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Abstract

MOHAMMAD HARUN RASHID
Optimized isolation and quantification of in vivo distribution of exosomes
for potential targeted theranostic application.
(Under the direction of Dr. Ali Syed Arbab)

Exosomes are critical mediators of intercellular crosstalk and regulators of the
cellular/tumor microenvironment. Exosomes have great prospects for clinical application
as a theranostic and prognostic probe. Nevertheless, the advancement of exosome research
has been thwarted by our limited knowledge of the most efficient isolation method and the
in vivo trafficking. Here we have shown that a combination of two size-based methods
using a 0.20 µm syringe filter and 100k centrifuge membrane filter followed by
ultracentrifugation yields a greater number of uniform exosomes compared to other
available methods. We demonstrated the visual representation and quantification of the
differential in vivo distribution of radioisotope 131I-labeled exosomes from diverse cellular
origins, e.g., tumor cells with or without treatments, myeloid-derived suppressor cells and
endothelial progenitor cells. We also determined that the distribution was dependent on the
exosomal protein/cytokine contents.
Further, we also generated engineered exosomes expressing precision peptide for
targeting CD206 positive M2-macrophages. M2-macrophages participate in immune
suppression, epithelial to mesenchymal transition, invasion, angiogenesis, tumor
progression and subsequent metastasis foci formation. Given their pro-tumorigenic
function and prevalence in most malignant tumors with lower survival, early in vivo

detection and intervention of M2-macrophages may boost the clinical outcome. To
determine in vivo distribution of M2-macrophages, we adopted

111

In-oxine based

radiolabeling of the targeted exosomes and SPECT. When injected these radiolabeled
targeted exosomes into 4T1 breast tumor-bearing mice, exosomes accumulated at the
periphery of the primary tumor, metastatic foci in the lungs, in the spleen, and liver. Ex
vivo quantification of radioactivity also showed similar distribution. Injected DiI dyelabeled exosomes into the same mice showed the adherence of exosomes to the CD206
positive macrophages on ex vivo fluorescent microscopy imaging, confirming the targeting
efficacy of the exosomes. In addition, we utilized these engineered exosomes to carry the
Fc portion of mouse IgG2b with the intention of augmenting antibody-dependent cellmediated cytotoxicity. We have auspiciously demonstrated that M2-macrophage targeting
therapeutic exosomes deplete M2-macrophages both in vitro and in vivo, and reduce tumor
burden in a metastatic breast cancer model. The applied in vivo imaging modalities can be
utilized to monitor disease progression, metastasis, and exosome-based targeted therapy.

Keywords: Exosomes, isolation, in vivo imaging, radioisotope labeling, MDSC
exosomes, EPC exosomes, engineered exosomes, targeted therapy, CD206+ M2
macrophages, breast cancer and metastasis
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I.

Introduction

A. Statement of the Problem
Cancer remains the leading cause of disease-related mortality and most cancer patients die
of metastasis. The control of metastasis warrants to be one of the most compelling quest of
cancer treatment. A new theory of “seeds (cancer cells) and soil (distant tissue)” transpired
as scientists acquainted exosomes as seeds that cruise to distant organs and release growth
factors (fertilizers) to acclimate the “foreign soil” and prepare the metastatic niche.
Exosomes are nano-sized (30-150nm) spherical organelles, derived from the endosomal
system for intercellular communications. Accumulating evidence indicates that cancer
cells release an abundant amount of exosomes in the TME and into the body fluids. Cancer
cell-derived exosomes arbitrate tumor-associated immune suppression (Yu et al., 2007)
and trigger the formation of pre-metastatic niche, acclimated to cancer-cell seeding prior
the arrival of the first cancer cells (Suetsugu et al., 2013). Tumor-derived exosomes (TDEs)
can endow proteins, lipids, mRNA, miRNA, etc. to the tumor microenvironment (TME) to
favor the development of the metastasis. TDEs play an imperative role in tumor growth,
stromal reorganization, cancer stemness, neovascularization and most importantly
immunosuppression via recruiting bone marrow-derived cells (BMDCs) especially
myeloid-derived suppressor cells (MDSCs), tumor-associated macrophage (TAMs) and
angiogenic myeloid cells. Recently, the exosome-based therapeutic delivery system is
drawing immense attention owing to the distinctions between exosomes and synthetic
nano-carriers, as exosomes are naturally occurring nano-vesicles that can abscond the
immune-surveillance with longer circulatory time and stability in serum. Also, they are
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more biocompatible and biodegradable with lesser toxicity and can easily percolate through
the body’s barrier systems (blood-brain barrier, blood-cerebrospinal fluid barrier) or
abnormally formed blood vessels in tumor tissue (Luan et al., 2017; van der Meel et al.,
2014). Exosomes can be engineered with targeting peptides or antibodies for precisely
targeted therapeutics delivery.
In spite of extensive research on exosomes in recent years, still there are some knowledge
gaps that need to be addressed. What is not known is the most efficient and reproducible
approach of isolating exosomes. In the current lack of a standardized method, there are
several methods available for isolating exosomes, but very few studies have formerly
compared the efficiency and suitability of these different methods. Therefore, there is a
strong demand for implementing a uniform protocol to isolate quality exosomes for
downstream experiments. Research interests have been growing to understand impacts of
exosome on cellular and sub-cellular changes in TME. There has not been any study done
to characterize the role of MDSCs derived exosomes in the modulation of TME. In
addition, chemotherapeutic loaded targeted exosomes may well serve as a next-generation
drug delivery mechanism. However, the inability to produce a large number of quality
exosomes, lack of methods to facilitate the packaging of cargo, and knowledge gap in their
in vivo trafficking still hamper its clinical application. The overall objective of the project
is to standardize the exosome isolation methods, determining the biodistribution of
exosomes and generation of engineered exosomes for diagnostic and therapeutic
application with the long-term goal is to stymie the tumor progression and metastasis
process by therapeutic loaded targeted exosomes. We proposed to investigate the following
specific aims:

2

Specific Aim 1: Optimization of isolation method, characterization, and biodistribution of
exosomes.
a. Comparing available methods in combination or alone to optimize the isolation
technique.
b. Characterizing the exosomes, and exploring the contents and functional properties
of exosomes.
c. Determining the biodistribution of isolated exosomes using in vivo SPECT
imaging.
Specific Aim 2: Generation of targeted engineered exosomes for detection, monitoring,
and prevention of tumor growth and metastasis.
a. Production of TAMs-specific engineered exosomes for detection and monitoring
tumor growth and metastasis.
b. Production of TAMs-specific engineered exosomes for preventing tumor growth
and metastasis.
Our proposed isolation method, detection technique for exosome biodistribution and
approaches of exosome engineering will open up a new horizon in exosome research and
biological nanotechnology as targeted, controlled-release drug delivery platforms and as
targeted diagnostic and prognostic marker.
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B. Review of Related Literature
What are exosomes?

Exosomes are highly heterogeneous (Kowal et al., 2016) endosomal origin lipid
bilayered membranous vesicles (30–150 nm) produced by all cell types (Kowal, Tkach, &
Théry, 2014). Exosomes are released into the biological fluids such as saliva, urine, blood,
seminal fluid, amniotic liquid, pleural effusion, ascites, bronchoalveolar lavage fluid,
synovial fluid, breast milk and cerebrospinal fluid (Urbanelli et al., 2013) in vivo, or cell
culture medium in vitro. Exosomes are part of extracellular vesicle family (EVs) that also
includes

microvesicles

(200–1,000nm)

and

apoptotic

bodies

(1000–5000nm).

Microvesicles are directly produced by the outward budding of the plasma membrane, and
apoptotic bodies are released by cells undergoing programmed cell death by outward
blebbing of the apoptotic cell membrane (Batrakova & Kim, 2015; Samir El Andaloussi,
Mäger, Breakefield, & Wood, 2013). Exosomes are released via exocytosis from
multivesicular bodies (MVBs) of the late endosome. Whereas microvesicles and apoptotic
bodies appear more miscellaneous in shape, exosomes show a distinctive biconcave or cuplike shape when produced by artificially drying during preparation, while they appear
spheroid in solution under transmission electron microscopy (TEM) (Conde-Vancells et
al., 2008).
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Biogenesis of exosomes

Biogenesis of exosomes is a sophisticated process that includes four stages:
initiation by inward budding of the plasma membrane, endocytosis, the formation of
multivesicular bodies, and secretion (exocytosis) (Théry, Zitvogel, & Amigorena, 2002).
The formation process augments when fluids, solutes, macromolecules, plasma
components and particles are internalized by various endocytic trafficking pathways into
transport vesicles (Figure 1). By fusing with one another or with an existing sorting
endosome, the transport vesicles then form early endosomes.

Figure 1. Schematic representation of exosome biogenesis and secretion.

The formation of exosomes requires the soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE), Rab, coat complex subunit and Sec 1 proteins. Early
endosomes may acquire proteins and other components derived from the cytoplasm,
5

endoplasmic reticulum or Golgi complex and develop into late endosomes or MVBs
(McKelvey, Powell, Ashton, Morris, & McCracken, 2015). Late endosome may recycle its
components back to the plasma membrane or be subjected to degradation by lysosomes.
MVBs fuse with the plasma membrane and subsequently release exosomes to the
extracellular environment by exocytosis (Than, Guanzon, Leavesley, & Parker, 2017). The
Rab27b, Rab27a and Rab7 effector molecules, synaptotagmin-like 4 (SYTL4) and
exophilin 5 (EXPH5), regulate docking of the MVBs at the plasma membrane.
Concurrently, Rab27a, Rab11, Rab31, the R-SNARE protein YKT6 and the v-SNARE
protein VAMP7 are implicated in the fusion process between MVBs and the cellular
membrane (Gross, Chaudhary, Bartscherer, & Boutros, 2012; McKelvey et al., 2015).

6

Background of exosome research

EVs were first observed in 1967 in plasma and presumed to be waste products
released via shedding of the plasma membrane, and was termed as “platelet dust” (Wolf,
1967). From there on, all biological fluids including in vitro cell culture media have been
shown to contain these nanovesicles (Raposo & Stoorvogel, 2013). The process of
exosome release following attachment of MVBs with the plasma membrane was first
visualized in rat reticulocytes in 1983, from studies on the loss of transferrin during the
maturation of reticulocytes into erythrocytes (Harding, Heuser, & Stahl, 1983). Rose
Johnstone in 1983 first proposed the term “exosomes” to define these extracellularly
released intra-endosomal vesicles. However, these extracellular vesicles were largely
overlooked, buried or dismissed as a means of cellular waste disposal.
The initial concept of exosomes as “garbage bag” or “cell debris” for removal of
excess or unwanted cellular materials has been changed drastically after their proteomics
and transcriptomic analyses. Now exosomes are thought to be an integral part of
intercellular communication and have been associated with numerous physiological and
pathological functions (Mathivanan, Ji, & Simpson, 2010; Record, Carayon, Poirot, &
Silvente-Poirot, 2014). Over the past decade, there has been an escalation of research and
publications on exosomes. It is only in the past fifteen years that interest in exosomes has
exploded, with a nearly tenfold increase in publications in as many years. There are mainly
four reasons for this outburst: (1) they are considered to provide an avenue of cell-to-cell
communication through transmission of macromolecules between cells, (2) contributing
factors in the development of several diseases and normal physiology, (3) have been
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contemplated to be useful vectors for drug delivery, (4) involvement in primary tumor and
distal metastatic niche formation.
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Functional Components of exosomes

At any given time-point, exosomes can contain all known bioactive constituents of
a cell that can fit inside it (Xu et al., 2016), including proteins (Rab GTPases, Annexins,
ESCRT

complex,

ALIX,

TSG101

etc.),

lipids

(cholesterol,

sphingomyelin,

hexosylceramides, phosphatidylserine, and saturated fatty acids) and nucleic acid (miRNA,
mRNA, tRNAs, lncRNAs, single and double-stranded DNA) (Figure 2). Exosomes are
also embellished with heat shock proteins (HSP70, HSP90, HSP60, HSC70), integrins,
enzymes (GAPDH, proteinase K, α-enolase, phosphoglycerate), tetraspanins (CD9, CD63,
CD81, and CD82) and MHC class II proteins (Alipoor et al., 2016; Balaj et al.; Kalluri,
2016; Thakur et al., 2014; Valadi et al., 2007).

Figure 2. Schematic representation of structure and contents of exosomes. Adapted from “Exosomal
communication in glioma – a review" by Xu et al., 2016, JBUON; 21(6): 1368-1373.
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Role of exosomes in normal physiology and pathophysiology of diseases

Exosomes can arbitrate communication between both adjacent and remote cells by
transferring their inherited bioactive contents to the recipient cells. Besides their
physiological functions such as maintenance of cellular stemness, immunity (Bobrie,
Colombo, Raposo, & Théry, 2011; Mittelbrunn et al., 2011), tissue homeostasis, protein
clearance (Johnstone, Adam, Hammond, Orr, & Turbide, 1987), signaling (Cossetti et al.,
2014; Gangoda, Boukouris, Liem, Kalra, & Mathivanan, 2015); exosomes also contribute
to the pathophysiology of several diseases. The tumor cell-derived exosomes are capable
of altering the tumor microenvironment (TME) by stimulating the secretion of growth
factors and cytokines from TME associated cells. Thus exosomes play an imperative role
in epithelial to mesenchymal transition (EMT) (Alipoor et al.), immune escape (Syn,
Wang, Sethi, Thiery, & Goh, 2016), tumorigenesis, tumor growth, angiogenesis, invasion,
cancer stemness, tumor drug resistance, and metastatic niche formation (X. Zhang et al.,
2015). As they accommodate an ample amount of biomarkers, exosomes have immense
prospects for clinical application as a diagnostic marker, monitoring treatment response
and disease progression.
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Exosome isolation

Exosomes have been isolated from biological fluids and in vitro cell culture
supernatants using a variety of strategies and techniques. The hastened progress in the
exosome research and clinical application has been hindered by limited information
explicating the highly efficient technique for mass production of contaminant-free uniform
exosomes. Until to date, mainly five techniques have been developed for isolating
exosomes by exploiting a particular trait, such as their size, density and surface markers or
proteins (P. Li, Kaslan, Lee, Yao, & Gao, 2017). Each of the technique has own advantages
and disadvantages over others (Table 1). Ultracentrifugation, considered to be the gold
standard and most used method, has large sample capacity and yields a large number of
exosomes. However, using this technique only is time-consuming, needs expensive
equipment, cannot separate impurities and repeated high-speed centrifugation may damage
exosomes thus affecting downstream experiments. Although size-based techniques are
cheaper, fast and reproducible, there is the possibility of clogging and trapping of exosomes
with the membrane and shear stress can deform the exosomes. Density gradient separation
is easy to use the technique with high exosomes recovery that does not require specialized
equipment, but that co-isolates impurity like lipoproteins, polymer and requires pre and
post isolation cleanup. Immunoaffinity capture-based techniques isolate highly purified
specific subtype of exosomes, yet it is low yielding, reagents are costly for larger samples,
and a hefty population of exosomes is being left out. Microfluidics-based techniques are
newer, cheap and quick methods that have a low yield and lack standardization and
verification (Contreras-Naranjo, Wu, & Ugaz, 2017; Lobb et al., 2015; Yakimchuk, 2015).
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Method
Ultracentrifugation
(UC)

Mechanism
multiple
centrifugation
and UC

Advantages
1. standard and
most used
2. large sample
capacity
3. high yielding

Size-based
isolation

membrane
filtration

1. cheaper and fast
2. reproducible

Density
gradientbased
isolation
Immunoaffinity
capture-based

Disadvantages
1. time consuming
2. needs expensive and
special equipments
3. repeated UC may damage
exosomes
4. can not separate impurities
1.clogging and trapping of
exosomes
2. exosome deformation
1. co-isolate impurities like
lipoproteins, polymer
2. requires pre and post
isolation cleanup
1. low yield
2. costly reagents
3. not feasible for larger
samples

with precipitation 1. quick and easy
reagent,
to use
centrifuge and UC 2. high exosome
recovery.
magnetic beads
1. elective subtype
ELISA-based
of exosome
isolation
2.Enriched
exosomes.
Microfluidics- based on size1. newer and cheap 1. low yield
based
exclusion
2. quick method
2. lack standardization and
techniques
verification
Table 1. Differences between available exosome isolation methods.
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Exosome biodistribution

Despite

the

intense

research

for

understanding

the

biological

and

pathophysiological functions of exosomes, only a few studies have scrutinized exosome
biodistribution. Little is known about the in vivo trafficking of exosomes, which also
impedes biomedical application as a potential theranostic and prognostic tool. A
breakthrough to investigate in vivo distribution and track the exosomes is required for the
safe and effective clinical application. As yet, to track their whereabouts, only few effective
methods are reported that mostly adopted fluorescent and bioluminescence imaging either
labeling them with lipophilic membrane dye (PKH67, PKH26, DiR, DiO, Cy7, and DiI) or
manipulating them to exhibit a membrane reporter (Green fluorescence protein, Gaussia
luciferase, Renilla luciferase). Both the techniques have inherent drawbacks including low
sensitivity, poor tissue penetration that requires sacrificing the animals or surgical
exposure, difficulties in quantification and limitation in long-term sequential imaging
(Gangadaran et al., 2017; Lai et al., 2014; Masaki Morishita et al., 2015; T. Smyth et al.,
2015; Wiklander et al., 2015; Zomer et al., 2015). Contrarily, the utilization of nuclear
medicine imaging techniques such as single-photon emission computed tomography
(SPECT) or positron emission tomography (PET) that are non-invasive imaging, can be
combined with anatomical imaging such as, computed tomography (CT) or magnetic
resonance imaging (MRI) for exosome localization are barely found in the published
articles. These nuclear imaging techniques have indisputable advantages over fluorescent
and bioluminescence imaging, owing to their excellent sensitivity for the deeper tissues
and quantitative measurement potential of the clinical grade labeling radioisotopes ( 99mTc,
131

I, 111In-oxine).
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Advantages of exosomes as a therapeutic delivery vehicle

Exosomes have emerged as potential tools for a drug delivery system that can target
specific tissues or cells. Recently, the therapeutic application of exosomes has shown
promising results as novel therapeutic vehicles in cancer immunotherapy and suicide
therapy, as well as delivery of RNA-interference and drugs (Chaput et al., 2004; ElAndaloussi et al., 2012; S. El Andaloussi, Lakhal, Mager, & Wood, 2013; Hao, Moyana,
& Xiang, 2007; Kurywchak, Tavormina, & Kalluri, 2018). Exosomes have clear
advantages over synthetic nanoparticles like liposomes as a vehicle because of their more
biocompatibility, low toxicity and immunogenicity, permeability, stability in biological
fluids and ability to accumulate in the tumor with higher specificity (Alvarez-Erviti et al.,
2011; El-Andaloussi et al., 2012; S. El Andaloussi et al., 2013; Jiang & Gao, 2017; Lener
et al., 2015; S, Mager, Breakefield, & Wood, 2013). Exosomes can be engineered to
express targeting peptides or antibodies on their surface for precise targeted therapeutics
delivery (D. Bellavia et al., 2018; Luan et al., 2017; M. Morishita, Takahashi, Matsumoto,
Nishikawa, & Takakura, 2016; Singh et al., 2016; Sterzenbach et al., 2017; Stickney,
Losacco, McDevitt, Zhang, & Lu, 2016; Yim et al., 2016).
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Role of CD206 positive M2 macrophages in cancer

TAMs are part of heterogeneous populations of immunosuppressive myeloid cells
that produce chemokines for the activation and maintenance of inflammatory processes in
TME (Allavena, Sica, Solinas, Porta, & Mantovani, 2008; Dijkgraaf et al., 2013; Gao,
Liang, Reddy, Farias-Eisner, & Su, 2014; Mou et al., 2015). TAM recruitment,
localization, and phenotypes are regulated by the tumor-secreted factors in the hypoxic
areas of the tumor (Mantovani et al., 2004; Tripathi et al., 2014). Depending on the stimuli,
macrophages undergo a series of functional reprogramming as described by two different
polarization states, known as M1 and M2 (Mantovani et al., 2004; Sica & Mantovani,
2012).

Phenotypically,

M1

macrophages

express

high

levels

of

major

histocompatibility complex class II (MHC II), the CD68 marker, and co -stimulatory
molecules CD80 and CD86. On the other hand, M2 macrophages express high levels
of MHC II, CD163, CD206/MRC1, Arg-1 (mouse only) and others. In TME, classically
activated macrophages, also known as M1 macrophages, are activated by tumor-derived
cytokines such as granulocyte monocyte colony-stimulating factor (GM-CSF), interferonγ, and tumor necrosis factor (TNF). M1 macrophages play an important role as an inducer
and effector cells in polarized T helper type 1 cells (Th1) responses. On the other hand,
M2-polarized macrophages, also known as alternatively activated macrophages are
induced by IL-4, IL-13, IL-21 and IL-33 cytokines in the TME (Kurowska-Stolarska et al.,
2009; Pesce et al., 2006).
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Figure 3. Schematic diagram showing pro-tumorigenic functions of M2-macrophages.

M2 macrophages release high levels of IL-10, transforming growth factor-beta
(TGF-β) (Figure 3) and low levels of IL-12 and IL-23 (type 2 cytokines). M2 macrophages
also produce CCL-17, CCL-22, and CCL-24 chemokines that regulate the recruitment of
Tregs, Th2, eosinophils, and basophils (type-2 pathway) in tumors (Germano, Allavena, &
Mantovani, 2008; Sica, Allavena, & Mantovani, 2008). The Th2 response is associated
with the anti-inflammatory and immunosuppressive microenvironment, which promotes
tumor growth. Compared to M1 macrophages, M2 cells are poor antigen presenters, inhibit
inflammation, and contribute to tumor progression by angiogenesis and tissue remodeling
(Biswas & Mantovani, 2010; Mantovani, Sozzani, Locati, Allavena, & Sica, 2002; Sica &
Mantovani, 2012). M2 macrophages are also known to increase metastatic potential of
breast cancer, and a high number of M2 macrophages are shown to be present in the
metastatic foci of breast cancer in both clinical and pre-clinical studies (Borin, Shankar, et
al., 2017; Y. Chen, Zhang, Wang, & Zhang, 2017; Lindsten et al., 2017; Qiu et al., 2018;
Rippaus et al., 2016; Sousa et al., 2015).
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Rationale of targeting CD206-positive M2-macrophages for potential diagnostic,
therapeutic, and prognostic application

Despite the exponential growth of chemotherapeutics and other targeted therapies
for the treatment of cancer, there have been few successes for solid tumors. Thus, instead
of focusing on the tumor cell alone, treatment strategies have been extended towards other
cell types within the TME. Increased macrophage infiltration correlates with tumor stage
and poor survival (Bingle, Brown, & Lewis, 2002; Torisu et al., 2000). In addition to
repolarization of macrophages, therapeutic depletion might be an attractive approach
against invasion, angiogenesis, tumor growth and metastasis. Identification of peptide
uniquely binds to the receptor expressed by TAMs will enable the design of rational
therapies that specifically target TAMs, ideally leaving normal macrophages unaffected.
CD206 positive M2 macrophages are shown to have a pivotal role in the
dissemination of breast cancer cells and prognosis (Linde et al., 2018; Williams, Hodges,
Reynolds, & Bhat, 2018). Investigators have utilized monoclonal antibody against CD206
or multi-mannose analog diagnostic imaging compounds that target the lectin domain of
CD206 as imaging agents for detecting M2 macrophages in the TME or draining lymph
nodes (Scodeller et al., 2017; C. Zhang et al., 2017). However, mannose and its analogs
are not specific for CD206: they also bind other mannose receptors, such as CD209
expressed in the skin and intestinal and genital mucosa (Geijtenbeek et al., 2000; Jameson
et al., 2002). Also, a nanobody that recognizes CD206 has been developed, and its 99mTc
(technetium-99m) or 18F (fluorine-18)-labeled versions have been used for SPECT or PET
imaging of M2 macrophages, respectively, in mice (Blykers et al., 2015; Movahedi et al.,
2012). However, it is not known if the nanobody is internalized by the CD206-positive
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cells. In recent year, investigators have identified a peptide sequence CSPGAKVRC
(codenamed “UNO”) that binds specifically to CD206+ macrophages in the tumors and
sentinel lymph nodes in different tumor models (Scodeller et al., 2017). Interestingly this
peptide was able to transport drug-loaded nanoparticles inside the CD206+ macrophages.
Therefore, this peptide can be utilized as imaging and therapeutic targeting of M2
macrophages in solid tumors.
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Antibody-dependent cellular cytotoxicity

Antibody-dependent cell-mediated cytotoxicity (ADCC) is a nonphagocytic
mechanism by which most leucocytes (effector cells) can kill antibody-coated target cells
in the absence of complement and without major histocompatibility complex (MHC)
(Graziano & Guyre, 2006). Targeted therapy utilizing monoclonal antibodies (mAbs) has
instituted immunotherapy as a robust new tool to fight against cancer. As mAb therapy has
revolutionized cancer treatment, ADCC has become more applicable in a clinical context.
Clinical trials have demonstrated that many mAbs perform somewhat by eliciting ADCC
(Zahavi, AlDeghaither, O’Connell, & Weiner, 2018).

Figure 4. Schematic diagram showing the proposed mechanism of engineered exosome-based
antibody-dependent cellular cytotoxicity.
Engineered therapeutic exosomes expressing CD206 M2-macrophage targeting precision peptide and Fc
portion of mouse IgG2b act as a bridge between the effector cells and the target cells to initiate the cytotoxic
event.

Antibodies serve as a bridge between Fc receptors (FcR) on the effector cell and the target
antigen on the cell that is to be killed. Crosslinking of receptors in both effector cells and
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target cells is required for triggering the cytotoxic event. ADCC occurs through various
pathways, including (a) release of cytotoxic granules; (b) TNF family death receptors
signaling; (c) release of pro-inflammatory cytokines, such as IFN-γ (W. Wang, Erbe, Hank,
Morris, & Sondel, 2015). Both the uptake of perforin and granzymes by target cells and
TNF family death receptor signaling induce target cell apoptosis (M. J. Smyth et al., 2005),
while effector cells-released IFN-γ actuates nearby immune cells to stimulate antigen
presentation and adaptive immune responses (Srivastava et al., 2013). In the proposed
model of engineered exosomes along with CD206 binding peptide we conjugated Fc
portion of the mouse IgG2b that could potentially be recognized by FcR on the effector
cells and stimulate the ADCC events (Figure 4).
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II.

Materials and methods

Ethics statement
All the experiments were performed according to the National Institutes of Health
(NIH) guidelines and regulations. The Institutional Animal Care and Use Committee
(IACUC) of Augusta University (protocol #2014–0625) approved all the experimental
procedures. All animals were kept under regular barrier conditions at room temperature
with exposure to light for 12 hours and dark for 12 hours. Food and water were offered ad
libitum. All efforts were made to ameliorate the suffering of animals. CO2 with a secondary
method was used to euthanize animals for tissue collection.

List of materials required
The drugs used for the study were HET0016 and GW2580. Dr. Lebedyeva of the
Department of Chemistry at Augusta University prepared HET0016 (N-hydroxy-N′-(4butyl-2 methylphenyl) formamidine, a highly selective inhibitor of 20-hydroxy arachidonic
acid (20-HETE) synthesis). Colony-stimulating factor 1 receptor (CSF1R) inhibitor
GW2580 was purchased from LC Laboratories, Woburn, MA.
All antibodies used for flow cytometry were purchased from BioLegend, San
Diego, CA. are as follows:

a. FITC anti-mouse CD9 antibody
b. FITC anti-mouse CD69 antibody
c. FITC anti-mouse CD8 antibody
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d. FITC anti-mouse CD206 antibody
e. FITC anti-mouse Gr1 antibody
f. FITC anti-mouse IgG2b antibody
g. PE anti-mouse CD69 antibody
h. PE anti-mouse CD4 antibody
i.

PE anti-mouse CD11b antibody

j.

PerCP/Cy5.5 anti-mouse CD3 antibody

k. PerCP/Cy5.5 anti- mouse CD25 antibody
l.

PerCP/Cy5.5 anti- mouse CD184 antibody

m. PerCP/Cy 5.5 anti- mouse CD62L antibody clone
n. PerCP/Cy5.5 anti- mouse CD117 antibody
o. APC anti-mouse CD 206 antibody
p. APC anti-mouse F4/80 antibody
q. APC anti-mouse CD194 antibody
r. APC anti-mouse CD44 antibody
s. APC anti-mouse CD279 antibody
t. APC anti-mouse CD8 antibody
u. APC anti-mouse CD63 antibody

22

The media supplies and additional supplements used for cell culture are as follows:

a. DMEM, 1x (Dulbecco’s Modification of Eagle’s Medium) with 4.5g/L glucose &
L-Glutamine without sodium pyruvate (REF 10-017-CV, Corning)
b. DMEM/High Glucose with L-Glutamine without sodium pyruvate (Cat#
SH30022.01, HyClone)
c. RPMI 1640, 1x with L-Glutamine (REF 10-040-CV, Corning)
d. L-Glutamine 200mM (100x) solution (Cat# SH30034.01, HyClone)
e. Penicillin-Streptomycin solution (Cat# SV30010, HyClone)
f. Trypsin 0.25% (1x) solution (Cat# 30042.01, HyClone)
g. Sodium Pyruvate 100mM solution (Cat# SH30239.01, HyClone)
h. MEM Non-Essential Amino Acids solution (100x) (Cat# SH30238.01, HyClone)
i.

Antibiotic, Antimycotic solution (100x) stabilized (A-5955-100ml, Sigma Aldrich)

j.

L-Glutamine (Cat# 17-605E, VWR Scientific)

k. Heparin (Cat# 07980, Stemcell Technologies)

The plastic ware, glassware and additional supplements used for cell culture are as follows:
a. 75cm2 flask, Canted neck, vent cap (Cat# 430641U, Corning)
b. 75cm2 flask, Canted neck, plug seal cap (Cat# 430770U, Corning)
c. 25cm2 flask, Canted neck, vent cap (Cat# 430639, Corning)
d. 6-well cell culture plate, Tissue culture treated, with lid (Cat# 3506, Corning)
e. 24-well cell culture plate, Tissue culture treated, with lid (Cat# 3526, Corning)
f. 96-well cell culture plate, Tissue culture treated, with lid (Cat# 3596, Corning)
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g. 500 ml filter system, Non-pyrogenic, sterile, 0.22µm (Cat# 430758, Corning)
h. 50 ml conical centrifuge tube, sterile (Cat# 339652, Thermo Scientific)
i.

15 ml conical centrifuge tube, sterile (Cat# 430790, Corning)

j.

ART 300-Non-filtered tips, 300µl pipette tips (Cat# 3771-HR, Thermo Scientific)

k. EcoPac Benchtop 200µl pipette tips (Cat# 4235N00)
l.

XL EcoPac Benchtop 1250µl pipette tips (Cat# 4345N00S)

m. Sharp Precision barrier tips 20µl (Cat# P1121, Denville Scientific INC)
n. Sharp Precision barrier tips 100µl (Cat# P1125, Denville Scientific INC)
o. Sharp Precision barrier tips 200µl (Cat# P1122, Denville Scientific INC)
p. Sharp Precision barrier tips 1000µl (Cat# P1123, Denville Scientific INC)
q. Dual filter T.I.P.S. 0.5-20µl 10×96 eppendorf tips (Cat# 022491521, Eppendorf)
r. Vertex 1250µl pipette tips (Cat# 4347N00, Vertex)
s. Vertex 200µl pipette tips (Cat# 4237N00, Vertex)
t. Cell Scraper, PE Blade, PS Handle, Sterile (Cat# 179693, Thermo Scientific)
u. Cryogenic vial, 2 ml, Sterile (Cat# 10-500-26, Fisher Brand)
v. 1 ml disposable plastic pipette (Cat# 159609, NUNC Brand Products)
w. 2 ml disposable plastic pipette (Cat# 13-678-11C, Fisher Brand)
x. 5 ml disposable plastic pipette (Cat# 170355, Thermo Scientific)
y. 10 ml disposable plastic pipette (Cat# 170356, Thermo Scientific)
z. 10 ml disposable plastic pipette, Serological (Cat# 4488, Corning)
aa. 25 ml disposable plastic pipette (Cat# 13-678-11, Thermo Scientific)
bb. Tissue Culture Dish, 100mm×20mm (Cat# 353003, Corning)
cc. 50 ml Reagent Reservoir (Cat# 4870, Corning)
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dd. Inoculating loop and Needle, PS, Yellow (Cat# 22363605, Fisher Brand)
ee. Safe-lock tubes, 0.5 ml, natural (Cat# 022363611, Eppendorf)
ff. PCR tube with attached cap, PP, 0.65 ml, Flat cap (Cat# 08-408-208, Fisher)
gg. Eppendorf tubes 5 ml (Cat# 0030119401, Thermo Scientific)
hh. 1.5 ml MCT Graduated natural tubes (Cat# 05-408-129, Fisher Brand)
ii. 0.45µm syringe filter (Cat# SLVH0033RB, Millipore)
jj. 0.28µm syringe filter (Cat# 431229, Corning)
kk. FB Multiplex tip 0.5-200 µl Round 0.6mm (Cat#05-408-151, Fisher Scientific)
ll. BD 1ml Insulin Syringe U-100 (Cat# 329652, Becton Dickinson)
mm.

BD 3ml Syringe (Cat# 309575, Becton Dickinson)

nn. 20ml Syringe (Cat# 302830, Becton Dickinson)
oo. 9” Pasteur Glass Pipets (Cat# 13-678-6B, Fisher Brand)

The reagents used for cell lysate extraction and western blotting are as follows:
a. RIPA Lysis and Extraction buffer (Cat# 89901, Thermo Scientific)
b. HaltTM Protease and Phosphatase inhibitor single use cocktail 100x (Cat#78842,
Thermo Scientific)
c. 4x Laemelli sample buffer (Cat# 161-0747, Bio-Rad)
d. 2-Mercaptoethanol (Cat# M6250-250ml, Aldrich)
e. Page Ruler Plus Prestained Protein Ladder (Cat# 26619, Thermo Scientific)
f. Odyssey Blocking Buffer (PBS) (Cat# 927-40000, LI-COR)
g. RestoreTM Western blot stripping buffer (Cat# , Thermo Scientific)

25

h. Super Signal West Pico Chemiluminescent Substrate (Cat# 34080, Thermo
Scientific)
i.

Super Signal West Femto Maximum Signal Intensity Substrate (Cat# 34095,
Thermo Scientific)

j.

Pierce BCA Protein Assay kit (Cat# 23227, Thermo Scientific)

Other reagents and miscellaneous chemicals are as follows:
a. LB Broth (Cat# BP-9723-500, Fisher Scientific)
b. LB Agar (Cat# 22700-025, Invitrogen)
c. Cell Proliferation Reagent WST-1 (Cat# 05 015 944 001, Roche)
d. OCT Compound (Cat# 4583, Tissue-Tek)
e. Plasmocin Treatment (Cat# ant-mpt, InvivoGen)
f.

(2-Hydroxypropyl)-β-cyclodextrin (Cat# H31133, Alfa Aesar)

g. Prolong Gold Antifade solution (Cat# P36930, Invitrogen)

Instruments and apparatus used for stereotactic surgeries are as follows:
a. Puralube Vet Ointment Sterile Ocular Lubricant (Dechra)
b. Ketamine HCl (100mg/ml, Hospira) + Xylazine (20mg/ml) in 1:1 ratio
c. Sterile Q-tips
d. Stainless steel Surgical Blade Scalpels (Bard-Parker, Ref #371610)
e. Betadine Solution (10% Povidone-Iodine, NDC-67618-150-01)
f. 70% Ethanol (Prepared from 200 Proof Ethyl Alcohol)
g. Sterile Gauze Sponges (Dukal Corporation, Ref #6408)
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Cell lines
4T1, a murine mammary carcinoma cell line from a BALB/cfC3H mouse, was originally
obtained from the American Type Tissue Culture Collection (ATCC), and modified by Dr.
Hassan Korkaya (Augusta University) to express the luciferase gene reporter. Murine AT3
breast cancer cell line was obtained from Dr. Kebin Liu of Augusta University. For cell
cultures and propagation, both cells were grown in Roswell Park Memorial Institute 1640
medium (RPMI) (Thermo Scientific), supplemented with 10% fetal bovine serum (FBS)
(Nalgene-GIBCO), 2mM glutamine (GIBCO, Grand Island, NY, USA) and 100U/mL
penicillin and streptomycin (GIBCO, Grand Island, NY, USA) at 5% CO 2 at 37 °C in a
humidified incubator. For the generation of exosomes, both cells (5x106 cells in T175 flask)
were grown in RPMI-1640 media containing 10% exosome free FBS and incubated in a
humidified incubator in hypoxic condition (1% oxygen) for 48 hours. Human embryonic
kidney 293 cell line (HEK293) was obtained from Dr. Satyanarayana Ande of Augusta
University and was grown in Dulbecco's Modified Eagle Medium (DMEM) (Corning, NY,
USA) containing 10% exosome free FBS. RAW264.7 mouse macrophage cell line was
used for in vitro targeting and cytotoxicity assays. RAW264.7 were grown in DMEM
media containing 10% FBS.
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Exosome isolation
Exosomes were isolated from the culture supernatants of 4T1 and AT3 tumor cell
lines. Briefly, 5×106 tumor cells were plated in 175cm2 flasks and grown overnight with
10% FBS complete media in normoxia (20% oxygen). The media was removed and
replenished by exosome-free complete media. Exosomes were depleted from the complete
media by ultracentrifugation for 70 minutes at 100,000x g using an ultracentrifuge
(Beckman Coulter) and SW28 swinging-bucket rotor. The cells were then treated with
control (DMSO), colony stimulating factor-1 receptor (CSF1R) antagonist (GW2580,
1µM) and 20-HETE synthase inhibitor (HET0016, 100µM) in hypoxia (1% oxygen) for
48 hours. The cell culture supernatant was centrifuged at 700x g for 15 minutes to get rid
of cell debris. We employed five different methods as follows – 1) ultracentrifugation only
by initial step with 10,000x g for 30 minutes followed by two steps with 100,000x g for 70
minutes each, 2) size-based method by passing through 0.20 µm syringe filter (Corning,
USA) followed by centrifugation with 100k membrane tube (Pall Corporation, USA) at
3200x g for 30 minutes, 3) combination of two steps of size-based method by passing
through 0.20 µm syringe filter and centrifugation with 100k membrane tube at 3200x g for
30 minutes followed by a single step of ultracentrifugation at 100,000x g for 70 minutes,
4) combination of one step size-based method by passing through 0.20 µm and single
ultracentrifugation at 100,000x g for 70 minutes and 5) commercially available density
gradient separation by total exosome isolation reagent (Invitrogen™, USA). The reagent
was added to the culture supernatant sample and incubated overnight at 4° C. The
precipitated exosomes were recovered by centrifugation at 10,000x g for 60 minutes.
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Nanoparticle tracking analysis
Nanoparticle tracking analysis (NTA) was performed using ZetaView, a secondgeneration particle size instrument from Particle Metrix for individual exosome particle
tracking as described preciously (Dinkins et al., 2016; Helwa et al., 2017; Shah et al., 2018).
This is a high performance integrated instrument equipped with a cell channel, which is
integrated into a ‘slide-in’ cassette and a 405-nm laser. Samples were diluted in 1X PBS
between 1:100 and 1:2000 and injected in the sample chamber with sterile syringes (BD
Discardit II, New Jersey, USA). All measurements were performed at 23°C and pH 7.4. As
measurement mode, we used 11 positions with 2 cycles, and for analysis parameter, we
used maximum pixel 200 and minimum 5. ZetaView 8.02.31 software and Camera 0.703
μm/px were used for capturing and analyzing the data.

Flow cytometry
The common exosome markers, mouse-specific anti-CD9 FITC, and anti-CD63
APC antibody (Biolegend, San Diego, CA, USA) were used to label exosomes at 4 °C for
30 minutes. Flow cytometry samples were acquired using Accuri C6 flow cytometer (BD
Biosciences) with the threshold set at 10 and analyzed by BD Accuri C6 software.
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Tumor model
Both 4T1 and AT3 cells expressing the luciferase gene were orthotopically
implanted in syngeneic BALB/c and C57BL/J6 mice, respectively (Jackson Laboratory,
Main USA). All the mice were between 5-6 weeks of age and weighing 18-20g. Animals
were anesthetized using a mixture of Xylazine (20mg/Kg) and Ketamine (100 mg/Kg)
administered intraperitoneally. Hair was removed for the right half of the abdomen by
using hair removal ointment, and then abdomen was cleaned by Povidone-iodine and
alcohol. A small incision was made in the middle of the abdomen, and the skin was
separated from the peritoneum using blunt forceps. Separated skin was pulled to the right
side to expose the mammary fat pad and either 50,000 4T1 cells or 100,000 AT3 cells in
50µL Matrigel (Corning, NY, USA) were injected. Tumor growth was monitored every
week. In vivo, optical images were obtained every week to keep track of primary tumor
and metastasis development by injecting 100μL of luciferin (3 mg/mL) intraperitoneally
followed by the acquisition of bioluminescence signal by spectral AmiX optical imaging
system (Spectral instruments imaging, Inc. Tucson, AZ). The photon intensity/mm/sec was
determined by Amiview software (version 1.6.0). The animals were anesthetized using an
isoflurane vaporizer chamber (2.5% Iso: 2±3 L/min O2) and maintained under anesthesia
(2% with oxygen) during the procedure.
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Isolation of myeloid-derived suppressor cells (MDSCs) and endothelial progenitor
cells (EPCs)
MDSCs were isolated from spleens of tumor-bearing mice 3 weeks after orthotopic
tumor cell implantation using anti-Mouse Ly-6G, and Ly-6C antibody-conjugated
magnetic beads (BD Biosciences, CA, USA). The purity of cell populations was > 99%. In
short, the spleen was disrupted in PBS by using the plunger of a 3mL syringe, and then cell
aggregates and debris were removed by passing cell suspension through a sterile 70μm
mesh nylon strainer (Fisherbrand™). Mononuclear cells were separated by Lymphocyte
separation medium (Corning®, NY, USA) as white buffy coat layer. Cells were then
centrifuged at 1500 rpm for 10 minutes followed by a washing step with PBS at 1200 rpm
for 8 minutes. Then cells were resuspended at 1x108 cells/mL in PBS and antibody
conjugated with magnetic beads were added followed by incubation at 4°C for 30 minutes.
Finally, positive cells were collected using a MACS LS column (Miltenyi Biotec,
Germany) and a MidiMACS™ magnetic stand followed by a wash step with an extra
amount of PBS. The purity of isolated MDSCs was checked by flow cytometry using Gr1
FITC and CD11b APC antibodies (purchased from Biolegend). MDSCs were grown in
exosomes depleted media consisting of RPMI, 2mM L-glutamine, 1% MEM non-essential
amino acids, 1mM sodium pyruvate and 10% FBS, supplemented with 100 ng/mL of GMCSF. EPCs were isolated by a similar technique from the bone marrow of normal mice
using CD117 (c-kit) microbeads (Invitrogen™). The purity of the isolated EPCs was
determined by flow cytometry using CD117 APC antibody. After isolation EPCs were
grown in an exosome free media consisting of stem cell media, 2mM L-glutamine,
20ng/mL stem cell factor (SCF), 25 ng/mL thrombopoietin (TPO), 20ng/mL FMS-like
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tyrosine kinase-3 (FLT3). Exosomes were isolated after 48 hours, following the similar
technique used to isolate tumor-derived exosomes.
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Radiolabeling of exosomes using Iodine-131 (131I)
Isolated TDEs were labeled by Pierce™ Iodination Beads (Thermo Scientific™).
In short, 4-5 iodination beads were cleaned with sterile normal saline and allowed to air
dry. The beads were added directly to 5 mCi of

131

I solution (Cardinal Health, Inc.) and

then incubated at room temperature. After 5 minutes, exosomes resuspended in PBS were
added to the reaction tube and incubated at room temperature for 30 minutes. To stop the
iodination reaction, the beads were taken out from the reaction tube. To get rid of free 131I,
the labeled exosomes were washed and centrifuged with extra PBS using a 100k membrane
tube at 3200x g for 15 minutes.

Radiolabeling of exosomes using Indium-111 (111In)
Exosomes were labeled with In-111-oxine using our optimized method of labeling
(Ali et al., 2012; A.S. Arbab, K., & Araki, 1995; R. L. Webb et al., 2018). In brief,
exosomes (fresh or thawed) were washed with normal saline, reconstituted at 12 billion
exosomes/ml, incubated with 1mCi of In-111-oxine in normal saline for 30 minutes at
room temperature. Then free from bound In-111 will be separated using Amicon ultra
centrifugal filters with a cut off value of 100kDa for 30 minutes at 3900 rpm. Serum
challenge studies were used to determine any dissociation over 24 hours, which was
determined by thin-layered paper chromatography (TLPC).
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Thin layer paper chromatography for radiolabeling efficacy and stability
3MM Whatman® cellulose chromatography paper was cut into 1×8 cm small
pieces. The bottom spotted point was made by 5µL of each sample followed by submerging
the bottom part of each piece (below the spotted point) into the eluent consisting of 100%
methanol and 2M Sodium acetate solution (1:1). Then the pieces were allowed to remain
upright until the eluent reaches the top part. The pieces were cut into the top and bottom
halves and were subsequently put in the glass tubes for the measurement of emitted gamma
activity by Perkin-Elmer Packard Cobra II Auto-Gamma. Total radioactivity was
calculated by combining the activity from top and bottom halves. To determine the percent
dissociation of bound

131

I from exosomes, labeled exosomes were challenged with serum

at 37ºC up to 48 hrs. At different time points, free

131

I, and serum challenged labeled

exosomes were tested using thin layer paper chromatography as described above to
determine the percent of bound vs. free 131I.
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In vivo SPECT/CT imaging of 131I-labeled exosomes
After the intravenous injection of 350±50 µCi of 131I-labeled exosomes in 100 µL
into the tail vein of the mice, all animals underwent SPECT-CT scanning. During the whole
procedure, the animals were anesthetized and maintained using a combination of 1.5%
isoflurane and 1 L/min medical oxygen flow and their body was immobilized in an imaging
chamber to restrain movements. Throughout the scanning their body temperature was
maintained at 37ºC and breathing was monitored. Whole body CT followed by SPECTimaging was acquired by a nanoScan 4-headed micro-SPECT-CT scanner (Mediso USA).
The image acquisitions were commenced 3 hours after the injection of

131

I-labeled

exosomes. The reconstructed image size was 205×205×205 µm.

In vivo SPECT/CT imaging of 111In-oxine-labeled exosomes
Whole body SPECT images were acquired using our previously published protocol
with a dedicated 4-headed NanoScan, high-sensitivity microSPECT/CT 4R (Mediso,
Boston, MA, USA) fitted with high-resolution multi-pinhole (total 100) collimators. The
microSPECT has a wide range of energy capabilities from 20 to 600 keV, with a spatial
resolution of 275 µm. The images were obtained using 60 projection images with 60
seconds/projection, with a medium field of view. Attenuation was corrected using
concurrent computed tomographic (CT) images, and then the images were reconstructed
with low iteration and low filtered back-projection.
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Quantitative analysis of radioactivity in individual organ
Reconstructed analyze formatted file was used in ImageJ (Wayne Rasband,
National Institutes of Health, USA) version 1.51a for both CT and SPECT analysis. The
primary tumor, a metastatic site in the lungs and other organs were identified by
orthogonal, dorsal and ventral views from the resliced stack images. Z stack images were
created from the CT and SPECT of the individual organ for depth and anatomical accuracy
of the organ. Total radioactivity was determined by the sum of the values of the pixels
(RawIntDen) in the selected region of interest (ROIs) around the organs. The activity in
the individual organ was expressed in percent of activity in the whole body (total
radioactivity dose).

Ex vivo quantification of gamma activity of individual organ
After the final scan, animals were euthanized, and their organs were harvested and
weighed. Emitted gamma radiation from each organ was measured by Perkin-Elmer
Packard Cobra II Auto-Gamma after transferring them into the individual glass tube.
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Protein quantification
Isolated exosomes resuspended in a minimal amount of PBS were lysed by RIPA
buffer with protease and phosphatase inhibitor (100:1 dilution). Then exosomal protein
was quantified by Bradford assay using Pierce™ BCA Protein Assay Kit (Thermo
Scientific™) and serial dilution of BSA standard (Thermo Scientific™).

Protein array
Proteins were extracted from tumor cells and their corresponding exosomes in both
untreated and treated conditions to evaluate the expression profiles of 44 factors in
duplicate by mouse cytokine antibody array (AAM-CYT-1000-8, RayBiotech, Inc.). 500μg
of protein sample was loaded to the membrane according to the manufacturer's instructions,
and the chemiluminescent reaction was detected by using LAS-3000 imaging machine
(Fuji Film, Japan). All signals (expression intensity) emitted from the membrane were
normalized to the average of 6 positive control spots of the corresponding membrane using
ImageJ software.
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In vitro migration assay
Trans-well assay was performed to evaluate the chemotaxis property of MDSCderived exosomes. We used 24 trans-well plates with 8 μm inserts in polyethylene
terephthalate track-etched membranes (Corning, Inc.). We collected bone marrow cells and
splenic mono-nuclear cells using Ficoll gradient centrifugation, and myeloid cells from
bone marrow using CD11b+ magnetic beads from the normal Balb/c mice. 1.5×106
cells/insert in serum free media were added into the upper compartment of the chamber.
Inserts will be placed in 12-well plates with DMEM containing 0.5% FBS in the presence
or absence of exosomes isolated from MDSCs. After incubating overnight, migrated cells
were collected from the bottom compartment for counting. insert membranes were washed,
fixed and stained with 0.05% crystal violet to detect the migrated/invaded cells. The
counting was made with an inverted microscope (Nikon Eclipse E200, Melville, NY,
USA).

In vitro scratch assay
scratch assay was performed to detect the ability of MDSC-derived exosomes to
increase migration and invasion of tumor cells. 4T1 luciferase positive cells were seeded
in 6 well plates. After achieving 80±90% of confluency cells were starved overnight with
0.5% FBS for cell cycle synchronization. Then, cells were treated with 100 µl of MDSCderived exosomes in PBS containing 3×108 exosomes for 48 hours in 2% FBS media.
Microphotographs were taken every 24 hours using an automated all-in-one microscope
(BZ-X710, Keyence). The wound size was measured using Image J software (NIH) by
drawing a rectangular region of interest to quantify the visible area of wound.
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Isolation of T-cells
Both CD4+ and CD8+ cells were isolated from normal mouse splenocytes by
immune-magnetic negative selection kit (Stemcell Technology, Vancouver, Canada;
Catalog #19852 and 19853, respectively). In short, harvested spleens from normal mice
were disrupted in cold PBS containing 2% FBS. Clumps and debris were removed by
passing the cell suspension through a 70-µm mesh nylon strainer. Then the single cell
suspension was centrifuged at 300 × g for 10 minutes and resuspended at 1×10 8 nucleated
cells/mL. Rat serum was added to the sample (50µL/mL) followed by addition of isolation
cocktail (50µL/mL). After mixing, the sample mix was incubated in room temperature for
10 minutes. RapidSpheres™ (75µL/mL) was added to the sample mix and incubated for 3
minutes. The tube was placed in an EASYSEP™ MAGNETS (Catalog #18001) for 3
minutes. Enriched cell suspension was collected by pouring off into a new tube. Cells were
seeded in well plates bound with purified anti-mouse CD3e (5µL/mL) in T-cell media that
consists of RPMI, 10% FBS, 1% MEAM, 2.5% HEPES, 1% penicillin-streptomycin, 0.5%
β- mercaptoethanol, and purified anti-mouse CD28 (5µL/mL).
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Quantification of reactive oxygen species (ROS) generation by CD8+ T-cells
ROS production from CD8+ T-cells following MDSC-derived exosomes treatment
in vitro was estimated by labeling the CD8+ T-cells using CM-H2DCFDA (Invitrogen™,
C6827). In short CD8+ T-cells were isolated according to the above-mentioned method.
After final wash step of isolation, cells were resuspended in 1 mL PBS. DCFDA solution
at a working concentration of 10 µM/mL was added followed by incubation in dark at 37ºC
for 30 minutes. Then the cells were washed with extra amount of PBS to remove unbound
dye and resuspended with appropriate T-cell media. 100,000 cells were seeded per well of
96 well-plate. MDSC-derived exosomes were added in the treatment group and same
volume of PBS was added in the control group. Hydrogen per-oxide (H2O2) was used as a
positive control for ROS production. Following 4 hours of incubation, fluorescent intensity
of each condition was measure using Perkin Elmer Victor3 V 1420 multilabel plate reader,
with excitation and emission wavelength of 485nm and 535nm, respectively. Each
condition was triplicated for significance.
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CD8+ Tcell proliferation assay
Following isolation, 20,000 CD8+ cells were seeded in an anti-mouse CD3e-bound
96-well plate and treated with 10µL of MDSC-derived exosomes or same volume of PBS
(control). After 48 hours, 10 µL of WST-1 reagent (Alkali Scientific Inc., FL, USA) was
added to each well and incubated for 4 hours. Absorbance of each well was measured at a
wavelength of 450 nm by the Perkin Elmer Victor3 V 1420 multilabel plate reader.
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Determination of specificity of precision peptide in vitro and in vivo
Biotinylated precision peptide (Biotin-CSPGAKVRC) was custom synthesized by
a commercial vendor (GeneScript, Piscataway, NJ) using standard peptide synthesis and
biotin was attached to the N-terminus. For both in vitro and in vivo studies, biotinylated
peptide was labeled with rhodamine using rhodamine-tagged streptavidin utilizing
standard protocol for labeling supplied by the vendor (ThermoFisher Scientific).
Rhodamine-labeled peptide was used in in vitro studies to determine the specific uptake to
CD206 sites on RAW 264.7 cells with or without blocking CD206 receptor using a CD206
blocking peptide (Cat#MBS823969, mybiosource.com). All cells were stained for CD206
(fluorescein, FITC) and counter stained with DAPI. For in vivo specificity, rhodamine
labeled peptide (red) was injected intravenously (IV) in metastatic syngeneic murine breast
cancer (4T1) bearing Balb/C mice. Three hours after IV administration, all animals were
euthanized, and lungs, spleen and tumors were collected for immunohistochemical
analysis. Frozen sections from the collected tissues were stained for CD206 (fluorescein,
FITC) and counter stained with DAPI.
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Construction for overexpressing CD206+ M2-macrophage targeting peptide and Fc
portion of mouse IgG2b on the exosome surface:
We had two different lentiviral vector constructs made by 3rd party vendor
(VectorBuilder Inc, TX, USA), which were used to generate engineered exosomes in
HEK293 cells. CD206+ M2-macrophage targeting peptide and Fc portion of mouse IgG2b
along with mouse LAMP2b protein were custom designed and inserted into thirdgeneration lentivirus vector (eBiosciences). QIAquick Gel Extraction Kit (Qiagen,
Valencia, CA, USA) and Plasmid Midi Kit (Qiagen, Valencia, CA, USA) were used to
extracting the plasmid DNA.
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Biogenesis of engineered exosomes expressing precision peptide and fusion protein
For the lentiviral production, we seeded 1×106 HEK293TN cells in a 100mm
culture dish. At 70-75% of confluency, after removing the old media, we supplemented the
cells with lentivirus producing plasmids and our targeting cloning plasmid in the presence
of Opti-mem and Lipofectamine2000. After 24 hours, we collected the culture supernatants
containing virus particles followed by centrifugation and filtration through 0.45 µm PVDF
membrane to get rid of the cell debris. For the transfection using lentivector, we seeded
500,000 HEK293 cells in a 100mm culture dish. At 70-75% of confluency, after removing
the old media, we supplemented the cells with transfection cocktail containing regular
media, lentivirus, and polybrene. The cells were expanded and subsequently selected with
300µg/mL neomycin for 4 weeks. The transfection of selected cells was confirmed by
luciferase activity of the cells following the addition of luciferin. After collecting the
supernatant from 6×106 transfected HEK293 cell cultures incubated for 48 hours in a T175
flask with exosomes free media, the supernatant was centrifuged at 700x g for 15 minutes
to remove cell debris. Then it was filtered through a 0.20 µm PVDF (low protein
attachment) membrane and centrifuged using Amicon ultra centrifugal filters with a cut off
value of 100kDa for 30 minutes at 3200x g followed by a final washing step with
ultracentrifugation at 100,000x g for 70 minutes.
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Labeling of exosomes with DiI
DiI-labeled exosomes were used to demonstrate targeting efficiency of the
engineered exosomes both in vitro and in vivo. Following isolation, exosomes were resuspended in 1 mL of DiI working solution (final concentration 5µM/mL in PBS). After
30 minutes of incubation at 37 ºC, free DiI was removed by two centrifugation wash steps
with PBS using 100k membrane tubes.

Determination of specificity of engineered exosomes in vitro and in vivo
In vitro studies: Raw264.7 (CD206+ cells) and mouse embryonic fibroblast (MEF,
CD206- cells) were used as model cells for in vitro studies of CD206 specificity for
engineered exosomes. The anti-CD44 antibody was used before adding the exosomes to
block the non-specific uptake of added exosomes by the process of phagocytosis. Both
Raw264.7 and MEF cells, grown in small tissue culture petri-dish, were treated with antiCD44 antibody to block phagocytosis, and then these cells were incubated with fluorescent
dye DiI labeled engineered and control exosomes collected from HEK293 cells with or
without CD206 blocking peptide (Cat#MBS823969, mybiosource.com). CD206 blocking
peptide was used to determine the specificity of the engineered exosomes expressing
precision CD206 targeting peptide to target CD206 sites. Cells were stained with an antiCD206 antibody plus FITC tagged secondary antibody. High-resolution fluorescent
microscopy images were obtained.
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In vivo studies using DiI labeled exosomes
For in vivo specificity studies, we used Balb/c mice bearing 4T1 tumors, which
were treated with either vehicle or anionic clodronate liposome (Clophosome®-A) 24
hours before the administration of control or engineered exosomes. Clophosome®-A
composed of anionic lipids, which deplete more than 90% macrophages in spleen after a
single intravenous injection (Kobayashi et al., 2015; Z. Li, Xu, Feng, & Murphy, 2016).
Clophosome®-A is not approved for human studies, and it is for experimental use only.
Orthotopic breast cancer was developed by injecting 50,000 cells in the fat pad of right
lower breast. Untreated animals were used as a positive control, and Clophosome®-A
treated animal were used as negative control. 24 hours after the treatment (5 weeks old
tumor-bearing animals), the mice were used to determine the accumulation of IV
administered DiI labeled control and engineered exosomes in the tumors, spleen, liver,
lymph nodes, and lungs. Three hours after IV administration of exosomes the organs were
harvested with proper perfusion. Half of the tumors and organs including lymph nodes
were fixed, and sectioned for immunohistochemical studies. Immunohistochemistry was
conducted to determine the accumulation of DiI labeled exosomes in CD206+ and CD206cells.
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In vivo imaging of control and engineered exosomes distribution
For this part of the studies, we used Balb/c female mice to create syngeneic
metastatic (4T1) breast cancer models. We also used Clophosome®-A in these tumorbearing animals to deplete macrophages in the tumors. All mice were treated with either
vehicle or Clophosome®-A 24 hours before the IV administration of In-111 labeled
exosomes and SPECT studies. On day 36 or 5 weeks after the implantation of orthotopic
tumors, animals underwent SPECT scanning following IV administration of In-111labeled exosomes.
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Immunofluorescent staining of frozen sections
Harvested tissues (tumor, spleen and Lungs) from the animals were transferred to
30% sucrose and 3% paraformaldehyde solution. 10 µm thick sections were prepared and
collected on to pre-warmed slides, and allowed to dry at least for a day. Sections were
covered with ~200-μL of blocking solution and were placed in the humidity box for 20 30 minutes at room temperature. Blocking solution was gently flicked away and
appropriate primary antibodies diluted in blocking solution was added. The slides were
incubated in humidity box overnight at 4ºC. Then the slides were washed twice at least 5
minutes per wash. Secondary antibodies diluted in blocking solution was added to the
sections and incubated at room temperature for two hours in humidity box or overnight at
4ºC. Then the slides were washed twice at least 5 minutes per wash followed by counter
stain with DAPI for nuclear stain. After final wash step, slides were mounted with
ProLong™ Gold Antifade mounting media (Invitrogen™) and with an 18×18-1 glass
coverslips.
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Immunofluorescent staining of adherent cell cultures
18×18-1 glass coverslips were soaked in 100% ethanol for sterilization and then
each of them was transferred to each well of 6 well-plates. 300,000 RAW264.7 cells were
seeded and incubated overnight. Then the adherent cells were treated with DiI-labeled
exosomes and incubated for 4-6 hours. After that, media with exosomes was removed and
the cells were rinsed twice with PBS. Cells were fixed with 3% paraformaldehyde for 15
minutes followed by washing with PBS. Cells were covered with blocking solution and
incubated for 20-30 minutes at room temperature. Blocking solution was gently flicked
away and appropriate antibody (Alexa 488 anti-mouse CD206 antibody) diluted in
blocking solution (1:100) was added. After 2 hours of incubation the antibody was removed
and the cells were washed with PBS followed by counter staining with DAPI for nuclear
stain. After final wash step, the coverslips were transferred for mounting on slides using
ProLong™ Gold Antifade mounting media (Invitrogen™).
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Western blot
Cells and tissues were processed for protein isolation using Pierce RIPA buffer
(Thermo Scientific, USA). Protein concentrations were estimated with Pierce, BCA protein
assay kit (Thermo Scientific, USA), and separated by standard Tris/Glycine/SDS gel
electrophoresis. Membranes were blocked with Odyssey Blocking buffer (LI-COR,
Lincoln, NE) for 60 min at room temperature and incubated with primary antibody against
6xHis-tag (BioLegend, cat# 362602, 1:500) antibody followed by horseradish peroxidaseconjugated secondary antibody (1:5000,). The blot was developed using a Pierce Super
Signal West Pico Chemiluminescent substrate kit (Thermo Scientific, USA). Western blot
images were acquired by Las-3000 imaging machine (Fuji Film, Japan).
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Use of engineered exosomes carrying fusion protein as therapeutic probes
In vitro studies to assess phagocytosis and cytotoxicity using exosome-Fc-mIgG2b
complex: We used CFSE-stained Raw264.7 and MEF co-cultured with splenocytes at
different ratios. Twenty-four hours after co-culture, engineered exosomes carrying FcmIgG2b were added to the co-culture, and the. The studies were repeated at least three
times for reproducibility and there was multiple replicate at each time.
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Statistical analysis
Quantitative data were expressed as mean ± standard error of the mean (SEM)
unless otherwise stated, and statistical differences between more than two groups were
determined by analysis of variance (ANOVA) followed by multiple comparisons using
Tukey’s multiple comparisons test. Comparison between 2 samples was performed by
Student t test. GraphPad Prism version 7.03 for Windows (GraphPad Software, Inc., San
Diego, CA) was used to perform the statistical analysis. We used a significance level of
5% (α=0.05) and for a power of 80% (the chance of detecting a significant difference if
there’s any), the sample size required for the experiments were between 3 or 4 animals per
group. The same sample size also was valid for a 90% power calculation. For this reason,
we fixed our sample size to n=3 or n=4 as mentioned in the methodology. Differences with
p-values less than 0.05 were considered significant (*p<.05, **p<.01, ***p<.001,
****p<.0001).
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III.

Results

Optimizing the exosome isolation method.
To optimize the exosome isolation method, we collected exosomes from 4T1 cell
culture supernatant using five different techniques- 1) ultracentrifugation (UC) only, 2)
size based only (0.20 µm and 100k membrane), 3) combination of size-based (0.20 µm and
100k membrane) and UC, 4) combination of single size based (0.20 µm) and UC and 5)
density gradient separation. Among the different methods employed, the density gradient
separation technique (#5) yielded the most concentrated exosomes with 4x10 10
particles/mL, while (#1) UC alone and its (#4) combination with size-based (0.20 µm)
separation yielded the lowest concentration of 1.6x10 10 particles/mL and 1x1010
particles/mL, respectively (Figure 5A). The combination of size-based (0.20 µm and 100k)
separation followed by UC (#3) yielded a concentration of 3x1010 particles/mL. However,
after the isolation process, there was visible sedimentation of co-isolated impurities and
polymer or reagent along with the exosomes isolated by density gradient separation. The
mean diameter of exosomes isolated by (#1) UC alone was 131.86±13.42 nm, (#3)
combination of size-based (0.20 µm and 100k membrane) and UC was 119.8±4.95 nm and
(#5) density gradient method was 122.93±18.06 nm (Figure 5B). The size distribution
curve of density gradient separation showed a wider base with a thick tail extending
towards the smaller size (Figure 5C). There was no significant difference in common
exosomal markers, CD9 and CD63 between the samples by flow-cytometry (Figure 5D).
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Figure 5. Characterization of isolated exosomes by five different methods.
(A) NTA analysis showing exosome concentration per mL and (B and C) size distribution of exosomes
isolated using five different methods as described in the text. (D) Flow-cytometric analysis of common
exosome markers (CD9 and CD63). At least 3 different exosome samples were used for NTA.
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We also quantified total number of exosomes after each step of the optimized
method (#3) (Figure 6A) that showed 19% of the exosomes from culture supernatant were
recovered after the final step (Figure 6B). There was no significant difference in exosomes
size after each step (Figure 6C). The flow-cytometric analysis showed no significant
changes in CD9 and CD63 on the surface of the exosomes (Figure 7A). Transmission
electron microscopy (TEM) images for the exosomes isolated by method #3 showed
normal cup-shaped morphology of exosomes without any distortion (Figure 7B).
These results, acquired by NTA, flow cytometry and TEM demonstrated that the
combination of size-based (0.20 µm and 100k membrane) and UC yields ample amount of
quality exosomes with the least contamination. We adopted this technique for all of our
subsequent experiments.
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Figure 6. Concentration, yield and size distribution of isolated exosomes after each step of method #3
(combination of size based and UC methods).
(A) NTA analysis showing total number, (B) recovery, and (C) size of exosomes isolated by each step of
method #3. Quantitative data are expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001.
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Figure 7. Characterization of isolated exosomes after each step of method #3 (combination of size based
and UC methods).
(A) Flowcytometric analysis of common exosome markers in each step of method #3. (B) Transmission
electron microscopy image for exosomes isolated by method #3, Scale bar depicts 100 nm.
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Binding efficiency and serum stability of 131I- labeled tumor cell-derived exosomes
After optimizing the isolation method, we wanted to determine the in vivo
distribution of exosomes. To observe the biodistribution of the exosomes in metastatic
breast cancer-bearing animals by SPECT/CT, we labeled the exosomes isolated by our
optimized method from 4T1 tumor cells with 131I. Before utilizing 131I-labeled exosomes,
we needed to confirm the binding efficacy of 131I to the tumor cell-derived exosomes and
serum stability of the binding. For this, we implemented thin layer paper chromatography
(TLPC) (A. S. Arbab, Kiyoshi Koizumi, & Tsutomu Araki, 1996). We made a spot of the
sample on the bottom part of the TLPC paper and submerged it into an eluent consisting
of 50% methanol and 50% sodium-acetate. When we added free 131I only, most of the free
131

I alone moved from the spotted point in the bottom to the top half (Figure 8A).

Contrarily, 131I bound to the exosomes remained at the bottom and barely moved to the top
half, indicating 131I bound to the exosomes and very little dissociation of the
exosomes (Figure 8B). We appraised the labeling stability of
serum by incubating

131

131

131

I from the

I-labeled exosomes in

I labeled exosomes with 20% FBS for 4 and 24 hours in 37° C

followed by TLPC similar to the previous experiment. Identical to the 131I bound exosomes,
131

I from serum-challenged

131

I labeled exosomes hardly moved to the top, implying the

labeling of exosomes with 131I was stable in serum even after 24 hours (Figure 8C).

59

Figure 8. Binding of 131I to exosomes and serum stability (of binding) were confirmed by thin layer
paper chromatography (TLPC).
(A) A major proportion of the free 131I moved from the spotted point in the bottom of the TLPC paper to the
top half, confirming the efficacy of the eluent. (B) Binding of 131I to exosomes was validated as shown by a
much lower percentage of 131I (free, dissociated) that moved to the top to the plate, compared to the amount
remaining in the bottom part, which represented the 131I labeled exosomes. (C) Serum stability of 131I bound
exosomes was very high as only a very small amount of 131I disengaged from the bound exosomes to move
to the top half.
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Detection and quantification of radioisotope 131I-labeled tumor cell-derived exosomes
in the primary tumor and metastatic site.
After successful labeling of TDEs with

131

I, first, we wanted to check if we could

detect the distribution of TDEs in 4T1 primary tumor area and future metastatic site in the
lungs.

131

I-labeled TDEs in 100 µL solution was injected into tumor-bearing (tumor exo)

and tumor-free (tumor-exo – no tumor) animals via tail vein. After 3, 24 and 48 hrs of
administration, the animals were scanned by SPECT/CT, and the reconstructed images
were analyzed by ImageJ. We also injected free 131I in tumor-bearing mice (free I-131) to
determine the uptake of free

131

I to the tumors. We observed an ample amount of

radioactivity after 3 hrs at the primary tumor site and metastatic site (lung) in the animals
that received

131

I-labeled TDEs (Figure 9A). There was almost no radioactivity in the

tumor area, and negligible radioactivity in the lungs of the group injected with free

131

I.

The group of animals without any tumor and injected with radiolabeled TDEs showed
almost no radioactivity in the mammary fat pad but plenty of radioactivity in the lungs
(Figure 9B and 9C) which indicates the organ-specific tropism or propensity of the TDEs
to go to future metastatic site. We observed notable levels of radioactivity in the thyroid
and stomach due to the presence of the sodium-iodide symporter. Radioactivity was also
high in the bladder for renal clearance. These findings suggest that the biodistribution of
TDEs can be detected and quantified by more sensitive and clinically applicable
SPECT/CT scanning, TDEs have a predilection to go to the parent tumor cells and future
metastatic organs.
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Figure 9. Detection and quantification of radioisotope 131I -labeled tumor cell-derived exosomes in the
primary tumor and metastatic site.
(A) Reconstructed and co-registered in vivo SPECT/CT images (coronal view) at 3 hrs., from the animals
injected with 131I -labeled tumor exosomes. (B and C) Free 131I and exosome distribution in the tumors and
lungs. Quantitative data are expressed in mean ± SEM. *P<.05, ***P<.001. 3 mice were used for each group.
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Distribution of MDSCs, EPCs and HEK293-derived exosomes in the primary and
metastatic site.
Apart from cancer cells, the TME accommodates cells of the immune system, the
tumor vasculature and lymphatics, as well as fibroblasts, pericytes and sometimes
adipocytes (Balkwill, Capasso, & Hagemann, 2012). MDSCs and endothelial progenitor
cells (EPCs) are crucial components of TME that play a pivotal role in tumor growth,
neovascularization and metastasis. Our previous findings warranted us to explore if
exosomes derived from other TME cell types also go to the primary tumor and future
metastatic site. For that, we wanted to see the biodistribution of exosomes derived from
other cell types that play a crucial role in tumor progression and metastasis. As a noncancerous, non-specific cell line, we used human embryonic kidney 293 (HEK293) cells.
MDSCs were collected from the spleen of 4T1 tumor-bearing mice by magnetic beads
(Ly6C+ and Ly6G+) with more than 99% purity (CD11b+ and Gr1+), and EPCs were
isolated from the bone marrow of normal mice with more than 85% purity (CD117+)
(Figure 10). TDEs (tumor exo) were collected from the cell culture supernatant of 4T1
cells. The mean diameter of isolated exosomes from HEK293 cells (HEK293 exo), MDSCs
(MDSC exo) and EPCs (EPC exo) was 97.6 nm, 131.1 nm, and 140.1 nm, respectively
(Figure 11A and 11B). Although HEK293 exo were relatively smaller in size compared
to tumor exo, MDSC exo and EPC exo, there were no statistically significant differences.
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Figure 10. Isolation of Myeloid-derived suppressor cells (MDSCs) and Endothelial progenitor cells
(EPCs).
Flow cytometric analysis of isolated MDSCs from spleen of 4T1 tumor-bearing mice, showing that more
than 99% of cells are positive for CD11b+ and Gr1 (left panel), and EPCs from normal bone marrow showing
more than 85% positive for CD117 (right panel). At least 3 different samples of isolated cells were used for
flowcytometry.
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Figure 11. Characterization of exosomes isolated from the diverse cellular origin.
(A and B) NTA showing size distribution curve and mean size of the exosomes from tumor cells (tumor exo),
HEK293 cells (HEK293 exo), myeloid-derived suppressor cells (MDSC exo) and endothelial progenitor cells
(EPC exo). Quantitative data are expressed in mean ± SEM. At least 3 different exosome samples were used
for NTA.
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Following isolation, we labeled the exosomes with

131

I and injected intravenously

into 4T1 tumor-bearing animals. Three hours after injecting the

131

I-labeled exosomes,

exosomes from all the groups accumulated in the primary breast tumor and metastatic sites
in the lungs except for the HEK293 exo (Figure 12A). Interestingly, exosomes from the
EPCs were abundantly located in the primary tumor site, and an ample amount of exosomes
from the MDSCs were visualized more in the metastatic site-lungs compared to that of any
other groups (Figure 12B and 12C). These findings imply that while non-TME cellderived exosomes (HEK293 exo) do not accumulate in the primary tumor and metastatic
site, exosomes from TME cells have the propensity to be accumulated in those sites.
Additionally, MDSC exo have more preference for the metastatic site presumably because
of the role of MDSC in tumor metastasis, and EPC exo have more inclination for the
primary tumor perhaps as a result of disproportionate neovascularization in the tumor area.
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Figure 12. Biodistribution of exosomes from the diverse cellular origin.
(A) Reconstructed and co-registered in vivo SPECT/CT images (coronal view) of the above-mentioned 131Ilabeled exosomes after 3 hrs. of intravenous injection in tumor-bearing mice. (B) Quantification of
radioactivity in tumor showed significant aggregation of EPC exo in contrast to control exo and MDSC exo.
(C) Quantification of radioactivity in the lungs showed the highest percentage of radioactivity in mice
injected with MDSC exo. There was no retention of non-specific HEK293 exo in either tumor or lungs.
Quantitative data are expressed in mean ± SEM. *P<.05, ***P<.001. n = 3.
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Ex-vivo gamma activity measurement of a different organ.
In the previous experiments, detection and quantification of biodistribution of the
exosomes were done from visually represented reconstructed and co-registered in vivo
SPECT/CT images, yet we required to verify if the individual organ indeed possesses the
similar radioactivity. After the final scan, we euthanized the animals and measured the
weight and emitted gamma activity of individual harvested organs. While most of the
organs as a whole showed negligible radioactivity, only the tumor and liver retained a
significant load of radioactivity in all groups of animal (Figure 13A). Interestingly, lungs
from the mice injected with MDSC-exo showed a considerably higher level of radioactivity
than the other groups. For mice injected with the EPC-exo, the primary tumor showed a
notably higher level of gamma activity than the other organs. We also calculated the
radioactivity per milligram of individual organs which showed similar changes of
radioactivity as of the whole organ. The non-tumor bearing group of mice that were
injected with

131

I-labeled tumor exosomes showed gamma activity mostly in the liver

(Figure 13B). These findings were consistent with our analysis from in vivo SPECT/CT
images.
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B
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Figure 13. Ex vivo quantification of radioactivity by gamma counter.
(A) As a whole organ-wise, only the tumor and liver retained noticeable radioactivity in all the groups. Lungs
from the mice injected with MDSC exo showed significant radioactivity. (B) Quantification of radioactivity
per milligram of the weight of an individual organ that reveals resembling changes of radioactivity as of the
whole organ. Quantitative data are expressed in mean ± SEM. *P<.05, ***P<.001, ****P<.0001. n = 3.
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Cytokine array of MDSCs and EPCs-derived exosomal protein content
To understand the variation in biodistribution of exosomes in the previous
experiments, we analyzed exosomal protein content from MDSCs and EPCs compared
with those of TDEs using a membrane-based cytokine array to evaluate if the protein
content also differs from each other. Angiogenic factors such as endoglin, Intercellular
adhesion molecule-1 (ICAM-1), vascular endothelial growth factor receptor-2 (VEGFR2)
and platelet factor-4 (PF-4) were increased in both MDSC exo and EPC exo (Figure 14).
Epidermal growth factor (EGF) was higher in both the MDSC and EPC exo than the tumor
exo. Among the invasion factors, E-cadherin and E-selectin levels were increased in both
MDSC and EPC exo. Notably, matrix metalloproteinase-2 (MMP-2) was increased in
MDSC exo compared to tumor and EPC exo. Factors for myeloid activation and function
such as granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage colony
stimulating factor (GM-CSF), macrophage-colony stimulating factor (M-CSF) and
monocyte chemoattractant protein-1 (MCP-1/CCL2) were over-expressed in both MDSC
and EPC exo than the tumor exo. In addition, MDSC exo also had higher expression of
macrophage-inflammatory protein-1-alpha (MIP-1α/CCL3) and stromal cell-derived
factor-1 (SDF-1α). T-cell function modulating factors such as interleukin (IL)-2, IL-7, Lselectin, and thymic stromal lymphopoietin (TSLP) were increased in MDSC and EPC exo.
From the immunomodulatory cytokines, IL-2, IL-4, keratinocyte-derived chemokine
(CXCL1/KC), C-X-C motif chemokine-5 (CXCL5/LIX), chemokine (C-C motif) ligand-5
(CCL5/RANTES) and tumor necrosis factor-α (TNF-α) were significantly high in both
MDSC and EPC exo than the control exo. Furthermore, there was an obvious increase in
IL-13 and IL-1 receptor antagonist (IL-1ra) in MDSC exo.
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Figure 14. Cytokine profiling of MDSCs and EPC-derived exosomal protein content.
In vitro quantification of the level of cytokines by the membrane-based array in the protein samples, collected
from the exosomes of AT3 tumor cells, MDSCs, and EPCs. Exosomal proteins from MDSCs and EPCs
showed a significant increase in some pro-angiogenic factors (endoglin, ICAM-1, PF-4), immunomodulatory
factors (TNF-α, IL-4, IL-12, LIX, RANTES), myeloid activation and function factors (GM-CSF, G-CSF, MCSF and MCP-1), and T cell-related factors (IL-2, IL-7, L-selectin, TSLP) compared to the exosomal proteins
from tumor cells. There was significant upregulation of bFGF, VEGFR2, EGF, HGF, MMP-2, MIP-1α, SDF1α, IFN-γ, IL-13 and IL-1ra in MDSC-derived exosomes than in EPC- and tumor-derived exosomes.
Quantitative data are expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001. n = 4.
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Distribution of exosomes from treated tumor cells.
To explore further, we wanted to investigate whether exosomes collected from
tumor cells treated with drugs that decrease cancer growth and metastasis, would distribute
differently in vivo. Previously, our laboratory showed that HET0016 and GW2580
treatment decreases lung metastasis of breast tumor-bearing mice (Angara et al., 2017; Jain
et al., 2017), and HET0016 decreases neovascularization and tumor growth with increased
survival in a glioblastoma model (Angara et al., 2017; Jain et al., 2017). GW2580 is a
selective small molecule kinase inhibitor of CSF1R, and HET0016 is a highly selective
inhibitor of CYP4A in the arachidonic acid pathway that has been shown to decrease
recruitment of tumor-infiltrating myeloid cells and decrease tumor-associated
macrophages (TAMs) polarization towards M2 macrophages (X. W. Chen et al., 2017).
There were no significant differences in exosome size (Figure 15A and 15B) and markers
(CD9 and CD63) (Figure 15C) after GW2580 and HET0016 treatment of cells (GW2580
exo and HET0016 exo, respectively).
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Figure 15. Characterization of exosomes isolated from treated tumor cells.
(A and B) NTA analysis showing no significant differences in the size distribution of exosomes isolated from
tumor cells (control exo), GW2580-treated tumor cells (GW2580-exo), and HET0016-treated tumor cells
(HET0016-exo). (C) Flow-cytometric analysis of exosomal markers CD9 and CD63 for the above-mentioned
treatment conditions. Quantitative data are expressed in mean ± SEM. At least 3 different exosome samples
were used for NTA and flowcytometry.
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After labeling with 131I, the exosomes were injected into tumor-bearing mice, and
in vivo imaging was acquired by SPECT/CT after 3 hours, 24 hours and 48 hours. There
was increased radioactivity at the primary tumor site in all the groups (Figure 16A).
Although there was an increased localization of the HET0016 exo in the primary tumor, it
was not statistically significant (Figure 16B). However, there was an ascertainable decline
of radioactivity in the lungs of GW2580 exo, and HET0016 exo groups compared to that
of control exo groups (Figure 16C). These findings suggest that parent cancer cells release
exosomes with less metastatic properties following the treatment with drugs that prevent
tumor growth and metastasis.
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Figure 16. Biodistribution of exosomes isolated from treated tumor cells.
(A) Reconstructed and co-registered in vivo SPECT/CT images (coronal view) of the animals injected with
the above-mentioned 131I labeled exosomes after 3 hrs.. (B) Quantification of radioactivity in tumor showed
insignificant higher aggregation in mice injected with 131I -labeled GW2580 exo and HET0016 exo compared
to control exo. (C) Quantification of radioactivity in lungs showed significant reduction of exosomes
localization in GW 2580 exo and HET0016 exo than the control exo injected groups. Quantitative data are
expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001. n = 3.
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Distribution in other organs and clearance
In addition to the tumor and lungs, we also measured the radioactivity and clearance
over time in other organs (Figure 17). After 3 hours, the highest percentage of radioactivity
was observed in the urinary bladder area, which subsequently cleared. A considerable
amount of radioactivity was observed in the stomach, which was scarcely detectable in
subsequent scanning. Among the organs, the liver, lungs, and tumor retained a perceptible
amount of radioactivity over time. Furthermore, the thyroid gland in all the animal groups
showed no substantial change of radioactivity in all three scans (3, 24 and 48 hrs..),
suggesting no dissociation of the 131I from the exosomes that would eventually increase the
free 131I uptake by the thyroid.
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Figure 17. Distribution of exosomes in other organs and clearance.
Clearance of exosomes (from treated or untreated 4T1 cells) out of the body by quantitative biodistribution
of tumor-derived exosomes in tumor-bearing or non-bearing mice (a representative from each group) for the
bladder, heart, stomach, liver, lungs, tumor and thyroid after 3 hrs., 24 hrs. and 48 hrs. of intravenous injection
of 131I labeled exosomes. During the first scan (3 hours), the highest radioactivity was measured in the
bladder, indicating one of the routes of excretion of 131I labeled exosomes. Albeit, most of the exosomes
were cleared out of the body before the second scan (24hours), there was some radioactivity remained in the
tumor, lungs, and liver in some groups. There is no apparent radioactivity difference in thyroid over the time,
implying no dissociation of 131I I from the labeled exosomes that would subsequently increase the activity in
the thyroid.
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Cytokine array of tumor-derived exosomal protein content after treatment.
Because of the differential biodistribution of exosomes isolated from tumor cells
with or without treatment, we wanted to see if the treatment of 4T1 tumor cells with
GW2580 or HET0016 affects the protein contents of exosomes. We extracted the exosomal
proteins from untreated 4T1 cells (control), GW2580-treated cells, and HET0016-treated
cells. We performed cytokine array analysis to evaluate the differences of 44 cancer-related
factors for these three samples. Among the angiogenesis factors, VEGFR2, ICAM-1, bFGF
were significantly reduced in exosomes from the treated cells compared to control cells
(Figure 18). Among the chemotactic factors, the level of KC and macrophage-derived
chemokine (MDC) was significantly downregulated in GW2580 exo and HET0016 exo,
respectively. Among the immune-modulatory cytokines, IL-6, TNF-α, IL-12, IL-10, and
IL-13 were decreased, and IL-4 was increased in the treated samples. The level of the
invasive factors E-cadherin, Eotaxin, E-selectin and tissue inhibitors of metalloproteinases2 (TIMP-2) was significantly reduced in exosomes from GW2580-treated cells.
Interestingly, both GW2580 and HET0016 treatment of tumor cells increased the level of
Fas ligand (FasL/CD95L) in the exosomes. These data denote that treatment of parent
cancer cells with drugs that prevent tumor growth and metastasis potentially influences the
contents of the released exosomes with less pro-tumorigenic proteins.
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Figure 18. Cytokine profiling of tumor-derived exosomal protein content after treatment.
In vitro quantification of the level of cytokines detected in the membrane-based array in protein samples
collected from the exosomes of 4T1 tumor cells without any treatment and with GW2580 and HET0016
treatment for 48 hrs. Exosomal proteins from treated cells showed a significant decrease of some proangiogenic (VEGFR2, ICAM-1, bFGF), immune-modulatory (TNF-α, IL-6, IL-12, IL-10, IL-13) and
chemotactic (KC, MDC) factors. FasL level was increased in both exosomal protein samples from treated
cells. Quantitative data are expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001. n = 2.
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Isolation and characterization of exosomes from different MDSC population
There is growing evidence that MDSCs can directly support tumor development,
neovascularization, stemness, invasion and metastasis. MDSCs harness various immune
and nonimmune mechanisms to promote tumor development. MDSC inhibit adaptive
antitumor immunity by inhibiting T cell activation and function, and by driving and
recruiting T regulatory cells. They inhibit innate immunity by polarizing macrophages
toward a type 2 tumor-promoting phenotype (M2-macrophage) and by inhibiting NK cellmediated cytotoxicity (Ostrand-Rosenberg & Fenselau, 2018).
Although the role of MDSCs in tumor growth and metastasis is well known, there
is a significant knowledge gap for understanding the similar role of MDSC-derived
exosomes (MDSC exo). We observed MDSC exo carry a significant amount of protumorigenic factors, and a tremendous amount of MDSC exo was localized in primary
breast tumor and metastatic site. These findings warrant us to further explore the
implication of MDSC exo in tumor progression. We isolated MDSCs from normal mice
bone marrow, spleen and tumor of tumor-bearing mice with more than 98% purity by
magnetic particle separation (Figure 19). After 48 hours, we isolated exosomes from
culture supernatant and characterized them by NTA. Exosomes isolated from MDSCs of
normal bone marrow (BM MDSC exo), the spleen of tumor-bearing mice (spleen MDSC
exo) and tumor (tumor MDSC exo) were similar in size and distribution (Figure 20A and
20B). However, MDSCs from tumor released more exosomes compared to MDSCs from
normal bone-marrow that could be owing to the presence of stressfull condition, and more
active and immunosuppressive MDSCs in primary tumor area (Figure 20C).
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Figure 19. Isolation of MDSC-derived exosomes from different sources.
Flow cytometric analysis of isolated MDSCs from normal bone marrow (BM), the spleen of tumor-bearing
mice and tumor, showing that more than 98% of cells are positive for CD11b and Gr1.
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Figure 20. Characterization of MDSCs-derived exosomes from different sources.
(A and B) NTA analysis showing no significant differences in the size distribution of exosomes isolated from
MDSCs of normal bone marrow (BM), the spleen of tumor-bearing mice and tumor. (C) NTA analysis
showing exosome concentration per mL. Quantitative data are expressed in mean ± SEM. *P<.05.
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Next, we tested if protein contents of normal BM MDSC exo differ from exosomes
isolated from MDSCs of tumor-bearing mice. We quantified the expression level of
cytokines in MDSC-derived exosomes that are involved in tumor invasion (Figure 21A),
angiogenesis (Figure 21B), and myeloid cell activation and function (Figure 21C) by
membrane-based protein array. All the cytokines were significantly over-expressed in
exosomes isolated from MDSCs of tumor-bearing mice (in both spleen MDSC exo and
tumor MDSC exo) compared to normal BM MDSC exo. Interestingly, tumor MDSC exo
showed a higher level of expression than that of spleen MDSC exo which indicates that
MDSC-derived exosomes have different cytokine profile based on the host tissues.
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Figure 21. The expression level of cytokines in MDSC-derived exosomes that are involved in tumor
invasion, angiogenesis, and myeloid cell activation and function.
In vitro quantification of the level of cytokines associated with tumor (A) invasion, (B) angiogenesis, and
(C) myeloid cell activation and function, detected in the membrane-based array in protein samples collected
from the exosomes isolated from MDSCs of normal bone marrow (BM), spleen of tumor-bearing mice and
tumor. Quantitative data are expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001. n = 2.
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MDSC-derived exosomes promote invasion and migration of tumor cells
MDSCs were demonstrated to promote tumor invasion and metastasis by two
mechanisms: (i) increased production of multiple matrix metalloproteinases (MMPs) for
extra-cellular matrix degradation, and chemokines to establish a pre-metastatic milieu (R.
Du et al., 2008; Hiratsuka, Watanabe, Aburatani, & Maru, 2006), and (ii) merging with
tumor cells, MDSCs promoting the metastatic process (Pawelek & Chakraborty, 2008;
Umansky, Blattner, Gebhardt, & Utikal, 2016). We observed that significant high
expression level of invasion and migration-associated cytokines in exosomes isolated from
splenic MDSCs of tumor-bearing mice compared to normal BM MDSC exo, which led us
to further investigate the role of MDSC-derived exosomes in promoting invasion and
migration of tumor cells. In vitro wound-healing assay showed a significant increase of
invasion and migration of 4T1 tumor cells in MDSC exo treated group compared to the
untreated control group in 24 and 48 hours (Figure 22A and 22B).
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Figure 22. Role of MDSC-derived exosomes in tumor cell migration.
A wound healing assay/scratch assay was carried out in 4T1 murine breast cancer cell line with MDSCderived exosomes treatment or without treatment (control). (A) Representative microscopic images (4x) are
shown before treatment, and 24 and 48 hours after treatment. (B) Semi-quantitative analysis of percentage of
non-covered area/cell-free area. Quantitative data are expressed in mean ± SEM., ****P<.0001. n = 10.
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MDSC-derived exosomes promote recruitment of immunosuppressive cells
Tumor-specific endocrine factors systemically stimulate the quiescent immunecompartments (bone marrow, spleen, lymph nodes), resulting in the expansion,
mobilization and recruitment of immunosuppressive cells. Discrete subsets of tumorinstigated immune cells bolster tumor progression and metastasis by governing
angiogenesis, inflammation and immune suppression. Of the immune cells, much focus
has been denoted towards the MDSCs (Yang et al., 2008), TAMs (Pollard, 2004), Tie2expressing monocytes (De Palma et al., 2005), vascular endothelial (VE)-cadherin+CD45+
vascular leukocytes, and infiltrating mast cells and neutrophils (Conejo-Garcia et al., 2005;
Nozawa, Chiu, & Hanahan, 2006). We observed significant high expression level of
cytokines crucial for immunosuppressive cell mobilization and recruitment in exosomes
isolated from MDSCs of tumor-bearing mice compared to normal BM MDSC exo.
To determine the chemotaxis capability of MDSC exo, we seeded CD11b+ myeloid
cells or all bone marrow cells or all splenic cells isolated from normal mice in upper
chamber and with or without MDSC exo in the bottom chamber of trans-well insert (Figure
23A). After 24hours incubation, number of cells migrated cells in the bottom chamber was
significantly higher in the wells treated with MDSC exo compared to untreated control
wells (Figure 23B, 23C and 23D). We also washed, fixed and stained the insert
membranes with 0.05% crystal violet to detect the migrated/invaded cells. Number of cells
that are attached to the membrane was visualized by microscope (Figure 24A) and later
quantified by ImageJ cell counter. Significantly higher number of CD11b+ myeloid cells
were attached to the transmembrane in the wells treated with MDSC exo compared to
untreated control wells (Figure 24B).
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Figure 23. Role of MDSC-derived exosomes in immune cell migration.
(A) A schematic outline procedure of transwell migration assay. Isolated mouse myeloid cells, bone marrow
cells and splenic cells were seeded on the top chamber of transwell, and MDSC-derived exosomes were
added in the bottom chamber with 0.5% FBS. After 24 hours, migrated (B) myeloid cells, (C) bone marrow
cells and (D) splenic cells in the bottom chamber were counted. Quantitative data are expressed in mean ±
SEM. *P<.05.
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Figure 24. MDSC-derived exosomes increase invasion of myeloid cells.
Isolated mouse myeloid cells were seeded on the top chamber of transwell, and MDSC-derived exosomes
were added in the bottom chamber with 0.5% FBS. After 24 hours, (A) attached myeloid cells on the transwell
membrane were visualized under the light microscope, and (B) were quantified. Quantitative data are
expressed in mean ± SEM. ***P<.001, n = 4.
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Expression of T-cell function-associated and immunomodulatory cytokines in
different MDSC population
We further estimated level of expression of T-cell function-associated and
immunomodulatory cytokines in protein contents of normal BM MDSC exo and exosomes
isolated from MDSCs of tumor bearing mice by protein array. Among T-cell functionassociated cytokines, IL-2, IL-7, L-selectin and TSLP were significantly high in exosomes
derived from tumor or spleen of tumor-bearing mice compared to normal BM exo (Figure
25A). Among immunomodulatory cytokines level of IL-12, IL-13, IL-1ra, IL-4, LIX and
TNF-α was significantly high in exosomes derived from tumor or spleen of tumor-bearing
mice compared to normal BM exo (Figure 25B).
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Figure 25. Expression level of cytokines in MDSC-derived exosomes that are involved in T-cell function
and immunomodulation.
In vitro quantification of the level of cytokines associated with (A) T-cell function and (B)
immunomodulation, detected in the membrane-based array in protein samples collected from the exosomes
isolated from MDSCs of normal bone marrow (BM), spleen of tumor-bearing mice and tumor. Quantitative
data are expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001. n = 2.
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In vitro effect of MDSC-derived exosomes on T-cells
As we have seen, MDSC exo express significantly high level of cytokines that
facilitate regulatory T-cell or Th2 cell functions and immunosuppression, we wanted to
investigate the effect of MDSC exo directly on CD4+ and CD8+ T-cells in vitro. We
isolated both cells and treated them with MDSC exo or with same volume of PBS (control).
After 24 hours, we collected the cells and analyzed the functional marker changes by flowcytometry. MDSC exo treated CD+ T-cells expressed significantly higher level of Tregulatory cell marker (CD25) and Th2 cell marker (CD184) compared to control group
(Figure 26A). There was no change in the level of T-cell activation or exhaustion marker
(CD279/PD-1). For the CD8+ T-cells, MDSC exo treated cells showed significantly higher
level of T-cell activation marker (CD44), naïve T-cell marker (CD62L), and exhaustion
marker (CD279) (Figure 26B).
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Figure 26. Effect of MDSC-derived exosomes on CD4 and CD8-positive T-cells in vitro.
Isolated CD4 and CD8-positive T-cells were co-cultured with or without MDSC-derived exosomes treatment
for 24 hours followed by flow-cytometric analysis of the cells. Quantitative data are expressed in mean ±
SEM. *P<.05, n = 2.
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In vitro effect of MDSC-derived exosomes on CD8+ T-cells function and proliferation
MDSCs release Reactive oxygen species (ROS) molecules as part of a primary
mechanism to suppress T cell responses (Ohl & Tenbrock, 2018). Considering the previous
results on CD8+ T-cell, we further wanted to determine level of ROS production by CD8+
T-cell after MDSC exo treatment and also if the treatment affect CD8+ T-cell proliferation.
We labeled the CD8+ T-cells with CM-H2DCFDA ROS probe, and treated them with
MDSC exo or with PBS (control). After 4 hours, MDSC exo treated CD8+ T-cells showed
considerably higher amount of ROS production compared to the control (Figure 27A).
Although, cell proliferation assay using WST-1 reagent, showed decreased number of
CD8+ T-cells in MDSC exo group compared to control group, it was not statistically
significant (Figure 27B).
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Figure 27. Effect of MDSC-derived exosomes on ROS production by CD8+ T-cells, and CD8+ T-cell
proliferation.
(A) CM-H2DCFDA-labeled CD8+ positive T-cells were treated with MDSC-derived exosomes to estimate
ROS production by the cells in 4 hours. (B) Effect of MDSC-derived exosomes on CD8+ positive T-cell
proliferation by cell proliferation assay using WST-1 reagent. Quantitative data are expressed in mean ±
SEM. *P<.05, ****P<.0001. n = 3.
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MDSC-derived exosomes treatment depletes CD8+ T-cells in vivo
Next, we wanted to investigate if MDSC-derived exosomes treatment could also
deplete the CD8+ T-cells in mice. For this in vivo study, we used both C57BL/6 and Balb/c
normal mice. We treated the mice with MDSC-derived exosomes by IV injection through
tail vein for a week (total 3 doses, alternative day). Then we euthanized the animals and
harvested spleens for flow-cytometric evaluation. CD8+ T-cell population in MDSCexosomes treated animals was remarkably declined compared to untreated control group
in both animal models (Figure 28A and 28B).
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Figure 28. In vivo depletion of CD8+ T-cells by MDSC-derived exosomes treatment.
Normal Balb/c and C57BL/6 mice were treated with MDSC-derived exosomes for 1 week and without
treatment (control). (A) Representative flow-cytometric plots and (B) quantification of cells from the spleen
showing decreased CD8+ T-cells. Quantitative data are expressed in mean ± SEM. **P<.01, n = 3.
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Determination of specificity of precision peptide in vivo
To assess in vivo targeting potential, rhodamine-labeled precision peptide (red) was
injected intravenously (IV) in metastatic syngeneic murine breast cancer (4T1) bearing
Balb/C mice. Three hours after IV administration, all animals were euthanized, and lungs,
spleen and tumors were collected for immune-histochemical analysis. Frozen sections from
the collected tissues were stained for CD206 (fluorescein, FITC) and counter stained with
DAPI. The targeting peptide accumulated in CD206-positive macrophages in tumors,
spleen and lungs (Figure 29).
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Figure 29. Targeting efficacy of the peptide sequence in tumor bearing mouse.
Immunofluorescence staining of tumor, spleen and lungs sections from 4T1 tumor-bearing mice showing colocalization of Rhodamine red-labeled targeting peptide (injected i.v.) and FITC labeled CD206-positive M2macrophages. Nuclei were visualized by DAPI staining (blue).
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Generation of CD206-positive M2 macrophage-specific exosomes
To confer targeting potentiality, we fused precision peptide for CD206-positive
TAMs, to the extra-exosomal N terminus of murine Lamp2b, a protein found freely in
exosomal membranes (Figure 30). A 6XHis tag in the C-terminus of the protein was added
for confirming the expression of the recombinant protein and luciferase was used as a
reporter gene.

Figure 30. Plasmid construct containing CD206-targeting sequence.
Schematic representation of the modified Lamp2b protein containing CD206 positive M2 macrophagetargeting peptide sequence following signal peptide, and a 6xHIS tag at the C terminus. Luciferase was used
as a reporter gene.

106

Confirmation of precision peptide expression in CD206-positive M2 macrophagespecific exosomes
Plasmid encoding the Lamp2b construct was transfected into the HEK293 cells
before exosome purification. Positively selected cells showed strong luciferase activity in
vitro following addition of luciferin substrate while non-transfected HEK293 cells did not
show any activity (Figure 31A). Induction of precision peptide in transfected cells was
confirmed by agarose gel electrophoresis showing single band of amplified DNA at the
level of 150bp, corresponded to the targeting peptide (Figure 31B). 6XHis tag was strongly
expressed in engineered exosomes compared to exosomes from non-transfected HEK293
cells and 4T1 tumor cells, based on western blots with anti-6XHis tag antibody (Figure
31C).
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Figure 31. Confirmation of targeting peptide expression with Lamp2b.
(A) in vitro study showing luciferase activity of transfected HEK293 cells. (B) Agarose gel electrophoresis
showing confirmation of targeting peptide sequence insert in transfected HEK293 cells. (C) Western blot
image showing anti-His tag antibody positivity in engineered exosomal protein content.
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Characterization of CD206-positive M2 macrophage-specific exosomes
After successfully generating the engineered exosomes, we analyzed concentration
and size by NTA. There was no significant difference in size distribution between the
engineered exosomes compared to exosomes from non-transfected HEK293 cells. The
mean diameter of engineered exosomes was 92.2±4.6 nm and HEK293 cells-derived
exosomes was 106.3±14 nm (Figure 32A). Flow-cytometric analysis of common exosome
markers for the engineered exosomes showed 43.7% positive for CD9 and 30.7% positive
for CD63 (Figure 32B). Transmission electron microscopic images for engineered
exosomes showed characteristic round morphology and size without any deformity
(Figure 32C).
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Figure 32. Generation and characterization CD206-targeting exosomes.
(A) NTA analysis showing size distribution of the engineered exosomes. (B) Flow-cytometric analysis of
exosomal markers CD9 and CD63 for the engineered exosomes. (C) Transmission electron microscopy
image for engineered exosomes, Scale bar depicts 200 nm.
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In vitro targeting potential of CD206-positive M2 macrophage-specific exosomes
To assess targeting ability of the engineered CD206-positive M2 macrophagespecific exosomes, we differentiated mouse RAW264.7 macrophages towards M2
macrophages by treating them with IL-4 and IL-3 in vitro. Then we co-cultured the cells
with DiI-labeled (red) engineered exosomes for 4 hours followed by immunofluorescence
staining for CD206-positive cells (FITC) and DAPI for nuclei. Microscopic images showed
that engineered exosomes were attached and internalized by the CD206-positive M2
macrophages (Figure 33).
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Figure 33. Targeting efficacy of the M2-macrophage targeted engineered exosomes in vitro.
Immunofluorescence staining showing targeting potential of DiI-labeled (red) engineered exosomes.
RAW264.7 mouse macrophages were differentiated to CD206-positive (FITC) cells by treating with
interleukin-4 and interleukin-13. Nuclei were visualized by DAPI staining (blue).
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Targeting specificity of CD206-positive M2 macrophage-specific exosomes
Following the confirmation of targeting potential of the engineered exosomes, we
wanted to evaluate if the binding is also specific for CD206-positive cells. We co-cultured
DiI-labeled engineered exosomes with CD206-negative normal mouse embryonic
fibroblasts (MEF), and RAW264.7 cells with or without anti-CD206 peptide treatment.
After 4 hours of incubation, immunofluorescence staining was done for CD206-positive
cells (FITC) and DAPI for nuclei. Microscopic images showed that while engineered
exosomes were not bound or taken up by the MEF, they were bound to the CD206-positive
RAW264.7 cells (Figure 34). Binding of DiI-labeled engineered exosomes was attenuated
by treatment with anti-CD206 peptide.
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Figure 34. Specificity of engineered exosomes for CD206-positive cells.
Immunofluorescence staining of mouse embryonic fibroblasts (MEFs) and RAW264.7 cells, co-cultured with
DiI-labeled (red) engineered exosomes. MEFs were negative for CD206 (FITC) staining and did not take up
the exosomes. Engineered exosomes bound to the CD206+ RAW264.7 cells, that was prevented by antiCD206 peptide treatment.
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In vivo targeting potential of CD206-positive M2 macrophage-specific exosomes
To confirm the binding or targeting efficacy of the engineered exosomes, we
injected same DiI-labeled (red) engineered exosomes in metastatic syngeneic murine breast
cancer (4T1) bearing Balb/C mice. After three hours of IV injection, mice were euthanized,
and tumor, spleen and lungs were collected for frozen sectioning. Immunofluorescence
staining was done for CD206-positive cells (FITC) and DAPI for nuclei (Figure 35A).
Fluorescence microscopic images showed that DiI-labeled engineered exosomes were colocalized with the CD206-positive M2 macrophages. Interestingly, the red-colored
engineered exosomes spared the white pulp or germinal centers of the splenic follicle that
accommodate T-lymphocytes and B-lymphocytes, implying these cells were not targeted
by the engineered exosomes (Figure 35B).
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Figure 35. Targeting efficacy of the M2-macrophage targeted engineered exosomes in vivo.
Immunofluorescence staining of tumor, spleen and lungs sections from 4T1 tumor-bearing mice showing (A)
co-localization of rhodamine red-labeled targeting exosomes (injected i.v.) and FITC labeled CD206-positive
M2-macrophages. Nuclei were visualized by DAPI staining (blue). (B) Stitched images for extended view of
splenic section showing engineered exosomes were not taken up by T-lymphocytes and B-lymphocytes in
splenic white pulp (white arrows).
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Binding efficacy of 111In-oxine to CD206-positive M2 macrophage-specific exosomes
and serum stability (of binding)
Similar to the previously-mentioned

131

I-labeled exosomes, prior to IV injection

into mice for biodistribution, we checked the labeling efficiency of

111

In-oxine to the

engineered exosomes and serum stability of binding by TLPC. While approximately 92%
of the free 111In-oxine alone moved from the spotted point in the bottom to the top half of
the TLPC paper (Figure 36A), more than 98% of
exosomes remained at the bottom, indicating
exosomes and very little dissociation of the
After labeling with

111

111

111

111

In-oxine-bound to the engineered

In-oxine was bound to the engineered

In-oxine from the exosomes (Figure 36B).

In-oxine we also evaluated serum stability of the binding through

incubating the labeled exosomes with 20% FBS for 1 hour and 24 hours. TLPC showed
more than 92% of 111In-oxine was still bound to exosomes after both time points (Figure
36C).
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Figure 36. Binding efficacy of 111In-oxine to engineered exosomes and serum stability (of binding) were
confirmed by thin layer paper chromatography (TLPC).
(A) A major proportion of the free 111In-oxine moved from the spotted point in the bottom of the TLPC paper
to the top half, confirming the efficacy of the eluent. (B) Binding of 111In-oxine to engineered exosomes was
validated as shown by a much lower percentage of 111In-oxine (free, dissociated) that moved to the top to the
paper, compared to the amount remaining in the bottom part, which represented the 111In-oxine labeled
exosomes. (C) Serum stability of 111In-oxine bound engineered exosomes was very high as only a very small
amount of free 111In-oxine disengaged from the bound exosomes to move to the top half. Quantitative data
are expressed in mean ± SEM. **P<.01, ****P<.0001. n = 2.
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Detection and quantification of in vivo distribution of

111

In-oxine-labeled exosomes

targeting CD206-positive M2 macrophages
To investigate the validity of engineered exosomes as an imaging probe to
determine the distribution of M2-macrophages, we used FDA approved
clinically relevant SPECT scanning. We used

111

111

In-oxine and

In-oxine-labeled non-engineered control

exosomes (HEK293 exo) in syngeneic metastatic (4T1) mice breast cancer models, and
engineered exosomes expressing precision peptide treated with either vehicle or anionic
clodronate liposome (Clophosome®-A) 24 hours before the IV administration of

111

In-

oxine-labeled exosomes and SPECT studies. Clophosome®-A composed of anionic lipids,
which deplete more than 90% macrophages in spleen after a single intravenous injection
(Kobayashi et al., 2015; Z. Li et al., 2016). Clophosome®-A is not approved for human
studies, and it is for experimental use only. The vehicle treated animals were regarded as
positive control for engineered exosomes (M2-targeting exo), where we expected higher
uptake of engineered exosomes but lower uptake of control HEK293 exo in the M2macrphage prevalent organs (e.g., tumors, spleen and lungs). Clophosome®-A treated
animals were used as negative control where we expected lower uptake of M2-targeting
exo in M2-macrphage prevalent organs.
All animals underwent CT followed by SPECT scanning at 3 hours after IV
administration of

111

In-labeled exosomes. Following the reconstruction of images,

radioactivity in different organs was determined by vendor-supplied calculation software.
The group injected with

111

In-oxine-labeled HEK293 exo did not show any radioactivity

or localization of exosomes in tumor, lung and spleen (Figure 37A). Significant amount
of exosomes was localized in these organs of vehicle treated animals injected with
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111

In-

oxine-labeled M2-targeting exo. Surprisingly, there was an overt accumulation of

111

In-

oxine-labeled M2-targeting exo in lymph nodes and bones. As Clophosome®-A treatment
depleted macrophages, the treated group demonstrated significantly decreased
accumulation of 111In-oxine-labeled M2-targeting exo in tumor, lung and spleen compared
to the untreated group.
Activity in different organs including primary and metastatic sites (lungs) was
quantified to determine the percent injection dose (%ID). Estimated radioactivity
demonstrated significant amount of exosomes were localized in tumor, lungs and spleen of
vehicle-treated animals injected with
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In-oxine-labeled M2-targeting exo compared to

other two groups (Figure 37B).
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Figure 37. Biodistribution of M2-macrophage targeting engineered exosomes in tumor-bearing mice.
111

In-oxine-labeled non-targeting exosomes (HEK293 exo) and CD206-positive M2 macrophage targeting
exosomes were injected into the 4T1 tumor-bearing mice. One group of mice was treated with Clophosome®
- Clodronate liposomes to deplete macrophages. (A) Reconstructed and co-registered in vivo SPECT/CT
images (coronal view) of the above-mentioned 111In-oxine-labeled exosomes after 3 hrs. of intravenous
injection. Yellow and green arrows denote lymph node and bone metastasis, respectively. (B) Quantification
of in vivo radioactivity in lungs, spleen and tumor showed significant aggregation of M2-macrophage
targeted exosomes contrast to HEK293 cell-derived exosome and clophosome treated mice. Quantitative data
are expressed in mean ± SEM. *P<.05, **P<.01, ***P<.001, ****P<.0001. n = 3.
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Additionally, we also created 3D surface plot of lungs and tumors of abovementioned groups using ImageJ software. Corresponding to the previous findings, there
was almost no radioactivity or exosome accumulation in lungs and tumor of animals
injected with HEK293 exo (Figure 38). While accumulation of M2-targeting exo in lungs
and tumor was conspicuously high, their localization was considerably attenuated by prior
Clophosome®-A injection. In the tumor, M2-targeting exo localized only at the M2macrophage prevalent rim of the tumor.

Figure 38. Distribution of M2-macrophage targeting engineered exosomes in lungs and tumor.
3D surface images showing M2-macrophage targeted exosomes are profoundly distributed in both lung and
tumor area compared to the mice injected with HEK293 cell derived exosome and clophosome treated mice.
Yellow arrow indicates the tumor center.
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Detection and quantification of ex vivo distribution of 111In-oxine to CD206-positive
M2 macrophage-specific exosomes
Following the scan, animals were euthanized, and the different organs were
collected and radioactivity were determined by a gamma counter and calculated as
activity/milligram of tissues as reported previously (A. S. Arbab, K. Koizumi, & T. Araki,
1996; A. S. Arbab et al., 2012; Rashid et al., 2018; Varma et al., 2013). Alike in vivo, ex
vivo quantification of radioactivity also showed substantially higher radioactivity in lungs
(Figure 39A), spleen (Figure 39B) and tumor (Figure 39C) of vehicle treated animals
injected with 111In-oxine-labeled M2-targeting exo.
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Figure 39. Ex vivo quantification of engineered exosome distribution.
Quantification of ex vivo radioactivity in (A) lungs, (B) spleen and (C) tumor showed significant aggregation
of M2-macrophage targeted exosomes compared to non-targeted HEK293 cell derived exosomes.
Quantitative data are expressed in mean ± SEM. *P<.05, n = 3.
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Generation of CD206-positive M2 macrophage-targeting therapeutic exosomes
Following the confirmation of targeting potential of engineered exosomes for
diagnostic purpose, we wanted to utilize the exosomes as therapeutic means. This time, we
conjugated Fc portion of mouse IgG2b next to the targeting precision peptide with a small
linker (Figure 40A). Identical to the previous construct, a 6XHis tag in the C-terminus of
the LAMP protein was added for validating the expression of the recombinant protein and
luciferase was incorporated as a reporter gene.
Positively selected cells showed strong luciferase activity in vitro following
addition of luciferin substrate while non-transfected HEK293 cells did not show any
activity (Figure 40B). We confirmed the presence of Fc portion of mouse IgG2b on the
surface of the exosomes by flow-cytometry using FITC-conjugated anti-mouse IgG2b
antibody, that showed ~48% of engineered therapeutic exosomes express Fc portion of
mouse IgG2b (Figure 40C).
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Figure 40. Generation of M2-macrophage-targeting engineered therapeutic exosomes.
(A) Plasmid construct containing CD206-targeting sequence conjugated with Fc segment of mouse IgG2b.
(B) Confirmation of luciferase activity by transfected HEK293 cells. (C) Flow-cytometric analysis for
validating the expression of Fc segment of mouse IgG2b on the surface of engineered exosomes. 3 different
engineered exosome samples were used for the flowcytometry.
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Characterization of M2-macrophage-specific therapeutic exosomes
Following effective generation of the engineered therapeutic exosomes, we
analyzed concentration and size by NTA. The mean diameter of engineered exosomes was
92.2±4.6 nm (Figure 41A). Transmission electron microscopic images for engineered
therapeutic exosomes showed distinctive round morphology and size without any
distortion (Figure 41B). Flow-cytometric analysis of common exosome markers for the
engineered exosomes showed ~48% positive for CD9 and ~40% positive for CD63 (Figure
41C).
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Figure 41. Characterization of M2-macrophage-targeting therapeutic exosomes.
(A) NTA analysis showing size distribution of the engineered therapeutic exosomes. (B) Transmission
electron microscopy image for engineered therapeutic exosomes, Scale bar depicts 100 nm. (C) Flowcytometric analysis of exosomal markers CD9 and CD63 for the engineered therapeutic exosomes. 3 different
engineered exosome samples were used for the flowcytometry.
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Induction of cytotoxicity by engineered therapeutic exosomes in vitro
To ascertain the capacity of therapeutic exosomes for instigating antibodydependent cellular cytotoxicity (ADCC), we treated the CFSE-labeled (green) RAW264.7
macrophages with non-therapeutic CD206-positive cell-targeting exosomes (LAMP-206
exo) or CD206-positive cell-targeting therapeutic exosomes (LAMP-206-IgG2b exo), and
without any exosome treatment (control) for 48 hours in presence of mononuclear cells
from normal spleen of Balb/c mice. Fluorescent microscopic analysis showed most of the
cells treated with LAMP-206-IgG2b exo were either dead or floating (Figure 42A).
Likewise, measured fluorescent intensity of the cells treated with LAMP-206-IgG2b exo
was markedly low compared to the control and LAMP-206 exo treated cells (Figure 42B).
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Figure 42. In vitro cytotoxicity of therapeutic exosomes.
CFSE-labeled (green) RAW264.7 mouse macrophages were co-cultured with non-therapeutic CD206positive cell-targeting exosomes (LAMP-206 exo) or CD206-positive cell-targeting therapeutic exosomes
(LAMP-206-IgG2b exo), and without treatment (control) for 48 hours in presence of splenic immune cells
from normal mice. (A) Fluorescence microscopic images showing decreased cell number and increased
floating dead cells in LAMP-206-IgG2b exo group compared to other groups. (B) Measured fluorescence
intensity of the above-mentioned conditions showed significant decrease in LAMP-206-IgG2b exo group
compared to other groups. Quantitative data are expressed in mean ± SEM. **P<.01, ***P<.001, n = 2.
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Depletion of M2-macrophages by engineered therapeutic exosomes in vivo
To evaluate if the engineered therapeutic exosomes can also deplete CD206+ M2macrophages in vivo, we treated normal Balb/c mice with single, two and three doses of
therapeutic exosomes or without treatment (control). We harvested the spleens of the mice
for flow-cytometric analysis. Remarkably, we observed a dose-dependent decrease in M2macrophage population by therapeutic IgG2b exosome treatment compared to control
(Figure 43A and 43B).
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Figure 43. In vivo effect of engineered exosome treatment on M2-macrophages.
Normal Balb/c mice were treated with one, two or three doses of engineered therapeutic exosomes expressing
Fc portion of mouse IgG2b. (A and B) Flow-cytometric analysis of splenic cells showed dose-dependent
decline of F4/80 and CD206-positive M2-macrophage population.
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Treatment with engineered therapeutic exosomes does not affect T-cell population in
vivo
Next, we wanted to determine if the therapeutic exosomes affect the T-cell
population in vivo. We estimated CD8 and CD4 population in the spleen of abovementioned experiment. There was no significant difference in both CD8 and CD4
population between therapeutic exosome treated and untreated group, which indicates
engineered therapeutic exosomes do not affect the T cell population. (Figure 44A and
44B).
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Figure 44. In vivo effect of engineered exosome treatment on T-cell population.
Normal Balb/c mice were treated with one, two or three doses of engineered therapeutic exosomes expressing
Fc portion of mouse IgG2b. (A and B) Flow-cytometric analysis of splenic cells showed no significant change
in both CD4 and CD8-positive T-cell population.
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Distribution of precision peptide in vivo after therapeutic exosome treatment
Furthermore, we wanted to determine in vivo distribution of the precision peptide
after therapeutic exosome treatment in mouse tumor model to see if the treatment can
attenuate distribution of the peptide in M2-macrophage prevalent areas. We implanted
syngenic tumor cells subcutaneously on the flanks of athymic nude mice. After 3 weeks of
tumor growth we treated one group of mice with engineered therapeutic exosomes for one
week (3 doses), and another group without treatment. We conjugated 6-Hydrazinopyridine3-carboxylic acid (HYNIC) with the precision peptide and labeled with technetium-99m
(99mTc). We injected 99mTc-labeled peptide into both groups of mice and after 3 hours CT
followed by SPECT images were acquired. Reconstructed images displayed significant
diminution of precision peptide distribution in tumor and spleen of the group treated with
therapeutic exosome compared to untreated group (Figure 45).
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Figure 45. Biodistribution of M2-macrophage targeting peptide following therapeutic exosome
treatment.
Reconstructed and co-registered in vivo SPECT/CT images (coronal view) and quantification of
subcutaneous syngenic tumor-bearing animals (on the flank) injected with the 99mTc-labeled precision peptide
after three hours. Group treated with therapeutic exosomes showed lesser level of radioactivity in tumor
(yellow arrow) and spleen compared to untreated control group. Quantitative data are expressed in mean ±
SEM, *P<.05. n = 3.
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Treatment with engineered therapeutic exosomes prevent tumor growth and early
metastasis
After confirming therapeutic efficacy of the engineered exosomes by showing the
decreased accumulation of Tc-99m-tagged precision peptides indicating decreased
CD206+ M2 macrophages in a syngenic subcutaneous mouse tumor model, we used
orthotopic 4T1 tumor model to test the similar efficacy. From day 8, after orthotopic
implantation of the tumor cells one group of mice was treated with engineered therapeutic
exosomes and another group without any treatment (control). Total 6 doses (2 doses/week)
of engineered exosomes were injected intravenously for 2 weeks. Tumor growth was
monitored by optical imaging every week and showed tumor growth (phton intensities) in
engineered therapeutic exosome treated mice compared to the control group (Figure 46A
and 46B). In addition to that, control group presented with early metastatic focus after
week 4 compared to the treated group, treated group did not show any metastasis even after
week 6. These data validate the therapeutic efficacy of the engineered exosomes in averting
tumor growth and metastasis.
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Figure 46. Therapeutic exosome treatment prevents primary tumor growth and early metastasis in
4T1 tumor model.
(A) optical images of 4T1 tumor-bearing animals treated with engineered therapeutic exosomes or without
treatment (control), showing decreased tumor growth in treated animals compared to control group.
Metastatic foci in control group was detected (yellow arrows) as early as fourth week, whereas no metastasis
was detected in treated animals after 6 weeks. (B) quantification of optical density of the tumor area also
showed decreased tumor growth in treated group compared to control group. Quantitative data are expressed
in mean ± SEM,. n = 3.
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IV.

Discussion

To expedite the research and clinical application of exosomes, it is fundamental to
be able to explicitly and effectively isolate exosomes from from a wide spectrum of cellular
debris and interfering components, e.g. virus, proteins, apoptotic bodies. Until now, five
isolation techniques have been developed by exploiting a particular trait, such as the size,
density and surface markers of exosomes (Gangadaran et al., 2017). Here, we compared
five different isolation techniques and implemented a modified reproducible protocol of
isolating quality exosomes more efficiently for downstream experiments in a shorter period
of time. The UC-only method takes approximately 4-5hrs. to isolate exosomes from the
culture supernatant, and the density gradient-based technique needs a longer incubation
time (overnight). Although size-based methods (alone or in combination) need the shortest
period of time, it is not possible to pellet the exosomes from the media and subsequent
wash. Our optimized method using a combination of size-based technique along with a UC
method requires less than 2 hrs. We demonstrated that it yields a greater number of
exosomes with uniform size, and almost 19% recovery of culture supernatant exosomes
without changing the common exosome markers. Using a 0.20-µm syringe filter allows
passing of vesicle size <200 nm, ensuring the exclusion of other larger extracellular vesicle
types. 100k membrane centrifugation following filtration ensures removing most of the
protein impurities that could be co-isolated with the exosomes by other methods. Although
the density gradient separation techniques yielded more exosomes, the size distribution
curve was not uniform, and there were visible impurities along with isolated exosomes. We
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did not compare the immune-affinity capture-based isolation method as it separates only
the specific subgroup of exosomes that possesses the antigen of interest.
A few articles have reported the tumor targeting and metastatic tumor behavior of
exogenously administered exosomes. While most of them adopted either fluorescence
imaging (Daniele Bellavia et al., 2017; Hoshino et al., 2015; Ohno et al., 2013; T. Smyth
et al., 2015; Watson et al., 2016) or bioluminescence imaging (Lai et al., 2014), only one
article reported limited tumor accumulation of the injected exosomes by nuclear imaging
(T. Smyth et al., 2015); however, the authors did not demonstrate visualization in tumor
and metastatic sites in vivo. Fluorescence imaging shows inferior tissue penetration, autofluorescence of biological tissues, low resolution and often requires euthanasia.
Bioluminescence has low sensitivity for the deeper organs with the necessity of injecting
toxic substrates to generate optical signals, which is incompatible for sequential imaging
(Gangadaran, Hong, & Ahn, 2018). We administered
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I-labeled TDEs and showed

significant accumulation of exosomes in the primary tumor in tumor-bearing mice
compared to the free 131I injected group and in the mammary fat pad (MFP) of non-tumor
bearing mice. It is noteworthy to mention that there was almost no accumulation of TDEs
in normal MFP, but they accumulated even in the normal lungs, implying the propensity
of the breast TDEs for the future metastatic sites. The thyroid and stomach showed
significant radioactivity due to the presence of a sodium-iodide symporter (NIS), which is
an intrinsic plasma membrane glycoprotein that actively arbitrates iodide transport into the
thyroid follicular cells (Ahn, 2012) and several extra-thyroidal tissues, e.g., salivary glands,
gastric mucosa and lactating mammary glands (Ahn, 2012; Kogai, Taki, & Brent, 2006).
However, the NIS expression level is lower in extra-thyroidal tissues than in thyroid
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tissues, and longstanding retention of iodide does not occur in these tissues (Baril, MartinDuque, & Vassaux, 2010), which is why the initial high level of radioactivity in the
stomach was almost undetectable in subsequent scanning.
MDSCs are a heterogeneous population of immature myeloid cells that are directly
implicated in the escalation of tumor metastases by participating in the EMT, tumor cell
invasion, promoting angiogenesis and formation of pre-metastatic niche (Condamine,
Ramachandran, Youn, & Gabrilovich, 2015; Solito, Pinton, & Mandruzzato, 2017). EPCs
are progenitor cells with the ability to differentiate into endothelial cells and play a pivotal
role in tumor growth and metastasis by tumor neovascularization, promoting the transition
from micro to macro-metastasis. Even though the critical roles of MDSCs and EPCs in
tumor progression and metastasis have been studied extensively, the similar roles of
exosomes derived from these cells are yet to be explored. Only a few articles are available
on exosomes derived from MDSCs (Burke, Choksawangkarn, Edwards, OstrandRosenberg, & Fenselau, 2014; Deng et al., 2016; Y. Wang et al., 2016; X. Zhang et al.,
2015; Zöller, 2018) and EPCs (Han et al., 2016; Wu, Liu, Hu, Gu, & Zhu, 2018; J. Zhang
et al., 2016), but they are not directly related to their contribution to cancer progression and
metastasis. Interestingly, we observed the highest retention of MDSC-derived exosomes in
lungs of breast tumor-bearing animals than any other groups, highlighting their metastatic
properties.
Furthermore, we noticed a maximal load of accumulation of EPC-derived
exosomes in the primary tumor than in any other groups, which could be due to their
neovascularization effects in the TME. Ex vivo measurements of radioactivity from
individual organs by gamma counter also correspond to the in vivo analysis. To substantiate
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prior findings, we investigated the level of tumor-associated cytokines in exosomal protein
content from MDSCs and EPCs compared to the tumor cells. There was a significant
increase of endoglin, ICAM-1, VEGFR2 and PF-4 level in the MDSC exo and EPC exo
than the tumor exo. Endoglin (FARSHAD NASSIRI, 2011), VEGFR2 (Shibuya, 2011),
ICAM-1 (Kevil et al., 2004) and bFGF (Murakami et al., 2008) are established factors that
promote neovascularization. Myeloid activation and functionally relevant cytokines such
as GM-CSF, G-CSF, M-CSF, and MCP-1 were over-expressed in exosomal content from
both MDSCs and EPCs.
In addition, MDSC exo contained a higher level of MIP-1α and SDF-1α. GM-CSF
and G-CSF potently induce the expansion of MDSCs, leading to enhanced metastatic
growth (Ouzounova et al., 2017). GM-CSF also promotes tumor proliferation and invasion
while M-CSF instigates tumor invasion (Uemura, 2006). TSLP and IL-7 were overexpressed in MDSC and EPC exo, these cytokines drive the differentiation of Th2 cells
followed by secretion of IL-13 and IL-4, leading to the recruitment and activation of
MDSCs and TAMs, which promote metastasis by secreting tumor cell migrationstimulating factors such as SDF-1α, IL-6, MMP – 2, LIX, KC, RANTES and TNF-α
(Esquivel-Velázquez et al., 2015; Germano et al., 2008). All these cytokines were
significantly increased in MDSC-derived exosomes than EPC exo or TDEs, suggesting
their prospective role in tumor proliferation, angiogenesis, invasion, and metastasis. While
we used non-cancerous cell (HEK293)-derived exosomes, we did not see any retention of
exosomes in the primary tumor or metastatic site, indicating that only the exosomes from
tumor cells or TME-associated cells have the propensity to be distributed in tumor or
metastatic areas.
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We observed that MDSC-derived exosomes are able to deplete CD8+ T-cells in
vivo and inhibit proliferation of CD8+ T-cells in vitro. When activated through their
antigen-specific receptor (TCR) and CD28 co-receptor, resting mature T lymphocytes start
to proliferate followed by the so called activation induced cell death (AICD), which
mechanistically is triggered by the death receptor and leads to apoptosis. The apoptotic
pathway is triggered by signals originating from cell-surface death receptors that are
activated by several ligands such as CD95L (FasL), TNF or TNF-related apoptosisinducing ligand (TRAIL) (Sikora, 2015). Our protein array data demonstrated that MDSCderived exosomes contain high level of Fas and TNF-1α. We noticed MDSC-derived
exosomes treatment increase the activation markers of CD8+ T cells (CD69 and CD44), as
well as their exhaustion marker CD279/PD-1. Interestingly, reactive oxygen species (ROS)
can control the fate of antigen-specific T cells through reciprocal modulation of the main
effector molecules FasL and Bcl-2 (Hildeman, Mitchell, Kappler, & Marrack, 2003). We
detected significantly large amount of ROS was generated from the T cells that were treated
with MDSC-derived exosomes. Therefore, we hypothesized that MDSC-derived exosomes
precipitate CD8+ T-cell apoptosis by AICD through hyper-activation or repeated
stimulation, that in turn results in increased levels of ROS production and activation of
Fas/FasL (CD95/CD95L) pathway.
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We explored the possibility that chemotherapeutics or cell-targeted therapies may
change the behavior and contents of the TDEs. We isolated exosomes from tumor cells
with GW2580 or HET0016 treatment or without treatment (control). We observed more
accumulation of treated exosomes in the tumor area, albeit it was not statistically
significant. We also observed a significant reduction of radioactivity in lungs of the animal
groups injected with GW2580 exo and HET0016 exo compared to the group injected with
control exo, elucidating the diminution of the metastatic competency of the exosomes after
treating the parent cells with the therapeutics. For validating this finding, we profiled 44
cancer-related factors in the exosomal contents by cytokine array. Distinguishable cancerpromoting factors that declined following the treatment of cancer cells compared to the
control are VEGFR2, ICAM-1, bFGF, KC, TNF-α, IL-6, IL-12, IL-10, and IL-13. KC
promotes the growth of the primary tumor and formation of a pre-metastatic niche in a
different tumor model (D. Wang, Sun, Wei, Cen, & DuBois, 2017; Yuan et al., 2016).
Elevated levels of IL-6 are associated with aggressive tumor growth, poor response to
therapies, poor prognosis and shorter survival (Kumari, Dwarakanath, Das, & Bhatt, 2016).
It should be noted that the FasL level was elevated in the exosomes from treated cancer
cells. Up-regulation of FasL often occurs following chemotherapy, from which the tumor
cells attain apoptosis resistance (Hannun, 1997; Igney & Krammer, 2005).
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The extent of macrophage infiltration serves as a supreme diagnostic and prognostic
biomarker in many human cancers. TAM density may also be exploited as a prognostic
marker to predict chemotherapy response. Given the indispensable role of TAMs in
tumorigenesis and their correlation with a poor overall survival, these findings provide a
strong ground for targeting these cells within the TME. One crucial advantage of targeting
the TME is the genetic solidity of non-tumor cells, which is in contrary to tumor cells that
are often eminently unstable and can promptly accumulate adaptive mutations that confer
drug resistance (Poh & Ernst, 2018).
Investigators have used tumor cells, dendritic cells (DCs), mesenchymal stem cells
(MSCs), MDSCs, endothelial progenitor cells (EPCs), neural stem cells (NSCs), and other
cells types to generate engineered and non-engineered exosomes for both imaging and
therapeutic purposed (K. H. Chen et al., 2016; Hwang do et al., 2015; Jiang & Gao, 2017;
Luan et al., 2017; M. Morishita et al., 2016; Sterzenbach et al., 2017; Robin L. Webb et
al., 2017; Y. Zhang et al., 2016). We have also used tumor cells, MDSCs, EPCs, and NSCs
derived exosomes in our previous and ongoing studies (Borin, Angara, et al., 2017; Rashid
et al., 2018; Robin L. Webb et al., 2017). Tumor cell-derived exosomes carry antigens and
elicit immunogenic reaction; therefore, tumor cells derived exosomes have been used in
studies for tumor vaccination (Chaput et al., 2004; Kurywchak et al., 2018; M. Morishita
et al., 2016). On the other hand, both MSCs and MDSCs derived exosomes have shown to
be immunosuppressive (Burke et al., 2014; Y.-m. Du et al., 2018; Shigemoto-Kuroda et
al., 2017). EPC-derived exosomes may enhance neovascularization in the tumors (Deng et
al., 2016; X. Li, Jiang, & Zhao, 2016). Therefore, using these cells to generate engineered
exosomes to carry CD206 targeting peptide may initiate unwanted effects of immune
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activation, immune suppression, or neovascularization. Moreover, in vitro growth of MSC,
NSCs and EPCs may be limited due to cell passage number. Ideal cell to generate
engineered exosomes should have the following criteria: (1) non-immunogenic, (2)
unlimited cell passage capacity without changing the characteristics, (3) abundant
production of exosomes both in normal and strenuous conditions, (4) cells that can easily
be genetically modified. HEK293 cell is ideal for the production of engineered exosomes.
These cells have been extensively used by the biotechnology industry to produce FDA
(Food and Drug Administration) approved therapeutic proteins and viruses for gene
therapies (Clément & Grieger, 2016; Dumont, Euwart, Mei, Estes, & Kshirsagar, 2016;
Liste-Calleja et al., 2015). These cells show reliable growth patterns and easy to transfect.
Exosomes derived from these cells show no immune activation or suppression following
long-term injections in animal models (Zhu et al., 2017).
Many mechanisms have been implemented to boost the anti-tumor activities of
therapeutic antibodies, including extended half-life, blockade of signaling pathways,
activation of apoptosis and effector-cell-mediated cytotoxicity. Here we propose to target
Fc gamma-receptor (FcγR) based platform to deplete of M2 macrophages. The direct
effector functions that result from FcγR triggering are phagocytosis, antibody-dependent
cellular cytotoxicity (ADCC), and induction of inflammation; also, FcγR-mediated
processes provide immune-regulation and immunomodulation that augment T-cell
immunity and fine-tune immune responses against antigens. With respect to IgG2b, part of
the most potent IgG subclasses can bind specifically into FcγRIII (KD=1.55x10-6) and IV
(KD=5.9x10-8) to activate FcγRs (Nimmerjahn, Bruhns, Horiuchi, & Ravetch, 2005;
Nimmerjahn & Ravetch, 2005). Peptibodies containing MDSC-specific peptide fused with
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Fc portion of IIgG2b (Fc-IgG2b) was able to deplete MDSCs in vivo and retard tumor
growth of a lymphoma mouse model without affecting pro-inflammatory immune cells
types, such as dendritic cells (Qin et al., 2014). This plasticity of effector and immuneregulatory functions offers unique opportunities to apply FcγR-based platforms and
immunotherapeutic regimens for vaccine delivery and drug targeting against infectious and
non-infectious diseases (Igietseme, Zhu, & Black, 2014).
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Application of nanomedicine or nanotechnology (nanosized therapeutics and
imaging agents) to medicine has been anticipated to revolutionize treatments and
diagnostics attributable to the distinguishing physicochemical and biological properties
that emerges at the nanoscale. In recent years, several pioneers have explored the
possibility of using exosomes as drug delivery vehicles. Owing to their defined size and
natural function, exosomes appear ideal candidates for theranostic application (van
Dommelen et al., 2012). When compared to the administration of free drugs or
therapeutics, exosomes have certain advantages such as improved stability, solubility and
in vivo pharmacokinetics (van der Meel et al., 2014). Exosomes can potentially increase
circulation time (Kalra et al., 2013), preserve drug therapeutic activity, increase drug
concentration in the target tissue or cell to augment therapeutic efficacy (Sun et al., 2010),
while simultaneously reducing exposure of healthy tissues to reduce toxicity (Kooijmans,
Vader, van Dommelen, van Solinge, & Schiffelers, 2012). Since they are nanosized and
carry cell surface molecules, exosomes can cross various biological barriers (Samir El
Andaloussi, Lakhal, Mäger, & Wood, 2013), that might not possible with free drugs or
targeting agents.
One of the concerning factors for determining in vivo distribution in tumor model
was enhanced permeability and retention (EPR) effect by which nanomedicines or
nanoparticles tend to concentrate in tumor tissue much more than they do in normal tissues.
Although, only a fraction (0.7% median) of the total administered nanoparticle dose is
usually able to reach a solid tumor, which might give false positive signals of exosome
distribution. Surprisingly, we did not observe any retention of radioactivity for free
111

111

I or

In-oxiner, and non-targeted or non-cancerous exosomes (HEK293 exo). This implies
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that our demonstration of exosome biodistribution and targeted therapy is not an EPR
effect, rather the exosomes were directed towards target organs by over-expressed
precision peptide on their surface or their inherent surface molecules (for tumor derived
exosomes) (Hoshino et al., 2015; Wortzel, Dror, Kenific, & Lyden, 2019).
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V.

Summary

In summary, we favorably demonstrated a simple, rapid, high-yielding exosome
isolation technique utilizing a combination of size based and ultracentrifugation methods.
As per our knowledge, we are the first group to demonstrate the exact visualization and
quantification of radioisotope-labeled exosomes from different cell types, with or without
drug treatment, in primary solid tumors and metastatic area, which are dependent on the
protein/cytokine contents of the exosomes (Figure 47).

Figure 47. Schematic diagram showing optimized technique of exosome isolation and detecting
biodistribution of radioisotope-labeled exosomes in mouse metastatic breast tumor model.
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We have successfully engineered HEK293 cell-derived exosomes to over-express
CD206-positive M2-macrophage targeting peptide sequence on the surface (Figure 48).
We determined in vivo distribution of M2-macrophages by radioisotope or fluorescent dyelabeled engineered exosomes in primary tumor and in metastatic areas including lungs,
lymph nodes and bone.
Further, we manipulated these engineered exosomes to express mouse IgG2b Fc portion
with the goal of enhancing antibody-dependent cell-mediated cytotoxicity. We have
efficiently demonstrated that M2-macrophage targeting therapeutic exosomes deplete M2macrophages both in vitro and in vivo, and reduce tumor burden in metastatic breast cancer
model.

Figure 48. Schematic diagram showing generation of CD206+ M2-macrophage targeting engineered
exosomes for diagnostic and therapeutic purpose.

Our imaging technique and quantification of exosomes could be applied for
potential metastatic site prediction, monitoring tumor progression and targeting efficacy of
exosome-based therapy, thus unlocking a theranostic potential for these exosomes.
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Abbreviations

20-HETE: 20-hydroxy arachidonic acid
ADCC: antibody-dependent cellular cytotoxicity
ANOVA: analysis of variance
bFGF: basic fibroblast growth factor
BM: bone marrow
CSF1R: colony stimulating factor 1 receptor
CT: computed tomography
CTLA4: cytotoxic T-lymphocyte-associated protein 4
DCs: dendritic cells
DAPI: 4',6-diamidino-2-phenylindole
DMEM: Dulbecco’s modified eagle’s medium
DMSO: dimethyl sulfoxide
EGF: epidermal growth factor
EMT: epithelial to mesenchymal transition
EPCs: endothelial progenitor cells
EPR: enhanced permeability and retention
EVs: extracellular vesicles; EPCs: endothelial progenitor cells
FasL: Fas ligand
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FBS: Fetal bovine serum
FcγR: Fc gamma-receptor
FDA: Food and Drug Administration
G-CSF: granulocyte-colony stimulating factor
GM-CSF: granulocyte-macrophage colony-stimulating factor
HGF: hepatocyte growth factor; HSP: heat shock protein
HYNIC: 6-Hydrazinopyridine-3-carboxylic acid
ICAM-1: intercellular adhesion molecule 1
ID: injection dose
IFN-γ: interferon-gamma
IL – 1beta: interleukin-1 beta
IL – 1ra: interleukin-1 receptor antagonist
IL – 2: interleukin-2
IL – 4: interleukin-4
IL – 6: interleukin-6
IL – 7: interleukin-7
IL – 10 interleukin-10
IL – 12: interleukin-12
IL – 13: interleukin-13
IL – 17: interleukin-17
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KC: keratinocyte-derived chemokine
LIX: lipopolysaccharide-induced CXC chemokine
M-CSF: macrophage colony-stimulating factor
MCP-1: monocyte chemoattractant protein 1
MDC: macrophage-derived chemokine
MDSCs: myeloid derived suppressor cells
MEF: mouse embryonic fibroblast
MFP: mammary fat pad
MHC: Major histocompatibility complex
MIP-1α: macrophage-inflammatory protein-1 alpha
MMP-2: matrix metalloproteinase-2
MRI: magnetic resonance imaging
MVBs: multivesicular bodies
MSCs: mesenchymal stem cells
NIS: sodium iodide symporter
NTA: nanoparticle tracking analysis
PBS: Phosphate buffered saline
PET: positron emission tomography
PF-4: platelet factor 4
PVDF: polyvinylidene fluoride or polyvinylidene difluoride
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RANTES: regulated on activation, normal T cell expressed and secreted
RNA Ribonucleic acid
ROIs: regions of interest
ROS: reactive oxygen species
SDF-1α: stromal cell-derived factor-1
SEM: standard error of the mean
SNARE: soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SPECT: single-photon emission computed tomography
SCF: stem cell factor
TAMs: tumor-associated macrophages
TDEs: tumor-derived exosomes
TEM: transmission electron microscopy
Th1: T helper type 1 cells
TIMP 2: tissue inhibitors of metalloproteinases 2
TLPC: thin layer paper chromatography
TME: tumor microenvironment
TNF-α: tumor necrosis factor-α
TSLP: thymic stromal lymphopoietin
UC: ultracentrifugation
VEGF-A: vascular endothelial growth factor A
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VEGFR2: vascular endothelial growth factor receptor 2.
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