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Abstract

Human umbilical cord-derived mesenchymal stromal cells (HUC-MSCs) have an enormous
therapeutic potential because of their immunomodulatory and anti-inflammatory properties.
However, there are limitations for their therapeutic use due to low cell survival after implantation,
the risk of culture-borne pathogens, and the risk of embolism and thrombosis after intravenous
infusion. Exosomes, on the other hand, constitute an important part of the MSCs secretome and
may play a role in their therapeutic effects. Here, it was demonstrated that HUC-MSC-derived
exosomes accumulate in human and mouse osteosarcoma cell lines in vitro and reduce their
proliferation. The distribution of HUC-MSCs exosomes was shown in osteosarcoma tumor-
bearing mice. Exosome distribution in vivo was observed using Magnetic Resonance Imaging
(MRI) of gadolinium-labeled exosomes and by fluorescent imaging after infusion of near infrared
dye-labeled exosomes. HUC-MSC exosomes accumulated in the tumor throughout the 48 hours
post-injection period. In contrast, synthetic lipid nanoparticle accumulates in tumor only for the
first 3 hours post-injection. In summary, this study showed that HUC-MSCs exosomes can
accumulate to osteosarcoma cells in vitro and in vivo, and thus they may be useful for detecting

cancer metastasis.
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1. Introduction

1.1. History of EVs research

To talk about extracellular vesicles, and in particularly exosomes, it is necessary to understand the concept
and the evolution of this research. The earliest report of extracellular vesicles (EVs) was in 1946 by the
biochemist, Erwin Chargaff, who identify that a hemophiliac’s blood could coagulate after adding the fraction
obtained by ultracentrifugation of normal blood [1]. In 1967, Peter Wolf described the formation of
microparticles, which he referred to as “platelet dust”, as product of platelet activation [2]. In 1983, Pan and
Johnstone’s discovery of the externalization of the transferrin receptor during maturation of reticulocytes in
vitro was the first report of the presence of microvesicles [3]. The term “exosome” was first used in 1981 by
Trams et al. to describe the formation of microvesicles from murine and human primary cell cultures and
cancer cell lines [4]. Then in 1987, Johnstone et al. proposed that the vesicles formed during the maturation
of reticulocytes works as a selective mechanism of protein secretion [5]. In 1966 the secreted membrane
vesicles were called outer membrane vesicles (OMV) in gram-negative bacteria [6]. The formation of similar
structures that were delimited by membrane was reported in 1969 in cartilage and bones of rodents; those
structures were later named “matrix vesicles” [7]. One of the most important discoveries was by Raposo et
al. in 1996, they isolated exosomes from conditioned media of B-lymphocytes and showed that they were
involved in antigen presentation. This finding indicated the involvement of exosomes in communication
between immune cells [8]. In 2006, Ratajczak et al. demonstrated that embryonic stem cell-derived
microvesicles carried mRNAs that were involved in the survival and the maintenance of potency of
hematopoietic progenitor cells [9]. A year later Valadi et al. demonstrated that exosomes were involved in the
genetic exchange between cells by tracking mRNA and microRNA transfer in human (HMC-1) and murine

(MC/9) mast cell lines, bone marrow mast cells (BMMC) and CD4"-T cells [10]. Importantly, RNAs were



not the only nucleic acids found in exosomes. In 2010 it was reported that exosomes from glioblastoma
(U87MG) and primary rat astrocytes carried mitochondrial DNA [11]. In 2011 Balaj et al. demonstrated that
exosomes isolated from medulloblastoma, melanoma and primary glioblastoma cells carried coding and non-
coding DNAs, as well as mutated oncogene sequences, and transposable elements that may be involved in
tumor progression [ 12]. In 2014 it was reported that chronic myelogenous leukemia (CML) exosomes contain
double stranded DNAs that are directly associated with the mutational status of the tumor [13]. In 2015
Hoshino et al. showed that exosomes participate in organotropic metastasis of cancer. Their research
suggested that exosomes possess a particular membrane “address” based on proteins that confer recognition

of the preferable target tissues for metastasis [ 14].

1.2. Classification of Extracellular vesicles based on Their Biogenesis and

1.2.1. Function

The advances in the field of membrane vesicle research over the last 30 years has been significant, as discussed
above. However, there is confusion about the differences in naturally occurring bioparticles. Some people
have classified these vesicles by size. Unfortunately, classification by size has been a source of confusion
because of the size overlap between different vesicle types. In this section, I discuss classification of

membrane vesicles based on their biogenesis and function.

1.2.2. Extracellular vesicles (EVs)

In 2011 the term “EVs” was coined by Gyorgy ef al. in an attempt to unify the naming system of secreted
membrane vesicles, which was formerly proposed by Thery et al. in 2009. By definition, EVs are spherical
structures produced and secreted by cells. EVs are enclosed by a lipid bilayer membrane and contain proteins,

lipids, sugars and other molecules acquired during their biogenesis [ 15]. EVs have been identified in virtually



all living organisms from gram-positive bacteria, Archaea, Fungi [16, 17], mammals [ 18] and more recently
in apoplastic fluids of leaves of Arabidopsis thaliana [19]. While the functions of EVs are diverse, complex
and still under investigation, their main function is signaling between cells [ 15, 20]. EVs fit under an umbrella
that includes microvesicles, ectosomes, endosomes, exosomes, apoptotic bodies, among others. There is a big
concermn among the scientific community regarding the nomenclature of these vesicles and there is a need to
establish a consensus naming plan is avoid misunderstandings. For example, In the case of exosomes isolated
from insects, Andrulis e al. reported the production of these EVs in Drosophila melanogaster [21, 22].
However, the “exosomes” described in this Nature paper are a 3°-5° exoribonucleases complex that degrade

mRNAs in Drosophila melanogaster, and they are not exosomes [23].

1.2.3. Microvesicles

There are two differentiating characteristics between macrovesicles (MVs) and exosomes. First is their
origin. Exosomes are generated as intraluminal vesicles (ILVs) in the late endosome, MV are generated by
directly budding of the plasma membrane [24]. Second, the release mechanism differs between the two. In
exosomes it occurs by the fusion of the multivesicular bodies (MVBs), which does not happened with
microvesicles. Recently was demonstrated that the protease activated receptor 2 (PAR2) is involved in the
production of pro-metastatic MVs in cancer cells. The activation of PAR2 start a downstream metabolic
pathway that involves phosphorylation of the protein kinase B (AKT), which subsequently activates Rab5a
[25]. Interestingly, it was demonstrated that some proteins involved in the secretion of exosomes also are
involved in the biogenesis of MVs. Such is the case of the neutral sphingomyelin phosphodiesterase (nSMase)
-2 and 3. It was determined that the inhibition of nSMases induce the production of MVs and inhibit the
production of exosomes [26]. Cytokines play an important role in cell communication and immune response.

However, the role of cytokines in the production of MVs was just recently identified. Apparently, both pro-



and anti-inflammatory cytokines such as IFN-y, IL-4, IL-13, IL-27, IL-23, and TGF-B can trigger the
production of MVs in myeloid cells. Additionally, the mechanism activated by cytokines seems to be

independent of the plasma membrane receptor P2R72, which is a strong stimulant of inflammation [27].
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Figure 1. Schematic representation of the microvesicle biogenesis. Microvesicles are formed by the direct
budding of the plasma membrane. This is a process that involves the re-arranchement of proteins,
phospholipids, and the cytoskeleton. 1) Apparently, the redistribution of cargo has an effect on the initiation
of the curvature of the plasma membrane. 2) Membrane curvature toward vesicle formation begins with the
translocation of phosphatidylserine to the outside part of the plasma membrane by flippases. 3) Rho family
member GTP-binding protein ADP-ribosylation factor 6 (ARF6) initiates a signaling cascade that starts with

the activation of phospholipase-D and the subsequent recruits the extracellular signal-regulated kinase (ERK)



to the plasma membrane. 4) ERK phosphorylates and activates myosin light-chain kinase (MLCK) which

triggers the release of microvesicles.

1.2.4. Exosomes

The term “exosomes” describes small spheroid particles between 30-150 nm in size. Exosomes have been
isolated from many biological fluids including urine, semen, milk, blood, plasma and cerebral spinal fluid
[28]. The production of exosomes is complex and starts in the early endosome followed by the formation of
intraluminar vesicles (ILVs) and subsequently the formation of multivesicular bodies (MVBs). Either these
MVBs fuse with lysosomes for degradation or they fuse with the plasma membrane to release the exosomes
extracellularly. The physiological regulation of exosomes formation is a subject of study, and some of the
important steps on their biogenesis have been elucidated. For example, the formation of the MVBs
orchestrated by the endosomal sorting complexes required for transport (ESCRT) or utilize an alternative

pathway independent of ESCRT [29]. These are reviewed below.

1.2.4.1. ESCRT-dependent pathway

The endosomal sorting complex is formed from 5 subunits: ESCRT-0 to -III and the vacuole protein sorting
4 (Vps4) [30]. Each member of the ESCRT machinery links to each other in a scaffold fashion to generate
MVB:s. First, ESCRT-0 recognizes ubiquitin molecules on the endosomal membrane and binds them. Then
ESCRT-0 recruits ESCRT-1 complex and recruits ESCRT-II. ESCRT-II forms two arms that link with
ubiquitinated membrane proteins and then retracts from the endosomal membrane to form intraluminal
vesicles. ESCRT-II activates ESCRT-III complex, which is assembled on the endosomal membrane.
ESCRT-III complex associates with deubiquitinases that remove and recycle the ubiquitin tag from the

membrane proteins after vesicle formation. Finally, the Vps4 complex mediates the disassembly ESCRT-III



from the plasma membrane through its ATPase activity. This results in the release of the vesicle into the
endosomal lumen forming the MBVs [30]. Recently Wenzel et al. proposed a model based on the ESCRT
kinetics to describe the formation of the ILVs. On the first phase of the model, hepatocyte growth factor
receptor substrate (HRS) and clathrin accumulate on the endosome membrane to facilitate cargo sorting and
membrane deformation. In phase two, ESCRT-III recruits VPS4A to constrict the membrane and cut it to
release the formed ILVs into the MVB. This study demonstrated that ESCRTs are recruited constantly during
the formation of the ILVs and apparently, the lapses of the subunits engagement during this process mark the
timing and size of the ILVs. Additionally, the authors demonstrated that clathrin determines the dissociation
time of ESCRT-0 [31]. Another important step in the ILVs formation is the recruitment of the Syndecan-
syntenin-ALIX complex. This complex supports endosome membrane budding and cleavage by
disconnecting the ILVs’ cargo after ESCRT-III has been assemble to the neck of the vesicle under formation
[32]. The interaction between syntenin and ALIX is regulated by the GTPase, ADP ribosylation factor 6
(ARF6), and its effector, phospholipase D2 (PLD2) [33]. Because PLD2 metabolizes phosphatidylcholine
into phosphatidic acid (PA), and since the vesicles are enriched in PA, it is plausible that PLD2 is involved in
exosome biogenesis [33]. One important aspect of the ESCRT pathway is how the cargo proteins are transfer
between the different subunits of the complex. Recently, flotillin-1, an integral membrane protein, was
showed to be involved in the recognition and sorting of the ubiquitinated proteins between ESCRT-0 and-1
or toward the lysosome. After stimulation with epidermal growth factor (EGF), HRS and tumor susceptibility
gene 101 (TSG101) protein product are inactivated by ubiquitination, which prevents their interaction with
the ubiquitinated cargo. Apparently, the role of flotillin-1 is activate HRS and TSG101 by removing their
ubiquitin label [34]. Even though the ESCRT pathway has been extensively studied, it is not the only

mechanism to traffic proteins and cargo. Other pathways has been proposed and are summarized below.



1.2.4.2. ESCRT-independent pathway

While the ESCRT-dependent mechanism is involved in exosome biogenesis, as summarized above, the
components in that pathway are mostly accessory and integral proteins. Cellular and endosomal membranes,
e.g., lipids, also play an important role in exosome synthesis. As their role is summarized below. Studies
where the ESCRT pathway was disrupted by depleting the cells of various ESCRT subunits showed that
MVBs continued to be formed. For example, the inhibition of the internalization of the epidermal growth
factor receptor (EGFR), which uses an ESCRT-dependent mechanism, ESCRT-depleted cells formed
different-size vesicles in the MVBs. The conclusion is that different pathways are involved in vesicle
formation [35]. It was demonstrated the role of ceramides in the cargo sorting to the MVBs or towards the
lysosome for degradation. This pathway does not require ESCRT complexes. In this study the authors track
the trafficking of the proteolipid protein (PLP) in naturally PLP-enriched mouse oligodendroglial cells. The
disruption of ESCRT machinery did not have an effect in the intraluminal accumulation of PLP. The lipid
profile by Nano-Electrospray lonization Tandem Mass Spectrometry (Nano-ESI MS/MS) of exosomes
obtained from oligodendroglial cells revealed the enrichment of lipids in the exosomes, specially, ceramides.
In order to determine the role of ceramides on exosomes, the authors treated the cells with a neutral
sphyngomyelinase inhibitor (GW4869). There was a significant reduction in the production of exosomes.
Additionally, when the sphyngomyelinase inhibitor 2 was truncated by RNA, there was a reduction of PLP
content in exosomes. This result indicates the role of ceramides not only in the production of exosomes but
also in cargo sorting [36]. In another study the role of the activation of Gi-couple sphingosine 1-phosphate
receptors (S1R) in exosomes biogenesis was shown. In this study the inhibition of Sphingosine kinase 2
(SPHK2), which is a potent activator of S1R, had a remarkable effect on the sorting of CD63 into ILVs, with
the subsequent alteration on cargo sorting to the exosomes [37]. Recently, the same group demonstrated that

post activation of S1R, its  and y subunits interact with Rho GTPases, which triggers the formation of F-

actin networks required for the MVBs sorting of cargo into exosomes [38].



In summary, there are different mechanisms involved in the production of extracellular vesicles. It is
possible that the type of vesicle and its function directly relates to cellular metabolic pathway that participate
in the process. In addition, with the extensive involvement of extracellular vesicles in different metabolic
process such as cell communication, cell adhesion, molecular interchange and antigen presentation, EVs

clearly play an important role in the cellular metabolic homeostasis.
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Figure 2. Schematic representation of exosome biogenesis. Exosomes are formed within the

AP2-complex

endosomal network. 1) The cargo is loaded into the early endosomes by internalization or by fusion
with endocytic vesicles. 2) The early endosomes subdivide within small interluminal vesicles
(ILVs) forming the multivesicular bodies (MVBs). 3) Exosomes are released from late endosomal
compartment through the fusion of MVBs with the plasma membrane. A key step in ILVs
formation is the reorganization of endosomal membrane protein CD9- and CD63- enriched

microdomains. Next, the endosomal sorting complex required for transport, or ESCRTs, are



recruited to the site of budding in a scaffold fashion to complete the process and release the formed

vesicles. This complex is recruited during the ILVs formation and during exosome secretion.

1.3. Mesenchymal Stromal Cells (MSCs)

1.3.1. Definition

Mesenchymal stromal cells (MSCs) were first described by Friedenstein as a subpopulation of cells similar
to fibroblasts isolated from bone marrow (reviewed in [39]). The International Society for Cellular Therapy
(ISCT) proposed a minimal definition of MSCs. Under their guidelines, MSCs must: 1) adhere to tissue
culture treated plastic plates and self-renew, 2) stain positively for certain “mesenchymal” surface markers:
endoglin (CD105), ecto-5nucleotidase (CD73), Thyl (CD90), and the receptor for hyaluronic acid (CD44),
and not stain for surface markers of hematopoietic cells: CD45, CD34, CD14 or CD11b, CD79a or CD19
and HLA class II, and 3) exhibit differentiation capability to adipocytes, chondrocytes and osteocytes [40].
Morphologically, three distinctive cell shapes are noted: 1) triangular or star-like shapes, 2) fibroblastic
shaped, e.g., a spindle-shaped, and 3) large, and flat [41]. There is controversy about whether MSCs are stem
cells. Some authors refer to this population as stem cells, however, because the stem cells are found at low
frequency compared with the remaining population, its more accepted to use the acronym MSCs to refer to
the total population of stromal cells [42]. The main function of MSCs is to bring support and maintenance to
the tissues. However, these cells also play an important role in the hematopoietic and immune system. For
instance, in the bone marrow MSCs work as an important regulator of the hematopoietic progenitor cells by

the production and secretion of cytokines [43].



1.3.2. Sources of MSCs.

Because the stroma is a connective tissue, it is natural to find MSCs in different tissues. The first tissue where
MSCs were isolated was the bone marrow [39]. However, since that discovery MSCs were isolated from
adipose tissue [44], amniotic fluid [45], Wharton’s Jelly [46], umbilical cord blood [47], and others.
Stromal tissue is located everywhere in the body, it is possible to obtain MSCs from different tissue sources.
Compare with other tissue sources, the HUC-MSCs have a higher percentage of proliferating cells
that can be maintained for more passages prior to senescence. In respect to their potential
application as therapeutic tools, HUCs, similar to other tissue-derived MSCs exhibit
immunomodulatory properties[48, 49] and have the potential to control autoimmune diseases, such
as Crohn’s disease [50], multiple sclerosis [51, 52] and rheumatoid arthritis [53, 54]. The question
remains open as to whether MSCs from these different origins are the same or do MSCs from different tissues
differ? In this regard, Kim et al compared the immunological characteristics, pluripotency and
immunophenotype of MSCs from periodontal ligament (PDLSC), umbilical cord (UC), and adipose tissue
(AT). They showed that upon stimulation with [IFN-y, MSCs from PDLSC and AD, but not from UC,
upregulated MHC-I and -11. Additionally, after implantation of UC-MSCs in mice, the expression
of pro-inflammatory cytokines was slightly upregulated [55]. Another study compared the bone
regeneration ability between “stem” cells from human exfoliated deciduous teeth (SHED), human
dental pulp stem cells (hDPSCs) and human bone marrow mesenchymal stem cells (hBMSCs) and
found no significant differences in bone formation between the sources. However, they found a
difference MSCs marker expression between SHED and hDPSCs [56]. Even more interesting are
the results obtained by Taneselli et al. who compared canine AT-MSC derived from either

subcutaneous (Sc) fat or visceral (Vs) fat. They found that MSCs from Sc exhibit better
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differentiation to bone, as indicated by superior mineralization in vitro [57]. To summarize, the

tissue source of the MSCs may determine the characteristics of the cells.

1.3.3. MSCs Function

The use of MSC:s as a cell therapy or “regenerative medicine” is not just a matter of convenience or because
of the difficulty associated with implementation of embryonic stem cells. The main reason why MSCs are
used is their safety and their capacity to adapt to their environment. The functions of MSCs were reviewed by
Spees et al. as three major mechanisms: 1) paracrine activity, 2) mitochondria transferring by tunneling
nanotubes (TNT) and 3) transferring of exosomes and microvesicles [58]. The source of the MSCs may affect
the secretion and production of cytokines. In a study that compared the production of VEGF and TGF-} by
MSCs from umbilical cord (UC-MSCs), amniotic membrane (AM-MSCs) and adipose tissue (AT-MSCs),
UC-MCSs had the lowest production of VEGF compared with the other MSCs. In contrast, TGF-$ was
expressed at higher levels in AM-MSCs and UC-MSCs. This suggests that the paracrine secretome may vary

depending of the MSC tissue source [59].

In addition to their paracrine secretions, MSCs also communicate via direct cell to cell contacts. MSCs can
extended nanotubes to exchange metabolic products and organelles with adjacent cells [60]. For instance,
bone marrow MSCs (BM-MSCs) can affect the survival of H9¢2 cardiomyocytes in an ischemia/reperfusion
injury model via TNT supplied mitochondria. TNT are formed by MSCs placed under stressful conditions:
When the H9¢2 cells were cocultured with BM-MSCs, the formation of TNT was associated with reduction
of H9¢2 apoptosis. Fluorescent mitochondria from the BM-MSCs migrated into the H9¢c2 cells via TNT.
When the BM-MSCs were treated with latruculin-A, a TNT inhibitor, the H9¢2 apoptosis increased. This

simple, elegant experiment provided evidence of the TNT mechanism [61]. In another study, MSCs were
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shown to induce phagocytic activity in macrophages by mitochondria transfer via TNT in an in vivo mouse
model of E. coli pneumonia. Thus, the protective effect of MSCs may be due in part to their ability to form

TNT and exchange mitochondria to stressed or damaged cells [62].

In recent years the advances in EVs research provided new understanding about the mechanisms used by
MSCs. Exosomes transport coding and non-coding nucleic acids such as miRNAs, plus proteins, lipids, and
others signaling molecules. Recently the role of miRNAs from MSCs-derived exosomes in their osteogenic
differentiation was investigated. Exosomes from conditioned media stimulated human MSCs and increased
alkaline phosphatase (ALP) activity and extracellular matrix mineralization. The RNA profiling of the
exosomes showed downregulation of miR-31 and miR-144, which are inhibitors of osteogenic differentiation,
and its promoted when miR-221 is downregulated, which has been identified to attenuate osteogenic
differentiation [63]. In another study was demonstrated that BM-MSCs derived exosomes can promoted
cardio-protection in mouse model of myocardial infarction, apparently trough mechanisms that involve miR-
21a-5p, which target genes of the apoptotic pathway [64]. The protective effect of exosomes through miRNAs
was also demonstrated in mouse model of acute liver failure (ALF). RNA analysis revealed that miR-17 was
found in naive exosomes isolated from mouse AT-MSCs but not in exosomes obtained from AT-MSCs
transfected with miR-17 inhibitor. This finding suggests that exosomal miR-17 may mediate MSC affects on

the inflammatory response [65].

1.3.4. Clinical significance immunomodulatory effect of MSCs

The constant and rapid development in the stem cell field provides new tools to advance the areas
of regenerative medicine and therapeutics. However, there is a gap in our understanding of the

biological process that underlies their beneficial effects, not only at the cellular level but also at

12



the level of tissues, organs, and systems. To the date there are 7385 registered clinical trials that
involve different sources of MSCs according to the ClinicalTrials.gov website. 2516 MSC clinical

trials have been completed, of which 7 % were Phase 3 trials (Clinical Trials.gov). There are several

reasons that MSCs are widely used in regenerative medicine. First, MSCs can be isolated from
many different tissues, in the majority of the cases by a simple surgical procedure or even through
non-invasive methods such as the case of umbilical cord, squamous dental pulp and neonatal
foreskin. One of the most important characteristics of MSCs is their interaction with the immune
system and their innate anti-inflammatory and immunomodulatory effects. Most of their effects
on the immune system are mediated by their secretome which is composed of growth factors,
cytokines, nucleic acids and EVs, among others. For example, was demonstrated that monocytes
that were cocultured with primed UC-MSCs exhibit upregulation of the genes PD-L1, CD90, IL-
1b, IL-6, IL-8, IL-10, and TGF-p. In contrast, the expression of TNF-a was down regulated. When
those monocytes were implanted in mice was noted that the monocytes stimulated cells of the
adaptive immune system [66]. In a clinical trial was evaluated the effect of HUC-MSCs
implantation on patient with liver cirrhosis caused by hepatitis B. The authors indicate that
considering that hepatitis virus its not the direct responsible for liver damage and rather that occurs
because of the inflammatory effect of lymphocytes and monocytes. In this study was observed that
patiencients are characterized by extremely high levels of TGF-3 and IL-10 as well as high amount
of peripheral Treg cells. However, after treatment with HUC-MSC:s the levels of IL-6, TNF-a and
T-cells CD8* were considerable reduced [49]. This clinical trial proved the reliability of the
therapeutic effect of MSCs and opened the possibility of implement those in the control of
autoimmune diseases. Another advantage of MSCs is their innate capacity to respond and adapt to

different stimuli by varying their phenotype. MSCs priming and the shifting between anti- and pro-
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inflamatory phenotypes has been ample study [50, 51]. It was demonstrated the effect on equine
MSCs (E-MSCs) of cell priming through TLR-3 and -4 receptors. E-MSCs stimulated TLR-4
suppressed the proliferation of lymphocytes in vitro. MHC-II" MSCs exhibit high
immunomodulatory effect when compared with the MHC-II". With respect to the genetic
expression, there was an upregulation of IL-6, IL-8, CCL2 and CXCL10 genes in both stimulated
pathways [52].

Despite the evidence that MSCs provide therapeutic benefits, there are concerns for the potential
of adverse effects, such as embolism, disease transmission, or cancer [67-69]. Has been
demonstrated that UC-MSCs had anticancer properties [70-72]. Furthermore, after intravenous
MSC injection, the cells get trapped in lung and other organs with high capillarity for at least 24
hours after infusion [73, 74]. Recently, the therapeutic effect of MSCs was shown to be, in part,
due to the production and secretion of bioactive compounds and extracellular vesicles, rather than
for the cellular differentiation and expansion after implantation [75-78]. Exosomes, are part of the
MSCs secretome and appear to mediate some of their physiological effects [79, 80]. As was
mention before, exosomes are formed in the endosome, and their membrane shares similar
attributes with the parental cell membrane including transmembrane (e.g., integrins and
tetraspanins) and peripheral proteins (e.g., Lactadherin), lipids (e.g., phosphatidylserines), glycans
(e.g., polylactosamine), among others, that play an important role in cell signaling and
communication [81-85]. For the last decade, the cargo of exosomes has been an important subject
of research because of its involvement in different metabolic process [86, 87], and variation of the
cargo correlates to changes in the inter- and external cell environment [88, 89]. It has been
demonstrated the important role of EVs, especially exosomes in cell to cell communication [90],

antigen presentation [91, 92], cell adhesion [93], gene silencing [94], tissue remodeling [95] and
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cancer progression [96]. Furthermore, MSC exosomes have been shown to affect human

osteosarcoma cell proliferation in vitro [97].

1.4. Cancer

1.4.1. Incidence of cancer worldwide.

Cancer is by definition the uncontrolled growth of cells. Cancer development provokes inflammation in the
affected tissue, and the inflammatory response triggers changes in tissue vascularity. Both the inflammatory
response and the unchecked cell growth results in tumor formation. Cancer is a progressive disease and its
progressive nature is associated with genetic mutations in tumor-suppressor or cell cycle checkpoint
regulation genes, and these genes are called “oncogenes” [98]. In most of the cases, cellular hyperplasia is the
hallmark sign of cancer, along with atypical or disorganized tissue morphology. As the disease progresses,
the abnormal cell growth generates tissue dysplasia and the invasion of secondary interstitial cells, followed
by tumor formation [99]. Finally, tumor cells may migrate and colonize other tissues to form secondary
disease in a process called “metastasis” [99]. The different types of cancers are parsed based on their tissue of
origin. For instance, carcinoma is a cancer of epithelial tissues. This type of cancer can be subdivided in adeno-
carcinoma, adeno- referring to glands, and squamous carcinoma, which affect tissues that are protected by
squamous epithelium [100]. Sarcoma is a type of cancer that affects sarco- or connective tissues [101].
Lymphomas affect tissues of the lymph system [102]. Leukemia is a type of cancer that originates in bone
marrow and affects blood cells [103].

Cancer is a devastating family of diseases. In 2015, 8.8 million deaths were associated with cancer, worldwide
[104]. Cancer does not discriminate against gender, race or age. While the incidence of cancer in the United
States has declined slightly since the 1990s, it is still the second most common cause of death [104]. It has

been estimated that in 2018 in United States, 609,640 people will die from cancer [104], and that cancer will
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kill 13 million people in the world by 2030 [105]. The most common cancer in the world is lung cancer,
causing more that 1.69 million deaths in 2015 [106]. The next most prevalent types of cancer are: liver cancer
788,000 deaths, colorectal cancer with an estimate of 774,000 deaths and stomach cancer with 754,000 deaths

[107].

1.4.2. Mechanisms underlying cancer

To understand the genetic mutations that govern cancer development and progression, it is necessary first to
identify the mechanisms occurring at the cellular level. In 2000 Hanahan and Weinberg proposed the
“Hallmarks of cancer”, which describes the properties that cancer must possess to determine their fate [ 108,
109]. One of the main characteristics acquired by cancer cells is “hyperplasia” or uncontrolled, excessive cell
growth. This process occurs by the mutation of some genes known as pro-oncogenes that in normal conditions
regulate the cell cycle. After those genes are mutated, they are called “oncogenes” or cancer-promoting genes.
These mutated genes remove the “brakes” or the normal regulation of the cell cycle and their progeny continue
proliferating unchecked. The pro-oncogenes may act at different points in the cell cycle regulatory pathway.
For instant, mutating the gene inhibiting either growth factor (GF) stimuli or the growth factor receptor (GFR)
can produce excess cell growth. These mutations may occur at the level of the signal transduction or at the
nuclear transcription level. Normally, growth factors act as a signal to induce cell proliferation in a paracrine
fashion. However, in cancer progression the growth factor signaling dependency is lost. For example, the
mutation of neurofibromatosis type 1 gene (NF1) in glioblastoma cells induces the secretion of platelet-
derived growth factor AA (PDGF-AA) and interleukin-8 (IL-8), which are involved in tumor angiogenesis
and inflammatory cell recruitment [110]. In ovarian cancer metastasis, the over-expression of transforming
growth factor-alpha (TGF-a) and a feedback loop with stromal fibroblasts promote peritoneal metastasis

through epidermal growth factor receptor (EGFR) signaling [111]. Another oncogenic mechanism includes
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mutations of the receptor tyrosine kinase (RTK). The mutation causes permanent kinase activity and the
subsequent production of the mitogenic signaling. For instance, gastrointestinal stromal tumors (GISTs) are
caused by the activity of the mutated KIT Proto-oncogene Receptor Tyrosine Kinase (kit) in the Golgi
apparatus [112]. An additional mechanism directly involves the signal-traducing proteins downstream of the
RTK. In the case of pancreatic adenocarcinoma, the over-expression of the onco-protein KRAS (Kirsten Rat
Sarcoma virus) induces cancer progression and tumor formation. KRAS is over-expressed by establishing a
regulatory loop with an isoform of the translation elongation factor (e[F5A) and the tyrosine kinase PEAK1
signaling [113]. Growth suppressors, too, regulate the proliferation of normal cells acting at different phases
of the cell cycle. An example of these suppressors is the gene p53, whose function is to induce cell cycle arrest
at the G1/S checkpoint (reviewed in [114]). Activation of p53 pauses the cell cycle to permit DNA repair or
the induction of apoptosis. Mutation of p53 prevents DNA repair checkpoint regulation and prevent apoptosis

of cells with defective DNA. Mutation of p53 is found in more than 50 % of cancers [115].

The immune system plays an important role in initial stages of cancer. The presence of CD103" CD39" tumor-
infiltrating CD8 T cells (TIL) correlates with a higher survival rate in patients with head and neck squamous
cell carcinoma and these immune cells can effectively kill cancer [116]. However, some cancers escape
immune surveillance by the secretion of immune inhibiting cytokines that interfere with the PDL-1 or CTLA-
4 immune checkpoints. In the case of human acute myeloid leukemia, the cancer cells up-regulate the
expression of the soluble immunoglobulin and mucin-domain containing-3 (Tim-3) which inhibits T-cells
secretion of [L-2 and thus prevents activation of immune cells [117].

Another mechanism found in cancers is the over-expression of telomerase, which provide the cancer cells
with stem cell-like properties and the overexpression of telomerase reverse transcriptase (hTERT) is

correlated with aggressiveness of breast cancer cell lines [118].
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1.4.3. Cancer metastasis

Metastasis originated from the Greek word “methistanai”, which means “to change”. In the clinical context
metastasis indicates the spread of the disease from a primary tumor to a secondary place of malignancy. The
fundamentals of how cancer invade was developed by Stephen Paget under the concept of “seed and soil”,
which indicates that cancer in order to successfully establish in a different place must be encounter an
appropriated terrain of establishment (reviewed in [119]). In general, metastasis can be divided into stages.
First, the cancer cells colonize the extracellular matrix (EM). In the initial step, the cancer cells start loosening
their connection with adjacent cells such as epithelial or stromal tissue. E-cadherin is an important protein that
regulates cell adhesion. For example, carcinomas downregulate the gene CDHI1 that codes E-cadherin,
promoting the cancer cell motility [120]. The loss of cell adhesion triggers the activation of VEGFA and
secondarily angiogenesis [121]. Next, cancer cells degrade the basement membrane by enzymatic activity.
One of the most studied enzymes involve cancer progression are the metalloproteinases (MMPs). LASP1 is
a focal adhesion protein involve in cell migration and cancer progression. LASP1 is involved in the regulation
of the formation of the invadopodia. Down regulation of LASP1 and over-expression of MMPs can limited
the invasion of cancer cells, especially in breast cancer [ 122]. Second, cell enter the vascular system and move
to the new metastatic niche. After cancer cells have overcome the vascular endothelium barrier and entered
the blood vessels, they must exit the blood and enter the metastatic niche. The tight junction protein 1 (ZO-1)
is a 220 kDa peripheral membrane protein, which function as scaffold for other tight junction proteins. Zhou
et al. demonstrated that cancer-secreted exosomes transport and release miR-105, which disrupts these tight
junctions by targeting ZO-1, and thus enables escape of cancer seed cells from the blood vessel. In mouse
models, breast cancer MCFDCIS cells overexpress miR-105 and exhibit higher metastasis rate compared
with controls [123]. Another mechanism cancer uses to invade new tissues without utilizing the vascular

system is called “transcoelomic” metastasis. This form of dissemination uses the peritoneal cavity to invade
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other tissues. One cancer that spreads via the transcoelomic mechanism is ovarian cancer and its liver
metastasis. This metastatic mechanism is mediated via tumor-associated macrophages (TAMs) that infiltrate
the peritoneal cavity and serve as a scaffold to form ovarian cancer spheroids. On the other hand, apoptosis
signal-regulating kinase 1 (ASK1) activity is required for macrophage activation and inflammation. The effect
of ASK1 on TAMs was shown using a mouse model of ovarian cancer. ASK1 reduces the infiltration of
TAMS and the progression of ovarian cancer [124].

Some types of cancer are disseminated through the lymphatic system. This is a particularly nasty, aggressive
mechanism because the lymph nodes are interconnected via lymph ducts and ultimately back to the vascular
system. The classical example of the lymphatic metastasis is seen in prostate cancer. Prostatic cancer
metastasis is associated with TNF-a and the induction of chemokine receptor 7 (CCR7) by phosphorylation
of the extracellular signal-regulated kinase (ERK). Additionally, Prostate cancer cell migration is regulated
by the phosphorylation of p38 through the interaction between the chemokine (C-C motif) ligand 21 (CCL2)
and CCR7[125].

Cancer is the “emperor of all maladies”, e.g., worldwide human disease and one of the most
prevalent causes of mortality [107, 126]. The battle against this disease has challenged researchers
to find new and more efficient ways of controlling it. Advances in the field of nanotechnology
have enhanced the efficacy of the existing drugs by extending their bioactivity through novel
formulation. For example, novel synthetic nanoparticles, such as liposomes, have been used as a
drug delivery system against cancer [127, 128]. Nevertheless, these approaches have limitations
such as bio-incompatibility [129], development of allergic reactions [130] and lack of target
specificity [131, 132]. In contrast to synthetic nanoparticles, MSC exosomes are biocompatible
and may accumulate within tumors after intravenous injection [133-135]. Recently, exosomes

isolated from TRAIL-transduced MSCs were shown to induced apoptosis in cancer cell lines in a
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dose-dependent manner [136]. These findings support the notion that MSCs exosomes might
accumulate in tumors and have the potential to identify the site of metastases [14, 137].

Here, in a proof of concept study, the biodistribution of HUC-MSCs-derived exosomes in
osteosarcoma is explored using two non-invasive tracking methodologies in vivo. Specifically,
MSCs exosomes were labeled with gadolinium (Exo-GdL) for 14T magnetic resonance imaging
(MRI) or with near infrared (NIR) fluorescent dyes for fluorescence imaging. Here, the
biodistribution of MSC exosomes in osteosarcoma ectopic tumor-bearing mice was observed, to
determine whether labeled exosomes accumulate in tumors at an enhanced rate compared to
similarly labeled synthetic nanoparticles (liposomes). These data support the notion that MSC

exosomes accumulate in osteosarcoma tumors and may have utility for metastasis detection.
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2. Materials and Methods

2.1. Cell Culture Conditions

2.2. Human Umbilical Cord Mesenchymal Stromal Cells isolation

Human subjects committee reviewed our protocols and deemed our research as no involving
human subjects. Human umbilical cord mesenchymal stromal cells (HUC-MSCs) were isolated
following the protocols described by Smith et al. (2016). In brief, anonymous, discarded human
umbilical cords were obtained from Via Christi Hospital, Manhattan, KS, following informed
consent. The cords were stored in Povidone lodine Prep solution (Dynarex Corp., Cat. #: 1416)
until processing. All human biological materials were treated as potential biohazardous materials
(using universal precautions) and processed under sterile condition following the biosafety
regulations. Umbilical cords were rinsed with 1 % antibiotic-antimycotic (Gibco™, Cat. #:
15240062) in Dulbecco’s phosphate buffered saline (DPBS, Gibco, Cat. #: 14190144) and then
treated 5 minutes with 0.5% Povidone lodine Prep /DPBS solution (Dynarex Corp., Cat. #: 1416).
The cords were divided into multiple 1cm pieces and placed into gentleMACS™ C tubes (Milteny
Biotec, Cat #: 130-096-334) for tissue disruption with a mixture of Collagenase Type I (300 U/ml)

and Hyaluronidase (1mg/ml) in 3mM CaCly/DPBS, using an automatic tissue dissociator

(GentleMACS™, 130-093-235). The mixture was incubated for 3ours at 37 °C. At the end of

incubation time, the sample was passed through 100 um filter (MACS® SmartStrainer, Cat. #: 130-
098-463). The collected suspension was centrifuge 5 minutes at 200 g at room temperature and the
pellet was resuspended in 500ul of red blood cell lysing buffer) Hybri-Max™, (Sigma-Aldrich,

Cat. #: R7775-100). The cell suspension was diluted in 8ml of DPBS and further centrifuged under
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the same conditions to collect cell pellets. The cell pellet was resuspended in 1ml Dulbecco’s
Modified Eagle Medium low glucose (DMEM) supplemented with 10 % pooled Human Platelets
Lysate (pHPL). The cell concentration and viability were determined using the acridine
orange/propidium iodide (AO/PI) (Nexcelom Bioscience, Cat. #: CS2-0106) assay, with an
automated cell counter (Nexcelom Bioscience, Cellometer® 2000). The cells were seeded at 1 x
10* cells/cm? and incubated in DMEM containing 10 % pHPL at 37 °C, 90 % humidity and 5 %

CO:..

2.3. HUC-MSCs Characterization

The characterization of the cell lines HUC-255 and HUC-257 were previously described by Smith
et al. (2016). In the present work, the cell line HUC-293 was characterized by the cell

differentiation assay (adipogenic, chondrogenic and osteogenic) and flow cytometry.

2.3.1. Differentiation assay

The differentiation assay was carried out with the StemPro® kits (Thermo Fisher Scientific, Inc.
Cat. #: A10070-01, A10071-01, and A10072-01) following the manufacturer recommendations.
In brief, cells were seeded at 1 x 10* cell/cm? in 12-well plate (CytoOne, Cat. #: CC7682-7512).
After 4 days of incubation, cell media were changed with corresponding differentiation media and
incubated for additional 4 days. Differentiation was observed to take place over 14-21 days.
Thereafter, the media was removed and the cells were fixed with 4% paraformaldehyde in
phosphate buffer (pH = 7.4) for 10 mins at room temperature. After fixation, adipogenic,
chondrogenic and osteogenic assays were carried out independently by adding 0.3 % Oil Red

solution (500ml), 0.1 % Safranin O solution (500 ml) and 2 % Alizarin Red S solution (500 ml),

22



respectively. The images of the assay were captured with the EVOS FL cell imaging system

(Thermo Fisher Scientific, Inc.)

2.3.2. Flow cytometry

The isolated cells were characterized by flow cytometry with the BD Stemflow™ assay kit Cat. #:
562245), following the manufacturer recommendations. In brief, 1 x 10* cell/cm? were seeded in
T-25 flasks in DMEM 10 % pHPL at 37 °C, 90 % humidity and 5% CO until the cells reached
80% of confluence. The cells were trypsinized and collected by centrifugation at 1000 g, then the
cell viability and concentration was determined by AO/PI staining. The cells were stained with the
appropriate antibodies and analyzed in a flow cytometer LSR Fortessa X20 (BD-Bioscience).
Before running the samples, the machine was calibrated with the Fluorescence Minus One controls
(FMOs) for CD90, CD44, CD105 and CD73. Additionally, isotopes control cocktails were
utilized. The hMSC positive isotope control cocktail containing mIgG1, k FITC (Clone: X40),
mlgG1, « PerCP-Cy5.5 (Clone: X40) and mIgG1, « APC (Clone: X40). The negative isotype
control cocktail containing mIgG1, k PE (Clone: X40), mlgG2a, « PE (Clone:G155-178) and
CD90 FITC (Clone: 5E10) was utilized. AS compensation controls. As compensation controls
were immplemented: unstained hMSCs, FITC Mouse Anti-human CD90 (Clone: 5E10), PE
Mouse Anti-Human CD44 (Clone: G44-26), PerCP-Cy™5.5 Mouse Anti-Human CD105 (Clone:

266) and APC Mouse Anti-Human CD73 (Clone:AD2).

2.4. Cancer Cell Lines

The cancer cell lines were obtained from the collection of Dr. Deryl Troyer (Department of

Anatomy and Physiology, Kansas State University). 143B (ATCC® CRL8303™) human
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osteosarcoma, A-375 [A375] (ATCC® CRL1619™) human malignant melanoma, A549 (ATCC®
CCL185™) human lung carcinoma, PC-3 (ATCC® CRLI1435™) human prostate grade IV
adencarcinoma, MDA-MB-231 (ATCC® CRM HTB26™) human mammary gland adencarcinoma
and K7M2 mouse osteosarcoma, were seeded at a standard density of 1 x 10* cells/cm? and
maintained until 80 % confluency in DMEM 10 % HPL-depleted exosomes (dpHPL). Cells were

incubated at 37 °C, 90% humidity and 5% COa.

2.5. Cell Passaging

All the cell lines HUC-MSCs and cancer cell lines were maintained in their respective cell culture
media otherwise indicated. All the cell lines were passed following the protocol stablished in Weiss
laboratory.

In brief, when the cells reached 80 % confluency the media was removed and the cells were washed
twice in calcium and magnesium free DPBS. After that, 0.05 %Trypsin-EDTA solution was added
to the HUC-MSCs monolayer and then incubated at 37 °C for 3-5 minutes. For cancer cells the
trypsinization was carried out with 0.25 % Trypsin/EDTA solution. When the cells unattached, the
reaction was stopped by adding 3 volumes of DMEM 10 % dpHPL. Cells were collected by
centrifugation at 200 g for 5 minutes at room temperature. Cell concentration and viability were

determined as described in section 1.1.

2.6. Pooled Human Platelet Lysate Depleted Exosomes (dpHPL)

HPL depleted of exosomes (dpHPL) was prepared from pooled human platelet lysate following

the in-house method described in [138]. To prepare the dpHPL, units of frozen expired human

platelets material was obtained from the blood center. The samples were stored at -20 °C until
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processing. Each batch was prepared from approximately 25 donors that were subjected to two

rounds of freezing-thawing at -80 °C /22 °C cycles to break the platelets and release the growth

factors. Next, debris was eliminated by centrifugation at 4000 g for 15 minutes at 4 °C. pHPL was

aliquoted in 50 ml conical tubes and stored at -20 °C. To deplete exosomes from the pHPL, the

samples were centrifuged at 4000 g for 30 minutes at 4 °C, filtered (0.22pum) and centrifuged for

10 hours at 120,000 g at 4 °C (Beckman Counter, Inc., L-90K) using a SW-41-Ti Swinging-bucket

rotor. After the ultracentrifugation step, the dpHPL and the exosomes pellet were collected,

aliquoted, and stored at -20 °C.

2.7. Exosomes Isolation by Sequential Ultracentrifugation

Exosomes were isolated from the cell-conditioned medium (CM) by sequential ultracentrifugation
using a modified protocol proposed by Momen-Heravi [139]. The CM was collected when the
cells reached 80 % of confluence, usually after 2 days of exposure to the cells. Before the media
was processed, cell viability was determined by AO/PI assay as was previously described. In order
to reduce the possible contamination with other extracellular vesicles (apoptotic bodies), the
threshold of cell viability to isolate the exosomes from the CM was set at 95 %; below this point
the media was discarded [140]. After collection, the CM was centrifuged for 30 min at 3184 g in
a benchtop centrifuge (Eppendorf, 5810R) using a swing bucket rotor A-4-62 (Eppendorf, Cat. #:
FL08517291) to eliminate cell debris. The CM was filtered (0.22 pm) and transferred to 13-.2ml
Ultra-clear tubes (Beckman Counter, Cat. #: 344059). In order to eliminate larger extracellular

vesicles, the CM was centrifuged 30 minutes at 20,000 g (Beckman Counter, Inc., L-90K) with a
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SW-41-Ti swinging-bucket rotor at 4 °C. The pellet of this step (S1) was collected and stored at -

80 °C. Then the CM was transferred into a fresh ultracentrifuge tube and centrifuge at 4 °C, 90

minutes at 120,000 g (S2). The CM was then discarded and the pellet was resuspended by 30

seconds vortex in 500 pl of DMEM and stored at -80 °C for further analysis.

=
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Figure 3. Schematic representation of the exosomes isolation process. Cells were incubated in
standard conditions until they reach 80 % confluence, The cells viability was determined by
acridine orange, propidium iodide staining (AO/PI), in an automatic cell counter. If the cells had
a viability equal or higher of 95 % we continue the process, otherwise the media was discarded
The cell debris of the conditioned media obtained from the MSCs cell culture, was removed by
centrifugation at 3184 g during 30 minutes. The pellet was discarded and the media was filtrated
with 0.2 pm filters. After that the conditioned media was transferred to an ultracentrifuge tube and

centrifuge at 20,000 g during 30 minutes. Then we collected the media and a second round of
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centrifugation at 120,000 g during 90 minutes was performed. Finally, the obtained pelled was

diluted in 100 pul of DMEM, aliquoted and stored at -80 °C for further use.

2.8. Synthesis of Gadolinium Lipid (GdL)

The synthesis of Gadolinium ion chelated DSPE-DOTA was performed using two-step preparation
method as previously described with some modifications [141-143]. In brief, 75 mg of DSPE was
first dissolved in 10 ml chloroform containing 2 % (v/v) triethylamine (TEA). After that, 86 mg
DOTA-NHS ester was added and stirred vigorously until all reagents were completely dissolved.
The reaction was allowed to take place for another 3 hours at 40 °C. At the end of incubation time,
the obtained clear reaction mixture was concentrated and dried under vacuum to recover the white
powder. To purify the conjugating DSPE-DOTA lipid, 6 ml of deionized water was used to
disperse reaction crude, the suspension underwent 5 cycles of freezing and thawing in liquid
nitrogen and 60 °C water bath, respectively and then centrifuged at 4500 g for 10 minutes. The
resulted DSPE-DOTA suspension was filtered through 0.2 pum membrane to remove insoluble by-
product and lyophilized to get dry powder.

To prepare DSPE-DOTA-Gd (Gd-Lipid), 50 mg DSPE-DOTA (0.05 mmole) was hydrated in 10
ml of acetate buffer (pH = 5.5) and further treated with 0.5 mmole of Gd(OAc); 50 °C for 12 hours.
After incubation, the Gd-DOTA-DSPE was purified by centrifugation at 4500 g for 10 minutes.
The obtained white product was washed 3 times with acetate buffer (pH 5.5) and 3 times with

water to remove all non-chelated Gd** ion. The samples were lyophilized to obtain a dry powder.
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2.9. Labeling of exosomes with Gadolinium Lipid (exo-GdL)

Gadolinium labeled exosome was prepared by lipid insertion following membrane extrusion
method [142, 144]. In brief, different amount of DSPE-DOTA-Gd (500, 1000, and 2000 pg) were
solubilize in 1X DPBS at 65 °C to obtain clear solution. The lipid (Gd-L) suspension was cooled
down to room temperature and co-incubated with 1 mg exosome protein for 30 minutes. The
protein concentration was determined by BCA assay (G-Biosciences). The exosome and Gd-L
mixture was bath sonicated for 2 minute and probe sonicated for 3 minutes with amplitude at 30
%, 30 seconds pulse on, and 30 seconds pulse off. The mixture was extruded trough 100 nm
membrane pore size to unify the hydrodynamic size. Finally, Exo-Gd were purified with an
Amicon Ultra-4 centrifugal filter (Millipore, MA) with a molecular weight cut-off of 3 kDa and
stored at 4 °C for further use. Rhodamine dye-labeled exosome were also prepared in the same
fashion by hydrating 20 pg of L-a-Phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl)
(Ammonium Salt) (Egg Liss Rhod PE) film with 1 mg exosome protein before performing

insertion process.

2.10.Exosomes Characterization

2.10.1. Physicochemical Characterization

2.10.2. Dynamic Light Scattering and Z-potential

The size and size distribution of exosomes was determined by dynamic light scattering (DLS) and
the zeta potential ({-potential) was measured to analyze the integrity and stability of exosomes. To
perform the measurements, the exosomes samples were diluted 1:100 in 0.2um-filtered double
distilled water (ddH>O). 200 pl of each sample was loaded into folded capillary cell DTS1070

(Malvern Instruments, Ltd.) to measure Z-potential and disposable polystyrene cuvettes (Malvern
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Instruments, Ltd., Cat. #: ZEN0040) to measure DLS. Both measurements were performed with a
Zetasizer Nano ZS (Malvern Instruments, Ltd.). The instrument was programed to perform 11 runs

of 10 seconds with 5 repetitions.

2.10.3. Nanoparticle tracking Analysis
The population size of the exosomes and their concentration were determined Nanoparticle
Tracking Analysis (NTA) using a NanoSight LM-10 (Malvern Instruments, Ltd.). The samples

were diluted between 10 to 1 x 10* times in 0.2 pm-filtered DPBS. Each measurement was

performed at constant temperature (25 °C + 1) to ensure the same viscosity of the fluid. The

NanoSight software (NTA 3.2) was programed to capture 60 seconds videos and 5 repetitions per

sample.

2.10.4. Transmission Electron Microscopy

For transmission electron microscopy (TEM) analyses, the exosomes suspension was probe
sonicated 3 minutes with (name the instrument, and power level used) and amplitude of 30 % and
30 seconds pulse cycles to disrupted exosomes aggregates. The exosomes were diluted 1:100 in
0.2 pm-filtered DPBS. The. 10ul of the exosomes dilution were mixed 1:1 ratio with saturated
uranyl acetate (Electron Microscopy Science) for negative contrast and 10ul of the mixture were
placed on a Formvar-coated 200 mesh copper grid (Electron Microscopy Science, Cat. #: 215-412-
8400). The solvent was allowed to evaporate from the grid at room temperature. The images of the
exosomes were captured with a Tecnai™ G? Spirit BioTWIN (FEI™ Company, USA) TEM at 6.8

x 103 magnification and 80 kV accelerating voltage
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2.11.Protein Characterization

2.11.1. Protein Quantification

Protein concentration of exosomes and cell lysate samples were routinely measured using
bicinchoninic acid assay (BCA) (G-Bioscience, Cat. #: 786571) following the manufacturer’s
recommendations. In brief, serial dilutions of bovine serum albumen fraction V (BSA) standards
(2mg/ml to 15.62pug/ml) and exosome protein (10 to 100 times dilution) were prepared in DPBS
(Gibco, Cat. #: 14190144). The BCA solution and the cooper solution were mixed in 50:1 ratio
respectively. Then 200ul of the solution was transferred to 96-wells plates. 25ul of the exosome
sample or the standards were added to each well and the solution was mixed by pipetting
thoroughly. The plates were incubated for 30 minutes at 37C. After the incubation the absorbance
was recorded at 562nm with a SpectraMax®i3 microplate reader (Molecular Devises). The blank
is subtracted from the measurements and a standard curve is prepared by plotting the average
corrected measurement for each BSA standard vs absorbance. The plate reader has a built in curve
fitting algorithm and the best fit curve was used to determine the concentration of the unknown

replicates.

2.11.2. Whole Cell lysate preparation

To obtain the cell lysate, cells were trypsinized as was previously described in section 1.4. 1 x 10°
cells were resuspended in 100 ul lysis buffer (Thermo Fisher Scientific, Inc. Pierce® RIPA Buffer,
Cat. #: 89900) supplemented with 1% (v/v) phosphatase inhibitor (Thermo Fisher Scientific Inc.
Cat. #: 1862495) and 1% (V/V) protease inhibitor (Thermo Fisher Scientific, Inc. Cat. #: 18622009).

The cell suspension was incubated at room temperature for 15 minutes. Then, the cell debris were

removed by centrifugation for 10 minutes at 17933 g at 4 °C in a top bench centrifuge (Eppendorf,
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Cat. #: 5424R) with a fix angle rotor (Eppendorf, Cat. #: FA-45-24-11) and the supernatant was

transfer into a fresh 1.5 ml tube to measure the protein concentration.

2.11.3. Exosomes Lysis

The exosomes aliquots were taken from the -80 °C and thawed on ice. The exosome protein was

mixed with 4 X LDS Sample Buffer (Thermo Fisher Scientific, Inc. Cat. #: NP0007) in 3:1 ratio

respectively. The sample was thoroughly mixed by pipetting and incubated for 10 minutes at 70

°C. The protein concentration was determined by BCA assay (see section 6.3.1).

2.11.4. Western Blot

2.11.4.1.SDS-Page

The protein electrophoresis was carried out on a XCell SureLock™ Mini-Cell Electrophoresis
System (Thermo Fisher Scientific, Inc, Cat #: EI0001), using 4-12 % Tris-Glycine polyacrylamide
gels (PAGE, Thermo Scientific, Inc. Novex™, Cat. #: 10XP04125B0OX). The system was filled
up with 1X sodium dodecyl sulfate (SDS)-PAGE running buffer (25 mM Tris, 192 mM Glycine,
1 % SDS). 20 pg of each sample was loaded per well. As reference, 8 ul of a pre-stained protein
standard (Thermo Fisher Scientific, Inc. Novex®, Cat. #: LC5800) was loaded into the gel. The
electrophoresis was performed at 85V for about 2 hours. After the electrophoresis, the gel was
stained overnight with Coomassie blue buftfer (40 % ddH>0, 10 % acetic acid, 50 % methanol, 0.1
% Coomassie blue). The gel was rinsed 3ours in destaining solution (40 % ddH»O, 10 % acetic
acid, 50 % methanol) until the protein bands were clear. The SDS-PAGE image was captured with

a Gel Doc™ XR+ imaging system (Bio-Rad, Inc.)
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2.11.4.2.Protein Transfer

Protein were transferred from the gel to a Polyvinylidene fluoride (PVDF) membrane (Merck
Millipore Ltd., Immobilon®-P, Cat. #: IPVH00010) using a semi-dry electrophoretic transfer
system (Bio-Rad. Trans-Blot® SD, Cat. #: 170-3940). The PVDF membrane was activated 15
seconds in methanol and then rehydrated 2 minutes with ddH>O. Before the transferring process,
the PVDF membrane, filter papers, and the gel were maintained in transfer buffer for 5 minutes.
The transferring buffer was prepared by supplementing the 1X running buffer with 20 % methanol.
Transfer was carried out for 40 minutes at 10 V. To determine the protein transferring, the
membrane was stained with Ponceau S solution (Sigma, Cat. #: P7170). The membrane was rinsed
with 1X washing solution (2.4g Tris-Base, 8 g NaCl, 1 ml Tween 20, ddH20 up to 1000 ml) until

the excess of stain has been removed.

2.11.4.3.Immuno Blotting

The membrane was blocked 1 hour in blocking buffer (1X washing solution, 5 % non-fat dry milk.
Bio-Rad, Cat. #: 170-6404). The antibodies were diluted 1:200 in blocking buffer following the
recommendation of the manufacturer. All the antibodies were purchased to Santa Cruz
Biotechnology, Inc. The primary antibodies used to characterize exosomes were: CD9 (C-4, Cat.
#:sc-13118), CD63 (MX-49.129.5, Cat. #: sc-5275), CD81 (5A6, Cat. #: sc-23962), HSP70 (3A3,

Cat. #: sc-32239) and Na"/K"-ATPase B3 (46, Cat. #: sc-135998). The membranes were incubated

with the primary antibodies overnight at 4 °C in a rocking shaker. After the incubation time, the

membranes were washed 3 times in washing buffer for 15, 5 and 5 minutes, each. The secondary

antibody m-IgGk BP-HRP (Cat. #: sc-516102) was diluted in blocking buffer in a 1:1000 ratio and
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the membrane was incubated 1 hour. After the incubation period the membrane was washed 3
times as previously described. The antibodies were detected by chemiluminescence reaction using
the SuperSignal® West Femto substrate (Thermo Fisher Scientific, Inc., Cat. #: 34094) following
the manufacturer’s recommendations. The images were captured using a Kodak Image Station

4000.

2.11.4.4.Dot Blots

Samples of whole cell lysates or exosomes were prepared as described in sections 5.3.2 and 5.3.3,
samples were diluted in DPBS to get final concentration of 1000 pg/ml. 2 ul of each sample were
spotted in triplicates onto a PVDF membrane, the samples were incubated at room temperature
until were completely absorbed by the membrane. Then the membrane was stained with Ponceau
S solution to determine if the protein was bound to the membrane, followed by overnight
incubation in blocking buffer. The immuno blotting and detection was carried out as was described

in section 5.3.4.3

2.12. Analysis of GdL-labelling exosomes (Exo-GdL)

2.12.1. GdL-labelling efficiency

The amount of Gd*>* labelling onto exosome was determined using inductively coupled plasma
mass spectrometry (ICP-MS, PerkinElmer, NEXion 350X). For ICP-MS, the Exo-GdL with
different protein to Gd lipid by weight ratio (2:1, 1:1, and 1:2) samples were digested with 2.0 ml
of concentrated HNOs for 5 hours. After chemical digestion, 100 pl of the sample was diluted with

10 ml of 2 % HNO3 and analyzed using ICP-MS.
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2.12.2. Gadolinium ion release assay

The cumulative gadolinium release from the Exo-GdL was assessed under physiological condition
at 37 °C at pH: 7.4. In brief, Iml of Exo-GdL [1mg/mL] were placed in a dialysis bag membrane
(Mw. Cutoff = 500 Da) and dialyzed against 250 ml of PBS (pH = 7.4). At constant stirring (100
rpm), 200 pl of sample was taken at predetermined time intervals. The amount of released Gd was
quantified by ICP-MS. As control experiment, 1 mg/ml of Magnevist® was placed in a dialysis

bag and processed under the same condition.

2.12.3. Magnetic Properties of Exo-GdL

The magnetic resonance (MR) imaging were acquired on a Bruker 600 MHz Avance III with
microimaging capability. The longitudinal relaxation time of Exo-GdL in an aqueous solution at
different Gd** concentration (0.03, 0.06, 0.14, and 0.28 mM) were obtained using a QTR 30 mm
coil at 22 °C with a RARE (Rapid Acquisition with Relaxation Enhancement) pulse sequence with
variable repetition time. Scans were performed with the following imaging parameters: repetition
time (TR) = 8000, 6000, 5000, 3000, 1500, 900, 700, 500, 300, 100 and 50 ms, echo time (TE) =
10.18 ms, slice thickness = 1 mm, flip angle (FA) = 80°, image size 256 x 256, field of view (FOV)
= 30 x 30, total acquisition time of 55 minutes 43 seconds. The representative T1 weighted
magnetic resonance phantom images of Exo-GdL were taken at TR = 3000 ms, TE = 10.18 ms,
and slice thickness = 1 mm. The longitudinal coefficient relaxivity value r; was determined from
the slope of the plot of 1/T1 versus the sample concentration. The magnetic property of Magnevist®

solution with the same Gd*>" concentration was conducted under the same experimental condition.
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2.13.In-vitro assays
2.13.1. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell
metabolic assay (proliferation assay)

Cells were seeded in 96 wells plates (CytoOne, Cat. #: CC7682-7596) at a cell concentration of 1
x 10* cell/cm? per well in 150 ul of phenol free DMEM (Gibco, Cat. #: 11054020) supplemented

with 10 % HPL-depleted of exosomes. Cells for the standard curve were seeded in triplicate at

densities between 200 to 2 x 10* cells/cm?. The plates were incubated for 24 hours at 37 °C, 90%

humidity and 5% CO» (NuAire Autoflo, Cat. # NU-4950). After 24 hours of incubation, 10 pl of
the different concentrations of exosomes or controls were added to each well. After an additional
24 hours of incubation, 10 pl of 5 pg/ml MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) (Thermo Fisher Scientific Inc, Cat. #: M6494) solution in DPBS
were added to each plate. The reaction was incubated for additional 4 hours and then the reaction
was stopped by adding 100 pl of 10 % SDS solution in 0.01 M HCI. After 16 hours ours, the

absorbance was read at 570 nm with a SpectraMax®i3 microplate reader (Molecular Devices).
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Figure 4. Schematic representation of the MTT assay design. Cells were seeded at 1x 10* cells
per well. after 24 hours of incubation, the treatments of exosomes or controls were added to each
columns by concentration. Five technical repetitions (rows A-E) were used for each treatment. A
standard curve covering cell concentrations from 6400 to 200 cells were seeded in triplicates (rows

F-H). Blank wells were included in the plate to correct the optical density (column 8, F-H).

2.13.2. Cellular Uptake of Exosomes

Mouse K7M2 osteosarcoma cells were seeded to a cell concentration of 1x10* cells/cm? in 300 pl
of DMEM (Gibco, Cat. #: 11054020) supplemented with 10 % pHPL-depleted exosomes per well,
in an 8-Well Chambered Cover Glass (Cellvis, Cat. #: C8-1.5-H-N). Cells were incubated for 24

hours at 37 °C, 90 % humidity and 5 % COsz. the cells were treated with 25 pg of rhodamine B
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labeled nanoparticles as positive control (RhB-control), or RhB-labeled exosomes (Exo-RhB)
suspended in 10 pl of DPBS, or 10 ul DPBS alone (negative control). The cell culture was
incubated for additional 24 hours and then the media was removed and the cell were fixed with 4
% paraformaldehyde buffered with 10 mM phosphate buffer (pH = 7.4) (Sigma-Aldrich, Cat. #:
P6148-500) and 0.1 % Glutaraldehyde (Fisher Scientific, Cat. #: 111-30-8) prepared in ddH>O.
After the fixation, the wells were rinsed with DPBS. To stain the cellular nuclei, 100 pul of 10
pg/ml 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Cat. #: D9542-5) solution was
added to each well and incubated for 10 minutes in the dark at room temperature. After staining,
DAPI was removed by rinsing the cell monolayer with DPBS. To prevent cell from dehydration,
100 pl of Fluoromount™Aqueous Mounting Medium (Sigma-Aldrich, Cat. #: F4680-25) were
added to each well before performing the confocal laser scanning microscopy (CLSM) (Carl Zeiss,
LSM-700). Images were analyzed with the modular image-processing, analysis software ZEN 2,
blue edition (Zeiss) and ImagelJ. The cellular uptake was further confirmed by flow cytometry. For
flow cytometry, K7M2 cells were treated with Exo-RhB or unlabeled exosomes for 6, 12, 24 and
48 hours ours. The accumulation of exosomes in the cells was determined by the fluorescence
emission of RhB. 1 x 10* events were captured using a flow cytometer (LSR Fortessa X20, BD

Bioscience).

2.13.3. Apoptosis Assay

K7M2 cells apoptosis was evaluated using the FITC Annexin-V Apoptosis Detection Kit I (BD
Pharmingen™), following the manufacturer’s instructions. Briefly, K7M2 cells were seeded in T-
25 flasks at a cell density of 1 x 10* cells/cm?. Cells were incubated for 24 hours under standard

conditions. At the end of the incubation time, cell cultures were treated with naive exosomes

37



(94ng/cm?) or Exo-GdL (94 ng/cm?, 940 ng/cm? or 9400 ng/cm?) and incubated an additional 24
h. Trea™ent with 500 uM H>O, was used as positive control. After that, cells were collected and
rinsed 3 timed in the 1X binding buffer and subsequently stained with FITC-conjugated Annexin-
V (Annexin V-FITC) and propidium iodide (PI). The cells were analyzed by flow cytometry using

a LSR Fortessa X20 (BD Bioscience) equipped with the FACSDiva v8.0 acquisition software.

2.13.4. HUC-MSC stimulation assay

Cell were seeded at a cell concentration of 1 x 10% cell/cm? in T-75 flasks CellBIND® (Corning™
Cat. #: CLS3290) in DMEM supplemented with 10 % dpHPL at 37 °C, 90 % humidity and 5%
CO:; until the cells reached 80 % of confluence. After 24 hours of incubation, the cells were treated
with 1 pug/ml of polynosinic-polycytidic acid (Poly (I:C) (Sigma-Aldridge®, Cat. #: P9582-5MG)
or 10 ng/ml of lipopolysaccharides of Escherichia coli (LPS) (Sigma-Aldridge®, Cat. #: 1L31129-
25MG) or 10 ng/ml of recombinant human IFN—y (FN—y) (ThermoFisher Scientific, Cat. #:
PHC4031) and incubated under the same conditions for additional 24 hours. The media with the
stimuli was retrieved and changed with fresh DMEM 10 % dpHPL-free of stimulants. After
additional 24 hours, the CM was collected for exosomes extraction. The treated cells were also
collected following standard protocol. The cells were aliquoted at concentration of 2 x 10° cell in
500 ul of RNA/ater™ Stabilization Solution (ThermoFisher Scientific, Cat. #: AM7021) and

stored at -80 °C until RNA extraction was conducted.
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2.13.4.1.HUC-MSCs RNA extraction

The RNA extraction was performed with the RNeasy Mini Kit (Qiagen, Cat. #: 74106) following
the instructions of the manufacturer. In brief, the vials with cells were taken from the -80 °C and
centrifuged 5 minutes at 300 g at 4 °C to eliminate the RNAlater. The cell pellet was disrupted
with 350 ul of lysis buffer. The cell lysate was diluted in 350 pl of 70 % ethanol. The mix was
transfer to a RNeasy spin column and centrifuge for 15 seconds at 8000 g. The membrane was
rinsed twice with 700 ul of washing solution and centrifuged for 15 seconds at 8000 g. The RNA
was eluted from the membrane with 50 pul RNase-free water and centrifuged for 1 minute at 8000
g. The RNA was quantified with a spectrophotometer NanoDrop™ 2000 (ThermoFisher

Scientific), aliquoted and stored at -80 °C until further experiments.

2.13.4.2.Synthesis of HUC-MSC complementary DNA (cDNA)

The HUC-MSC complementary DNA (cDNA) was synthesized with the SuperScript™ IV First-
Strand Synthesis System (ThermoFisher Scientific, Cat. #: 18091200) following the instruction of
the manufacturer. In brief, The primers were annealed in a cocktail containing 50 pM Oligo d(T)20
primer mixed with 2 pg of HUC-MSCs RNA and diethyl pyrocarbonate (DEPC) treated water.
The mix was incubated at 65 °C for 5 minutes, and then placed on ice for 1 minute. The
retronscription (RT) mix was prepared in a separated tube containing: 4 pl of 5 X SSIV buffer, 1
pl of DTT (100 mM), 1 pl of ribonuclease inhibitor and 1 pl SuperScript™ IV Reverse
Transcriptase (200 U/ul) per sample. The reaction was carried out by incubation at 50 °C for 10
minutes and then inhibited at 80 °C for 10 minutes. Finally the RNA was eliminated with 1 pl E.
coli RNase-H at 37 °C for 20 minutes. The cDNA was aliquoted and stored at -80 °C. The

components and concentration of the cocktail are summarized in table 1.
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Table 1. Components and concentrations for the Reverse transcription

(RT) reaction.

Reactive [Initial] [Final] ?;(;;ume 1X Zl(;;ume X
Samples amount 10
DEPC-Water (nl) 12.40 124.00
SSIV Buffer [5X] 5 1 4.00 40.00
dNTPs [mM] 10 0.2 0.40 4.00
Oligo d(T)20 [SOpM ] 50 2.5 1.00 10.00
iﬁﬁfb‘;:‘;ie(ﬁ;’ 40 0.4 0.20 2.00
DTT [mM] 100 5 1.00 10.00
SuperScript IV (U) 200 10 1.00 10.00
Subtotal 18.00 180.00
DNA [pl] 2

Total 20.00

2.13.4.3. Endpoint polymerase chain reaction (PCR)

The genetic expression of stimulated cells was first evaluated by endpoint polymerase chain
reaction (PCR) with the Phusion High-Fidelity PCR Master Mix (ThermoFisher Scientific, Cat. #:
F531L). The primers utilized here were designed with the online software of the National Center

for Biotechnology Information (NCBI). First, the quality of the cDNA was evaluated with the
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primers, sense HUPBGD-1F 5’-TCG CCT CCC TCT AGT CTC TG-3’, HUPBGD-1R anticance
HUPBGD-1R 5’-TAC TGA GGA GGC AAG GCA GT-3’ (1166 bp). The genetic expression of
stimulated cells was evaluated using the following primers: The concentrations and components

for this PCR are summarized in table 2.

Table 2. Components and concentrations for HUC-MSC RT-

PCR.

Reactive [Initial]  [Final] ?;‘;;“me X ?;‘;;“me X
Samples amount 10
Water 32.72 104.70
o [I;f]“g PCR 10 2 12.40 39.68
dNTPs [mM] 25 0.3 7.44 23.81
F [uM] 10 0.5 3.10 9.92
R [pM] 10 0.5 3.10 9.92
Super Taq [u/pl] 5 0.1 1.24 3.97
Subtotal 60.00 192.00
DNA [pl] 2

Total 62.00

Total 20.00
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To evaluate the genes TLR3, TLR4, CXCL9 and TRAIL, the endpoint PCR was conducted under
the same conditions as mentioned above. The primers utilized for the toll like regents receptor
genes were: TLR3 sense TLR3-2F 5°-AAG GCT AGC AGT CAT CCA ACA-3’, antisense TLR3-
2R 5’-GCA CAA TTC TGG CTC CAG TT-3’ (311 bp); TLR4 sense HTLR4-4F 5°-CGC TTT
CAC TTC CTC TCA CC-3’, antisense HTLR4-4R 5’-TCC CAG CTT TCT GGT CT CAC-3°
(258 bb). The chemokine CXCL9 gene was evaluated with the primers, sense HCXCL9-1F 5°-
CTTT CCT GGC TAC TCC ATG-3’, antisense HCXCL9-1R 5’-GTT GGT CAC TGG CTG ATC
TAT AA-3’ (257 bp). One of the members of the tumor necrosis factor superfamily (TNF) TRAIL
gene was evaluated with the primers, sense TRAIL-4F 5°’-GCC TGG CTG ACT TAC AGC A-3°,
antisense TRAIL-4R5’-ACG GAG TTG CCA CTT GAC TT-3’.(293 bp). The annealing
temperature for the genes TLR4 and CXCL9 was 53 °C. The annealing temperature for TLR3 was

54 °C, and for TRAIL was 55 °C. The thermocycler conditions are summarized in table 3.
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Table 3. General thermocycler conditions for

PCR

Process (Téf,‘)‘ perature ;Fl:ll::le) Cycles
98 0.5

Denaturation 98 0.25

Annealing 54 0.5 35

Extension 72 1

Final Extension 72 10

Finish Forever 4
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2.13.4.4.Reverse transcription polymerase chain reaction (RT-PCR)
To evaluate the genes TLR3, TLR4, CXCL9 and TRAIL, the reverse transcription polymerase
chain reaction (RT-PCR) was conducted with the RT?> SYBR® Green qPCR Mastermixes (Qiagen,
Cat. #: 330500). The cycling conditions for cDNA evaluation were: initial denaturation at 95 °C
for 15 minutes, follow by 45 cycles of 95°C for 15 seconds, 54 °C for 15 seconds and 60 °C for
30 seconds (data collection). The primers utilized for the toll like regents receptor genes were:
TLR3 sense TLR3-5F 5°-AGC CTT CAA CGA CTG ATG CT-3°, TLR3-5R: 5°-TTT CCA GAG
CCG TGC TAA GT-3’ (201 bp). TLR4 sense HTLR4-5F 5°- AAC TCT GGA TGG GGT TTC
CT -3’, (311BP) antisense HTLR4-5R 5°- AAC TCT GGA TGG GGT TTC CT-3’ (201 bp). The

chemokine CXCL9 gene was evaluated with the primers, sense HCXCL9-2F 5’- ACC AAC CAA



GGG ACT ATC CA -3’, antisense HCXCL9-2R 5’- TTT GGC TGA CCT GTT TCT CC -3’ (181
bp) and the TNF superfamily gene TRAIL was evaluated with sense TRAIL-5F 5°-AGC CTT
CAA CGA CTG ATG CT-3’, antisense TRAIL-5R 5°- TTT CCA GAG CCG TGC TAA GT-3’
(201 bp). The variations on gene expression between unstimulated and stimulated HUC-MSC were
evaluated by semiquantitative RT-PCR The C; values were normalized (AC:;) with the
housekeeping genes Porphobilinogen deaminase (PGBD) HPGBD-4F 5°- AGC CGT GCA TAC
AGC TAT GA-3’, HPGBD-4R 5’-AGG ATG GTT TTG GCT CCT TT-3" (258 bp) and 5'-
aminolevulinate synthase (ALAS 1) HALAS-1F 5°-CAA AAC TGC TAA GGC CAA GG-3’,

HALAS-IR 5°- CAT TTC CTG CAC ATC CTC CT-3" (208 bp).

2.13.In vivo assay

Following the approved animal protocol from the IACUC at KSU, in vivo studies were conducted
using the laboratory mouse model (immunodeficient nu/nu mouse with tumor). To develop the
subcutaneous mouse model, 1 x 10° mouse osteosarcoma cells suspended in 1 X PBS (100 ul)
were injected subcutaneously at the lower flank of the mouse. After 10 days of cancer cells
injection (tumor size approximately, 6mm), the biodistribution of Exo-GdL in major organs and

its time dependent in-vivo MRI imaging were evaluated.

2.13.1. Bio-distribution

Biodistribution study was conducted in a tumor-bearing NU/NU mice model. For the study, the
calculated amount of Exo-GdL with known concentration of Gd** (0.015 mmol/kg, measured by
ICP-MS) was injected via lateral tail vein injection. After 24 hours post injection, mice were

euthanized and the major organs (heart, liver, kidney, spleen, and tumor) were collected to
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determine the accumulated Exo-GdL content by measuring the elemental Gd** concentration using
ICP-MS. For ICP-MS experiment, the collected organs were digested in 30 % H2O2 and 70 %
HNO:s alternatively for three successive digestion to ensure complete tissue digestion. Digested
content were dissolved in 2 % HNO:;, filtered through a 200 nm syringe filter, and subjected to

ICP-MS analysis for Gd.

2.13.2. Bio-imaging

A pilot MRI studies were conducted in a mouse bearing subcutaneous osteosarcoma. In brief, Exo-
GdL with Gd** equivalent to 0.015 mmol/kg was injected via the lateral tail vein. MR images were
acquired before, 30 and 90 minutes after the contrast administration using the Bruker WB 600

MHz NMR-MRI (14.1 tesla). The images were obtained using a QTR 30 mm coil at 37 °C with a

FLASH (Fast slow angle shot) prot°’Col. The Ti weighted imaging with fat suppression parameters

were TE/TR = 1.6/600 ms, slice thickness = 0.5 mm, flip angle = 80°, image size 256 x 256, FOV
=30 x 30, total acquisition time of 5 min and 10 seconds. To further confirm the tumor homing
property of MSC exosomes, fluorescent bioimaging and biodistribution of profile of fluorescent
probe-labeled exosomes was investigated using six-week-old immunodeficient female NU/NU

nude mice (n = 3). Briefly, 1 mg of HUC-MSC exosomes or PEGylated nanoparticles (PEGNP)

were labeled with 10 pg of DIIC18(7) (1,1'-Di°Ctadecyl-3,3,3',3'-Tetramethylindotricarb’Cyanine

Iodide (DiR) (Thermo Fisher Scientific, Inc.) to obtain Exo-DiR exosomes or PEGNP-DiR
nanoparticles, respectively. Then 5 mg/kg DiR-labelled exosomes or PEGylated nanoparticles
were administered via lateral tail vein injections (volume 100 pl). To non-invasively image the

exosomes or control particles, mice were anesthetized (2-3 % isoflurane in 100 % oxygen) and
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placed within a Pearl® Trilogy imaging system (LI-COR®). The 750 nm channel was used to excite
DiR, and emission was observed at 800 nm. Fluorescent background images were acquired prior
to exosome or particle administration. When imaging animals, a fluorescent phantom was included
in the image for calibration of the fluorescent intensity. After 48 hours ours post-injection, animals
were euthanized, and their liver, kidney, spleen, lung, heart and tumor were collected and imaged.
The organs were weighed and imaged under the same imaging system to quantify the amount of

DiR dye using the Image Studio™ Software.

2.14.Statistics
When the assumptions were met analysis of variance was used to evaluate main effects and

interactions. Following finding significant main effects or interactions, post-h’C pre-planned

comparisons were made using Bonferroni test using SAS studio university edition. Significance
was set at p < 0.05. In graphs, mean and standard deviations are presented. Graphics were prepared
using Sigma Plot v12.5 and saved as EMF files. The graphic files were edited using ACD Canvas

v15 and saved as Tif.
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3. Results

3.1. Physicochemical characterization of exosomes.

Exosomes were isolated from CM by sequential ultracentrifugation using previously described
methods [139]. This technique has some advantages compared to others because it is simple and
inexpensive, and it separates exosomes from other microvesicles and soluble proteins. As shown
in figure 1, the exosomes were characterized by dynamic light scattering (DLS), Nanoparticles
Tracking Analysis (NTA), surface charge (Z-potential) and Transmission Electron Microscopy
(TEM). To begin to estimate biological variation, exosomes obtained from two different cell lines
were independently processed and compared. As shown in figure 1A, naive exosomes exhibit a
hydrodynamic size of 171 nm =+ 42 with a relatively large polydispersity index (PDI) of 0.43 +
0.03. Similarly, in figure 1B, NTA revealed a mode diameter of 66 nm + 2. Both DLS and NTA
data showed a multimodal distribution, indicating heterogeneity in the size of the particles, which
is in accordance with previous publications [145, 146]. In figure 1C, the Z-potential of the isolated
exosomes was found to be -16.03 mV + 0.72, which was similar to Z-potential of exosomes
obtained from HEK293T [147]. In order to confirm the quality of the exosomes, TEM was used
to evaluate exosomes, with uranyl acetate staining to improve the contrast. As shown in figure 1D,
the exosomes present a spherical entities with an average diameter of 50 nm. The physicochemical

properties of the control PEGlyated nanoparticle is provided in supplemental figure 1.
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Figure S. Physicochemical characterization of exosomes. (A) Dynamic light scattering (DLS)
of naive exosomes (blue line) and gadolinium labeled exosomes (red line). Notice there was a
trend for the particles to increase in size after gadolinium labeling. (B) Nanoparticle tracking
analysis (NTA) of naive exosomes (blue line) and gadolinium labeled exosomes (red line). No
changes were observed using this method after gadolinium labeling, (C) Z-potential (ZP) of naive
exosomes (blue line) and gadolinium labeled exosomes (red line). No changes were observed using
this method after gadolinium labeling, (D) Negative staining of naive exosomes (naive-Exo)
visualized with transmission electron microscopy (TEM), and (E) Positive staining of gadolinium

labeled exosomes (Exo-GdL) visualized with TEM.

After characterizing naive exosomes, they were labeled with GdL using the lipid insertion
technique followed by extrusion through the 200 nm membrane. The resulting Exo-GdL exhibit

unimodal distribution as demonstrated in figure 1A with the hydrodynamic size of 148 nm =+ 3,
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NTA mode of 70+ 3 and a PDI 0f 0.36 = 0.001. These differences are most likely do to the unifying
effect of extrusion. In addition, the measurement of Exo-GdL Z-potential revealed a net charge of
-19.70 mV + 0.82. The reduction in charge properties of Exo-GdL indicates the successful
insertion of GdL into the membrane lipid bilayer. Nevertheless, as shown in figure 2E, the

morphology and size of Exo-GdL remains grossly unchanged in TEM micrograph.

Whole Cell Lysate
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Figure 6. Dot blots and western blots of mesenchymal stromal cell (MSC) exosomes. A) Dot
blots showing the expression of tetraspanins: clusters of differentiation (CD)9, CD63 and CD8]1,
and sodium/ potassium ATPase (Na/K-ATPase) in naive-exosome samples obtained by
ultracentrifugation of MSC (line HUC-257) conditioned media compared with whole cell lysate
and bovine serum albumen (BSA). 2 pl of each sample [1 mg/ml] was loaded in triplicates on a
PVDF membrane. B) western blots showing the expression of CD9 and CD81 in naive exosomes

(Naive-Exo0) and exosomes labeled with gadolinium (Exo-GdL). Notice that labeling the exosomes

did not affect tetraspanin staining.
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Exosomes are considering to be a product of cell membrane internalization and
compartmentalization. Therefore, besides its unique membrane properties, exosomes also preserve
the lipid and protein composition of the parent cells. Among the different protein markers present
in exosomes, CD9, CD63, and CD81 are considered as exosome-specific proteins [148, 149].
Thus, to confirm the presence of these exosome markers, Dot and Western blot analysis was
conducted. As depicted in figure 3B, the tetraspanins CD9 and CD81 were detected in exosomes
but not in the whole cell lysate. This observation can be explained by the enrichment of these
proteins in the exosomes samples rather than its absence on the cell membrane, which was
confirmed by dot blots (figure 3A). Similarly, in the case of the HSP70, the protein was detected
in the cell lysate by Western blot, but apparently, the concentration of this protein was relatively
low in the naive exosomes causing the absence of protein band in Western blot analysis. After the
insertion of GdL into exosome membrane, there were no differences in the expression of CD9 and
CDS81 between the naive exosomes and the Exo-GdL (figure 3B), implying that the labeling

process does not alter its composition.

3.2. Preliminary studies

3.2.1. Human Umbilical Cord Mesenchymal Stroma Cell (HUC-MSC)
Characterization.

Here, three lines of HUC-MSCs were used here. The characterization of HUC line 255 (HUC-255)

and HUC-257 were previously reported in Smith et al. HUC-293 was isolated and characterized

using established laboratory protocols [150]. The cells were characterized by flow cytometry,

plastic adherences and expansion, and the tri-lineaage differentiation: adipogenic, chondrogenic

and osteogenic differentiation assays.
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Figure 7. Flow cytometric analysis of human umbilical cord mesenchymal stromal cells

(HUC-MSCs, line HUC-293). After growing to 80 % confluence, the HUC-293 cells were

analyzed using the human MSC analysis assay (BD Stemflow™). Cells were positive to the

antibodies to clusters of differentiation marker 73 (CD73, shown in A, 97.7 %), B) CD90 (100%)

and C) CDI105 (90.1 %). The cells stained negative for antibodies to D) CD34, CD45, CD11b,

CD19, and Human Leukocyte Antigen- DR (HLA-DR) that were used as negative control in a

cocktail. Gray histogram is the isotype control, the blue histogram is the indicated antibody

staining.

51




3.2.1.1. Flow Cytometry of HUC-293

The analysis of HUC-293 by flow cytometry shows that these cells stain positive for surface
marker CD73 (97.7%) (Figure 4A), CD90 (100%) (Figure 4B) and CD105 (90.1%) markers
(Figure 4C). The MSCs stained negative for CD34, CD45, CD11b, CD19, and HLA-DR markers
(Figure 4D). An average of 5000 events were analyzed per sample. These results agree with the
recommendations of the ISCT and indicate that HUC-293 meets the definition of MSCs, as

expected.

Adipogenic Chondrogenic

Figure 8. Differentiation assay of human umbilical cord mesenchymal stromal cells (HUC-
MSCs, line HUC-293). The tri-lineage differentiation was induced by growing the cells in
adipogenic, chondrogenic and osteogenic specific media (StemPro®, Thermo Fisher Scientific,
Inc.). A) Adipogenic differentiation indicated by Oil Red staining of lipid droplets. B)
Chondrogenic differentiation was indicated by Safranin O staining of proteoglycans in cartilage
and C) Osteogenic differentiation was indicated by Alizarin Red S staining of calcium phosphate
salts in bone. After 14-21 days of incubation on the specific media the cells culture was stained

with 0.3% Oil Red solution (adipocytes), 0.1 % Safranin O solution (chondrocytes) and 2%
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Alizarin Red S solution (osteocytes). Brightfield microscopy images collected at 20 X objective

magnification. Calibration bars equal 200 pm.

3.2.1.2. HUC-MSC Differentiation assay

The tri-lineage differentiation assay demonstrated that HUC-293 fulfills the ISCT MSC minimal
criteria. The accumulation lipid vacuoles in the cells was detected by Oil-red staining, indicating
that the cells differentiated into adipocytes (Figure 5A). To determine the ability of the cells to
form cartilage-like tissue, the chondrogenic differentiation culture was stained with Safranin O
solution. The assay shows that the cell clusters were positive to the staining with Safranin O,
indicating the presence of proteoglycans found in chondrocytes (Figure 5B). The staining with
Alizarin Red S solution indicated the formation of calcium phosphate salts in the cell culture grown

under the osteogenic media, indicating the cell differentiation into osteocytes (Figure 5C).

3.2.2. In-vitro assays
3.2.2.1. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell metabolic
assay (proliferation assay)

3.2.2.1.1.Effect of Exosomes on Cell Proliferation

The effect of exosomes on cell proliferation was evaluated with the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cell metabolic assay. This colorimetric assay is based on
the principle that mitochondrias that are actively expressing succinate dehydrogenase in healthy
cells can reduce the yellow color of thexx MTT reagent to formazan yielding a dark purple color.
The difference in the color intensity obtained with this method can be quantified by spectrometric

analysis and correlated to cell concentration. Thus, the MTT assay can determine the effect of
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different exosome treatments on cell proliferation [151]. Here, the in vitro assay was designed in
a 96-well plate format using the cancer cell lines: adenocarcinomic human alveolar basal epithelia
cell line A549, adenocarcinoma human breast epithelia cell line MDA-MB-231, adenocarcinoma
human prostate epithelia cell line PC-3, osteosarcoma mouse osteoblast cell line K7M2 and human
mesenchymal stromal cell line HUC-MSCs 255. The data was analyzed as a Randomized
Complete Block Design (RCBD) and least square means comparisons of orthogonal means using

SAS.

Effect of exosomes on A549 cells
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Figure 9. Dose- and source- dependent effects of exosomes on human cancer cell proliferation
in vitro. Cell proliferation was evaluated by MTT assay in a 96-well plate format. Human lung
carcinoma cells A549 were treated with 10 pg, 20 pg and 30 pg of human umbilical cord-derived

mesenchymal stromal cells line 255 (HUC-255)-derived exosomes (Ex0-255) or human lung
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carcinoma A549-derived exosomes (Ex0-A549) in a final volume of 10 pl. As a control, cells were
treated with 10 pl of medium enriched with 10 % pooled human platelet lysate depleted of
exosomes (Control). The data is expressed as estimated least squares means (LSM) plus or minus
one standard deviation. The groups labeled with the same letter are not significantly different (p <

0.05).

First, an initial screening of exosomes’ activity on cell proliferation was conducted using A549
cancer cells as the respondent cells. For this assay, 10, 20 and 30 ug of HUC-255 derived exosomes
(Ex0-255) or A549 adenocarcinoma-derived exosomes (Exo0-A549) were added in a final volume
of 10 pl to each 96-well cell culture. For control samples, 10 pl of Dulbecco’s modified eagle
medium (DMEM) were added to each control well. The exosome treatments affect A549 cell
proliferation (F = 4.31, P = 0.0044). When compared with the control (3305.54 cell/well), there
were significant differences of the Exo-255 at dose 20 pg (3120.05 cell/well), which inhibit the
A549 cell proliferation (¢ = 3.00, P = 0.0063). Exo0-255 at dose 10 ug (3287.05 cell/well) was
significant different (z = 2.7, P = 0.0126) to Ex0-225 dose 20 pg (3120.05 cell/well) but not dose
30 pg. The highest proliferation was obtained with Exo-A549 at a dose of 10 ug (3411.71 cell/well)
exhibiting significant differences when compare with Exo-255 20 pg (¢ = -4.71, P < 0.0001)
(Figure 6). Next, the effect of the same treatments was tested on human prostate cancer (PC-3)
cells. Similar results were observed on the effect of exosomes on PC-3 cell proliferation (F value
= 81.46, P < 0.0001). The highest proliferation was obtained with the Exo-A549 treatment at a
dose of 10 pg (549.26 cell/well). The highest reduction was obtained with the Exo-255 treatments
at 10 pg (446.34 cell/well) and 20 pg (442.62 cell/well). There were significant differences of all

treatments compared with the Control. Even though there was not a dose effect between the
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treatments with Exo-255, there were significant differences when the dose of HUC exosomes were

compared to Exo-A549 at different doses (Figure 7). A summary of the differences of treatments

LSM is shown in table 3.
Effect of exosomes on PC-3 cells
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Figure 10. Dose- and source- dependent effect of human mesenchymal cell derived exosomes
on human prostate adenocarcinoma PC-3 cell proliferation. Cell proliferation was evaluated
by MTT assay in a 96-well plate format. PC-3uman prostate adenocarcinoma cells were treated
with 10 pg, 20 pg and 30 ug of HUC-255-derived exosomes (Exo0-255) or A549 human lung
carcinoma derived exosomes (Exo-A549) in a final volume of 10 pul. As a control, the cells were
treated with 10 pl of Dulbecco’s modified eagle medium DMEM supplemented with 10% pooled

human platelet lysate depleted of exosomes (Control). The data is expressed as estimated least
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squares mean (LSM) plus or minus one standard deviation. The groups indicated with the same

letter are not significantly different (P < 0.05).

To further explore the impact of HUC-MSC exosomes on other cell lines, their effects on HUC-
255 cell proliferation was conducted (Figure 8). For this experiment, 2.5, 5 and 10 pg of exosomes
were tested. Interestingly, there was a dose-response effect with the Exo-A549, where 2.5 ug
(2004.03 cell/well) exhibit the highest cell proliferation, followed by 5 ug (1859 cell/well) and 10
pg (1821 cell/well). In the case of Exo0-255, even though there was not a dose response effect, the
inhibition in proliferation was significantly different when compared with the Exo-A549 at 2.5 ng
(3287.05 cell/well) (¢ =-5.56, P <0.0001), 5 ng (3245.08 cell/well) (¢ =-4.13, P =0.0004) and 10
ng (3120.05 cell/well) (¢ =-3.72, P = 0.0011) (Figure 8). This data suggest that exosomes have an
effect on cell proliferation in vitro and that could vary depending upon the source of the exosomes
and the dose. This evidence indicates that HUC-MSCs-derived exosomes inhibit the proliferation
HUC-MSCs (F value = 10.79, P <0.0001) it is still unknown whether HUC-MSCs exosomes will
inhibit cancer cell lines other than those tested here. A summary of the differences of treatments

LSM is shown in table 4.

57



Effect of exosomes on HUC-255 cells
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Figure 11. Dose- and Source-dependent effects of exosomes on cell proliferation. Cell
proliferation was evaluated by MTT assay in a 96-well plate format. Human mesenchymal stromal
cells (HUC-MSC s, line 255, HUC-255) was treated with 2.5 pg, 5 pg and 10 pg of HUC-255-
derived exosomes (Ex0-255) or A549 human lung carcinoma derived exosomes (Exo0-A549) in a
final volume of 10 pl. As control the cells were treated with 10 ul of Dulbecco’s modified eagle
medium supplemented with 10% human pooled platelet lysate (HPL) depleted of exosomes. The
data is expressed as estimated least squares mean (LSM) plus one standard deviation. The groups

with the same letter are not significantly different (p < 0.05).
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3.2.2.1.2. Effect of Gadolinium-Labeled Exosomes on K7M2 Adenocarcinoma Cells.

Next, we determined if human mesenchymal stromal cell-derived exosomes that had been labeled
using the magnetic resonance contrast agent, gadolinium, affect mouse osteosarcoma cell line
K7M2 proliferation. A preliminary experiment was conducted where exosomes from HUC-257
were labeled with gadolinium lipid (Exo0-257-GdL) and their effect on cell proliferation was
determined using MTT assay. Here, doses 10, 20 and 30 ng of gadolinium labeled exosomes were
provided to K7M2 osteosarcoma cells for 24 hours. Exosome treatment significantly affected
K7M2 cells proliferation (F value = 5.32, P = 0.0013). When compared with the control (2630.06
cell/well), there was no significant differences between doses of Exo0-257-GdL at 10 ng
(2516.47cell/well), 20 ng (2510.86 cell/well) and 30 ng (2493.30 cell well). When compared with
dose 10 ng of Ex0-257 (2810.58 cell/well), there were significant decreased proliferation at dose
10 ng (¢ =-4.27, P =0.0003) (2516.47 cell/well), 20 ng (¢ = -4.36, P =0.0002) (2523.98 cell/well)
and 30 ng (t =-4.61, P=0.0001)(2558.91 cell/well). However, at the lowest dose, 10 ng, Exo-255
stimulated proliferation of the K7M2 cells (3046.25 cell/well) (Figure 9). A summary of the

differences of treatments LSM is shown in table 5.
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Effect of exosomes on K7M2 cells
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Figure 12. Effect of Gadolium labeled human mesenchymal stromal cell derived exosomes
on mouse osteosarcoma cell proliferation. Cell proliferation was evaluated by MTT assay in a
96-well plate format. K7M2 mouse osteosarcoma cells were treated with 10 ng, 20 ng and 30 ng
of human mesenchymal stromal cell derived exosomes (HUC-MSCs, line 257)-derived exosomes
(Ex0-257) or Ex0-257 labeled with gadolinium (Ex0-257-GdL) in a final volume of 10 pl. As a
control, the cells were treated with 10 pl of Dulbecco’s modified eagle medium supplemented with
10% human pooled platelet lysate depleted of exosomes. The data is expressed as estimated least
squares mean (LSM) plus one standard deviation. The groups with the same letter are not

significantly different (p < 0.05).

Then, to evaluate whether the effects of exosomes from the same cell type were reproducible
between different MSC lines, the same experiment was repeated with exosomes isolated from

HUC-MSC line 293 (Ex0-293). The result were consistent with the ones obtained with the Exo-
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255. There was evidence of the effect of exosomes on K7M?2 osteosarcoma cells (F value = 4.59,
P =0.0031). Compare with the control (3378.6 cell/well), the highest proliferation was obtained
with the lowest dose 10 ng of Ex0-293 (3783.28 cell/well) (t = -3.62, P = 0.0014) and greater
inhibition was observed with the 30 ng dose of Ex0-293-GdL (3237.42 cell/well). There were
significant differences between Exo-293-GdL at dose 30 ng and Exo0-293 at doses 10 ng (t =-4.88,
P <0.0001) and 20 ng (t =-2.09, P = 0.0478). Comparing the two sources of exosomes at dose 10
ng, there was a significant difference (t = -3.57, P=0.0015). However, there was no differences
between the Exo-293 and EX0-293-GdL at doses 20 and 30 ng (Figure 10). This result suggested
that there is no anti-proliferative effect of the Exo-GdL compare with the naive exosomes and the

control in vitro. A summary of the differences of treatments LSM is shown in table 6.
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Figure 13. Effect of human mesenchymal stromal cell-derived (HUC-MSC) exosomes on
osteosarcoma cell proliferation. Cell proliferation was evaluated by MTT assay in a 96-well plate
format. K7M2 mouse osteosarcoma cells were treated with 10 ng, 20 ng and 30 ng exosomes
derived from HUC-MSCs line 293 (Ex0-293) or gadolinium-labeled exosomes (Ex0-293-GdL) in
a final volume of 10 pl. As control the cells were treated with 10 pl of Dulbecco’s modified eagle
medium supplemented with 10% human pooled platelet lysate depleted of exosomes. The data is
expressed as estimated least squares mean (LSM) plus or minus one standard deviation. The groups

with the same letter are not significantly different (p < 0.05).
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3.2.2.1.3. Effect of Exosomes derived from stimulated human mesenchymal stromal cells on
Cancer Cell proliferation.

MSCs have a great potential as therapeutics in regenerative medicine. One of their most important

characteristics is the ability to change from pro- to anti-inflammatory phenotype depending on

chemical stimuli; theoretically, the MSCs’ exosomes would change, too. This preliminary study

evaluated the effect exosomes obtained from stimulated MSCs compared with exosomes isolated

from naive MSCs on cancer cell proliferation.

Effect of exosomes on MDA-231 cells
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Figure 14. Effect of exosomes derived from lipopolysaccharide (LPS) stimulated human
mesenchymal stromal cell (HUC-MSCs) on breast cancer cell proliferation. Cell proliferation
was evaluated by MTT assay in a 96-well plate format. MDA-231 human breast adenocarcinoma

cells were treated with 10 pg, 20 pg and 30 pg of HUC-MSC-derived exosomes (derived from cell
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line 257, Ex0-257) or LPS-stimulated HUC-257-derived exosomes (Exo0-257-LPS) in a final
volume of 10 pl. As control the cells were treated with 10 pl of Dulbecco’s modified eagle medium
supplemented with 10% human pooled platelet lysate depleted of exosomes. The data is expressed
as estimated least squares mean (LSM) plus or minus one standard deviation. The groups with the

same letter are not significantly different (P < 0.05).

The first assay evaluated the effect of exosomes derived from HUC-MSCs that had been stimulated
by exposure to the Toll-like receptor 4 (TLR4) agonist lipopolysaccharide (Exo-LPS) using the
protocol described in [152]. MDA-231 breast adenocarcinoma cells were exposed to Exo-LPS at
three different doses10, 20 and 30 pg overnight and the next day proliferation was assessed by
MTT. Exposure of MDA-231 adenocarcinoma cells to Exo-LPS treatments has a significant effect
on proliferation (F value = 7.21, P = 0.0002). In compared with the control (2907 cell/well), only
Ex0-257 inhibit MDA-231 cell proliferation at 10 pg (2855.53 cell/well) (t = -4.19, P = 0.0003).
There were significant differences between Exo-257 at dose 10 ng compared with Exo-257-LPS
at doses 10 ng (t = 5.73, P < 0.0001), 20 pg (t = -5.36, P < 0.0001) and 30 pg (t = -4.73, P <
0.0001). The cells treated with Exo-257 grew faster than control and Exo0-257-LPS. (Figure 11).

A summary of the differences of treatments LSM is shown in table 7.
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Figure 15. Effect of poly (I:C) stimulated human mesenchymal stromal cell (HUC-MSC)-
derived exosomes on cancer cell proliferation. Cell proliferation was evaluated by MTT assay
in a 96-well plate format. MDA-231 human breast adenocarcinoma cells were treated with 10 pg,
20 pg and 30 pg of HUC-MSCs derived from line 257 exosomes (Exo-257) or poly I:C stimulated
HUC-MSC, line 257-derived exosomes (Exo-257-Poly) in a final volume of 10 pl. As control the
cells were treated with 10 pl of Dulbecco’s modified eagle medium supplemented with 10% human
pooled platelet lysate depleted of exosomes. The data is expressed as estimated least squares mean
(LSM) plus or minus one standard deviation. The groups labeled with the same letter are not

significantly different (p < 0.05).

Next, the exosomes were derived from HUC-MSCs stimulated with Toll-like receptor-3 agonist

(TLR3) poly inosinic: cytidylic acid (Exo-Poly), Poly I:C stimulation, also called TLR3
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stimulation was performed following the protocol of [152]. Previous work showed that poly I:C
stimulation of HUC-MSCs enhances their immune modulatory effects [153]. Here, we queried
whether TLR3 stimulation modifies MSC exosomes by testing them on cancer cell proliferation.
Exo-Poly treatments significantly affected MDA-231 cell proliferation (F value = 5.61, P =
0.0009). Compared with the control (2907 cells/well), there was an increase in cell proliferation
by Exo-Poly at doses 20 pg (3064.03 cell/well) (t =-4.03, P = 0.0005) and 30 pg (3096 cell/well)
(t=-4.03, P =0.0005). The lowest cell proliferation was observed with the Exo-257 treatments at
dose 20 pg (2910 cell/well) and 30 pg (2930 cell/ well) (Figure 12). A summary of the differences

of treatments LSM is shown in table 8.

Finally, the effect of interferon gamma (IFN-y) stimulation of human mesenchymal stromal cell
exosomes (Exo-IFN) was evaluated. Here, a IFN stimulation protocol that was previously shown
to increase the expression of the immune modulatory substance indoleamine 2,3-dioxygenase
(IDO) by human mesenchymal stromal cells was used [154]. Exo-IFN treatment found to
significantly affect mouse osteosarcoma cell proliferation (F value = 11.33, P < 0.0001). There
was a reduction on mouse osteosarcoma cell proliferation by exposure to Exo-IFN at doses 10 ng
(2516 cell/well) (t=3.57, P =0.0017) and the 20 ng (2510 cell/well) (t =4.67, P <0.0001) and 30
ng (2493 cell/ well) (t=3.61, P =0.0014) compared with the control (2630 cell/well). The highest
proliferation was observed with Exo-257 at dose 10 ng (2811 cell/well). There were significant
differences between both treatments at dose 10 ng (t =-5.55, P < 0.0001). At dose 20 ng Exo-IFN
were significant different when compared with Exo-257 at doses 10 ng (t =-6.69, P <0.0001) and
20 ng (t =-2.93, P =0.0074). Exo-IFN at dose 30 ng was also significant different to Exo-257 at

dose 10 ng (t =-5.63, P <0.0001) (Figure 13). These data suggest that HUC-MSCs exposure to
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IFN alters HUC-MSC exosome contents. This preliminary evaluation requires further work to

confirm. A summary of the differences of treatments LSM is shown in table 9.
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Figure 16. Effect of interferon gamma (IFN-y) stimulated human mesenchymal stromal cell-
derived (HUC-MSC) exosomes on cancer cell proliferation. The proliferation of mouse K7M?2
osteosarcoma cells was evaluated by MTT assay in a 96-well plate format. Osteosarcoma cells
were treated with 10 ng, 20 ng and 30 ng of HUC-MSC (line 257)-derived exosomes (Exo0-257)
or IFN-y stimulated HUC-MSC-257-derived exosomes (Exo-257-IFN) in a final volume of 10 pl.
As control the cells were treated with 10 pl of Dulbecco’s modified eagle medium supplemented
with 10% human pooled platelet lysate depleted of exosomes. The data are expressed as estimated
least squares mean (LSM) plus or minus one standard deviation. The groups with the same letter

are not significantly different (p < 0.05).
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3.2.2.1.4.Evaluation of the genetic expression of stimulated HUC-MSCs.

In order to better understand the effect of LPS, IFN, or poly I:C stimulation of HUC-MSCs on the
production of exosomes, the gene expression was assessed using reverse transcriptase polymerase
chain reaction (RT-PCR) of TRAIL, TLR3, TLR4 and CXCL9, since previous work had indicated
that the expression of these genes could be modified in MSCs [152]. HUC-MSC lines 255, 257
and 293 were stimulated with 10 ng/ml of LPS, 1pug/ml of Poly (I:C) or 10 ng/ml of IFN-y, diluted
to a final volume of 10 pl, for 24 hours. As negative control, 10 ul. of DPBS was added to the
control cell cultures. RNA from the treated cells was isolated, reverse-transcribed to cDNA and
evaluated by PCR. All three HUC-MSC:s cell lines responded similarly to the stimulation (Figure
14). There were no differences between the control treatment and LPS and Poly (I:C) treatments.
However, in the case of IFN-y treatment, there was increased expression of TRAIL and CXCL9
genes. Based on these results, LPS and Poly (I:C) stimulation of MSCs did not change their
expression of TLR3 and TLR4. However, the expression of TLR3 was higher compared with

TLR4 (Figure 14).
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Figure 17. Effect of the stimulation by lipopolysaccharide (LPS), Interferon y (IFN), or poly
I:C (Poly) on human mesenchymal stromal cell (HUC-MSC) gene expression. Results of the
genetic screening of TRAIL, CXCL9, TLR3 and TLR4 by reverse transcriptase polymerase chain
reaction (RT-PCR) on HUC-MSC lines 255, 275 and 293 after stimulation. HUC-MSCs were
exposed overnight to LPS (10 ng/ml), Poly (I:C) (1pg/ml) or IFN-y (10 ng/ml). IFN-y stimulation

enhanced the expression of TRAIL and CXCL9 genes in all the HUC-MSC lines. There were no
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differences in the expression of TLR3 and TLR4 genes in the stimulated or unstimulated cells. US:

Unstimulated, W: water. M: 100 bp molecular marker.

To corroborate the results obtained with IFN-y in the initial screening, a new assay was conducted
under the same experimental conditions. The results indicate that HUC-257 IFN-y stimulated cells,
exhibit higher expression the TRAIL and CXCL9 genes, compared with the unstimulated control.

However, there were no differences in expression of TLR3 and TLR4 genes (Figure 15).
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Figure 18. Effect of the stimulation by Interferon gamma (IFN-y) on human mesenchymal
stromal cell (HUC-MSC) gene expression. Results of the genetic screening of TRAIL, CXCL9,
TLR3 and TLR4 by reverse transcriptase polymerase chain reaction (RT-PCR) in HUC-257 cell
line. HUC-MSCs were exposed to IFN-y (10 ng/ml) overnight before the cells were collected for
genetic analysis. 10 pl of DPBS was the unstimulated control. IFN-y stimulated cells enhanced the
expression of TRAIL and CXCL9 genes. There were no differences in the expression of TLR3
and TLR4 genes in the stimulated or unstimulated cells. US: Unstimulated, W: water. M: 100 bp

molecular marker.
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3.2.2.1.5.Evaluation of the genetic expression of HUC-MSC cells stimulated with IFN-y by

semiquantitative RT-PCR.
To further investigate the effect of [IFN-y on HUC-257 cells, a semiquantitative RT-PCR trial was
conducted. There was an up-regulation of expression of CXCL9, TRAIL and TLR3 in the IFN-y
stimulated MSCs compared with the unstimulated control. There were no differences in the
expression of TLR4. These results indicated that MSCs exposure overnight to IFN-y affects

immune cytokines expression (Figure 16).

72



5 - B Unstimulated 6 [ Unstimulated
5 O IFNy 5 [ IFNy
4 - +

ACt
ACt

4 | | [ | 4 | I | I
o <r =] [« - =]
g F 3 ¢ g § 3 ¢
&) Q

Figure 19. Effect of interferon gamma (IFN-y) stimulation of human mesenchymal stromal
cells on gene expression. Results of the genetic screening of TRAIL, CXCL9, TLR3 and TLR4
by semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR) of IFN-y stimulated
human mesenchymal stromal cells or control. A) 4 ng of HUC-257 cDNA. B) 40 ng of HUC-257
cDNA. Genetic expression was normalized by the threshold count (Cy) difference of the geometric
mean of the housekeeping genes Porphobilinogen deaminase (PGBD) and 5'-aminolevulinate
synthase (ALAS 1) (ACy). IFN-y stimulated MSCs show upregulation of CXCL9, TRAIL and

TLR3 genes in comparison with unstimulated control.
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Table 4. Differences of Treatments Least Squares Means (LSM) on A549 cells.

Treatment Treatment Estimate ]Sgtrarl(l,gard DF t Value Pr>|t|
Control Eexo0-255D10 18.4878 61.9143 24 0.30 0.7678
Control Eex0-255D20 185.50 61.9143 24 3.00 0.0063*
Control Eexo0-255D30 60.4610 61.9143 24 0.98 0.3385
Control Eex0-A549D10  -106.17 61.9143 24 -1.71 0.0993
Control Eex0-A549D20  -11.4348 61.9143 24 -0.18 0.8550
Control Eex0-A549D30 | -37.6576 61.9143 24 -0.61 0.5488
Eex0-255D10 Eex0-255D20 167.01 61.9143 24 2.70 0.0126*
Eexo0-255D10 Eexo0-255D30 41.9732 61.9143 24 0.68 0.5043
Eex0-255D10 Eex0-A549D10  -124.66 61.9143 24 -2.01 0.0554
Eexo0-255D10 Eex0-A549D20  -29.9226 61.9143 24 -0.48 0.6333
Eex0-255D10 Eex0-A549D30 | -56.1454 61.9143 24 -0.91 0.3735
Eexo0-255D20 Eex0-255D30 -125.04 61.9143 24 -2.02 0.0547
Eex0-255D20 Eex0-A549D10  -291.67 61.9143 24 -4.71 <.0001*
Eex0-255D20 Eex0-A549D20  -196.93 61.9143 24 -3.18 0.0040*
Eexo0-255D20 Eex0-A549D30  -223.15 61.9143 24 -3.60 0.0014*
Eex0-255D30 Eex0-A549D10  -166.63 61.9143 24 -2.69 0.0128*
Eexo0-255D30 Eex0-A549D20  -71.8958 61.9143 24 -1.16 0.2570
Eexo0-255D30 Eex0-A549D30  -98.1186 61.9143 24 -1.58 0.1261
Eex0-A549D10 Eex0-A549D20 | 94.7346 61.9143 24 1.53 0.1391
Eex0-A549D10 Eex0-A549D30  68.5118 61.9143 24 1.11 0.2795
Eexo0-A549D20 Eex0-A549D30  -26.2228 61.9143 24 -0.42 0.6757
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Table 5. Differences of Treatments Least Squares Means (LSM) on PC-3 cells.

Treatment Treatment Estimate Eﬁl(l)gard DF t Value Pr>|t|
Control Eex0-255D10 40.5716 5.9070 24 6.87 <.0001*
Control Eex0-255D20 44.2944 5.9070 24 7.50 <.0001*
Control Eexo0-255D30 38.7956 5.9070 24 6.57 <.0001*
Control Eex0-A549D10  -62.3470 5.9070 24 -10.55 <.0001*
Control Eexo0-A549D20 | 27.8570 5.9070 24 4.72 <.0001*
Control Eex0-A549D30  24.2608 5.9070 24 4.11 0.0004*
Eex0-255D10 Eex0-255D20 3.7228 5.9070 24 0.63 0.5345

Eexo0-255D10 Eex0-255D30 -1.7760 5.9070 24 -0.30 0.7663

Eex0-255D10 Eex0-A549D10  -102.92 5.9070 24 -17.42 <.0001*
Eex0-255D10 Eex0-A549D20  -12.7146 5.9070 24 -2.15 0.0416%*
Eex0-255D10 Eex0-A549D30  -16.3108 5.9070 24 -2.76 0.0109*
Eex0-255D20 Eex0-255D30 -5.4988 5.9070 24 -0.93 0.3612

Eex0-255D20 Eex0-A549D10  -106.64 5.9070 24 -18.05 <.0001*
Eex0-255D20 Eex0-A549D20  -16.4374 5.9070 24 -2.78 0.0103*
Eex0-255D20 Eex0-A549D30  -20.0336 5.9070 24 -3.39 0.0024*
Eex0-255D30 Eex0-A549D10  -101.14 5.9070 24 -17.12 <.0001*
Eex0-255D30 Eex0-A549D20  -10.9386 5.9070 24 -1.85 0.0764*
Eexo0-255D30 Eex0-A549D30  -14.5348 5.9070 24 -2.46 0.0215%*
Eexo0-A549D10 Eex0-A549D20 | 90.2040 5.9070 24 15.27 <.0001*
Eex0-A549D10 Eex0-A549D30  86.6078 5.9070 24 14.66 <.0001*
Eex0-A549D20 Eex0-A549D30  -3.5962 5.9070 24 -0.61 0.5484
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Table 6. Differences of Treatments Least Squares Means (LSM) on HUC-255 cells.

Standard

Treatment Treatment Estimate Error DF t Value Pr > |t|
Control Eexo0-255D10 218.68 89.0060 24 2.46 0.0216*
Control Eexo0-255D2.5 199.82 89.0060 24 2.24 0.0343*
Control Eexo0-255D5 216.98 89.0060 24 2.44 0.0226*
Control Eex0-A549D10  -112.38 89.0060 24 -1.26 0.2189
Control Eexo-A549D2.5 | -295.47 89.0060 24 -3.32 0.0029*
Control Eex0-A549D5 -150.33 89.0060 24 -1.69 0.1042
Eex0-255D10 Eexo0-255D2.5 -18.8608 89.0060 24 -0.21 0.8340
Eexo0-255D10 Eexo0-255D5 -1.6982 89.0060 24 -0.02 0.9849
Eex0-255D10 Eex0-A549D10  -331.06 89.0060 24 -3.72 0.0011%*
Eex0-255D10 Eex0-A549D2.5  -514.15 89.0060 24 -5.78 <.0001*
Eexo0-255D10 Eex0-A549D5 -369.01 89.0060 24 -4.15 0.0004*
Eexo0-255D2.5 Eexo0-255D5 17.1626 89.0060 24 0.19 0.8487
Eexo0-255D2.5 Eex0-A549D10  -312.20 89.0060 24 -3.51 0.0018*
Eexo0-255D2.5 Eex0-A549D2.5  -495.29 89.0060 24 -5.56 <.0001*
Eexo0-255D2.5 Eex0-A549D5 -350.15 89.0060 24 -3.93 0.0006*
Eexo0-255D5 Eex0-A549D10  -329.36 89.0060 24 -3.70 0.0011%*
Eexo-255D5 Eex0-A549D2.5  -512.45 89.0060 24 -5.76 <.0001*
Eexo0-255D5 Eex0-A549D5 -367.31 89.0060 24 -4.13 0.0004*
Eexo0-A549D10 Eex0-A549D2.5  -183.09 89.0060 24 -2.06 0.0507
Eex0-A549D10 Eex0-A549D5 -37.9494 89.0060 24 -0.43 0.6736
Eexo-A549D2.5 Eexo-A549D5 145.14 89.0060 24 1.63 0.1160

76




Table 7. Differences of Treatments Least Squares Means (LSM) on K7M2 cells.

Treatment Treatment Estimate lszt:::iard DF tValue | Pr>|t|
Control Eex0-257-GdLDO0.01 113.60 68.8146 24 1.65 0.1118
Control Eex0-257-GdLD0.02 119.20 68.8146 24 1.73 0.0961
Control Eex0-257-GdLDO0.03 136.77 68.8146 24 1.99 0.0584
Control Eex0-257D0.01 -180.51 68.8146 24 -2.62 0.0149*
Control Eex0-257D0.02 106.08 68.8146 24 1.54 0.1363
Control Eex0-257D0.03 71.1566 68.8146 24 1.03 0.3114
Eex0-257-GdLD0.01  Eexo0-257-GdLD0.02 5.6066 68.8146 24 0.08 0.9357
Eex0-257-GdLD0.01 ' Eexo-257-GdLD0.03 23.1698 68.8146 24 0.34 0.7393
Eex0-257-GdLD0.01  Eex0-257D0.01 -294.11 68.8146 24 -4.27 0.0003*
Eex0-257-GdLD0.01  Eexo0-257D0.02 -7.5136 68.8146 24 -0.11 0.9140
Eex0-257-GdLD0.01  Eexo0-257D0.03 -42.4392 68.8146 24 -0.62 0.5432
Eex0-257-GdLD0.02 ' Eexo-257-GdLD0.03 17.5632 68.8146 24 0.26 0.8007
Eex0-257-GdLD0.02  Eexo0-257D0.01 -299.72 68.8146 24 -4.36 0.0002*
Eex0-257-GdLD0.02  Eexo0-257D0.02 -13.1202 68.8146 24 -0.19 0.8504
Eex0-257-GdLD0.02  Eexo0-257D0.03 -48.0458 68.8146 24 -0.70 0.4918
Eex0-257-GdLD0.03  Eexo0-257D0.01 -317.28 68.8146 24 -4.61 0.0001*
Eex0-257-GdLD0.03  Eex0-257D0.02 -30.6834 68.8146 24 -0.45 0.6597
Eex0-257-GdLD0.03 | Eex0-257D0.03 -65.6090 68.8146 24 -0.95 0.3499
Eex0-257D0.01 Eex0-257D0.02 286.60 68.8146 24 4.16 0.0003*
Eex0-257D0.01 Eex0-257D0.03 251.67 68.8146 24 3.66 0.0012%*
Eex0-257D0.02 Eex0-257D0.03 -34.9256 68.8146 24 -0.51 0.6164
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Table 8. Differences of Treatments Least Squares Means (LSM) on K7M2 cells.

Treatment Treatment Estimate Eﬁi‘;ﬂard DF t Value Pr>|t|
Control Eex0-293-GdLD0.01  -5.1030 111.86 24 -0.05 0.9640
Control Eex0-293-GdLD0.02 | -2.7540 111.86 24 -0.02 0.9806
Control Eex0-293-GdLD0.03  141.18 111.86 24 1.26 0.2190
Control Eex0-293-S2D0.01 -404.67 111.86 24 -3.62 0.0014*
Control Eex0-293-S2D0.02 -92.1222 111.86 24 -0.82 0.4183
Control Eex0-293-S2D0.03 -12.6126 111.86 24 -0.11 0.9112
Eex0-293-GdLD0.01 = Eex0-293-GdLDO0.02 | 2.3490 111.86 24 0.02 0.9834
Eex0-293-GdLD0.01 = Eex0-293-GdLDO0.03 | 146.29 111.86 24 1.31 0.2033
Eex0-293-GdLD0.01 ' Eex0-293-S2D0.01 -399.57 111.86 24 -3.57 0.0015*
Eex0-293-GdLD0.01 = Eex0-293-S2D0.02 -87.0192 111.86 24 -0.78 0.4442
Eex0-293-GdLD0.01 = Eex0-293-S2D0.03 -7.5096 111.86 24 -0.07 0.9470
Eex0-293-GdLD0.02 = Eex0-293-GdLD0.03 | 143.94 111.86 24 1.29 0.2105
Eex0-293-GdLD0.02 = Eex0-293-S2D0.01 -401.92 111.86 24 -3.59 0.0015*
Eex0-293-GdLD0.02 = Eex0-293-S2D0.02 -89.3682 111.86 24 -0.80 0.4322
Eex0-293-GdLD0.02  Eex0-293-S2D0.03 -9.8586 111.86 24 -0.09 0.9305
Eex0-293-GdLD0.03 ' Eex0-293-S2D0.01 -545.86 111.86 24 -4.88 <.0001*
Eex0-293-GdLD0.03  Eex0-293-S2D0.02 -233.31 111.86 24 -2.09 0.0478*
Eex0-293-GdLD0.03 = Eex0-293-S2D0.03 -153.80 111.86 24 -1.37 0.1819
Eex0-293-S2D0.01 Eex0-293-S2D0.02 312.55 111.86 24 2.79 0.0101*
Eex0-293-S2D0.01 Eex0-293-S2D0.03 392.06 111.86 24 3.50 0.0018*
Eex0-293-S2D0.02 Eex0-293-S2D0.03 79.5096 111.86 24 0.71 0.4841
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Table 9. Differences of Treatments Least Squares Means (LSM) on MDA-231 cells.

Treatment Treatment Estimate lszt:::iard DF t Value Pr > |t|
Control Eex0-257 LPSD10 51.3182 33.2716 24 1.54 0.1361
Control Eexo-257 LPSD20 | 38.8702 33.2716 24 1.17 0.2542
Control Eexo0-257 LPSD30 17.9786 33.2716 24 0.54 0.5939
Control Eexo0-257 S2D10 -139.40 33.2716 24 -4.19 0.0003*
Control Eexo0-257 S2D20 -2.6782 33.2716 24 -0.08 0.9365
Control Eexo0-257 S2D30 -22.1372 33.2716 24 -0.67 0.5122
Eex0-257 LPSD10 | Eexo-257 LPSD20  -12.4480 33.2716 24 -0.37 0.7116
Eexo0-257 LPSD10  Eexo-257 LPSD30 -33.3396 33.2716 24 -1.00 0.3263
Eex0-257 LPSD10 | Eexo-257 S2D10 -190.72 33.2716 24 -5.73 <.0001*
Eexo0-257 LPSD10 | Eexo0-257 S2D20 -53.9964 33.2716 24 -1.62 0.1177
Eex0-257 LPSD10 | Eexo-257 S2D30 -73.4554 33.2716 24 -2.21 0.0371%*
Eex0-257 LPSD20 | Eexo-257 LPSD30  -20.8916 33.2716 24 -0.63 0.5360
Eexo0-257 LPSD20  Eexo0-257 S2D10 -178.27 33.2716 24 -5.36 <.0001*
Eex0-257 LPSD20 | Eexo-257 S2D20 -41.5484 33.2716 24 -1.25 0.2238
Eexo0-257 LPSD20  Eexo0-257 S2D30 -61.0074 33.2716 24 -1.83 0.0791
Eexo0-257 LPSD30 | Eexo0-257 S2D10 -157.38 33.2716 24 -4.73 <.0001*
Eexo0-257 LPSD30 | Eexo0-257 S2D20 -20.6568 33.2716 24 -0.62 0.5405
Eexo0-257 LPSD30  Eexo0-257 S2D30 -40.1158 33.2716 24 -1.21 0.2397
Eexo0-257 S2D10 Eexo0-257 S2D20 136.72 33.2716 24 4.11 0.0004*
Eexo0-257 S2D10 Eexo0-257 S2D30 117.26 33.2716 24 3.52 0.0017*
Eexo0-257 S2D20 Eexo0-257 S2D30 -19.4590 33.2716 24 -0.58 0.5641
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Table 10. Differences of Treatments Least Squares Means (LSM) on MDA-231 cells.

Treatment Treatment Estimate Eﬁi‘;ﬂard DF t Value Pr>|t|
Control Eexo0-257 PolyD10  -82.4590 46.8418 24 -1.76 0.0911
Control Eexo0-257 PolyD20  -157.18 46.8418 24 -3.36 0.0026*
Control Eexo0-257 PolyD30  -188.80 46.8418 24 -4.03 0.0005*
Control Eex0-257 S2D10 -139.40 46.8418 24 -2.98 0.0066*
Control Eex0-257 S2D20 -2.6782 46.8418 24 -0.06 0.9549
Control Eexo0-257 S2D30 -22.1372 46.8418 24 -0.47 0.6408
Eex0-257 PolyD10 | Eexo-257 PolyD20  -74.7204 46.8418 24 -1.60 0.1238
Eex0-257 PolyD10 | Eexo-257 PolyD30 | -106.34 46.8418 24 -2.27 0.0325*
Eex0-257 PolyD10 | Eexo-257 S2D10 -56.9426 46.8418 24 -1.22 0.2359
Eex0-257 PolyD10 | Eexo-257 S2D20 79.7808 46.8418 24 1.70 0.1014
Eex0-257 PolyD10 | Eexo-257 S2D30 60.3218 46.8418 24 1.29 0.2101
Eexo0-257 PolyD20  Eexo-257 PolyD30 | -31.6176 46.8418 24 -0.67 0.5061
Eex0-257 PolyD20 | Eexo-257 S2D10 17.7778 46.8418 24 0.38 0.7076
Eexo-257 PolyD20 | Eexo-257 S2D20 154.50 46.8418 24 3.30 0.0030*
Eex0-257 PolyD20 | Eexo-257 S2D30 135.04 46.8418 24 2.88 0.0082*
Eex0-257 PolyD30 | Eexo-257 S2D10 49.3954 46.8418 24 1.05 0.3021
Eexo-257 PolyD30 | Eexo-257 S2D20 186.12 46.8418 24 3.97 0.0006*
Eex0-257 PolyD30 | Eexo-257 S2D30 166.66 46.8418 24 3.56 0.0016*
Eexo-257 S2D10 Eex0-257 S2D20 136.72 46.8418 24 2.92 0.0075*
Eexo0-257 S2D10 Eexo0-257 S2D30 117.26 46.8418 24 2.50 0.0195*
Eexo0-257 S2D20 Eexo0-257 S2D30 -19.4590 46.8418 24 -0.42 0.6815
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Table 11. Differences of Treatments Least Squares Means (LSM) on K7M2 cells.

Treatment Treatment Estimate Eﬁi‘;ﬂard DF t Value Pr>|t|
Control Eexo0-257-INFgD0.01 1467.71 415.73 24 3.53 0.0017*
Control Eex0-257-INFgD0.02  1939.87 415.73 24 4.67 <.0001*
Control Eexo0-257-INFgD0.03  1500.03 415.73 24 3.61 0.0014%*
Control Eex0-257-S2D0.01 -841.39 415.73 24 -2.02 0.0543
Control Eex0-257-S2D0.02 722.47 415.73 24 1.74 0.0951%*
Control Eex0-257-S2D0.03 1390.12 415.73 24 3.34 0.0027*
Eex0-257-INFgD0.01  Eexo-257-INFgD0.02  472.16 415.73 24 1.14 0.2673
Eexo0-257-INFgD0.01 Eexo0-257-INFgD0.03  32.3204 415.73 24 0.08 0.9387
Eexo0-257-INFgD0.01 Eex0-257-S2D0.01 -2309.10  415.73 24 -5.55 <.0001*
Eex0-257-INFgD0.01  Eexo0-257-S2D0.02 -745.24 415.73 24 -1.79 0.0856
Eexo0-257-INFgD0.01 Eex0-257-S2D0.03 -77.5920  415.73 24 -0.19 0.8535
Eex0-257-INFgD0.02  Eexo-257-INFgD0.03  -439.84 415.73 24 -1.06 0.3006
Eexo0-257-INFgD0.02 Eex0-257-S2D0.01 -2781.26  415.73 24 -6.69 <.0001*
Eex0-257-INFgD0.02  Eexo0-257-S2D0.02 -1217.40  415.73 24 -2.93 0.0074*
Eex0-257-INFgD0.02  Eexo0-257-S2D0.03 -549.75 415.73 24 -1.32 0.1985
Eexo0-257-INFgD0.03 Eex0-257-S2D0.01 -2341.42  415.73 24 -5.63 <.0001*
Eex0-257-INFgD0.03  Eexo0-257-S2D0.02 -777.56 415.73 24 -1.87 0.0737
Eexo0-257-INFgD0.03 Eex0-257-S2D0.03 -109.91 415.73 24 -0.26 0.7937
Eex0-257-S2D0.01 Eex0-257-S2D0.02 1563.86 415.73 24 3.76 0.0010%*
Eex0-257-S2D0.01 Eex0-257-S2D0.03 2231.51 415.73 24 5.37 <.0001*
Eex0-257-S2D0.02 Eex0-257-S2D0.03 667.65 415.73 24 1.61 0.1214
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Figure 20. Gadolinium loading and release studies. (A) Gadolinium (Gd*") loading efficiency
with different initial input concentrations of Gadolinium lipid (GdL, 500, 1000 and 2000 pg/ml).
(B) The cumulative Gd** release profile of Magnevist® and gadolinium labeled exosomes (Exo-
GdL) at physiological conditions (pH: 7.4 at 37 °C). All Gd*" concentration was quantified by
inductively couple plasma mass spectrometry (ICP-MS). Notice that gadolinium labeled exosomes
showed less than 3% loss of Gd** over 72 hours. In contrast, the MRI contrast agent, Magnevist,
was less stable and lost about 20 % of the labeling in 4 hours. Data represented as mean + 1

standard deviation. (n = 3).

3.2.2.2. Gadolinium loading and release studies.

To optimize the gadolinium labelling capability onto exosome membrane, the GdL insertion of
several w/w ratios of Exo protein and GdL were evaluated (figure 17A). The labelling efficiency
peaked at 25 % GdL per 1 mg exosome protein, and 90 % GdL inserted into exosome lipid bilayer
compared to the initial GAL input. Even though formulation with Exo protein/GdL ratio of 1:2

showed the highest labelling efficiency, the formulation became unstable and aggregated owing to
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the disruption in the structural integrity of exosome during GdL insertion. Therefore, the Exo/GdL
ratio of 1:1 was used in the remaining experiments.

To confirm the stability of the contrast agent after labeling exosomes, a GdL release study was
conducted (figure 17B). The selected formulation of Exo-GdL released less than 2 % in a period
of 72 hours under dialysis conditions, whereas Magnevist® display a burst release in the first 4
hours. The gadolinium ion released from Magnevist® was 5 times higher than that of Exo-GdL at

the end of experimental time.
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Figure 21. Magnetic property studies. (A) T1 recovery curve of gadolinium labeled exosomes
(Exo-GdL) at different concentrations of gadolinium (Gd). (B) The plot of 1/T1 vs. the

concentration of the contrast agent in aqueous solution measured in a 14.1T magnetic resonance
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imaging (MRI) system at 37 °C. Longitudinal relaxivity (r1) of Exo-GdL and Magnevist® is 5.1
and 2.9 mM-1s-1, respectively. (C) T1-weight imaging Exo-GdL and Magnevist® at different

concentration in aqueous solution measured in a 14.1T MRI system.

3.2.2.3. Magnetic property studies.

To further investigate the effect of GdL-Exo on MR relaxivity, a serial dilution of Exo-GdL was
carried out to obtain different Gd concentration and Magnevist® with similar Gd concentration was
used as control (figure 18). The resulting diluted samples were subjected to T1 measurement using
a Bruker 600 MHz (14.1 T) Advance III with microimaging capability. The magnetic properties
of Exo-GdL and Magnevist were first investigated by measuring the signal intensity of water
protons with recovery time (TR) varying from 0 to 8000 ms at a constant echo time (TE) of 6.5
ms to obtain T; relaxation time (Figure 18A). These T, relaxation times were converted to s !
(1/T1) and plotted against Gd concentration in mM. The longitudinal relaxation rates of both Exo-
GdL and Magnevist® exhibited a linear relationship with respect to gadolinium concentration with
the coefficient factor (R?) greater than 0.999. The slope of obtained linear equation depicted the
relaxivity (s'mM™) of gadolinium in each formulation. These results show that the Exo-GdL
exhibit a r; of 5.1 s mM! while the Magnevist® control show a 11 of 2.9 s mM-'. The higher r,
relaxivity of Exo-GdL is probably due to the reduction in tumbling rate upon GdL insertion into
exosomal membrane leading to the increasing of relaxivity [155]. The brighter effect in MRI
contrast was also depicted by Ti-weighted images of different Exo-GdL and Magnevist®
concentration; water was used as a control. These results demonstrated that Exo-GdL always
showed a brighter contrast than Magnevist® samples at the same gadolinium concentration as

presented in figure 18C.
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Figure 22. Exosomes are taken into osteosarcoma cells in vitro confocal microscopy.
Mesenchymal stroma cell (MSC)-derived exosomes that were labeled with Rhodamine-B were
visualized by confocal microscopy entering murine osteosarcoma cells (line K7M2). K7M2 cells
were seeded at 104/cm2 in 8-well chambered coverglass and incubated for 24 hours at 37 °C and
5 % CO2. Rhodamine B-labeled MSC-exosomes (Exo-RhB) were made by mixing exosomes with
Rhodamine-B at a 50:1 ratio (Exo:RhB). The cells were exposed to 25 pg of Exo-RhB and
incubated for an additional 24 h. RhB-lipid or DPBS were used as controls. The cells were fixed
with paraformaldehyde /glutaraldehyde solution and stained with 4’,6-diamino-2-phenylindole
(DAPI) prior to visualization. (A) Confocal microscopy images show exosomes enter cell
cytoplasm, not the nucleus. (B) Integrated density of Exo-RhB and RhB-control shows
significantly higher fluorescent signal in the Exo-RhB exposed cells compared to the RhB-lipid

control. (C) 3D visualization of exosome uptake shows that Exo-RhB were within the cytoplasm
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and not on the surface of the osteosarcoma cells. The red rectangle in figure SA indicates the cells

on figure 5C. Data showing mean + 1 SD, n=3. ** p <0.01.

3.2.2.4. Exosomes are taken into osteosarcoma cells in vitro

Exosomes derived from HUC-MSCs have been studied as a therapeutic agent due to their anti-
proliferative and pro-apoptotic effect [156]. Lee et al. reported that MSC-derived exosomes reduce
the expression of vascular endothelial growth factor (VEGF) through the release of miR-16,
leading to the reduction of angiogenesis in breast cancer model in vivo and in vitro [157]. To
investigate the interaction of HUC-MSC exosomes with cancer cells, the cellular uptake of
exosomes in osteosarcoma cells (K7M2) was investigated using exosomes labeled with rhodamine
B (Exo-RhB) using lipid insertion protocol. Thereafter, the Exo-RhB was incubated with cells for
24 h, and the internalization of exosomes was analyzed by confocal microscopy (figure 19). The
RhB-labeled liposomes were used as a control particle (control-RhB). As shown in figure 19B, the
fluorescence intensity of the Exo-RhB (48.85 + 6.97) was significantly higher than that of control-
RhB nanoparticle (16.05 + 1.48, p < 0.05). The 3D image of the cells revealed that the exosomes
were internalized into the cell and located in the cytoplasm and not non-specifically distributed on
the cell surface or within the nucleus. This observation indicates that Exo-RhB were taken up by
K7M2 cells (figure 19C). To further evaluate the effect of time on the exosomes uptake, flow
cytometry was used to assess their uptake in K7M2 cells at 6, 12, 24 and 48 hours ours of
incubation with Exo-RhB under standard conditions. After the incubation time, cells were rinsed
three times in DPBS and then evaluated by flow cytometry (figure 20A). The result show that

exosome uptake by K7M2 cells is time-dependent over the 6 to 24 hours observation period (data
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summarized in figure 20B). The maximum uptake (40 %) was reached after 24 hours of incubation;

there were not additional labeling after 24 hours.
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Figure 23. Cell uptake by flow cytometry.Mouse osteosarcoma cells (line K7M2) were
incubated with Rhodamine-B labeled exosomes (Exo-RhB) to examine the time-dependent
exosome uptake. (A) Representative flow cytometry histograms demonstrating fluorescence in
K7M2 cells incubated with naive mesenchymal stromal cell- (MSC) derived exosomes (unlabeled
control, derived from MSC line HUC 257), or with Exo-RhB for 6, 12, 24, and 48 hours . (B)
Fluorescence intensity of Exo-RhB after 6, 12, 24 and 48 hours of incubation. Notice that about
2/3rds of the fluorescence is taken up in the first 6 hours ours, but fluorescence intensity increases

for the first 24 hours.
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3.2.2.5. Effect of exosomes on osteosarcoma cell proliferation in vitro.

The effect of exosomes and of Exo-GdL on cancer cell proliferation was evaluated using the MTT
assay. As was mention before, there is a concern about the implementation of GdL as contrast
medium because of its potential toxicity, even if the metal is chelated. For that reason, in this assay,
the effect of GAL or RhB labeling into exosomes on cell proliferation was investigated. K7M2 and
143B cells were seeded in 96-well plate format in five independent replicates. The cells culture
were treated for 24 hours with 10, 20 and 30 ng per well of naive exosomes, Exo-GdL or exosomes
double-labeled with both GdL and RhB (Exo-GdL-RhB). As shown in figure 21, both K7M2 and
143B cell lines exhibit higher proliferation when exposed to naive exosomes at 10 ng, compared
with the controls. As the concentration of naive exosome increases, a dose-dependent reduction

on the proliferation was observed for both cancer cell lines.
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Figure 24. Effect of exosomes on osteosarcoma cell proliferation in vitro.A, B and C. Mouse
osteosarcoma cells (line K7M2) treated with 10, 20 and 30 ng of naive-exosomes or gadolinium-
labeled exosomes (Exo-GdL) per well. Note in A, B, and C, that naive exosomes enhanced K7M2
growth compared to control at the lowest dose (not indicated on graph), and Exo-GdL inhibited
K7M2 growth more than naive exosomes. Note in B, exosomes labeled with both GdL and
Rhodamine-B (Exo-GdL-RhB) were included for comparison. Both Exo-GdL and Exo-GdL-RhB
inhibited K7M2 growth in a dose-dependent fashion. D, E and F. Human osteosarcoma cells (line
143B) treated with 10, 20 and 30 ng of exosomes per well. Note in D, E and F, that naive exosomes
enhanced 143B growth at the lowest dose (not indicated on graph), and Exo-GdL inhibited 143B
growth compared to naive exosomes. Note in E, exosomes labeled with both GdL and Rhodamine-
B (Exo-GdL-RhB) were included for comparison. Both Exo-GdL and Exo-GdL-RhB showed a
dose-dependent effect on 143B growth. There were subtle differences in the 143B growth effects

between Exo-GdL and Exo-GdL-RhB. (C) Exosomes isolated from mesenchymal stromal cell
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(MSC) line 1 (HUC-257). (F) Exosomes isolated from MSC line 2 (HUC-293). Note in C and F,
exosomes batches MSC line 1 or line 2 produced similar, dose-dependent effects on osteosarcoma
proliferation. 10 ul of DMEM was used as control. Cell proliferation was measured using an 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data are presented as

mean + 1 standard deviation, * =p <0.05, n=5.

Specifically, in K7M2 cells, naive exosomes showed a significantly enhanced proliferative effect
at 10ng (3103.90 = 175.41 cell/well) and 20 ng (3136.27 + 168.18). However, when the
concentration of exosome increased up to 30 ng, the number of cells dropped from 3136.27 +
175.41 to 2879.64 £+ 93.75 cells/well. Similar results were found in 143B cells, where the number
for naive exosomes at 10 ng (3710.93 £ 212.72 cells/well) was higher than the control (3513.36 +
89.75), but the number of cells significantly fell and became lower than the number of control cells
as the treatment concentration reached to 20 ng (3294.92 + 113.74) and 30 ng (3254.60 + 176.95),
showing the dose-dependent inhibition of proliferation. On the other hand, cells treated with Exo-
GdL exhibited an inhibitory effect on proliferation (2967.9 8+ 213.46 cells/well) compared with
the control, regardless of the Exo-GdL concentration (Figure 21A). In addition, the effect of
double-labeled (GdL and RhB) exosomes was investigated on both cell lines. These results showed
that K7M2 exhibited the same response obtained from the single labeling (Exo-GdL). However,
in the case of 143B, there was a proliferative effect at 10 ng (3071.16 + 260.58 cells/well), 20 ng
(3086.97 £+ 138.48), and 30ng (3184.30 + 206.02) compared with the control (2975.41 + 121.42).
Interestedly, the double-labeled exosomes show a proliferative effect in a dose-dependent manner
(figure 21E). Finally, the effects of exosomes prepared from different HUC lines mediated similar

responses in both human and mouse osteosarcoma cells. For this purpose, exosomes from HUC-

90



257 and HUC-293 were isolated under the identical experimental conditions. As expected, the
proliferation of cancer cell lines exhibit the same trend in response to Exos derived two different
HUC cell lines (figure 21C, F). Similar results were found by Alarifi ef al. in SH-SY5Y human
neuroblastoma cells with gadolinium oxide nanoparticles (GNPs) where the cell viability was

significantly reduced in a time and dose dependent manner after 24 and 48 hours ours [158].
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Figure 25. Effect of gadolinium labeled exosomes (Exo-GdL) on apoptosis in mouse

osteosarcoma cells (line K7M2).Mouse osteosarcoma cells were treated with 30 ng/cm?2 (1X) of
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naive exosomes (Naive-Exo) or different concentrations of gadolinium-labeled exosomes (Exo-
GdL, 1 X, 10 X and 100 X) suspended in 1 ml of DMEM supplemented with 10% human platelet
lysate (HPL) depleted of exosomes. Iml of the same culture media was used as negative control
(Negative Control) and 500 uM of hydrogen peroxide (H202) was used as a positive control
(Positive Control). Osteosarcoma cells were stained with Annexin-V FITC and propidium iodide
(PI) and analyzed by flow cytometry. (A) Representative dot plots of Annexin-V (x-axis) vs. PI (y
axis) stained cells: quadrant 2 (Q2) corresponds to dead cells, Q3 Viable cells and Q4 cells in early
apoptosis. (B) Percentage of viable (gray bar), early apoptosis (black bar) or dead cells (hash line)
under different treatments after 24 hours of incubation under standard conditions. Note that the
positive control (peroxide treatment) increased cell death and early apoptosis in K7M2 cells, as
expected. In contrast, cell death and early apoptosis were not affected by either naive-Exo and

Exo0-GdL exposed K7M2 cells, even when the exosome “dose” was 100 X.

3.2.2.6. Effect of gadolinium labeled exosomes (Exo-GdL) on apoptosis in mouse K7M2
osteosarcoma cells.
Since exosome exposure decreased the proliferation of cancer cells, we investigated whether that
reduction was accompanied by activation of apoptosis, as indicated by Annexin V staining. To
assess apoptosis, K7M2 osteosarcoma cells were treated with 30 ng/cm? (1 X) of naive-Ex or 10
X and 100 X of Exo-GdL. The cells were incubated for 24 hours with the treatments and then
stained with Annexin V and PI. The results of this assay can be interpreted depending on the
intensity of the Annexin V and PI. Cells with the negative signal of Annexin V and PI are healthy
“normal” cells. Cells with positive signal of Annexin V are considered to be in early apoptosis.

Cells that are positive for both markers Annexin V and PI are considered to be necrotic. The kit
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implemented in this experiment does not discriminate cells that are only positive for P1. Figure 8A
shows the representative dot plot of the forward and side scatter for K7M2 cells after 24 hours of
incubation with the treatments. There were no appreciable differences in the percentage of
apoptotic cells between the 1 X naive exosomes (12.8 %), 10 X Exo-GdL (9.3 %), 100X Exo-GdL
and the negative control (8.2 %), whereas the 500 uM H>O> positive control treatment reaches a
maximum of 19.4 % of apoptotic cells (and more necrotic cells, too) (figure 22).

Additionally, apoptosis was investigated using confocal microscopy to gain a better understanding
of the cell’s status. Cells were seeded under the same conditions in 1cm? 8-well chambered cover
glass and underwent the same treatment protocol. After the incubation time, cells were fixed with
paraformaldehyde /glutaraldehyde solution and observed. Annexin V/FITC was excited with a
wavelength of 530 nm and PI with 630 nm. As shown in figure 23, Annexin V signal (depicted by
the green fluorescence) in the cell membrane and PI signal exhibits (bright red fluorescence) in the
nucleus. In principle, this assay relies on the binding ability of Annexin V to Phosphatidylinositol
and intercalation of PI into DNA molecules. When cells become apoptotic, the cell membrane
become destablized, thereby, exposing the phosphatidylinositol to the outer leaflet of the cell
membrane, which in normal conditions is facing the cytoplasm.

On the other hand, PI is a fluorescent dye that intercalates into DNA, but it’s not permeable to the
plasma membrane [159]. This method of apoptosis detection responds more to the mechanic
properties of the membrane rather than determine the activation of apoptotic pathways. In
summary of our observations, exosomes reduce cell proliferation in human and mouse
osteosarcoma cell lines without an effect on apoptosis. Experiments targeting the metabolic
pathways of apoptosis such as caspases should be considered in the future to better delineate the

mechanism of exosome’s action on cancer cells.
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Figure 26. Effect of exosomes on mouse osteosarcoma cells (line K7M2) apoptosis.The
osteosarcoma cultures were exposed to 30 ng/cm?2 (1X) of naive exosomes (Naive Exo) or 100 X
and 1000 X gadolinium labeled exosomes (Exo-GdL), suspended in 1 ml of DMEM 10% human
platelet lysate depleted of exosomes. The cells were incubated for 24 hours and observed under
confocal microscopy for early apoptosis as indicated by Annexin V staining. 1ml of the same
culture media was used as negative control and 500 uM of hydrogen peroxide (H202) was used as
a positive control. Cells were stained with Annexin-V FITC (green) and propidium iodide (PI,
red). Double-negative = healthy cells (no staining), Annexin V-positive early apoptosis (green),

double-positive = necrotic cells (green/red). Note that in the naive Exo-panels, one K7M2 cell in
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the lower right part of the panel is undergoing cytokinesis and is staining with Annexin V.

Calibration bar is 20 micrometers.

A Pre-contrast Post contrast 30 min Post contrast 90 min B

W

60 -
50 4
Corona
1~
&
TE 1.6ms g 3
TR 600 ms a8
FA g0 2 204
10 4
Sagittal
0

CLL LIS

Figure 27. Biodistribution of gadolinium labeled exosomes (Exo-GdL) in an ectopic mouse
osteosarcoma tumor model.(A) Representative 14.1 tesla magnetic resonance (MR) images of
mouse osteosarcoma tumor (line K7M2) bearing mice demonstrating enhancement of positive
contrast at tumor site after 30 min and 90 min post injection. The images were taken at echo time
(TE) of 1.6 ms, repetition time (TR) of 600 ms, and flip angle (FA) of 80°. (B) Biodistribution of
Ex0-GdL in the major organs of K7M2 tumor bearing mice 24 hours after injection. Exo-GdL
was injected intravenously via the tail vein. After 24 hours, the mouse was humanely sacrificed
and the major organs were collected, digested with concentrated HNO;, and GdL content was
measured using inductively coupled plasma mass spectrometry (ICP-MS) analysis. Note that 38%
of the GdL was within the liver and 18% was in the tumor. Data showing mean + 1 standard

deviation, n=3.
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3.2.3. Invivo detection of Exo-GdL by MRI.

To prove the applicability of the Exo-GdL for imaging purposes, K7M2 cells were implanted into
NU/NU nude mice. After 15 days to permit tumor development, Exo-GdL were intravenously
injected into the mice. Images were acquired under the established protocol with pre- and post-
contrast at 30 and 90 min. Figure 24A shows representative sagittal and coronal views taken
through the tumor level at TE = 1.6ms, TR = 600 ms and FA = 80°. The signal intensity in the
tumor increased in a time-dependent manner. After 90 min post-injection, the tumor became
brighter and clearly distinguishable from the surrounding tissue due to the accumulation of Exo-
GdL. To further evaluate in vivo behavior of Exo-GdL, the biodistribution of Exo-GdL was
evaluated 24 hours after injection. For this experiment, liver, kidney, spleen, lung, heart, bone and
tumor were individually collected, digested and subjected to Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) to quantify their Gd content. As shown in figure 24B, Exo-GdL
accumulated in liver (38 %), kidney (8 %) and spleen (2 %), the main excretion organs responsible
for elimination of small molecules and nanosized material [160, 161]. Interestingly, the
accumulation of Exo-GdL was high in tumor, reaching 18 %. It is noteworthy that Magnevist® is
small molecule magnet whereas Exo-GdL is a nanoparticulate system [162, 163].

To further examine the versatility in surface modification and confirm the accumulation in tumor
exhibited by exosomes labeled with GdL, we compared exosomes labeled with a near infra-red
dye (DiR), or PEGylated NPs labeled with DiR, (PEGNP-DiR) and tracked their distribution in 3
NU/NU K7M2-tumor bearing mice following intravenous injection. As shown in figure 25A, Exo-
DiR and PEGNP-DiR predominantly accumulated in liver, which is similar to the observation

obtained following Exo-GdL distribution. However, the distributed signal intensity of Exo-DiR in
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liver and spleen was two-fold higher than that of PEGNP-DIiR even after 48 hours ours of injection,

presumably due to the longer circulation time of exosome (figure 24B).
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Figure 28. Biodistribution of near infrared dye (DiR) labeled exosomes in an ectopic mouse
osteosarcoma tumor model.(A) Time-dependent biodistribution of fluorescence in mice pre- and
post-intravenous injection with near infrared dye labeled exosomes (Exo-DiR, Exosome) or
polyethylene glycol nanoparticle labeled with near infrared dye (PEGNP-DiR, Control
nanoparticle) visualized with fluorescent bioimaging. (B) Forty-eight h after injection, the mice
were humanely sacrificed and the major organs were dissected. The fluorescent signal intensity
per gram of tissue in mouse organs and tumor was measured. Note that the highest signal intensity
was found in liver and spleen. The label in spleen was roughly double that of liver. The next most

intense signal was in tumor. (C) Signal intensity of Exo-DiR or PEGNP-DiR in mouse tumors 48
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hours after intravenous injection. Note that the signal intensity in tumor accumulates over 48 hours
for Exo-DiR, in comparison to the control (PEGNP-DiR), the signal intensity peaks about 3 after
injection. Note that in A, each image contains a small fluorescent phantom for calibration on the

lower right. Data are presented as the mean + 1 standard deviation. n = 3.

We further evaluated the accumulation of particles in the tumor over the time by extracting signal
intensity from a region of interest (ROI) in the tumor. The result shows that even though the
fluorescence intensity in the tumors of the Exo-DiR mice increases slower than PEGNP-DiR mice
in the first 3-12 hours post injection, the accumulation of exosomes dramatically increased over
the next 12 hours after injection. In the case of PEGNP-DIR injected mice, the signal intensity did
not increase after 3 following injection, implying the excretion process of PEGNP-DiR had been
taken placed. On the other hand, signal intensity in tumors of Exo-DiR treated mice continued to
increase throughout the 48 hours observation period (figure 25C), indicating the accumulation of
exosomes. At 48 hours following injection, signal intensity in the tumor of Exo-DiR mice reached
twice the accumulation of the PEGNP-DiR-treated mice. In contrast to the accumulation of 18%
of the GdL labeled exosomes in the tumor in 24 hours and the second highest concentration next
to that of liver, the exosomes labeled with DiR had less accumulated signal in the tumor. The signal
intensity of tumors from both treatments (Exo-DiR and PEGNP-DiR) were also compared. The
signal intensity of tumors treated with the Exo-DiR (1185.84 + 247) was twice that obtained with
PEGNP-DiR (576.70 = 146), which strongly supports the dynamic signal intensity data (figure
26). This result confirms that HUC-MSC exosomes remain effective and biologically active and

continue to accumulate in mouse tumors for at least 48 hours after injection.
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Figure 29. DiR fluorescence of the K7M2 tumors.(A) Fluorescent bioimaging of mouse
osteosarcoma tumors by Exo-DiR (Exosome) or PEGNP-DiR (Control NPs) 48 hours after
intravenous injection. (B) Quantitative signal intensity per gram tumor demonstrates the efficient
tumor targeting properties of exosomes over control nanoparticles. Data is shown as mean + SD,

n=3.
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4. Discussion

We adapted an efficient protocol for exosomes from HUC-MSCs isolation by sequential
ultracentrifugation, obtaining high-quality exosomes that exhibit the characteristic tetraspanin
membrane markers, while retaining high isolation yields. The isolated exosomes were further
labeled with GdL or DiR, singly, or double-labeled with both GdL and DiR, using the newly
developed lipid insertion technique. Similar to other heavy metals, one of the major limitations of
using gadolinium as a contrast agent in the clinic is the toxicity associated with its free ion form.
In fact, there are reported cases of nephrogenic systemic fibrosis (NSF) related to the use of
gadolinium in patients with renal dysfunction [164]. In order to avoid potential toxic effects,
gadolinium was stabilized with a cyclic macromolecule DOTA, which has been demonstrated to
be more stable than other linear macromolecules such as DTPA [165]. This result suggested that
the selected Exo-GdL formulation was safe for use in vitro and in vivo studies (figure 3B). These
labeled exosomes accumulated both in vitro in human and mouse osteosarcoma cells and in the
tumors of an osteosarcoma mouse model over a 48 hours period compared with PEGylated
nanoparticles which accumulated over a 3 period.

The outstanding performance of exosome in biological environment can be explained by its
biological origin. When the synthetic material is introduced into a biological environment, it has
to overcome multiple barriers in order to produce a response [132]. As a consequence, the majority
of the synthetic nanoparticles will be eliminated before reaching the site of action, thereby the
nanoparticle accumulation in tumors is low. In the case of exosomes, owing to their biological
origin, they can circulate throughout the system without signs of adverse effects and then traffic
to the tumor [166]. In addition, the accumulation of exosomes in tumors, as occurs with other

nanomaterials, can be explained by the enhanced permeability and retention (EPR) effect where

100



the lack of lymphatic drainage as well as the disorganized architecture of the tumor vascular
system, which promote the accumulation of macromolecules and nanosize material at the tumor
[167]. All of these factors presumably are contributing to the extensive accumulation of exosomes
in this present study.

Qi et al. showed that exosomes isolated from blood accumulate in the tumors of H22-tumor bearing
mice [74]. Similar results were reported in a C57B1/6 mice model of metastatic lung cancer, where
paclitaxel-loaded exosomes from RAW 264.7 macrophages not only promote the accumulation of
the drug at the tumor site but also increase the particles uptake by the cancer cells compared with
liposomes or polystyrene nanoparticles [168]. In recent studies, extracellular membrane isolated
from natural killer cells fused with liposomes were used to deliver doxorubicin to MCF-7 tumor
bearing mice; this demonstrated more effective tumor inhibition compared to the free doxorubicin
injection [128]. In another study, exosomes derived from transfected siRNA/HEK-293T cells
reduced the tumor weight and size of a SGC-7901-tumor mouse model [169], indicating that
exosomes, in addition of their targeting properties, also conserve the characteristics of the parental
cell, which opens the possibility of engineering exosomes with potential therapeutic applications.
The results here indicate that HUC-MSCs exosomes can accumulate at the tumor site in vivo and
may reduce proliferation of cancer cells in vitro in a dose-dependent fashion.

The mechanisms involved in the uptake or proliferation effects were not evaluated here. However,
there is evidence that the osteosarcoma tumor niche contains a population of non-malignant MSCs
with normal karyotype and without tumor-related abnormalities [170], which could explain the
affinity of HUC-MSC exosomes for this particular kind of tumor. Additionally, the bidirectional
interaction between osteosarcoma cells and MSCs in metabolic reprograming, has been suggested

[171, 172]. Hoshino ef al. demonstrated the involvement of exosomal integrins in the targeting of
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metastatic niches by exosomes derived from breast and pancreatic cancer [14]. This evidence
suggests that the cell membrane composition of exosomes maybe provide them with specific

targeting properties.

We cannot claim that MSC exosomes “home” to tumors because certain key elements are missing.
Our in vivo studies support the notion that MSC exosomes accumulate within tumor for 48 hours
after intravenous infusion. Conditioned medium from umbilical cord-derived MSCs was used to
isolated exosomes. These exosomes were characterized by TEM, western blot, and size and charge
characterization standard to the field. The exosomes expressed tetraspanins CD9, CD63, and
CDS81, and Na/K ATPase and Hsp70, showed a size of 50-100 nm (DLS, NTA and TEM) and a
ZP of -16 to -19 mV, suggesting that they have similar physicochemical characteristics to MSC
exosomes previously reported [173-182]. We prepared several batches of exosomes from MSC
condition medium derived from two independent MSC lines and those exosomes shared similar
physicochemical and physiological properties. Based upon this data, we conclude that MSC
exosomes were employed here. We note that new methods isolate subsets of extracellular vesicles
(EVs) [28, 183-186], and using different subsets may produce different distribution within tissues.
Second, the MSC exosomes were labeled using several methods: fusion with Rhodamine-B labeled
liposomes, gadolinium incorporation, and NIR dye incorporation, or labeled with both
Rhodamine-B and GdL. Of these methods, GdL labeling was characterized more fully than the
other methods, and demonstrated good stability. The exosomes are apparent unchanged in terms
of their physicochemical properties, protein markers and functional properties such as
accumulation in osteosarcoma cells in vitro by the labeling process. For example, the exosome

size by dynamic light scattering, nanoparticle tracking analysis, zeta potential and transmission
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electron microscopy indicated similar properties to naive exosomes (figure 2). Similarly, dot blot
for CD9 and CDS81, results were similar between naive exosomes and GdL exosomes (figure 3b).
Here, labeled exosomes were added to cancer cell lines in vitro, and their incorporation was found
to be time-dependent in two ways: confocal microscopy and flow cytometry. Confocal microscopy
showed that exosomes were located in the cytoplasm, and not attached to the cell surface or inside
the nucleus of cancer cells. The flow cytometry indicated that exosome accumulation in cancer
cells increases over 24 hours after introduction. These results indicate that the accumulation of
naive and GdL labeled exosomes within cancer cells in vitro was similar (figure 23). Next, we
found that exposure to MSC exosomes reduced the proliferation of mouse and human
osteosarcoma cell lines. The specificity was indicated by a dose-response relationship, and
exosomes did not change Annexin V staining. This suggests that the exosomes reduces
proliferation by increasing cancer cell population doubling time and not by increasing apoptosis.
Our results suggest that the effect of naive-, GdL-labeled or GdL and RhB labeled exosomes on
mouse and human osteosarcoma cell proliferation in vitro may differ, but the effect is small and
not clearly dose-dependent (figure 21). Additional work is needed to understand whether the new
methods employed to introduce the labeling to the exosome or whether the label itself is
responsible for these changes in proliferation after labeling.

Other have shown that MSC exosomes are taken up by cancer cell lines or affect the physiology
cancer cell lines in vitro [97, 181, 187, 188]. For example, Altanerova et al. reported that iron
oxide labeled MSC exosomes accumulate within prostate cancer cells, and those cancer cells can
be killed by magnetic hyperthermia [187]. Similarly, Lee et al. found that mouse bone marrow-
derived MSC exosomes accumulate in mouse breast cancer cell line 4T1 (mouse) over 24 hours

[188]. Note that Lee et al. reported that MSC exosomes did not affect the proliferation of breast
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cancer cells in vitro, but did inhibit tumor progression and angiogenesis in vivo. Qi et al. reported
that human bone marrow-derived MSCs accumulate in human osteosarcoma cell line MG3 and
gastric cancer cell line SGC7901 over 24 hours [97]. In contrast to our observations, Qi J et al.
reported that MSC derived exosomes increased the proliferation of human osteosarcoma MG63
cells and gastric cancer SGC7901 cell lines in a dose-response fashion. Please note that in their
work, 200-800 ug/ml exosomes were used in the dose-response study. This represents
approximately 3 orders of magnitude more exosomes than used here (67-200 ng/ml). Therefore,
one possibility of the difference in the present study and Qi et al.’s is the “dose” of exosomes.
Another explanation for these differences is the osteosarcoma cell lines were used.

In summary, our in vitro work shows that MSC exosomes accumulate within human and mouse
osteosarcoma cells over 24 hours and affect cancer cell proliferation at 67-200 ng/ml
concentration. Labeling MSC exosomes with GdL or GdL and DiR may have a small toxic effect
on human and mouse osteosarcoma cell lines compared to naive exosomes. Together with previous
work, it is clear that MSC exosomes accumulate within the cytoplasm of human and mouse cancer

cell lines in vitro and may affect proliferation of these cell lines in a dose-dependent fashion.

We examined the biodistribution of labeled MSC exosomes in tumor bearing mice after
intravenous injection of 5 ug/g bodyweight. In different experiments, one using 14.1 tesla MRI
and the other using bioimaging of near infrared dye labeled exosomes, we determined
biodistribution. To our knowledge, this is the first report of biodistribution of GdL labeled MSC
exosomes in tumor bearing mice. Strikingly, we found the second highest accumulation of GdL
exosomes, 18 %, within the tumor 24 hours after intravenous injection, with liver having the

highest accumulation of GdL labeled exosomes. It is worth noting that gadolinium MRI contrast

104



media (commercial name Magnevist®) has been used previously in mouse models of osteosarcoma
[189, 190]. However unmodified Magnevist® does not enhance contrast specifically in the tumor
as we report here.

In contrast, we found the highest accumulation of DiR labeled exosomes in spleen followed by the
liver (with the spleen having about twice the fluorescent intensity as the liver). Next most
accumulation was in the tumor and lungs. Notably, the control DiR-labeled liposomes had about
equal fluorescent intensity in liver and spleen, followed by tumor and lungs. This suggests different
distribution patterns by exosome labeling method. First, note that the spleen was not found to
accumulate GdL exosomes in contrast to DiR-exosomes. Second, the accumulation in the tumor
by GdL exosomes may be higher than DiR exosome. Future work is needed to confirm this
observation. In addition, there appears to be differences in the time-dependent accumulation of
DiR labeled exosomes and DiR-labeled liposomes. The control particles, DiR-labeled liposomes,
reached a peak fluorescence intensity within the tumor sooner than the DiR-labeled exosomes (at
3 hours), however, the intensity did not change after the 3h observation point (figure 25C). In
contrast, the signal intensity for labeled exosomes increased over the 48 hours observation window
(figure 25C), and at the 48 hours observation period, the fluorescent signal observed using the
labeled exosomes was about double the intensity of the fluorescent liposome control nanoparticle.
This data suggests that the GdL labeling of exosomes confers a higher sensitivity than DiR labeling
of exosomes to identify tumor cells. Differences were also noted in accumulation of exosomes in
spleen between DiR and GdL. Both of these preliminary observations require follow-up.

There is limited information about the biodistribution of MSC exosomes after intravenous
injection. For example, distribution to the brain was reported after MSC exosomes labeled with

gold nanoparticles were injected into stroke-damaged mice [191, 192]. More biodistribution
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information was reported with near-infrared dye labeled MSC exosomes in healthy mice [135], or
in mice following acute kidney injury [160]. These reports indicated that DiR labeled MSC
exosomes accumulate in most in liver and spleen after intravenous injection in healthy animals
[135, 160], and that exosomes may accumulate in tissues that are injured [160] or in a tumor [135].
These reports agree with DiR labeled MSC exosomes’ biodistribution reported here.

The study by Wilklander ef al. compared several different sources of exosomes, and compared the
dose effect, the effect of route of injection, the changes in exosome accumulation over time on
biodistribution. They found that DiR labeled exosomes regardless of tissue source tend to
accumulate most in liver, spleen, gastrointestinal track and heart and lungs. Second, they showed
that HEK293T exosomes accumulate in tumor tissue in tumor bearing mice, and while HEK293T
exosomes accumulate in tumor, they accumulate at higher levels in liver, spleen, heart and lungs,
and the gastrointestinal track at 24 hours, than in tumor. Thus, their observations generally agree
with the observations reported here: DiR labeled exosomes accumulate in tumor, but at a lower
level than liver and spleen. The Wiklander ef al. paper suggests that tissue that exosomes originate
from may influence exosome accumulation or distribution. This observation agrees with a
hypothesis posed by Rana S et al. regarding exosomal tetraspanins contributing to target selection
[193, 194]. The tissue specificity for exosome accumulation indicated by Rana ef al. was not
observed either by Wilklander ef al. or in the present paper. This difference may be due to
differences in the exosome populations used. Here, we show DiR labeled exosome accumulation
in tumor increased continuously over the 48 hours observation period, which was supported by
our observations of exosomes over 24-48 hours in vitro. In summary, 18 % of GdL labeled
exosomes signal was found in tumor at 24 hours after injection and few exosomes were found in

spleen using this labeling method. This observation suggests that the labeling method may affect
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the biodistribution of exosomes. Since this is the first report of GdL labeled exosomes and their
biodistribution, further work is needed to confirm this observation and to understand whether
labeling affects exosome biodistribution or pharmacokinetics in vivo or toxicity in vitro.

The present report is the first to show that MSC exosomes continuously accumulate within
osteosarcoma tumors over 24-48 hours in vivo. A limitation of the present work is the use of an
ectopic osteosarcoma model. A goal of our work is to utilize labeled exosomes to image cancer
metastasis in patients. While the ectopic model used here demonstrated a proof-of-concept, the
orthotopic model will be considered for follow on work since it mimics the natural tumor
environment and because it may increase the likelihood of metastatic cancer [195]. While exosome
accumulated within tumor in vivo, a limitation of our experiments is that we did not demonstrate
whether the labeled exosomes entered cancer cells, tumor stromal cells (MSCs) or infiltrating
immune cells. Similarly, our experiments suggest that labeling exosomes with GdL may confer
greater tumor specificity that labeling with DiR. Finally, while labeled liposomes did not continue
to accumulate within the tumor past 3 after intravenous injection, we did not test whether exosomes
derived from other cells, such as the HEK293T cells, or GdL labeled liposomes would show a
different rate of accumulation within tumor. These critical questions need to be answered in the

future.
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5. Conclusions

In summary, naive and labeled MSC exosomes entered cancer cells, reside in their cytoplasm, and
modestly inhibit human and mouse osteosarcoma cell line proliferation in vitro in a dose-
dependent fashion. These observations are in agreement with previous work that shows that MSC
exosomes enter a variety of tumor cell lines in vitro and affect their proliferation. Second, in the
first study of its kind, we showed that GdL- or DiR- labeled MSC exosomes introduced into tumor
bearing mice accumulate in the tumor over a 24-48 hours period. The accumulation within tumor
by DiR labeled exosomes resulted in about double the fluorescence in tumor compared to labeled
liposomes used as controls at the 48 hours observation point; similarly, about 18 % of the GdL
was found within the tumor 24 hours after injection. Since DiR labeled liposomes did not continue
to accumulate within tumor beyond 3 hours after injection, this difference suggests that exosomes
continue to leave the vasculature and enter tumor and get sequestered over 24-48 hours. Third,
DiR labeled exosomes have a biodistribution that is grossly similar to that seen by other DiR
labeled nanoparticles including exosomes derived from other tissues after intravenous injection,
with the majority being located in major organs such as liver and spleen. When GdL exosomes
were tracked, the highest accumulation was found in liver (38 %) followed by tumor (18 %).
Finally, the accumulation of DiR- or GdL labeled exosomes in tumor cells in vitro and in vivo over
24-48 hours , does not provide strong evidence of special tumor specificity of MSC exosomes.
The demonstration of tumor-specific “homing” remains open. Simple extravasation in the tumor
bed due to leaky epithelium enables intravenously administered chemotherapeutics to enter (and
leave) the tumor. That MSC exosomes accumulate within tumors over 24-48 hours suggests that
they are taken up by some cell within the tumor, however, the target specificity previously

suggested has yet to be demonstrated conclusively [194].
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Appendix A

Table 12. List of antibodies for Flow cytometry of Mesenchymal Stroma Cells.

Antibody name Description Cat. # Brand
CD90 FITC (Clone: 5E10)
BD Biosci
CD105 PerCP-Cy5.5 (Clone: 266)  hMSC Positive Cocktail 51-9007663 toserence
CD73 APC (Clone: AD2)
mlgG1, k FITC (Clone: X40)
mlgGl, k PerCP-Cy5.5 (Clone: hMSC . Positive Isotype Control 51-9007664 BD Bioscience
X40) Cocktail
mlgG1, k APC (Clone: X40)
CD34 PE (Clone:581)
CD11b PE (Clone: ICRF44)
BD Biosci
CD19 PE (Clone: HIB19) PE hMSC Negative Cocktail 51-9007661 toserence
CD45 PE (Clone: HI30)
HLA-DR PE (Clone: G46-6)
mlgGl1, k PE (Clone: X40) ) o
PE hMSC Negative Isotype Control 51-9007662 BD Bioscience
Cocktail
mlgG2a, k PE (Clone:G155-178)
BD Biosci
CD90 FITC (Clone: SE10) FITC Mouse Anti-human CD90 51-9007657 roserence
BD Biosci
CD44 PE (Clone: G44-26) PE Mouse Anti-Human CD44 51-9007656 toserence
CD105  PerCP-CyTM5.5  (Clone: PerCP-CyTMS.5 Mouse Anti-Human ¢, 00240 BD Bioscience
266) CD105 i
. BD Bioscience
CD73 APC (Clone:AD2) APC Mouse Anti-Human CD73 51-9007649
BD Biosci
mlgG2b, « (Clone: 27-35) PE Mouse IgG2b, « Isotype Control ~ 51-9007655 toserence
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Table 13. List of antibodies for Exosomes Characterization.

Antibody name Description Cat. # Brand
t Biot logy Inc.
CD 9 (C-4) Tetraspanin, mouse monoclonal sc-13118 Santa Cruz Biotecnology Inc
Santa Cruz Biot logy Inc.
CD 63 (MX-49.129.5) Tetraspanin, mouse monoclonal sc-5275 anta Lz Doleenology “ne
-23962 Santa Cruz Biot logy Inc.
CD 81 (5A6) Tetraspanin, mouse monoclonal s¢ anta LTuz Boteenology mne
. Santa Cruz Biotecnology Inc.
HSP 70 Heat shock proteins 70 kDa sc-32239
Oligomeric plasma membrane Santa Cruz Biotecnology Inc.
Na+/K+-ATPase 3 (46) sc-135998
complex
anti-mouse IgG secondary antibodies Santa Cruz Biotecnology Inc.
m-IgGk BP-HRP conjugated to horseradish peroxidase sc-516102
(HRP)
Cell Signaling Technolo
B-Actin (8H10D10) Monoclonal antibody human B-actin. 3700 1gnating &
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Appendix B

Analysis of HUC-MSC-293 by flow cytometry.

Run Date: 2/21/18 2:16 PM

User ID: Guest

Statistics Output: N/A
Worksheet PDF Output: D:\BDExport\Reports\Batch Analysis Reports\9Feb18-Batch_Analysis_2102

2018141602.pdf

Specimen_001

Batch Analysis Report

Experiment: 9Feb18

Tube |Status IFlun Time

FMO1 OK 2/21/18 2:16 PM
FMQO2 OK 2/21/18 2:16 PM
FMO3 OK 2/21/18 2:16 PM
FMO4 OK 2/21/18 2:16 PM
Isotype OK 2/21/18 2:16 PM
Cocktail OK 2/21/18 2:16 PM
Positive Isotype OK 2/21/18 2:16 PM
Positive Cocktail OK 2/21/18 2:16 PM

Compensation Controls

Tube

Status

Run Time

Unstained Control

FITC Stained Control

PE Stained Control

PerCP-Cy5-5 Stained Control

APC Stained Control

OK
OK
OK

OK

2/21/18 2:16 PM
2/21/18 2:16 PM
2/21118 2:16 PM
2/2118 2:16 PM
2/2118 2:16 PM

Page 1 of 14
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Appendix C

Table 14. List of chemicals used in each experiment.

Experiment Chemicals Cat.# Brand
Human Umbilical Povidone lodine Prep solution 1416 Dynarex Corp.
Cord Mesenchymal o ) ] )
Stromal Cells 1 % antibiotic-antimycotic 15240062 Gibco™
isolation Dulbecco’s phosphate buffered 14190144 Gibco™
saline
Collagenase Type | 17100017 Thermo Fisher
Scientific
Hyaluronidase
Calcium chloride C79-500 Fisher Scientific
red blood cell lysing buffer R7775-100 Sigma-Aldrich
Hybri-Max™
acridine orange/propidium CS2-0106 Nexcelom
iodide Bioscience
StemPro® kits A10070-01, Thermo Fisher
A10071-01, Scientific
A10072-01
BD Stemflow™ assay kit 562245 BD Stemflow™
Synthesis of 1,2-distearoyl-sn-glycero-3- 850715 Avanti lipid
Gadolinium Lipid phosphoethanolamine (DSPE)
triethylamine AC157910025 Sigma-Aldrich
1,4,7,10- 170908-81-3 Macrocyclics
Tetraazacyclododecane-
1,4,7,10-tetraacetic acid mono-
N-hydroxysuccinimide  ester
(DOTA-NHS ester)
Gadolinium acetate 325678 Sigma-Aldrich
Labeling of L-a-Phosphatidylethanolamine- 810146C Avanti lipid
exosomes N-(lissamine  rhodamine B

sulfonyl) (Ammonium Salt)
(Egg Liss Rhod PE)
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DiR"; DiIC18(7) (1,1'- D12731 Thermo Fisher
Dioctadecyl-3,3,3',3'- Scientific
Tetramethylindotricarbocyanine
Iodide)
Transmission Uranyl acetate 22400 Electron
Electron Microscopy
Microscopy Sciences
Protein bicinchoninic acid assay 786571 G-Bioscience
Quantification
Whole Cell lysate lysis buffer- Pierce® RIPA 89900 Thermo Fisher
preparation Buffer Scientific
phosphatase inhibitor 1862495 Thermo Fisher
Scientific
protease inhibitor 1862209 Thermo Fisher
Scientific
Exosomes Lysis LDS Sample Buffer NPO0007 Thermo Fisher
Scientific
SDS-PAGE Tris-Glycine  polyacrylamide 10XP04125BOX Thermo Scientific,
gels Inc. Novex™
pre-stained protein standard LC5800 Thermo Fisher
Scientific, Inc.
Novex®
Protein Transfer Polyvinylidene fluoride (PVDF) Merck Millipore IPVHO00010

membrane

Ltd.,
Immobilon®-P

Ponceau S solution P7170 Sigma-Aldrich
Immuno Blotting non-fat dry milk 170-6404 Bio-Rad
SuperSignal® West Femto 34094 Thermo Fisher
substrate Scientific
GdL-labelling Nitric acid 231-714-2 Sigma-Aldrich
efficiency
Magnetic Properties Magnevist- 381667-25G Sigma-Aldrich

of Exo-GdL

Diethylenetriaminepentaacetic
acid gadolinium(IIl) dihydrogen
salt hydrate
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In-vitro assays phenol free DMEM 11054020 Gibco
MTT (3-(4,5-Dimethylthiazol- M6494 Thermo Fisher
2-yl)-2,5-Diphenyltetrazolium Scientific Inc
Bromide)

Cellular Uptake of DMEM 11054020 Gibco

Exosomes ) )
paraformaldehyde P6148-500 Sigma-Aldrich
Glutaraldehyde 111-30-8 Fisher Scientific
4',6-diamidino-2-phenylindole =~ D9542-5 Sigma-Aldrich
Fluoromount " Aqueous F4680-25 Sigma-Aldrich
Mounting Medium

Apoptosis Assay FITC Annexin-V  Apoptosis BD Pharmingen™
Detection Kit I

HUC-MSC polynosinic-polycytidic acid P9582-5MG Sigma-Aldrich

stimulation assay

lipopolysaccharides of L31129-25MG  Sigma-Aldrich
Escherichia coli
RNAlater™ Stabilization AM7021 ThermoFisher
Solution Scientific
recombinant human IFN—y PHC4031 ThermoFisher
(FN—v) Scientific
HUC-MSCs RNA RNeasy Mini Kit 74106 Qiagen
extraction
Synthesis of HUC- SuperScript™ IV First-Strand 18091200 ThermoFisher
MSC Synthesis System Scientific
complementary
DNA (cDNA)
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Table 15. List of equipment used in the experiments

Experiment Equipment Cat.# Brand
Human Umbilical automatic tissue dissociator 130-093-235 GentleMACS™
Cord Mesenchymal
Stromal Cells automated cell counter Cellometer® Nexcelom
isolation 2000 Bioscience
flow cytometer LSR  Fortessa BD-Bioscience
X20
Pooled Human Centrifugation L-90K Beckman Counter
Platelet Lysate
Depleted Exosomes Swinging bucket rotor SW-41-Ti Beckman
Exosome Isolation  benchtop centrifuge 5810R Eppendorf
swing bucket rotor A-4-62 FL08517291 Eppendorf
Centrifugation L-90K Beckman Counter
Labeling of Ultrasonic CPX-952-338R  Branson
exosomes o _
Sonic Vibracell VCX130 Sonics
Amicon Ultra-4 centrifugal filter Z648035 Sigma-Aldrich
Dynamic Light Zetasizer Nano ZS Malvern Instruments
Scattering and Z-
potential folded capillary cell DTS1070 Malvern Instruments
disposable polystyrene cuvettes ZEN0040 Malvern Instruments
Nanoparticle NanoSight LM-10 Malvern Instruments
tracking Analysis
Transmission Formvar-coated 200 mesh 215-412-8400 Electron Microscopy
Electron copper grid Science
Microscopy ) L
Tecnai™ G? Spirit BioTWIN FEI™ Company
Protein SpectraMax®i3 microplate Molecular Devises
Quantification reader
SDS-PAGE XCell SureLock™ Mini-Cell EIO001 Thermo Fisher
Electrophoresis System Scientific
Gel Doc™ XR+ imaging system Bio-Rad
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Protein transfer semi-dry electrophoretic  170-3940 Bio-Rad. Trans-
transfer system Blot® SD

Immuno Blotting Kodak Image Station 4000

GdL-labelling inductively coupled plasma NEXion 350X  PerkinElmer

efficiency mass spectrometry

Magnetic Properties Bruker 600 MHz Avance III Bruker

of Exo-GdL with microimaging capability

Cellular Uptake of Cell incubator NU-4950 NuAire Autoflo

Exosomes ]
8-Well Chambered Cover Glass C8-1.5-H-N Cellvis
confocal laser scanning LSM-700 Carl Zeiss
microscopy

Apoptosis Assay Flow cytometer LSR  Fortessa BD-Bioscience

X20

HUC-MSCs RNA spectrophotometer NanoDrop™ ThermoFisher

extraction 2000 Scientific

Endpoint Phusion High-Fidelity PCR F531L ThermoFisher

polymerase chain Master Mix Scientific

reaction

Reverse RT2 SYBR® Green qPCR 330500 Qiagen

transcription Mastermixes

polymerase chain

reaction (RT-PCR)

NIR bioimaging Pearl® Trilogy imaging system LI-COR®
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