (Figures 6A,B) after induction with
COM-treated exosomes as compared to the controlled exosomes.

Effects of COM-Treated vs. Controlled
Exosomes on Monocyte and T-Cell

Activation

Activation of monocytes and T-cells was evaluated by measur-
ing CDI11b-positive monocytes and CD69-positive T-cells,
respectively. Flow cytometric analysis revealed that number

of the CDI11b-positive monocytes was significantly increased
(Figures 5C,D), whereas that of the CD69-positive cells was
significantly decreased (Figures 6C,D) by the COM-treated
exosomes.

Effects of COM-Treated vs. Controlled
Exosomes on Macrophage Phagocytic
Activity

Because Arp3, a protein involving in Fcy receptor pathway
mediated phagocytosis, was significantly increased in COM-
treated exosomes, we thus hypothesized that the COM-treated
exosomes might affect macrophage phagocytic activity. Our
hypothesis was addressed by evaluation of the effects of COM-
treated vs. controlled exosomes on macrophage phagocytic
activity. The results showed that number of the phagocytic
cells and phagocytic index of macrophages were significantly
increased after the cells were exposed to the COM-treated
exosomes as compared to the controlled exosomes (Figure 7).

Effects of si-Vimentin vs. si-Control on
Activities of the COM-Treated Exosomes
on Effector Immune/Inflammatory Cells

To validate functional relevance of the COM-treated exosomes
in immune response, vimentin whose level was significantly
increased in the COM-treated exosomes was knocked down by
siRNA technique. The efficacy of siRNA targeting on vimentin
(si-Vimentin) was confirmed by immunofluorescence staining,
which showed markedly decreased level of vimentin in the si-
Vimentin-transfected COM-treated macrophages as compared

to the si-Control-transfected COM-treated macrophages
(Figure 8).
Exosomes derived from these si-Vimentin-transfected

COM-treated and si-Control-transfected COM-treated mac-
rophages were then isolated and subjected to functional assays
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P-value
0.047
0.046
0.046

Ratio (COM-
treated/
controlled)
0.00
0.25
0.00

COM-treated
exosome
0.0000 + 0.0000
0.0629 + 0.0562
0.0000 + 0.0000

Intensity (mean + SEM)

0.1702 + 0.0724
0.2537 + 0.0697
0.1466 + 0.0634

Controlled exosome

MwW
(kDa)
51.68
58.43

70.79

p
5.20
6.25
7.96

No. of distinct/total
matched peptides
24/37
10/11
11/11

%Cov
6
19
17

MS/MS
identification
scores
1,215
361

62

NCBI ID
gil62898171
0i|5902134
gil488544468

Protein name

L-plastin

Coronin-like protein

Pyruvate kinase isozymes M1/M2
isoform 2

TABLE 1 | Summary of significantly altered proteins in macrophage exosomes after exposure to 100 ug/ml COM crystals for 16 h.

Spot
no.
202
218

257

0.006

1.57
0.00
#DIV/O

0.6521 + 0.0452
0.0000 =+ 0.0000

0.3521 + 0.0297
0.2632 + 0.0743
0.0000 + 0.0000

47.80
85.58

53.74

5.61
4.97
5.03

10/12

22

512

gil5031573
gil306891
gil340219

Actin-related protein 3 isoform 1
HSP90-beta

Vimentin

322

0.008

9/9
20/22

87

754
816

0.043

1.1192 + 0.3448

39

730

%Cov = %Sequence coverage [(number of the matched residues/total number of residues in the entire sequence) x 100%].

#DIV/O

Divided by zero.

NCBI, National Center for Biotechnology Information.

to evaluate migratory and phagocytic activities of the effector
immune/inflammatory cells. The data showed that the COM-
treated exosomes derived from the si-Vimentin-transfected
macrophages caused significant decreases in migratory activities
of both monocytes and T-cells as compared to the COM-treated
exosomes derived from the si-Control-transfected macrophages
(Figure 9). In addition, macrophages incubated with the COM-
treated exosomes derived from the si-Vimentin-transfected
cells had significantly fewer numbers of phagocytic cells and
less phagocytic index than when they were incubated with the
COM-treated exosomes derived from the si-Control-transfected
cells (Figure 10).

Effects of COM-Treated Exosomes and
si-Vimentin on Proinflammatory Cytokine
Production in the Effector Immune/
Inflammatory Cells

To evaluate effects of COM-treated exosomes and si-Vimentin on
proinflammatory cytokine production in the effector immune/
inflammatory cells, ELISA was performed to measure level of
IL-8, one of the proinflammatory cytokines, produced from
U937 monocytes incubated with exosomes derived from the
non-transfected untreated macrophages (controlled exosomes),
si-Control-transfected COM-treated macrophages, and si-
Vimentin-transfected COM-treated macrophages. The data
revealed significantly increased level of IL-8 produced by the
cells incubated with the COM-treated exosomes derived from
the si-Control-transfected macrophages, whereas si-Vimentin
successfully restored IL-8 to the basal level (comparable to the
cells incubated with the controlled exosomes) (Figure 11).

DISCUSSION

Exosomes are originated from the internalized vesicles via
endocytosis that subsequently form multivesicular bodies
(MVB) (29). They are secreted to extracellular milieu via
exocytosis pathway by fusing MVB with plasma membranes
(30). Exosomes contain several types of biomolecules, includ-
ing mRNAs, microRNAs, proteins and lipids, which reflect
their diverse biological functions (31). From their origination,
exosomes are commonly enriched with proteins associated with
MVB biogenesis, transport and fusion (30). In addition, they are
also enriched with intregrins (CD81 and CD82), tetraspanins
(CD9 and CD63), chaperones (HSP70 and HSP90), and major
histocompatibility complex class I and class IT (32). For intercel-
lular communications, exosomes shuttle their biomolecules to
the target cells by three major mechanisms, including recep-
tor-ligand interaction, direct fusion with plasma membranes,
and endocytosis (30).

Macrophage exosomes have been demonstrated to possess
immune functions in several diseases, including host-pathogen
interactions and cancers (30). For host-pathogen interactions,
in vitro studies have shown that macrophages with intracellular
pathogens secrete greater amounts of exosomes as compared
to the uninfected cells. Exosomes derived from these infected
macrophages activate naive macrophages through tumor
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TABLE 2 | Biological process and immunological function of the significantly altered proteins in COM-treated exosomes.

Spot no. Protein name Biological Immunological function Alteration in COM-treated
process exosomes
202 L-plastin Actin filament bundle assembly T-cell activation involved in immune response Decreased
218 Coronin-like protein Actin cytoskeleton organization T-cell homeostasis Decreased
257 Pyruvate kinase isozymes ATP biosynthesis process - Decreased
M1/M2 isoform 2
322 Actin-related protein 3 isoform 1 Actin nucleation Fcy receptor pathway mediated phagocytosis Increased
754 HSP90-beta Cellular response to unfold proteins IFN-y regulation Decreased
816 Vimentin Intermediate filament organization Cell migration and movement Increased
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FIGURE 3 | Validation of the proteome data by Western blot analysis. (A) The decreased level of HSPI0B in exosomes derived from the COM-treated macrophages
(COM-treated exosomes). (B) The increased level of vimentin in the COM-treated exosomes. (C) Rab5 served as the loading control. (D) Normalized level of
HSP90B. (E) Normalized level of vimentin. Each bar represents mean + SD of the data obtained from three independent biological replicates. *P < 0.05 vs.
controlled exosomes.

necrosis factor-o and IL-12, and subsequently recruit monocytes
and neutrophils into the inflammatory sites (33, 34). In cancers,
macrophage-derived exosomes can promote cancer cell invasion
and metastasis. The proteome data has demonstrated that these
exosomes have increased levels of matrix metalloproteinase
(MMP) and cathepsins, which can cleave extracellular matrix
facilitating tumor dissemination (35).

In kidney stone disease, infiltration of macrophages in the
renal interstitium can promote chronic inflammation, leading
to chronic kidney disease (1-3). Macrophages secrete several
types of biomolecules in response to CaOx crystals deposited in
renal interstitium, including ROS, chemokines, proinflammatory
cytokines, and fibrogenic factors that subsequently stimulate the
inflammatory processes and provoke tubulointerstitial damage
(10-12). These secretory products may also play important
autocrine and/or paracrine roles in the renal interstitial milieu.
In addition, interstitial CaOx crystal deposition can then activate

mononuclear phagocytes (i.e., dendritic cells and macrophages)
to secret IL-1p through NLRP3/ASC/caspase-1-dependent
pathway, causing renal inflammation in kidney stone disease
(15). These findings indicate that CaOx crystals are also involved
in activation of inflammasome, the multiprotein complex that
plays crucial role in innate immunity (15). Likewise, infection
and cellular stress can enhance inflammasome activation in the
activated macrophages as indicated by redistribution and spatial
organization of ASC (apoptotic speck-like protein containing a
CARD) to the cytoplasm, followed by assembly of inflammasome
components, including Nod-like receptors (NLR) and caspase-1
in the perinuclear space, which is necessary for inflammasome
function such as maturation of IL-1f and IL-18 for further
inflammatory signaling. In contrast, primary localization of
ASC and caspase-1 in the nucleus is commonly observed in the
resting monocytes/macrophages (36). Consistent with the previ-
ous reports, we demonstrated herein that COM crystals could
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induce inflammasome activation in macrophages, leading to the
increased level of IL-1f, one of the markers for inflammasome
activation, in culture supernatant (Figure 4). In addition, we
have demonstrated for the first time that COM crystals could
induce changes in proteins expressed in exosomes isolated from
macrophages and these altered exosomal proteins were involved
in several immune functions (Figure 2; Tables 1 and 2).
Vimentin is the most abundant intermediate filament that
stabilizes cellular architecture (37). In immune cells, vimentin

0.08

0.06

0.04

IL-1B level (OD,,q,)

0.02

0.00
Controlled macrophages COM-treated macrophages

FIGURE 4 | Effects of calcium oxalate monohydrate (COM) crystals on
inflammasome activation. Interelukin-1p level was measured by ELISA in
culture supernatants of macrophages with or without COM crystal treatment.
Each bar represents mean + SD of the data obtained from three independent
biological replicates. *P < 0.05 vs. control.

can be secreted from the activated monocytes, macrophages,
and neutrophils and is responsible for activating cell migra-
tion, proinflammatory signaling, and oxidative burst (38).
In cancers, exosomes derived from macrophages can induce
cytoskeletal rearrangement by transferring vimentin-containing
exosomes, which further stimulate metastasis of the cancer
cells through Wnt signaling pathway (39, 40). Herein, our
proteome data showed that vimentin was markedly increased
in the COM-treated exosomes that could be confirmed by
Western blot analysis. Note that vimentin band at low molecular
mass (approximately 30 kDa) was observed in some samples,
especially in the controlled exosomes (Figure 3B). In monocyte-
derived macrophages, it was possible that vimentin could be
degraded during sample processing or cleaved by proteases and
then secreted during differentiation process (41). Alternatively,
it could be the protein kinase C-dependent phosphorylated form
of vimentin that was secreted by activated macrophages (38).
From the proteome data, we hypothesized that the COM-
treated exosomes might promote migratory activity of other
immune cells in the renal interstitium. Accordingly, migra-
tion assay was performed to evaluate migratory activities of
monocytes and T-cells exposed to COM-treated vs. controlled
exosomes. The functional data confirmed that the COM-treated
exosomes dramatically enhanced monocyte and T-cell migration
(Figures 5A,B and 6A,B). Monocytes are important responder
cells in the renal interstitium to develop chronic inflammation
in kidney stone disease (42, 43). Under inflammatory response,
monocytes are stimulated to enhance their immune functions.
Our functional data clearly demonstrated the activation of
monocytes by COM-treated exosomes as evidenced by an
increase of CD11b, which is a marker for monocyte activation
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FIGURE 5 | Effects of calcium oxalate monohydrate (COM)-treated vs. controlled exosomes on monocyte migration and activation. (A) The migrated monocytes at
the lower chamber of transwell were examined and imaged using an inverted phase-contrast light microscope with an original magnification of 200x. (B) The
migrated monocytes were counted from at least 10 low-power fields (LPF). (C) The representative dot plot of flow cytometric data in each group to quantitate the
CD11b-positive migrated monocytes (FSC, forward scatter, indicating cell size). (D) The percentage the CD11b-positive cells. Each bar represents mean + SD of
the data obtained from three independent biological replicates. *P < 0.05 vs. controlled exosomes.
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FIGURE 6 | Effects of calcium oxalate monohydrate (COM)-treated vs. controlled exosomes on T-cell migration and activation. (A) The migrated T-cells at the lower
chamber of transwell were examined and imaged using an inverted phase-contrast light microscope with an original magnification of 200x. (B) The migrated T-cells
were counted from at least 10 low-power fields (LPF). (C) The representative dot plot of flow cytometric data in each group to quantitate the CD69-positive migrated
T-cells (FSC, forward scatter, indicating cell size). (D) The percentage the CD69-positive cells. Each bar represents mean + SD of the data obtained from three
independent biological replicates. “P < 0.05 vs. controlled exosomes.
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FIGURE 7 | Effects of calcium oxalate monohydrate (COM)-treated vs. controlled exosomes on macrophage phagocytic activity. Macrophages were incubated
with intact controlled exosomes or COM-treated exosomes for 24 h followed by incubation with Saccharomyces cerevisiae for 1 h. (A) The phagocytic cells
(indicated with arrows), representing macrophages with at least one internalized yeast (indicated with asterisks), were examined under an inverted phase-contrast
light microscope with the original magnification of 400x. Phagocytic activities were calculated from at least 10 high-power fields to determine percentage of the
phagocytic cells (B), number of the internalize yeasts per cell (C), and phagocytic index (D) (see formulas in Section “Materials and Methods”). Each bar represents
mean + SD of the data obtained from three independent biological replicates. *P < 0.05 vs. controlled exosomes.
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FIGURE 8 | Efficacy of knockdown of vimentin by small-interfering RNA
(siRNA). (A) Immunofluorescence staining of vimentin in the siRNA targeting
on vimentin-transfected vs. si-Control-transfected macrophages after
calcium oxalate monohydrate treatment. (B) Mean fluorescence intensity
of vimentin was measured from at least 10 high-power fields. Each bar
represents mean + SD of the data obtained from three independent
biological replicates. *P < 0.05 vs. si-Control.

(44), on their surfaces (Figures 5C,D). In contrast, we found
the decreases of L-plastin and coronin-like protein in the COM-
treated exosomes. L-plastin is the actin-bundling protein that
is exclusively found in leukocytes, i.e., macrophages, lympho-
cytes, neutrophils, and other granulocytes (40, 45). This protein
consists of two tandem repeated actin-binding domains, which
are responsible for F-actin bundling and rearrangement (46).
Interestingly, L-plastin has been reported to specifically induce
T-lymphocyte activation (47). Likewise, coronin-like protein is
an actin and microtubule binding protein that plays pivotal role
in T-cell activation (48). Their decreases implicated a reduction
of T-cell activation. Our functional data clearly showed the
significant decrease of CD69, a marker for T-cell activation (49),
on surfaces of T-cells exposed to the COM-treated exosomes
confirming that T-cell activation was reduced by the COM-
treated exosomes (Figures 6C,D).

Furthermore, we also observed significant increase in level of
Arp3isoforml in the COM-treated exosomes. Arp3 is a member
of Arp2/3 complex, which is localized on cell surfaces and is
essential for filopodia and lamellipodia structure (50). Arp2/3
complex is important for cell motility and phagosome formation
that are the critical steps for phagocytic activity of phagocytes
(51). Our functional data showed clear evidence that the COM-
treated exosomes had an autocrine function by activation of
phagocytic activity of macrophages (Figure 7). Therefore, the
increased level of Arp 3 in the COM-treated exosomes might be
responsible for such autocrine effect.

Finally, to further confirm the functional relevance of our pro-
teome findings in immune response, vimentin was knocked down
by siRNA technique. The data have confirmed that macrophage
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FIGURE 9 | Effects of small-interfering RNA targeting on vimentin vs. si-Control on activities of the calcium oxalate monohydrate-treated exosomes on monocyte
and T-cell migration. This experiment was performed using transwell similar to that of the non-transfected cells. The migrated monocytes (A) and T-cells (C) at the
lower chamber of transwell were examined and imaged using an inverted phase-contrast light microscope with an original magnification of 200x. The migrated
monocytes (B) and T-cells (D) were counted from at least 10 low-power fields. Each bar represents mean + SD of the data obtained from three independent
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FIGURE 10 | Effects of small-interfering RNA targeting on vimentin (si-Vimentin) vs. si-Control on activities of the calcium oxalate monohydrate (COM)-treated
exosomes on macrophage phagocytic activity. Macrophages were incubated with intact exosomes derived from si-Control-transfected COM-treated or si-Vimentin-
transfected COM-treated macrophages for 24 h followed by incubation with Saccharomyces cerevisiae for 1 h. (A) The phagocytic cells (indicated with arrows),
representing macrophages with at least one internalized yeast (indicated with asterisks), were examined under an inverted phase-contrast light microscope with the
original magnification of 400x. Phagocytic activities were calculated from at least 10 high-power fields to determine percentage of the phagocytic cells (B), number
of the internalize yeasts per cell (C), and phagocytic index (D) (see formulas in Section “Materials and Methods”). Each bar represents mean + SD of the data
obtained from three independent biological replicates. *P < 0.05 vs. si-Control.

exosomal vimentin played significant roles in immune response

0107 * to COM crystals and were involved in proinflammatory cytokine

- production, monocyte and T-cell migration, and phagocytic

 EG activity of macrophages (Figures 9-11). Regarding its role in
g immune response, a recent study has revealed that vimentin
8 0.06 - # can be secreted by activated macrophages in response to either
;o’ pro- or anti-inflammatory cytokines. In response to pathogens,
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o metabolites that are essential for effective bacterial killing by
= the activated macrophages (38). In addition, vimentin has been
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exosome activity of macrophages (52). These findings support the role
of the exosomal vimentin in recruitment of immune cells and
enhancement of phagocytic activity of macrophages observed
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FIGURE 11 | Effects of calcium oxalate monohydrate (COM)-treated

exosomes and small-interfering RNA targeting on vimentin (si-Vimentin) on in our study. Nevertheless, the knowledge on biological roles of
proinflammatory cytokine production in the effector immune/inflammatory extracellular vimentin in immune function is currently limited.
cells. U937 monocytes were incubated with intact exosomes derived from Therefore, molecular mechanisms of exosomal vimentin in

the non-transfected untreated (controlled exosome), si-Control-transfected
COM-treated, or si-Vimentin-transfected COM-treated macrophages for
24 h. The culture supernatants were collected and subjected to indirect

immunology deserve further investigations.
Although this study was quite convincing to clarify significant

ELISA to measure level of interleukin-8, one of the proinflammatory cytokines immune functions of the COM-treated exosomes related to
produced by the effector immune/inflammatory cells. Each bar represents inﬂammatory response in kidney stone disease, some technical
mean + SD of the data obtained from three independent biological replicates. limitations should be mentioned. First, using the 2-DE-based
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proteins were detectable only in one group, but were under the
detectability limit in the other group by using this approach
(Table 1). Actually, they were not really absent in such group as
in cases of HSP90P and vimentin, which could not be detected by
2-DE in the COM-treated and controlled exosomes, respectively,
whereas they were detectable in both groups by Western blotting
but with significant changes in their levels (Figure 3). Moreover,
2-DE-based approach has another limitation in resolving
membrane or highly hydrophobic proteins, which are the major
constituents on exosomal surfaces. Therefore, using gel-free and
other more sensitive proteomics approaches would overcome
such limitations and yield a wider image of significant impact
of macrophage exosomes in pathogenic mechanisms of kidney
stone disease.

Second, there was a difference in number of migrated mono-
cytes induced by exosomes derived from the COM-treated mac-
rophages in the former experiment (Figure 5B) as compared to
that induced by exosomes derived from the si-Control-trans-
fected COM-treated macrophages in the latter to validate the
functional relevance of macrophage exosomal vimentin in the
immune response to COM crystals (Figure 9B). This difference
was most likely due to inter-assay variations (particularly from
different batches of U937 cell aliquots used and different lots of
PMA employed for macrophage derivatization). Nevertheless,
each of these experiments had its own corresponding control.
Therefore, the functional relevance of macrophage exosomes
should not be hampered by these common variations. Similar
phenomenon was observed for the percentage of phagocytic
cells induced by exosomes derived from the COM-treated mac-
rophages in the former experiment (Figure 7B) as compared to
that induced by exosomes derived from the si-Control-trans-
fected COM-treated macrophages in the latter (Figure 10B).
However, the consistency in phagocytic index in both sets of
experiments on different occasions (Figures 7D and 10D,
respectively) might be able to strengthen our claim.

Finally, it should be noted that only vimentin was selected for
functional validation of the immunological roles of macrophage
exosomes in response to COM crystals by si-RNA technique.
Other altered proteins reported in Tables 1 and 2 might also play
significant roles in such immune response as well. Manipulation
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Secretion of extracellular vesicles (EVs) is a ubiguitous mechanism of intercellular
communication based on the exchange of effector molecules, such as growth factors,
cytokines, and nucleic acids. Recent studies identified tumor-derived EVs as central
players in tumor progression and the establishment of the tumor microenvironment
(TME). However, studies on EVs from classical Hodgkin lymphoma (cHL) are limited.
The growth of malignant Hodgkin and Reed-Sternberg (HRS) cells depends on the
TME, which is actively shaped by a complex interaction of HRS cells and stromal
cells, such as fibroblasts and immune cells. HRS cells secrete cytokines and angio-
genic factors thus recruiting and inducing the proliferation of surrounding cells to
finally deploy an immunosuppressive TME. In this study, we aimed to investigate the
role of tumor cell-derived EVs within this complex scenario. We observed that EVs
collected from Hodgkin lymphoma (HL) cells were internalized by fibroblasts and
triggered their migration capacity. EV-treated fibroblasts were characterized by an
inflammatory phenotype and an upregulation of alpha-smooth muscle actin (a-SMA),
a marker of cancer-associated fibroblasts. Analysis of the secretome of EV-treated
fibroblast revealed an enhanced release of pro-inflammatory cytokines (e.g., IL-1a,
IL-6, and TNF-a), growth factors (G-CSF and GM-CSF), and pro-angiogenic factors
such as VEGF. These soluble factors are known to promote HL progression. In line,
ingenuity pathway analysis identified inflammatory pathways, including TNF-o/NF-xB-
signaling, as key factors directing the EV-dependent phenotype changes in fibroblasts.
Confirming the in vitro data, we demonstrated that EVs promote a-SMA expression in
fibroblasts and the expression of proangiogenic factors using a xenograft HL model.
Collectively, we demonstrate that HL EVs alter the phenotype of fibroblasts to support
tumor growth, and thus shed light on the role of EVs for the establishment of the
tumor-promoting TME in HL.

Keywords: Hodgkin lymphoma, extracellular vesicles, tumor microenvironment, cancer-associated fibroblasts,
NF-xB-signaling
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HL EVs Change the Secretive of Fibroblasts

INTRODUCTION

Hodgkin lymphoma (HL) is a rare cancer usually arising in the
lymph nodes, which was initially described by Thomas Hodgkin
(1). Mainly, two distinct entities are described for HL, the classical
Hodgkin lymphoma (cHL) accounting for 95% of all cases, and a
rare nodular lymphocyte predominant HL form (2).

A unique characteristic of classical HL is that the malignant
Hodgkin and Reed-Sternberg cells (HRS cells) account for only
1% of the tumor tissue, which is composed of a massive infiltrate
of reactive cells (lymphocytes, fibroblasts, and cells of the innate
immune system) (3). Typically, HRS cells are surrounded by
impaired T cells, forming a T cell rosette, which impedes a direct
interaction with other cells. Thus, crosstalk via soluble factors and
a complex network of chemokine/cytokine interactions facilitates
the establishment of a tumor-supportive environment (4). HRS
cells usually arise from mature B cells but undergo a severe altera-
tion during progression to malignant cells concomitant with loss
of characteristic markers for B cells/cells of the hematopoietic
system (5). The events involved in genesis of malignant HRS cells
are partially understood; however, the most frequent changes
result in consecutive activation of the NF-kB-signaling path-
way and deregulation of other pathways, including JAK/STAT,
MAPK/ERK, NOTCH1, and PI3K/AKT. Although HRS cells are
considered the master regulator of the inflammatory response in
the lymphoid tissue of HL, survival of the few malignant cells
is likely dependent on the tumor microenvironment (TME) and
interaction with non-malignant cells (3). The HL-specific TME
is constituted of many different cell types, including immune
cells, such as lymphocytes, plasma cells, neutrophils, eosinophils,
and mast cells as well as fibroblasts. Expression of a variety of
cytokines and chemokines facilitate the attraction of immune
cells and the establishment of this tumor-promoting milieu and,
therefore, has been extensively studied in the past years (6, 7).
HL cells exploit different mechanisms to escape from immune
surveillance, including the inhibition of effector cells, e.g., via
secretion of immune suppressive molecules, such as TARC,
MICA, and BAGS, ligands for receptors (CCR4, NKG2D, NKp30,
respectively) expressed on a subset of T cells and NK cells (8-11).

Recently, the relevance of extracellular vesicles (EVs) for the
intercellular crosstalk and the establishment of a tumor-promot-
ing microenvironment was raised in several studies (12, 13).

Extracellular vesicles are a central part of intercellular com-
munication allowing cells to interact with close and distant cells
via the delivery of signal molecules. In detail, EV's play a crucial
role in the diverse interactions in the tumor-supportive ME.
The smallest EV-subpopulation with a diameter of 50-150 nm
is commonly referred to as exosomes, which are generated via
the endocytic pathway and carry parent cell-specific molecules.
These molecules include proteins, DNA, noncoding RNAs, and
miRNAs/mRNAs (13). The chaperone HSP70 and tetraspanins
CD9, CD63, and CD81 are present on EV-subpopulations and
commonly used as markers (14).

Here, we investigate the EV-mediated interplay of HL cells
and fibroblast. In detail, we report that HL cells and fibroblasts
interact in a bi-directional manner, changing migratory proper-
ties and, most interestingly, encouraging the transition of healthy

fibroblasts to a CAF phenotype concomitant with alteration of
their inflammatory secretome.

MATERIALS AND METHODS

Cell Culture

The human HL cell line KM-H2 (Deutsche Sammlung von
Mikroorganismen und Zellkulturen) as well as the human primary
fibroblast cell line HDF, (American Type Culture Collection)
were maintained in DMEM GlutaMAX or RPMI 1640 (Thermo
Fisher Scientific) supplemented with 10% fetal calf serum (FCS)
and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin)
at 37°C with 5% CO..

Isolation of EVs and Quantification of EV

Protein Cargo

Cells were cultivated in EV-depleted medium for 48 h followed
by EV-isolation via sequential ultracentrifugation as previously
described (15). In brief, supernatants were centrifuged for 10 min at
300 X g, 10 min at 3,000 X g, and 30 min at 10,000 X g. Subsequently,
the supernatant of the 10,000 X g fraction was centrifuged for
90 min at 100,000 X g and the obtained pellet washed with PBS at
the same speed for 90 min. After resuspension of the pellet in PBS,
protein content was determined using the BCA protein assay kit
(Thermo Scientific) and a SpectraMax M4 (Molecular Devices).
Samples were stored at —80°C for further analysis.

EV-Depletion of Medium and Cultivation of
Cells With Isolated EVs

Extracellular vesicles were removed from the medium by ultra-
centifugation (90 min at 100,000 g). The pellet containing EV's
was carefully discarded. Cells were cultivated in EV-depleted
medium with purified EV's as indicated.

Nanoparticle Tracking Analysis (NTA)
Number and size distribution of isolated EV's were estimated by
the means of NTA. EVs were diluted 1:1,000 with PBS (Biochrom).
Five repeated measurements of 60 s with an infusion rate of 40
were recorded consecutively and analyzed using a Nanosight
NS300 with the NTA 3.0 software (Malvern Instruments).

Flow Cytometry

Adherent cells were harvested using Accutase (Life Technologies).
For flow cytometric assessment, cells were stained with different
concentrations of DiO (AAT Bioquest) for 5 min at 37°C. Isolated
vesicles were processed for flow cytometry as described: 100 pg
(=1 x 10°) EVs were coupled to 1 X 10° 4.5 pm polystyrene beads
(Polysciences) in PBS over night at 4°C for assessment of surface
proteins (15). After blocking with 2% bovine serum albumin
(BSA) for 1 h at 25°C under shaking, molecules of interest were
either probed with labeled Annexin V, respectively a labeled
primary PE-labeled antibody against CD30 (BioLegend, 333906,
1:100) or primary antibodies against CD9 (BioLegend, 312102,
1:100), CD63 (BioLegend, 353013, 1:100), or CD81 (BioLegend,
349501, 1:100), and a secondary goat anti-mouse-PE antibody
(BioLegend, 405705, 1:100). Antibody incubation was performed
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for 30 min on ice under exclusion of light in FACS buffer (PBS
with 0.2% BSA, 0.2% sodium azide). Samples were analyzed with
a FACS Calibur (Becton Dickinson).

Electron Microscopy

Extracellular vesicles were isolated from the supernatant of KM-H2
cells and resuspened in PBS. 3 ul of the EV solution was trans-
ferred onto a copper grid (Quantifoil S7/2 Cu 400 mesh, carbon
films; Quantifoil Micro Tools). After removal of excess liquid, the
copper grid was snap-frozen by immersion into liquid ethane.
Samples were analyzed with a transmission electron microscope
(Leo 912 Q-mega) at —174°C. The device was operated at 120 kV
and images recorded with a 6,300- to 12,500-fold magnification.

SDS-PAGE and Immunoblot Analysis
Adherent cells were harvested with Accutase and whole cell
lysates of the cell pellet prepared using a buffer containing 50 mM
Tris pH 8.0, 150 mM NaCl, 0.5% Triton X-100, 0.5% sodium
deoxycholate, protease, and phosphatase inhibitors (Roche).
100 pl of the buffer was used to lyse 1 X 10° cells for 5 min under
rotation at room temperature (RT). Subsequently, the samples
were centrifuged at 14,000 g for 10 min at 4°C, the pellet removed
and the lysate stored at —20°C if it was not processed directly
upon preparation. Protein content was determined using the
BCA protein assay kit (Thermo Fisher Scientific). 20 pg of protein
per sample were heated in Laemmli sample buffer to 96°C for
10 min and subjected on a 10% SDS-PAGE. After separation,
proteins were transferred to a 0.2 um nitrocellulose membrane
(GE Healthcare) with a wet blot chamber (BioRad). After block-
ing with 5% non-fat dry milk in TBS-T (137 mM NaCl, 50 mM
Tris-Cl, 0.05% Tween-20, pH 7.4), the membrane was probed
with the desired primary antibodies against f-Actin (Abcam,
ab6276, 1:15,000), CD9 (Santa Cruz Biotechnology, sc-13118,
1:100), CD63 (Invitrogen, 10628D, 1:500), or CD81 (BioLegend,
349501, 1:500) for 2 h at RT and then washed three times with
TBS-T. Incubation with the appropriate horseradish peroxidase-
conjugated secondary antibody (Cell Signaling Technology, 7076,
1:2,500) was performed for 1 h at RT. Proteins were detected via
enhanced chemiluminescence using Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific).

Immunofluorescence
The phenotype switch of fibroblasts after exposure to EV's (scratch
assay) was analyzed by probing a-SMA as a marker for activated
fibroblasts. Cells were grown on cover slips and fixed with 4%
paraformaldehyde for 15 min at RT, washed thrice with PBS, and
permeabilized with 1% Triton X-100 in PBS for 30 min at RT.
Subsequently, washed cells were blocked with 10% FCS and 0.2%
Tween-20 in PBS for 30 min at RT and incubated with a FITC-
conjugated a-SMA antibody (Sigma-Aldrich, F3777, 1:250) for
1 hatRT under exclusion of light. Nuclei were stained with 1 ig/ml
DAPI (Roche). Cover slips were mounted on microscope
slides using VECTASHIELD Antifade Mounting Medium for
Fluorescence (VECTAMicroscopic analysis was performed using
an Olympus IX51 with the imaging software CellSens).
Extracellular vesicles were visualized by staining of parental
HL cells with 1 uM DiO for 5 min at 37°C prior to seeding.

DiO-positive (DiO") vesicles were harvested via sequential
ultracentrifugation. 100 ug/ml DiO* EV's were added to fibroblast
cell growing on cover slips for 2 days. Cells were processed in
the way described above. The plasma membrane of fibroblasts
was stained with CellMask Deep Red Plasma Membrane Stain
[Invitrogen according to the manufacturer’s protocol and the
nuclear dye Hoechst 33342 (Sigma-Aldrich, B2261, 1:5,000)].
Followed by washing with PBS, internalization of EVs by target
cells was evaluated with the confocal microscope Leica TCS SP8.

Cell Viability Assay (XTT Assay)

The impact of HL EVs isolated from KM-H2 cell culture on the
proliferation of HDF, cells and vice versa was probed using the
XTT assay (AppliChem). 6 X 10° KM-H2 or 1 X 10° HDF, cells
per well were seeded on a 96-well plate. Cells were incubated with
the amount of EVs and time period indicated in the according
figure. The XTT staining solution was prepared according to the
manufacturer’s protocol, 50 pl staining solution added to each
well containing 100 ul growth medium, and incubated for 2 h
at 37°C. Absorbance was then measured with an Infinite M1000
microplate reader (Tecan) at a wave length of 475 and 660 nm as
reference.

Migration Assays

Migration of HL cells was studied in a 24-well Boyden chamber
with 8.0 um pores (Falcon/Fisher Scientific). 1 X 10° HL cells were
transferred into the upper compartment, while crude fibroblast
supernatant or medium (with serum, EV depleted) containing
100 ug/ml EVs were placed in the lower compartment. According
to the NTA data, a protein concentration of 100 pg/ml corre-
sponds to about 1 X 10° Hodgkin cell-derived EVs/ml. Migrated
cells were counted after an incubation time of 26 h.

The scratch assay was performed to monitor the migration of
fibroblasts. 1.5 X 10° HDF, cells/well were seeded in a 24-well
Falcon plate. The cell layer was impaired with a scratch and
100 pg/ml HL EVs or medium added. For every condition, cells
were seeded in triplicates and two spots per well were monitored
with images being recorded in an interval of 15 min for 24 h. For
analysis, the scratch width was determined with ImageJ (National
Institutes of Health) after 0, 3, 12, and 21 h, wound closure was
calculated with the following formula:

J x100.

Directed migration was studied with a chemotaxis assay
performed in Neuroprobe ChemoTx plates. Migration of Calcein
AM (MoBiTe)-labeled HDEF, cells toward 40 pug/ml, 150 mg/ml
HL EVs or medium (triplicates), was assessed after 2 h via
fluorescence detection with an Infinite M1000 microplate reader
(Tecan).

scratch widtht

%wound closure=1—-| ——*
scratch widtht,,

Cytokine Array

Chemokines/cytokines in the supernatant of fibroblast cells were
quantified using the Human Cytokine Array/Chemokine Array
64-Plex from Eve Technologies and a Bio-Plex200 (BioRad)
according to the manufacturer’s instructions.
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Analysis of Proteomic Data via Ingenuity
Pathway Analysis (IPA)

Pathway analysis of proteomics data from HL EVs [part of
proteomics data were published (16); full list see Table S1
in Supplementary Material] was performed using the IPA
tool from QIAGEN (IPA Summer Release 2015, QIAGEN
Bioinformatics).

Protein cargo of EVs isolated from the supernatant of the
HL cell line KM-H2 was analyzed via mass spectroscopy as
previously described by our group (16). In brief: the EV proteins
were separated with the help of a 10% SDS-PAGE, the lanes
subsequently extracted from the gel, reduced (5 mM dithi-
othreitol, 25 min at 56°C), alkylated (14 mM iodoacetamide,
30 min at RT under exclusion of light), and then digested with
trypsin (Promega). Samples were analyzed using an LTQ Velos
Orbitrap mass spectrometer (Thermo Fisher Scientific) paired
with LC-MS/MS (EASY-nLC system, Proxeon Biosystem).
Separated by a 2-90% acetonitrile gradient in 0.1% formic
acid, using a PicoFrit Column (20 cm, ID75 pm, 5 pm particle
size, New objective) followed. Finally, the full scan MS spectra
(m/z 300-2,000) were checked in the Orbitrap analyzer. Peak
lists (msf) were created using Proteome Discoverer version 1.3
(Thermo Fisher Scientific) with a Sequest search engine. The
obtained search data were further checked with the software
ScaffoldQ + version 3.3.1.

In the context of this study, the results found with the Human
Cytokine Array/Chemokine Array 64-Plex Eve Technologies
and pre-existing proteomics data (Table S1 in Supplementary
Material) were merged in an IPA analysis.

Mouse Xenograft Model

1 X 10" HDF, cells and 1 x 10" KM-H2 cells were mixed in 100 pl
PBS and the cell suspension injected subcutaneously into the
lower flank of female NOD scid gamma (NSG) mice (Charles
River) to establish tumors. Mice received 50 pg DiO-labeled
KM-H2 EVs in 100 ul PBS (n = 4) or vehicle control (n = 4) via
intravenous injection into the tail vein at day 2, 4, and 7 after
transplantation of tumor cells. Formation of tumors was checked
periodically, and tumor volume calculated using the formula
(length x width X height)/2. Animals were sacrificed at day 30
and tumor tissue processed for analysis.

Processing and Histopathology of Tumor
Tissue

Upon resection, tumor tissue was snap-frozen in optimal-
cutting-temperature compound (Tissue-Tek O.C.T., Sakura
Finetek) and sectioned at 5 pm using a HM560 microtome
(Thermo Fisher Scientific). Tumor sections were air dried for
at least 4 h at RT and stored at —80°C. Hematoxylin and eosin
(H&E) staining of cryo-sections was performed for histopatho-
logical evaluation of tumor tissue sections were first stained with
hematoxylin solution, rinsed with water, and stained with Eosin
G solution. Excess dye was cleansed away, the stained sections
embedded in GLC Mounting Medium (Sakura Finetek) and
sealed with a cover slip. Samples were analyzed with a Keyence
Microscope BZ-9000 and the BZ-II Viewer.

Isolation of Single Cells From Tumor
Tissue and Flow Cytometry

Snap-frozen tumor tissue was wet with PBS and kept on ice,
chopped with a scalpel and carefully pushed through the mesh of
a cell strainer. The cells were re-suspended in 10 ml RPMI 1640
cell culture medium and the suspension overlaid with 20 ml
human Ficoll-Paque density gradient medium (GE Healthcare)
in a reaction tube. After centrifugation at 2,000 rpm for 20 min
at RT (deceleration without brake), the cells were transferred in
a fresh tube and washed with PBS for 5 min at 1,200 rpm and
pellet resuspended in 1 ml RPMI 1640 and kept on ice. Isolated
tumor cells were counted and equal amounts per tumor probed
with an APC-conjugated mouse anti-human CD30 antibody
(BioLegend, 333909, 1:100) for 30 min on ice and then analyzed
via flow cytometry as described above.

Immunohistochemistry

Cryo-sections of tumor tissue were fixed with 1% PFA for 15 min
at RT, blocked and permeabilized with 10% normal goat serum
and 0.2% Triton X-100 in PBS for 30 min, washed three times
with PBS, and subsequently probed with the following primary
antibodies: CD30 [clone Ki-4 (17)], CD31 (BD Bioscience,
557355, 1:1,000), and a-SMA conjugated with Cy3 (Sigma-
Aldrich, C6198, 1:200). Microscopy slides were incubated with
the primary antibody over night at 4°C and then washed in PBS,
followed by washing three times with PBS and incubation with
the appropriate secondary antibody for 45 min at RT: goat anti-
mouse-AF594 (Molecular Probes, A11032, 1:1,000) or goat anti-
rat-AF594 (Molecular Probes, A11007, 1:1,000). After washing
thrice with PBS, nuclei were stained with DAPI (1 pg/ml). Finally,
stained sections were embedded in GLC Mounting Medium and
sealed with a cover slip. Samples were analyzed using a Keyence
Microscope BZ-9000 and the BZ-II Viewer.

Statistical Analysis

Experiments were performed independently and at least in three
biological replicates, if not stated otherwise. Results obtained
from representative experiments are shown. Data are presented
as mean + SEM and were analyzed using GraphPad Prism6
software. Statistical significance was calculated as indicated in
the figure legends.

Study Approval

This study was carried out in accordance with § 8 Abs. 1 des
Tierschutzgesetzes (animal welfare law of the German Federal
Government) and the protocol was approved by the local authori-
ties [Landesamt fiir Natur, Umwelt und Verbraucherschutz
(LANUYV), State Northrhine-Westfalia].

RESULTS

HL-Derived Vesicles Display Prime

Characteristics of EVs

Initially, we isolated EVs from the supernatant of healthy fibro-
blasts and the HL cell line KM-H2 by the means of differential
ultracentrifugation (18, 19). NTA of the samples revealed a size
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FIGURE 1 | Characterization and internalization of tumor-derived extracellular vesicles (EVs) by fibroblast cells in vitro. (A) Size distribution of fibroblast EVs
(performed once) or Hodgkin lymphoma (HL) EVs (representative experiment, n = 3), measured by nanoparticle tracking analysis. (B) Electron microscopic image of
purified HL EVs (n = 1). (C) Western blot analysis of exosome markers on HL-derived EVs. Cell lysate of HL cells served as control. Presented is one of three
independent experiments. (D) Flow cytometry of beads coupled HL EVs which was collected from unstained cells (Ctrl) or from DiO-stained cells (0.25 or 1 uM DiO,
n = 1). Normalization to mode: events are normalized in a scale with 100 being maximum (FlowdJo v10). (E) Internalization of DiO-labeled HL EVs by fibroblasts
assessed via flow cytometry at different time points as indicated. Fibroblast cells were incubated with 100 pg DiO*-EVs or DiO-negative EVs as negative control in
the presence of EV-depleted medium. Statistical significance was calculated with one-way ANOVA and Tukey’s multiple comparisons test (mean + SEM of three
biological replicates; *p > 0.05). (F) Visualization of EV-uptake into fibroblasts via immunofluorescence: cytoplasm was stained with Cell Mask Deep Red (red), nuclei
with Hoechst and HL-derived EVs with DiO (green). Upper picture shows a recipient cell with internalized HL EVs. Bottom picture depicts a three-dimensional view.
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ranging from sizes between 70 and 200 nm (Figure 1B). For
further characterization of the EVs, Western blot analysis and
flow cytometry were used to identify the proposed markers for
EVs of the 100,000 X g fraction CD9, CD81, and CD63 (14) on
the surface of HL EVs. Western blot analysis confirmed a strong
abundance of CD9, CD81, and CD63 on HL EVs (Figure 1C),
which could also be confirmed via flow cytometry (Figure S1A
in Supplementary Material). Moreover, FACS bead assay affirmed
the presence of phosphatidylserine and the HL cell marker CD30
on the vesicles, confirming their descent from HL cells (Figure
S1B in Supplementary Material).

Tumor Cell-Derived EVs Are Internalized

by Fibroblasts

Next, HL cells were treated with the lipophilic dye DiO (Figure
S1C in Supplementary Material). Under these conditions, cells
release DiO-stained EVs, which allows to monitor their inter-
nalization by fibroblasts. Subsequently, DiO* EVs were purified
from cell culture supernatant (Figure 1D). Fibroblasts were
challenged with DiO* EV:s for different time points as indicated.
Flow cytometric analysis revealed a time-dependent binding and/
or uptake of DiO* EVs by fibroblasts resulting in DiO-labeling of
the recipient cells reaching a maximum after 16 h (Figure 1E).
The observed interaction of EVs and fibroblasts was elucidated in
more detail by means of confocal microscopy. To this end, fibro-
blasts were exposed to DiO*-EVs for 48 h as described before, but
nuclei were stained with Hoechst (blue) and the CellMask Deep
Red (red) directly prior to confocal microscopy. Figure 1F (upper
picture) shows a representative image of a fibroblast with loaded
HL EVs (green). Three-dimensional depiction of the fibroblast
from a z-axis-series of pictures through the cell (Figure S1D in
Supplementary Material) allowed exact determination of the
position of internalized DiO*-EVsin the analyzed cell (Figure 1F,
lower picture). Thus, internalization of HL EV's by fibroblasts was
confirmed. However, it is conceivable that even binding of EVs
to fibroblasts may contribute to phenotypic changes and signal
transduction.

EVs of HL Cells and Fibroblasts Interact in
a Bi-Directional Manner to Enhance

Motility and Facilitate Directed Migration

Within the TME, both malignant and non-malignant cells inter-
act to prepare a favorable surrounding for the tumor. We aimed
to dissect the role of vesicular factors in these bi-directional
communication processes with main focus on the impact of
EVs from HL cells on the motility and migration of fibroblasts
and vice versa. Initially, we measured the proliferation of HDF,
cells co-cultivated with HL EVs and conversely KM-H2 cells co-
cultivated with HDF, EVs. Results of the XTT assays did not show
any relevant differences in cell proliferation in presence or absence
of EVs for both tested cell lines (Figures S3C,D in Supplementary
Material) suggesting that the proliferation is not affected by
internalized EVs. Next, we studied the role of fibroblast-derived
EVs using a transwell approach. Of note, the mobility of HL
cells was significantly increased by crude fibroblast supernatant,
containing all secreted molecules and vesicles, and by purified

fibroblast EVs, compared to control cells incubated with medium
(Figure 2A). The mobility of HL cells was slightly higher, but not
significantly increased, after incubation with the supernatant in
comparison to purified fibroblast EVs, implying that also soluble
factors in the supernatant might influence tumor cell mobility.
The bi-directional cross-talk of HL EVs on fibroblasts was investi-
gated by means of the so-called scratch assay in which the wound
closure of a fibroblast cell monolayer was tested in presence or
absence of HL EVs (21 h). The experiment confirms a significant
enhancement of wound closure/directed migration of fibroblasts
in response to HL EVs (Figure 2B). Chemotaxis plays a central
role in directed migration of cells. To this end, the influence of
HL EVs on the directed migration of fibroblasts was tested with
Neuroprobe ChemoTx plates in which cells can migrate through
a membrane toward an attractant. Statistical evaluation in
Figure 2C confirms a dose-dependent attraction of fibroblasts by
HL EVs. In conclusion, we demonstrated that the bi-directional
communication of HL cells and stromal cells/fibroblasts via EVs
impacts on the motility of HL cells and facilitates the directed
migration of fibroblasts.

HL-Derived EVs Promote Transition
of Healthy Fibroblasts to a Cancer-

Associated Phenotype

Given the evidence for internalization of HL EVs by fibroblasts
and their positive effect on the migration, we set out to investigate
the effects of HL EV's on the phenotype of fibroblasts. Therefore,
we combined the scratch assay as described before with immuno-
fluorescence to evaluate the abundance of alpha-smooth muscle
actin protein (a-SMA), a commonly used marker for cancer-
associated fibroblasts (CAFs) (20). Representative pictures in
Figure 2D indicate a higher number of a-SMA positive cells
upon exposure to HL EVs, pointing to their activation toward
a CAF phenotype. Of note, treatment with TGF-f as a positive
control (Figure S2A in Supplementary Material, lower panel) did
not provoke a higher ratio of a-SMA positive fibroblasts. This
might reflect the herterogenicity of the HDF, cells since a-SMA
is, besides being expressed in CAFs, the most significant marker
for myofibroblasts (21). This observation is in line with the work
of Koumas and colleagues in which TGF-f induced expression of
a-SMA was observed in a part of the assessed fibroblast popula-
tion only (22).

Transition of fibroblasts into a CAF phenotype is character-
ized by alterations in gene expression affecting different cellular
pathways including the cell’s secretome (20), which was further
studied using a 64-Plex Chemokine Array. Fibroblasts were
exposed to HL EVs or medium for 24 h and their secretome in
the presence or absence of EV's was analyzed. 19 of the 64 assayed
chemokines/cytokines showed significantly altered levels in the
supernatant of fibroblasts treated with HL EVs demonstrating
that the phenotypical change correlates with modulation of the
release of soluble factors (Figure 2E; Figure S2 in Supplementary
Material). Of note, secretion of the chemokines and cytokines is
known as a critical factor in HL pathogenesis (23) and disease
relevant molecules such as TNF-a are enhanced in presence of
HL EVs with highest significance. Besides of that, a group of
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FIGURE 2 | Extracellular vesicles (EVs) promote migration of Hodgkin lymphoma (HL) cells and HL EVs can alter the phenotype of fibroblast cells. (A) Transwell migration
assay (8 um pores): HL cells were exposed to supernatant from fibroblast cells or EVs for 26 h. Statistical significance was calculated with one-way ANOVA and Tukey’s
multiple comparisons test (presented is mean + SEM, four biological replicates; ***p > 0.001; ***p > 0.0001). (B) Scratch assay: 24 h wound closure of fioroblast cells
exposed to HL EVs (green) or medium (black). Student’s t-test was performed to check for significant differences between both treatments (mean + SEM, n = 3;

*p > 0.05; **p > 0.01). (C) Chemotaxis assay: migration of labeled fibroblast cells through Neuroprobe ChemoTx plates (5 um pores) exposed to medium, 40 or 150 pg/ml
HL EVs. Statistical assessment was performed with one-way ANOVA and Tukey’s multiple comparisons test (data are presented as mean + SEM, n = 4; *p > 0.05;

**p > 0.01). (D) Exemplary bright field and fluorescence pictures of a scratch assay after 24 h exposure of fibroblasts to 100 ug/ml (1 x 10° EVs/ml) HL EVs or medium.
Nuclei stained with DAPI (blue), fibroblast cells with a-SMA (green). This experiment was performed in three independent replicates. (E) Human 64-Plex chemokine array:
quantification of chemokines/cytokines after 24 h in the supernatant of fibroblasts in presence or absence of HL EVs. Not detected cytokines/chemokines are depicted in
italic letters; abundant factors are in bold; enhanced expression is highlighted in green, whereas red boxes indicate lower expression after exposure to HL EVs. Statistical
differences in abundance of chemokines/cytokine were determined using Student’s t-test (three independent replicates).

Frontiers in Immunology | www.frontiersin.org 58 June 2018 | Volume 9 | Article 1358


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Ddrsam et al.

HL EVs Change the Secretive of Fibroblasts

chemotactic cytokines (e.g., ENA-78, GRO pan) were measurable
in higher levels as well as the pro-inflammatory NF-kB-induced
cytokines IL-la and IL-6. This was in line with a higher abun-
dance of growth factors (G-CSF, GM-CSF) and angiogenesis
stimulating factors (VEGF). All of these cytokines/chemokines
are important for the establishment of a tumor-favorable envi-
ronment in HL. Strikingly, most of the altered targets are part of
the signaling network of the inflammatory master key regulator
NF-«B, a driver pathway in HL (4, 24, 25). In line, IPA (Qiagen)
of HL-EV proteomics data from our previous studies (16) (Table
S1 in Supplementary Material) merged with the results from
the Cytokine array (Figure 2E; Figure S2B in Supplementary
Material) revealed inflammatory pathways, including TNF-a/
NEF-kB-signaling, as key factors directing the EV-dependent
phenotype changes in fibroblasts. The core analysis of altered
cytokines/chemokines unraveled a key role for the inflammatory
mediators STAT3, IFNy, TNF-a and the involvement of TOLL-
like receptor-, reactive oxygen species-, and NF-kB-signaling
(Figure S4 in Supplementary Material).

Vice versa, ROS signaling and NF-kB-signaling pathways
popped up upon IPA of the proteins identified by mass spec-
trometry of HL EV protein cargo isolated from the supernatant
of KM-H2 cells. These results point to a central role of the TNF-a/
NF-«B axis in HL EV-mediated alteration in recipient fibroblast.

HL EVs Promote a CAF Phenotype and

Vascularization in a Xenograft Model

To investigate the in vivo impact of HL EVs on fibroblasts, we
applied a HL xenograft model with KM-H2 cells to immu-
nodeficient NSG mice. Fibroblasts and HL cells (1:1) were
subcutaneously transplanted into the lower flank of NSG mice
(age 141 days). Animals of the treatment group received an
intravenous injection of 50 ug DiO* HL EVs at day 22, 25, 27,
and 28, animals of the control group were injected with PBS.
Necropsy was performed at the end of the experiment and tumor
growth was monitored as soon as tumors were visible. Both
groups showed a comparable tumor growth/volume in this model
(Figure 3A). Figure 3B shows representative overview and detail
pictures of tumor sections stained with H&E from EV-treated
mice and control animals. In accordance with the comparable
tumor growth, tumors of both groups showed a similar histology
and similar staining of nuclei (blue), cytoplasm and the extracel-
lular matrix (pink). Flow cytometry revealed a high abundance
of CD30-positive cells in tumor tissue of EV-treated and control
animals (Figure 3C). After we successfully confirmed the growth
of human HL cells in immunodeficient NSG mice, the effect of
HL-derived EVs on the migration of fibroblasts and the induc-
tion of a CAF phenotype was investigated. Figure 3E shows
statistical evaluation of a-SMA levels in tumor tissue sections
(Figure S3A in Supplementary Material) of both groups with the
number of a-SMA-positive fibroblasts being 2.93-fold higher in
the EV-treated group. Moreover, the angiogenesis marker CD31
was increased in the tumor tissue of EV-treated animals point-
ing to a higher vascularization (1.74-fold increase) in tumors
of EV-treated mice (Figure 3F; Figure S3B in Supplementary
Material). Of note, we could observe the DiO* HL EV's in sections

of paraffin-embedded tumor tissue via immunofluorescence
(Figure 3D). Collectively, we successfully established human
HL tumors in immunodeficient NSG mice and, moreover, found
evidence for alteration of the phenotypes of fibroblasts in the
TME toward an activated CAF phenotype. Histological analysis
of tumor tissue revealed higher vascularization in tumor tissue
caused by the administered HL-derived EVs.

Altogether, HL EVs have shown to modulate cellular activities
and are able to re-program the phenotype in fibroblasts promot-
ing a suitable TME for tumor growth and progression.

DISCUSSION

Bi-directional communication between malignant cells and the
cells composing the TME is critical for tumor growth, progres-
sion, and metastasis. This is of particular importance in HL since
few malignant cells interact with a large number of stroma cells
to establish a tumor-supportive environment (7).

Here, we provide evidence that HL cell-derived EVs modulate
the TME by re-programming or educating fibroblasts to promote
a tumor supporting environment.

This conclusion is based on the observation that fibroblast inter-
nalize HL EVs (1) causing an increased migration capacity of the
recipient cells (2), which was associated with the induced release
of cytokines/chemokines relevant for HL tumor progression (3).

Fibroblasts found in association with HL cells (so-called
HL-AF for HL-activated fibroblasts) (7) release growth factors
and cytokines, such as TGF-p or IL-6 into the surrounding
malignant tissue to support tumor growth and maintenance
(26). However, the mechanisms underlying the transformation
from healthy fibroblasts to HL-AF are not fully understood (27).
One of the factors involved is IL-7 released by HL cells which
triggers IL-6 production in fibroblasts (28). Moreover, HL cells
release IL-13, TNF-a, and TGF- thereby promoting fibroblast
proliferation (29).

In this work, we present first evidence that tumor cell-derived
EVsarealso able to shape the phenotype of fibroblasts. A contribu-
tion of both soluble and vesicular components was demonstrated:
the crude cell supernatant, the soluble fraction, and purified vesi-
cles were able to educate fibroblasts toward a tumor-promoting
phenotype. These findings complement data demonstrating that
the EV-dependent cell-cell communication between distant cells
in HL involves CD30-expressing HL EVs. CD30 is a receptor of
the TNF receptor superfamily and responsible for constitutive
NF-kB-signaling in HL cells, which contributes to HL pathogen-
esis. It was shown that CD30-HL EVs are guided by a network
of protrusions to CD30L-positive granulocytes and neutrophils
to induce the release of IL-8, which triggers angiogenesis (16).
In line with our findings, Giannoni and colleagues reported a
crucial role of carcinoma-derived vesicular IL-6 in the activation
of fibroblasts (30). Vesicular activators of the NF-kB-signaling
pathway (e.g., TNF-a and TGF-p) secreted by prostate cancer
cells trigger the differentiation of fibroblasts into CAFs, promote
stemness, and angiogesis (31, 32). These data suggest that EVs
play a fundamental role in the organization of the TME.

Factors that were released by fibroblasts in response to
EV-treatment include numerous molecules that shape the
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FIGURE 3 | Hodgkin lymphoma (HL) xenograft model. 1 x 107 HDF,, + 1 x 107 KM-H2 cells were subcutaneously transplanted into NOD scid gamma mice (age

141 days). Treatment group (n = 4 animals) received an i.v. injection of HL extracellular vesicles (EVs) administered via the tail vein at day 22, 25, 27, and 28, animals
of the control group (n = 4 animals) were injected with PBS. Necropsy was performed on day 30. (A) Tumor growth in EV-treated and control animals; tumor volume
was assessed as tumors were detectable (n = 4 animals per group). (B) Representative hematoxylin and eosin stainings of tumor tissue cryo-sections (25x
magnification) from EV-treated (EVs) or control (Ctrl) animals (four animals per group were analyzed). (C) Abundance of CD30 on cells of four resected tumors
analyzed by flow cytometry. (D) DiO-positive tumor cells after internalization of labeled HL EVs (n = 4). (E) Number of a-SMA positive cells and (F) cells expressing
the vascularization marker CD31 in tumor sections of both groups assessed microscopically and quantified using ImagedJ software (http://rsb.info.nih.gov/ij)
(Student’s t-test of n > 3 samples presented as mean + SEM; *p > 0.05).

TME and the associated non-malignant cells (Figure S2 in
Supplementary Material). Among these is TARC, a chemokine
which binds to the chemokine receptor CCR4 expressed on

malignant cells, regulatory T cells, and Th2 cells that are enriched
in tumor tissue. Thus, TARC promotes the inflammatory HL
TME (33). Of note, enhanced TARC serum levels correlate with
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a bad prognosis for HL patients and is proposed as a possible
biomarker for disease (10). Furthermore, secretion of growth
factors (G-CSF, GM-CSF) and angiogenesis stimulating factors
(VEGF), which is induced in EV-treated fibroblasts, is known to
promote a tumor-supportive environment in hematological and
solid tumors (34-37).

In line with this study, it was reported that EV's collected from
chronic lymphocytic leukemia (CLL) transfer their molecular
cargo to stromal cells to induce a phenotype corresponding to
CAFs resulting in increased angiogenesis and the release of pro-
survival chemokines/cytokines (38). The molecular basis of these
pro-inflammatory, tumor supporting EV-mediated activation is
only partly defined. One critical factor seems to be the protein
S100-A9 which activates the NF-xB pathway during CLL pro-
gression in CLL cells in an autocrine loop (39). Another recent
study showed that tumor cell-derived EVs are able to trigger
TGF-p-dependent fibroblast-differentiation toward a phenotype
which supports angiogenesis and tumor growth (40). However,
the molecular basis for the activity of EVs which shape the
TME is complex and remains to be investigated in more detail.
Mass spectrometry of HL EVs isolated from the supernatant of
KM-H2 cells revealed mTOR-signaling, protein ubiquitination,
ROS signaling and NF-kB-signaling as prominent canonical
pathways. These results suggest the involvement of TNF-a/
NEF-«kB pathways in the functionality of HL EV, and this is one of
the most relevant tumor drivers involved in the pathobiology of
Hodgkin’s disease (3, 41).

A relevant and immunocompetent mouse model for HL is
not available; hence, we used a xenograft model to confirm that
HL EVs can modulate the tumor microenvironment. Treatment
of animals with HL EVs after transplantation of HL cells and
fibroblast cells did not influence tumor growth compared to the
control group, which did not receive EVs. Potential growth dif-
ferences are probably not detectable in this fast-developing tumor
model, at least in the absence of an immune system. However, the
induction of the CAF marker a-SMA could be observed in tumor
tissue of animals receiving HL EV's and this was associated with
higher blood vessel formation. Of note, we could detect DiO* HL
EVs in sections of paraffin-embedded tumor tissue via immu-
nofluorescence indicating an accumulation of tumor-derived
vesicles at the tumor site.

Taken together, we provide evidence for a model of
bi-directional cross-talk via EVs and soluble factors between HL
cells and non-malignant stromal cells both in vitro and in vivo.
Within this network, HL EV's shape the phenotype of fibroblasts,
skewing their phenotype to a cancer-associated cell state and
leading to changes in the secretome of fibroblasts (Figure 4). We
propose that a deregulated NF-«xB pathway in HRS cells critically
contributes to HL EV function, since a NF-kB signature was
identified in HL EV samples, using IPA. Alteration of NF-xB-
signaling pathways in fibroblasts mediated by signal molecules
in HL EV-cargo should be addressed in future studies in more
detail. In this study, we identified potential players including
IL-1a, IL-6, TNF-a, and VEGE. A better understanding of the
complex interactions in HL and the extended knowledge about
the role of EVs in that context might aid to develop novel thera-
peutic tools to fight cancer.
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FIGURE 4 | Interaction of fibroblasts and Hodgkin lymphoma (HL) cells in
the tumor microenvironment. Communication of the few malignant cells in
HL with fibroblasts is crucial for survival of the tumor cells. Due to the spatial
distance between the cells, direct cell-cell interaction is not the first-line
communication mechanism. Interaction of both cell types is facilitated by
soluble and vesicular factors, e.g., chemokines/cytokines, which enhance
motility and migration of cells. Further, HL extracellular vesicles shape the
phenotype of fibroblasts, skewing the cells to a cancer-associated cell state
concomitant with alteration of their secretome. Our results suggest a strong
involvement of the TNF-a/NF-xB axis in this process.
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FIGURE S1 | (A) Representative histograms of flow cytometric analysis of
exosome markers (B) as well as phosphatidylserine and the Hodgkin lymphoma
(HL) marker CD30 on HL-derived extracellular vesicles (EVs) (line) compared to
isotype control (solid blot). The in (A,B) presented FACS analysis was performed
in three independent experiments. (C) Flow cytometric evaluation of HL cells
stained with 0.25 or 1 um DiO compared to unstained cells (Ctrl). (D) EV-uptake
in fibroblasts cells studied via IF: cytoplasm was stained with cell mask deep red
(red), nuclei with Hoechst and HL-derived EVs with DiO (green). Depicted are
three representative pictures from upper, middle, and bottom section of a
fibroblast.

FIGURE S2 | (A) Representative bright field and fluorescence pictures of a
scratch assay after 24 h exposure of fibroblasts to 100 pg/ml Hodgkin lymphoma
(HL) extracellular vesicles (EVs), medium or 5 ng/ml TGF-p as a positive control.
Nuclei are depicted in blue and abundance of a-SMA in green. Microscopic
assessment of a-SMA was performed for all three independent scratch assays
summarized in Figure 2B. (B) Statistical evaluation of the Human 64-Plex
Chemokine Array. Abundance of chemokines/cytokines after 24 h in the
supernatant of fibroblasts under influence of HL EVs compared to cells incubated
with normal medium (white bars: decrease, black bars: increase). Statistical
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Tumor-Derived Microvesicles
Enhance Cross-Processing Ability of
Clinical Grade Dendritic Cells

Marco Dionisi', Claudia De Archangelis '*, Federico Battisti’, Hassan Rahimi Koshkaki',
Francesca Belleudi?, llaria Grazia Zizzari', llary Ruscito "3, Christian Albano,
Alessandra Di Filippo', Maria Rosaria Torrisi**, Pierluigi Benedetti Panici®,

Chiara Napoletano', Marianna Nuti’ and Aurelia Rughetti ™

" Department of Experimental Medicine, “Sapienza” University of Rome, Rome, Italy, ? Department of Clinical and Molecular
Medicine, Laboratory affiliated to Istituto Pasteur Italia - Fondazione Cenci Bolognetti, “Sapienza” University of Rome, Rome,
Italy, ° European Competence Center for Ovarian Cancer, Department of Gynecology, Campus Virchow Kiinikum, Charité -
Universitdtsmedizin Berlin, Corporate Member of Freie Universitat Berlin, Humboldt-Universitdt zu Berlin, Berlin Institute of
Health, Berlin, Germany, * U.O.C. Genetica medica e Diagnostica cellulare avanzata, S. Andrea University Hospital, Rome,
Italy, ° Department of Gynecology-Obstetrics and Urology, “Sapienza” University of Rome, Rome, Italy

Tumor cells release extracellular microvesicles (MVs) in the microenvironment to deliver
biological signals to neighboring cells as well as to cells in distant tissues. Tumor-derived
MVs appear to play contradictory role promoting both immunosuppression and tumor
growth and both evoking tumor specific immune response. Recent evidences indicate
that tumor-derived MVs can positively impact Dendritic Cells (DCs) immunogenicity by
reprogramming DC antigen processing machinery and intracellular signaling pathways,
thus promoting anti-tumor response. DCs are considered pivot cells of the immune
system due to their exclusive ability to coordinate the innate and acquired immune
responses, Cross-present exogenous antigens, and prime naive T cells. DCs are
required for the induction and maintenance of long-lasting anti-tumor immunity and their
exploitation has been extensively investigated for the design of anti-tumor vaccines.
However, the clinical grade culture conditions that are required to generate DCs
for therapeutic use can strongly affect their functions. Here, we investigated the
immunomodulatory impact of MVs carrying the MUC1 tumor glycoantigen (MVsyuct)
as immunogen formulation on clinical grade DCs grown in X-VIVO 15 (X-DCs).
Results indicated that X-DCs displayed reduced performance of the antigen processing
machinery in term of diminished phagocytosis and acidification of the phagosomal
compartment suggesting an altered immunogenicity of clinical grade DCs. Pulsing DCs
with MVsycy restored phagosomal alkalinization, triggering ROS increase. This was not
observed when a soluble MUC1 protein was employed (rtMUC1). Concurrently, MVsyuc1
internalization by X-DCs allowed MUC1 cross-processing. Most importantly, MVsyuci
pulsed DCs activated IFNy response mediated by MUC1 specific CD8™ T cells. These
results strongly support the employment of tumor-derived MVs as immunogen platforms
for the implementation of DC-based vaccines.

Keywords: dendritic cells, DC vaccine, microvesicles, cancer immunotherapy, antigen processing, phagosome,
tumor antigens, MUC1
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INTRODUCTION

Dendritic Cells (DCs) are antigen presenting cells (APCs) crucial
for the promotion and maintenance of the anti-tumor immune
response due to their ability to coordinate innate and adaptive
immune response and to activate T cells inducing immune
memory (1, 2). DCs are equipped with a variety of receptors able
to sense tissue and cellular damage; they are endowed with an
unique and powerful antigen processing machinery that enable
them to crossprocess and present antigens; lastly, they display
a complex pattern of costimulatory/inhibitory receptors/ligands
that regulate interactions with effector immune cells (3). These
biological features empower DCs to perform T cell cross priming
thus activating both CD4" and CD8™ T cells (4, 5).

Indeed, the exploitation of DCs in order to activate, redirect
and boost the immune response against the tumor is one of
the first strategies foreseen for anti-cancer immunotherapeutic
purposes (6-8). Among the different biological and experimental
parameters that have to be considered in the design of DC-based
vaccines, antigen selection and modality of antigen loading are
key points that still require to be improved to obtain an optimal
DC vaccine (9). Optimization of immunogen formulation is also
crucial to compensate those biological changes that characterized
DCs grown in clinical grade culture conditions and that could
affect the overall immunostimulatory ability of DCs (10, 11).

Recently, cell-derived extracellular microvesicles (MVs) have
been regarded as an interesting option for the formulation of
DC-based vaccines.

Release of MVs is an inter-cellular communication
modality that allows the delivery of molecular signals into
the microenvironment triggering metabolic reprogramming of
the acceptor cells even in distant tissue districts, overcoming
cell-to-cell contact (12, 13). Distinct MV subsets are shed by each
cell and are heterogeneous for biogenesis, size, and molecular
cargo components (14).

During tumor transformation, MVs released by the
transforming cells exert apparently contradictory effects on
host immune response. Tumor MV have been show to promote
tumor growth, modulate matrix components and trigger
immunosuppression thus leading to invasion and metastasis
(15-17). On the other hand, it is clear that tumor MVs can
activate and promote long lasting anti-tumor immune responses
(18-20). In mouse models tumor-derived MV have been shown
to be optimal immunogens for immunotherapeutic vaccination
both in prophylactic and therapeutic settings (21). In addition,
the immunogenity of tumor MVs appeared to be superior to
the one of soluble antigens since they trigger a more efficient
anti-tumor immune response than soluble antigens (22). Recent
evidences suggest that immunogenicity of tumor-derived MVs
observed in vivo may be also dependent by the antigenic and
molecular signals that tumor MVs convey to DCs. Tumor-
derived MVs are source of tumor antigen repertoire and have
been shown to reprogram DC antigen processing and signaling
pathways, resulting in increased DC immunogenicity (23-26).

In this work, we investigated whether MV based immune
formulations could restore the biological performance of DCs
differentiated in X-VIVO 15 serum free medium (X-DCs).

Results indicated that X-DCs displayed a reduced performance
of the antigen processing machinery as compared to standard
DCs (S-DCs) i.e. reduced phagocytosis and acidification of the
phagosomal compartment.

The antigen processing ability of both X-DCs and S-DCs was
evaluated employing two distinct formulations of the MUCI1
tumor glycoantigen: a soluble recombinant MUCI glycoprotein
(rMUC1) and tumor-derived MVs carrying MUC1 (MVsymuci)s
isolated from the MUCI transfected DG75 cell line (27). Results
indicated that only MVsyuc: up-take restored the phagosomal
alkalinization of X-DCs and this event was dependent by the
modulation of the phagosomal radical oxigen species. Moreover,
MUCI cross-processing to HLA class I compartment was still
occurring in X-DCs upon MV pulsing and IFNy response
mediated by MUCI specific CD8'T cells could be triggered
by MVsyuc: pulsed DCs. These results strongly suggest that
the employment of MVs as immunogens for DC-based vaccine
may contribute to restore the functionality of antigen processing
machinery in clinical grade DCs, besides transferring the entire
antigenic repertoire of tumor cells. Also, these evidences support
further exploitation of MVs based formulation as off the shelf/cell
free-immunogens for the implementation of DC-based vaccines.

MATERIALS AND METHODS

Recombinant MUC1 Glycoprotein (rMUC1)

rMUCI1 was produced by CHO-K1 cells (ATCC CRL-9618)
transfected with a MUC1-murine-IgG2a fusion cDNA construct
containing 16 MUCI1 tandem repeats. The secreted MUCI-
IgG was highly sialylated due to the translational modifications
occurring in CHO-K1 cells. The rMUC1 glycoprotein was
purified from cell culture supernatant by anion exchange
chromatography after cleavage of the Fc portion by enterokinase
treatment (28).

Dendritic Cell Generation

Dendritic cells were generated as previously described (29).
Briefly, Peripheral Blood Mononuclear Cells (PBMCs) were
isolated from bufty coat of healthy donors, by Ficoll-Hypaque
gradient (Lympholite-H, Canada) (Policlinico Umberto I Ethics
Committee- Protocol nr. 4214/2016; written informed consent
was obtained from the subjects in accordance with Declaration
of Helsinki). CD14" monocytes were isolated from PBMCs by
immunoselection kit (StemCell Technologies Inc., CA, USA)
and cultured with RPMI 1640 (Sigma-Aldrich, MO, USA)
complemented with 10% Fetal Bovine Serum (FBS; Euroclone,
Italy) (S-DCs) or in clinical grade X-VIVO 15 culture medium
(X-DCs) (Lonza, Switzerland) in the presence of 500 UI/mL of
GM-CSF and 2,000 UI/mL of IL-4 (R&D Systems, USA) (day
0 and 2). Immature DCs (iDCs) grown in X-VIVO 15 were
indicated as X-DCs, while iDCs grown in the presence of FBS
were indicated as S-DCs. Cells were maintained in a humidified
atmosphere at 37°C and 5% CO, (HERAcell 150, AHSI, Italy).
At day 5, iDCs were matured (mDCs) by adding rhIL-1f (1,000
UI/mL—10 ng/mL), IL-6 (1,000 UI/mL—10 ng/mL), TNF-a (465
UI/mL—10ng/mL) and prostaglandin E, (1 pug/mL) (all from
R&D Systems, USA) for 16 h.
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mDCs grown in the presence of RPMI + 10% FBS or X-VIVO
15 were employed only for CD8™ T cells activation and ELISpot
assay. Immature X-DCs and S-DCs were employed for all the
other experiments.

Cell Lines

DG?75 cell line and MUC1-DG75-transfected cells were cultured
as previously described in RPMI + 10% FBS (Euroclone) without
or with neomycin (1 mg/mL; Invitrogen, CA, USA), respectively
(27). Before MVs production, MUC1-DG75 cells were analyzed
for the expression of MUCI by flow cytometry (see below).

Flow Cytometry

DC phenotype staining was performed using the following
antibodies directly conjugated with fluorescein isothiocyanate
(FITC) or phycoerythrin (PE): IgG;-FITC and IgG;-PE as
isotype controls (both from Biolegend); anti-HLAII-DR-FITC,
anti-CD86-FITC, anti-CD83-PE (all from BD Biosciences),
anti-CD40-PE, anti-CD14-PE, and anti-CCR7-FITC (all from
Biolegend). DCs (2 x 10° cells/50uL sample) were incubated
with conjugated MoAb (according to the manufacturer’s
recommendation) for 30 min at room temperature (RT). After
washing (in 2mL of PBS w/o Mg** and Ca™™, centrifuged at
250 x g for 5min), cell pellet was resuspended in PBS (100 nL);
at least 1 x 10* events were evaluated using a FACSCanto II
flow cytometer running FACSDiva data acquisition and analysis
software (Becton Dickinson).

To evaluate MUC1 expressed by MUC1-DG75 cells, 1 x
10° cells were incubated with MoAb Ma552 (1:40; Monosan,
Netherlands, 50 pL/sample) for 30 min at RT and binding
revealed with FITC-conjugated anti-mouse antibody (1:600;
Jackson-Immunoresearch Laboratories, PA, USA). MoAb
MOPC21 (1:100; Sigma-Aldrich, 50 pL/sample) was employed
as isotype control.

MV Purification

MVs were purified from cell culture supernatant of MUC1-DG75
(MVspmuci) or DG75 cells (MVspgys) (23). To generate MVs,
cells were cultured 3.5 x 10° cells/mL in RPMI 1640 (Sigma-
Aldrich) complemented with 2% FBS (Euroclone) for 48h.
Supernatant (70 mL/tube) underwent to serial centrifugation
steps at 4°C (250 x g for 10min, 550 x g for 30 min, 1,500
x g for 30 min) (AllegraTM 6R Centrifuges, Beckman Coulter,
USA). Then supernatant was ultracentrifuged at 10,000 x g for
30 min at 4°C. Following transfer in fresh tube, the supernatant
was ultracentrifuged at 100,000 x g for 1 h at 4°C (Type 35 rotor,
Beckman Coulter, USA). Following the last ultracentrifugation
step, supernatant was discarded and the final pellet containing
MVs was gently resuspended in PBS w/o Mg*™ and Ca™* (100
pL/pellet), aliquoted and stored at —20°C. Protein concentration
was measured by Bradford assay (Bio-Rad Laboratories, USA).
An average of 0. 95 pg/pL of MVsyucy and 0.91 pg/pL of
MVspg7s was obtained.

MV Characterization

Size determination of MVsyyc1 was performed by Nanoparticle
Tracking Analysis (NTA) technology (30). MVs were thawed on
ice and diluted in PBS between 1:500 and 1:20,000 to achieve

the optimal number of MVs/mL. Three videos (30 s each) were
recorded for each sample loading, employing the NanoSight
NS300 instrument (Malvern Instruments Ltd, Malvern, UK).
Measurements were performed employing the NTA 2.3 analytical
software. Results were shown as the average of the three
recordings.

MUC1 expression on MVsyucy was evaluated by flow
cytometry. MVsyuc: (5 pg/sample) were incubated with
the anti-MUC1 MoAb Ma552 (Monosan) (1:100 for 30 min,
50 pL/sample, RT). After washing in PBS w/o Mgt™ and
Ca't™(1 mL/sample, 30 min at 13,000 rpm, RT), MVspuci
were incubated with FITC-conjugated anti-mouse antibody
(1:600; Jackson-Immunoresearch Laboratories, 50 pL/sample).
MoAb MOPC21 (1:100; Sigma-Aldrich) was employed as isotype
control. To exclude background noise, flow cytometry analysis
was performed setting the lowest Forward Scatter Threshold
[300] and the highest FSC/SSC voltage. A total of 30,000
events were acquired with low flow rate, using a FACSCanto II
flow cytometer running FACSDiva data acquisition and analysis
software (Becton Dickinson).

Western Blot

MVspgrs, MVsyucr and extract of DG75-MUCIH cell line
(obtained by freeze and thaw method) (30 g for sample) were
separated on 4-12% SDS-PAGE (95V, 220 mA for 90 min at RT)
and blotted onto nitrocellulose transfer membrane (Schleicher
und Schuell, DE). Prestained protein ladder (10 wL) by Nippon
Genetics Europe GmbH was used. After blocking (5% BSA
in PBS), membranes were incubated with anti-MUC1 MoAb
Ma552 (1:100, 1h at RT; Monosan), followed by anti-mouse
Fc peroxidase-conjugated antibody (1:20,000; 1h at RT;Jackson
ImmunoResearch, USA). Protein bands were detected with
enhanced chemiluminescence reagents (ECL Western Blotting
Detection; Amersham Biosciences, UK).

Measurement of DC Phagosomal pH
DC phagosomal pH was measured as previously described (23).
Briefly, immature DCs were pulsed (10 cells/100 pL) for 30 min
at 37°C in CO;-indipendent medium (Gibco-Life Technologies,
UK) with 3 wm microbeads (Polysciences Inc., USA) coupled
with FITC (1 mg/mL) (pH sensitive, Sigma-Aldrich) and
FluoProbes 647 (1 mg/mL) (pH insensitive, Interchim, France).
After extensive washing in cold PBS w/o Mgt* and Cat'to
remove not internalized microbeads, cells were incubated at 37°C
(“chase”) at different time points (10, 20, 30, 60, and 120 min)
in CO;-indipendent medium and immediately analyzed by
flow cytometry (FACSCanto II, FACSDiva software, Becton
Dickinson). A FL1(FITC)/FL4(FluoProbes 647) gate selective for
cells that had phagocytosed only one microbead was employed.
Values of the ratio between the Mean Fluorescence Intensity
(MFI) of FL1(FITC)/FL4(FluoProbes 647) were compared with
a standard curve obtained by suspending DCs that had
phagocytosed beads, in CO;-independent medium at a fixed pH
(ranging from pH 5.5 to pH 8) containing 0.1% Triton X-100
(Bio-Rad Laboratories, Inc., Italy).

The effect of MUCI1 based immunogens on phagosomal pH
of X-DCs was analyzed by pulsing the immature X-DC samples
(10° cells/100 L) for 30min at 37°C in CO;-indipendent
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medium (Gibco-Life Technologies) with rMUCI1 glycoprotein
(20 ug/mL) and MVspucs (500 pug/mL). Then, the DCs samples
were processed as above described. To block NADPH oxidase
2 (NOX2) activity, 10 wM Diphenyleneiodonium chloride (DPI,
Sigma-Aldrich) was added to DCs 30 min before MVs pulsing
and it was maintained throughout the experiment in each
solution the DCs were suspended in.

Phagocytosis Assay

To evaluate phagocytosis capability, DCs (106 cells/100 L) were
pulsed with 3 pm microbeads (Polysciences Inc., USA) coupled
with FluoProbes 647 (ROS insensitive, Interchim) for 30 min at
37°C in the growth medium. The samples were then extensively
washed in cold PBS to remove not internalized microbeads. The
cells were resuspended in growth medium (10° cells/100 pL)
and kept at 37°C for 1h. After washing in cold PBS, samples
were analyzed (at least 2 x 10° events) by flow cytometry
employing FACScanto II (Becton Dickinson). As control, cells
were also kept at 4°C on wet ice to block phagocytosis capability.
Phagocytosis was indicated as the percentage of fluorescence
positive cells subtracted of the fluorescence signal associated to
the corresponding control sample.

Immunofluorescence Microscopy

iDCs (both S-DCs and X-DCs) (10° cells/100 L) were incubated
with rMUCI glycoprotein (20 jLg) or MVspycy (500 pg/mL) in
growth medium for 2h or 12h at 37°C, 5% CO,. At the end of
incubation, iDCs were washed twice in PBS and were cytospun
(8 x 10* cells/sample) and fixed with cold acetone/methanol
(1:1; Carlo Erba Reagents, Italy). iDCs were incubated in humid
chamber with the anti-MUCI1 MoAb Ma552 (1:20, Monosan) for
45 min at RT, washed in PBS (5 min in orbital shaker, 3 times),
followed by FITC-conjugated goat anti-mouse F(ab), for 30 min
at RT (1:100). Both dilutions were performed in PBS. MUCI1
positive cells were counted (30 fields) for each experimental
condition and percentage was expressed as ratio between positive
and total cell in the field. Three independent experiments were
evaluated.

To study MUCI cross-processing, the iDCs (both S-DCs
and X-DGCs) (10° cells/100 L) were incubated with rMUCI or
MVspucy for 12h as above described. iDCs were then washed
and stained for MUCI1 expression as above. After PBS rinse
(3 times, 5min, orbital shaker), block of aspecific sites was
performed by 15 min incubation with Superblock reagent (50 wL
sample/slide). Following removal of the blocking solution, the
iDCs were then incubated with MoAbs anti-HLAII-DR (L243
clone, 100 pL of neat supernatant) or rabbit polyclonal antibody
anti-calreticulin (1:50; Stressgene, USA) (45 min, RT in the dark)
to visualized HLA class I and I compartments, respectively. After
washing (PBS, 3 times, 5 min, orbital shaker), samples were then
incubated with Texas red-conjugated goat anti-mouse or anti-
rabbit antibody, respectively (1:200, 30 min in the dark; Jackson
ImmunoResearch, USA).

Fluorescence signals were visualized with an Axiovert 200
inverted microscope (Zeiss, Germany); cells were scanned in a
series of 0.5m sequential sections with an ApoTome System
(Zeiss) and images were all acquired by the digital camera

Axio CAM MRm (Zeiss). Image analysis was performed by
the Axiovision software (Zeiss) and a reconstruction of a
selection of three central optical sections was shown in each
figure. Quantitative analysis of the extent of colocalization of
fluorescence signals was performed using the Axiovision software
(Zeiss). The mean =+ SE percent of colocalization was calculated
analyzing a minimum of 30 cells for each treatment randomly
taken from three independent experiments.

MUC1+ CD8* T Cell Enrichment and IFNy

ELISpot

MUCI1T CD8' T cell enrichment and IFNy ELISpot were
performed as previously described (23). Briefly, PBMCs of a
MUCI vaccinated ovarian cancer patient (open-label phase
I/Il safety clinical peptide vaccination trial (31), approved
by Policlinico Umberto I Ethics Committee and Italian
National Institute of Health/protocol no. LITRM/DIMIGE05/01;
Ethical Committee Protocol nr. 1454/2008) were isolated by
Ficoll/Hypaque density gradient. Written informed consent was
obtained from the subjects in accordance with Declaration
of Helsinki. CD8" T cells were purified by CD8" positive
immunoselection kit (Stemcell Technologies, USA) and kept in
RPMI + 5% FBS at 37°, 5% CO,. The CD8™ cell fraction (4
x 10° cell/mL) was incubated overnight (o/n) with 50 jLg/mL
of MUCl59_1¢67 peptide (SAPDNRPAL) (ClinAlfa, Switzerland)
and 5 pg/mL B2-microglobulin (Sigma Aldrich) in RPMI + 1%
FBS, at 37°, 5% CO;. The MUCl59_167 peptide specifically
binds HLAI-A2 groove (31). The following day, CD8™ cells were
irradiated (30 Gy) and plated with autologous CD8" T cells (1:1;
2 x 10° total cells/mL) in RPMI + 5% FBS, supplemented with
IL-2 (50 UI/mL, Peprotech, USA) and IL-7 (1,000 UI/mL; R&D
System).

After 7 day of co-culture, freshly isolated and MUCI-
pulsed autologous PBMCs (generated as above described) were
irradiated and added to the culture (1:1), with IL-2 (50 UI/mL,
Peprotech, USA) and IL-7 (1,000 UI/mL; R&D System). At
the same time, autologous CD14% cells were immunoselected
(Stemcell Technologies, USA) and cultured in RPMI + 10% FBS
or X-VIVO 15 in the presence of GM-CSF (500 UI/mL) and IL-4
(2,000 UI/mL) (day 0 and 2). At day 5, iDCs (1 x 10° cells/100
L) were pulsed o/n with MVsyuc: (500 wg/mL), MVspgrs
(500 pLg/mL) or [MUC1;59_167 peptide with B2-microglobulin]
(50 and 5pg/mL, respectively). After 2h pulsing, the DC
samples were matured with cytokine cocktail, o/n. Following
maturation, mDCs were washed in PBS and added to MUC1™
enriched CD8" T cells (1:5, respectively), previously expanded
in culture and purified by immunoselection to remove cell
debris. Pulsed mDCs/T cells were plated (1 x 10° T cells/2
x 10* DCs/200 L /well) in duplicate onto the anti-IFNy-
precoated (1:200; BD Biosciences) ELISpot plate (MultiScreen,
Merck, Germany), o/n. Unpulsed DCs + T cells were also
plated at the same concentration. IFNy cytokine release was
detected with biotinylated anti-IFNy antibody (1:250, 2h; BD
Biosciences), revealed with streptavidin-alkaline phosphatase
(BD Biosciences) (1:1,000, 100 pL /well, 1h) and chromogen
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substrate (SIGMA FAST BCIP/NBT, Sigma). Spots were counted
using the ImmunoSpot Image Analyzer (Aelvis, Germany).

The average values of the experimental conditions [(DCs
+ MUCl159_167) + CD8tT cells] and [(DCs + MVsyuct)
+ CDS8™T cells] were subtracted of the average values of the
background samples [unpulsed DCs + CD8™ T cells] and [(DC
+ MVspgys) + CD8TT cells], respectively.

Statistical Analysis

Statistics was performed using GraphPad Prism software, version
6 (GraphPad Software, Inc., USA). Results were expressed as
mean values £+ SD. p-values were calculated using Student’s
t-test when comparing two groups of continuous variables.
Significance level was defined as p-value <0.05 (*p < 0.05;
#p < 0.01; ***p < 0.005).

RESULTS

Dendritic Cells for Clinical Use Display a
Less Efficient Antigen Processing

Phagosomal Machinery

Serum-free culture conditions employed for generating DCs
for anti-tumor vaccination can alter DC phenotype, modifying
to some extent their immunogenicity (8, 10, 32). Indeed,
DCs grown in the serum free X-VIVO 15 medium (X-DCs)
acquired a spindle-like morphology, quite distinct from the one
observed in DCs grown in RPMI in the presence of FBS (S-
DCs) (Figures 1Ab,a respectively). Results from the phenotypic
analysis performed by flow cytometry, showed that at the
immature stage, X-DCs expressed significant higher levels of
the maturative marker CCR7 chemokine receptor (p < 0.05)
(Figure 1B). CD14 expression was slightly higher although not
significant in immature X-DCs, while no significant change in
the expression of other markers was observed between the two
DC cultures.

Following maturation, in both DC cultures the activation
markers were upregulated, although with a different intensity.
Mature X-DCs displayed a reduced expression of CD40
costimulatory molecule (p < 0.05) as compared to mature S-
DCs, as well as a trend in the reduction of CD86 and CD83
costimulatory molecules could be observed. These changes were
accompanied by the significant increase of CD14 in mature X-
DCs vs. mature S-DCs (p < 0.05). Again a trend in a more
pronounced expression of CCR7 marker was still maintained in
mature X-DCs (Figure 1B).

Phagocytosis is a crucial biological function of immature DCs
and it is a key step for the antigen loading of DCs for cancer
vaccines. Phagocytic activity of both immature S-DCs and X-DCs
was evaluated by flow cytometry, following the uptake of 3 um
microbeads, conjugated with FluoProbes 647, fluorochrome
not affected by changes in pH. After 1h incubation at 37°C,
phagocytosis of X-DCs was significantly reduced as compared
to S-DCs (p < 0.01) (Figure 1C). Phagosomal activity in DCs is
specifically dependent on a mild alkalinization, differently from
what is observed in other antigen presenting cells (APCs) such as
macrophages.

Kinetic of phagosomal pH in both immature X-DCs and S-
DCs was followed by flow cytometry. As shown in Figure 1D,
S-DCs presented a neutral phagosomal pH (7.01 pH) that
significantly increased after 2 h chase (7.35 pH) (p < 0.05).

X-DCs differently behaved: phagosomal pH of X-DCs was
significantly lower than S-DCs both at 10 min and 120 min chase
(p < 0.001). Furthermore, in X-DCs phagosomal pH appeared to
decrease during the chase, although not significantly.

These results suggest that clinical grade DCs have a phenotype
and a biological behavior that appears to remain at a more
immature stage with a more acid phagosomal compartment as
compared to standard S-DCs. This feature could contribute to
reduce antigen cross-processing efficiency of clinical grade DCs.

DC Uptake of the Tumor Associated MUC1
Antigen Carried by MVs Increases Antigen
Internalization and Induces Phagosomal

Alkalinization

We have recently shown that MV up-take by DCs allows cross-
presentation of the MUCI tumor glycoantigen by triggering a
faster alkalinization of DC phagosomal compartment (23). We
therefore evaluated whether MV uptake could similarly impact
phagosomal pH in the clinical grade X-DCs.

MVs were isolated from the supernatant of MUC1-DG75
cell line (MVsyuci). MV size characterization by Nanoparticles
Tracking Analysis (NTA) indicated that MVsyuc: were
heterogeneous for size: 3 main vesicle populations could be
identified with a size corresponding to 105, 175, and 285nm
(Figure 2A). The MUCI tumor glycoantigen was a molecular
cargo component of the MVsyuc) as characterized by flow
cytometry (Figure2B) and Western blot analysis confirmed
the presence of the MUCI antigen (Figure2C). A soluble
recombinant form of MUCI1 glycoprotein (rMUCI) was also
employed. The rMUCI1 had a glycosylation profile (high level
of sialylation), similar to the MUCI carried by MVspuc) as
defined by pattern reactivity of MoAbs specific for distinct MUC1
glycoforms (27).

To evaluate whether phagosomal compartment was
differentially modulated by the up-take of the two distinct
MUCI immunogens, X-DCs were pulsed with MVsyuci
and the soluble rMUCI glycoprotein for 30 min (37°C) and
then with FITC/FP647-coupled beads and pH kinetic was
followed for 2h. Results indicated that MVsyuci significantly
increased the phagosomal pH of X-DCs within the first 60 min
(reaching 7.05 pH at 20 min) as compared to unpulsed X-DCs
(p < 0.05), then decreasing and reaching the same values
of unpulsed X-DCs at the end of chase. Uptake of soluble
rMUCI glycoprotein did not modify the acidic phagosomal
microenvironment of X-iDCs (Figure3A). To investigate
whether the phagosomal pH increase observed in clinical
grade X-DCs after MVs up-take was accompanied also by
modulation of ROS molecules, MVs-uptake effects were studied
in X-DC pretreated with DPI as shown in Figure 3B. DPI
treatment of X-DCs significantly decreased phagosomal pH
of X-DCs during the chase (p < 0.05). When DPI treated
X-DCs were pulsed with MVsyuc: ([X-DCs + DPI] +
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FIGURE 1 | Clinical grade DCs display different biological features compared to standard S-DCs. (A) Morphological differences of DCs grown in RPMI + 10%FBS
(S-DCs) and in X-VIVO 15 (X-DCs) (a,b, respectively) visualized by phase contrast inverted microscope (ZEISS West Germany IM35, 3,2X). (B) Flow cytometry analysis
of immature and mature DCs (iDCs and mDCs, respectively) grown in FBS-RPMI or X-VIVO 15 after 6 day culture in the presence of GM-CSF, IL-4. iDCs were
matured with IL-6, IL-18, PGE-2, and TNF-a on day 5. IgG1 PE and FITC were used as isotype controls and employed to evaluate fluorescence signal background
and set the gate. Results were shown as value of Mean Fluorescence Intensity (MFI) of each phenotypic marker subtracted of the corresponded negative control MFI
value and depicted as scatter plot (black circle for S-DCs; black triangles for X-DCs). Statistically significant differences between S-DCs vs X-DCs were indicated

(*p < 0.05). (C) Phagocytosis of S-DCs and X-DCs was evaluated at 1 h from the internalization of 3 um FITC/FluoProbes 647 coupled beads by flow cytometry
(FACSCanto Il, FACSDiva software, BD Biosciences). Results were plotted as percentage of positive cells of experimental samples subtracted of the percentage of
positive cells of corresponding cell samples kept at 4°C for 1 h (black circle for S-DCs; black triangles for X-DCs). (D) Phagosomal pH of clinical grade X-DCs (three
donor, black triangles), is compared to the S-DCs (five donors, black circles) at 10 min and 120 min of chase. Average of the results of each experiment is plotted as
black line. Dashed line indicates the pH neutrality value (pH 7). Significance between samples was evaluated by Student’s ¢ test. ("p < 0.05; **p < 0.01, *** p < 0.005).

MVsyuci) the phagosomal pH significantly increased in the A similar trend in decrease was also observed when the soluble
first 60 min of chase (p < 0.05), although remaining lower = rMUCI was employed as immunogen. At 12h of pulsing this
than untreated X-DCs. These results indicated that up-take  difference was enhanced: the percentage of MUCI positive X-
of MVsyuc: also modulated antigen processing machinery ~ DCs was much lower than MUC1 positive S-DCs for both
of X-DCs by inducing alkalinization of the phagosomal MVsyyci and rMUCI glycoprotein (p < 0.01 and p < 0.005,
microenvironment. The antigenic transfer of MUC1 was also  respectively). Interestingly, MUCI antigenic transfer to X-DCs
investigated evaluating the percentage of MUCI positive DCs  appeared to be more efficient when mediated by MVsmuci
following incubation with both MVsyuc; and both rMUC1 by than the rMUC1 at 12h (p < 0.01). These results suggest
immunofluorescence studies, at 2h and 12h of incubation at  that MVsyyc; may be more efficient in antigenic transfer
37°C (Figure 3C). than the soluble rMUCI glycoprotein, despite the fact that the

At 2 h pulsing, the percentage of X-DCs that had internalized  intracellular availability of the MUCI antigen is strongly reduced
MVspuct was lower than the corresponding S-DCs (p < 0.05).  in X-DCs as compared to S-DCs.
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FIGURE 2 | Characterization of tumor-derived microvesicles (MVsyc1). (A) Size measurement of MVs shed by the MUC1-transfected DG75 lymphoblastoid cell line
(MVspuc1) using Nanosight NS300 that employs Nanoparticles Tracking Analysis (NTA) technology. Results are plotted as graph; y-axis: concentration of particles;
x-axis: size of particles in nanometer. The black curve is obtained by the merge of three independent measurements for each MV sample. (B) MUC1 expression in
MVspuct by flow cytometry. MoAb MOPC21 was employed as isotype control (left). MUC1 expression was detected employing the MoAb Ma552 (right). (C) Western
Blot analysis to detect MUC1 in MVspg7s, MVsyycy and MUCT-DG75 cell extracts (30 wg/sample) employing the MoAb Ma552. The extract of MUC1-DG75 cell line

was used as positive control.

Tumor-Derived MVs Mediate MUC1
Antigen Cross-Processing in Clinical
Grade DCs and Activation of MUC1
Specific CD8* T Cells

Clinical grade DCs seems to show some “macrophages-like”
features such as acid phagosomal pH and high ROS content in
their phagosomal compartment (data not shown). We wanted to
investigate further if this could affect their ability to cross-process
tumor associated antigens (TAA). Both X-DCs and S-DCs were
pulsed with MVspuc) and the rMUCI soluble glycoprotein and
intracellular distribution of the MUCI antigen was observed by
immunofluorescence, after 12 h.

In S-DCs pulsed with MVsyuc) (Figure 4A, row 1 and
2), MUC1 colocalized with calreticulin, marker of HLA
class T compartment (38%) (Figure4A, row 1), while
scarce colocalization with HLA-DR, marker of HLA class
II compartment (5%) was found (Figure 4A, row 2). When
rMUC1 was employed to pulse S-DCs, low colocalization
for both calreticulin and HLAII-DR compartment markers
was found (<18%) (Figure4B, row 1 and 2). These results
confirmed previous observations indicating that only MUCI1
supplied to DCs as cargo of MVs were routed to calreticulin™
compartment (27).

In X-DCs, following up-take of both immunogens, MUC1
colocalization was increased HLAII-DR positive compartment

Frontiers in Immunology | www.frontiersin.org 70

November 2018 | Volume 9 | Article 2481


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Dionisi et al.

Tumor MVs for DC Vaccines

*
*

7.5

7.0

- X-DCs

e

X-DCs + MVs
X-DCs + rMUC1

Phagosomal pH

6.5

Phagosomal pH

1,

Time of chase (min)

DCs+MVs
2h 37°C 12h 37°C

S-DCs

X-DCs

S-DCs

X-DCs

120

DCs+rMUCH1
2h 37°C 12h 37°C

8.0

7.54

— X-DCs
- X-DCs+DPI
[X-DCs+DPI] +MVs

..

% of MUC1 positive cells

@
o
)

@
)
L

a
)
1

@
°
L

~
o
1

°
L

o
I

Time of chase (min)

2h

12h

2h

3 s-pes

B X-DCs

12h

MVs

FIGURE 3 | Tumor-derived MVsyyc1 efficiently increase X-DC phagosomal pH and transfer MUC1 antigen to X-DCs. (A) Kinetic of phagosomal pH (10-120 min
chase) of X-DCs, pulsed with soluble rMUCT or with MVsy,c+ . Following MVsyyc+ uptake, phagosomal pH of X-DCs (light gray dashed line) was significantly

rMUCH1

increased in the first 60 min of chase (p < 0.05) as compared to unpulsed X-DCs (black continuous line). Soluble rMUC protein uptake did not alter phagosomal pH
of X-DCs (dark gray dashed line). The average + SD of three independent experiments (3 different donors) was shown. *o < 0.05. (B) Phagosomal pH measurement
in X-DCs in the presence of 10 WM Diphenyleneiodonium chloride (DPI), NOX2 inhibitor, without or with MVsy, g1 . DPI treatment decreased pH compared to
untreated X-DCs (light gray dashed line vs. black continuous line, respectively). In [DPI-treated X-DCs + MVsyyyc1] (black dotted line) phagosomal pH was partially
restored. The difference between [DPI treated X-DCs] and [DPI-treated X-DCs + MVsyyc1] was significant for the first 60 min of chase (o < 0.05). Values are mean +
SD of three independent experiments. *p < 0.05; *p < 0.01, **p < 0.005. (C) MUC1 expression in DCs following pulsing with rMUC1 glycoprotein or MVsyyc1 -
S-DCs (first row) and X-DCs grown in X-VIVO 15 (second row) were visualized by immunofluorescence staining after 2 and 12 h incubation, employing the anti-MUC1

MoAb Ma552 (green). The average + SD of percentage of positive cells (evaluated by counting 30 fields for each experimental condition, three independent
experiments) was shown as histograms (White: S-DCs; gray: X-DCs). Uptake by X-DCs was significantly decreased as compared to S-DCs. Within the X-DCs,
MVspuc1 uptake was higher than the soluble rMUCT (p < 0.01). *p < 0.05; **p < 0.01, **p < 0.005.

as compared to S-DCs (p < 0.01 for MVsyycy and p < 0.05
for rMUCI). In particular, MUC1 colocalized with HLAII-DR
molecules in dots, close to the plasma membrane in X-DCs
pulsed with MVsyuc: (Figure 4A, row 4) as well as rMUCI1
(Figure 4B, row 4). Interestingly, in X-DCs, colocalization of
MUCI1 with calreticulin positive compartment was observed only
when X-DCs were pulsed with MVsyucy, although at a lower
extent of the corresponding S-DCs (p < 0.05). rMUCI did not
appear to colocalize significantly with calreticulin marker in
X-DCs.

These results showed that while the soluble rMUC1 was
mainly found in association with HLAII-DR, MVsyuc; could
be up-taken and cross-processed in HLA class I and II
compartments by clinical grade X-DCs, although this was
reduced compared to S-DCs.

To investigate whether the reduced cross-processing of
MVsymuc in X-DCs was still sufficient to activate MUCI specific
T cell responses, CD8™ T cells were isolated by immunomagnetic
selection from PBMCs of an ovarian cancer patient, previously

vaccinated with the HLAI-A2 restricted MUC1;59_167 peptide
(31). MUCT specific CD8* T cells were expanded in vitro by a
two round stimulation with autologous PBMCs pulsed with the
MUCI 159167 peptide.

At the end of the culture, T cell activation was evaluated as
IFNY release in ELISpot assay (Figure 4C). The MUCI enriched
CD8' T cells were stimulated by autologous X-DCs or S-
DCs, loaded with immunogenic MUC1 59167 peptide or pulsed
with MVsyucr, T cells stimulated by unpulsed DCs or DCs
pulsed with MVspgzs (MVs from untransfected DG75 cells)
were employed as background controls (for MUCI peptide
loaded and MVsyuyc: pulsed DCs, respectively). As shown in
Figure 4C, X-DCs were less efficient as stimulator of IFNy T-cell
mediated response, independently by the MUC1 immunogen
employed. MVsyuc: appeared to perform better as immunogen
than the exogenous MUC1;59_167 peptide. In particular in [X-
DCs+ MVspuci] induced a similar T response to [S-DCs +
MUC159-167], suggesting that the MUC1 carried by MVs could
be processed and cross-presented to T cells also by X-DCs, whose
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FIGURE 4 | analyzing a minimum of 30 cells for each treatment randomly taken from three independent experiments. Results are expressed as mean values + SE in
histograms. Magnification, x63; Bar, 10mm. **p < 0.01 and *p < 0.05 for X-DCs vs. the corresponding S-DCs pulsed with MVsy, g4 or rMUCHT. (C) ELISpot assay to
evaluate the IFNy production by enriched MUC1-specific CD8™ T cells obtained from an ovarian cancer patient in response to mature S-DCs (left) or X-DCs (right)
loaded with MUC159_167 peptide (white histogram) or pulsed with MVsy o1 (grey histogram). The average values of the experimental samples [(DCs +
MUC1459_167) + CD8T T cells] and [([DC + MVspyyc) + CD8*T cells] were subtracted of the corresponding background samples i.e., [unpulsed DCs + CD8*T
cells] and [(DCs + MVspg7s) + CD8*T cells], respectively. Results were expressed as mean values + SD of duplicates.

processing and presentation abilities were dampened by culture
conditions.

DISCUSSION

One of the critical key point in designing DCs-based antitumor
vaccines is the choice of antigen formulation: the ideal
immunogen should deliver a broad repertoire of TAAs combined
to activatory signals in order to potentiate immunostimulatory
capability of DCs. This strategy would reduce the possibility of
immune escape and overcome HLA haplotype restriction that is
a real limit for the peptide based DCs approach (33).

There is a compelling need to search for optimal immunogen
formulations to efficaciously target and load DCs with antigens,
and at the same time to activate them for improving anti-
tumor DCs performance. Nowadays, that immune checkpoint
blockade allows to clinically reverse the immune exhaustion,
DC-based vaccines are being reassessed as a powerful approach
to activate/maintain the unleashed antitumor memory T cell
responses in order to control tumor disease progression
(9, 34).

Cell released MVs display biological characteristics that
make them as optimal candidate as immunogen platform
able to simultaneously deliver multiple tumor antigens and
immunostimulatory signals to DCs (35). Tumor-derived MVs
can enhance the immunogenicity of soluble antigen (21, 22) and
induce CD8" T-cell responses in in vitro human studies toward
tumor antigens (36). Delivery of the tumor antigens by MVs
also modulate cross-presentation of those tumor glycosylated
antigens such as MUCI that are thought to induce only a
tolerogenic CD4™" T cell response, although being relevant for
tumor targeting (27). Furthermore, tumor-derived MVs have
been shown to activate DCs in vivo by delivering tumor DNA
triggering intracellular signaling cGAS/STING pathway resulting
in potent anti-tumor responses (24-26).

In this study, we provide evidences that clinical grade
culture conditions hamper DC immunogenicity by reducing
phagocytosis and inducing a macrophage like feature of the
phagosomal compartment i.e., strong acidification, besides
altering DCs phenotype. We showed that tumor-derived
MVs carrying the MUC1 tumor glycoantigen employed as
immunogen, restored phagosomal pH close to neutrality,
allowing cross-presentation of the tumor associated MUCI
glycoantigen and the activation of MUCI specific CD8" T cell
response.

Culture conditions are critical for DC differentiation process
from progenitor cells. It has described that ex-vivo DCs
for clinical use are less immunogenic, because of a reduced

expression of HLA and costimulatory molecules. Addition of
human serum (autologous or pooled) to implement clinical
grade DC performance appears to hamper cytokine production
and reduce migratory capacity of DCs (37, 38). Indeed, the
high plasticity of DCs, that enable them to quickly sense
in vivo stimuli, can become a critical point in formulating
experimental protocols for ex-vivo DC cultures (8). DCs
generated in X-VIVO 15 serum free medium (X-DCs) displayed
a spindle-like morphology and a distinct ability to respond to
maturative pro-inflammatory cytokines than S-DCs (DCs grown
in RPMI+10%FBS). Previous work had shown that DCs culture
in X-VIVO 15 performed poorly in phenotype and cytokine
secretion (10). Despite optimization of the culture protocol
(anticipating cytokine re-addition during the culture; Napoletano
C, unpublished), X-DCs still performed differently compare
to S-DCs. Immature X-DCs had increased expression of the
maturative CCR7 marker, while following maturation, CD14
marker was still maintained (p < 0.05). Also mature X-DCs
showed a lower upregulation of costimulatory molecules than
S-DCs.

This phenotype is associated to a reduced phagocytosis of
immature X-DCs that usually is a functional feature of the
mature DCs. This aspect can be quite relevant for the up-
take of immunogens that are based on protein or particulated-
based antigens. Most interestingly, the phagosomal machinery
appeared to be modified by clinical grade culture conditions.
X-DCs displayed a significant acidification of the phagosomal
compartment that was maintained during the time following
3 wm beads phagocytosis, while phagosomal pH of S-DCs was
close to neutrality and increased during the incubation time
following 3 pm bead internalization.

Phagosome is a crucial compartment for the ability of DCs
to cross-present antigens: it is considered a central hub for
the cell where molecular cargos are docked and then sorted to
other intracellular compartments of the cell (39). The cross-
processing ability of DCs is finely tuned by a mild alkalinization
of the phagosomal compartment. Induction of CD8" T cells
was obtained only by priming with monocyte-derived DCs
with alkaline phagosomal pH, while macrophages, with an acid
phagosomal pH, did not cross-process antigen (40). In mouse
models, CD8" DCs with a higher cross-processing ability showed
an alkaline phagosomal pH (41). It has been hypothesized
that alkaline pH delays protein degradation thus increasing the
antigen amount available for cytoplasmic transportation and
HLA-I association (39, 42, 43).

The results obtained suggest that X-DCs possess phagosomal
machinery with strong similarities to macrophages, that quickly
degrades the antigen thus favoring HLAII presentation and
the induction of CD4™ T cells. Thus, the reduced ability to
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internalize the antigen combined to the increased efficiency in
antigen degradation would imply a reduced immunogenicity of
the DC vaccine designed. To investigate if this was the case,
we employed two MUCI based immunogens forms: a soluble
rMUCI1 glycoprotein, produced in CHO-K1 cells and MVsyuci,
tumor-derived MVs carrying the MUCI antigen purified from
a MUCI stable transfected cell line. Size characterization by
NTA indicated that vesicles were heterogenous and biochemical
characterization of cell markers (data not shown) indicated that
the prevalence of MVsyuc) derived from plasma membrane
exocytic pathways. Indeed, after 12h pulsing, X-DCs showed a
striking significant reduction of intracellular MUCI distribution
than S-DCs, for both the immunogens employed (MVsymuci:
p < 0.01; rMUCLI: p < 0.005), strongly suggesting that the
reduced up-take and the acidic compartment of X-DCs hasten
degradation of MUCI antigen.

We have recently shown that uptake of tumor-derived MVs
exerts an immunostimulatory effect on antigen presentation
by DCs, inducing a faster alkalinization of phagosomal
compartment thus allowing cross-presentation of the MUCI
tumor glycosylated antigen (23). This mechanism could be of
great relevance for shaping the immunogenicity of glycosylated
tumor antigens.

We then asked whether, tumor-derived MVs could be a
suitable immunogen formulation to counteract the phagosomal
alkalinization and restore a pH value close to neutrality.

Uptake of MVsyuci by X-DCs significantly restored the
phagosomal pH of X-DCs to neutrality in the first 60 min
chase. This metabolic event is also supported by the observation
that following pulsing of X-DCs with MVsyuc), intracellular
MUCI1 distribution is significantly higher (p < 0.01) than X-DCs
pulsed with rMUCI, thus suggesting that protein degradation has
been lessened. Phagosomal pH is strictly dependent by Radical
Oxigen Species (ROS) level produced in the phagosome by
the combined and dynamically regulated function of NADPH
oxidase 2 (NOX2) and VATPase (41, 44).

Indeed, MVsyyc: uptake contributes to phagosomal ROS
increase, as shown by NOX2 blocking experiments with the DPI
inhibitor. However, other metabolic pathways triggered by MV
uptake could be involved in the fine tuning of phagosomal ROS
balance and pH regulation.

Most important, MVsyuc) internalization allowed MUC1
cross-processing by X-DCs, despite these cells displayed a
“macrophage-like” phagosomal compartment. After 12h from
MYV internalization, in X-DCs MUCI colocalized with HLA class
II compartment (39%), but also with the calreticulin marker
employed as HLA class I compartment (21%). In S-DCs MUCI1
colocalization was prevalent with the calreticulin™ compartment
(38%), as expected. The rMUCI soluble glycoprotein was sorted
exclusively in HLAII compartment both in S-DCs and in X-
DCs. In DCs, cross-processing of soluble antigens occurs by
distinct mechanisms: the “cytosolic” and “vacuolar” pathways. In
the former, the internalized antigen sorted into the phagosome,
then translocates in the cytosol where proteasome degradation
occurs and proteolitic peptides are loaded by TAP dependent
mechanism in the ER where the association to MHCI occurs. In
the vacuolar pathway, exogenous antigens are degraded in the
endosome, loading endosome resident MHCI molecules (39, 45).

The co-localization of MUCI with the ER marker calreticulin,
and the detection of MUCI in the cytosolic fraction of MVsyuci
pulsed DCs previously shown (27), clearly suggested that the
cytosolic pathway was involved in the MUCI cross-processing
mediated by MVs delivery, although the vacuolar pathway
could not be excluded. These intracellular events resulted in
cross-presentation of the MUC1 antigen since X-DCs pulsed with
MVspuc: were able to activate CD8" T cells specific for the
HLA-A?2 restricted MUCl159_1¢7 epitope, although with a lower
efficiency than S-DCs, as expected.

Thus, delivery of antigenic cargo through MVs appeared to be
a possible strategy to empower antigen presenting ability of DCs
for clinical use.

Tumor-derived MVs immunogenicity could be possibly
enhanced by mean of genetic and biochemical interventions
with the ultimate goal to generate an off the shelf/cell free
immunogen (46, 47). Induced genome instability of tumor cells
could increase the amount of novel neoantigens that elicit
strong immune response (48), thus increasing the antigenic
cargo of the released MVs. Also, modulation of glycosylation
is an appealing option to harness MVs immunogenicity (49).
So far, glycosylation is regarded as a complex and finely
tuned signaling code among cells and microenvironment,
not just a “default cell décor” (50). DCs are endowed of
specific receptor, C-type lectin, recognizing selectively the
distinct glycan moieties (51). By specific and selective ligand
receptor interaction, glycan repertoire shapes immunogenicity
of the antigens by modulating their internalization and at the
same time triggering activatory/inhibitory signals to the DCs
(52-54). Selective genome editing strategies allow to control
glycan synthesis, thus obtaining cells (and therefore MVs)
with the desired glycan profile and defined immunoregulatory
properties (55).

In summary, we have investigated the immunomodulatory
impact of tumor-derived MVs carrying MUC1 as immunogen
in clinical grade culture condition DCs. Results indicate that
optimization of the MUCI1 antigen cross-processing could be
induced upon tumor derived MVsyuc) internalization in clinical
grade X-DCs, despite their acidic phagosomal compartment,
that is a feature of macrophage cells. This effect appears to
be dependent by metabolic changes triggered by phagosomal
ROS increase and alkalinization. Furthermore, MVsyuc pulsed
DCs could stimulate MUCI1 specific CD8" T cells to produce
IFNy response. We believe these results to further support the
exploitation of tumor-derived MVs as optimal immunogens for
DC-based anti-cancer vaccine.
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Cells undergoing apoptosis produce heterogeneous populations of membrane delimited
extracellular vesicles (Apo-EVs) which vary not only in size—from tens of nanometers to
several microns—but also in molecular composition and cargo. Apo-EVs carry a variety
of potentially biologically active components, including small molecules, proteins, and
nucleic acids. Larger forms of Apo-EVs, commonly termed “apoptotic bodies,” can carry
organelles, such as mitochondria and nuclear fragments. Molecules displayed on the
surface of extracellular vesicles (EVs) can contribute substantially to their size, as well as
their functions. Thus far, relatively little is known of the functional significance of Apo-EVs
apart from their roles in fragmentation of dying cells and indicated immunomodulatory
activities. Here, we discuss EV production by dying tumor cells and consider the possible
roles of Apo-EVs in a cell death-driven sector of the tumor microenvironment known as
the onco-regenerative niche (ORN). We propose that tumor-derived Apo-EVs are signifi-
cant vehicles of the ORN, functioning as critical intercellular communicators that activate
oncogenic tissue repair and regeneration pathways. We highlight important outstanding
questions and suggest that Apo-EVs may harbor novel therapeutic targets.

Keywords: extracellular vesicles, apoptosis, inflammation and cancer, tumor microenvironment, angiogenesis,
tissue repair and regeneration, macrophage activation, tumor biology

INTRODUCTION: APOPTOSIS, AND THE ONCO-REGENERATIVE
NICHE (ORN)

In addition to its activities in developmental sculpting and adult tissue involution, apoptosis is
renowned for its capacity to regulate tissue turnover and homeostasis in which, simplistically, the
expansion of cell populations is balanced by regulated cell death (and vice versa). In cancer, this
balance between cell gain and cell loss becomes dysregulated, resulting in accumulation of tumor
cells and net growth of neoplastic tissues (Figure 1). By effecting controlled cell deletion, apoptosis
imposes a brake on oncogenesis, a logical concept that has long been proven and is widely accepted.
Indeed, inhibition of the tumor suppressor function of apoptosis led to the categorization of a new
class of oncogenes—BCL2 being the prototypic member—that could promote cell survival through
suppression of apoptosis and thereby impose an oncogenic imbalance on the cell birth/cell death
equation (1). Furthermore, the apoptosis effector protease, caspase-8, is mutated in multiple cancer
types and the survival pathway PI3K/Akt/mTOR is dysregulated frequently in tumors (2). By contrast,
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FIGURE 1 | Left: oncogenic extracellular vesicle (EV) networks in the onco-regenerative niche (ORN). Schematic representation of the ORN illustrating the potential
roles of Apo-EVs from dying tumor cells (Apo) in providing oncogenic signals to neighboring cells in the niche, exemplified by macrophages (M), viable tumor cells
(Tu), and endothelial cells (E). We propose that Apo-EVs target such cells and modulate cellular functions, including macrophage polarization toward a reparative
phenotype (M2-like activation state), promotion of tumor cell survival and proliferation, and angiogenesis. EVs from viable cells (Via-EVs) of tumor and stromal cell
origin also seem likely to participate in these processes. Right: mechanisms of cell targeting and modulation by (Apo)-EVs. Examples of possible modes of
interaction of Apo-EVs with target cells that may lead to modulation of cellular functions with or without transfer of intact EV cargoes (biologically active cargoes
represented by small red circles). 1. Membrane fusion (receptor-dependent or -independent) permits transfer of EV cargoes to cytosolic locations. 2. Docking of
EVs through receptor-ligand interaction may activate intracellular signaling pathways in the absence of cargo transfer. Ligands such as phosphatidylserine (PtdSer)
(green) exposed at EV surfaces may interact directly or indirectly with target cell receptors (examples in the case of PtdSer including BAI1, TIM-4, Stabilin 2, Axl, Mer,
as well as integrins avp3 and avps). 3. Endocytic pathways (including phagocytosis) resulting in lysosomal degradation of cargoes are also likely to modulate cellular
functions such as through metabolite supply and via receptor ligation. 4. Putative endocytic uptake of EVs without lysosomal degradation. We propose that Apo-EV
cargoes are transferred intact to multiple intracellular compartments via this type of pathway.

pro-apoptotic regulators such as p53 and BIM (3) among others  is orchestrated by tumor-cell apoptosis (Figure 1) (25, 26). We

have firmly established tumor-suppressive roles for apoptosis. ~ speculate that pervasive apoptotic tumor cell-derived signals
For these and other reasons, the capacity to evade apoptosis has ~ in the ORN provide important pathways for tumor growth,
become a well-accepted hallmark of cancer (4). metastasis and to post-therapeutic relapse. Here, we consider the

However, set opposite its tumor suppressor functions, the apop-  potential roles of apoptotic tumor cell-derived EVs in providing

tosis machinery can endow dying cells with the ability to stimulate ~ such signals.

proliferation of neighboring cells, either as part of developmental

programmes or in tissue repair and regeneration in adult tissues ~ APQO-EVs AND APOPTOTIC BODIES

(5-9). High levels of apoptosis are commonly associated with

poor prognosis in multiple cancer types (10-17) and expression It is becoming increasingly clear that EV's are important intercel-
of pro-apoptotic effector molecules such as active Caspase-3 and  lular communication vehicles in the tumor microenvironment,

Bax can correlate with aggressive disease (18, 19). Furthermore,  shuttling an array of biologically active molecules reciprocally
low-level activation of the apoptosis programme can promote  between tumor and non-tumor cells, modulating the develop-
genomic instability and oncogenic transformation (20). ment of primary tumors and metastases. We propose that

Emerging evidence suggests strongly that both constitutive =~ Apo-EVs—as well as EVs generated in viable cells responding
and therapy-induced apoptosis can engender pro-oncogenic  to their apoptotic neighbors—are important elements of the
responses that enhance tumor growth and cause post-therapeutic = ORN (Figure 1). EV production is a well-established hallmark
relapse (21-24). In this scenario, tumor-cell apoptosis itself  of apoptosis, as is surface blebbing (zeiosis) of the plasma
promotes imbalance in the cell birth/cell death equation that =~ membrane in cells responding to apoptosis stimuli. Blebs may be
ultimately favors net tumor growth. Such regenerative effects ~ important precursors to Apo-EVs, but it remains unclear to what
of apoptosis in the context of the tumor microenvironment  extent the process of surface blebbing is related mechanistically
led one of us to propose recently the concept of the ORN: a  to the production of Apo-EVs. Here, we use the term “Apo-EV”
tumor-promoting network of tumor cells, stromal cells, and  to encompass all classes of subcellular vesicles produced as a
immune cells which, together with associated extracellular com- consequence of apoptosis. These include small (~50-1,000 nm)
ponents, including EVs, soluble factors and matrix molecules,  as well as larger vesicles (1 to several microns in diameter), often
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referred to as “apoptotic bodies,” which harbor caspase-modified
autoantigens, nuclear remnants containing condensed chro-
matin, and well-defined organelles, such as mitochondria and
endoplasmic reticulum. Among the smaller vesicles are likely to
be exosomes of endosomal pathway origin and budding plasma
membrane EVs also known as microvesicles or ectosomes (27).
As with all EVs, the size of Apo-EVs matters—not only in relation
to what molecular and organelle cargoes can be carried but also
with respect to the specific contribution of molecular cargoes,
such as cell surface proteins, to overall EV size (Figure 2). While
Apo-EVsare undoubtedly heterogeneous both in size and content
(28), the underlying causes of this heterogeneity remain obscure.

APO-EV PRODUCTION MECHANISMS

During apoptosis, caspase-dependent cleavage, and activation
of Rho-activated kinase, ROCK I alters actomyosin contractility,
resulting in membrane blebbing (30). Blebbing occurs inde-
pendently of altered K* and CI~ channel activity that results in
increased K* permeability and the reduction of cell volume that
accompanies apoptosis. Instead, bleb formation occurs as a con-
sequence of detachment of the plasma membrane from the actin
cortex and increased hydrostatic pressure generated by the acto-
myosin system (31). As a consequence, there is rapid local influx
of cytosolic material and “ballooning” of the membrane, resulting
in bleb enlargement. Although cytoskeletal proteins are lacking in
newly formed blebs, as blebbing progresses, there is reassembly of
the cortical cytoskeleton underneath the membrane. Treatment
of cells with the ROCK inhibitor Y-27632 reduces both the forma-
tion of apoptotic bodies and the capacity for apoptotic-cell clear-
ance (32). Formation of small Apo-EVs may also be regulated
through similar ROCK-dependent mechanisms (33), as are EVs
generated by a variety of tumor cell types (34).

It has been widely assumed that the plasma membrane of
apoptotic cells, apoptotic blebs, and Apo-EVs are molecularly
homogeneous, displaying broadly similar changes, such as phos-
phatidylserine (PtdSer) exposure. However, there is evidence that
apoptotic bodies exhibit loss of membrane integrity that allows
limited molecular exchange (35), which may allow selective
release of molecules that are able to modulate innate inflamma-
tory mechanisms. Protein release from apoptotic bodies, particu-
larly of nucleosomal histones, was reduced following inhibition
of activity of either ROCK or myosin ATPase (35). Loss of mem-
brane permeability may be phased as apoptosis progresses, prior
to the catastrophic loss of membrane integrity during secondary
necrosis. Formation of Apo-EVs and gradual loss of membrane
permeability could represent a mechanism to provide transient
protection of proteins from local proteolytic degradation and/or
clearance, potentially allowing signals relating to cellular demise
to be disseminated distally, for example to other parts of the
tumor microenvironment and to metastatic sites.

Studies of the recognition and phagocytosis of apoptotic
cells have revealed potentially contrasting roles for membrane
blebbing and the formation of apoptotic bodies. Formation of
apoptotic blebs may promote phagocytosis of apoptotic cells.
Compromised apoptotic cell uptake following inhibition of bleb-
bing (36) could be partially reversed by addition of the PtdSer
opsonin, MFG-E8. Other phospholipid binding proteins such as
Clq have been demonstrated to bind avidly to apoptotic blebs
and C1q binds to neuronal blebs, acting to augment phagocytosis
by microglia (37). ROCK-dependent high-density opsonization
of apoptotic blebs could generate a topology that promotes
phagocyte recognition, providing an explanation for why low-
level PtdSer exposure is not sufficient to signal phagocytosis of
viable cells. Thus, membrane blebbing likely facilitates mainte-
nance of self-tolerance and suppression of antitumor immunity

CDA43 (~45 nm)

100 nm

MHC Class |

(~7 nm) CD54 (~19nm)

10 nm

FIGURE 2 | Considerations of vesicular cargoes in relation to extracellular vesicle (EV) sizes. Schematic representations of Apo-EVs of ~500 nm (left) and 50 nm
(right) are shown with delimiting lipid bilayer (green), a small mitochondrion (brown), ribosomes (gray), and examples of surface proteins all drawn approximately to
scale. Note the significant potential impact of surface molecule size on total vesicle size in the case of small vesicles displaying relatively large surface molecules
[measurement and representation of cell surface proteins adapted from Ref. (29)].
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through direct effects on apoptotic cell clearance. Other phe-
nomena related to vesiculation during apoptosis have also been
noted recently. Following the description of apoptopodia—fine
protuberances from apoptotic cells that appear to be involved
in the release of larger varieties of Apo-EVs (>1 pm) (38)—EV
production from certain apoptotic cell types has been observed
to involve fragmentation of membrane protrusions resembling
beads on a string (39). While the significance of these observa-
tions has not been fully elucidated, they provide clues as to the
molecular events underlying the production of Apo-EVs and
their cargo loading preferences. Intriguingly, Apo-EVs produced
from beaded apoptopodia were found to be depleted of nuclear
components including histones and nuclear DNA (39) that are
well-known constituents of apoptotic bodies (40).

CARGOES AND FUNCTIONAL ACTIVITIES

While EVs ostensibly of non-apoptotic cell origins have been
the subject of intense research in cancer biology in recent years,
the biology of Apo-EVs remains less clear. Following on from
seminal work showing that glioblastoma EVs carry RNA and
protein cargoes having tumor growth-promoting properties and
utility as diagnostic biomarkers (41), a wealth of evidence now
implicates EVs in regulating tumor growth and metastatic spread
through control of angiogenesis, drug resistance, and antitumor
immunity. Furthermore, the roles of EVs in intercellular com-
munication in the tumor microenvironment are becoming better
defined. Taking some recent examples, in murine melanoma,
tumor cell-derived exosomes have been reported to promote
the accumulation of pro-tumor macrophages via their ability to
educate mesenchymal stromal cells which, like tumor-associated
macrophages, are able to promote malignant disease via multiple
modes, including growth factor production, suppression of
antitumor immunity and angiogenesis (42). EVs from circulat-
ing tumor cells are also generated under conditions of shear flow.
These EVs may play important roles in establishing the metastatic
niche in the lung through interaction with the lung vasculature
and rapidly accumulating myeloid cells (which phagocytose
them) (43). It is noteworthy that EVs provide an intercellular
signaling mechanism to transfer drug resistance to susceptible
cells. For example, transfer of resistance to the multi-receptor
tyrosine kinase inhibitor drug, Sunitinib can be achieved by a
long, non-coding RNA (IncARSA) which acts by competing for
binding to mir-34 and mir-449 to promote AXL and c-MET
expression in renal cell carcinoma cells by carriage in exosomes
and transfer to susceptible cells, thereby propagating resistance
(44). Intriguingly, EVs isolated from cancer-associated fibroblasts
are able to alter the metabolic profile of pancreatic tumor cells
that interact with, and internalize them (45). Metabolic repro-
gramming by EVs involved inhibition of oxidative phospho-
rylation by mitochondria resulting in promotion of glycolysis
and glutamine-dependent reductive carboxylation (46) in the
recipient tumor cells. Furthermore, EVs were found to be capable
of transferring multiple metabolic constituents including amino
acids, lipids, citrate, and pyruvate among others, to tumor cells
endowing them with the capacity to grow in nutrient-deficient
media in vitro (45). These results strongly support the notion that

EVs in the tumor microenvironment provide tumor cells with
critical metabolic signals and constituents which permit growth
of tumor clones under conditions of stress such as hypoxia and
nutrient deprivation.

The extent to which Apo-EVs—including the larger variety,
apoptotic bodies—can perform similarly diverse functions to
their non-apoptotic counterparts awaits detailed clarification.
However, several studies would tend to suggest that Apo-EVs
represent far more than biological “waste disposal” units. We
support the definition of Apo-EVs as those EVs, regardless of
size or cargo, that are produced as a consequence of activation
of the apoptosis effector machinery (such as executioner caspase
activation) and that ultimately results in cell death. Thus, active
Apo-EV production presages cell death and a major challenge
for the allocation of functional properties to Apo-EVs specifically
will be their discrimination from EVs produced by cells activated
by other (for example, stress) pathways, including those en route
to apoptosis. Like all EVs, Apo-EVs are overtly heterogeneous
as illustrated by their size profile alone, which, ranges from
around 30 nm to several microns (47, 48). To what extent size
of Apo-EVss relates to functional properties is largely unknown,
although small EVs (30-100 nm, which the authors termed
“exosome-like”) produced by vascular endothelial cells down-
stream of caspase-3 activation were found to be distinct from
their larger counterparts (microvesicles and apoptotic bodies)
both in cargo composition and biological function (48). Vascular
endothelial cell-derived apoptotic bodies carry histones and
other nuclear proteins as well as abundant markers of organelles
including mitochondria, endoplasmic reticulum, and ribosomes
(48), confirming observations of apoptotic body cargoes in other
systems. By contrast, the exosome-like EVs were found to be
enriched in lysosomal, basement membrane and extracellular
matrix proteins (48). Intriguingly, certain hallmark proteins of
exosomes, including TSG101, CD9, and CD81, were missing
from the exosome-like EVs whereas others, notably fibronectin,
syntenin and translationally controlled tumor protein (TCTP)
were present. Critically, exosome-like EVs were found to be
immunogenic, in contrast to apoptotic bodies (48), confirming
the presumption that the latter, as major remnants of apoptotic
cells, are generally tolerogenic.

These recent studies extend earlier investigations demon-
strating the segregation of nuclear components into granular
and vesicular structures and extrusion from the cell in EV-like
structures and apoptotic bodies (49-54). Strikingly, DNA and
RNA from apoptotic cells have been described as segregating
into non-overlapping vesicular entities, adding to the complexity
of Apo-EV heterogeneity. It is well established that the blebs of
apoptotic cell surfaces harbor antigens of common significance in
autoimmune disease, including the ribonucleoproteins La and Ro
and nucleosomal DNA (55). The immunogenicity of exosome-
like EV's from apoptotic endothelial cells adds a further dimen-
sion to this phenomenon. Thus, the C-terminal fragment (LG3)
of the basement membrane component Perlecan carried by the
exosome-like EVs is highly immunogenic and may be responsible
for the production of autoantibodies that can severely compro-
mise successful renal transplantation (48). Substantial further
investigations are warranted in order to clarify the differential
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capacity of apoptotic cells and their derived vesicles to modulate
tolerance and immunity.

Besides immuno-regulatory properties, Apo-EVs have addi-
tional functional attributes based, like other EV classes, on their
ability to transfer bioactive molecules to “target” cells. For example,
apoptotic bodies (1-4 pm) derived from mature endothelial cells
have been shown to stimulate the proliferation and differentiation
of circulating endothelial progenitor cells (56). Indeed, Apo-EV's
of endothelial cell origin carry a variety of biologically active
components in addition to the aforementioned immunogenic
Perlecan LG3, including TCTP, which can inhibit apoptosis in
vascular smooth muscle cells (57). Apo-EVs may also allow the
transfer of intact organelles between cells. In this context, it is
noteworthy that mitochondrial transfer via EVs may represent
an important response to stressful conditions as exemplified by
the transfer of intact mitochondria from astrocytes to neurons in
order to provide survival signals during the ischemic conditions
of stroke (58). One of the most intriguing cargoes of Apo-EVs is
genomic DNA since it has been shown that apoptotic bodies are
able to mediate the horizontal transfer of DNA between somatic
cells. While the details of the modes of transfer and fundamental
roles of Apo-EVs (versus the remnants of apoptotic cells) have
not been studied, DNA from apoptotic cells can undoubtedly be
transferred to neighboring cells including tumor cells, endothe-
lial cells, fibroblasts, and macrophages leading to apoptotic
cell-derived gene expression in the recipient cells. In normal
physiology, cells are protected by a DNA damage response requir-
ing DNAse II, Chk2, and p53/p21, and deficiency in p53 and p21
can ultimately render murine embryonic fibroblasts oncogenic
following transfer of DNA from apoptotic cells harboring c-myc
or H-Ras oncogenes in combination with a drug resistance gene
(59-61). These results have significant implications not only for
genomic stability and heterogeneity of tumor cells but also for the
acquisition of aberrant DNA by non-tumor cell components of
the ORN, notably endothelial cells, macrophages and fibroblasts,
all of which have known capacity to engulf apoptotic cells and
bodies. Such genetic changes in the ORN could provide impor-
tant pro-oncogenic signals even if the resultant “exogenous” gene
expression is transient.

CONCLUSION AND FUTURE
PERSPECTIVES

While it is clear that the breakdown of apoptotic cells into mem-
brane-bounded fragments of broad size ranges varies between
different cell types, the full extent of the functional properties
of Apo-EVs remains unknown. It has been reported that forma-
tion of “bite-sized” apoptotic bodies can aid in the phagocytic
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Tumor-Derived Apoptotic Vesicles:
With Death They Do Part

Morad-Remy Muhsin-Sharafaldine and Alexander D. McLellan*

Department of Microbiology and Immunology, University of Otago, Dunedin, New Zealand

Tumor cells release lipid particles known as extracellular vesicles (EV) that contribute
to cancer metastasis, to the immune response, and to thrombosis. When tumors are
exposed to radiation or chemotherapy, apoptotic vesicles (ApoVs) are released in abun-
dance as the plasma membrane delaminates from the cytoskeleton. Recent studies
have suggested that ApoVs are distinct from the EVs released from living cells, such as
exosomes or microvesicles. Depending on their treatment conditions, tumor-released
ApoV have been suggested to either enhance or suppress anti-cancer immunity. In
addition, tumor-derived ApoV possess procoagulant activity that could increase the
thrombotic state in cancer patients undergoing chemotherapy or radiotherapy. Since
ApoVs are one of the least appreciated type of EVs, we focus in this review on the
distinctive characterization of tumor ApoVs and their proposed mechanistic effects on
cancer immunity, coagulation, and metastasis.

Keywords: extracellular vesicles, apoptotic vesicles, membrane blebs, chemotherapy, thrombosis

INTRODUCTION

The term extracellular vesicle (EV) describes membrane particles released from eukaryote cells, as
well as prokaryote microorganisms (1). It is now evident that EV plays important roles in multiple
biological systems involved in the control of homeostasis of the organism. For example, intercel-
lular signaling is mediated by EV in processes, such as bone calcification, immune tolerance and
activation, neuron-glia communication, wound repair, and hemostasis (2-7). Furthermore, EV's
have been implicated in pathological conditions, such as viral and prion transfer, cardiovascular
disease, thrombosis, autoimmune diseases (e.g., rheumatoid arthritis and multiple sclerosis), sickle
cell anemia, and cancer (8-14).

Extracellular vesicle can be isolated via differential and/or density gradient centrifugation based
on their relative size and density. Depending on their parental cell type and their cellular site of ori-
gin, EVs differ in terms of size, composition, density, and other biochemical and structural properties
(15, 16). Exosomes, one of the smallest EV, are released from a large spectrum of living cells and range
from 40-100 nm in diameter [isolated at sedimentation speeds of >100,000 X g; Ref. (17)]. While the
differentiation or activation state of primary cells is critical for exosome release (18), Wolfers et al.
have shown that murine and human tumor cell lines constitutively release exosomes (19). After their
discovery by electron microscopy in 1981 (20), numerous studies have shown that exosomes may
function as intercellular messengers in a diverse range of roles controlling cellular physiology and
pathology (5, 19, 21-24).

Living cells also secrete larger, membrane-derived EV known as microvesicles (MV). These were
first described by Chargaftf and West in 1946 and were later characterized as a predominant proco-
agulant product of degranulating platelets (25, 26). MVs range in size (0.1-2 pum in diameter) and
have been shown to be constitutively released by tumor cells potentially carrying oncogenes (27).
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In addition, “migratory benign cells-derived EV” structures,
termed migrasomes (<3 pm), that harbor internal EV, have also
recently been described (28). Tumor-derived EV (100-500 nm)
that transport epidermal growth factor receptor variant III, over-
expressed in the parental human U373 astrocytoma tumor cell
line have been referred to as “oncosomes” (29). Other studies that
have used this term and verified the tumor origin of “oncosomes”
due to other oncogenic cargo (30-33). However, it is still not
clear from the original (29), or clarified definitions (34), if
oncosomes contain “oncogenes” (i.e., transforming nucleic
acids), “oncogenic receptors” (oncogene products; i.e., epidermal
growth factor receptor variant III polypeptide), or whether this
terminology merely reflect their functional transforming ability
(transfer of oncogenic activity). Since the term oncosomes origi-
nates from a single cell line studied (29), the size range, cargo,
or morphological features cannot yet be extrapolated to other
tumor cells. Moreover, oncosomes have yet to be included in the
ISEV guidelines (35, 36).

During apoptosis, cellular contents are packaged into
apoptotic blebs (0.03-5 pm) for clearance with minimal
perturbation/inflammation to the surrounding tissues (15,
37). The term “apoptotic bodies” usually refers to the larger
(1-5 um) bleb fraction (38, 39) that may contain a proportion
of nuclear content and are released when the plasma membrane
delaminates from the cytoskeleton (37). Due to their variable
size range, apoptotic blebs are isolated at different sedimenta-
tion speeds [1,000-110,000 X g; Ref. (15, 40-43)]. An obvious
problem with definition occurs when studies isolate smaller
apoptotic blebs at high speeds (>100,000 X g); resulting in likely
contamination with exosomes due to the similar sedimenta-
tion forces used in the isolation of these two EV sub-types.
However, contaminating exosomes will have distinguishable
markers (discussed later) that could be utilized to enhance
apoptotic vesicles (ApoVs) purity. In addition, there is no con-
sensus regarding the nomenclature for the smaller fraction of
apoptotic blebs (0.03-1 um). For example, the terms apoptotic
microparticles, small ApoVs, and even apoptotic bodies have
been used to define the smaller apoptotic blebs (15, 40, 44, 45).
For this reason, the term ApoVs will be used in this review to
describe lipid encapsulated EV released from dying (apoptotic)
cells.

Extracellular vesicles are becoming increasingly studied due
to their release by cancer cells and their reported influence on
the immune system, metastasis, angiogenesis, and coagula-
tion (46-49). Although tumor-derived ApoVs are released in
relative abundance following chemotherapeutic treatment, as
compared to exosomes and MV (12, 47), limited research has
been directed toward ApoV. Here, we will focus on the ApoV
and their functional implications in cancer, the immune system,
and coagulation.

CELL DEATH: A GENERAL OVERVIEW

At present, at least six cellular processes leading to cellular death
have been described: mitotic catastrophe, senescence, necrosis,
necroptosis, autophagy, and apoptosis (50, 51). However, it is

unclear whether the six cellular death mechanisms are strictly
independent, or if they all eventually overlap to some degree.

During eukaryotic cell division (mitosis), DNA-damaging
agents cause cells to lose or gain a single chromosome (an ane-
uploid state) that, if left unchecked, could lead to severe genomic
instability (52, 53). This may result in irreversible damage and
death of the aberrant dividing cell in a manner known as mitotic
catastrophe (51, 53). Prior to the discovery of mitotic catastrophe,
Hayflick et al. showed that normal cells eventually cease to divide
in vitro despite the availability of favorable conditions for cell
growth (54). This inflammatory death mechanism, defined as
senescence, is now known to be triggered by several signals such
as DNA damage or shortened/dysfunctional telomeres (38, 50,
51, 55, 56). Necrosis is the uncontrolled breakdown of the cell
membrane and consequent release of intracellular contents and
proinflammatory molecules into the extracellular matrix (57, 58).
Several pathological conditions, such as infection, ischemia, or
inflammation can cause necrosis and that is generally charac-
terized by cellular swelling and organelle degradation (57, 59).
Necrosis can be triggered in a controlled manner, a process known
as necroptosis, and driven by receptor-interacting protein kinase
1, 3, and pseudokinase mixed lineage kinase domain-like (60, 61).
Autophagy is triggered when redundant or unwanted proteins
are excessively targeted for degradation by the cell’s proteolytic
mechanisms (50). One of the main mediators of autophagy is
ubiquitin, often leading to degradation within proteasomes (50,
62, 63). Apart from apoptosis, autophagy and necrosis are the
only other types of cell death that are characterized by membrane
blebbing (50, 58, 64).

Apoptosis is a highly controlled process and is activated
via two main pathways: the extrinsic (or receptor) pathway
is characterized by the binding of a ligand to a death recep-
tor of a cell (65). Activation of these death receptors by their
ligands may lead to the assembly of the Fas-associated death
domain and caspase-8 (66). Apoptosis is orchestrated via the
activation of a (usually inactive) cytoplasmic family of proteins
known as caspases (67-69). The activation of one may lead to
the activation of another and thus initiate apoptosis in a cas-
cade fashion. Hence, within the extrinsic pathway, recruited,
activated caspase-8 cleaves caspase-3 which will cleave other
caspases, eventually leading to apoptosis (69, 70). The other
pathway, known as the intrinsic pathway, also converges at
caspase-3 (67). However, the intrinsic (or mitochondrial)
pathway is usually triggered via stress signals that may lead
the mitochondrion to the leakage of proapoptotic factors,
including cytochrome c, into the cytoplasm (67, 69, 70). This
results in the formation/activation of several protein complexes
including caspase-9 which then cleaves caspase-3 leading to
downstream disassembly of cellular components (70). One of
the main features of apoptosis is the formation and release of
membrane blebs or ApoV (71). One advantage of the apoptotic
process is that proteins and nucleic acids, that would otherwise
trigger an immune response, are packaged within these apop-
totic blebs for rapid clearance by the immune system (72, 73).
On the other hand, materials that act as autoantigens may also
be packaged into apoptotic blebs (45).
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GENERAL MECHANISMS OF EV 24, and Snf7 (77). MVB can then either be targeted for degrada-
FORMATION tion/recycling or may fuse with the cell membrane releasing ILV
known as exosomes (15, 38, 74). Alternatively, lipid-metabolizing
The mechanism of EV release is tightly regulated and differs ~ enzymes, such as neutral sphingomyelinase and phospholipase
between exosomes, MV, and ApoV (Figure 1). The exosomal D2, can drive the formation of MVB and ILV in an ESCRT-
machinery begins with the cell membrane invaginating inwards ~ independent manner (78, 79). However, it remains unknown
toward the intracellular matrix by endocytosis, forming an  how ESCRT and lipid-metabolizing enzymes cooperate to induce
endosome (74). This early endosome is formed by the aid of exosome formation (78).
proteins such as Ras-related in the brain GTPases and soluble Cells also release EV through the direct outward membrane
N-ethylmaleimide-sensitive factor attachment protein receptor ~ budding and depending on the state of the cell, the EV is termed
proteins (75). Inlater stages, further invagination of theendosome ~ MV or ApoV. Initially, the shedding mechanism of MV or ApoV
leads to the formation of intraluminal vesicles (ILV) and this late is thought to begin with the influx of calcium into activated or
endosome is now referred to as a multivesicular body (MVB) (38, dying cells, respectively, resulting in the activation of calcium-
76). Although their specific role remains unclear, tetraspanins, ~ dependent proteases, such as calpain and gelsolin (38, 80, 84,
the endosomal sorting complexes required for transport (ESCRT) ~ 85). This leads to the disruption of the membrane cytoskeleton,
complexes, and ALG-2-interacting protein X, are involved in ILV exposure of phosphatidylserine (PS), and initial formation of
formation (15). The excision of ILV into MVB requires ESCRT-II ~ membrane protrusions (81, 85). ADP-ribosylation factor-6 initi-
proteins, such as vacuolar protein sorting-associated protein 20,  ates a signaling cascade eventually activating the Rho-associated

MV
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FIGURE 1 | The mechanism of extracellular vesicles (EVs) release differs among different types of EV. Exosomes are secreted via the endosomal pathway, starting
with the inward invagination of the cell membrane forming an early endosome. In later stages, further invagination of the endosome leads to the formation of
intraluminal vesicles (ILV) and this late endosome is now referred to as a multivesicular body [MVB; Ref. (38, 76)]. The MVB can either be targeted for cellular
destruction/recycling by lysosomes or it may fuse with the cell membrane thus releasing ILV as exosomes. Proteins involved in exosomal machinery include the
endosomal sorting complexes required for transport (ESCRT), tetraspanins (such as CD9), ALG-2-interacting protein X (Alix), and tumor susceptibility gene 101
[TSG101; Ref. (74)]. Microvesicles (MV) and apoptotic vesicles (ApoV) are secreted via the direct outward budding of the cell membrane. Cellular activation or
apoptosis results in an increased influx of calcium ions (Ca?*) which triggers proteases, such as calpain or gelsolin (80). These activated proteases lead to
cytoskeletal disruption. ADP-ribosylation factor-6 (ARF-6) initiates a signaling cascade eventually activating the Rho-associated protein kinase (ROCK) signaling
pathway which in turn activates myosin light-chain (MLC) kinases that activates and phosphorylates MLC that would initiate blebbing eventually leading to ApoV/MV
release (81, 82). Apoptosis initiation also activates apoptotic enzymes known as caspases. Caspase-3 can cleave ROCK transforming it into a constitutive truncated
form which then enhances the phosphorylation and activation of MLC that leads to ApoV shedding (83). Caspase-3-mediated blebbing can also act on other
blebbing-mediated proteins, such as LIM domain kinase 1 (LIMK1) or p21-activated kinase (PAK2); reviewed in Ref. (71).
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protein kinase (ROCK) signaling pathway which in turn activates
myosin light-chain (MLC) kinases that activates and phosphoryl-
ates MLC (38, 82, 86). The cell membrane then begins to bleb due to
increased hydrostatic pressure following MLC-driven actomyosin
contractions (87). Eventually ApoV or MV is released (81, 82).
The mechanism of MV/ApoV scission remains unclear. However,
it has been shown that vacuolar protein sorting four participates
in the scission of T cell-derived MV (88). No incision proteins
have yet been identified in ApoV release. One could speculate
that the budding oftf of ApoV may resemble the mechanism of
ILV excision. It has been hypothesized; however, that ApoV may
simply break-off due to shear force under flow conditions and/
or interaction of a recipient phagocyte “pinching” oft ApoV (71).

Despite the mechanistic similarities between ApoV and MV,
the apoptotic cell passes through a three-step apoptotic disassem-
bly process to finally release ApoV [reviewed in Ref. (71)]. One
major pathway of apoptosis is orchestrated via the activation of
cytoplasmic caspases (67-69). Sequential activation of caspases
leads to dismantling and repackaging of cellular and nuclear con-
tent caspase-3 (69, 70). The blebbing of the apoptotic cell marks
the first step of apoptotic disassembly and is linked to caspase-3
(83, 89, 90). There is evidence that caspase-3 can cleave ROCK-1
transforming it into a constitutive truncated form which then
enhances the phosphorylation and activation of MLC (89-91).
Caspase-3 can also act on other blebbing-mediated proteins,
such as LIM domain kinase 1 or p21-activated kinase (92, 93).
The blebbing cell then moves to stage two whereby membrane
protrusions form via microtubule spikes and/or long string-like
constructs known as apoptopodia (94, 95). Finally, the apoptotic
cell fragments, and the formed ApoV, detached from the mem-
brane protrusions and are released.

MOLECULAR PROFILE OF EV

The composition of EV largely depends on the type and dif-
ferentiation state of the parental cell. Currently, differential
ultracentrifugation is the most common technique to isolate
EV. Exosomes are isolated using >100,000 X g along with pore
filtration to remove larger EV fractions (21, 23). However, it has
proved difficult to isolate the larger MV or ApoV, and to obtain
a pure EV preparation as ApoV or MV purified from identical
centrifugation speeds may cross-contaminate due to spontaneous
cell death or MV release (47). Despite these limitations, various
proteins, DNA, RNA, and lipid profiles have been identified
to assist in the phenotyping of MV and ApoV (23, 47, 96-98).
Current methodology for protein detection in EV includes west-
ern blotting, flow cytometry, and mass spectrometry (24, 47). It is
now clear that many of the proteins enriched in EV are involved
in EV formation or trafficking (3). Despite the different types
of EV, there are well-documented markers that are commonly
shared among EV fractions (24). Cluster of differentiation 147
(CD147), for example, is consistently observed to be enriched
in tumor-derived EV (47, 99, 100). Acting as an Extracellular
Matrix Metalloproteinase Inducer as a main role, CD147 is thus
also referred to as “EMMPRIN.” Once matrix metalloproteinases
(such as MMP1, MMP2, and MMP11) are induced by CD147, the
enzymes help to break the extracellular matrix thus aiding in the

proliferation of tumor cells (101-103). With a family of at least
30 proteins, tetraspanins levels are also elevated in EV (104-106).
However, recent studies have shown the expression level of the
tetraspanin CD9 is lower in ApoV compared to exosomes or
MV (47, 96, 99, 107). Tetraspanins are glycoproteins suspected
to be involved in cell motility, adhesion, and proliferation, and
are known to complex with integrins (108, 109). It is, therefore,
not surprising that adhesion molecules, such as integrins are
also detected in EV (23, 47, 96, 99). Despite all the efforts, there
has not been a stand-alone protein marker for ApoV that can
distinguish them from other EV types (47, 96).

Interestingly, the DNA-associated proteins, histones, were
assumed to be exclusive ApoV markers (46). Despite this, a pro-
teomic study of dendritic cells (DC)-derived exosomes by Théry
et al. detected histones in exosomes (15). They hypothesized that
their presence may be due to the spontaneous DC apoptosis,
contaminating the DC-derived exosome preparations with
disintegrating nuclear material. However, it is now appreciated
that histones localize within the cytoplasm, as well as the nucleus
(110), and histones within exosomes and ApoV have been widely
documented (45,47, 111). Since EV contain nucleic acids, includ-
ing RNA, it is likely that histones in EV act as chaperones for
nucleic acids (46, 112). It has been proposed that the presence of
RNA in exosomes may be due to the fact that MVB contain RNA-
induced silencing complexes (113-115) where there is a direct
interaction between histones and RNA (113). A study by Miiller
et al. suggests that the histone H3 modification is necessary for
exosome release (116). Furthermore, glioma-derived EVs have
been known to carry mRNA, micro RNA, and proteins that con-
tribute to tumor growth (112, 117). The uptake of glioma-derived
MYV, containing oncogenic epidermal growth factor receptor, by
endothelial cells have been known to greatly alter the nature of
the endothelial cells in a manner that elevates tumor angiogenesis
(117). However, a recent study revealed that there is a clear dif-
ference in the RNA profile between ApoV, MV, and exosomes,
highlighting that ribosomal RNA and smaller RNA is highest
in ApoV (118). Previous studies have identified that the RNA
content in EV is reflective of the RNA content of the cell of origin
(115, 119). Since DNA fragmentation is a feature of apoptosis, it
was no surprise that DNA fragments have been detected in ApoV
(120, 121). These DNA fragments can be transferred to recipient
cells and reused when ApoVs are engulfed by phagocytes (121).

The exposure of PS on the outer leaflet of EV membranes is a
common feature among EV (7, 21, 122). PS is a membrane ami-
nophospholipid that is actively kept within the intracellular level
(inner leaflet) of a living cell by the (predicted) ATP-dependent
membrane lipid transporters known as flippases (123-125).
Simultaneously, the other group of (predicted) lipid transport-
ers, floppases, transports choline- and amino-phospholipids
toward the outer membrane leaflet (126). The rate of floppase
activity is usually 10 times slower compared to flippase (127).
However, during apoptosis or cell activation, flippase is believed
to be inhibited and different lipid transporters, scramblases, are
activated (128-130). Unlike the other two lipid transporters,
scramblases are calcium-dependent and ATP-independent (123,
131). The activity of scramblase transporters moves all major
classes of phospholipids back and forth, thereby destroying the
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phospholipid asymmetry orchestrated by flippases and floppases
(128). The presence of PS at the extracellular leaflet by scram-
blases is a key marker of apoptosis and is particularly enriched in
ApoV (47, 96, 123).

Since EV originate from the cellmembrane, theyare expected to
carry various cellular surface glycoproteins and glycolipids [com-
monly known as glycans; Ref. (132)]. Most studies have focused
on exosomes for glycan profile, and demonstrate a complex and
varying glycan content depending on the cell of origin (133-137).
The use of plant-derived carbohydrate-binding proteins (lectins)
and mass spectrometry has been an integral part of glycan profil-
ing (136-139). Glycomic analysis remains challenging; however,
due to the lack of specific glycan ligands and the fact that a large
number of low molecular weight carbohydrate molecules are the
building blocks of various molecular structures (140). Thus, the
glycomic profiles of EV remain refractory to analysis and, there-
fore, a major hurdle to laboratories studying the molecular com-
position of EV. Nevertheless, studies have shown that the glycans
detected in EV participate in protein trafficking, attachment, and
EV uptake by recipient cells (134, 136, 141-144). The glycome of
mammalian cells-derived EV shows consistency in terms of lectin
interactions suggesting the presence of N-acetylglucosamine as
an integral component of most EV glycans (140).

The surface of EV is negatively charged partially due to the
heavy sialylation of surface glycans (47,49, 138, 145-147). Increase
in sialylation is also a common feature of tumor cells along with
other proteins such as the superfamily tetraspanins (148, 149).
It remains to be determined if this anionic-rich surface due to
sialylation dictates the function of EV. Nevertheless, EVs have
a sialic acid-rich surface and EV bind to the sialic-acid binding
lectin CD169 (47, 49, 138). Interestingly, CD169 has a low (mM)
affinity to sialic acids and thus only heavily sialylated structures
(such as tumor-derived EV) are able to bind avidly to CD169*
macrophages (150). Moreover, CD169 binds to a2,6 and o2,3 sialic
acids of EV but prefers the latter [discussed later in Ref. (47, 49)].

ApoV AND THE IMMUNE SYSTEM

Tumor antigens can be captured by antigen-presenting cells (APC)
via direct cell-to-cell contact with living or apoptotic cells (151),
heat-shock-associated and soluble proteins, or tumor-EV (19,
152-155). Tumor antigens captured by APC activate CD4 helper
and cytotoxic lymphocyte-driven immune responses for tumor
regression (156-159). Previous reports indicate that EVs display
majorhistocompatibility complex 1 (MHC-I) and MHC-II on their
surface and theoretically should be capable of antigen-presenting
function (4, 81, 160). However, cross-presentation of apoptotic
cell and EV-associated antigens are more often observed in vivo,
rather than direct antigen presentation by the vesicles themselves
(19, 161-163). Dendritic cells (DCs) appear to be the major APC
subset able to efficiently present antigens derived from apoptotic
cells to stimulate both MHC-II and MHC-I-restricted CD4 and
CD8 T cell responses (162). Exploiting the ability of DC-derived
exosomes to eradicate established tumors due to the expression
of MHC-I and -II on the surface of the exosomes (164) can be
useful for exosome-based vaccine therapy. Heat-shock proteins
have been detected in exosomes (23, 99), and have been reported

by Srivastava’s group to participate in immunogenic action via
their interaction with APC (165).

Paradoxically, studies regarding apoptotic cell-associated
antigens have either identified them as immunosuppressive
(166-168) or immunostimulatory (169-171), depending on the
experimental setting. Recent studies suggest that tumor-derived
ApoV can downregulate the immunostimulatory effect of
antigen-specific DC in vivo (47, 167). There is evidence that the
immunosuppressive effect of apoptotic cellsand ApoV is caused by
the transforming growth factor p1 [TGF-p1; Ref. (167, 172, 173)].
PS participates in the immunosuppression by ApoV through the
induction of TGF-f from tissue-resident macrophages (174).
Interestingly, the same study showed that TGF-f was not released
when apoptotic cells failed to express PS (174). A recent study
also highlights that the culture content of chemotherapy-treated
tumor cells (floating dead cells, supernatant, and potentially
ApoV) promotes primary tumor growth (175). The study also
showed that this tumorigenic effect was caused by macrophages
releasing proinflammatory cytokines known to promote tumor
growth, and was PS-dependent (175).

In contrast, exposure of DC to murine myeloid cell-derived
ApoV resulted in DC maturation and the secretion of proin-
flammatory cytokines (176). Leukemic-derived ApoV can elicit
DC-driven CD8 T cell activation (177) and the immunization
of antigen-pulsed tumor-derived ApoV alone elicits a significant
CD8-mediated and anti-cancer immune response in mice (47).
In addition, compared to MV or exosomes, tumor-derived ApoV
afforded the highest anti-tumor protection against a specific
antigen, via unknown mechanisms (99). Intriguingly, ApoV
elicited the highest protection despite containing the lowest level
of tumor antigen (ovalbumin), as compared to MV and exosomes
(99). Despite its documented role in immunosuppression (174,
175), PS may also act as an immune stimulant and, therefore, it
is possible that PS enrichment on the surface of ApoV could be
responsible for their superior immunogenic activity. Hoffman
et al. identified that apoptotic cell clearance is enhanced by
PS-receptor mediated micropinocytosis [a regulated form of
endocytosis for solute molecules and antigens; Ref. (178, 179)].
The pathway is highly active among APC such as macrophages
and DC (179). Moreover, it was shown that blocking PS on MV
(by annexin V) disables their uptake by target cells (29).

For apoptotic cells and their ApoV to be efficiently cleared by
phagocytes, their exposed PS functions as an “eat-me” signal to
phagocytes (71, 178). First, PS binds to annexin V which in turn is
recognized by phagocytes (123, 180). However, PS is also a known
ligand for other receptors, such as p2-glycoprotein I (181), Mer
receptor tyrosine kinase (182), lectin-like oxidized low density
lipoprotein-receptor 1 (183), and PS-receptor (184), all of which
are known to promote apoptotic cell clearance (182, 184-186).
For example, PS-receptor-deficient mice died due to accumula-
tion of uncleared apoptotic cells in lung alveoli (184). A sufficient
threshold of PS exposure is necessary for phagocytic clearance.
Borisenko et al. have measured phagocytosis of live, apoptotic,
and live with the inclusion of exogenous PS (187). Their study
concluded that phagocytosis is directly proportional to PS levels.
Thus, PS exposure is a critical factor for the clearance of apoptotic
materials. Although PS and its receptors are critical for phagocytic
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recognition, the Albert group have demonstrated that integrin
subunits avp3 and avf5 on macrophages and DCs, respectively,
participate in phagocytic clearance of apoptotic cells, but these
studies did not investigate a possible involvement of PS in the
phagocytic process (162, 188). Furthermore, oxidation levels on
apoptotic cellsand ApoV create abindingsite for thrombospondin
and the complement protein C3b, which are in turn recognized
by phagocytes (38, 189, 190). CD44-deficiency has been shown to
impair apoptotic cell clearance in the lungs (191). This coincides
with our study that showed that ApoV express higher CD44 than
MYV and exosomes (99). The fact that apoptotic cells and their
ApoVs are efficiently recognized by the immune system opens a
potential use of ApoV for vaccination against cancer. Indeed, PS
exposure is seen in all EV (38, 46, 99, 192), and PS participates in
the uptake of exogenous antigens (29, 193). However, the slight
increase of PS levels on ApoV (96, 99), above that observed for
MYV and exosomes could still be the threshold necessary to induce
a superior immune response. There have been several clinical tri-
als for cancer treatments using exosome-borne tumor antigens,
but with poor outcome (194-197). Nevertheless, since immune
cells efficiently recognize antigens on ApoV (47, 170, 177, 198),
ApoVs remain of interest for cancer immunotherapy.

ApoV can act as immunostimulatory or immunosuppressive.
This greatly highlights our lack of understanding of the complex-
ity of ApoV interactions with the immune system. Adding to the
complexity of our understanding, in vitro-generated ApoV is not
immediately engulfed, as would be expected to happen in vivo.
Therefore, the results of in vitro studies may not always reflect
the true in vivo situation. Unfortunately, there are limited studies
regarding tumor-derived ApoV and their implications for cancer
and the immune system. Because tumor-derived ApoVs are
strongly thrombotic (see below), this makes it difficult to conduct
immune activation studies utilizing systemic application of ApoV
regarding of tumor-derived ApoV (48, 99).

COULD CD169 BE THE GATE FOR
EV-DRIVEN LYMPH NODE METASTASIS?

One of the most important events of tumor metastasis is the
migration of tumor cells from the primary site to the draining
lymph node [LN; Ref. (199)]. Invading tumor cells eventually
spread to other LNs in a sequential fashion starting and ending
from the closest (draining) to most distal LN, respectively (200).
In fact, there is convincing evidence that draining LNs are the best
prognostic estimators for the status of the entire lymphatic nodal
system (201). Within the subcapsular sinus (SCS) of LN, mac-
rophages are the first to be exposed to antigens and have a role in
presenting the captured antigens to APC, including B cells (202).
Hood et al. have demonstrated that B16F10-derived exosomes
accumulate in and prepare the draining lymph node for tumor
invasion (203). This mechanism is often termed “seed and soil”
in metastasis, where tumor-derived EVs are regarded as “seeds”
preparing a particular site (the soil) for tumor cell invasion (204,
205). The studies suggest that tumor-derived EVs facilitate inva-
sion by enhancing angiogenesis and immunosuppression in situ
(22, 203, 206). Interestingly, a macrophage-restricted receptor

known as sialoadhesin (CD169; Siglec-1) is abundantly expressed
on the surface of macrophages within the SCS of LN, marginal
zones of the spleen, and liver [Kupffer cells; Ref. (49)]. CD169 is a
member of the sialic-acid binding Ig-like lectin family of proteins;
this enriched level of CD169 expression allows these CD169*
macrophages to bind to glycoproteins bearing terminal sialic
acids (207). Depending on the experimental setting, CD169*
macrophages mediate a tolerogenic or immunogenic response to
self-antigens, infection, and tumor models (208-212).

Several studies that deplete the entire CD169" macrophage
population (using diphtheria toxin or clodronate liposomes)
indicate that the function of CD169* macrophages is immu-
nogenic (213-216). In cancer, the Tanaka groups CD169*
macrophage depletion model showed that the cells have a critical
role in the anti-cancer effect (212). Interestingly, they show that
upon immunization with dead tumor cells, CD169" macrophages
cross-present tumor antigens to CD8* T cells thereby mediating
a cytotoxic-mediated anti-cancer immune response. Consistent
with these findings, Pucci et al. showed that tumor spread is
significantly reduced when tumor-derived EV are captured by
CD169 (209). The results showed that CD169 poses a physical
barrier to block tumor-derived EV interactions with LN B cells
preventing pro-metastatic humoral immunity (209).
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FIGURE 2 | The subcapsular sinus of lymph nodes (LN) is rich in
macrophages expressing the surface molecule CD169. EVs are enriched

in surface sialylated ligands. (A) CD169+ macrophages can bind to these EV
in a sialic acid-dependent manner. CD169 binds to «2,6 and «2,3 sialic acids
but prefers the latter (47, 49). (B) EL4 (thymoma)-derived apoptotic vesicle
(ApoV) immunization, CD169~~ mice elicit a significant enhanced cytotoxic
response (47). The invasion of tumor cells from the primary site to the
draining LN is unaffected by CD169 (217). However, the direct implication

of EV and tumor metastasis with respect to CD169 remains unknown.

(C) When depleted, CD169* macrophages have a critical role in the
anti-cancer effect (212). CD169* macrophages cross-present tumor antigens
from dead tumor cells to CD8* T cells thereby mediating a cytotoxic-
mediated anti-cancer immune response.
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The function of the high surface sialylated state of EV
remains unclear, however, studies have identified that CD169*
macrophages exclusively capture EV in a CD169-sialic acid-
dependent manner (47, 49). EV-immunized CD169-deficient
mice display a significant elevated immunogenicity, suggesting
that the function of the CD169 receptor itself may be immu-
noinhibitory [Figure 2; Ref. (47, 49)]. However, our recent study
suggested that progression of primary tumor growth and LN
metastasis was not significantly associated with CD169 expres-
sion in mice (217). Despite this, the direct implication of CD169
capture of EV (the “seed”) and CD169 (the “soil” receptor) in
tumor metastasis has not been extensively investigated. Since
cancer patients have an increased level of circulating tumor-
derived EV bearing pro-metastatic factors highlights the urgency
to further explore the role of the tumor EV receptor CD169 in
cancer progression.

TUMOR-DERIVED ApoV AND
COAGULATION

Thrombosis is a pathophysiological condition characterized by
localized clotting of the blood within a blood vessel leading to a
blockage of blood flow (218, 219). In venous thromboembolism
(VTE), the wall of the endothelium remains intact but may
transform from an anticoagulant to a procoagulant surface (218,
219). Cancer patients have a fourfold increased risk of developing
VTE (220, 221). Strikingly, this risk is increased to more than
sixfold when the patients are receiving chemotherapy (221, 222).

The risk of VTE depends on the cancer type and stage as well as
the type of anti-cancer drug administered, which may alter the
hemostatic state in patients (223, 224). Tamoxifen, gemcitabine,
and platinum-based compounds, for example, are known to lower
the levels of circulating anticoagulants (225-228). In contrast,
thalidomide treatment for leukemia does not increase the risk
of VTE unless combined with other drugs (229, 230). In general,
solid tumors pose a greater risk of VTE and worsened prognosis
as compared to lymphomas (231). It is now evident that the lead-
ing cause of death in cancer patients receiving chemotherapy is
VTE (223, 224).

The shedding of procoagulant EV from human cancer cells
was first reported in 1981 (232). In the later decades, tissue fac-
tor (TF; CD142) and PS exposure were identified as the main
procoagulant components of EV (233). TF expression in tumor
cells is linked to the mutations in p53 and phosphatase and tensin
homolog PTEN (234), resulting in dysregulation of TF expression
which may be upregulated 10°-fold compared to non-malignant
counterparts (235). TF is an integral membrane protein with a
MW of approximately 45 kDa. TF is not only present on the sur-
face of most non-hematopoietic tumors but is also present in EV's
released from these tumor cells (47, 48, 99, 235-238). Although
the majority of procoagulant TF is vesicle associated, an alter-
natively spliced soluble form of TF acts independently of FVII
to stimulate angiogenesis (239, 240). Moreover, the cytoplasmic
domain of TF is involved in signaling events that promote tumor
metastasis, further demonstrating that TF displays pro-metastatic
function independent of FVII (241).
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source of increasing the risk of thrombosis and metastasis in cancer patients undergoing chemotherapy.
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The association of tumor-derived EV and thrombotic risk
is now well-appreciated (193, 233, 242-244). Cancer patients
have a significantly higher number of circulating EV compared
to healthy controls (243-245). For example, pancreatic cancer
patients undergoing chemotherapy are known to possess elevated
levels of TF-bearing EV, thus increasing the risk of VTE (246). This
phenomenon was observed by Zwicker et al. when they concluded
that TF-bearing EV's were associated with VTE in cancer patients
(244).Since VTEriskis increased by chemotherapy, this implicates
tumor-derived ApoV released from dying tumor cells (Figure 3).
Although the levels of detected EV in chemotherapy patients are
increased, it remains difficult to determine their identity as either
tumor, leukocyte, platelet, or endothelial-derived particles. In
addition, there is a vast overlap between tumor-derived exosomes,
MYV, and ApoV with respect to their size, lipid compositions, sur-
face markers, morphology, and functional behavior (21, 96, 99).
In vitro assays indicate that tumor-derived ApoV are significantly
procoagulant in a TF/PS-dependent manner (48, 99, 247). The
predisposition to VTE observed in cancer patients may be due
to the close association of tumor with the extensive networks
of vasculature, allowing the direct interaction of tumor-derived
EV with blood-borne coagulation factors. However, the depth
of the contribution of local release of tumor EV to the systemic
hypercoagulable state observed in cancer patients remains to be
elucidated (220, 222, 248, 249).

The presence of TF on ApoV may contribute to metastasis,
since TF-mediated coagulation aids cancer progression (241,
253). In 1995, Bromberg et al. were the first to demonstrate a
coagulation-independent role for metastasis by TF through
mutation of a TF region required for the initiation of coagula-
tion (241). Interestingly, despite the dramatically lower ability of
the extracellular mutant to initiate coagulation, metastasis still
occurred. This coagulation-independent effect was likely due to
the additional function of TF in the activation of the protease-
activated receptor-2 (PAR-2), present on the surface of tumor
cells (250-252). TF binds to and activates factor VII, activated
factor VII (FVIIa) cleaves PAR-2, resulting in signal transduction
events important in angiogenesis that enhances tumor blood
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Apoptotic Cell-Derived Extracellular
Vesicles: More Than Just Debris

Sarah Caruso and Ivan K. H. Poon*

Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, VIC,
Australia

The many functions of extracellular vesicles (EVs) like exosomes and microvesicles
released from healthy cells have been well characterized, particularly in relation to their
roles in immune modulation. Apoptotic bodies, a major class of EV released as a product
of apoptotic cell disassembly, and other types of EVs released from dying cells are also
becoming recognized as key players in this emerging field. There is now increasing
evidence to suggest that EVs produced during apoptosis have important immune regu-
latory roles, a concept relevant across different disease settings including autoimmunity,
cancer, and infection. Therefore, this review focuses on how the formation of EVs during
apoptosis could be a key mechanism of immune modulation by dying cells.

Keywords: apoptotic bodies, apoptotic microvesicles, extracellular vesicles, immunomodulation, apoptosis

IMMUNE REGULATION BY EXTRACELLULAR VESICLES (EVs)

There are three main types of EVs formed by a cell, namely exosomes, microvesicles, and apoptotic
bodies (ApoBDs). These three types of EVs vary in size, content, and mechanism of formation
(Figure 1) (1). To date, exosomes and microvesicles generated from healthy cells are more extensively
characterized and the formation of these EVs is key in mediating intercellular communication and
immune regulation. Exosomes and microvesicles have been shown to play an important role in pro-
cesses including antigen presentation, immune suppression, antitumor immunity, and autoimmun-
ity. This has been the subject of many reviews, highlighting how EVs modulate immune responses
by a myriad of mechanisms (2-5). Of particular interest is how the contents of exosomes and
microvesicles enable them to regulate immune cell functions. Notably, these EVs can exhibit immune
activating or immune suppressing properties depending on the specific circumstances. For example,
exosomes have been shown to either activate or dampen the overall cytokine response through
regulation of gene expression in monocytes and release of soluble cytokine receptors, respectively
(6, 7). Exosomes derived from dendritic cells, B lymphocytes, and tumor cells have also been shown
to regulate immunological memory through the surface expression of antigen-presenting MHC I and
MHC II molecules, and subsequently eliciting T cell activation and maturation (8-12). Exosomes
can also play a role in cross-presentation pathways and have been shown to promote dendritic cell
activation and maturation (12). Furthermore, microvesicles can modulate immune responses by
transporting cytokines such as IL-1p (13) and proinflammatory microRNAs (14).

Both exosomes and microvesicles are generally described as EVs released from healthy cells,
however, dying cells can also release a variety of EVs, broadly known as apoptotic cell-derived EV's
(ApoEVs) (Figure 1) (1, 15, 16). Subtypes of ApoEVs include large membrane-bound vesicles like
ApoBDs (15, 17) or smaller apoptotic microvesicles (ApoMVs) (18, 19), both of which are described
in detail below. While it has been well established that EVs can exhibit immunomodulatory effects,
most studies have focused on EVs released from healthy cells, with EVs released from dying cells
largely understudied. Nevertheless, a number of studies have suggested that ApoEVs have similar
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FIGURE 1 | Extracellular vesicle (EV) formation and immune functions of apoptotic cell-derived EVs (ApoEVs). (A) Healthy cells form two main types of EV, namely
exosomes that are release via exocytosis of multivesicular bodies, and microvesicles that are shed from the plasma membrane. During apoptosis, dying cells can
also release ApoEVs. Apoptotic cells can undergo morphological changes including membrane blebbing, thin membrane protrusion formation (microtubule spikes,
apoptopodia, and beaded-apoptopodia), and generation of distinct apoptotic bodies (ApoBDs). Apoptotic cells can also release EVs that are similar in size as
microvesicles (ApoMVs), however, it is unclear if ApoMVs are generated via the same mechanism as microvesicles from healthy cells. Whether apoptotic cells can
generate vesicles that are similar to exosomes is undetermined. (B) ApoEVs can harbor “find-me” signals (e.g., CX3CL1 and ICAM-3) to attract phagocytic cells,
as well as “eat-me” signals [e.g., ICAM-3, phosphatidylserine (PtdSer), and sialylated and glycosylated ligands] to promote uptake by phagocytes. (C) ApoEVs have
MHC Il molecules on their surface, which is essential for direct antigen presentation to naive CD4+ T cells and activation of immunological memory. ApoEVs can
also carry antigen to professional antigen-presenting cells (e.g., dendritic cells). Antigens carried by ApoEVs include autoantigens, tumor antigens, and microbial
antigens. (D) ApoEVs can promote inflammation by transporting proinflammatory cytokines such as IL-1a and damage-associated molecular patterns including
DNA and HMGB1. (E) ApoEVs can aid HIV infection by inhibiting dendritic cell activation. Chikungunya virus (CHIKV) can hijack ApoEVs to propagate infection to

neighboring cells.

functional importance as EV's released from healthy cells. ApoEV
formation has two key proposed functions: (a) aiding apoptotic
cell clearance and (b) means of intercellular communication,
both of which have implications in immune regulation. Many
cells in the body are constantly undergoing apoptosis, and while
a large portion of these are healthy cells undergoing normal
turnover, apoptosis also occurs in many immunological and dis-
ease settings including inflammation, infection, autoimmunity,
and cancer (20-23). Here, we discuss how ApoEVs may act as an
immunomodulatory mechanism for apoptotic cells.

GENERATION OF EVs DURING
APOPTOSIS

As first described by Kerr et al., during apoptosis a cell undergoes
a series of morphological changes resulting in the dismantling of
the dying cell (17). Recently, disassembly of the apoptotic cell is
categorized into three distinct morphological steps, namely apop-
totic membrane blebbing, thin membrane protrusion formation,

and ultimately generation of ApoBDs that are generally defined as
1-5 pm in diameter (15, 17) (Figure 1). While less is known about
the mechanisms driving the formation of ApoBDs compared to
other types of EVs, recent studies suggest that it is a highly regu-
lated process and has been reviewed in detail (15, 16, 24). Besides
ApoBDs, cells can also release smaller EVs such as ApoMVs
(<1 pmin diameter) during the progression of apoptosis, possibly
through membrane budding (18, 19, 25, 26). However, molecular
regulators of ApoMV's formation are not well defined.

It is important to note that in the literature there are striking
discrepancies in the characterization and isolation of ApoEVs
(27, 28). Aside from size, currently there are no well-defined
criteria to distinguish ApoBDs from other ApoEVs, in particular
ApoMVs. Although proteomic studies comparing these ApoEV
subtypes have been performed (25, 26), clear standard for the
characterization and purification of ApoEV subtypes is lacking
(highlighted in Table 1). These discrepancies make it difficult to
draw accurate conclusions regarding the functions of ApoEVs
and caution should be taken when interpreting data involving
ApoEVs. Taking these limitations into consideration, here we use
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TABLE 1 | Variation in nomenclature and isolation/characterization methods in articles describing the immunomodulatory properties of ApoEVs.

Author and Reference Nomenclature used Summary of main findings Isolation/characterization method ApoEV subtype (ApoBDs,
year by the authors ApoMVs, or unclear?)
Segundo et al. (39) Apoptotic blebs Cell-depleted supernatant from apoptotic B cells stimulated Centrifugation at 300 g to remove cells, followed by Mix of ApoMVs and ApoBDs
(1999) macrophage chemotaxis. When the supernatant was passed 100,000 g spin to collect vesicles. Purity of cell-depleted

through a 0.1 pum filter this effect was lost, suggesting larger supernatant validated by microscopy
vesicles are responsible for the observed effect

Thery et al. (25) ApoMVs Proteomics analysis of exosomes and apoptotic vesicles was  Isolation of ApoEVs by differential centrifugation (300, 1,200, Mix of ApoBDs and ApoMVs
(2001) performed and showed differential enrichment of proteins 10,000, and 110,000 g). Vesicles were further characterized

between each vesicle type. Total vesicle number increased in by flow cytometry and exposure of surface PtdSer monitored

the apoptotic samples

Schaible et al. (57) Apoptotic vesicles Apoptotic vesicles from tuberculosis-infected macrophages Isolation of ApoEVs by differential centrifugation (800, 1,800, Unclear
(2003) transferred bacterial antigen to dendritic cells. After engulfment 25,000, and 100,000 g). Size of vesicles used not described

of these apoptotic vesicles, dendritic cells could then

crossprime CD8* T cells

Distler et al. (43) Microparticles Engulfment of ApoEVs by macrophages induced macrophage Centrifugation at 1,500 g to remove cells, followed by Mix of ApoMVs and ApoBDs
(2005) apoptosis and the release of microparticles 100,000 g spin to collect vesicles. Vesicles further
characterized by flow cytometry
Winau et al. (58) Apoptotic vesicles Vaccination with apoptotic vesicles protected mice against Isolation of ApoEVs by differential centrifugation (800, 1,800, Unclear, likely ApoMVs
(2006) tuberculosis infection 25,000, and 100,000 g). Size of vesicles validated by EM
(approximately 500 nm)
Schiller et al. (53) ApoBDs Autoantigens such as H2B and DNA, RNA were distributed Centrifugation at 300 g to remove cells, and the supernatant Mix of ApoMVs and some
(2008) into ApoBDs from lymphoblasts, which were subsequently passed through a 1.2 um filter, followed by 100,000 g spin to ApoBDs
engulfed by monocyte-derived phagocytes. Lymphoblasts collect vesicle. Large ApoBDs may be excluded. Vesicle size
showed an increase in vesicle formation during apoptosis determined by EM (approximate 500 nm)
Truman et al. (37) Apoptotic CXBCL1/fractalkine released as vesicle-associated signal Cell-free supernatant was used (procedure not described). Unclear
(2008) microparticles from apoptotic B lymphocytes Vesicles were further characterized by flow cytometry and
exposure of surface PtdSer monitored
Fransen et al. (36) Apoptotic blebs Apoptotic blebs were engulfed more efficiently than apoptotic ~ Apoptotic cells were centrifuged at 1,550 g (this pellet is likely to Mix of ApoMVs and ApoBDs
(2009) cells by dendritic cells. Only the blebs but not the apoptotic contain large ApoBDs). Supernatant were centrifuged at 15,700 g
cells induced dendritic cell maturation and IL-6 release to isolate “apoptotic blebs.” No vesicle size validation described
Reich and (52) Microparticles Microparticles contained DNA and RNA that antibodies Centrifugation at 400 g to remove cells, and the supernatant Mix of ApoMVs and some
Pisetsky (2009) could access passed through a 1.2 pm filter. Small ApoBDs may be included. ApoBDs
No vesicle size validation described
Berda-Haddad (42) ApoBDs, ApoBDs but not microparticles contained IL-1a and Centrifugation at 300 g to remove apoptotic cells, followed by ApoBDs and ApoMVs
etal. (2011) microparticles induced neutrophil infiltration in vivo 4,500 and 75,000 g spin to collect vesicles. Apoptotic supernatant

was analyzed by flow cytometry, and different sized beads were
used to identify 1-3 um events (ApoBDs) and 0.5-1 pm events

(microparticles)
Krejbich-Trotot (71) Apoptotic blebs Infection of Hela cells with Chikungunya virus induced Analyzed vesicle function using inhibitors of membrane ApoBDs, possibly ApoMVs
etal. (2011) apoptosis and infection of neighboring cells. Blocking blebbing (ROCK1 inhibitors and actin polymerization inhibitors).
blebbing and apoptotic bleb formation decreased Vesicle size not determined
infection of neighboring cells
Bilyy et al. (50) Subcellular Glycosylated ligands were detected on the surface of Procedure for isolating scMP and vesicle size validation not Unclear
(2012) membranous scMP, which acted as an “eat-me” signal for macrophages described. scMP population monitored by flow cytometry

particle (scMP)

(Continued)
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TABLE 1 | Continued

Author and Reference Nomenclature used Summary of main findings Isolation/characterization method ApoEV subtype (ApoBDs,
year by the authors ApoMVs, or unclear?)
Farinacci et al. (56) Apoptotic vesicles Apoptotic vesicles from tuberculosis-infected macrophages Isolation of ApoEVs by differential centrifugation ApoMVs
(2012) activated dendritic cells following engulfment and (800, 1,800, 25,000, and 100,000 g). Vesicle size determined
subsequently primed CD4+ and CD8* T cells by EM (40-250 nm)
Frleta et al. (70) Apoptotic HIV infection induced the production of apoptotic Centrifugation at 400 g to remove cells, and the supernatant ApoMVs and possibly some
(2012) microparticles microparticles that could suppress the ability of dendritic ultracentrifuged at 100,000 g. Vesicles were further characterized ~ ApoBDs
cells to prime CD8 T cells by flow cytometry and exposure of surface PtdSer monitored.
Vesicle size determined by EM (0.1-1 um)
Schiller et al. (19) Apoptotic cell- Apoptotic microparticles stimulated dose-dependent IFN-a Centrifugation at 500 g to remove cells, and the supernatant Mix of ApoMVs and some
(2012) derived membrane production from plasmacytoid dendritic cells, whereas passed through a 1.2 pm filter followed by 100,000 g spin to ApoBDs
microparticles supernatants from viable or necrotic cells had no effects collect vesicles. Small ApoBDs may be included. Vesicles further
(AdMPs) characterized by flow cytometry
Torr et al. (40) Apoptotic ICAM-3 was lost from the surface of apoptotic cells Centrifugation at 350 g to remove apoptotic cells, and the Mix of ApoMVs and ApoBDs
(2012) microparticles with the formation of ICAM-3-associated apoptotic supernatant was used. Vesicle size determined by dynamic
microparticles. These vesicles promoted macrophage light scattering (average 200 nm in diameter, much smaller than
recruitment, while vesicles from ICAM-3 deficient cells expected based on the isolation procedure)
were less effective
Fehr et al. (63) Apoptotic cell-derived Apoptotic blebs increased expression of dendritic cell Centrifugation at 500 g to remove cells, and the supernatant Mix of ApoMVs and some
(2013) membrane vesicles,  activation markers, but decreased MHC Il on dendritic passed through a 1.2 pm filter. Small ApoBDs may be included. ApoBDs
apoptotic blebs cells. Apoptotic blebs-treated dendritic cells failed to Vesicles further characterized by flow cytometry
induce T cell proliferation
Schiller et al. (69) Apoptotic cell-derived HMGB1 detected in vesicles generated during apoptosis Centrifugation at 500 g to remove cells, and the supernatant Mix of ApoMVs and some
(2013) membraneous passed through a 1.2 pm filter followed by 100,000 g spin to ApoBDs
vesicles (ACMVs) collect vesicles. Small ApoBDs may be included. Vesicles further
characterized by flow cytometry
Eguchi et al. (41) Microparticles Adipocyte microparticles promoted monocyte The supernatant following centrifugation at 2,000 g was Mix of ApoMVs and ApoBDs
(2015) chemotaxis both in vitro and in vivo used. Exposure of surface PtdSer on vesicles monitored by
flow cytometry
Niessen et al. (44) AdMPs Uptake of apoptotic microparticles by macrophages Centrifugation at 500 g to remove cells, and the supernatant Mix of ApoMVs and some
(2015) promoted the release of proinflammatory cytokines passed through a 1.2 pm filter followed by 100,000 g spin. Small ~ ApoBDs
IL-6, IL-8, and TNFa ApoBDs may be included. Size of vesicles used not described
Zirngibl et al. (54) ACMVs Autoantigen histone H2B was shown to be loaded into Monitored apoptotic vesicles by microscopy and classified into N/A
(2015) apoptotic vesicles in a cytoskeleton-dependent manner small (<1 pm), medium (1-3 pm), or large (>3 pm) vesicles
Black et al. (51) Apoptotic vesicles CD169 (macrophage adhesin molecule) on apoptotic Isolation of ApoEVs by differential centrifugation (25,000 g pellet).  ApoMVs
(2016) vesicles suppressed dendritic cell-mediated cytotoxic Sucrose gradient was used to separate ApoEVs from
T cell response non-apoptotic material (only used fractions with p-actin).
Vesicle size determined by CryoEM (35-814 nm)
Muhsin- (66) Apoptotic vesicles, Apoptotic vesicles were able to activate naive T cells Centrifugation at 450 and 3,200 g to remove cells, followed ApoMVs
Sharafaldine MVs and stimulate immunological memory via vesicle- by a 25,000 g spin. Sucrose gradient was used to separate
et al. (2016) associated MHC/antigen complex ApoEVs, microparticles, and exosomes. Vesicle size determined

by CryoEM and dynamic light scattering (103-816 nm)
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<< << $g It has been well established that apoptotic cells coordinate a num-

ber of intercellular signals to aid in their detection and removal,
and these signals are critical to ensure the immunologically
silent characteristic of apoptosis (22, 29). Defective apoptotic
cell clearance has been identified as a key contributing factor to
autoimmune disease, whereby cells that are unable to be cleared
efficiently eventually undergo secondary necrosis and release
potentially damaging proinflammatory contents and autoanti-
gens (30-32). There has been mounting evidence suggesting that
the release of ApoEVs during apoptosis can promote clearance
of apoptotic material, with the mechanism underpinning this
process discussed below (33-36).

“Find-Me” Signals in Association
With ApoEVs

For efficient apoptotic cell clearance, the recruitment of phago-
cytic cells toward the site of cell death is essential. To this end,
apoptotic cells can release molecular factors known as “find-me”
signals to attract phagocytes. Traditional “find-me” signalsinclude
the release soluble factors such as ATP, UTP, CX3CL1/fractalkine,
and lysophosphatidylcholine (21, 22, 37, 38). However, there is
also evidence of ApoEV-associated “find-me” signals being
released from apoptotic cells.

While few studies elucidated the specific molecules involved
in ApoEV-mediated recruitment of phagocytes, they have
demonstrated ApoEVs to exhibit chemoattractive properties
(39-41). Nevertheless, the “find-me” signal CX3CL1/fractalkine
was found to be released from apoptotic B lymphocytes in asso-
ciation with ApoMVs (37) and the chemoattractive molecule
ICAM-3 was associated with ApoEVs generated from apoptotic
lymphoma cells (40). It is interesting to note that ApoEV's appear
to have preferential recruitment of macrophages but not neutro-
phils (41). Such selective recruitment of different phagocytes by
ApoEVs may be related to the subtype of ApoEVs being released
by the apoptotic cell, in which one study comparing endothelial
cell-derived ApoEVs of different size showed that only larger

Centrifugation at 1,500 rpm to remove cells, followed by 22,000 g Mix of ApoBDs and ApoMVs

spin to collect vesicles from apoptotic cells generated in vitro.
spin to collect vesicles from plasma. Vesicles further characterized

by flow cytometry and exposure of surface PtdSer monitored
and 100,000 g (microvesicles). ApoEVs were further characterized

pellet), 1,400 g (ApoBDs), 16,000 g (ApoBDs and microvesicles),
by flow cytometry, ApoBDs (1-4 um), and ApoMVs (0.1-1 pm),

through a 1.2 pym filter. Further centrifugation at 10,000 g to pellet
large EVs followed by 100,000 g to pellet small EVs. Vesicle size

based on sizing beads. Authors commented on size overlap and
distribution determined by nanoparticle tracking analysis

Centrifugation at 2,000 g to remove cells, followed by 22,000 g
how complete separation is not possible

Isolation of ApoEVs by differential centrifugation at 357 g (cell

Isolation/characterization method

Noted an increase in large EVs (200-1,000 nm) being released Centrifugation at 300 g to remove cells, supernatant passed

to be antigenic when not digested by DNase1L.3 and
proinflammatory cytokine production. Highlighted differences
between subtypes of vesicles generated during apoptosis
from T cells following the induction of apoptosis. Performed
proteomic analysis on different EV subsets and identified
several proteins that may be specific to T cell ApoEVs

could contribute to an SLE-like condition
apoptotic stimuli. These vesicles mediated autoantigen

DNA contained in apoptotic microparticles was shown
and microparticles) when Hela cells were exposed to
transfer to plasmacytoid dendritic cells, resulting in

Noted an increase in vesicles formation (ApoBDs

Reference Nomenclature used Summary of main findings

ApoMVs, apoptotic microvesicles; ApoBDs, apoptotic bodies; ApoEVs, apoptotic cell-derived EVs,; PtdSer, phosphatidylserine; EVs, extracellular vesicles; SLE, systemic lupus erythematous.

aWhere there was no indication from the purification procedure if the ApoEVs used were ApoMVs (50-1,000 nm) or ApoBDs (1,000-5,000 nm).

22 2 ApoEVs (1-3 um in diameter, corresponding to ApoBDs)
5 ? g% g 20 promoted neutrophil migration, whereas smaller EVs (<1 pm,
£ 9 g3¢ 3O . . .
ERRS L SRS o8 = corresponding to ApoMVs) could not (42). It is worth noting that
= 0 0 =
2 g g 22 g g % = this phenomenon has been observed in vitro as well as in vivo,
2 <c(°z £ <cC(’z § £ <c(°x 3L where intraperitoneal administration of ApoBDs in a mouse
model stimulated neutrophil infiltration (42). Thus, different
= & & subtype of ApoEV's may have distinct functions in apoptotic cell
3 < = < clearance.
>
£
£ .
S v | _ . ApoEV Formation Promotes Engulfment
21 E =
R B % G Besides attracting phagocytes, formation of ApoEVs, in particular
a .g L | 8T s~ 2 cell fragmentation into ApoBDs has been suggested to enhance
< 58|20 £9 S o . . .
Flxsland 9 =R removal of apoptotic material, an effect probably attributed to
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the size of ApoBDs being smaller bite-size pieces that can easily
be engulfed by phagocytes. Supporting this concept, it has been
shown that dendritic cells can more readily engulf smaller ApoBDs
than whole apoptotic cells (16, 36). Furthermore, cells undergoing
apoptotic cell disassembly and therefore producing ApoEV's are
more efficiently engulfed by macrophages (33, 43, 44).

It should be noted that exposure of “eat-me” signals, such
as phosphatidylserine (PtdSer), on apoptotic cells label them
for clearance by phagocytes (22, 45). Likewise, ApoEVs can
also expose “eat-me” signals like PtdSer on their surface and be
recognized by macrophages for removal via phagocytic receptors
such as CD36 (43, 46-49). Interestingly, ApoEVs can also expose
ICAM-3, and specific sialylated and glycosylated ligands on its
surface to trigger recognition and engulfment by macrophages
(40, 50, 51).

ApoEVs AS KEY REGULATORS
OF ANTIGEN PRESENTATION

An important immunomodulatory property of EVs is their
ability to aid antigen presentation, a fundamental process for
adaptive immunity. As mentioned above, EVs like exosomes
have been shown to mediate antigen presentation via direct and
cross-presentation mechanisms (8-12). Similarly, ApoEVs can
also regulate antigen presentation via these mechanisms in a
number of disease settings including autoimmunity (18, 52-54),
antimicrobial immune responses (55-58), and organ/transplant
rejection (59). Direct antigen presentation involves the vesicle
carrying surface MHC molecules in complex with antigenic pep-
tide to directly interact with naive T cells (60). ApoEV's generated
from dendritic cells and B16-F1 melanoma cells carried MHC II
molecules suggesting the potential of ApoEVs to activate CD4*
T cells (61). Alternatively, cross-presentation relies on the vesicle
transporting the antigen to professional antigen-presenting cells,
in particular dendritic cells, for antigen processing and presenta-
tion to CD8" T cells (62). In one study, ApoEV's generated from
Mycobacterium tuberculosis-infected mouse macrophages were
found to transfer bacterial-derived antigens to dendritic cells,
and subsequently activate naive CD8* T cells (57). Furthermore,
engulfment of ApoEVs by dendritic cells has also been shown to
modulate their antigen-presenting capabilities. ApoEV's generated
from lymphoblasts were found to suppress immune responses by
downregulating MHC II molecules on dendritic cells (63).

While the mechanisms underpinning the ability of ApoEVs
to modulate antigen presentation are diverse, it is clear that
ApoEVs can contribute to the development of autoimmunity,
and establishment of antitumor and antimicrobial immunity by
regulating the antigen presentation process, as discussed further
in detail below.

ApoEVs as Mediators of Autoimmunity

As discussed above, impaired clearance of dying cells is a major
factor contributing to the development of autoantibodies in auto-
immune conditions (30-32). Although the formation of ApoEV's
has been shown to promote apoptotic cell clearance (36, 40,
43, 51) and thus limiting the release on intracellular antigenic and

proinflammatory contents, ApoEVs formation has also been pro-
posed as a mechanism of facilitating the transport of autoantigens
to antigen-presenting cells and drive autoimmunity. In particular,
ApoEVs have been implicated in the development of systemic
lupus erythematous (SLE), whereby autoantigens such as histone
H2B can be translocated into ApoEVs during the early stages
of apoptosis in HeLa cells via a microtubule driven mechanism
(54). Lymphoblast-derived ApoEVs containing histone were also
more readily engulfed by monocyte-derived phagocytes (53).
Furthermore, ApoEV-associated autoantigens like DNA can bind
directly to antinuclear antibodies (52, 64), a common feature of
autoimmune conditions (65). In addition to autoantigens associ-
ated with SLE, Sjogren’s syndrome nuclear autoantigens, such
as hyl-RNA, are also detectable in both ApoMVs and ApoBDs
generated from epithelial cells and can be transferred to dendritic
cells via these ApoEVs (18).

Promoting Antitumor Immunity Through
ApoEVs

With most cancer treatments focusing on inducing apoptosis in
tumor cells, it becomes important to consider how the release
of ApoEVs from dying tumor cells will impact the immune
response toward the tumor. Recently, it has been shown that
ApoMVs derived from tumorigenic apoptotic melanoma cells
can promote antitumor immunity, in which mice immunized
with ApoM Vs generated from B16-F1 cells following doxorubicin
treatment were protected against subsequent tumor challenges
(61). Importantly, the tumor antigen PMEL was also found in
ApoMV:s (66), supporting the concept that ApoM Vs can facilitate
the transport of tumor antigens to antigen-presenting cells to
promote antitumor immunity. It is interesting to note that despite
ApoMVs having a relatively lower quantity of the tumor antigen
PMEL as compared to other EVs like exosomes, the antitumor
protective effect of ApoMV immunization was greater (61), sug-
gesting that ApoMV's may aid antigen presentation via a different
mechanism as other EVs and were able to promote a more robust
antitumor immune response. As discussed earlier, “eat-me” sig-
nals such as PtdSer are present on ApoEV's (43, 46). Interestingly,
another “eat-me” signal, calreticulin, that are exposed on certain
apoptotic tumor cells can play a key role in promoting antitumor
immunity through dendritic cells (23, 48, 67, 68). Therefore, it
would be of interest to determine whether calreticulin is present
on ApoEVs and whether exposure of calreticulin is important for
ApoEV-mediated antitumor immunity.

Establishing Antimicrobial Immunity
Through ApoEVs

In addition to the presentation of self-antigens, it is important
to note that under conditions where infected cells undergo
apoptosis, the resultant ApoEVs may also harbor antigens from
the infectious agent. The transfer of microbial-derived antigens
via ApoEVs to antigen presentation cells like dendritic cells
have been shown to provide a protective effect for the host. For
example, ApoEV:s released from apoptotic macrophages infected
with the M. tuberculosis can be engulfed by peripheral monocyte-
derived and splenic dendritic cells, which could subsequently

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1486


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Caruso and Poon

Apoptotic Cell-Derived EVs

activate the engulfing dendritic cells to prime naive CD4* or
CD8" T cells (56-58). Significantly, ApoEV's generated from M.
tuberculosis-infected cells were able to be used to vaccinate naive
animals and provided protection against tuberculosis infection,
highlighting the potential use of ApoEV's as vaccines (58). While
these studies focus on tuberculosis infection, ApoEVs could play
an important role in regulating antimicrobial immunity against
other pathogens, however, these remain underexplored.

ApoEVs MODULATE IMMUNE CELL
RESPONSES

In addition to antigens, ApoEVs can harbor a variety of biomol-
ecules that could directly modulate immune cells, most commonly
via vesicle-associated cytokines or damage-associated molecular
patterns (DAMPs), which could drive inflammation and dictate the
immune cell responses. For example, proinflammatory cytokine
IL-1a was detected in ApoBDs but not ApoMVs generated from
endothelial cells induced to undergo apoptosis by prothrombic and
hypoxic conditions in vitro (42). In a mouse model, administra-
tion of these endothelial cell-derived ApoBDs into the peritoneal
cavity was able to induce production of neutrophil chemokines
and promote neutrophil infiltration to drive sterile inflammation
(42). Furthermore, an increase in IFN-a production by plasma-
cytoid dendritic cells in response to DNA in lymphoblast-derived
ApoMV's was comparatively more pronounced than DNA isolated
from whole cells (19). In this case, vesicle-associated DAMPs were
responsible in promoting dendritic cell maturation, with the poten-
tial to promote damaging inflammation and possibly autoimmune
conditions (19, 53). Besides DNA, other DAMPs such as HMGB1
can also be found in ApoEVs derived from peripheral blood mono-
nuclear cells and T cells (26, 69).

HIJACKING ApoEVs DURING VIRAL
INFECTIONS

The potential protective effects of ApoEVs in infection was
discussed earlier, however, ApoEVs have also been implicated in
facilitating the spread of infection via two different mechanisms.
First, ApoEVs generated from infected cells could modulate the
immune response and makes it favorable for the progression of
infection. ApoMVs generated during HIV infection were able to
modulate the dendritic cells response via binding to the CD44
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Gram-negative pathogens ubiquitously shed outer membrane vesicles (OMVs) that play a
central role in initiating and regulating pathogenesis in the host. Due to their highly inflam-
matory nature, OMVs are extensively being examined for their role in mediating disease
in addition to their applications in innovative vaccines. A key mechanism whereby OMVs
mediate inflammation and disease progression is dependent on their ability to enter host
cells. Currently, the role of OMV size on determining their mechanism of cellular entry and
their protein composition remains unknown. In this study, we examined the mechanisms
whereby OMV size regulates their mode of entry into epithelial cells, in addition to their
protein cargo and composition. We identified that a heterogeneous sized population
of Helicobacter pylori OMVs entered epithelial cells via macropinocytosis, clathrin, and
caveolin-dependent endocytosis. However, smaller OMVs ranging from 20 to 100 nm in
size preferentially entered host cells via caveolin-mediated endocytosis. Whereas larger
OMVs ranging between 90 and 450 nm in size entered host epithelial cells via mac-
ropinocytosis and endocytosis. Most importantly, we identified the previously unknown
contribution that OMV size has on determining their protein content, as fewer and less
diverse bacterial proteins were contained within small OMVs compared to larger OMVs.
Collectively, these findings identify the importance of OMV size in determining the mech-
anisms of OMV entry into host cells, in addition to regulating their protein cargo, com-
position, and subsequent immunogenicity. These findings have significant implications in
broadening our understanding of the bacterial regulation of virulence determinants and
immunogenic proteins associated with OMVs, their role in mediating pathogenesis and
in refining the design and development of OMV-based vaccines.

Keywords: bacterial membrane vesicles, endocytosis, macropinocytosis, pathogenesis, proteomics, outer
membrane vesicles, size
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OMV Size Determines Cell Entry

INTRODUCTION

Gram-negative bacteria ubiquitously shed vesicles known as
outer membrane vesicles (OMVs) during their normal growth
[reviewed in Ref. (1, 2)]. OMVs are spherical, bi-layered mem-
brane vesicles ranging from approximately 20 to 350 nm in
size, and their release occurs naturally both in vitro and in vivo.
The importance of OMV production during the natural course
of infection and in pathogenesis has been highlighted by the
identification of OMVs within infected host tissues, including
the gastric mucosa of Helicobacter pylori infected individuals
(3), as well as in the cerebrospinal fluid and sera of patients with
meningococcal infection (4). In addition, the ability of OMVs
produced by commensal bacteria to prevent diseases such as
experimental colitis has been reported (5), further broadening
the role of OMVs in disease and gut homeostasis.

Outer membrane vesicles from a range of bacteria have
been identified to have a similar protein (6-8) and lipid (9)
composition to the outer membranes of their parent bacterium.
Specifically, OMVs may contain inner and outer membrane pro-
teins, periplasmic proteins (10), lipopolysaccharide (LPS) (10),
peptidoglycan (PG) (11), DNA (12-14), and toxins (3, 15-18).
As the protein composition of OMVs is highly similar to that of
their parent bacterium, their use and development as innovative
vaccines is being extensively examined (19-27). Therefore, due to
the similarity of OMV’s to their parent bacterium and their highly
immunogenic nature, OMV-based vaccines are currently being
developed and licensed for human use [reviewed in Ref. (27, 28)].

As OMVs contain many pathogenic proteins originating from
their parent bacterium, they are extremely effective at initiating
and regulating pro-inflammatory responses in the host. For
example, OMVs from the Gram-negative pathogens H. pylori,
Neisseria, Pseudomonas, Campylobacter, and Vibrio induce the
secretion of interleukin-8 (IL-8) by non-phagocytic epithelial
cells (11, 29-31). The ability of OMVs to initiate and mediate
a pro-inflammatory response in host epithelial cells is largely
dependent upon their uptake and entry into host cells. There
are numerous reported mechanisms, whereby OMVs enter
non-phagocytic epithelial cells to mediate inflammation in the
host. These include lipid-raft-dependent (11, 32-35), or lipid-
raft-independent mechanisms (29), in addition to the require-
ment for endocytosis (32, 34, 36-38) or macropinocytosis (33).
However, to date, the contribution of OMYV size on determining
the mechanism of OMV entry into non-phagocytic epithelial
cells, in addition to determining their protein composition has
not been examined and is the focus of this work.

In this study, we characterized the mechanisms whereby
H. pylori OMV size regulates their route of endocytic entry into
non-phagocytic epithelial cells, in addition to regulating their
protein content. Our findings revealed that a heterogeneous sized
population of OMVs entered human epithelial cells via macro-
pinocytosis, caveolin, and clathrin-dependent endocytosis. We
identified the previously unknown contribution of OMYV size on
determining the mechanism of entry into host cells. Specifically,
we found that smaller H. pylori OMV's ranging from 20 to 100 nm
in size entered epithelial cells via macropinocytosis, clathrin, and
caveolin-dependent endocytosis, and that inhibition of caveolin

had the greatest reduction in small OMV entry into host cells.
However, the entry of larger OMVs into epithelial cells was
inhibited by all mechanisms of endocytosis and did not appear
to display a bias for entry via any particular mechanism. Most
importantly, we determined that OMV size predetermines the
protein composition of OMVs, as larger OMV's contain a greater
number and wider range of proteins when compared to smaller
OMVs. Collectively these findings are the first to report that
OMYV size plays a role in the mechanisms of host cell entry and
their protein content and composition. These findings have major
implications for understanding the role of OMVs in mediating
bacterial pathogenesis and facilitating their design and develop-
ment as innovative vaccines.

MATERIALS AND METHODS

Bacterial Strains and OMV Purification
Helicobacter pylori 251 cagPAI (11) was cultured using Horse
Blood Agar medium (Blood Agar Base No2, Oxoid) or in Brain
Heart Infusion broth (Becton Dickinson, USA), supplemented
with 0.6% (w/v) p-cyclodextrin (Sigma-Aldrich, USA) by shak-
ing at 120 rpm. Cultures were grown at 37°C under microaerobic
conditions. H. pylori OMV's were purified from log phase cultures
as described previously (11). In brief, bacteria were pelleted from
overnight cultures by centrifugation at 2,500 X g for 20 min.
Supernatants were subsequently filtered using a 0.22 pm PES
filter and OMVss were pelleted from these supernatants by ultra-
centrifugation (100,000 X g, 2 h, 4°C). The resulting OMV pellets
were resuspended in PBS and protein concentrations determined
by the Bradford Protein Assay (Bio-Rad, USA).

Separation of OMVs by Size Using

Sucrose Gradient Purification

Outer membrane vesicle preparations in 6 ml were layered onto
discontinuous sucrose gradients, consisting of 12.5 ml 25% (w/v)
sucrose, 15.5 ml 42% (w/v) sucrose, and 5 ml 56% (w/v) sucrose
and subjected to ultracentrifugation (100,000 X g, 16 h, 4°C) (11).
Thirteen fractions (3 ml each) were collected, washed with PBS to
remove any remaining sucrose, and concentrated to a final vol-
ume of 500 pl using Amicon YM-10 columns (Millipore, Ireland).

Fluorescent Labeling of OMVs

Outer membrane vesicles (2 mg/ml) were labeled with 1% (v/v)
3,3’-dioctadecyloxacarbocyanine perchlorate (DiO; Molecular
Probes, USA) for 20 min at 37°C (39). Excess dye was removed
by washing OMVs three times with PBS using a 10 kDa MWCO
filtration column (Amicon).

Cell Culture

Human gastric adenocarcinoma (AGS) and human embryonic
kidney (HEK293) cells were routinely cultured using RPMI or
DMEM respectively, supplemented with 10% (v/v) fetal calf
serum (FCS). Cells were seeded at a density of 1 X 10° cells per
mlin 12- or 24-well plate for 24 h. For IL-8 secretion studies, cells
were co-cultured with heterogeneous, sucrose purified small or
large OMVs (50 pg/ml) for 24 h. IL-8 in cultured supernatants
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was quantified using the BD OptEIA human IL-8 ELISA kit as per
the manufacturer’s instructions (BD Biosciences, USA).

Chemical Inhibition of OMV Entry
into Epithelial Cells

Inhibition of OMV entry was performed using chemical inhibi-
tors of endocytosis (all from Sigma-Aldrich, USA) at the follow-
ing concentrations, as described previously (40): cytochalasin D
(2 uM), dynasore monohydrate (10 uM), nocodazole (3.3 uM),
valinomycin (10 pM), or chlorpromazine (15 pg/ml) (29). AGS
or HEK293 cells were pre-treated with inhibitors for 30 min. The
cells were subsequently washed twice and the media replaced
prior to incubation with 50 pg/ml of OM Vs for 4 or 16 h for fluo-
rescence analysis and 24 h to quantify IL-8 production by ELISA.

Cytotoxicity Assay

AGS or HEK293 cells were treated with endocytosis inhibitors or
0.5% (w/v) sodium azide (41) for 30 min. Cells were then washed
and media replaced for 4 h. Cellular cytotoxicity was measured
using the CellTiter-Glo® assay (Promega, USA), according to the
manufacturer’s instructions. Luminescence was measured using
a FLUOstar OPTIMA (BMG Labtech, Australia).

siRNA Knockdown and qRT-PCR

siRNA knockdown and validation of knockdown was performed
as previously described (39). In brief, AGS cells were transfected
with two pre-designed and inventoried siRNAs at a final concen-
tration of 10 nM, using Lipofectamine 2000 (Invitrogen). The
siRNA sequences used were: PAKI (s10019, s10021), DNM?2
(s4212, $4213), CAVI (s2447, s2448), and CLTC (s477, s475)
(Ambion, Applied Biosystems). As a control, cells were trans-
fected with control siRNA (Qiagen, VIC, Australia). To deter-
mine the effectiveness of siRNA knockdown, RNA was isolated
from siRNA transfected AGS cells using the Purelink RNA mini
kit (Life Technologies) and reverse transcribed into cDNA using
Superscript IIT and oligo (dT) primers (Life Technologies). Gene
silencing was assessed by TagMan qRT-PCR using validated FAM
labeled PAKI (Hs00945621_ml), DNM2 (Hs00974698_ml),
CAV1 (Hs00971716_m1), and CLTC (Hs00964504_m]1) prim-
ers (all from Ambion, Applied Biosystems), and 185 rRNA FAM
labeled primer sets (assay, ID 4319413E, Applied Biosystems).
Assays were performed in triplicate using MicroAmp Optical
384-well reaction plate (Applied Biosystems). Target gene cDNA
concentrations for each sample were determined using the
standard curve and normalized to 18S rRNA expression.

Flow Cytometry

The effectiveness of trypan blue quenching of OMV-associated
DiO fluorescence was examined by flow cytometry. AGS
cells were incubated with DiO labeled OMV:s for 4 h prior to
permeabilization with 0.01% (v/v) Triton-X for 10 min, or not
permeabilized. Fluorescence was quenched with trypan blue
(0.025% final concentration). Cells were washed once and
resuspended in DPBS (Gibco, Invitrogen, NY, USA) containing
2% (v/v) ECS and analyzed by flow cytometry using BD FACS
CANTO II and BD FACS Diva software v6.0. A total of 6 X 10*

cells were counted for each condition. Data were analyzed using
Flow]Jo version 7.6.

Fluorescence Microscopy

AGS cells were seeded onto glass coverslips in 12-well plate (Becton
Dickinson Labware, NJ, USA) and cultured overnight. Cells were
pre-treated with inhibitors for 30 min, washed twice and media
replaced, prior to co-culture with 50 ug/ml of DiO labeled OMV's
for 4 or 16 h as indicated. Effectiveness of trypan blue quenching
of DiO fluorescence was examined by permeabilization of cells
with 0.01% (v/v) Triton-X for 10 min, prior to addition of trypan
blue. For all other experiments, extracellular fluorescence was
quenched using 0.025% (v/v) trypan blue (Sigma Chemical Co.,
MO, USA) (29), prior to washing three times with PBS and fixing
with 4% (v/v) formaldehyde (Merck, Darmstadt, Germany) for
20 min. Nuclei were stained with 4',6-diamidino-2-phenylindole,
dilactate (DAPI; Molecular Probes, OR, USA), and mounted in
Dako Fluorescent mounting medium (Dako North America Inc.,
CA, USA). To confirm the effectiveness of chemical inhibition, cells
were pre-treated with inhibitors followed by the addition of either
pHRODO red conjugated human transferrin (hTf; 16.7 pug/ml)
(42) or FITC conjugated Dextran, 70 kDa (Dex70; 2.5 mg/ml)
(43), for 4 h. Extracellular fluorescence was quenched with trypan
blue and cells were fixed and mounted as described previously.
Images were acquired on an Applied Precision Instruments
DeltaVision deconvolution microscope using a 40 X 1.35NA oil
objective at 512 X 512 X 14 bit per channel. Z-stacks (10-15 pum)
at 0.2 pm per slice were acquired and deconvolved based on the
point spread function of the system. Images were analyzed by
Imaris (v7.1.0 Bitplane AG), where the average intensity density
of OMYV fluorescence was derived by measuring the sum inten-
sity of OMV fluorescence multiplied by the OMV volume, then
averaged across cells in the field of view. These arbitrary intensity
density units were then normalized to OMV alone groups and
expressed as average signal density. For inhibition analysis, the
means of each condition were determined for three-independent
experiments and plotted as average signal density.

Examination of OMVs by Transmission

Electron Microscopy and NanoSight

Outer membrane vesicle samples were prepared for electron
microscopy as described previously (44). Grids were viewed
using a Hitachi H-7500 transmission electron microscope at
70 K X view and images captured using Digital micrograph™
1.71.38 (Gatan Inc.). Image analysis was performed using
Image] v1.47n. OMYV size was determined using NanoSight NTA
3.2 (Malvern Instruments, UK). NanoSight particle tracking
analysis was performed using heterogeneous OMV's in addition
to sucrose gradient purified OMVs obtained from fractions 6
and 12. Fractions were washed with 10 ml DPBS (Gibco) using
10 kDa MWCO filtration columns (Amicon). Fractions 6 and
12 of a sucrose gradient without OMVs was also washed with
10 ml DPBS and used as a blank for NanoSight analysis of their
corresponding fraction, while DPBS was used as a blank for het-
erogeneous OMVs. NanoSight particle analysis was performed
in 60 s reads in triplicate, with the gain set to 10, focus to —112,
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and camera level 8. Background from the corresponding blank
samples was subtracted from each sample read and the average of
the three reads was calculated and plotted as particle size versus
number of particles per ml

Proteomic Analysis of OMVs

Proteomic analysis of OMVs was performed as described previ-
ously (44), using a pool of three biological OMV replicates. In
brief, heterogeneous or fractionated OMV preparations (10 pg)
were separated using Novex® 10-20% Tris-Glycine gels (Life
Technologies, CA, USA). Proteins contained within OMV's were
visualized by staining with Coomassie Blue (Expedeon Ltd.,
Cambridgeshire, UK). For proteomic analyses, OMV prepara-
tions (6 ug) were reduced in 2.5 mM DTT followed by alkylation
with 10 mM iodoacetamide and then 0.5 pg trypsin in 20 mM.
Ammonium bicarbonate was added and the samples were incu-
bated at 37°C overnight. Tryptic digests were analyzed by LC-MS/
MS using the QExactive mass spectrometer (Thermo Scientific,
Bremen, Germany) coupled online with an RSLC nano HPLC
(Ultimate 3000, Thermo Scientific, Bremen, Germany) as previ-
ously described (44). Peptides were selected for MS/MS analysis
in Full MS/dd-MS$? (TopN) mode with the following parameter
settings: TopN 10, resolution 17500, MSMS AGC target le5,
60 ms Max IT, NCE 27, and 3 m/z isolation window. Underfill
ratio was set at 10% and dynamic exclusion was set to 15 s. Data
were processed using Proteome Discoverer V1.4 (Thermo Fisher
Scientific) and searched against a custom database downloaded
from the National Centre for Biotechnology Information ftp
site using the MS Amanda search engine. The following search
parameters were used: missed cleavages, 1; peptide mass toler-
ance, +15 ppm; peptide fragment tolerance, +0.2 Da; peptide
charge, 2+, 3+, and 4+; static modifications, carbamidomethyl;
and dynamic modification, oxidation (Met). Low and medium
confidence peptides were filtered with at least 0.02 FDR (high
confidence).

Statistical Analysis

Error bars indicate the mean + SEM. Fluorescence microscopy
experiments were analyzed by One-Way Analysis of Variance
(ANOVA) followed by Dunnett’s post hoc test. IL-8 responses
were analyzed using ANOVA and compared to OMV non-
treated group. Statistical analyses were performed using Prism
software. Differences were considered significant when *P < 0.05,
**P < 0.01, P < 0.001, ***P < 0.0001.

RESULTS

A Heterogeneous Population

of H. pylori OMVs Enter Host Cells
by Micropinocytosis, Clathrin, and
Caveolin-Dependent Endocytosis

to Induce the Production of IL-8

Outer membrane vesicles enter non-phagocytic human epithelial
cells to subsequently mediate a pro-inflammatory innate immune
response. In this study, we sought to elucidate the mechanisms

used by H. pylori OMV’s to enter human epithelial cells and sub-
sequently induce the production of IL-8. To do this, we initially
blocked the clathrin, caveolin, or micropinocytosis pathways in
both human gastric (AGS) and embryonic kidney (HEK293)
cells using chemical inhibitors. We subsequently confirmed the
viability of AGS and HEK293 cells post treatment with each
chemical inhibitor, in addition to the inhibitors effectiveness
(Figure S1 in Supplementary Material). To do this, both AGS
and HEK293 cells were treated for 30 min with either: cytocha-
lasin D or nocodazole, to block macropinocytosis, dynasore
monohydrate to inhibit dynamin-dependent endocytosis which
is utilized by both clathrin and caveolin-mediated entry, or
valinomycin to block clathrin-mediated endocytosis (45). The
viability of inhibitor-treated and control AGS and HEK293 cells
was determined using the CellTiter-Glo assay (Figures S1A,B in
Supplementary Material). Both AGS and HEK293 cells remained
viable 4 h post treatment with each of the specific inhibitors of
the macropinocytosis or endocytosis pathways, compared to
azide control cells (Figure S1 in Supplementary Material). The
specificity and effectiveness of each of the endocytosis inhibi-
tors was next confirmed. To do this, AGS cells were pre-treated
with each of the inhibitors prior to incubation with fluores-
cently labeled control compounds known to enter host cells
via specific pathways. We found that the entry of fluorescently
labeled human transferrin, which enters host cells specifically
via clathrin-mediated endocytosis (42), was markedly reduced
in cells pre-treated with dynasore or valinomycin as expected,
to comparable levels as the positive control chlorpromazine
(Figure S2A in Supplementary Material). Similarly, treatment
of AGS cells with cytochalasin D reduced the internalization of
micropinocytosis-dependent dextran70 into cells, and treatment
with nocodazole resulted in a slight reduction of Dex70 into
host cells (Figure S2B in Supplementary Material). Collectively,
these findings confirmed the viability of both AGS and HEK cells
post treatment with each inhibitor, and the effectiveness of each
inhibitor in our assays.

We next sought to elucidate the endocytic mechanisms uti-
lized by fluorescently labeled H. pylori OMV to enter host cells.
However, this required us to ensure that we could remove any
extracellular OMV-associated fluorescence from our analysis
by quenching using the cell impermeant dye trypan blue. The
effectiveness of trypan blue quenching of extracellular OMV-
associated fluorescence was determined using AGS cells that
had been cultured with DiO labeled H. pylori OMVs, then per-
meabilized using Triton-X and treated with trypan blue. Effective
quenching of fluorescence was confirmed and quantified using
both confocal microscopy and flow cytometry. We found that
there was a slight reduction in extracellular fluorescence when
OMV-stimulated AGS cells were incubated with trypan blue
compared to stimulated cells that were not treated with trypan
blue (Figure S3E in Supplementary Material). This suggests that
there were very few extracellular OMVs present post incuba-
tion and subsequent sample preparation for analysis by flow
cytometry. We also showed that OMV-stimulated AGS cells that
were permeabilized and treated with trypan blue had negligible
detectable fluorescence, compared with OMV-stimulated control
cells (Figure S3 in Supplementary Material).
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Using these validated inhibitors of endocytosis and micro-
pinocytosis pathways, we examined the endocytic mechanisms
utilized by a fluorescently labeled heterogeneous population of
H. pylori OMV:s to enter host cells. AGS cells were pre-treated with
each inhibitor prior to the addition of a heterogeneous population
of fluorescently labeled OMVs and any extracellular fluorescence
associated with OMVs was quenched using the cell impermeant
dye trypan blue. The addition of fluorescently labeled OMV:s to
AGS cells pre-treated with inhibitors of endocytosis revealed that
the transient inhibition of micropinocytosis, clathrin, caveolin,
and dynamin-dependent endocytosis in AGS cells significantly
reduced the amount of OMV-associated intracellular fluorescence,
compared to untreated cells stimulated with OMVs (Figures 1A,B).
We found that inhibition of dynamin had the greatest effect in
reducing OMV entry into AGS cells (P > 0.001). Also, dynamin
had a greater effect of inhibiting OMV entry into host cells when
compared to valinomycin (P < 0.001) and nocodazole (P < 0.05).
These findings indicate that a heterogeneous population of
H. pylori OMVs enters AGS cells via all pathways of micropinocy-
tosis and endocytosis, and with inhibition of dynamin having the
greatest effect on reducing OMYV entry into epithelial cells.

We next confirmed the ability of a heterogeneous population
of H. pylori OMVs to enter AGS cells via multiple pathways
of endocytosis, with a preferential use for dynamin-mediated
entry using siRNA. To do this, we used siRNA to knockdown
macropinocytosis, clathrin, or caveolin-mediated endocytosis in
AGS cells prior to the stimulation of these cells with fluorescently
labeled OMVs (Figure 1C). As a control, AGS cells were trans-
fected with control siRNA. The efficiency of siRNA knockdown
of each endocytosis or micropinocytosis pathway in AGS cells
was confirmed only using qRT-PCR (Figure S4 in Supplementary
Material). AGS cells in which micropinocytosis, clathrin, or
caveolin-dependent endocytosis pathways were knocked down

had a significant reduction in intracellular OMV-associated
fluorescence compared to siRNA control cells stimulated with
OMV:s (Figure 1C). In particular, siRNA inhibition of caveolin
and dynamin had the greatest effects at inhibiting OMV entry
(P < 0.001) when compared to control siRNA stimulated cells, thus
confirming our findings using chemical inhibition (Figure 1A),
Furthermore, siRNA inhibition of caveolin and dynamin had
the greatest effect of inhibiting OMV entry into AGS cells when
compared to siRNA inhibition of clathrin and micropinocytosis
(P <0.05). Collectively, these findings identify that a heterogene-
ous population of OMVs enter AGS cells via micropinocytosis,
clathrin, and caveolin-mediated endocytosis, with a preference
for dynamin-dependent and caveolin-mediated endocytosis.

Numerous studies have reported that the internalization
of OMVs into non-phagocytic epithelial cells results in the
production of the pro-inflammatory cytokine, IL-8 (11, 39, 46).
Therefore, we investigated if the inhibition of OMV entry into
host cells via micropinocytosis and endocytosis also reduced IL-8
production by AGS and HEK293 cells. Pre-treatment of AGS
cells with each of the chemical inhibitors significantly reduced
IL-8 production in response to OMV stimulation (Figure 1D,
P < 0.001). Similarly, inhibition of endocytosis and micropino-
cytosis pathways inhibited IL-8 production by HEK293 cells in
response to OMYV stimulation (Figure S5 in Supplementary Material).
Collectively, these findings demonstrate that inhibition of each
of these pathways significantly reduces OMV-mediated IL-8
responses in host cells.

OMVs Size Determines Their Mechanism
of Entry Into Host Cells

We next investigated the unknown role of OMYV size on regulat-
ing the route of entry into host epithelial cells. To do this, we used
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FIGURE 1 | Heterogeneous sized outer membrane vesicles (OMVs) enter host cells via macropinocytosis, clathrin, caveolin, and dynamin-dependent endocytosis.
(A,B) AGS cells were treated with cytochalasin D (Cyt), nocodazole (Noc), dynasore (Dyn), valinomycin (Val), or left untreated (OMV), prior to co-culture with DiO
(green) labeled heterogeneous populations of OMVs. Nuclear DNA was stained with DAPI (blue) to allow enumeration of cells. Extracellular fluorescence was
quenched with trypan blue. (C) The average signal density of internalized green fluorescent OMVs (OMVs) into cells pre-treated with siRNAs to specifically inhibit
caveolin (CA), clathrin (CT), dynamin (DN), or macropinocytosis (PA) was measured and normalized to OMV alone group treated with control siRNA. (D) IL-8
production in AGS cells that were non-stimulated (NS, open bars), stimulated with OMVs alone as a control (black bar), or pre-treated with chemical inhibitors
cytochalasin D (C), nocodazole (N), dynasore (D), valinomycin (V) (gray bars) prior to co-culture with OMVs. Data are represented as mean + SEM of three replicate
experiments. Line indicates statistical significance compared to OMV control group. Images are representative of three-independent experiments in which >100 cells
were counted per treatment (A), or pooled from three-independent experiments (B-D). Error bars indicate +SEM of >100 cells. *P < 0.05, **P < 0.01, **P < 0.001.
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sucrose gradient ultracentrifugation to separate a heterogeneous
population of H. pylori OMVs ranging from 20 to 500 nm in size
into two main populations, differing in both size and density (11).
Analysis of the initial heterogeneous population using NanoSight
Tracking Analysis revealed that approximately 96% of OMVs
contained within the heterogeneous population were greater
than 100 nm in diameter, with only 4% of OMV's being less than
100 nm in diameter (data not shown). Using sucrose density
separation, OMVs were purified from fractions 6 and 12, which
we have previously reported to contain small or large OMVs,
respectively (11). The size of OMVs contained within fractions
6 and 12 were determined using NanoSight Tracking Analysis
and were visualized using transmission electron microscopy
(Figure 2). NanoSight analysis revealed that fraction 6 contained
OMVs ranging between 20 and 100 nm in size, whereas OMV's
purified from fraction 12 ranged from 90 to 450 nm in diameter
(Figures 2C,D). Furthermore, there were multiple sized popula-
tions contained both within fractions 6 and 12 OMVs indicating
that there is heterogeneity in the size of OMVs contained within
these fractions (Figures 2C,D).

We next determined whether OMV size may define the mecha-
nism of entry into non-phagocytic host cells. To do this, OMVs
from the small fraction (fraction 6) or large fraction (fraction 12)
were added to AGS cells in which the micropinocytosis, clath-
rin, or caveolin-mediated endocytosis pathways were knocked
down using siRNA. The number of internalized OMVs was
subsequently quantified using confocal microscopy (Figure 3).
Our findings revealed that although small OMVs could enter
AGS cells via all pathways of micropinocytosis and endocytosis,
they predominantly entered via caveolin-dependent endocytosis
with the greatest efficiency (P < 0.0001, all compared to control
OMVs) (Figure 3A). Comparison of OMV entry between all
siRNA knockdown groups revealed that caveolin had the greatest
effect at inhibiting entry of small OMV's into AGS cells compared
to clathrin and dynamin (P < 0.01, P < 0.05, respectively).

In comparison, larger OMV's entered AGS cells via all pathways
of micropinocytosis and endocytosis when compared to OMV
control group (Figure 3B). Further comparisons between siRNA
knockdown groups revealed that clathrin and dynamin had a
greater effect at inhibiting the entry of large OM Vs into AGS cells
compared to caveolin and macropinocytosis [P < 0.01 dynamin
Vs. macropinocytosis (PAK), P < 0.05 for all other analyses].
Collectively, these findings identify that although small and large
OMVs enter host cells via all pathways of endocytosis, OMV size
does determine their efficiency to enter host cells as caveolin has
the greatest role in mediating entry of smaller OMVs into AGS
cells. Also, larger OMVs may have a preference for clathrin and
dynamin-mediated entry into host cells.

OMYV Size Determines Their Protein

Content

Although bacteria may selectively package protein cargo into
OMVs (27, 47, 48), the role of OMYV size on regulating protein
content and composition has not been investigated. Therefore, we
sought to determine if H. pylori OMYV size regulated their protein
composition and cargo. For this, we initially examined small
(fraction 6), large (fraction 12), and heterogeneous H. pylori
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FIGURE 2 | Small and large outer membrane vesicle (OMV) populations
purified from a heterogeneous population of OMVs using sucrose gradient
purification. (A) Transmission electron micrographs of small OMVs present in
fraction 6 and (B) larger OMVs present in fraction 12. Scale bar represents
100 nm. (C) The sizes (nm) of OMVs found within fraction 6 containing small
OMVs were determined using NanoSight Tracking Analysis and revealed four
populations of OMVs ranging from 20 to 100 nm in size. (D) The size (nm) of
OMVs found within fraction 12 containing larger OMVs was determined using
NanoSight Tracking Analysis. Multiple populations of OMVs were contained
within fraction 12, that ranged from 90 to 400 nm in size.

OMY populations by SDS-PAGE (Figure 4A). We identified that
the smaller H. pylori OMVs found within fraction 6 contained
fewer proteins, compared to both larger OMV's contained within
fraction 12 and the heterogeneous population of parent OMVs
(Figure 4A). These findings support our previous preliminary
findings identifying that fewer proteins were contained within
smaller OMVs (11).

We further elucidated the role of OMYV size on protein com-
position by performing detailed LC-MS/MS proteomic analysis
of equivalent protein concentrations of small and large OMVs.
LC-MS/MS proteomic analysis revealed that only a total of 28
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FIGURE 3 | Outer membrane vesicle (OMV) size determines their route of
entry into epithelial cells. The average signal density of internalized small

(A) or large (B) green fluorescent (OMVs) into AGS cells pre-treated with
siRNAs to specifically inhibit clathrin (CTLC), caveolin (CAV), dynamin (DYN),
or macropinocytosis (PAK) was measured and normalized to OMV alone
group treated with control sSiRNA. Data are pooled from three-independent
experiments in which >100 AGS cells were counted per treatment. Error
bars indicate + SEM of >100 cells. ***P < 0.001, ***P < 0.0001.
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FIGURE 4 | Outer membrane vesicle (OMV) size determines their protein
content and composition. (A) Coomassie blue-stained polyacrylamide gel
showing protein profiles of small (S), large (L), and heterogeneous (H) OMVs,
the latter loaded in increasing concentration. (B) Venn diagram of proteins
detected within small and large OMVs. A total of 137 proteins were detected
in large OMVs and 28 proteins were detected in small OMVs. There were 24
proteins found in both large and small OMV populations.

H. pylori-specific proteins were contained within small OMVs
isolated from fraction 6, compared with a total of 137 proteins
contained within the large OMVs of fraction 12 (Figure 4B;
Tables S1 and S2 in Supplementary Material, respectively). Of
all of the proteins identified within both small and large OM Vs,
113 were unique to large OMVs, 4 proteins were unique to
small OMVs, and 24 proteins were common to both sized OMV

preparations (Figure 4B). Interestingly, proteins associated with
H. pylori survival or virulence were common to both small and
large OMVs, including: urease A and B subunits, neutrophil
activating protein, vacuolating cytotoxin (VacA), and the porin
HopA (Table 1). Larger OMV's contained many of the known
H. pylori adhesins, such as SabA, BabA, iron-regulated proteins,
the Hop family of outer membrane proteins and numerous
flagella basal and hook proteins (Table S2 in Supplementary
Material). These proteins were absent in smaller OM Vs (Table
S1 in Supplementary Material). The four proteins exclusively
contained within small OMVs were predominately associated
with metabolism, and not virulence or adhesion (Table S1 in
Supplementary Material). Collectively, this proteomic analysis
revealed that larger OMVs contain significantly more proteins
compared to smaller OMVs, and that most of the H. pylori
adhesins are associated within larger OMVs purified from frac-
tion 12. Furthermore, both small and large populations of OM Vs
contained many known virulence determinants, suggesting
that both small and large sized OMVs play a role in mediating
pathogenesis in the host.

DISCUSSION

Outer membrane vesicles are produced by all Gram-negative
bacteria as part of their normal growth and have been reported
to play a role in pathogenesis, bacterial cell communication, and
biofilm formation [reviewed in Ref. (1)]. Furthermore, due to the
highly inflammatory nature of OMVs, and their ability to harbor
a range of bacterial proteins and immunogenic epitopes, they are
extensively being developed as novel vaccine technology suitable
for human and animal use [reviewed in Ref. (27)]. One of the
key mechanisms whereby OMVs from various bacteria mediate
an inflammatory response in the host is due to their ability to
enter non-phagocytic host cells resulting in the production of
pro-inflammatory cytokines (11, 29, 32, 33, 35-38, 49). Despite
the numerous extensive studies investigating the mechanisms of
OMYV entry into host cells, the role of OMV size on mediating
their mechanism of cellular entry and protein composition has
not been determined.

The overall aim of this study was to elucidate the role of OMV
size on determining their route of entry into non-phagocytic
epithelial cells, in addition to defining their protein cargo and
composition. To do this, we first examined the mode of entry of a
heterogeneous population of H. pylori OMV's into host epithelial
cells. Using chemical inhibition of the three main pathways of
endocytosis: macropinocytosis, clathrin, and caveolin-mediated
endocytosis, we found that a heterogeneous population of
OMVs entered non-phagocytic human epithelial cells via all
mechanisms of endocytosis and micropinocytosis, with chemi-
cal inhibition of dynamin-mediated endocytosis having the
greatest effect in limiting OMV cellular entry (Figures 1A,B).
These findings were validated by performing siRNA studies in
which we confirmed the level of knockdown using qRT-PCR,
but not at the protein level. Using siRNA to knockdown all three
pathways of cellular entry, we confirmed our findings that OM Vs
entered host cells via micropinocytosis, clathrin, and cavolin-
dependent endocytosis with inhibition of caveolin and dynamin
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TABLE 1 | Helicobacter pylori proteins common in both small and large outer membrane vesicles (OMVs) (fractions 6 and 12).

Description Gene Score Coverage Score Coverage
No. Small OMVs Small OMVs Large OMVs Large OMVs
Outer membrane proteins
Outer membrane protein HopA (Omp6) HP0229 125.13 2.90 12,690.51 17.18
Thioredoxin HP1548 166.95 14.42 1,183.40 34.62
Peptidoglycan-associated lipoprotein precursor (Omp18) HP1125 205.39 10.61 1,809.68 17.88
Metabolism
Urease subunit alpha HPO073 13,062.19 56.72 68.49 8.40
Gamma-glutamyltranspeptidase HP1118 693.31 5.82 7,237.48 16.93
Urease subunit beta HPOO72 26,367.78 52.55 2,5694.83 14.76
Iron(lll) ABC transporter periplasmic iron-binding protein (CeuE) HP1562 363.55 7.21 6,586.97 37.24
Carbonic anhydrase HP1186 1,372.04 18.81 5,111.16 34.65
Catalase-like protein HP0485 123.63 4.14 3,216.80 30.89
Iron(lll) ABC transporter periplasmic iron-binding protein (Ceuk) HP1561 140.59 2.99 2,559.96 18.21
Catalase HPO875 7,584.68 4713 26,552.56 54.26
Post translational modification, protein turnover, chaperones
Chaperonin GroEL HP0OO10 5,672.37 35.35 373.71 4.58
Bifunctional methionine sulfoxide reductase A/B protein HP0224 1,826.54 14.48 12,539.26 31.20
Serine protease (HtrA) HP1019 141.34 2.48 6,565.50 25.51
Alkyl hydroperoxide reductase (TsaA) HP1563 503.19 5.56 413.07 14.65
Other
Neutrophil activating protein (NapA) (bacterioferritin) HP0243 4,741.96 38.19 376.22 16.67
Hypothetical protein HP0231 HP0231 400.83 3.77 8,5692.37 38.49
Hypothetical protein HPO305 HPO305 142.05 5.98 2,442.19 38.04
Hypothetical protein HP1454 HP1454 234.35 4.95 9,609.87 35.64
Hypothetical protein HP0129 HP0129 293.54 7.09 3,695.28 24.82
Hypothetical protein HP0721 HPO721 683.38 18.42 6681.98 19.08
Vacuolating cytotoxin (VacA) HP0887 1,5610.21 3.33 7,883.58 15.89
Neuraminyllactose-binding hemagglutinin homolog (HpaA) HP0410 227.63 4.82 4,096.93 14.86
Hypothetical protein HP1286 HP1286 613.71 11.54 4,171.54 17.58

having the greatest effects (Figure 1C). When examining the
effect of inhibition of macropinocytosis, clathrin, and caveolin-
dependent endocytosis on OMV-induced IL-8 responses, we
discovered that all three pathways of cellular entry contributed
to IL-8 production in response to OMV stimulation. This is the
first report identifying that a small reduction in OMV cellular
entry may have a profound effect on the level of the resulting host
inflammatory response.

Particle size is known to play a role in determining the
mechanism of endocytosis of lipid particles or latex beads into
host cells (50, 51). In our previous study, we identified that OMV's
less than 100 nm in diameter induced higher levels of NF-kB
activity than larger OMV’s, suggesting that these smaller OMV's
may be more efficient at entering host epithelial cells and initiat-
ing pro-inflammatory responses (11). To determine the role of
OMV size in host cell entry, we used our previously reported
method to separate OMVs according to size and density (11).
Using this method, we separated a heterogeneous population
of H. pylori OMVs into two populations that were enriched
for either small OMVs, up to approximately 100 nm in size, or
large OMV's ranging between 90 and 400 nm (Figure 2). Using
siRNA to limit OMV entry via micropinocytosis, clathrin, or
caveolin-mediated endocytosis, we determined that small OMV's
entered host cells via all three mechanisms (Figure 3) with a
preference for caveolin-mediated entry. Whereas, siRNA studies
determined that a population of larger OMVs entered host cells

via all three mechanisms of endocytosis examined, and clathrin
and dynamin may have the greatest effect at mediating entry
(Figure 3). Collectively, these findings suggest that OMV size may
regulate the route of entry into host cells, and that smaller OMV's
preferentially enter non-phagocytic epithelial cells via caveolin
(Figure 3). Previous studies have indicated that there are multiple
mechanisms whereby bacterial OMVs can enter host cells. For
example, Kesty et al. showed that enterotoxigenic Escherichia coli
OMV:s interacted with host cell caveolin, and that inhibition of
clathrin-mediated endocytosis had no effect on vesicle uptake
(32). However, clathrin-mediated endocytosis was reported
by others to be required for internalization of H. pylori OMVs
into host cells (29). Furthermore, there is some discrepancy in
the literature regarding the specific mechanisms whereby OMVs
from the same pathogen enter non-phagocytic host cells, and,
therefore, the precise mode of OMYV entry into host cells remains
unclear. Based on our findings, we suggest that determining the
size of OMV's contained within an OMV preparation is vital and
may account for the differences seen in the modes of OMV entry
between research groups.

In addition, this study identified a previously unknown role
of OMV size in regulating OMV protein cargo composition.
Specifically, proteomic analyses of small and large OM Vs revealed
that smaller OMV's contained significantly fewer proteins within
them, compared to larger OMVs. Moreover, we showed that
larger H. pylori OMV's contained bacterial adhesion proteins that
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were absent from smaller OMVs, which may facilitate their entry
into host cells via receptor-mediated endocytosis. We identi-
fied 24 proteins common to both small and large OMVs; these
were mostly proteins associated with virulence, including the
vacuolating toxin (VacA), demonstrating a potential pathogenic
role for OMVss of various sizes. An earlier study reported that
OMVs containing VacA were less dependent on clathrin for
entry, when compared with VacA negative OMVs, indicating
that toxin containing OMVs may enter host cells by more than
one mechanism (29). To our knowledge, no studies have been
performed regarding the amount of VacA toxin associated with
OMVs from different strains of H. pylori, or OMVs of different
sizes, and it is plausible that different sized OMVs may contain
varying amounts of toxin, which may also facilitate their entry
via receptor-mediated endocytosis. This finding that variation in
OMV size and cargo composition may regulate the mechanism
of OMV-mediated endocytosis used to enter host cells warrants
further investigation and forms the basis of future studies.
Collectively, our findings identify that OMV size has a key
role in regulating both the route of OMV entry into host cells
and their protein cargo composition. These findings highlight an
important issue within the OMYV field, being the importance of
defining the size and composition of OMVs when determining
their route of cellular entry and subsequent biological functions,
as variability in OMYV size and composition may alter the experi-
mental outcomes. We propose variations in OMV size may be
a reason for the discrepancies in the mechanisms of OMV host
cell entry reported by various groups when examining OMV's
from the same organisms, in addition to discrepancies in pro-
teomic data. Therefore, we conclude that OMV size predeter-
mines their route of cellular entry and their cargo composition.
These findings have fundamental and significant implications
that should be considered when examining the role of OMVs
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Gastrointestinal (Gl) parasites, hookworms in particular, have evolved to cause minimal
harm to their hosts, allowing them to establish chronic infections. This is mediated by
creating an immunoregulatory environment. Indeed, hookworms are such potent sup-
pressors of inflammation that they have been used in clinical trials to treat inflammatory
bowel diseases (IBD) and celiac disease. Since the recent description of helminths
(worms) secreting extracellular vesicles (EVs), exosome-like EVs from different helminths
have been characterized and their salient roles in parasite—host interactions have been
highlighted. Here, we analyze EVs from the rodent parasite Nippostrongylus brasiliensis,
which has been used as a model for human hookworm infection. N. brasiliensis EVs
(Nb-EVs) are actively internalized by mouse gut organoids, indicating a role in driving
parasitism. We used proteomics and RNA-Seq to profile the molecular composition of
Nb-EVs. We identified 81 proteins, including proteins frequently present in exosomes (like
tetraspanin, enolase, 14-3-3 protein, and heat shock proteins), and 27 sperm-coating
protein-like extracellular proteins. RNA-Seq analysis revealed 52 miRNA species, many
of which putatively map to mouse genes involved in regulation of inflammation. To deter-
mine whether Gl nematode EVs had immunomodulatory properties, we assessed their
potential to suppress Gl inflammation in a mouse model of inducible chemical colitis. EVs
from N. brasiliensis but not those from the whipworm Trichuris muris or control vesicles
from grapes protected against colitic infammation in the gut of mice that received a
single intraperitoneal injection of EVs. Key cytokines associated with colitic pathology
(IL-6, IL-1p, IFNy, and IL-17a) were significantly suppressed in colon tissues from
EV-treated mice. By contrast, high levels of the anti-inflammatory cytokine IL-10 were
detected in Nb-EV-treated mice. Proteins and miRNAs contained within helminth EVs
hold great potential application in development of drugs to treat helminth infections as
well as chronic non-infectious diseases resulting from a dysregulated immune system,
such as IBD.

Keywords: nematode, colitis, immunomodulation, parasite-host interaction, miRNA, proteomics, exosome,
extracellular vesicles
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INTRODUCTION

Parasitic helminths (worms) modify the immune system of their
host to avoid immune ejection, a strategy which promotes their
long-term survival and results in chronic infection (1), but also
has a bystander effect by protecting against the onset of inflamma-
tory disorders that result from a dysregulated immune response
(2). Hookworms, blood-feeding intestinal nematode parasites,
are particularly adept at manipulating the immune systems of
their mammalian hosts (3). Hookworm infection is one of the
major human ailments affecting approximately 600 million
people worldwide (4, 5). When hookworms first encounter a
mammalian host, they release a suite of molecules referred to as
excretory/secretory products (ESP), a mixture of proteins, carbo-
hydrates, and lipids that represent the primary interface between
hookworms and their hosts. In helminth parasites, the ES proteins
orchestrate a wide range of activities crucial for their survival and
propagation, including penetration of the host dermis, tissue
invasion, feeding, reproduction, and evasion of the host immune
system (3, 6, 7).

Nippostrongylus brasiliensis is a nematode of mice and rats,
although it does infect a number of other rodent species (8).
Because of its similarities to the life cycle of hookworm species
(e.g., Ancylostoma spp., and Necator americanus), this species is
often referred as the “rathookworm” and has been frequently used
as a model to study the immunobiology of human hookworm
infections (9-13).

Following the migration of infective larvae (L3) through
rodent tissues, N. brasiliensis triggers a highly polarized T helper
type 2 (Th2) response in the skin, lungs, and intestinal mucosa
(13), characteristics present also in human hookworm infections,
including CD4+ T cell-dependent IgE production, eosinophilia,
mastocytosis, and mucus production (3). Furthermore, hookworm
infections are characterized by the generation of an immune-
regulatory environment with the anti-inflammatory cytokines
IL-10 and TGFp, and regulatory T cells, type 2 innate lymphoid
cells, tolerogenic dendritic cells, and M2 macrophages to prevent
potentially dangerous pathology (14, 15).

Because of the exquisite immunomodulatory capacity of hel-
minths, helminth therapy is under investigation for the treatment
of inflammatory diseases, and has shown promise in both clinical
trials and studies in animals with a range of inflammatory diseases,
such as celiac disease, asthma, multiple sclerosis, and inflamma-
tory bowel diseases (IBD) (16-20). Different research groups—
including us—have demonstrated that the immunomodulatory
environment induced by hookworms can be attributed to their
secreted products (7, 21-25).

There is emerging evidence of the release of extracellular
vesicles (EVs) during helminth infections—which correspond
to a sub-fraction of the ESP—playing important roles in both
parasite-parasite communications as well as in parasite-host
interactions (26, 27). Nematode roundworm EVs can suppress
potentially dangerous type 2 innate responses and eosinophilia
and generate a regulatory and/or suppressive immune state that is
beneficial for the parasite’s long-term survival (28). EVs have also
been reported from platyhelminth flatworms (29, 30): schisto-
some EVs impact macrophage differentiation (31), and liver fluke

EVs are internalized by human cholangiocytes and promote cell
proliferation and potentially contribute to the development of
liver cancer (32).

It was demonstrated that hookworm ESP mitigate colitis in
different mouse models (21-23), and at least one recombinant
ESP protein has been shown to possess anti-colitic properties (33).
Here, we characterize the protein- and miRNA-cargo of secreted
EVs from the hookworm-like nematode N. brasiliensis, show that
these EVs are internalized by cells in murine gastrointestinal (GI)
tract organoids, and evaluate their immunomodulatory properties
in experimentally induced murine colitis. We then compared the
data to that generated with EVs from a distantly related intestinal
nematode, the whipworm Trichuris muris (Tm), and discuss the
outcomes in terms of the immunobiology of these two major human
helminth infections. This study conveys novel insights into the roles
of nematode EV's and reveals potential applications of an entirely
new generation of therapeutics to treat inflammatory disorders.

MATERIALS AND METHODS

Parasite Material, Isolation of ESP, and

EV Purification

Excretory/secretory products were collected from adult N. bra-
siliensis and Tin parasites, and EVs were purified. Exosome-like
vesicles from grapes (“grapeosomes”) were purified and used as a
negative purification and vesicle control.

Nippostrongylus brasiliensis was maintained in Sprague-
Dawley rats (Animal Resources Centre, Perth, WA, Australia)
as previously described (10). Infective L3 were prepared from
2-week rat fecal cultures. Adult worms were recovered from
small intestines on day 8 post infection following subcutaneous
injection of 3,000 infective L3. Adult worms were washed in PBS
containing 5X antibiotic/antimycotic (AA; Sigma-Aldrich, St.
Louis, MO, USA) and cultured in 24-well plates (500 worms/
well) for 7 days in RPMI containing 1X AA and 1x GlutaMAX™
supplement (Gibco, Thermo Fisher, Waltham, MA, USA) at 37°C
and 5% CO,. The media obtained during the first 4 h after parasite
culturing was discarded. ESP were collected daily, subjected to
sequential differential centrifugation at 500, 2,000, and 4,000 g
for 30 min each to remove eggs and parasite debris. For the isola-
tion of ES products, media was concentrated using a 10 kDa spin
concentrator (Merck Millipore, Billerica, MA, USA) and stored at
1.0 mg/ml in PBS at —80°C until used.

Trichuris muris parasites were obtained from genetically sus-
ceptible B10.BR mice (Animal Resources Centre) infected with
200 Tm eggs. Adult worms were harvested from the cecum of
infected mice 5 weeks after infection, washed in PBS containing
5% AA and cultured in 6-well plates for 5 days in RPMI contain-
ing 1x AA, at 37°C and 5% CO,. Each well contained ~500 worms
in 4.5 ml media. Further processing was similar to that described
herein for ESP from N. brasiliensis. Dead worms were removed
and ES products were collected daily.

We chose exosomes derived from grapes as a control for our
animal studies because they served as a non-mammalian source
of EVs that are capable of being internalised by mouse orga-
noid cells and protect against dextran sulfate sodium-induced
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colitis (34). Grapeosomes were purified from commercially pur-
chased grapes (Vitis vinifera “Thompson seedless”) according to
Ju etal. (34) with some modifications. Peeled grapes were minced
and filtered through a 21 um nylon mesh (Scrynel, Lanz-Anliker,
Rohrbach, Switzerland) and 0.22 um Steritop® Membrane (GP
Millipore Express®PLUS, Merck) and further processed as
described herein for parasite ESP.

For the isolation of EVs, the media obtained after differential
centrifugation was processed as described previously (30). Briefly,
concentrated ESP were centrifuged for 45 min at 15,000 g to remove
larger vesicles. A MLS-50 rotor (Beckman Coulter, Brea, CA, USA)
was used to ultracentrifuge the supernatant for 3 h at 120,000 g.
Supernatant resulting from this centrifugation corresponds to
vesicle-depleted ESP (protein fraction). The resultant pellet was
resuspended in 70 pl of PBS and subjected to Optiprep® density
gradient (ODG) separation. 1 ml of 40, 20, 10, and 5% iodixanol
solutions prepared in 0.25 M sucrose, 10 mM Tris-HCl, pH 7.2,
were layered in decreasing density in an ultracentrifuge tube, and
the 70 ul containing the resuspended EVs was added to the top layer
and ultracentrifuged at 120,000 g for 18 h at 4°C. 70 pl of PBS was
added to the control tube prepared as described above. A total of 12
fractions were recovered from the ODG, and the excess Optiprep®
solution was removed by buffer exchanging with 8 ml of PBS
containing 1X EDTA-free protease inhibitor cocktail (Santa Cruz,
Dallas, TX, USA) using a 10 kDa spin concentrator. The absorbance
(340 nm) was measured in each of the fractions and density was
calculated using a standard curve with known standards. The pro-
tein concentration of all fractions was measured using a Pierce BCA
Protein Assay Kit (Thermo Fisher). All fractions were kept at —80°C
until use.

Size and Concentration Analysis of EVs

The size distribution and particle concentration of fractions recov-
ered after ODG were measured using tunable resistive pulse sensing
(TRPS) by gNano (Izon, Christchurch, New Zealand) following the
manufacturer’s instructions for working with smaller range nano-
pores. Voltage and pressure values were set to optimize the signal to
ensure high sensitivity. A nanopore NP100 was used for all fractions
analyzed except for the grape vesicles, where a NP150 was used.
Calibration was performed using CP100 carboxylated polystyrene
calibration particles (Izon) at a 1:1,000 dilution. Samples were
diluted 1:5 and applied to the nanopore. The size and concentration
of particles were determined using the software provided by Izon
(version 3.2). Protein concentration was measured in all fractions,
and EV purity determined as described previously (35).

Proteomic Analysis

For the proteomic analysis of EVs from N. brasiliensis, 50 pg of
protein of the ODG fractions with a density of 1.06-1.10 g/ml
(fractions 7-9) were loaded on a 12% SDS-PAGE gel and electro-
phoresed at 100 V until the protein marker reached 2/3 of the total
run length (approximately for 1.5 h). Each lane was sliced into 10
pieces, which were subjected to trypsin digestion as described
previously (12). The final digest supernatant was removed from
the gel slices, and residual peptides were removed from the gel
slices by washing three times with 0.1% trifluoroacetic acid for
45 min at 37°C. Peptide samples were combined into 5 tubes per

lane, resulting in total 15 samples for mass spectrometry analysis.
Samples were desalted and concentrated using Zip-Tip® and kept
at —80°C until use.

Samples were reconstituted in 10 ul of 5% formic acid. Six
microliters of sample was injected onto a 50 mm 300 um C18
trap column (Agilent Technologies, Santa Clara, CA, USA) and
desalted for 5 min at 30 pl/min using 0.1% formic acid (aq).
Peptides were then eluted onto an analytical nano HPLC column
(150 mm X 75 pm 300SBC18, 3.5 um, Agilent Technologies) at
a flow rate of 300 nl/min and separated using a 95 min gradient
of 1-40% buffer B (90/10 acetonitrile/0.1% formic acid) fol-
lowed by a steeper gradient of 40-80% buffer B in 5 min. The
mass spectrometer (ABSCIEX 5600+) operated in information-
dependent acquisition mode, in which a 1-s TOF MS scan from
350-1,400 m/z was performed, and for product ion ms/ms
80-1,400 m/z ions observed in the TOF-MS scan exceeding a
threshold of 100 counts and a charge state of 42 to +5 were set to
trigger the acquisition of product ion. Analyst 1.6.1 (ABSCIEX)
software was used for data acquisition and analysis.

For the analysis of the EV mass spectrometry data, a database
was built using the N. brasiliensis genome (PRJEB511) with the
common repository of adventitious proteins (cRAP') appended
to it. Database search was performed using Mascot Versions 2.4
(Matrix Science Ltd., London, UK) and X!Tandem, MS-GF+,
OMSSA, and Tide search engines using SearchGUI (36). The
same parameters were used as described in Ref. (37).

The mass spectrometry proteomics data have been deposited
in the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifiers PXD009165 and 10.6019/
PXDO009165. A final list of parasite-specific proteins resulted by
combining the different fractions and removing hits for common
contaminants from the cRAP database, considering only proteins
containing at least two validated unique peptides matching
N. brasiliensis gene models. Proteins were functionally classi-
fied according to Gene Ontology categories using the software
Blast2GO basic version 4.0.7 (38). Putative signal peptides and
transmembrane domain(s) were predicted using the programs
CD-Search tool (39) and SignalP (40). Structural comparison
of proteomic datasets was performed by all-vs-all blast in NCBI
Blast + executables (v2.7.1).

miRNA Analysis

Biological replicates of N. brasiliensis EVs (Nb-EVs) obtained from
three different batches of worms were used. ODG fractions with
a density between 1.07 and 1.09 (fractions containing pure EV sam-
ples after TRPS analysis) were pooled and excess Optiprep® solution
was removed by buffer exchanging. miRNA was extracted using the
mirVana™ miRNA Isolation Kit (Thermo Fisher) according to the
manufacturer’s instructions. RNA was eluted over two fractions of
50 pl each and stored at —80°C until analyzed.

The RNA quality, yield, and size of total and small RNAs
were analyzed using capillary electrophoresis (Agilent 2100
Bioanalyzer, Agilent Technologies). miRNA was prepared
for sequencing using a QIAseq™ miRNA library preparation

'http://www.thegpm.org/crap/ (Accessed: April 5, 2017).
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kit(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. RNA-Seq was performed on a NextSeq 500
(INlumina, single-end 75-bp SR mid output run, up to 130M reads
per sample). Quality control, library preparation, and sequencing
were performed at the Ramaciotti Centre for Genomics at the
University of New South Wales. The data have been deposited in
NCBI's Gene Expression Omnibus under GEO series accession
number GSE111478.

The miRDeep2 package (41) was used to identify known and
putative novel miRNAs present in all miRNA replicates. As there
are no N. brasiliensis miRNAs available in miRBase release 21 (42),
the miRNAs from the nematodes Ascaris suum, Brugia malayi,
Caenorhabditis elegans, Caenorhabditis brenneri, Caenorhabditis
briggsae, Caenorhabditis remanei, Haemonchus contortus,
Pristionchus pacificus, Panagrellus redivivus, and Strongyloides
ratti were utilized as a training set for the algorithm. Only miRNA
sequences commonly identified in all replicates were included for
further analyses. The interaction between miRNA and murine
host genes was predicted using the miRanda algorithm 3.3a (43).
Input 3’UTR from the Mus musculus GRCm38.p5 assembly was
retrieved from the Ensembl database release 86 and combined
with the murine 3'UTRs from the rodent database in the UTRdb
release 11 (44, 45). The software was run with strict 5’ seed pairing,
energy threshold of —20 kcal/mol and default settings for gap
open and gap extend penalties. Interacting hits were filtered by
conservative cutoff values for pairing scores (>155) and matches
(>80%). The resulting gene list was classified by the Panther clas-
sification system? using pathway classification (46) and curated by
the reactome pathway database’® (47). miRNA host target inter-
actions to individual genes in cytokine pathways (PantherDB
P00010, P00031, P00034, P00035, P00036, P00052, P00053, and
P00054) of Nb-EV miRNAs, Tm-EV miRNAs (37), and shared
homologs were linked and illustrated by the package “alluvial”
v0.1-2 in R v3.3.2 (48).

Exosome Uptake in Murine Small
Intestinal (Sl) Organoids (Mini-Guts)

Murine SI organoids were produced from intestinal crypts of a
female C57 Bl6/] mouse according to previous reports (49) with
some modifications. Briefly, murine SI crypts were dissociated
with Gentle Cell Dissociation reagent (Stemcell Technology
Inc., Vancouver, BC, Canada). Approximately 500 crypts were
seeded in 50 ul of Matrigel (Corning Inc., New York, NY, USA)
in a 24-well plate and cultured in Intesticult Organoid Growth
Medium (Stemcell Technology Inc.).

Imaging was performed as described in Eichenberger etal. (37)
with minor modifications. Briefly, to investigate internalization
of EVs in the SI epithelium layer, 30-50 million PKH26 (Sigma-
Aldrich) -labeled EVs in 3-5 ul were injected into the central
lumen of individual organoids and cultured for 3 h at 37 and 4°C,
respectively. Washed organoids were fixed and autofluorescence
was quenched with 50 mM NH,Cl in PBS (for 30 min at RT) and
100 mM glycine in PBS (for 5 min). Cell nuclei were stained with

*http://pantherdb.org/ (Accessed: December 7, 2017).
*www.reactome.org (Accessed: December 7, 2017).

Hoechst dye (Invitrogen, Carlsbad, CA, USA) and images were
visualized on a laser scanning confocal microscope (Zeiss 780
NLO, Zeiss, Oberkochen, Germany). Confocal image deconvo-
lution was performed in Image] using the plugins “Diffraction
PSF 3D” for PSF calculation and “DeconvolutionLab” with the
Tikhonov-Miller algorithm for 2D deconvolution (50).

Experimental Model of Colitis

To assess the prophylactic impact of N. brasiliensis secreted
products on experimental colitis in mice, we used the 2,4,6-
trinitrobenzene sulfonic acid (TNBS; Sigma-Aldrich) method of
acute inducible colitis. Weight-matched (18.86-21.31 g) 6-week-
old male BALB/c mice were purchased from Animal Resources
Centre, assessed for health and placed at random in groups of five
animals per cage. All the experiments were repeated with the same
number of mice in each group, resulting in independent duplicate
experiments using the same groups. Mice were maintained at the
JCU animal facility (Cairns campus) under normal conditions of
regulated temperature (22°C) and lighting (12 h light/dark cycle)
with free access to pelleted food and water in accordance with
Australian animal rights and regulation standards.

One day prior to the induction of colitis, 20 ug of the test
compounds in 200 ul PBS per mouse were administered intra-
peritoneal to 5 mice per group, whereas in a first approach 6
different groups were included in the study: (1) healthy naive
mice; (2) PBS (colitis control); (3) Nb-EVs; (4) N. brasiliensis ESP;
(5) N. brasiliensis vesicle-depleted ESP (protein fraction); and
(6) grapeosomes (vesicleand purification control). The experiment
was repeated in an independent duplicate experiment (resulting
in a total of 10 mice per group). Tim EVs and Tm vesicle-depleted
ESP were evaluated in another, repeated experiment only.

TNBS colitis was induced as described earlier (33,51). Animals
were monitored daily for clinical signs including weight loss,
piloerection, mobility, and fecal consistency/bleeding. An overall
cumulative clinical score included weight loss (increase = 0; no
weight loss = 1; loss = 2), piloerection (absent = 0; mild = 1;
severe = 2), feces (normal = 0; mild diarrhea = 1; bloody, liquid,
or unable to defecate after 5 min = 2), and mobility (normal = 0;
lethargic = 1; motionless, sickly = 2). Clinical monitoring
was performed by the same person at similar time points in a
blinded manner (unaware of the groups). At day 3, mice were
euthanized and the colon (from cecum to rectum) was removed
and macroscopically assessed for colitis by scoring (absent = 0;
mild = 1; moderate = 2; severe = 3) for the independent param-
eters of adhesions, ulceration, colonic thickening, and mucosal
edema. Colon length was recorded, and 0.5-1 cm colon pieces
were removed for ex vivo culturing for the measurement of tissue
cytokine production and histological assessment of inflammatory
infiltration. Tissue pieces for culturing were weighed to normal-
ize cytokine data.

Colonic tissue was cultured in complete media (RPMI 1640,
10% heat-inactivated FCS, 1% HEPES, 100 U of penicillin/ml,
100 pg of streptomycin/ml, and 2 mM/I —glutamine; all reagents
sourced from Invitrogen) for 24 h and supernatant was subse-
quently used to quantify levels of the cytokines IL-1p, IL-6,
IL-10, IL17-a, IFN-y, and TGEp. Cytokine levels were measured
by ELISA using Ready-Set-Go kits (Invitrogen) according to the
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manufacturer’s instructions, and a POLARstar Omega spectro-
photometer (BMG Labtech, Thermo Fisher).

Tissue for histology was placed in formalin to fix tissue then
transferred to 70% ethanol for storage and transport. Tissue was
embedded in paraffin and sectioned longitudinally for histology.
Slides were stained with hematoxylin and eosin (H&E). Tissue
processing and staining was performed at the Cairns Hospital
pathology laboratory. Inflammatory infiltrate was determined by
the scoring method described in Hong et al. (52).

Results from the duplicate experiments were combined for
statistical analysis. Statistical analyses were performed using
GraphPad Prism (version 7.03). Comparisons were made
between the sample treatment with TNBS groups and the
PBS + TNBS group; p values of <0.05 were considered significant.
When two groups were compared, a Mann-Whitney (unpaired,
non-parametric) U-test was applied. All data are representative
of at least two experiments (total n = 10 mice; with 5 mice/
experimental group).

RESULTS

N. brasiliensis Secretes EVs That Are
Internalized by Host Cells

In 12 ODG fractions from concentrated and purified N. brasilien-
sis ESP, we purified vesicles in a size range of 60-160 nm (mean
95 + 37.3 nm), which were most abundant in fractions 7-10 (den-
sity of 1.06-1.11 g/ml) as detected by qNano TRPS (Figure 1).
Nb-EVs were verified by proteomic analysis, revealing several
proteins which are frequently present in mammalian exosomes
(“EV-markers”), including tetraspanin (NBR_0001199101),
enolase (NBR_0001176401), 14-3-3 protein (NBR_0000671101),
heat shock protein 70 (HSP70; NBR_0000494801), histones, and
structural/cytoskeletal proteins (Table S1 in Supplementary
Material). It has been demonstrated that EVs from Tin are actively
internalized by murine intestinal cells within colonic organoids
(37). We assessed whether murine host intestinal cells internalized
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FIGURE 1 | Njppostrongylus brasiliensis secreted extracellular vesicles (EVs).
Mean particle size (dots), size range (dotted line), and purity (green area) of
the different fractions isolated after Optiprep® density gradient centrifugation.
Despite protein being detected in all fractions, only vesicles from fractions
5-11 (F5-F11) could be quantified by tunable resistive pulse sensing. The
purity of the different fractions was calculated according to Webber and
Clayton (35).

Nb-EVs using murine small intestine (the site of residence of the
adult worm) organoids, comprised of the complete census of
progenitors and differentiated cells from the SI epithelial tissue
growing in cell culture. We observed internalization of Nb-EV's
by organoid cells cultured at 37°C but not at 4°C when cells were
metabolically inactive and endocytosis was inhibited (Figure 2).
Confocal microscopy images revealed that fluorescently labeled
EVs were detected inside the cells with a cytoplasmic location
within the donut-shaped organoid epithelial layer.

N. brasiliensis but Not Tm EVs Protect
Mice Against Chemically Induced Colitis

The immunomodulatory properties of EVs from two distinct
soil transmitted nematodes (rodent hookworm N. brasiliensis
and whipworm Tm) were explored in experimental colitis. The
chemically (TNBS)-induced mouse model of colitis is T-cell
mediated and skewed toward a mixed Th1/Th2 immune response
and induces transmural inflammation in the gut with clinical
features similar to human ulcerative colitis (53). Interestingly,
only secreted proteins and vesicles from Nippostronglylus (ESP,
EVs, and vesicle-depleted ESP) showed efficacy in preventing
colitis signs and symptoms, whereas purified fractions from
Tm did not confer significant protection (Figure 3; Figure S1 in
Supplementary Material).

Induction of intestinal inflammation resulted in a 15-20%
weight loss in the PBS-treated colitis control group over the
course of the study (Figure 3A). Mice from all groups initially lost
weight, whereas Nb-EV-treated mice recovered most of their ini-
tial weight by the end of the experiment (on day 3). In comparison
to the naive healthy control mice, colon length was significantly
decreased in the colitis group (p < 0.001), while Nb-EV-treated
mice remained unaffected by the administration of TNBS.

Macroscopic analysis of the colons revealed a significant reduc-
tion of tissue inflammation in animals treated with Nippostrongylus
secreted fractions as seen by significant longer colons, fewer
adhesions, absence of mucosal edema and colon wall thicken-
ing, and no ulceration (Figure S2 in Supplementary Material),
reflected by significantly improved clinical and pathological scores

FIGURE 2 | Nippostrongylus brasiliensis extracellular vesicles (EVs) are
internalized by murine small intestinal (Sl) organoid cells. Representative laser
scanning confocal microscopy images (Zeiss 780 NLO) of PKH26-labeled
EVs (red) at 37 and 4°C (metabolically inactive cells). EVs are internalized by
cells within organoids at 37°C 3 h after particle-injection into the organoid
central lumen (corresponding to the luminal side of the gut). Hoechst dye
(blue) was used to label cell nuclei. Left panel demonstrates a bright field
image (Zeiss Axiolmager M1 ApoTome) of the tissue architecture of a murine
Sl organoid. Central lumen of the organoids is separated by the dotted line
from the epithelial cell layer. Bar corresponds to 10 pm.
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FIGURE 3 | Protective effects of Nippostrongylus brasiliensis secreted fractions in experimental colitis. Mice received a single intraperitoneal injection of 20 ug
protein in PBS 1 day prior to intrarectal administration of 2.5 mg of TNBS in 50% ethanol. (A) Body weight was recorded daily for the indicated groups. (B) Colon
length measured after euthanasia at the end of the experiment (day 3). (C) Clinical examination and scoring of mice on day 3, including weight loss, piloerection,
feces consistency, and mobility of mice from normal to severely affected (0-3). (D) After euthanasia, colons were visually scored by presence of adhesions, edema,
mucosal wall thickening, and ulceration from absent to severe (high) on a scale of 0-3. Data show mean + SEM of pooled data from two independent trials (n = 10
mice/group). Groups were compared to the PBS + TNBS (colitis) control group by Mann-Whitney U-test. *p < 0.05; **p < 0.01; **p < 0.001. Data for Trichuris
muris (Tm) extracellular vesicles (EVs) were analyzed in a separate independent experiment (see Figure S1 in Supplementary Material) and included only for
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(Figures 3C,D). Unlike Nb-EV-treated mice, histology (H&E
staining) of distal colon sections from the PBS group showed
mucosal erosion and epithelial hyperplasia, pronounced cellular
infiltration in the lamina propria and intraepithelial compart-
ments, evidence of edema and ulceration, and loss of healthy

goblet cells (Figure 4B). Scoring of histological sections for overall
pathology illustrated that Nb-EV-treated mice had significantly
reduced histopathology (p = 0.004) (Figures 4C,D), displaying
an overall mucosal architecture similar to that of naive healthy
control mice (Figures 4A,D).
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FIGURE 4 | Nippostrongylus brasiliensis extracellular vesicles (EVs) protect from TNBS-induced histopathology. Representative photomicrographs of hematoxylin
and eosin stained colonic tissue sections. A representative section from the distal colon (~1 cm) was fixed in 4% paraformaldehyde for histological observations.
(A) Healthy naive control mouse; (B) PBS-treated colitis control; (C) N. brasiliensis EV-treated mouse. Arrows point to normal goblet cells (A,C) and goblet cell
destruction (B). (1) Tissue erosion and (2) cellular infiltrates and overall tissue hyperplasia. (D) Histological scoring of histopathology. Statistical analyses were
performed by pooling data from groups of mice from two independent but reproducible experiments (n = 10 mice/group). Error bars represent mean + SEM.
Groups were statistically compared to the PBS + TNBS (colitis) control group (**o < 0.01).

Compared to other tested fractions from Nippostrongylus, Nb-
EVs generally had the best scores in all of the tested parameters
(weight loss, colon length, clinical-, macroscopic-, and histologi-
cal score), although without statistical differences between the
fractions. The purification method or the presence of vesicles itself
did not have an impact on intestinal inflammation, as the grape-
osomes-treated group showed severe inflammation post-TNBS
administration, similar to that observed for the PBS + TNBS
control group.

Nb-EVs Promote Immune Regulation in
Colonic Tissue Which Is Different From
That Induced by Soluble ESP Proteins

To address the impact of Nippostrongylus secreted molecules
on the production of cytokines at the site of inflammation,
colons of mice exposed to TNBS were cultured and cytokine
secretion was analyzed by ELISA (Figure 5). Mice treated with
any Nippostrongylus secretory product prior to administration
of TNBS showed a significant reduction in the levels of the

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 850


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Eichenberger et al

Nematode EVs in Colitis

. 2.0 8 25+
é\ 154 é\ 20+
*kk
w8 © 8 151 ns
I o 1.0 *kk =|I o —
—E E 101
> *kk > *kk  kkk
£ 0.54 Kkk o 5 *kk
04
. \40 Q?.) %Q QQ é‘b &
& L &
CRN NN
& >
'\ \e’ QQ
N o
R
60
A&
<
(& D
31 1.5-
) )
2 2] 2
> D T o
L [ e)]
= E pois = £
ks) 14 *k*k >
=8 =1
R *kKk R
0
W &P L S &
F ¥ K
N L &
\é" 2
K
A'
<
E *kk F
25+ — 2.0+
*kk
Py *kk
< 201 o 1.5
35 ‘:,;) *kk
) [—
c2 151 ey =2 10 Kk %
(o)) O o y
—
- g 10+ *kk = E
(o))
3 & 0.5
~ 5_
0- 0.0-
<
& PR P & P ¢§ ébq Q;\“" &
? &P & e & R ©
L A M MM RN\
q;o % % $ c)6 O
N O & N L 2
& \,Q' QQ & 0\. tbQ
) & NS o
QQ Q;Q
S X
< <
FIGURE 5 | Nippostrongylus brasiliensis extracellular vesicles (EVs) suppress colonic inflammatory cytokine production and promote IL-10 secretion in mice
Cytokine profile of cultured colon tissue of healthy naive mice, mice treated with N. brasiliensis secreted products, PBS colitis control and grape-vesicle
(grapeosomes) control mice. (A) IL-1; (B) IL-6; (C) IFNy; (D) IL-17a; (E); IL-10; and (F) TGFp. All groups were compared to the PBS + TNBS (colitis)
control group; the N. brasiliensis secreted protein group (EV-depleted) was also compared with the purified vesicles group (bracket). All comparisons were
performed using a Mann-Whitney U-test. “p < 0.05; *p < 0.01; **p < 0.001. Error bars represent mean + SEM.
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pro-inflammatory cytokines IL-1f, IL-6, IL-17a, and IFNY, and
the levels were—except for IL-1f in the secreted protein frac-
tion—similar to those of naive healthy control mice. By contrast,
only the levels of the anti-inflammatory cytokine IL-10 was
increased in the Nb-EV-treated group, which was significantly
higher (p < 0.001) than that of mice treated with secreted proteins
only. In comparison, the levels of TGFp in the Nb-EV group were
not significantly different from the healthy naive mice or the
PBS-treated group.

Nb-EVs Contain Helminth-Specific
Proteins and miRNA Cargo With Putative

Immunomodulatory Properties

Purified Nb-EVs were digested with trypsin and analyzed by
LC-MS/MS, resulting in a list of 81 proteins for Nb-EV's (Table S1
in Supplementary Material). Next to the proteomic “EV-markers”
(n = 8) and structural proteins (n = 7) mentioned previously,
the most abundant Nb-EV proteins (n = 27, 33.3%) were sperm-
coating protein (SCP)-like extracellular proteins, also called SCP/
Tpx-1/Ag5/PR-1/Sc7 domain containing proteins (SCP/TAPS),
of which a high proportion (9 of 27) belonged to the helminth-
specific Ancylostoma-secreted protein family (ASP; syn. activation-
associated proteins). Furthermore, the dataset contains proteinases
(n = 10), hypothetical proteins (1 = 8), membrane-bound
enzymes and transport proteins (n = 5), chaperones other than
HSP70 (n = 2), and other metabolic enzymes (n = 13). In 53
(65.4%) of the 81 proteins, a signal peptide was absent (Table S1 in
Supplementary Material), which is characteristic for EV proteins
as a class of non-classically secreted particles.

Despite the differences between the two nematode EV popu-
lations in their immunological protection against colitis, their
proteomic cargo share high sequence- and functional homology,
including the abundantly represented SCP/TAPS proteins. Proteins
unique for the Nb-EV dataset consist of seven uncharacterized
hypothetical proteins, three apyrase isoforms—which are catalysts
for the hydrolysis of ATP to yield AMP and inorganic phosphate—
and a saposin protein (Table S2 in Supplementary Material).

By sequencing and screening biological triplicates for miRNA
cargo in Nb-EVs using the Illumina NextSeq platform and down-
stream analyses, we identified 52 miRNAs commonly present in
all datasets, 47 of which have close homologs to 31 other nema-
tode miRNAs (Figure 6).

Potential interactions of N. brasiliensis miRNAs with murine
host genes were explored by computational target prediction.
The 52 nematode EV-miRNAs were predicted to interact with
2,093 unique 3'UTR binding sites of the mouse genome assembly
(Table S3 in Supplementary Material). Associated annotated
coding genes were grouped according to signaling, metabolic,
and disease pathways (Figure S3 in Supplementary Material).
Interestingly, immune system-related gene networks were pre-
dicted to be targeted by 30 of the 52 detected miRNAs, of which 23
directly affect cytokine signaling networks—including the most
abundant nbr-miR-ev49 (Figure 6; Table S4 in Supplementary
Material).

Given that Nb-EVsbut not Tm-EVs protected against inducible
colitis in mice, we compared the vesicular miRNA cargo of these

two nematodes. When we compared the miRNA component of
Nb- and Tm-EVs, we found only 26 Nbr_miRs to be homologous
to Tm-EV miRNAs, some of which are isomiRs (Figure 6). Of
these, 13 shared miRNAs were predicted to target gene networks
involved in the immune system (10 of which targeted cytokine
gene networks). We further analyzed the miRNA host gene target
prediction for specific interactions with genes involved in pro-
and anti-inflammatory cytokine responses based on the miRanda
algorithm (Figure S4 in Supplementary Material). This global
cursory analysis of host gene interactions by nematode EVs points
to a strong regulation of cytokine gene networks through parasite
miRNAs. The analysis illustrates that EV-miRNAs from both
nematodes interact with pro- and anti-inflammatory host genes.
Overall, however, there are more cytokine genes targeted by EV
miRNAs that are unique to N. brasiliensis (n = 29) than by EV
miRNAs that are unique to Tm (n = 17). Prediction analyses
unfortunately are not able to demonstrate the fate of the targeted
gene (i.e., upregulated vs. downregulated expression).

DISCUSSION

Immune evasion is a common strategy of parasitic helminths to
survive and reproduce within a hostile environment, while neu-
tralizing immune pathways that would otherwise expel them and
resetting the thresholds of immune reactivity (15). Hookworms
have evolved to establish chronic infections while inducing
minimal pathology to the host when present in small numbers
(3). They achieve this state of mutual tolerance by promoting
regulatory immune circuits via expansion of various regula-
tory and tolerogenic immune cell subsets (3, 15). Hookworms
drive a “modified Th2” immune response, including typical Th2
cytokines (IL-4, IL-5, IL-9, and IL-13) but also the regulatory
cytokines IL-10 and TGF-B. In hookworm-infected humans at
least, the skewing of the immune response enables the parasite
to survive for long periods, despite the presence of a robust,
albeit non-sterilizing immune response (54-56). Hookworms and
humans have instead coevolved to reach an immunological status
quo, where Th2 responses likely keep worm burdens in check (so
as not to overwhelm and ultimately kill the host), but regulatory
responses ensure that at least some worms survive and reproduce
over many years.

The immunoregulatory prowess of hookworms has been high-
lighted in clinical trials for IBD (57) and celiac disease (20). Using
animal models of inflammatory diseases, we and others have
shown using N. brasiliensis (58) and Ancylostoma sp. (21-23, 25)
that injection of ESP alone mimics the immune phenotype of
the worm infection and is sufficient to suppress inflammation
in numerous models of autoimmunity and allergy. Until now,
identification of bioactive hookworm ESP molecules has placed
emphasis on the protein moieties (25, 33, 59), and other molecu-
lar entities have been ignored.

As we show herein, a major component of ESP from hook-
worms and other helminths is EVs. These parasite EVs have been
shown to deposit their payloads consisting of proteins, nucleic
acids, lipids, and metabolites into host cells where at least some
of them exert their immunomodulatory properties (27, 28). Here,
we demonstrate that N. brasiliensis, which is frequently used as
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FIGURE 6 | miRNAs of Nippostrongylus brasiliensis extracellular vesicles (EVs) are predicted to interact with different murine host gene networks. (A) Functional

map of N. brasiliensis EV miRNAs and their target murine host genes categorized by PantherDB signaling pathway analysis (heat map corresponds to individual
targeted genes in the murine host). Top axis shows the 52 identified miRNAs (termed as nbr-miR-ev#). IsomiRs are indicated in color. Graph represents the abundance
(mean read counts from three biological replicates). Bottom axis shows their closest homologs (de novo transcripts are left empty). Homologs to miRNAs found in
Trichuris muris EVs are marked by an arrow [according to Eichenberger et al. (37)]. * indicates miRNAs targeting genes involved in cytokine networks. (B) Total number
of targeted gene networks identified by PantherDB categories classified as “immune system related.” Data are available in Table S3 in Supplementary Material.
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a model for human hookworm infection, secretes exosome-like
EVs that possess immunoregulatory molecules.

Extracellular vesicles from the trematode Opisthorchis viverrini
and the nematodes Brugia malayi, Heligmosomoides polygyrus,
and Tm are internalized by host cells (32, 37, 60, 61). Similarly,
Nb-EVs interact with murine cells, as demonstrated by the uptake
of stained EVs in vitro in murine SI organoids. Similar to Tm, the
cellular interaction seems to be non-specific, and all cell types
found within the organoids (mainly absorptive enterocytes,
goblet cells, enteroendocrine cells, Paneth cells, and Lgr5+ stem
cells) contained fluorescently labeled EVs. One drawback of
this groundbreaking organoid culture system (62) is the lack of
immune cells. Hence, further studies are needed to explore the
specific impact of parasite EVs on host immune cells, particularly
T cells (e.g., intraepithelial lymphocytes) and antigen-presenting
cells.

To evaluate the immunomodulatory properties of nematode
EVs, we induced T cell-dependent acute colitis in mice. In this
model, TNBS haptenizes the colonic microbiota, which then
translocates across the ethanol-disrupted gut epithelium and
elicits a mixed Th1/Th2 immune response, and induces trans-
mural inflammation in the gut with clinical, morphological, and
histopathological features similar to those of human IBD (63).
Our results indicate that EVs from Nippostrongylus (Nb-EVs)
protected against intestinal inflammation, whereas EVs from Tm
did not. This finding is somewhat surprising, given that Trichuris
spp. have coevolved with their hosts to establish chronic infec-
tions. A major difference in the biology of these two GI helminths
is the life cycle—hookworm infect the host by skin penetration
followed by a refined systemic migration through the vasculature
of the lungs en route to the small bowel whereupon they bury
their anterior ends in the sub-mucosa and feed on extravasated
blood; whipworms, however, have a direct oral infection route
and feed on (and burrow into) the epithelial layer.

Prophylactic treatment of mice prior to administration of
TNBS with Nb-EVs, “complete” ESP, or the EV-depleted soluble
protein fraction, resulted in suppression of pro-inflammatory
cytokines IFN-y, IL-6, IL-17a, and IL-1f. IL-10 has a protective
role against colitic inflammation (64). Furthermore, genetic-
linkage analysis of patients with colitis revealed distinct mutations
in the IL-10 gene, demonstrating a central role for this cytokine
in the negative feedback necessary to maintain mucosal homeo-
stasis (65, 66). As seen previously with “complete” Ancylostoma
caninum (dog hookworm) ESP treatment in TNBS colitis (21),
Nb-EVs promoted the production of IL-10, suggesting a potential
mechanism of systemic regulation of inflammation. By contrast,
TGF-p was found to be elevated only in mice which were treated
with secreted proteins (ESP or vesicle-depleted fraction) and
not EVs. Nevertheless, these groups displaying elevated TGF-p
levels, although significantly protected against some parameters
of colitis, generally displayed lower levels of protection compared
with EV-treated mice. TGF-f is responsible for suppression of gut
inflammation and enhancing barrier function, and it promotes
the induction of functional Tregs from naive CD4+ T-cell precur-
sors (67, 68). Hence, nematode immune evasion strategies rely
most probably on a finely tuned cocktail of soluble and vesicular
molecules to regulate host immunity.

The EV proteomes of both N. brasiliensis and Tm are replete
with SCP/TAPS proteins. This family of proteins is abundantly
expressed by parasitic nematodes and trematodes (69). Their
roles are still mostly unknown, but in hookworms they have
been suggested to play roles in larval skin penetration (70), in the
transition from the free-living to parasitic stages (71), and modu-
lation of the immune response (72, 73). Despite the significantly
greater ability of hookworm EVs compared with whipworms EV's
to suppress TNBS-induced inflammation, SCP/TAPS proteins
were over-represented in both EV populations.

An emerging mechanism of parasite-driven immune modula-
tion is via the transfer of genetic information between host and
parasite. To this end, we identified 52 N. brasiliensis miRNAs,
including five novel miRNAs without homology to other nema-
tode miRNAs deposited in the reference database. miRNAs are
considered as regulators of the immune response by targeting host
immune cell mRNAs for degradation or translational repression
(74). N. brasiliensis miRNAs that putatively regulate expression
of mouse genes involved in specific gene networks and cellular
pathways were identified. Our in silico prediction analysis of
murine host gene interactions of miRNAs points toward a strong
involvement of parasite miRNAs in regulation/modulation of the
host immune system. Although there were few homologies with
recently published Tin EV miRNA datasets (37, 75), the N. bra-
siliensis miRNAs seem to target immunological networks more
specifically via a greater abundance and redundancy of several
isomiRs. The prediction resulted in a potential 2,093 unique inter-
actions with mouse transcripts. Although it is known that target-
predictions bear a high false-positive rate, it provides insights into
the most highly rated interaction networks. Correspondingly,
the most affected pathway was “cytokine and chemokine signal-
ing” (P00031 in PatherDB). The located genes encoded mostly
chemokine receptors and downstream signaling molecules (data
not shown but mined from Table S3 in Supplementary Material).
Interestingly, pathway analysis indicated that Nb-EV miRNAs
mapped to interleukin-networks, notably IL-6 receptor and IL-6
signal transducers, IL-17 receptor genes, and IL-21. We also iden-
tified single hits with interactions to the Th2 cytokines IL-13 and
IL-33, many of which showed altered expression in EV-treated
mice after TNBS administration. Furthermore, targeting of the
IFNy- (P00035) and TFGf- (P00052) signaling pathways was
noted. Overall, our analysis of putatively targeted host genes
illustrates that EV-miRNAs from nematodes interact with pro-
and anti-inflammatory pathways. Interestingly, 7m-EV miRNAs
seem to primarily target pathways that function downstream
of cytokine receptor engagement, such as signal transduction
(e.g., IRAK2/4) and transcription factors (e.g., STAT1, NFATs,
and SMADs), while Nb-EV miRNAs directly target cytokine and
cytokine receptor transcripts. However, in vivo experiments with
miRNAs (separated from other EV components such as proteins)
are needed to confirm the in silico predictions.

Although not explored herein, regulation of angiogenesis and
wound-repair mechanisms (e.g., vascular endothelial growth
factor; P00056) were frequently targeted by Nb-EV miRNAs.
Given that miRNAs, in addition to their well-studied repressive
function, can act with certain context-dependent factors to sta-
bilize and increase translation of targets by both transcriptional
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and posttranscriptional mechanisms (76), a role for worm EVs
in healing and vascularizing the wounds it causes when feeding
is plausible (77).

In summary, Nb-EVs induced protection against intestinal
inflammation while EVs from an unrelated source (grapes) did
not. By contrast, EVs from the whipworm T did not induce pro-
tection against acute colitis. Administration of Nb-EVs to mice
induced a unique cytokine profile compared to that induced by
soluble ESP proteins; Nb-EVs promoted significantly greater levels
of IL-10 secretion in the colon compared to soluble EV-depleted
ES products, and this finding might be due to miRNAs contained
within the EVs. Our findings provide insight into the immunobi-
ology of hookworm EVs, and show for the first time that helminth
EVs suppress colitis and likely harbor therapeutic molecules for
the treatment of inflammatory bowel and other autoimmune
diseases.
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Extracellular vesicles are essential for long distance cell-cell communication. They function
as carriers of different compounds, including proteins, lipids and nucleic acids. Pathogens,
like malaria parasites (Plasmodium falciparum, Pf), excel in employing vesicle release to
mediate cell communication in diverse processes, particularly in manipulating the host
response. Establishing research tools to study the interface between pathogen-derived
vesicles and their host recipient cells will greatly benefit the scientific community. Here,
we present an imaging flow cytometry (IFC) method for monitoring the uptake of malaria-
derived vesicles by host immune cells. By staining different cargo components, we were
able to directly track the cargo’s internalization over time and measure the kinetics of
its delivery. Impressively, we demonstrate that this method can be used to specifically
monitor the translocation of a specific protein within the cellular milieu upon internaliza-
tion of parasitic cargo; namely, we were able to visually observe how uptaken parasitic
Pf-DNA cargo leads to translocation of transcription factor IRF3 from the cytosol to the
nucleus within the recipient immune cell. Our findings demonstrate that our method can
be used to study cellular dynamics upon vesicle uptake in different host—pathogen and
pathogen—pathogen systems.

Keywords: extracellular vesicles, imaging flow cytometry, malaria, Plasmodium falciparum, vesicle uptake

INTRODUCTION

Extracellular vesicles (EVs) are membrane-surrounded structures that are secreted by cells into the
intercellular environment. EV's shuttle lipids, proteins, RNA, DNA, and other metabolites between
cells and tissues. They diverge into two main subgroups according to their cellular origin: microve-
sicles (200-1,000 nm in diameter) are shed from the plasma membrane, whereas exosomes, which
are smaller in size (40-200 nm in diameter) originate from the endosome as intraluminal vesicles
enclosed within multivesicular bodies (1-3). Over the past decade, it has become clear that most,
if not all, organisms utilize this evolutionary conserved mechanism for cell-to-cell communication
within and between populations [reviewed in Ref. (4-6)]. A key element in this communication
process is EV uptake by recipient cells, which generally includes endocytosis, phagocytosis, and
micropinocytosis [reviewed in Ref. (7)]. Although several pathways have been suggested, the specific
molecular events that regulate EV translocation and uptake by target cells remain almost entirely
unknown. Therefore, there is a need to develop new techniques to study these events.

Pathogens, in particular, have found EVs to be a useful tool for evading and manipulating the
immune response, ultimately succeeding in infecting new susceptible hosts (4, 8-10). Parasites,
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Monitoring EV Uptake by IFC

for instance, are known for their remarkable ability to avoid the
host immune system, yet in many cases the mechanisms that
underlie these processes are still unknown. Plasmodium falciparum
(Pf), one of the most deadly species of Plasmodium, causes malaria
in humans. Recent studies have revealed that the intracellular
malaria parasites secrete EVs from the host cell to deliver multiple
components that promote cell communication (11-16). Impor-
tunately, it was shown that parasitic EV-DNA is transferred into
the host cytosol, where it is detected by the STING-dependent
cytosolic DNA sensing pathway to modulate host gene induction
from a distance. Upon sensing P/~EV-DNA in the cytoplasm, the
protein STING becomes active and prompts a chain of events
that includes the phosphorylation of kinase TBK1 and transcrip-
tion factor IRF3. Phosphorylated IRF3 (pIRF3) then enters the
nucleus to induce the transcription of genes, including type I IFN
genes (16).

Since EVs harbor promising clinical applications (2, 17) both
as diagnostic tools and as a drug delivery mechanism (18), high-
throughput technologies for detecting EV's in a population-based
manner are warranted (19, 20). Such demands for advanced
and robust tools have led to adaptations of large-scale imaging
approaches, including imaging flow cytometry (IFC) (21-23).

Imaging flow cytometry combines the speed and high-
throughput of conventional flow cytometry with the information-
rich imagery of microscopy. These distinct abilities enable IFC
to rapidly acquire high-quality multispectral images (24-26).
This technique allows the measurement not only of fluorescence
levels, but also of the pixel distribution and cellular localization,
such as distinguishing between homogenous and speckled stai-
ning and the co-localization of different markers, respectively.
When using conventional flow cytometry, the detection of
individual EVs is often misleading due to their nano-size, which
falls within the range of electronic noise. IFC overcomes this
drawback, since the ability to measure single pixel intensities
enables it to even detect fluorescent particles that are smaller than
the diffraction limit (23, 24, 27-29).

Here, we demonstrate that IFC can be used as an accurate
large-scale method for tracking the dynamics of the uptake of
individual types of cargo components (RNA, proteins, and lipids).
We further utilized the system of activated IRF3 translocation as
a platform for demonstrating the capability of IFC to specifically
monitor protein translocation within target cells. Using IFC, we
were able to determine the kinetics of the translocation of pIRF3
from the cytosol into the nucleus following insertion of Pf~-DNA
cargo (24 h analysis).

This powerful approach paves the way not only to measuring
the process of vesicle internalization by different recipient cells,
but also to directly studying activated protein movement and,
thus, further investigating related cellular signaling events.

METHOD

Parasite Line and Culture

The NF54 parasite line was obtained from the Malaria Research
Reference Reagent Resource Center (MR4). Parasites were main-
tained in culture in O+ or A+ erythrocytes at 4% hematocrit

in RPMI-HEPES supplemented with 0.5% (w/v) AlbumaxII
(Invitrogen) as previously described (30).

EV Isolation and Fluorescence Staining

Extracellular vesicles were isolated from the NF54 strain in a high
parasitemia (approximately 8%) of Pf-infected red blood cells
(RBCs) culture using a Beckman OPTIMA90X ultracentrifuge
with a TI70 rotor, as previously described (31). The pellet was
resuspended in PBS™~, and the purified EVs were stained accor-
ding to the manufacturer’s protocol with slight modifications, as
described below. We used several fluorescent stains for the diffe-
rent vesicle compounds: thiazole orange (TO) (Sigma Aldrich)
for RNA-cargo, Ghost Dye UV (GO) (Tonbo bioscience) for pro-
tein cargo, and Dil, DiD, or DiO (Thermo Fisher Scientific) for
lipid cargo. For the double-staining assay, EVs were stained using
a combination of Dil and GO; DiD and GO; DiD and TO; or TO
and GO. The stains were incubated with EVs at a 1 ul/ml ratio at
37°C for 30 min. Labeled vesicles were then washed in ice-cold
PBS and precipitated again in an ultracentrifuge at 37k RPM
over night. Next, the vesicle pellet was washed and resuspended
in PBS™~, and the size and concentration of the labeled vesicles
were measured by NanoSight ns300 with the associated laser (32).

EV Uptake Into Monocytes

Monocyte cells of the THP-1 cell line were cultured (33) overnight in
RPMI1640+ L-glutamine (Biological Industries Ltd., Beit He Emek,
Israel) and 10% FBS (Biological Industries Ltd., Beit Ha Emek, Israel).
Prior to the vesicle treatment, cells were washed in PBS™~, resus-
pended in RPMI1640+ (Biological Industries Ltd., Beit H¥Emek,
Israel) and plated in 6-well plate, ~1.5*10° cells per well. For EV com-
parative uptake measurements, THP-1 cells were incubated with an
increased relative volume amount of labeled P. falciparum infected
RBC- derived EVs (0, 10, 50, and 100%) for 5 min before being
fixated in 4% PFA for 30 min on ice, washed in PBS and analyzed by
IFC (see below).

IRF3 Translocation Analysis

THP-1 cells were transfected with P. falciparum genomic DNA
for 5 or 24 h, as was previously done (16). Following transfection,
cells were fixed and permeabilized with 4% PFA and 2% sucrose
at 4°C for 30 min. Fixated cells were washed and blocked with
filtered 5% BSA in PBS for 1 h. Primary antibodies, human IRF3
(Cell signaling #11904 1:200 dilution in 5% BSA PBS) and human
PIRE3 (Cell signaling #29047 1:50 dilution in 5% BSA PBS) were
incubated overnight and washed three times, for 10 min each time,
with 5% BSA PBS. Secondary antibody AlexaFluor®488 anti-rabbit
antibody (Life technology, 1:200 dilution in 5% BSA PBS) and
Hoechst (H6024 SIGMA) were incubated for 30 min and then
washed three times, for 10 min each time, with 5% BSA PBS and
resuspended in PBS (—/—) before being imaged by IFC (see below).

Multispectral IFC Analysis

Cells or individual EVs were imaged using a multispectral IFC
(ImageStreamX mark II, Amnis Corp., Seattle, WA, USA, Part
of MERCK-EMD Millipore). To obtain kinetic measurements,
THP-1 cells were kept on ice and EVs stained with TO were added.
Samples were immediately introduced into the instrument and
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the acquisition started approximately 90-150 s afterward. In the
direct EV uptake measurements, EVs were labeled and ~1.5%10°
EVs were imaged using IFC. The ImageStreamX uses calibration
beads that are 3 pm. To exclude these beads from the acquisition,
objects were gated according to their area and intensity of the
side scatter channel (Ch06) and the uniform bead population was
easilyidentified and eliminated. Atleast 5 X 10* cells were collected
from each sample and data were analyzed using the manufacturer’s
image analysis software (IDEAS 6.2; Amnis Corp.). Images were
compensated for fluorescent dye overlap by using single-stain
controls. THP1 cells were gated for single cells, using the area and
aspect-ratio features, and for focused cells using the Gradient RMS
feature, as previously described (22). Cropped cells were further
eliminated by plotting the cell area of the bright field image against
the Centroid X feature (the number of pixels in the horizontal axis
from the left corner of the image to the center of the cell mask).
EV internalization was evaluated using several features, including
the intensity (the sum of the background — subtracted pixel values
within the masked area of the image) and max pixel (the largest
value of the background — subtracted pixel). For IRF3 nuclear
translocation, cells were also gated for DNA positive cells accord-
ing to the area and intensity of the DNA staining, and cell doublets
were further eliminated by plotting the area Vs. the aspect ratio
of the nuclear staining. The co-localization of IRF3 with the
nuclear image (Hoechst) was calculated using the Similarity fea-
ture (log transformed Pearson’s Correlation Coefficient between
the two images). Values above 1.5 indicate co-localization.

Monitoring THP-1 Cell Survival Following

Uptake of Pf-Derived EVs

THP-1 cells were cultivated as described in the EV uptake
subsection. ~1¥10° THP-1 cells were incubated with 50*10° EVs
for 5 min. The cells were then washed and seeded in 6-well plate
and monitored for 72 h, live and dead cells were counted and the

media changed every 24 h. The viability was tested using trypan
blue (Sigma Aldrich).

RESULTS

Monitoring Pf-Derived EV-Stained
Cargo by IFC

To better characterize the interactions of Pf-derived vesicles with
host immune target cells, we established an EV uptake assay and
were able to fluorescently track labeled vesicles. Since EV's con-
tain proteins, RNA, and lipids, we used different fluorescent stains
to specifically label each cargo component in the EVs derived
from Pf-infected RBCs. TO was used for vesicle RNA, Dil, DiD,
and DiO stains for lipids, and Ghost dye for vesicle membrane
proteins (Figure 1A). Vesicles imaged with IFC exhibited a clear
signal of individual vesicles for each of these cargo-component
stains (Figure 1A). The right insert in Figure 1A shows an exam-
ple of the percentage of RNA (TO)-positive EVs, gated accord-
ing to unlabeled samples. A Nanosight nc300 particle detector
was used to confirm the purity of vesicle production and the
fluorescence intensity of the EV population (Figure S1 in Supple-
mentary Material).

Next, we performed a subsequent uptake assay into monocytes
(THP-1 cells). Using the different fluorescent stains, we were able
to monitor the uptake of RNA, protein, and lipid components
within the host immune cells (monocytes) by IFC (Figure 1B).
The right insert in Figure 1B shows the percentage of monocytes
positive for TO-labeled EVs, gated according to unlabeled sam-
ples. While we were able to track the uptake signal of transferred
RNA and proteins during the first 40 min of the analysis, the lipid
cargo signal was detectable within monocytes only for a very
short time period at the start of the incubation period (<5 min).
The rapid reduction in the lipid signal may imply that membrane
fusion is involved in the uptake mechanism. The internalization
of the EVs, however, could be detected only under physiological
condition at 37°C and not at 4°C (Figure S3 in Supplementary
Material), similar to what was previously shown (16).

Detecting EV Double-Stained Components
Using IFC: An Indication of the
Internalization of the Entire

Vesicle Into the Host Cells

Detecting and quantifying EVs by IFC have been previously
described (12, 23, 24, 27-29, 34, 35). However, due to their small
size, detection of individual EVs using bright field only is very
limited, as the pixel size is 0.3 pm using the 60X lens. Detection by
light scattering using conventional flow cytometry is also limited.
Although we can detect sub-micron polystyrene beads, lipid-based
vesicles have a lower refractive index than beads (less than 1.4,
compared to 1.6 for beads). This results in lower light scattering,
placing the signal within the range of background noise. Therefore,
to facilitate their detection, fluorescence labeling is needed.

To increase cargo detection confidence, we generated double-
stained vesicles by co-labeling different components (RNA,
proteins, and lipids). Purified Pf-infected RBC-derived EVs were
co-stained using four different combinations; for instance, co-
staining RNA and lipids (Figure 2A). Individual vesicles imaged
using IFC were positive for the double-staining (Figure 2A),
validating the detection of vesicles containing different molecular
components.

We further measured the uptake of the co-stained vesicles
within recipient monocytes following 5 min of incubation
(Figure 2B). The window of detection within the first 5 min of
uptake sufficed to detect the double-staining signals of the differ-
ent components and these were co-localized in the cell area. The
fact that we could detect the different cargo components at the
same area (co-localized) within less than 5 min of uptake implies
that the entire vesicle is, in fact, inserted into the host cell rather
than being fused to the cell’s surface.

To verify that indeed the increase in fluorescence intensity
is due to EV uptake and not due to auto-fluorescence or dyes
aggregates, we incubated THP-1 recipient cells with increasing
concentrations of stained EVs and quantified their uptake. As
expected, the signal received from the recipient cells increased
in line with the amount of vesicles present (Figure 3). This was
not a result of dye aggregates, as this increase was not seen when
dyes were added to PBS alone, vesicle-free (data not shown).
The percentage of THP1 cells positive for TO-labeled EVs was
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FIGURE 1 | Visualization of Plasmodium falciparum (Pf)-derived extracellular vesicles (EVs) by imaging flow cytometry (IFC). (A) Visualization of single-stained
Pf-derived EVs by IFC. Pf-derived EVs stained with lipid (Dil, DiD, and DiO), RNA [thiazole orange (TO)], or protein (GO) dyes. Insert shows percentage of TO-positive
EVs (43%), gated according to unlabeled EVs. Representative results from at least three experiments are shown. Abbreviations: BF, bright field; SSC, side scatter.
(B) Internalization (uptake) of Pf-derived EVs into monocytes as visualized by IFC. EVs were stained with lipid (Dil, DiD, and DiO), RNA (TO), or protein (GO) dyes and
then 7.5*107 dyed EVs were introduced into 1.5*10° THP-1 cells for 5 min. The cells were fixated as described in Section “Method” and vesicle uptake was imaged
using IFC. EVs are detected as spots inside recipient cells. Insert shows percentage of EV-positive cells (72.5%), gated according to unlabeled EVs. Representative
results from at least three experiments are shown. Abbreviations: BF, bright field; SSC, side scatters.

gated according to THP1 cells incubated with unlabeled EVs
(Figure 1B).

Imaging flow cytometry can detect fluorescently labeled EVs
even at sub-resolution range, since bright enough fluorescence
can fill more than one pixel and enable sample detection. Addi-
tional removal of artifacts can be done by verifying that the
two fluorescent channels co-localize to the same object (Figure 2A),
which is not possible in conventional flow cytometry. This demo-
nstrates that IFC can be a useful technique for studying the
dynamics of cargo distribution within the cell upon uptake.
Specifically, since the EV population originating from the same
cells is often heterogeneous, this can lead to diversified uptake
mechanisms of target cells and, as a result, can affect cargo des-
tination. Therefore, IFC can be adapted not just to detect cargo
internalization, but also to explore the nature of the EV uptake
and the internal localization of components.

Monitoring the Kinetics of the Uptake
Into the Host of the RNA Contained

in Pf-Derived Vesicles

To understand the Pf-EV-cargo’s function in the host target cells,
it would be valuable to analyze the kinetics of cargo uptake into
target cells. Since we could only detect the lipid signal during
the first 5 min of incubation with recipient cells, we examined
whether it is possible to explore the uptake kinetics cargo com-
ponents within the recipient cells over time. This was achieved
by establishing a vesicle-uptake kinetics assay. RNA-labeled
EVs were added to live THP1 cells and the derived signal was
read continuously (after a 90-150 Sec loading time) by IFC for
45 min. A trend line was calculated by the statistical software R,
using the “ggplot2” package (36). The smoothing method used
was a generalized additive model, which is the package’s default
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FIGURE 2 | Visualization of double-stained Plasmodium falciparum (Pf)-derived extracellular vesicles (EVs) by imaging flow cytometry (IFC). (A) IFC analysis of
double-stained Pf-derived EVs. Pf-derived EVs co-labeled with different combinations of two stains: for lipids (Dil, DiD, or DiO), RNA [thiazole orange (TO)], and
proteins (GO). Representative results from at least three experiments are shown. Abbreviations: BF, bright field; SSC, side scatter (B) Uptake assay of Pf-derived EVs
into monocytes (THP-1). IFC imaging of Pf-derived EVs labeled with two stains for lipids (Dil, DiD, or DiO) and/or RNA (TO) and/or proteins (GO) uptaken into THP-1
cells as described in the Section “Method.” Representative results from at least three experiments are shown. Abbreviations: BF, bright field; SSC, side scatter.

for n > 1,000. The results were compared with the acquisition
of unlabeled EVs (Figure 4A). As demonstrated, the transferred
RNA signal intensity in the cells increased over time, indicat-
ing progressive uptake of Pf-labeled EVs within monocytes
(Figure 4B). Remarkably, the EV's uptake into monocytes occurs
rapidly; 10 min after co-incubation most of the monocytes
(>90%) stained positive for RNA-cargo (TO dye). Notably, no
growth effects were observed within recipient monocytes as
compared to control cells during the 72 h post EV uptake (Figure
S2 in Supplementary Material).

Monitoring the IRF3 Translocation to the
Nucleus Following Pf gDNA Internalization

Into Host Monocytes
Previously, we showed that, upon internalization of Pf DNA-
harboring EVs into host monocytes, the parasitic DNA cargo

prompts STING-dependent DNA sensing response. The protein
STING subsequently activates kinase TBK1, which phosphory-
lates the transcription factor IRF3, causing IRF3 to translocate to
the nucleus and induce STING-dependent gene expression (16).
The ability to track the translocation of proteins within host cells
upon pathogen EV uptake could be a useful tool for determining
their function and the resultant alteration in signaling pathways
within the host cell. We used IFC to test whether it is possible
to measure the translocation of transcription factor IRF3 from
the cytosol to the nucleus upon insertion of P/~-DNA cargo into
host cells. For that, monocytes were transfected with Pf-genomic
DNA that mimics the internalization of parasitic DNA into host
monocytes by EVs as described in a previous study (16). Using
a specific antibody against the phosphorylated form of IRF3
(pIRF3), we demonstrated that the intensity of the activated
form, pIRF3, progressively increased upon the internalization
of the cargo (Pf-DNA); after 24 h, the majority of pIRF3 was

Frontiers in Immunology | www.frontiersin.org

May 2018 | Volume 9 | Article 1011


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Ofir-Birin et al.

Monitoring EV Uptake by IFC

Mac Pixel_MC_Ch02

Max Pixel_MC_Ch02

3

£

<1e3 0 1e3 Ted 165 166
Intensty_MC_Ct02

1630163 1ed
Intensity MC_CHI2

%

chae

Max Pixel_MC_Ch02

Max Pixel_MC

1630183  fed 165 166 1630163 fet  1e5
Irtensity MC CHI2 Intersty MC CHO2

16

EVs: ' 10%

out of three are shown. Abbreviation: BF, bright field.

50% 100%

FIGURE 3 | Relative Plasmodium falciparum (Pf)-derived extracellular vesicles (EV) uptake into monocytes. Relative amounts of EVs (100, 50, 10, and 0%) were
stained using the same amount of [thiazole orange (TO)] dye. THP-1 cells were incubated with RNA (TO)-labeled EVs for 5 min before being fixated and imaged by
imaging flow cytometry. Graphs show the percentage of TO-labeled EV-positive cells, gated according to unlabeled EVs. Representative results from experiments
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FIGURE 4 | Kinetics measurement of Plasmodium falciparum (Pf)-extracellular vesicles (EV) uptake into monocytes using imaging flow cytometry (IFC). Pf-derived
EVs were labeled by thiazole orange (TO), and their uptake into THP-1 cells was measured for 45 min. (A) Graph representing the signal modification in TO intensity
that was detected over time originating from monocyte recipient cells. Representative results from three independent experiments are shown. (B) Signal detected by
IFC from three representative recipient cells from each of the three time groups. Within the first 15 min, the EV signal appears as clear spots inside the cells (1),
followed by the signal spreading inside the cell area for up to 30 min from EV internalization (II-ll).

localized in the nucleus (Figure 5A bottom panel). As seen in
Figure 5A, upper panel, these results were confirmed by using a
primary antibody against IRF3 itself; a positive signal appeared
in the nucleus over the course of the 24 h following cargo inser-
tion, indicating the alteration within recipient immune cells and
the migration of the transcription factor from the cytosol to the
nucleus. Thus, using IFC to track the outcome of Pf-EV uptake

by host cells may help to reveal the nature of the EV’s role in
malaria pathogenesis.

DISCUSSION

The need for establishing high-throughput EV population char-
acterization methods led us to adapt existing approaches, such as
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FIGURE 5 | IRF3 and phosphorylated IRF3 (pIRF3) translocation into the nucleus upon Plasmodium falciparum (Pf)-genomic DNA intake by recipient host
monocytes. (A) THP-1 cells were transfected with Pf gDNA for 5 or 24 h. Cells were next fixated and labeled with Hoechst (DNA dye), IRF3 (upper panel), or pIRF3
(bottom panel) antibodies, imaged and analyzed by imaging flow cytometry at different time points. Representative results from at least three experiments are shown
n = 2*10° (B) Similarity values between the IRF3 and nuclear image. Values over 1.5 are considered as co-localization. Representative results from at least three
experiments are shown. T-test (p < 0.001) analysis for similarity values between 24 h and not treated and between 24 and 5 h was performed.

flow cytometry and IFC, for the benefit of the vesicles research
field. Measurements using conventional fluorescence microscopy
are challenging due to EV fluid dispersal and limited analysis and
quantification tools. Conversely, in conventional flow cytometry,
objects are measured according to their light scattering and
fluorescence intensity, thus limiting the sensitivity for small, dim
particles, such as EVs. Reaching a higher dynamic range, lower
noise, and a higher quantum yield can be achieved in IFC by
using a CCD camera instead of photomultiplier tubes (22-24, 26).
In addition, IFC operates in a time delay integration mode, which
increases the exposure time from microseconds to milliseconds,
further enhancing sensitivity (22-24, 26). By exploiting the 60X,
high numerical aperture (NA = 0.9) lens, we reached a high
degree of light gathering and sensitivity. When using this lens, the
core width is set to 7 um, making it narrow enough to keep most
of the acquired objects in focus. Thus, the combination of precise
fluidics and a highly sensitive CCD camera, in addition to careful
gating with visual inspection, facilitates the accurate detection
of low intensity, small size objects, and making IFC a powerful
tool for sensitive, accurate, statistically robust analysis of EVs
(24, 27, 28). We also directed our efforts to calibrating the EVs’
double-stain so as to increase the validity of the experimental
results. The end results of our efforts was an advanced method for

following simultaneously the delivery of different cargo compo-
nents into recipient cells, which we validated by visually following
the internalization of malaria parasitic EVs.

The advantage of the IFC method is that it can be used to
study EV uptake in any system, eliminating the need for specific
antibodies, but necessitating dependence on non-specific stain-
ing (e.g., for RNA, proteins, or lipids). Recent works have indeed
successfully used IFC to demonstrate [and a single fluorescent
stain (35)] the uptake of vesicles and to characterize the properties
of vesicles (24, 28, 29, 34, 35). One study used specific antigens to
explore vesicles in blood (37), while another displayed the ability
to monitor vesicle adherence in whole blood in a competitive
uptake assay (21). Using specific fluorescent-antibodies, the lat-
ter study found that vesicles adhere preferentially to monocytes,
which supports directed EV targeting. Yet, the mechanisms
by which pathogen-derived vesicles are uptaken by target host
cells has remained, thus far, mostly elusive.

Applying the advanced IFC method we developed to the study
of malaria parasitic EVs, we successfully isolated EVs derived
from Pf-infected RBCs and demonstrated their rapid integra-
tion (less than 5 min) into human monocytes (Figures 1B, 2B,
3 and 4). Using IFC, we exhibit a robust kinetic assay for mea-
suring cargo internalization during uptake and monitoring
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FIGURE 6 | Schematic representation of the cascade of events upon Plasmodium falciparum (Pf)-gDNA intake by host monocytes. In non-activated monocytes,
transcription factor IRF3 is localized in the cytoplasm. Upon Pf, DNA cargo internalization into the cytoplasm, IRF3 undergoes phosphorylation and is translocated

into the nucleus to induce the cellular immune response (from left to right). Abbreviation: Nuc, nucleus.

the molecular effect of P/~EV cargo internalization into host
target cells. We also demonstrated the powerful ability of IFC
to directly track the migration of a host transcription factor
(IRF3) within the cellular environment once the protein becomes
activated due to parasitic cargo internalization (Figures 5 and 6;
a schematic illustration). The statistical strength of a robust
analysis of thousands of recipient cells increases the physiological
feasibility of these occurrences. Characterizing the EV content by
different dyes, tracking the kinetics of EV uptake into target cells
and, finally, tracking the activation of the specific factors within
target cells may shed light on the EV’ function in host-pathogen
communication and, hence, demonstrate the usefulness of IFC as
a robust tool to study EV uptake and cargo dynamics.

Such means will open up additional research directions
into the cellular alterations of host proteins upon the uptake of
pathogen-derived EVs. Therefore, IFC could generally improve
our knowledge on EV uptake mechanisms and shed additional
light on other EV functions.
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FIGURE S1 | Plasmodium falciparum (Pf)-derived extracellular vesicles (EVs)
characterization by NTA Nanosight. Pf-derived EVs analyzed by Nanosight
NS300 (Malvern) for size distribution and particle concentration. The graphs
represent the mean of 6*60 s measurements by Nanosight NS300. EV
concertation is 3.4*10” + 1.7*10” and the diameter mean is 91 nm.
Representative results from at least three experiments are shown.

FIGURE S2 | THP-1 cell growth following uptake of Plasmodium falciparum
(Pf)-derived extracellular vesicles (EVs). Pf-derived EVs were introduced to THP-1
cells for 5 min, and then washed. (A) Cell viability tests. This experiment is a
representative of three biological repeats. SD and T-test analysis (o > 0.1).
Representative results from at least three experiments are shown. (B) Percentage
of dead cells was measured using trypan blue. This experiment is a
representative of three biological repeats. SD and T-test analysis (o > 0.1).

FIGURE S3 | Pf-EV intake by monocytes at different temperatures. THP-1 cells
were incubated with RNA (TO)-labeled Pf-EVs at 37 or 4°C for 5 min. Cells were
then washed with ice-cold PBS (-/-) and imaged by imaging flow cytometry.
Graphs show TO-labeled positive cells (yellow), gated according to unlabeled
cells. At 37°C 37.5% of the cells were positive to TO signal, at 4°C 1.06% of the
cells were positive to TO. Abbreviations: TO, thiazole Orange; Pf, Plasmodium
falciparum; EV, extracellular vesicle.
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