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Introduction

Extracellular vesicles (EVs), particularly exosomes, are
small, membrane-bound particles that are released by
cells and can be found in various biological fluids. They
play a crucial role in intercellular communication and

are involved in various physiological and pathological
processes, including cancer. Tumor-derived exosomes
promote cancer progression and metastasis, regulate

drug resistance, and have been investigated clinically

as diagnostic biomarkers, therapeutic targets, and drug-
delivery vehicles. The bioprocess to isolate exosomes
involves culturing cells, collecting their conditioned media,
and using techniques like ultracentrifugation to separate
and purify exosomes from other substances, enabling
their characterization and use in various applications.
This article collection focuses on the isolation of exosomes
and their potential applications. The articles cover a range
of topics, including the identification of novel small EV
production modulators, effective methods for isolation
and purification of EVs from plants, the use of engineered
exosomes in tumor immunology, and the bioprocessing
of mesenchymal stromal cell-derived EVs in stirred-tank
bioreactors. Isolating exosomes is crucial for developing
new diagnostic tools and cancer therapies due to their
potential applications in cancer diagnosis and treatment.

First, Tang (2020) provides an overview of the current
understanding of cancer exosomes and their clinical
implications. The article discusses the potential use of
exosomes as biomarkers for cancer diagnosis and prognosis
and highlights the challenges associated with their isolation
and characterization. Then, Alptekin (2022) discusses the
potential use of engineered exosomes as immunotherapeutic
agents in cancer. It highlights the ability of engineered
exosomes to deliver therapeutic cargo, including

proteins and nucleic acids, to specific cells in the tumor
microenvironment. Yamamoto (2022) next describes a novel
method for identifying small EV production modulators.
They show the use of a luciferase-based quantification
method to screen for small molecules that can modulate EV

production. Following this, Wang (2021) describes the use of
exosomal miRNA as a potential biomarker for breast cancer.
The article describes the ability of circulating exosomal miR-
363-5p to inhibit lymph node metastasis in breast cancer and
its potential use as a noninvasive biomarker for the disease.

Next, Costa (2023) focuses on the bioprocessing of
mesenchymal stromal cell-derived EVs in stirred-

tank bioreactors. They demonstrate the importance

of bioprocess control in the manufacture of EVs and
describe the use of process analytical technology to
optimize EV production. Huang (2021) then discusses the
isolation and purification of EVs from plants. This article
displays the potential applications of plant-derived EVs
in agriculture and biotechnology and describes effective
methods for their isolation and purification. Lastly, Ditte
(2022) describes the role of EVs in the differentiation of
neural stem cells. They exhibit the potential use of EVs
as a therapeutic agent in neurodegenerative diseases.

This collection of articles showcases novel methods for the
isolation, identification, and purification of EVs, which are
crucial for the development of new diagnostic tools and
therapies for various diseases. Additionally, despite the
evolving landscape of EV research, ultracentrifuges remain
the gold standard in their isolation. This emphasizes the
significance of robust isolation techniques in advancing
EV research. While challenges still exist, the potential
applications of EVs in clinical practice make them an
important area of research. Further exploration of EV
biology and their clinical potential is necessary.

This article collection aims to inform researchers about
new ultracentrifugation methods and applications

for exosome isolation. For additional information,
please visit Your Centrifuge Solutions - Eppendorf to
learn more about enhancing your research options.

Christene A. Smith, PhD
Editor at Wiley
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The exosome is a small functional vesicle enriched in selected proteins, lipids and nucleic acids, displaying distinct molecular
heterogeneity. Exosomes released can transform the extracellular matrix microenvironments, transmit signals and molecules to
recipient cells and trigger changes in their pathophysiological functions. Tumor-derived exosomes mediate the interactions of
tumor cells and microenvironment significantly, and they stimulate tumor growth and development through specific signaling
pathways related to metastasis, therapeutic resistance and immunosuppression. Exosome biogenesis from tumors often
represents abundant biological information, and novel and efficient isolation and detection methods of exosomes provide a
promising approach for tumor diagnosis and prognosis estimation. Moreover, exosome can even be developed as therapeutic
agents for multiple disease models based on effective material transport characteristics and biofilm specificity. This review
reports the clinical implications and challenges of exosomes in cancer progression, therapy resistance, metastasis and immune
escape, and underlying cancerogenic pathological phenotypes including fibrosis and viral infection.

Zhenye Tang and Dongpei Li contributed equally to this work.
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Introduction

Exosome is a member of extracellular vesicle and it is a recent
popular research object in tumor biology study. Exosome derived
from the multivesicular body (MVB) is a vesicle in diameter of
30-150 nm, which basically contains lipids, proteins and nucleic
acids. Since exosome had been discovered for the first time in
1983 in serum medium,’" it was seen as transportation for cellular
waste, with little potential research values. Recently, this vesicle
with lipid bilayer is found to be indicated to regulate tumor drug
resistance, metastases and the suppressed immune response.
Tumor-derived exosome can be captured efficiently with a wide
variety of novel isolations, which reflects ample oncology infor-
mation. Furthermore, exosome exists in serum, urine, saliva and
any other body fluids universally, spreads via body fluids and
releases and fuses with the cell membrane to exert physiological
effects, these potential biocompatibilities help exosome lead to be
transformed into tumor therapeutic agent carrier.

Exosome and Tumor Development

Therapy resistance

Tumor cells and exosomal RNAs. Tumor therapy resistance can
be always seen clinically, frequently is associated with tumor-
derived exosome that helps tumor cell be prone to regulate ther-
apy resistance phenotype.” Wu et al.’ revealed that nonsmall cell
carcinoma cell-derived exosome contained anaplastic lymphoma
kinase (ALK) carrier reduced the therapeutic effect of ALK inhibi-
tors. Lobb et al* demonstrated that mesenchymal nonsmall cell
lung cancer (NSCLC) cells changed the chemotherapy tolerance
of recipient cells with increased expressed exosomal ZEB1 mRNA
(Table 1). Liu et al.> observed overexpressed exosomal miR-501 in
doxorubicin-tolerant gastric cancer (GC) cell and proposed that
miR-501 suppressed BLID and inhibited caspase-9/caspase-3 and
phosphorylation of Akt (Table 1), offering an exploitable target
miR-501 for drug-resistant GC availably. Tumor-related stroma
cells can also release exosomes to activate antiviral/NOTCH3
pathways which contribute to breast cancer therapy resistance.’
Higher levels of tumor-derived exosomes are prone to affect ther-
apy resistance, and exosomal RNAs regulate major tumor therapy
resistance, especially noncoding RNAs. Zeng et al.” tested and
identified miR-151a loss pathway was key element of
temozolomide-resistant glioblastoma multiforme, and miR-151a
also provided a potential avenue for therapy-refractory GBMs
(Table 1). Moreover, exosomal long-noncoding RNA (IncRNA)
SBF2-AS1 (IncSBF2-AS1), could also increase temozolomide tol-
erance to glioblastoma mainly via exerting reconstructive action
to tumor microenvironment (Table 1).2 Qu et al’ reported an
identified IncARSR which increased the expression of AXL and c-
MET, was transmitted to renal epithelial cell carcinoma cells,
increased sunitinib tolerance (Table 1). Exosomal RNA also repre-
sents a novel strategy in enhancing chemosensitivity in cancer,
not only for increased therapy tolerance.'’ Liu et al.'' reported
colorectal cancer (CRC)-derived exosomal miR-128-3p, could be
transmitted to resistant cells and upregulate the expression of

Int. J. Cancer: 146, 2946-2959 (2020) © 2019 UICC

E-calcium mucin to inhibit the oxaliplatin-mediated epithelial-
mesenchymal transition (EMT), which was a crucial element
contributing to resistance (Table 1).

CAF and exosomal RNAs. Exosome derived from cancer-
associated fibroblast (CAF) is obviously associated with tumor
tolerability, especially exosomal microRNAs (miRNAs), which is
the dominating cause of drug and chemotherapy resistance.
Richards et al."* demonstrated that CAFs treated by gemcitabine
observably could release plentiful exosomes, which stimulated
the expression of inductive factor Snail, further promoted tumor
resistance and proliferation. Au et al.'® utilized sequencing tech-
nology and further revealed exosomal miR-21 from CAFs was
delivered to ovarian cancer cells, suppressed their apoptosis and
promoted drug tolerance by binding the target APAFI (Table 1).
MiR-196a from CAF-derived exosome is also a crucial element
which increased cisplatin resistance in head and neck cancer
(HNC) via binding CDKNI1B and ING5 (Table 1)." Hu et al.
identified miRNAs accumulated in exosomes released by CAFs
in CRC, further concluded that miR-92a-3p secreted from
CAFs-derived exosomes could promote chemotherapy resistance
via EMT (Fig. 1a) and decreased mitochondria apoptosis by
inhibiting FBXW7 and MOAP1 through Wnt/beta-catenin path-
way (Table 1 and Fig. 1b)." Inhibiting CAF-derived exosomal
RNAs provides an alternative modality for the prediction and
treatment of therapy resistance in cancer.

TAM and exosomal RNAs. Tumor-associated macrophage
(TAM) is another crucial part contributing to poor tumor therapy
efficacy and chemo-resistant phenotype. Mikamori et al.'® ana-
lyzed and further assumed that it was miR-155 from TAM-derived
exosomes that elevated the anti-apoptotic of gemcitabine-tolerant
pancreatic ductal adenocarcinoma (PDAC), which provided a
therapeutic miRNA target in promoting gemcitabine efficacy of
PDAC (Table 1). Not only PDAC, Zhu et al.'” found that exo-
somal miR-223 exerted a unique effect in the cross-talk between
TAM and chemoresistant epithelial ovarian cancer (EOC) cell
via miR-223/PTEN-PI3K/AKT signaling pathway (Table 1). It
is well described that TAMs correlate with advanced GC with
Cisplatin-dependent chemotherapy resistance as well. Zheng
et al'® indicated that M2-type TAM transmitted secretive
exosomes with miR-21 to GC tissue, consequently antagonized
cell apoptosis and triggered PI3K/AKT axis via PTEN (Table 1).

MSC and exosomal RNAs. Mesenchymal stem cell (MSC)
releases exosome to affect drug resistance of multiple mye-
loma (MM) within the bone marrow microenvironment. Qu
et al."” evaluated PSMA3 sensitivity in proteasome inhibitors
(PI) therapy and found that exosomes RNA PSMA3-AS1 and
PSMA3 derived from MSCs could deliver PI resistance of
multiple myeloma cells, made them be a promising therapeu-
tic target for PI resistance and prognostic predictors for a clin-
ical response (Table 1).
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Table 1. The biomarkers of exosomes derived from various cells and clinical samples in tumors (Continued)

Function Mechanisms

Sources

Cancer types

Ingredients

Induce Ccl2 and broaden Ly6C(+)CCR2

(+) monocyte in the pulmonary

premetastatic niche

Block T cell activation

Immunosuppression

Glioblastoma Glioblastoma cell

Programmed death

ligand-1%>
Heat shock protein 70°8

Activate myeloid-derived suppressor cell

Cancer cell

Breast cancer

Lung cancer

Activate Stat3 in myeloid-derived

Ovarian cancer

suppressor cell

Heat shock protein 72°°
Epidermal growth factor

Inducing hepatocyte growth factor and

(liver) Metastasis

Gastric cancer cell

Gastric cancer

targeting c-MET
WNT/beta-serial protein pathway

receptor*?
Ubiquitin protein ligase

Metastasis

Mesenchymal stem cell

Gastric cancer

E3 component n-
recognin 237

Wnt4>*

Achieve p-catenin translocation into the

Colorectal cancer cell

Colorectal cancer

nucleus in adjacent normal tissue

Exosomes in cancer

Cancer metastasis

To some extent, noncoding RNA in exosomes can reflect the
tumor-related  biological
exosome regulates the tumor metastasis, and this function
mainly depends on exosomal RNA. Fish et al*' performed a
systematic search to identify breast cancer-specific small non-
coding RNAs, which drove the metastasis of cancer cells
existed in extracellular vehicles mightily. Wang et al??
sequenced exosomal circular RNA (circRNA) and assumed
that circPTGRI in exosomes regulated higher metastatic hepa-
tocellular carcinoma (HCC) cells to confer metastasis poten-
tial on lower or no metastatic potential, resulting in increasing
their migratory and invasive abilities (Table 1). Besides, novel
function exosomal protein Myoferlin was also validated to
facilitate tumor metastasis.”> Exosomal new functional ingre-

. .20
information. Tumor-related

dients call for novel strategies to further reveal this emerging
metastatic correlation in human cancer.

Premetastasis microenvironment. Conventionally, primary
tumor cells are viewed to spread into distant organs, which
contribute to new tumors regeneration, such as brain metasta-
sis.** Nonetheless, another dominant view is that the primary
tumor such as ovarian cancer releases extracellular vehicles
(EVs) that induce premetastatic niche formation to assist
tumor cells root in the metastases and grow further.”> There
are shreds of evidence unveiling that targeting premetastatic
niche cancer therapy is considered as a promising strategy to
intervene in cancer metastasis.

Metabolic microenvironment. Alterations in tumor metab-
olism are evident hallmarks of metastatic living tumors.
Tumor cell can educate fibroblast to be translated into CAF,
which is a major cellular component of tumor microenviron-
ment in most solid cancers. Zhao et al*® utilized intra-
exosomal metabolomics and identified that exosomes derived
from CAFs provided tumor cells major carbon metabolomics
and better contributed to adaptions of the invasive tumor
under nutrient deficiency. Cancer reprograms metabolic
mechanism mainly via exosomes, especially exosomal miRNA
which concomitantly facilitates tumor progression. Fong
et al”’ found that GC-derived exosomal miR-122 attenuated
glucose uptake by niche cells via the downregulated glycolytic
enzyme pyruvate kinase, showing how cancer cells confined
glucose uptake by normal cells in the premetastatic niche
(Table 1). Significantly, the underlying interrelation between
cancer-derived exosomal miRNAs and stromal cells modulates
metabolic state of living tumors. Yan et al.*® observed that
breast cancer-derived exosomal miR-105 stimulated metabolic
reprogramming of stromal cells and altered the molecular
characteristics which helped tumor cell accommodate meta-
bolic microenvironment. Remarkably, Zhang et al.*® discov-
ered that circNRIP1 blocked the expression of miR-149-5p
and triggered AKT/mTOR axis which enabled energy
metabolism, induced GC metabolic alterations and bolstered
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Figure 1. The exosomes in cancer drug resistance and metastasis. (a) The cancer-associated fibroblasts secret exosomes with miR-92a-3p
induce epithelial-mesenchymal transition (EMT); (b) The cancer-associated fibroblasts secret exosomes with miR-92a-3p inhibit mitochondria
apoptosis; (c) Tumor cells release exosomes with miR-25-3p to induce angiogenesis; (d) Tumor cell release exosomes with miR-25-3p to
increased permeability. (e) Tumor cell releases exosomes with miR-21 to trigger inflammatory premetastatic niche formation. [Color figure can

be viewed at wileyonlinelibrary.com]

invasive spread (Table 1). Maybe circRNA acts as a tumor
promotor as well as a miRNA sponge in tumor metabolic
system.>® Anyway, emerging evidences reveal the pivotal role
of exosomes in tumor initiation and aggressiveness, through
reprogramming systemic metabolism noticeably.

Hypoxic microenvironment. Exosome and its components
coactivate intercellular cross-talk between metastatic malig-
nancy and normal tissue under environmental low oxygen
tension. Wang et al.’' purposed that anoxic pancreatic tumor
cells recruited exosomal miR-301a-3p to trigger the M2 polar-
ization of macrophages through the PTEN/PI3Ky axis, led to
a greater invasive depth of cancer cells as well as EMT
(Table 1). And Xue et al*? isolated and identified hypoxic
bladder cancer cell-derived exosomes, and their result showed
that oncogenic IncRNA-UCA1-enriched exosomes remodeled
tumor microenvironment to facilitate tumor growth (Table 1).
Perhaps exosomal RNAs are critical for microenvironmental
cross-talk and modulate malignant behaviors of solid tumors.
Also, exosomes transfer specific signaling proteins to coordi-
nate regional or distant spread in hypoxic surroundings. Chen
et al.>® performed omics profiling and reported that transcrip-
tional and translational downregulations of human colon
cancer-associated genes activated exosomes as well as prot-
einic factors modifications in endoplasmic reticulum (ER),
which was relevant to a higher risk of malignant metastatic
behaviors. And Huang et al’>* proposed that hypoxic CRC
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cells promoted Wnt4-carried exosomes to achieve f-catenin
translocation into the nucleus in adjacent normal tissue,
which further drove CRC metastasis (Table 1). Thus, hypoxic
microenvironment is a potent factor in augmenting metastasis
and it remains a major therapeutic challenge in clinic,
however.

Bone marrow microenvironment. Tumor-derived exosome
is recognized to involve in the formation of bone marrow
microenvironment. Yan et al.>> provided evidence that acute
myeloid leukemia (AML) cells secreted exosomes to express
DKKI1 and upregulated normal hematopoiesis and osteogene-
sis, resulting in osteoblast loss bone marrow microenviron-
ment. It indicates that leukemia-derived exosomes support the
bone marrow niche which facilitates invasion. Meanwhile,
exosomes derived from multiple myeloma could educate the
marrow CAFs to modify the bone marrow microenvironment
via overexpressed miR-27b-3p and miR-214-3p>® showed that
tumor-derived exosomes also confer the microenvironment-
reprogrammed capability to other cells.

As another significant ingredient in the tumorous bone
marrow microenvironment, MSC transfers bioactive vehicles
to affect the tumor-related premetastasis. In GC microenvi-
ronment, Mao et al”’ provided evidence to show that
exosome derived from p53 deficient bone marrow-derived
MSC (BMSC) loaded ubiquitin protein ligase E3 component
n-recognin 2 (UBR2) and facilitated GC metastasis via the
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Whnt/beta-catenin pathway (Table 1). Exosomes released from
BMSCs also transmitted miR-142-3p to increase the stemness
of stromal cells, which contributed to higher metastatic colon
cancer cells.”® Unlike normal MSCs, tumor-related MSCs not
only possess a strong ability to promote tumor progression
and but also confers this ability on normal MSCs. Tumor-
related MSC secreted CCR2 ligands, CCL2 and CCL7 abun-
dantly, which recruited macrophage and drove MSC to induce
macrophage infiltration into melanoma or lymphoma,
explained how normal MSC be converted to tumor-related
MSC.¥

Organ-specific metastasis. Integrin can accelerate lung epi-
thelial cells and liver Kupffer cells to absorbed exosomes to
establish a premetastasis niche.** That indicated that
exosomes are key to the formation of a suitable premetastatic
microenvironment between primary tumors and distal organs,
which most commonly involved organs are the liver and lung
and bone.

Liver metastasis. Tumor-derived exosomes intake by liver-
specific cells prepare the premetastatic niche. Costa-Silva
et al.*' demonstrated that migration inhibitory factor (MIF) in
exosomes secreted from PDAC stimulated Kupffer cells to
structure liver fibrosis premetastatic niche and primed liver
metastatic. And Zhang et al** showed that GC-secreted
exosomes allowed epidermal growth factor receptor (EGFR)
to be transmitted to liver, subsequently activated hepatocyte
growth factor (HGF) and targeted c-MET (Table 1). Another
suspicious clinical predictor, such as miRNA, also leads to
liver metastasis. Shao et al*’ identified that CRC-derived
exosomes enriched in miR-21 blocked Toll-like receptor
7 (TLR7) in liver macrophage, as well as eliciting former to
release secretive interleukin-6 (IL-6), resulting in inflamma-
tory premetastatic niche formation via miR-21-TLR7-IL-6 sig-
naling pathway (Table 1, Fig. le). Emerging evidence reveals
that exosome represents a vital mediator of the liver-
metastatic cascade in malignancy.

Lung metastasis. Lung premetastatic niche constructed by
primary tumor-derived exosomes benefits cancer metastasis.
Keklikoglou et al** also showed that breast cancer-derived
annexin A6 (ANXA6) in chemotherapy-treated exosomes
stimulated NF-kappaB-dependent endothelial cell, induced
Ccl2 and broaden Ly6C(+)CCR2(+) monocyte in the pulmo-
nary premetastatic niche to facilitate lung metastasis stimu-
lates endothelial cells (Table 1). Lobb et al.*® detected tumor
exosomal RNAs through and showed that exosomes enriched
in RNAs could stimulate Toll-like receptor 3 (TLR3) in lung
epithelial cells, which was conducive to release chemokine in
the lung and recruited neutrophil. This study further indicated
that the role of lung epithelial cells in the lung metastatic
niche formation. Moreover, EMT is characterized by confer-
ring tumor cell a high lung metastatic potential. Wang et al.*®

Exosomes in cancer

found that exosomal miR-19b-3p delivered to clear cell renal
cell carcinoma (CCRCC) cells were capable to activate EMT
by upregulating the expression of PTEN, which made CCRCC
possess lung metastasis capability (Table 1).

Angiogenesis. Angiogenesis involves new blood vessels grow-
ing from the existing blood vessels and complex endothelial
cell activities, always with increased vascular permeability,
which is conducive to tumor proliferation and migration.
Emerging evidence indicates exosomal miRNAs mediate
tumor-associated angiogenesis. Yang et al*’ performed
sequential differential centrifugation and identified that exo-
somal miR-130a derived from GC cells could activate vascular
cells via binding c-MYB, indicated that miR-130a drove
angiogenesis (Table 1). Zeng et al.*® validated that miR-25-3p,
a metastasis-promoting miRNA existing in CRC cells, could
be transferred to endothelial cells via exosomes, regulated the
expression of VEGFR2 by targeting KLF2 and KLF4, further
contributed to increased vascular permeability and angiogene-
sis (Table 1 and Figs. 1c and 1d). Also, melanoma-derived
exosomal miR-155-5p could induce fibroblasts to express of
proangiogenic factors, including vascular endothelial growth
factor A (VEGFa), fibroblast growth factor 2 (FGF2) and etc.
via upregulated cytokine signaling 1 (Table 1), which provided
novel strategies to suppress melanoma proliferation. Angio-
genesis is not a simple one-to-one correspondence regulated
by exosomal miRNAs. Bao et al.*’ detected and identified that
highly enriched miR-23a regulated angiogenesis by targeting
gene TSGA10 in nasopharyngeal carcinoma (NPC; Table 1).
Under the hypoxic circumstance, Hsu et al.”® found that lung
cancer-derived suppressing miR-23a in exosomes could
upregulate prolyl hydroxylase 1 and 2 (PHD1 and 2), accumu-
lated hypoxia-inducible factor-1 alpha (HIF-1 alpha) in endo-
thelial cells so as to induce angiogenesis and promote vascular
permeability (Table 1). In human glioma, Chen et al.”!
sured the expression of miR-9 and elucidated that upregulated
exosomal miR-9 released from glioma cells was absorbed by
vascular endothelial cells and targeted COL18A1, THBS2,
PTCHI1 and PHD3, contributing to promoted angiogenesis
(Table 1). Similarly, glioma stem cells (GSC)-derived activated
exosomal miR-26a downregulated PTEN and promoted
angiogenesis of human brain microvascular endothelial cell
(HBMEC) via PI3K/Akt signaling pathway”” (Table 1). Angio-
genesis is also valuable in accelerating HCC proliferation.
Fang et al.> sequenced and quantitated PCR and found that
HCC cell-derived exosomes transmitted miR-103 into endo-
thelial cells attenuated the endothelial junction integrity by
downregulating VE-Cadherin (VE-Cad), p120-catenin (p120)
and zonula occludens 1 (Table 1). Also, there is emerging evi-
dence indicating that HCC-derived exosomal miR-21
targeting PTEN led to the activation of PDK1/AKT signaling
in HSCs, which educated CAFs released angiogenic cytokines,
including VEGF, MMP2, MMP9, bFGF and TGEF-beta
(Table 1).>* To abate angiogenesis remains a severe challenge

mea-
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for tumor treatment. Wang et al.>> examined the expression
of IncRNA-APC1 and unveiled that IncRNA-APCI activated
by APC suppressed CRC angiogenesis via targeting Rab5b
mRNA, which could inhibit tumor angiogenesis in CRC
(Table 1). This finding advances our understanding of APC-
regulated IncRNA-APC1 procedure which downregulates
angiogenesis provides an exploitable therapeutic approach
for CRC.

Immunosuppression

Exosomes and MDSC. Myeloid-derived suppressor cell (MDSC)
plays a crucial part in regulating the immunosuppressive micro-
environment and assisting tumor to escape the immune
response. Guo et al.*® elucidated that glioma exosomal miR-29a
and miR-92a induced differentiation of functional MDSCs by
binding high-mobility group box transcription factor 1 (Hbpl)
and cAMP-reliant type I regulatory subunit alpha (Prkarla)
respectively to mediate the formation of immunosuppressive
microenvironments in tumors (Table 1). Compared to a
normoxic condition, hypoxic evolution mediated by exosomes is
also of great significance to the tumor immunosuppressive
microenvironment which involves MDSC. Li et al”” reported
that hypoxic oral squamous cell carcinoma (OSCC)-derived
exosomes activated T-cell inadequately and improved the sup-
pressive effect of MDSCs on gamma delta T cells through a
miR-21/PTEN/PD-L1 signaling pathway (Table 1). Exosomes
with overexpressed membranous heat-shock protein (HSP) are
capable to communicate with MDSCs via the toll-like receptor
2 (TLR2). Gobbo et al*® compared cancer-derived exosomes
various samples with different approaches and demonstrated
that cancer cells were observed to secrete plentiful exosomes with
HSP70 to activate MDSCs via HSP70/TLR2 in breast cancer,
lung cancer and ovarian cancer (Table 1). This result also reveals
that cisplatin or 5FU combined with A8 was a promising
approach to suppress MDSCs. Similarly, Chalmin et al> also
found that Hsp72 also released IL-6 to activate Stat3 in MDSCs
via TLR2/MyD88-dependent signaling pathway, which was con-
ducive to suppress tumor immune surveillance as well (Table 1).

Exosomes and PD-L1. Circulating cancer cells frequently
escape immunological surveillance via exosomes-displaying
programmed death-ligand 1 (PD-L1).%° Poggio et al.** demon-
strated that exosomal PD-L1 triggered the silent expression of
T cell, while blocked PD-L1 can induce antitumor immune
response and provide efficient remissions for tumor patients.
The result unveils that PD-L1 remains an unexplored target.
Liu et al.’* provided a new perspective that ER stress urged
HCC cells to secrete exosomes to stimulate PD-L1 activation
in macrophages, consequently suppressed T-cell function via
miR-23a-PTEN-AKT regulated axis in HCC (Table 1). Rick-
lefs et al.%® hypothesized and further identified that glioblas-
toma exosomal PD-L1 mediated by IFN-gamma induced PD-
L1-dependent inhibition of T cell function. Also, in chronic
lymphocytic leukemia (CLL), exosomal noncoding Y RNA
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hY4 stimulated monocytes to change phenotypes, which
results in secreting cytokines including C-C motif chemokine
ligand 2 (CCL2), CCL4 and interleukin-6 and activated PD-L1
to induce monocytes and macrophages skewed toward pro-
tumorigenic phenotypes, this further suggests that stimulated
PD-L1 mediated immune escape from another perspective.**

Pathological phenotypes

Fibrosis. Drug therapy potently alleviates the migration of
highly metastatic CRC via ameliorating the fibrotic decom-
pensation of the metastatic organ. Perhaps there is an under-
lying link between fibrosis status and tumor invasion,*>® but
this potential pathological phenotype still requires more clear
elucidations. Cai et al.”” suggested that exosomes cause major
alterations in liver fibrosis, HCC and other liver diseases. And
Chen et al®® reported that connective tissue growth factor
(CCN2) involved live fibrosis, and hepatic stellate cells (HSCs)
displayed CCN2, a-smooth muscle actin or collagen 1 (al)
while concomitant expression of exosomal miR-199a-5p was
blocked, resulted in fibrogenic gene transcriptional and trans-
lational upregulations. Also, IncRNAs involve in inducing
HSCs and subsequent liver fibrosis, which mechanically help
exosomal MALAT1 trigger HSCs via miR-26b expression.®’
Strikingly, fibrosis also participates in other human organs’
injury developments, and this represents a terrible risk factor
of tumor initiation. Xu et al.”® proposed that PM elicited pul-
monary epithelium-secreted exosomes which contained ample
miRNAs, gradually led to pulmonary diseases such as fibrosis
and concomitant carcinogenesis. Masamune et al.”' found that
pancreatic cancer cells transmitted exosomes with miR-1290
to pancreatic stellate cells (PSCs), whose o-smooth muscle
actin (ACTA2) and fibrosis-induced genes was highly stimu-
lated, as well as the inductions of ERK/AKkt signaling and type
I C-peptide biosynthesis (Table 1).
containing exosomes involve in cell-cell communication and
dynamically modulate gene expressions, and this is conducive
to make fibrosis optimize tumor microenvironment, targeting
this interaction may provide strategic approaches for
vanishing fibroproliferative cancer.

Together, cancer-

Viral infection. Exosomes carry bioactive substances including
nucleic acid and protein, which are converted into tools to
modulate virus propagation and infection. Mata-Rocha et al.”?
discovered that cervical cancer samples derived abundant exo-
somal HPV DNA such as oncogenes E6/E7. Zhou et al.”
identified that newcastle disease virus (NDV)-infected cervical
cancer cells also released exosomes loading several specific
miRNAs to suppress IFN signaling and enhance NDV replica-
tion. And Tkoma et al.”* confirmed that exosomal miRNAs
which were linked to virus and living tumor allowed precise
detections from patient populations with KSHV-related
Kaposi’s sarcoma. A viral protein, EBV-encoded latent mem-
brane protein 1 (LMP1), derives from infected tumor cells
and manipulates the host exosomes channel. Meckes et al.””
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identified that exosomes derived from EBV-infected NPC cells
used ample viral oncogenes, LMP1 and viral miRNAs to trig-
ger significant signatures in recipient cells and tuned the
cancer-linked microenvironment.  Strikingly, ~Santangelo
et al’® reported that exosomes mediated the correlation
among hepatocyte and immune microenvironment, mainly
patients with HCV infection displayed degranulation down-
regulation natural killer (NK) cells which was linked to miR-
122-5p or miR-222-3p. Exosomes and their cargo correlate
with not only tumorigenesis potential under virus-infected
status but also virus-associated immunopathogenesis, perhaps
also involve in pathophysiological states in living tumors, even
assist cancer cells to block innate immune cells.

Exosomes and antitumor immune response

Natural killer cell-mediated immune response. NK cells exert
rapid immune effect to metastatic or hematological malignan-
cies, which have been confirmed and clinically exploited the
antitumor characteristics. Zhu et al.”” explored that NK-92MI
cells produce exosomes with two functional NK proteins, per-
forin, FasL and secreted tumor necrosis factor (TNF)-alpha,
which affected the cell proliferation, to exert cytotoxic effects
on melanoma cells without side effects. Furthermore, Wu
et al.”® studied NK cell-derived exosomes and their result rev-
ealed that at NK-derived exosome presented perforin,
granzyme A, granzyme B, granulysin and FasL could mediate
cytotoxicity against cancer cells via caspase-independent and
caspase-dependent cell death signaling pathways. Not only
proteins presented on NK cells, exosomal tumor suppressor
miR-186 also showed cytotoxicity to the amplified neuroblas-
toma. Neviani et al.”” demonstrated that miR-186 transmitted
to NK cells resulted in prevention of neuroblastoma tumori-
genic potential and suppressed the silent NK cells regulated
TGFbetal-dependent signaling pathway. NK cells activate
multiple killing pathways via exosomes, and this trait makes
them a promising perspective on clinical immunotherapy.

Dendritic cell-mediated immune response. Exosomes consti-
tute a stable correlation between antigens and immune cells
by binding dendritic cell (DCs) and facilitating immune sur-
veillance of activated T cell.** That is to say, unlike NK cells,
DCs could regulate tumor immune via exosomes with various
approaches. Rao et al®' found that exosomes derived from
HCC presented carcinogenic antigens induced DCs to exert a
strong immune response that increased T cells and improved
the HCC immune microenvironment.

The Innovative Approaches to Detect Tumor-Derived
Exosomes from Clinical Samples

Microfluidic techniques

Microfluidic chip represents a comprehensive and noninvasive
diagnostic tool for exosome-reliant separation and analysis.
Waunsch et al.®® developed nanoscale deterministic lateral dis-
placement (nano-DLD) arrays which could isolate exosomes

Exosomes in cancer

as low as 20 nm, with a high percentage of purified exosomes
<150 nm. This technique constructs a platform to classify
tumor-associated molecular EVs. Fang et al® proposed a
microfluidic chip based on immune capture, which could
extract exosomes with immune capture function from small
quantified breast cancer samples and help clinical diagnosis of
breast cancer patients. Ibsen et al.** designed an alternating
current electrokinetic (ACE) microarray device, which allowed
the isolation of glioblastoma-derived exosomes from a plasma
sample (30-50 pl), as well as apparently simplifying
processing steps and enabling less time required. Another
comprehensive exosome analysis tool and potential noninva-
sive diagnostic platform, ExoPCD-chip, is a two-stage micro-
fluidic platform whose isolation and analysis applied for liver
cancer-derived exosomes as low as 4.39 x 10° particles/ml
from a serum sample (30 pl) within 3.5 hr.*® Microfluidic chip
is capable to effectively isolate exosomal ingredients as well.
Reategui et al®® established a microfluidic platform named
(EV)HB-Chip which captured glioblastoma multiforme-
derived characteristic exosomal RNA within 3 hr, contributing
to identifying specific genes and subtypes of this disease.
Dorayappan et al®’ demonstrated a specific microfluidic-
based internal separation device for the establishment of exo-
somal protein profiles of high-grade serous ovarian cancer
(HGSOC) within 20 min, overcoming contamination prob-
lems and making new findings for early exosome-based detec-
tion. Consequently, the microfluidic chip undoubtedly lays a
solid foundation for early diagnosis and prognosis of cancer
and it is substantially better than many other existing
methods.

Aptasensor techniques

The characteristic small size of the exosome makes its quanti-
tative detection more complicated, and it remains a major
problem to detect cancer-specific exosomes due to technical
restrictions and biological challenges. Nonetheless, the
aptasensor technique with the advantages of low cost, simple
operation and small sample volume has a broad prospect. Xia
et al® invented a colorimetric aptasensor that mechanically
relied on the conjunct administration of carbon nanotubes
and aptamer, which enabled the detection of the limit of 5.2
x 10° particles/pl (Table 2). The result proves that a visible
approach to capture exosomes is perfectly constructed. Also,
the aptasensor technique can apply for the isolation of tumor-
derived exosomes. Huang et al.*’ provided sufficient evidences
that an electrochemical aptasensor based on Hemin/
G-Quadruplex-Assisted Signal Amplification could detect
exosomes derived from GC limit of 9.54 x 10° particles/pl
(Table 2), which was a visible and sensitive platform for the
early diagnosis of GC. Wang et al’® demonstrated another
efficient surface plasmon resonance (SPR)-reliant aptasensor
for breast cancer, which allowed the detection of the limit of
5 x 10° particles/ml (Table 2), as well as offering an avenue to
capture breast cancer-derived exosomes consequently. Liu
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Table 2. The innovative approaches to detect exosomes from clinical samples

Methods Cancer types Mechanisms Traits
Aptasensor Colorimetric aptasensor®® = The integration of carbon Enable the detection of limit of
technology nanotubes and aptamer 5.2 X 10° particles/pl
Electrochemical Gastric cancer Hemin/G-Quadruplex- Permit the detection of limit of
aptasensor®® Assisted Signal 9.54 x 10%/pl
Amplification
Surface plasmon resonance Breast cancer Surface plasmon resonance Allow the detection of limit of 5
aptasensor’® x 10% exosomes/jl
Thermophoretic Gastric cancer Thermophoretic enrichment  Capture 7 kinds of EVs protein
aptasensor®? of exosomes conjugated biomarkers with the limit of a
with aptamers serum sample (<1 microl), as
well as costing only 1 dollar
within 3 hr
Lung cancer
Ovarian cancer
Prostatic cancer
Hepatocellular carcinoma
Lymphomas
Microfluidic Nanoscale deterministic - Nanoscale deterministic Isolate exosomes as low as
technology lateral displacement lateral displacement 20 nm with a high percentage

arrays®?
Microfluidic chip®?

Alternating current
electrokinetic microarray
microarray chip device®*

ExoPCD-chip®®

(EV)HB-Chip®®

In-house microfluidic-based
device®”

Breast cancer
Glioblastoma

Liver cancer

Glioblastoma multiforme

High-grade serous ovarian
cancer

Immunocapture

Alternating current
electrokinetic microarray

Two-stage microfluidic
platform

Microfluidic platform

Based on in-house
microfluidic isolation and

of purified exosomes <150 nm
With small samples quantized

With a plasma sample (30-
50 pl), as well as simplifying
processing steps and
decreasing required time

With the limit of exosomes as
low as 4.39 x 10> particles/ml
from a serum sample (30 pl)
within 3.5 hr

Capture exosomal RNA within
3 hr

Profile protein within 20 min and
overcome contamination

protein profiling issues

et al® reported that a thermophoretic aptasensor based on
enrichment of exosomes conjugated with aptamers could
detect the tumor-derived EVs and seven kinds of EVs protein
biomarkers from a serum sample (<1 pl), including breast
cancer, lung cancer, ovarian cancer, prostatic cancer, HCC
and lymphomas, which only cost one dollar within 3 hr
(Table 2). This vital finding provides an unprecedented quan-
tification method to detect ample purer cancer-derived
exosomes efficiently in multiple cancer samples.

The Clinical Applications of Tumor Exosomes
Diagnosis biomarkers

Exosomal ingredients are always highly expressed in cancer
progression, which can be detected in the early stage of can-
cer. Li et al.”® described the potential diagnosis value of ample
exosomal RNAs, such as miRNAs, circRNAs and IncRNAs in
plasma via long RNA sequencing. Fan et al.”® validated almost
2,000 upregulated and downregulated circRNAs in esophageal
squamous cell carcinoma (ESCC) tissue, filling the diagnostic
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circRNAs gap in ESCC. Jin et al.®* observed and identified
ample special miRNAs which could differentiate adenocarci-
noma and squamous cell carcinoma in NSCLC. These highly
sensitive miRNAs biomarkers are conducive to diagnose early
NSCLC. Liu et al.’® utilized receiver operating characteristic
(ROC) curve analysis and identified distinct diagnostic plasma
miR-486-5p of CRC. Taylor et al.’® utilized miRNA profiling
to further assessed the prospects exosomal miRNAs as prom-
ising diagnostic markers of ovarian cancer. Lai et al.”’ ana-
lyzed the level of miRNAs and glypican-1 in PDAC and
chronic pancreatitis (CP), concluded that miRNA is more
advantageous in diagnosing PDAC. However, available RNA
biomarkers for cholangiocarcinoma (CCA) and HCC has not
been discovered. Arbelaiz et al.’® discovered abundant onco-
genic proteins from human saliva and serum. And in GC
microenvironment, Fu et al.’® proposed that TRIM3 protein
upregulated stem cell factor and EMT regulatory factor
inhibited metastatic proliferation, suggesting another strategic
approach to optimize diagnosis of patients with GC. Common
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tumor-related exosome ingredients including RNA and pro-
tein are not availably detected in prostate cancer, other exo-
somal ingredients, like small metabolites, are significantly
lower in urine from prostate cancer patients.'” Similarly, the
high-level of exosome lipids in urine is also remarkably differ-
ent, which has the value of diagnosing prostate cancer.'’" Fur-
ther researches focusing on intrinsically bioactive ingredients
loaded by exosomes might offer a unique avenue on tumor
aggressiveness and concomitantly enhance our understanding
of potentially harmful factors in cancer patients.

Therapeutic applications

RNA therapeutic agents. Exosome-dependent RNA therapy
such as small interfering RNA (siRNA) loading significantly
impairs malignancies. For instance, Kamerkar et al.'®* pro-
posed a CDA47-reliant engineered exosome that specially
deliver siRNA to target oncogenic KRAS mutation, which
drove pancreatic cancer. To make exosomes be envisioned as
a generic siRNA delivery system raises great interests in gene
therapy. To exploit the reproducible siRNA loading method,
Stremersch et al.'® reported a novel nanoplatform that real-
ized exosome-like microvesicles surface-binding cholesterol-
attached siRNA. Pi et al'® presented another modified
exosome that relied on RNA nanotechnology, which allowed
cholesterol to anchor RNA and resulted in RNA ligand-
displaying on membranal exosomes, when these exosomes
integrated with prostate-specific membrane antigen aptamer
or breast-specific EGFR aptamer, subsequently suppressed
prostate and breast cancer xenograft. In order to better encap-
sulate miRNA in plasma-derived exosomes and preserves their
target specificity, Li et al.'® designed an exosomes fused with
CD9 and HuR that triggered the enrichment of miR-155 in
EVs, subsequently was delivered to recipient cells and
achieved the endogenous target specificity. Hobor et al.'®
demonstrated an RNA-binding Syncrip’s amino-terminal
domain selectively targeted miRNA in exosome-like vesicles
through the recognition between the N-terminal unit for RNA
(NURR) and Syncrip’s RRM 5 as well as hEXO sequence.
Thus, to engineer exosomes for RNA loading by binding a
functionalized fusion protein is flexible and feasible. In sum,
these results define the underlying value of versatile exosomal
RNA-dependent cancer therapeutics, and provide several opti-
mization schemes for optimizing exosome-mediated delivery
as well.

Drug carriers. To reverse the drug resistant-cancer cell sub-
populations is a crying need to prompt outcomes of patients
with malignancies in clinic. Drug-modified exosomes can
solve this problem, which has made rapid progress. Ma
et al'” found that tumor regenerated cells can absorb
exosomes packaged with antitumor drugs, including efflux of
interventional drugs and acceleration of drug entry into the
nucleus, which raised interests in reversing drug resistance.
And Kim et al'® demonstrated a novel exosome-based
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system named paclitaxel-loading exosomes, further improved
efficacy in the treatment of multidrug resistant cancer cells,
through sonication-modified membranal reformation of
exosome-like vesicles. Importantly, loading of conventional
methods is too low for proteinic drug loading and exists obvi-
ous lack of target cell specificity, leads exosome-like vesicles
to be restricted by intracellular transmission of drug-based
therapeutics. Yim et al.'® proposed a systematic nanoplatform,
protein loading via optically reversible protein-protein interac-
tion (EXPLORs), which utilized blue light to achieve carry of
diverse functional proteins including Cre recombinase into
exosome-like microvesicles. Lin et al.''® revealed a novel
exosome-reliant delivery nanoplatform modified by the
micelle-aided manner, which installed an integrin a3p1-binding
octapeptide cNGQGEQc for NSCLC targeting, for integrin
a3p1 specifically displayed on NSCLC cells. Kooijmans et al.'''
designed a nanoparticle that displayed on exosome surface via
glycolipatidylinositol (GPI) to enhance target cell specificity
and enable exosomes to achieve therapeutic applicability. And
Qi et al''"? developed an exogenous exosomes-dependent clus-
ter of dual-functional superparamagnetic nanoparticles, which
contributed to higher cancer targeting specificity in the mag-
netic field. Above all, the design of exosomal drug carriers with
efficient delivery ability represents an important step in the
development of tumor therapeutic agents.

Challenges and Future Outlook

Although we have achieved good results in targeted cancer
therapies and immunotherapies, malignant tumors are still
difficult to cure and more specific mechanisms of tumor
metastasis, drug resistance and immunosuppression are still at
an early stage and remain elusive. What’s more, potential
cancer-related pathological phenotypes like fibrosis and viral
infection provide a specific perspective for revealing the ratio-
nale of cancer-derived exosomes in physiopathologic lesions,
which may contribute to the progress of personalized cancer
therapy 1 day. Tumor cells and related significant changes,
release multifunctional tumor-derived exosomes, reshape the
surrounding microenvironment and resist antitumor therapy
in the process of tumorigenesis. In addition, tumor cells
secrete exosomes, which change the microenvironment of dis-
tal organs through the composition of various body fluids
such as lungs and liver, contributing to better tumor growth.
Immune release and immunosuppression occur before cancer
invades, and also due to exosome-mediated changes in the
density of various immune cells, targeting tumor-related
exosome therapy. More and more evidences show that
exosomes are involved in tumor invasion, which may be an
exploitable target. Furthermore, compared to the existing
biology-based drug delivery system, the application of stem
cell exosomes has several merits. These cell-derived and nano-
scale vesicles are abundant in body fluids, including peripheral
blood, urine, cerebrospinal fluid and supernatant of cultured
cells in  wvitro, which have significantly  superior
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biocompatibility to deliver their contents, such as genetic
information and proteins, through the fusion of cell mem-
branes. These superiorities have led to new therapeutic appli-
cations, especially contribute to potent detection of bioactive
markers, drug delivery cargo and therapeutics of patients with
cancer. The current development of exosomal drug delivery
technology has markedly changed the current status of cancer
patients. The delivery of chemical drugs such as RNA thera-
peutic exosomes has gradually turned to the clinical applica-
tion of tumors. In particular, nanotechnology-modified
exosomes possess superior biocompatibility which are prone
to become a “future star” of antitumor vaccines. Also,
exosomes have broad prospects in pharmaceutical and health

care. In brief, although the further study of exosomes as an
agent or a drug carrier remains basically stuck in the early
theoretical stage, these must be transformed into practical
applications for the benefit of patients in clinic.
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Exosomes are a type of extracellular vesicle (EV) with diameters of 30-150 nm se-
creted by most of the cells into the extracellular spaces and can alter the microenvi-

Correspondence

Ali S. Arbab, Georgia Cancer Center,
1410 Laney Walker Blvd., Room # 3315,
Augusta, GA 30912, USA.

Email: aarbab@augusta.edu

ronment through cell-to-cell interactions by fusion with the plasma membrane and
subsequent endocytosis and release of the cargo. Because of their biocompatibility,
low toxicity and immunogenicity, permeability (even through the blood-brain barrier
(BBB)), stability in biological fluids, and ability to accumulate in the lesions with higher
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specificity, investigators have started making designer's exosomes or engineered ex-
osomes to carry biologically active protein on the surface or inside the exosomes as
well as using exosomes to carry drugs, micro RNA, and other products to the site
of interest. In this review, we have discussed biogenesis, markers, and contents of
various exosomes including exosomes of immune cells. We have also discussed the
current methods of making engineered and designer's exosomes as well as the use
of engineered exosomes targeting different immune cells in the tumors, stroke, as
well as at peripheral blood. Genetic engineering and customizing exosomes create
an unlimited opportunity to use in diagnosis and treatment. Very little use has been

discovered, and we are far away to reach its limits.

KEYWORDS
engineered exosomes, designer's exosomes, manipulation of biogenesis, exosomes, and
immune cells, separation of exosomes, therapeutic exosomes

1 | INTRODUCTION

transport and fusion proteins (GTPases, annexins, and Rab proteins),
nucleic acids (MRNA, miRNA, and long noncoding RNAs and DNAs),

Exosomes are a type of extracellular vesicle (EV) with diameters of
30-150 nm secreted by most of the cells into the extracellular spaces
and can alter the microenvironment through cell-to-cell interactions
by fusion with the plasma membrane and subsequent endocytosis
and release of their cargo.}™ Irrespective of the origin of parent
cells, exosomes share common features such as certain tetraspanins
(CD9, CD63, and CD81), heat shock proteins (HSP 60, Hsp 70, and
Hsp 90), biogenesis-related proteins (Alix and TSG 101), membrane

and lipids (cholesterol and ceramide).?”® Because of their biocom-
patibility, low toxicity and immunogenicity, permeability (even
through the blood-brain barrier (BBB)), stability in biological fluids,
and ability to accumulate in the lesions with higher specificity,c”'15 in-
vestigators have started making designer's exosomes or engineered
exosomes to carry biologically active protein on the surface or inside
the exosomes as well as using exosomes to carry drugs, micro RNA,

and other products to the site of interest.1167%?

This article is part of a series of reviews covering Extracellular vesicles appearing in Volume 312 of Immunological Reviews.
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When searched in PubMed using the term exosomes, there were
only 84 publications between 1950 and 2000. However, using the
same search word there were 5001 publications in 2021, and 1402
are published as review articles. When the search term is used as
“exosomes in immunology” PubMed produce 581 publications in
2021 including 215 review articles. A total of 123 publications since
2010 mentioned the term “engineered exosomes” in the title or the
abstract and only 21 publications dealt with engineered exosomes in
immunology since 2010. Among them, only 6 review articles discuss
the application of engineered exosomes in immunotherapy.*¢-2°724 |t
is obvious that engineered exosomes in the field of immunotherapy
are still in infancy and untapped.

Recently our laboratory has achieved a few milestones in exo-
some technology: (1) we developed a platform to make engineered
exosomes using nontumorous HEK293 cells that carry and express
specific cell-targeting peptides to detect specific cells in vivo when
administered intravenously; (2) we used these engineered exosomes
as a therapeutic probe to deplete specific cells in the body; (3) we
optimized the methods to collect a uniform-sized large amount of
exosomes from different cells using a combination of size exclusion
and centrifugal filters in shortest possible time; (4) we showed dif-
ferential biodistribution of exosomes collected from different cells in
tumor-bearing animals using clinically relevant single-photon emis-
sion computed tomography (SPECT).2>?¢ In this review article, we
will revisit the current version of the biogenesis of exosomes using
tumorous and nontumorous cells, how to manipulate the biogene-
sis mechanism to make engineered exosomes to express protein or
RNA of interest in the exosomes and how to make designer's exo-
somes to carry nanoparticles, micro RNA, chemotherapeutics, and
others. All possible biogenesis of engineered exosomes and their
applications will be around the subject matters of immunotherapy,

especially targeting tumor microenvironment (TME).

2 | CURRENT VIEW OF BIOGENESIS OF
EXOSOMES

The biogenesis of exosomes starts from the process of plasma mem-
brane invagination, the formation of early and late endosomes, the
formation of the multivesicular body (MVB), the generation of ex-
osomes as intraluminal vesicles (ILVs), and the secretion of the ILVs
as exosomes extracellularly.?’ MVB is composed of ILV particles
of different sizes, which range from a few nanometers (nm) to mi-
crometers (um). The common consensus is that size of the exosomes
ranges from 30 to 150 nm.2® The biogenesis of exosomes is a highly
regulated process and involves many steps and proteins.29 First
ubiquitin-binding protein Golgi-Localized y-Ear-Containing ARF-
Binding (GGA), Vps27/Hsel, and clathrin form an endosomal clathrin
coat, which acts as a cargo loading site for ESCRT machinery. The
ESCRTs ESCRT-O, -1, -ll, -lll, and Vps4 then form the multivesicular
body. Interestingly, the ESCRTs are also involved in the invagination
of multivesicular body and formation of ILVs’ where ESCRT IlI takes
part in scission® of ILVs in the lumen. Along with ESCRTs syndecan,
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ceramide and tetraspanins are involved in ILVs biogenesis.* Several
ESCRT and related proteins including HRS, STAM1, TSG101, ALIX,
and VPS4 are involved in MVB docking31 with membrane and
SNAREs are responsible for fusion of MVB with membrane and re-
lease of ILVs.22 In contrast to exosomes, microvesicles, another type
of EV sizing 100-1000 nm are generated by direct outward budding
of the plasma membrane with the help of several GTPases. Figure 1

shows the current view of exosome biogenesis.

2.1 | Importance of tetraspanins and their
manipulation for biogenesis

EVs are secreted by all types of cells. Among the EVs, exosomes con-
tain a specific amount and types of components based on the cell of
origin. Alongside genetic materials and lipids, proteins are one of the
major components in the exosomes. Exosomes show protein hetero-
geneity because the parent cells are secreted from having different
types of protein contents. One of the large protein families present
on the surface of exosomes is tetraspanins. Exosomes have their
tetraspanin-enriched microdomains (TEMs) and form a cluster on
the surface. By their cluster, they can interact with numerous signal-
ing molecules.®3** Almost all exosomes have three major types of
tetraspanins CD63, CD9, and CD81, which are also being used as
exosome markers. Tetraspanins are involved in exosome biogenesis
processes and sorting cargo of the exosomes. Tetraspanins are also
involved in the attachment with the target cell as well as in antigen
presentation.35 They also regulate cellular motility and migration and
have shown their role in the metastasis of tumors.2® CD63 interacts
by its C terminal with protein complex and attaches the exosomes
with membrane to clathrin-dependent pathways.®” CD9 marker is
not specific for endosomes small vesicles (like exosomes) because
the presence of this marker in large vesicles was also noted.® CD9
transfer from the endoplasmic reticulum to Golgi in B cell has the
involvement of CD81.%? CD9 and CD81 have been shown to interact
with G proteins.*® Additional to these, tetraspanins have different

other functions.

2.2 | Manipulation biogenesis to control the
contents of the exosomes in the lumen and on
its surface

To meet up the protein deficiency and dysfunction, overexpres-
sion of the target protein is a way to increase the protein con-
tent of exosomes.*! In this process, certain proteins in the donor
cells are overexpressed and that overexpressed protein goes to
exosomes by their normal sorting. Excessive protein-containing
exosomes are released from cells and can be collected for using
further studies or therapies. The downside of this process is pos-
sible cytotoxicity and the proliferation inhibition of donor cells. An
alternative approach to this process is using ubiquitin. Ubiquitin is
one of the most abundant proteins.*? By using Ubiquitin, a target
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FIGURE 1 Biogenesis and secretion of exosomes and microvesicles. Microvesicles are generated by outward budding of the plasma
membrane with the help of several GTPases. The process of biogenesis and release of exosomes into the extracellular space encompasses
several distinct steps: (1) invagination of plasma membrane and formation of early endosomes, (2) inward protrusion of early endosomal
membrane to generate late endosomes, (3) formation of multivesicular bodies (MVBs) that contain intraluminal vesicles (ILVs), (4) docking
of the MVBs to the cellular plasma membrane, (5) exocytosis of the exosomes into the extracellular milieu. Some of the MVBs may go into
lysosomal degradation. Several molecules are involved in the biogenesis and release of microvesicles and exosomes. ESCRT, endosome
sorting complex required for transport; RAB, RAS-related protein; ALIX, ALG-2 interacting protein X; nSMase2, neutral sphingomyelinase
2; SNARE, soluble NSF attachment protein receptor; VAMP7, vesicle-associated membrane protein 7; SNAP23, synaptosomal-associated
protein 23; Syx1A, syntaxin 1A; ARF, ADP, ribosylation factor; RohA, Ras homolog family member A; A-SMase, acid sphingomyelinase

protein can be expressed 10-fold higher than normal by conju-
gating the target protein in the C terminal of ubiquitin, which has
been shown in HEK 293 cell.*® In exosomes, MHC-II B-chain cyto-
plasmic tail ubiquitination turns them to be sorted, therefore this
ubiquitination platform could be used to package cargo protein in

exosomes.**

2.3 | Biogenesis of exosomes in immune cells

Similar to other cells, immune cells also release exosomes abun-
dantly that carry membranous, cytosolic, and even nuclear mol-
ecules (DNA, RNA) characteristic of the cells of origin. Given the
numerous types of immune cells, exosomes derived from immune
cells play crucial and complex physiological and pathological roles
within the already complex immune system. Functional molecules of
exosomes, derived from various immune cells and their effects are

summarized in Figure 2.

2.3.1 | Macrophages
Macrophages are innate immune cells, which exert diverse func-
tions through their secreted exosomes and are shown to be involved
in the progression of the disease by their bioactive molecules.*>*#¢
The biogenesis of exosomes in macrophages is the same as in other
cell types. Different studies have confirmed that the exosome con-
tents of macrophages and the surface proteins are secretory cell-
specific.*’ As macrophages are of three types, MO (nonpolarized),
M1, and M2 (polarized), there are three types of macrophage-derived
exosomes, and different studies investigated the role of MO, M1,
and M2 macrophage-derived exosomes.*®>° Macrophage-derived
exosomes are shown to exert their effects in different pathological
conditions by activating different gene signaling pathways; mostly
for progression and metastasis.”?

The main content of macrophage exosomes are miRNAs, long
noncoding RNAs (IncRNAs), and proteins.52 Some miRNAs are

found in higher levels in M2 macrophage-derived exosomes than in
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FIGURE 2 Functional molecules in the
exosomes released from different immune
cells
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M1 macrophage-derived exosomes.’®> Among the major miRNA in
macrophage-derived exosomes for cancer progression, drug resis-
tance and cancer inhibitions are miR-29a, miR-92a-2, miR-95, miR-
125a/b, miR-142, miR-21, miR-155, miR-7, and miR-146a. The major
proteins present in the macrophage-derived exosome are ApoE,
IL-6, and AMAD15.%® Other components in macrophage exosomes
are mRNA, tRNA, and ribosome but there is no evidence of active
DNA 5455

2.3.2 | Myeloid-derived suppressor cells

MDSCs are myeloid heterogeneous cells grouped in an immature
state. The major two subgroups of MDSC are monocytic MDSC (M-
MDSC) and granulocytic MDSC (G-MDSC), which are differentiated
based on Ly6C high (M-MDSC) or Ly6G high (G-MDSC). Annexins,

tetraspanins, cytoskeletal proteins, and heat shock proteins (HSPs)
are common in exosomes released by MDSC, which are similar to
other cell-derived exosomes. Tetraspanins (including CD9, CD177),
Hsp70, Hsp90a, Hsp%0p, Alix, and the ESCRT complex are charac-
teristic proteins of exosome biogenesis and cargo sorting are also
present in MDSC exosomes.’® Some pro-inflammatory proteins
S100A8/9, CD47, and thrombospondin-1 as well as platelet factor-4
are also enriched in exosomes are also enriched in MDSC-derived ex-
osomes. MDSC-derived exosomes contain abundant ubiquitinated
proteins such as the ubiquitinated histones, and the nonhistone
nuclear protein high mobility group box (HMBG).>’ Transforming
growth factor-B1(TGF-p1) is 4.3 times higher in MDSC-derived ex-
osomes than in the MDSC cell.® Cancer progression miRNAs are
abundant in exosomes derived from MDSC, which are mainly miR-
146a, miR-146b, miR-155, miR-125b, miR-100, let-7e, miR-125a, and
miR-99b.%
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2.3.3 | Tecells

Like many other cells, T cells also release exosomes but very few
studies have been conducted about the T cell exosome biogenesis.
T cell released exosomes mostly showed the immune modulation
function.®°7%? Cytotoxic T cells release the lethal protein perforin
as well as granzymes to the target cell through exosomes.®® Even
apoptosis changes the protein content of T cell released exosomes
when compared between an activated T cell released exosome and
apoptotic T cell released exosome.®*%> One of the components of
T cell exosomes is FasL, secreted as “lethal exosomes” following
activation-induced fusion of the MVB with the plasma membrane.®®
Along with FasL, APO2 ligand (APO2L)/TNF-related apoptosis-
inducing ligand (TRAIL) has also been found in T cell exosomes.®® A
study demonstrated that T cell exosomes express thrombospondin-
1 receptor CD47 and it regulates endothelial cell responses to vas-
cular endothelial growth factor (VEGF).*’

2.3.4 | Dendritic cells

Dendritic cells (DCs) are regarded as specialized and most potent
antigen-presenting cells (APC) mediating crucial functions in innate
and adaptive immune responses. They can efficiently process and
present antigens followed by triggering the proliferation, activation,
and differentiation of naive T cells.®® Research has shown that like
DCs, exosomes released from activated DC also express MHCII com-
plex and T cell co-stimulatory molecules and are involved in antigen
presentation.®®’° It has been found that exosomes derived from ma-
ture DCs contain CCR7, a chemokine receptor that directs mature
DCs to peripheral lymphoid tissues which also analogously regulates
the increased accumulation of these exosomes in the spleen and in-
flammatory responses upon injection in mice.”* Although DC-derived
exosomes can activate T cells through stable interactions with TCR
complexes, the extent of the activation depends on DC developmental
stage. Generally, T cells are more efficiently activated by mature DCs
than immature DCs, and mature DCs release exosomes to facilitate
immune-stimulatory responses, whereas immature DC exosomes ex-
hibit a potent immune-suppressive response.72'73 Immunosuppressive
molecules, such as TGF-B, NKG2D, and death ligand FasL expressed
by immature DCs following response to tumors, can inhibit natural
killer (NK) cells, macrophages, and neutrophils.”*”> Furthermore, DC-
derived exosomes expressing HLA-B associated transcript-3 (BAT3)
bound to NKp30 receptor in NK cells and stimulate the secretion of
TNF-a and IFN—y.76 Through IL-15Ra and NKG2D, DC-derived ex-
osomes also enhanced NK cell proliferation and activation.?®

3 | CURRENT METHODS TO
DIFFERENTIATE EXOSOMES VS EV
PARTICLES

EVs are divided into three main classes’”: Exosomes, Microvesicles
(also known as microparticles or ectosomes), and apoptotic

bodies. Exosomes are produced within the endosomal network as
MVB, which are released upon fusion with the plasma membrane.
Exosomes are identified by specific markers, for example, Alix, tet-
raspanin. These markers denote their specific endocytic origins
and a combination of the markers is preferred. Microvesicles are
formed by outward budding and fission of the plasma membrane.
Apoptotic bodies are released as blebs of cells undergoing apopto-
sis. Characteristics and main differences between different EVs are

shown in Table 1.

3.1 | Specific markers of exosomes
Several exosomal proteins have been identified and are generally
been used as exosome markers. A summary of common exosomal
protein markers, their location in the exosomes, and collection and
detection methods of these proteins is shown in Table 2 and Figure 3.
Alix (or PDCD6IP, also known as Programmed cell death
6-interacting protein) regulates the endolysosomal system and reg-
ulates neuronal death as demonstrated by the upregulation of Alix in
degenerating hippocampal neurons after epileptic seizures.'03
EDIL 3 (or EGF Like Repeats and Discoidin I-Like Domains
Protein 3, also known as Developmental Endothelial Locus 1) is a
pro-angiogenic factor and a regulator of endothelial cell adhesion

104

and migration.™" It is an extracellular matrix protein that contains 3

EGF-like domains. One of the domains contains an RGD (Arg-Gly-
Asp) motif, which facilitates its interaction with integrins.105

HSP70 (heat shock proteins) are membrane-bound and extracel-
lularly located proteins that maintain protein homeostasis as a chap-
erone in the cytosol. It also has cytoprotective effects. Since the
synthesis of HSPs is induced by stress, heat, and other chemical and
mechanical stimuli, a variety of HSPs (namely HSP70 and HSP90)
have been frequently found in the plasma membrane of the tumor
cells. HSPs are isolated by uItracentrifugation.97

Several isolation methods have been developed to detect
exosomes but the combination of methods yields the best re-
sults. Exosome markers like PDCD6IP (Programmed cell death
6-interacting protein, also known as Alix), CD24, CPNE3, EDIL3,
Fibronectin, FLOT1, HSP70, TEX, TfR, and TSG101 can be detected
by ultracentrifugation.%%% Immunohistochemistry detects exo-
somes like CD9, CD24, CD63, CPNE3, Exo-PD-L1, and CD81.2¢

TEX (or tumor-derived exosomes) are ubiquitously present in the
plasma and TME in all body fluids of cancer patients.’®® These exo-
somes facilitate immune-regulatory activities.”®

Pineles et al. (2022) conducted an observational cohort study
on term/near-term neonates undergoing therapeutic hypothermia
(TH) for hypoxic-ischemic encephalopathy (HIE), where they puri-
fied CNS exosomes from serum using several established methods.
In this study, the researchers concluded that CNS exosome cargo
acts as biomarkers that correspond with the severity of brain injury,
response to TH, and quantify pharmacological response to neuroac-
tive therapeutic/adjuvant agents. Synaptopodin (SYNPO) is a pro-
tein contained within the neonatal CNS exosomes and is specific to
HIE.X7
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TABLE 1 Characteristics and main differences between extracellular vesicles subtype

Traits

Biogenesis

Release time

Exosomes

Endosomal origin and exocytosis

Ten minutes or more

Pathways ESCRT-dependent
Tetraspanin-dependent
Ceramide-dependent
Stimuli-dependent

Size 30-150 nm

Appearance- Spheroid/cup shape

electron
microscopy
Density 1.13-1.19 g/ml

Isolation method

ultracentrifugation, ultrafiltration,
precipitation, size exclusion
chromatography, immunoaffinity
capture-based, microfluidics-based,
polymer-based, etc.

78-81

Microvesicles

Outward budding of the plasma
membrane

Few seconds

Ca2+-dependent
Stimuli- and cell-dependent

100-1000 nm

Irregular and electron-dense

1.04-1.07 g/ml

Ultracentrifugation

Proteins, nucleic acids, lipids, and
metabolites

Anexin V, Flotillin-2, Selectins,
Integrins, CD40 ligand,
metalloproteinase

Cell-cell communication
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Apoptotic bodies

Outward blebbing and fragmentation
of the plasma membrane

Apoptosis-related

1000-5000 nm

Heterogeneous

1.16-1.28 g/ml

No standardized protocol

DNA fragments and histone, chromatin
remnants, cell organelles, cytosol
portions, degraded proteins

Anexin V, DNA, histones

Product of programmed cell death.

Content Proteins, nucleic acids, lipids, and
metabolites
Typical Tetraspanins (CD9, CD63, CD81), ESCRT
constituent proteins (Alix, TSG101), Integrins
proteins (-a, -B), heat shock proteins (HSP90,
HSP70)
Function Cell-cell communication
3.2 | Specific markers for immune cell-

derived exosomes

Various cellular components take part in the formation of both the
innate and adaptive components of the immune system. Among
the several biological functions of exosomes on immune systems,
the most significant ones are immunomodulation including immune
suppression and various anti-inflammatory processes; cell-to-cell
communication including antigen presentation, NK cell, and T cell
activation.10®

Among all the immune-cell-derived exosomes, DC-derived exo-
somes are the most vital as they exist in multiple populations, and
effectively initiate the antigen-specific immune response by efficient
activation and proliferation of T cells, thus promoting immunity.
A combination of various cell markers is used to identify the DCs.
Exosomes derived from DCs have an essential role in several diseases,
including autoimmune diseases, cardiovascular diseases for exam-
ple, acute MI, or transplant medicine.’®” Leone et al. demonstrated
that DCs are identified by CD107a/LAMP-1 (lysosome-associated
membrane protein-1) and CD107b/LAMP-2 (lysosome-associated
membrane protein-2) that are present on the surface of DCs.*° APC-
derived exosomes originate from inward invagination of the internal
vesicles of the MHC class Il compartment (MIIC). Immunoelectron
microscopy of B cells and DCs demonstrates that MVE (multivesicu-
lar endosomes) limiting membranes fuse with the plasma membranes

Removal of unwanted cells

and the internal vesicles within the MVE express MIIC-specific
markers LAMP-1, MHC-Il, CD63 and CD82.1*' DC-derived exo-
somes stimulate the proliferation of allogeneic lymphocytes. On the
other hand, APC-derived exosomes express MHC-Il and stimulate T
cells.*?2 DC-derived exosomes that express MHC-l and CD86 can ef-
fectively generate CD8+ T cell response against tumors.®’ The long-
term culture method which supports the production of myeloid-like
and immature myeloid DC,**® both lack expression of MHC-II or
CD40 but myeloid-like DC expresses CD11c, CD11b, CD80, CD856,
and immature DC expresses Fcyll/IIIR.1*

Macrophage-derived exosomes are of monocytic lineage.
These exosomes participate in immune response after cardiac
injury following Ml or other cardiac injuries through the recruit-
ment of other macrophage components. Following MI (or cardiac
injury), for the first few days, the M1 macrophage peaks, then
macrophages shift from M1 to M2. This shift signifies the pro-
inflammatory and pro-phagocytic response of M1 macrophage
and the anti-inflammatory response of M2.1*> Notable microRNA
contained within the exosomes taking part in this process are miR-
155, miR-19, miR-21, miR-146, and miR-223. Of note, these miR-
NAs inhibit fibroblast proliferation and stimulate inflammation,
which in turn creates a pro-inflammatory environment in cardiac
muscles. Detecting these miRNAs in macrophage-derived exo-
somes can provide a significant clinical understanding of myocar-

dial diseases.'*¢
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TABLE 2 Exosome protein markers

Exosome markers Location Collection and detection methods References
Alix (PDCD6IP) Cytoplasm Ultracentrifugation 82,83
CD9 Plasma membrane Immunohistochemistry S
CD24 Plasma Ultracentrifugation; Immunohistochemistry 87,88
CDé63 Plasma membrane and cytosol Immunohistochemistry AT
CD81 Plasma membrane Immunohistochemistry 84
CPNE3 Plasma Ultracentrifugation; Immunohistochemistry oA
EDIL3 Plasma Ultracentrifugation 87,92
Exo-PD-L1 Serum Immunohistochemistry S
Fibronectin Plasma Ultracentrifugation 87,94
FLOT1 Plasma membrane Ultracentrifugation, immunoblotting EEET
HSP70 Serum, plasma membrane Ultracentrifugation 77
TEX Plasma Density gradient ultracentrifugation; size £
exclusion chromatography (SEC); Differential
centrifugation; Ultrafiltration
TfR Perinuclear or plasma membrane Ultracentrifugation; Size-exclusion chromatography 99,100
(SEC)
TSG101 Cytoplasm Ultracentrifugation, imnmunoblotting LoLie2

Abbreviations: CPNE3, Copine Ill; EDIL3, EGF-Like Repeats and Discoidin I-Like Domains Protein 3; Exo-PD-L1, Exosomal programmed cell-death

ligand 1; FLOTZY, flotillin 1; PDCD6IP, Programmed cell death é-interacting protein; TEX, Tumor-Derived Exosomes; TfR, Transferrin receptor;

TSG101, Tumor susceptibility gene 101.
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FIGURE 3 Schematic diagram showing common exosomal
markers

B-cell-derived exosomes contain MHC-Il complexes. Schroeder
et al demonstrated that in HNSCC (head neck squamous cell carci-
noma) involving B cells PD-1, CTLA, LAG3, and CD137 are increased
in some patients.'*” PD-1 expression decreases BCR signaling, and
subsets of PD-1 may also be found to be elevated in hepatocellular
cancer and thyroid cancer.”* CTLA4 expression, which is associated
with inhibitory effects on immunoglobulin production, is reported to
be elevated in B cell malignancies and malignant melanoma,''® LAG3
(CD223) is a “checkpoint receptor” that regulates TCR signaling and
function.!’ CD137, expressed on activated B cells in peripheral

blood and on tonsillar B cells, in turn, enhances B cell proliferation,
improves survival, and induces secretion of TNF-a & _B.uo Mature
B cells express CD39 (“B cell activation marker”) and CD73 on their
surface. CD39 and CD73 are considered “immunological switches,”
that shift from pro- to anti-inflammatory activity in the cells, create
an immunocompromised environment, and contribute to the pro-
gression of cancer.!?!

T cell-derived exosomes are determined by their surface
markers, CD3, CD4, CD8, CD27, and CD28. Loss of CD27/CD28
has been associated with suppressive function and cancer cells

1.122 showed

maintain their proliferative capacity.®* Wabhlgren et a
that exosomes from IL-2, anti-CD3, and anti-CD28 stimulated T
cells to express CD9, CD63, and CD81 markers on their surface.
These exosomes carry RANTES (CCL5) which promotes cytotoxic

response.

4 | CURRENT METHODS OF SEPARATION/
COLLECTION OF EXOSOMES

The most commonly used methods of exosome isolation are ultra-
centrifugation and precipitation. The gold standard for exosome iso-
lation is ultracentrifugation. Precipitation is another most common
method for exosome isolation from plasma. Coughlan et al. (2020)
used ExoQuick® ULTRA EV lsolation Kit for Serum and Plasma
(Systems Biosciences) for precipitation of exosomes due to the ease
of extracellular vesicle preparation, significantly depleted num-
ber of both IgGs or albumin, and relative enrichment of exosomes
based on Nanoparticle Tracking Analysis (NTA) assessment of size

27
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and concentration.'?® Ultracentrifugation method produces highly
enriched EVs but it is low-throughput and specific infrastructure
(i.e., ultracentrifuge) and expertise is required to be performed cor-
rectly.123 Precipitation methods are significantly faster than ultra-
centrifugation methods and they prepare higher concentrations of
exosomes. It also produces extracellular vesicles that have a signifi-
cantly low number of both IgGs and albumin. A schematic summary
of the processes involved in different exosome isolation techniques
is shown in Figure 4.

For isolating exosomes, several techniques have been developed
by exploiting a particular trait, such as the size, density, and surface
markers of exosomes. However, each of these techniques comes
with its own limitations which must be addressed for downstream
applications. The advantages and disadvantages of commonly ap-
plied methods are shown in Table 3.

While the precipitation method provides the most effective exo-
some isolation (~90%), it takes a long time to achieve exosomes via
this method. On the other hand, differential centrifugation takes less
time (~9 hours) but the EV yield is variable, sometimes as low as 2%.
AF4 (Asymmetric flow field-flow fractionation) process takes only 1
hour but its sample preparation may take up to 3days. Newer, meth-
ods are quick, easier to detect, and can be commercially used.

Helwa et al.**® compared different exosome extraction meth-
ods. They used 6 different volumes of human serum samples versus
commercial serum samples from human donors and concluded that
even with limited amounts of biological samples, commercial kits
miRCURY, ExoQuick, and TEIR are suitable alternatives to ultracen-
trifugation. Also, exosomes isolated by these techniques and serum
volumes had similar zeta potentials to previous studies. In this study,
the NTA results showed that all isolation techniques produced exo-
somes within the expected size range (30-150 nm).

Additionally, exosome isolation methods can be categorized
based on their recovery time and assay time (Tables 4 and 5).

Newer methods have been developed that aim for better recov-
ery and specificity. These include:

e Acoustics (or acoustic-based separation methods)***: This exo-
some separation method uses acoustic frequency (as high as ~40
MHz) through a series of cell-removal and exosome-isolation mod-
ules and can separate particles based on their physical properties
such as size difference, and acoustic contrast factors.’> Current
methods are only based on biological fluids (e.g., undiluted blood
samples). This method requires specialized equipment and signif-
icant time owing to its preprocessing of liquid samples.}*®

e Alternating current electrophoretic147: Another rapid exosome
isolation technique is alternating current electrokinetic (ACE)
microarray that has been shown to rapidly isolate and recover
glioblastoma exosomes from undiluted human plasma samples.!¥”

This method requires a small plasma sample and can take up to 15

minutes to isolate exosomes. This method is used to isolate vari-

ous sample types including undiluted blood, plasma, serum, high-

molecular-weight DNA, viruses from high conductance buffers,
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and drug delivery nanoparticles. The principle of this method is
based on creating an alternating current (AC) electric field by gen-
erating a dielectrophoretic (DEP) separation force generated by
the ACE microarray.*®

Field-flow fractionation (FFF): Field-flow fractionation is a
chromatography-like separation technique that is based on the
principle of fractionation of macromolecules, colloids, and par-
ticles. A laminar flow of liquid between two walls is pushed by
an external field force.' It is a rarely used method of exosome
separation.'*°

Asymmetric flow field-flow fractionation (AFFF, A4F, or AF4):
The principles of AF4 isolation methods are based on the tech-
niques of “field-flow fraction (FFF)” which was developed in 1966
by Giddings.*>! The AF4 instruments are commercially available
and require minimal expertise (requires only basic knowledge of
software) and can separate exomeres from other exosome sub-
populations. Although the AF4 fractionation step takes only one
hour, the total steps from cell culture to exosome/exomere isola-
tion from the conditioned media by ultracentrifugation can take
approximately three days. Although this method certainly has
some major advantages, the significant drawbacks this method
possesses are its inability to handle large samples and its inade-
quate separation of exosomes based on their sizes.?’
Deterministic lateral displacement (DLD) arrays: DLD is a passive
microfluidic technique that separates particles based on their
size, shape, deformability, and charge. A flat microfluidic channel
is filled with a regular array of micropillar obstacles, which creates
a periodic flow pattern in a “zigzag” manner, creating the potential
for the separation of both cellular and nanoparticles. It is a low-
cost separation method.!>?

(Moved up) Field-free viscoelastic flow: This method is based on
the principle that particle migration is caused by size-dependent
elastic forces in a viscoelastic medium. This method is more pre-
cise than other microfluidics techniques because it is possible to
separate particles of submicrometer diameter from a very small
volume of samples.t>3

Fluorescence-activated sorting (especially for larger EVs including
large apoptotic bodies and large oncosomes): This sorting method
separates specific cell populations by phenotypes that can be de-
tected by flow cytometry. This method is best for characterizing
a single cell population without being contaminated by other cell
populations.*>*

High-throughput/high-pressure methods such as fast protein/
high-performance liquid chromatography (FPLC/ HPLC) that in-
volve some form of chromatography

Hydrostatic filtration dialysis: Musante et al.'®® demonstrated
that urine exosomal vesicles can be effectively isolated by hy-
dration pressure pushed through a dialysis membrane and sam-
ples passing through a dialysis membrane of 1000 kDa molecular
weight cut-off are separated based on their sizes.

lon exchange chromatography (IEX): It is a chromatographic

separation method that separates molecules based on the net
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charge on the surface of the proteins. Depending on the ion, IEX

is divided into 2 types, cation IEX and anion IEX. Since different

proteins have different charges on their surface, this method of

separation can easily isolate based on even the tiniest ion change

on the surface of the proteins.*>®

e Microfiltration: In order to isolate urinary exosomes, microfiltra-
tion methods are developed that uses a hydrophilized, commer-
cially available membrane. This method can isolate LMW proteins
from HMW proteins irrespective of the abundance of proteins in
the cell sample population.*>”

e Column-based separation protocols yield exosomes with high pu-
rity but they produce diluted exosomes and this process is time-
consuming. This method of separation involves size exclusion

chromatography.t°81%?

H Microfluidics devices

4.1 | Importance of heterogeneity of exosomes

Exosomes are a heterogeneous group of EVs and their heterogene-
ity is due to their varied size, constituents, function, and cellular ori-
gin, which adds complexity to their characterization. Such diversity
is likely because of the limiting membrane of MVBs during ILV for-
mation or differences in molecular routes partaken during exosome
biogenesis.160 This heterogeneity leads to differential exosome
qualitative and quantitative content which in turn produces mis-
cellaneous exosome subpopulations that are distinct in both their
biophysical properties and composition. Generally, we can separate
exosomes based on their sizes. Large exosomes (Exo-L) are 90-150
nm; small exosomes (Exo-S) are 60-80 nm in size, and the smallest

exosomes are exomeres that are 30-35 nm in size. The exomeres
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(Continued)

TABLE 3

References

Disadvantages

Advantages

e Nonexosomal contaminants may be present. 136

e Cannot isolate pure EV.

e Easy to use.

Polymer-based precipitation

e No need for specialized equipment.
e Can be used for large samples.

124,137,138

e Low exosome yield.
e Low reproducibility.

e Rapid analysis is possible due to the short time.

e Micro devices are used.

Microfluidics

Immunological Reviews

o
<
T
o~
)
Eal

e Costly method due to expensive equipment and the use of

e Concentrate from large amounts of cell culture media.

e Higher yield of EVs.
e High reproducibility.

Tangential flow filtration

disposable filters.

e Produces exosome with fewer albumin contaminants.

e Time-efficient.

143

e Suitable alternatives to UC.
e Similar zeta potentials to UC.

miRCURY
ExoQuick
TEIR

Commercial kits

ALPTEKIN ET AL.

Abbreviations: UC, Ultracentrifugation; TEIR, Total Exosome Isolation Reagent.

are only recently discovered using asymmetric flow field-flow frac-
tionation. Their study showed that exomeres can transfer functional
cargo. In this study, AREG-containing exomeres and exosomes
elicited prolonged EGFR effect to modulate EGFR trafficking in in-
testines, and significantly enhanced the growth of colonic tumor
organoids. The increased activity of nanoparticle AREG elicited ef-
fects at 1:1,000th of the concentration of rAREG.??¢! Furthermore,
separation with density centrifugation exosomes can be classified as
high and low-density exosomes.’®

Lee, Sang-Soo, et al. identified a new group of EV in the P200
vesicles that were smaller than exosomes in size. Exosomes and the
P200 vesicles are found in CM (conditioned medium) of human cell
lines. These involve a different biogenesis pathway that is indepen-
dent of the endocytic pathway. While exosome markers (e.g., Hsp70,
TSG101, and CDé3) are present in both P100 and P200 vesicle
types, the CD81 exosome marker is not detected in the smaller EVs.
The addition of the P200 vesicles to human cell cultures enhanced
exosome production and cell proliferation.*6?

5 | METHODS OF ENGINEERING
EXOSOMES USING DNA TECHNOLOGY

As the research enlightened exosomes’ stability, low immunogenic-
ity, and permeability in the body, the idea of using exosomes as a
diagnostic and therapeutic tool has emerged. Genetic engineering
became a major tool for generating modified exosomes. These engi-
neering processes served to display a peptide/protein on the surface
as a cargo or targeting sequence, load cargo into exosomes, and es-
cape micropinocytosis in the circulation.

5.1 | Methods of designing exosomes to carry
payload outside the exosomes

In one of the earliest studies of exosome engineering, Delcayre et al.
reported that the lactadherin protein binds to exosome lipids with its
C1C2 domain and presents on the exosome surface. They showed
that engineered fusion proteins with C1C2 domains were presented
in the exosomes and called this Exosome Display Technology.163
Another group used a similar strategy, engineered lactadherin with
Gaussia luciferase, and overexpressed this construct in B16-BLé
cells. Following the exosome isolation and intravenous injection into
mice, they could track exosomes in mice with bioluminescence imag-
ing,164 Gassart et al. utilized the cytosolic domain of TM Env protein
from the bovine leukemia virus and fused it with the CD8 ectodo-
main. Expression of this construct resulted in a CD8 enrichment in
exosomes. 16>

LAMP2b is another useful exosome membrane protein ex-
pressed in murine exosomes’® and widely engineered to present
polypeptides in exosome surfaces. Inserting a polypeptide following
its N terminal signal peptide results in the expression of the poly-
peptide fused with Lamp2b protein and presentation on the surface
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TABLE 4 Categorizing isolation methods based on EV recovery

Isolation method % yield

Precipitation 90 111,125-127,129-133
Size exclusion chromatography (SEC) 40-90

Ultrafiltration (UF) 10-80

Differential centrifugation (DC) 2-80

Density gradient centrifugation 10

(DGC)

Immunocapture assays (ICA)

TABLE 5 Categorizing isolation methods based on assay time

Isolation method Hours

111,125-127,129-133

Precipitation 0.3-12

Size exclusion chromatography (SEC) 0.3

Ultrafiltration (UF) 0.5
Differential centrifugation (DC) 3-9
Immunocapture assays (ICA) 4-20

Density gradient centrifugation 16-90

(DGC)

of exosomes. Alverez-Erviti et al.}? fused the neuron-specific pep-
tide RVG to the LAMP2b DNA sequence and generated engineered
exosomes with RVG peptides to target neurons. After loading exo-
somes with siRNA by electroporation, they observed a significant
uptake of exosomes to the brain of wild-type mice, which resulted
in specific knockdown of BACE1, a target in Alzheimer's disease, in

1.1%6 utilized the Interleukin-3

mRNA and protein level. Bellavia et a
fragment fused LAMP2b to target chronic myelogenous leuke-
mia cells. By loading engineered exosomes with Imatinib or siRNA
against BCR-ABL, they could inhibit the growth of CML cells in vitro
and in vivo.

Stickney et al.?¢’

investigated the use of exosomal surface pro-
teins as an anchor for fluorescent proteins and demonstrated the
feasibility of CD63, CD9, and CD81 fusions with RFP. They also
showed the possibility of presenting fluorescent protein either in the
lumen or at the surface, depending on the location of the inserted
fluorescent protein in the CD63 sequence. Besides well-known
exosomal surface proteins, Ohno et al. presented GE11 peptide
on exosome surface by genetic engineering of platelet-derived
growth factor receptor in HEK293 cells. By inserting Let-7a miRNA
into modified exosomes with liposomes, they successfully targeted
EGFR-expressing cancer cells in RAG2”™ mice and inhibited tumor
growth.168 Curley et al.*? also investigated the topology of CD63,
exosomal membrane protein, to optimize engineering exosomes to
use delivering proteins and peptides.

1170 conducted a comprehensive study to identify

Dooley et a
exosomal proteins to carry proteins/peptides on the surface and
inside the exosomes. Apart from previous studies, they conjugated
GFP to candidate proteins to make this study a functional assay
with ELISA and flow cytometry. After optimizing exosomes to work,

followed by proteomics, they identified Prostaglandin F2 receptor
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negative regulator protein, PTGFRN, a previously unreported scaf-
fold protein, to efficiently present GFP on the exosome's surface.
Finally, they completed the study with optimization of truncated
PTGFRN, which has the potential to become a standard of exosome
modification. The same group used PTGFRN as a scaffold to carry
IL12 on the surface of the exosome, generating engineered exo-
some exolL12. Intra-tumoral injections of exolL12 showed greater
antitumor activity than recombinant IL12 in the MC38 tumor model
in mice. exolL12 also demonstrated one typical advantage that is
expected from engineered exosome treatment, compared to re-
combinant protein counterparts, prolonged half-life/retention. The
complete response to exolL12 at a rate of 63% compared to 0% at
recombinant IL12 shows exosomes have the potential to bring many
protein-based therapies into the clinic.?’”*

Gao et al.}’? developed a novel method to use exosomes for
targeting and therapeutic purposes. They identified the CP0O5
peptide as a CDé63 ligand using the phage display technology.
By conjugating CPO5 with different targeting peptides (M12 for
muscle, RVG for neuron, SP94 for hepatocellular carcinoma),
they achieved specific targeting of exosomes to target tissue.
Furthermore, they showed dual-labeling with neuron-specific
NP41 peptide and fluorescein isothiocyanate fluorescent marker,
allowing feasible tracking and detecting of specific cells. Also
using the amide linker, they conjugated antisense oligonucle-
otides for exon skipping therapy in Duchene muscular dystrophy
in the mouse model and demonstrated an enhanced dystrophin
expression. This approach could have great translational potential
since it allows for modification of native exosomes of the organ-
ism and involves minimum disturbance. For example, it would be
possible to collect exosomes from patients, label them with CP0O5-
conjugated proteins or peptides, and give them back for diagnos-
tic, and therapeutic purposes.

Other than genetic engineering of membrane proteins to load
cargo on the surface, another method to conjugate peptides into
the exosome membrane is click chemistry. Jia et al.'”® modified the
exosome membrane by inserting (1-Ethyl-3-[3-dimethylaminoprop
yl]-carbodiimide hydrochloride-N-Hydroxysuccinimide (EDC-NHS)
and attaching a neuropilin-targeting RGE peptide to target glioma.
With the addition of curcumin and super paramagnetic iron oxide
nanoparticle (SPION) into the exosome by electroporation, they
showed SPION-labeled exosomes enriched in glioma on magnetic
resonance imaging (MRI). The tumor volume is decreased and sur-

1.77% also used 1,2

vival increased in the mouse glioma model. Kim et a
-Distearoyl-sn-glycero-3-phosphorylethanolamine (DSPE) and poly-
ethylene glycol to incorporate AA ligand (which has a high affinity for
sigma receptors in nonsmall cell lung carcinoma) into macrophage-
derived exosomes. After loading paclitaxel into exosomes by soni-
cation, they demonstrate that modified exosomes specifically target
the pulmonary metastasis of the Lewis lung carcinoma mouse model

and improve survival. Choi et al.}”>

modified exosomes by mannose-
conjugated polyethylene glycol modification of exosomal membrane
to target DCs. To increase immune response, monophosphoryl lipid

A (adjuvant) loaded into exosomes in the presence of DMSO, and
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they managed to target DCs specifically and increased inflammatory
cytokines TNF-a and IL-6. Figure 5 shows currently available meth-

ods to display protein on exosome surface.

5.2 | Methods to load cargo into exosomes

Exosome lumen can be used to carry protein and nucleic acid car-
goes, as the content can travel without risk of degradation or

unintended interaction. In one approach, Lai et al.”®

genetically en-
gineered cells to express nuclear localization signal (NLS) fused car-
rier protein (GFP) with MS2 coat protein (MS2CP) that would work
as a dock inside the exosome. They also expressed a reporter mRNA
with MS2 binding site (MBS), which will bind to MS2CP of docking
protein. As a result, exosomes collected from these cells contained
carrier protein with attached mRNA, fused with their MS2CP and
MBS domains, respectively. Another docking approach utilized by
Yim et al.””” who used the interaction between photoreceptor cryp-
tochrome 2 (CRY2) and CIBN, truncated version of CRY-interaction
basic-loop-helix 1 protein in a technique they called “EXPLOR.” by
genetically integrating CIBN into the luminal side of CD9 and CRY2
into cargo protein, they were able photo-activate docking of cargo
protein to CD9 through CRY2 and CIBN interaction and generated
exosomes filled with cargo protein in the presence of blue light. They
successfully delivered Cre-carrying exosomes into the brain of lox
EYFP transgenic mice and demonstrated the expression of EYFP
proteins in vivo. Further, this group used the same experimental de-
sign to introduce super-repressor kB (srlkB), an engineered protein
without phosphorylation sites, which inhibits translocation of nu-
clear factor kB into the nucleus to prevent sepsis. After generating

engineered exosomes in HEK293T cells, they have shown that local

injection of engineered exosomes significantly reduced inflamma-
tory response and mortality in the septic mouse model.”®

Dooley et aI.,170

who identified PTGFRN protein to carry cargoes
on exosome surfaces, also studied proteins to carry cargo inside the
exosomes. They identified BASP1 as associated with the inner leaf-
let of membranes. Further optimization with truncation of BASP1
identified eight amino acid peptides efficiently load GFP into exo-
somes, comparable to full-length BASP2 protein. Furthermore, an
ovalbumin-loaded exosome, exoOVA, successfully induced IFNy and
OVA-reactive CD8 T cells much more efficiently than Ovalbumin
alone. This also indicates the advantage of using engineered exo-
somes over recombinant protein counterparts.

Sterzenbach et al.'’

reported that the late-domain pathway could
be used to load molecules into exosomes. They fused the WW tag
into Cre recombinase, which is recognized by late-domain contain-
ing protein Ndfip1, ubiquitylated, and subsequently loaded into exo-
somes. Upon nasal administration of these engineered exosomes,
exosomes were taken up by floxed reporter cells, resulting in tdTo-
mato expression, indicating functional delivery of proteins. They
also found that proteinase K treatment did not diminish WW-Cre
protein in the absence of Triton X-100, showing the cargo protein is
located inside the exosome. We also employed this approach in our
lab and found that WW tagged Neuroglobins enriched in exosomes
(unpublished).

It might be argued that protein loading techniques into exosomes
with physical force and disruption may damage the exosome mem-
brane and cause content loss. Busatto et al.}”’ have used cationic
amphiphilic molecules, which can penetrate membranes, to load
proteins inside exosome.

There are several methods developed to load nucleic acid into

the exosomes. Li et al.'8° employed Human Antigen R (HuR), an

METHODS TO DISPLAY CARGO ON THE SURFACE OF EXOSOMES

antisense oligo
Protein Q“)l‘,
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GENETIC ENGINEERING
Transmembrane Membrane proteins  Palmitoylation
Domains Sequence
CD63
C1C2 (lactadherin) CD9
pDisplay (PDGFR) CD81
PTGFRN
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Env protein of BLV NGER

NON-GENETIC ENGINEERING

Phospholipid anchors Click chemistry Anchor peptide
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DSPE EDC-NHS
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FIGURE 5 Current methods to display a cargo on the surface of exosomes. PDGFR, Platelet-derived growth factor receptor;
PTGFRN, Prostaglandin F2 Receptor Inhibitor; BLV, Bovine Leukemia Virus; LAMP2b, Lysosome-associated membrane protein 2; NGFR,
Nerve Growth Factor Receptor; DSPE, 1,2-Distearoyl-snglycero-3-phosphorylethanolamine; DMPE, 1,2-Dimyristoyl-sn-glycero-3-
phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PEG, Polyethylene glycol; EDC-NHS, (1-Ethyl-3-[3-
dimethylami- nopropyl]-carbodiimide hydrochloride - N-Hydroxysuccinimide; N3, azide radical
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RNA binding protein, into the luminal surface of exosomal mem-
brane protein CD9 and loaded exosomes with specific miRNA,
which bound to HuR through Adenylate-uridylate-rich elements
(AU-rich elements). As a result, after successfully delivering engi-
neered exosomes to target cells, they reduced the target protein
expression in vivo and in vitro. They also delivered CRISPR/dCas9
system in vivo by adding AU-rich elements to dCas9 mRNA and
repressed C/ebpa expression. Kojima et al.1®! developed an RNA
packaging device using archaeal ribosomal protein L7Ae that binds
to the C/Dy,, RNA structure. They conjugated L7Ae into the C ter-
minus of CDé63 to place inside exosomes and inserted the C/D,
region in the 3'-untranslated region of reporter gene coding nano-
luc bioluminescence reporter protein. Along with RVG targeting
peptide attached to exosome in LAMP2b exosomal membrane
protein, they demonstrated that exosomes targeted the brain and
delivered their mRNA, and detected luminescence in target cells.
Figure 6 shows genetic engineering and physical methods to load
cargo into exosomes.

5.3 | Immunological use of engineered exosomes
Huang et al. modified HELA cells by overexpression a-Lactalbumin
(a-LA), a breast-specific protein expressed in human breast cancers,
and collected a-LA-enriched exosomes. After loading TLR3 agonist
Hiltonol and immunogenic cell death inducer human neutrophil
elastase, they treated mouse breast tumor models with this exo-
some. They found an increased accumulation of DCs and CD8 T cells
in the tumor and reduced tumor size in MDA-MB-231 tumor-bearing
mice.182

Antigen-presenting features of DCs are key in inducing the im-
mune response. Dendritic cell exosomes have the potential to induce

1.183 modified dendritic cell-derived

the immune system. Hong et a
exosome to utilize MHC-I molecule on the surface of exosome by
integrating respiratory syncytial virus antigen. Despite the failure to
activate CD8 T cells in vivo, it is in vitro success proves that it works
but needs further optimization. In another effort, Kim et al.18* ge-
netically engineered K562 cells by overexpressing human leukocyte
antigen-A2 and costimulatory molecules CD80, CD83, and 41BBL to
use exosomes to stimulate antigen-specific CD8 T cells. This effort
to overcome the inherent difficulty of exosome generation in DCs
for the same purpose proved successful in cell culture by having a
comparable CD8 stimulation. This approach could be used for adop-
tive cell therapies. In another attempt to employ exosomes in im-
mune system activation, Morishita et al.18> developed a lactadherin
with streptavidin fusion protein and genetically engineered murine
B16-BL6 melanoma cells. After collecting modified exosomes, they
incubated exosomes with biotinylated CpG DNA (innate immune re-
sponse activators) and labeled these exosomes using streptavidin on
the exosome surface. They reported these engineered exosomes ac-

tivated DC2.4 cells and enhanced their tumor antigen presentation.
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Exosomes, through engineering surface proteins, can turn into
immunological reagents. Hartman et al.*®¢ used the C1C2 domain of
lactadherin to present carcinoembryonic antigen (CEA) and human
epidermal growth factor receptor 2 (HER2) tumor-associated an-
tigens on exosome surface to antigen-presenting cells to enhance
the anti-tumor immune response. By fusing CEA and HER2 to the
C1C2 domain, they expressed these antigens on the exosome sur-
face and enhanced T and B cell responses. Shi et al.*®” turned exo-
somes into immunological mediators by anchoring anti-CD3 and
anti-HER2 into the exosomal membrane by PDGFR. By dual tar-
geting T cells and HER2-expressing cancer cells, the directed T cell
demonstrated anti-tumor activity in the mouse breast cancer model.
We used LAMP2b protein to display CD206-targeting peptide to
target M2 type of macrophages and Fc fragment of mouse 1gG2b
to bind natural killer cells, aiming antibody-dependent cellular cyto-
toxicity (ADCC) to eliminate M2 type macrophages. Our engineered
exosomes specifically targeted M2 macrophages and significantly
reduced CD206+ cells in vivo. Further treatment with engineered
exosomes reduced tumor growth and prevented early metastasis in
4T1 tumors in mice.?® Figure 7 shows the immunological use of en-
gineered exosomes.

Fan et al. followed a hybrid approach in engineering exosomes
for immunotherapy. First, they collected ovalbumin-induced
dendritic cell exosomes, which already express MHC and CD86,
needed for T cell activation. Then, they enriched the exosome
membrane with anti-CD3 and anti-EGFR receptors to bind T cells
and B16-OVA tumor cells, respectively, and induce cytotoxicity
by bringing them into the vicinity. Engineered exosome treatment
resulted in an immune response augmented with a PD-L1 inhibi-
tor, decreased tumor size, and increased survival in the B-16 OVA
tumor model in mice.*®8

In the TME, one commonly studied phenomenon is the M1
and M2 macrophages and their pro-inflammatory and immuno-

suppressive roles, respectively. Gunassekaran et al.18?

engineered
M1-derived exosomes to deliver siRNA and miRNA to M2 type of
macrophages to induce M2 to M1 polarization. To achieve this, M1
exosomes were transfected with miR-5aa-3p and NK-xB siRNA.
To target M2 macrophages, IL4R-binding peptide attached to exo-
some membrane using DOPE-PEG amine. The engineered exosomes
achieved M2 to M1 polarization and reduced the tumor volume in
the 4T1 mouse breast tumor model. Engineered exosomes could
also modify the immune system through their displayed proteins.

Conceicdo et al.?°

engineered exosomes as a decoy for interleu-
kin 6 (IL-6), a key mediator of inflammation in skeletal muscle, to
inhibit the IL-6 trans-signaling pathway and inflammation. They
found engineered exosomes reduced STAT3 signaling, which indi-
cates the inhibition of the inflammation and shows it can be used in
Duchenne treatment to reduce muscle wasting as an alternative to
anti-inflammatories. Duong et al.*! have engineered exosomes by
presenting the TNFa receptor on their surface to antagonize TNF«

and prevent inflammation in vitro model.
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5.4 | Engineered exosomes in metastasis

Tumor exosomes indicate the immune status and play a significant
role in metastasis. In an in-depth study, Chen et al.*?? found that PD-
L1, which suppresses immune response against the tumor, on ex-
osomes was abundant in metastatic melanoma compared to healthy
donors. Exosomal PD-L1 was found to inhibit CD8 T cells and cor-
related with poor Pembrolizumab (antibody against PD-L1 receptor,
PD-1) response. This indicates that tumors use exosomes as “decoy”
to overcome immune responses.

One of the central concepts in cancer metastasis research is
the “seed and soil” hypothesis. Suetsugu et al.?* tagged CD63 exo-
some membrane protein with GFP in tumor cells and tracked the
exosome traffic in mouse breast cancer models. They were able
to track tumor-derived exosomes in organs and tumor-associated

cells in the circulation and demonstrated the use of exosome

tracking in investigating cancer metastasis. This approach would
be particularly useful in metastasis research by tracking exosome
traffic from cancer cells. Pucci et al.'* adopted a methodical ap-
proach to investigating tumor cell communications by modifying
melanoma to express luciferase. They found luciferase activity in
tumor-draining lymph nodes and identified CD169" macrophages
as a tumor suppressor that prevents tumor exosome spread. This
study proves that the exosome study holds a great potential to un-
derstand metastasis. Pucci's group further engineered exosomes
to express bacterial Sortase A on PDGFR or dNGFR membrane
proteins, which transfers substrate peptides (e.g., biotin-containing
peptides) to N terminal glycine of surface proteins. Compared to
employing GFP-labeled exosome, this method showed 10-100
fold increased sensitivity in detecting exosome-target cell inter-
action and a promising strategy to study specific exosome-cell

interactions.!””
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FIGURE 8 Engineering methods to
extend half-life of exosomes in circulation.
SIRPq, signal regulatory protein; GNSTM,
glycosylation motif
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5.5 | Engineered exosomes in various diseases

Organ and tissue-specific exosome delivery are achieved by also
physical forces. Lee et al. loaded mesenchymal stem cell-derived
exosomes with iron oxide nanoparticles by supplying them in cell
culture to increase the delivery to target organs. By implanting a
magnet next to the heart, they achieved an increased delivery into
the infarcted myocardium.’® In another concept study, research-
ers labeled exosomes through their transferrin receptor using su-
perparamagnetic iron oxide nanoparticles conjugated to transferrin
with the help of carboxylated chitosan. Exosomes are loaded with
BAY55-9837 peptide for type 2 diabetes mellitus treatment and tar-
geted to pancreatic islet cells using magnets to attract SPION la-
beled exosomes. They observed a significant increase in delivery of

exosomes and alleviation of hyperglycemia in db/db diabetic mice.*”’

Mizuta et al.»?8

also used magnetic nanogels to increase the delivery
of exosomes. After hybridizing exosomes with magnetic nanogels,
magnetic force significantly improved the delivery of exosomes to
cells in culture.

Liu et al. utilized the intrinsic feature of ferritin use as an MRI
contrast reagent and engineered exosomes to carry ferritin in mod-
ified lactadherin transmembrane protein on the exosome surface.
With this, they were able to use exosomes as MRI contrast reagents
without the need for further labeling.!”’ Furthermore, with further
modification to target specific cells, engineered exosomes could be
used to image cells or tissue in the body.

Maguire et al. found that Adeno-associated virus (AAV) gen-
erating cells also release the virus in exosomes, and called these
“vexosomes.” They found vexosomes have outperformed AAV
alone in transfecting the cells. Further modification of the exosome
membrane with biotin attachment and magnetic bead labeling, fol-
lowed by attraction with magnets in cell culture further improved
the transfection efﬁciency.200 Maguire's group further explored the
exosome-associated AAV gene delivery/therapy in the mouse. They
found the same level of exosome-associated AAV delivery in blood,
but lesser performance, still comparable in the spleen, lymph node,
and liver compared to conventional AAV.2°! With the use of engi-
neered exosome-associated AAV to target specific cells, exosomes
would be a new and more effective method to be used in gene de-

livery and therapy.
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METHODS TO EXTEND HALF-LIFE OF EXOSOMES

“Don’t eat me”
signal

Phagocytosis
quenching

Glycosylation

Jhan et al.?%2 fused exosomes with synthetic lipids to increase
the number of vesicles and increased the vesicle amount 6-43
fold. Their siRNA cargo loading and delivery were successful. Sato
et al.?%% used freeze-thaw cycles to fuse functional lipids with exo-
some membrane. Although these processes have the advantage of
increasing quantity and modifying membranes, many cargo proteins
might be lost, and surface proteins lessened through the process.

Membrane receptors are major drug targets, and molecular as-
says in protein's native conformation are crucial in biotechnology
and clinical research. Desplantes et al. 204 engineered exosomes to
study multiple membrane proteins by directing membrane proteins
to exosome membranes by conjugating patented “DCTM” peptides.

Exosomes are subject to elimination via multiple mechanisms
in circulation, and there are various studies to prolong exosome

.29 observed an in-

half-life in the organism (Figure 8). Hung et a
sufficient peptide presentation in engineered LAMP2b of exo-
somes. They hypothesized that glycosylation would protect these
peptides and demonstrated that glycosylation protects peptides in
LAMP2b and enhances the delivery of exosomes to recipient cells.
Kamerkar et al.?%® found that CD47, a ligand for signal regulatory
protein (SIRPa), is crucial in protecting exosomes from micropinocy-
tosis, the presence of CD47 on the surface protects exosomes from
phagocytosis. They also showed loading exosomes with KrasG12D
shRNA, which targets a common mutation in pancreatic cancer,
proved to suppress pancreatic tumor growth and metastasis in mice
in the presence of CD47. Another group investigated different as-
pect and use of CD47 interaction. Koh et al.?7 stated that CD47
is present in most tumors, making the tumors immune to phago-
cytosis. They overexpressed SIRPa in HEK293 cells and generated
SIRPa-enriched exosomes using pDisplay. By saturating all CD47
(don't eat me) receptors of tumors with these engineered exosomes,
they showed a significant decrease in tumor volume of CT26.CL25
in immunocompetent BALB/c mice, but not in HT29 in BALB/c nude
mice, indicates T cell immunity may be required for effective treat-
ment in CD47 blockade. In another attempt to prevent the elimina-
tion of exosomes, Lathwal et al.?% used cholesterol-modified DNA
tethers and complementary DNA block copolymers to enhance the
stability of exosomes. They found modified exosomes have fourfold
higher blood circulation time. The methods to extend exosome half-

life in the organism are described in Figure 8.
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6 | USE OF ENGINEERED EXOSOMES FOR
TARGETING SPECIFIC CELLS IN VIVO

Based on the above description and details of the engineering
method of exosomes using DNA technology, it should be obvious
to the readers that engineered exosomes could be the next nano-
technology that would be widely used to target specific cells in vivo
not only to determine the distribution of specific cells and enhance
the functional status of specific cells but also to target and deplete
the specific cells. Irrespective of the origin or parent cells, exosomes
share common features such as certain tetraspanins (CD9, CD63,
and CD81), heat shock proteins (HSP 60, Hsp 70, and Hsp 90),
biogenesis-related proteins (Alix and TSG 101), membrane transport
and fusion proteins (GTPases, annexins, and Rab proteins), nucleic
acids (mRNA, miRNA, and long noncoding RNAs and DNAs), and li-
pids (cholesterol and ceramide).>”® Investigators have started mak-
ing engineered exosomes to carry biologically active protein on the
surface or inside the exosomes and using exosomes to carry drugs
to the site of interest.'1¢"'? Recently, our laboratory has achieved a
few milestones in exosome technology.?>2° Our laboratory is heav-
ily engaged in the investigations of the TME and microenvironment
of cerebrovascular diseases (CVD). We are working on determining
the roles of myeloid cells, especially MDSC and immune suppressive
M2 macrophages in the TME, and the roles of neutrophils on the
exacerbation of edema in stroke or their roles in tumors following
therapies. The following paragraphs will detail the methods and pos-
sible utility of immune cell-specific engineered exosomes that can be
used to target and deplete cells in the TME or CVD.

6.1 | Engineered exosomes to target M2-
macrophages

Depending on the stimuli, macrophages undergo a series of func-
tional reprogramming as described by two different polarization
states, known as M1 (classically activated) and M2 (alternatively
activated).?°”2%° Phenotypically, M1 macrophages express high lev-
els of major histocompatibility complex class Il (MHC Il), the CD68
marker, and co-stimulatory molecules CD80 and CD86. On the
other hand, M2 macrophages express high levels of MHC I, CD163,
CD206/MRC1, Arg-1 (mouse only), and others. M2-polarized mac-
rophages are induced by IL-4, IL-13, IL-21, and IL-33 cytokines.?1212
M2 macrophages release high levels of IL-10, transforming growth
factor-beta (TGF-B), and low levels of IL-12 and IL-23 (type 2 cy-
tokines). M2 macrophages also produce CCL-17, CCL-22, and CCL-24
chemokines that regulate the recruitment of Tregs, Th2, eosinophils,
and basophils (type-2 pathway) in tumors.?*>2* The Th2 response is
associated with the anti-inflammatory and immunosuppressive mi-
croenvironment. CD206, also known as mannose receptor (MR), is
a 175 kD type-lI membrane protein and is expressed predominantly
by alternatively activated M2 macrophages and resident tissue mac-
rophages mostly in the lungs, spleen, and liver.?*” It functions in en-
docytosis and phagocytosis and plays an important role in immune

homeostasis by scavenging unwanted mannoglycoproteins.?%®

Alternately activated M2 macrophages are known to be associated
with therapy-resistant, metastasis, and poor survival in different ma-
lignant tumors.?*”-2Y Figure 9 shows an increased number of M2
macrophages in metastatic breast cancer and there is poor overall
survival and disease-free survival in tumors showing a higher num-
ber of MRC1.

In recent years, investigators have identified a peptide sequence
CSPGAKVRC or its linear form CSPGAK that binds specifically to
CD206+ M2 macrophages in the tumors and sentinel lymph nodes
in different tumor models.?2%22 |t is to note that the linear form
of this peptide CSPGAK also binds to human M2 macrophages.??!
We have developed engineered exosomes that carry these pep-
tides and precisely detected M2 macrophages both in vitro and in
vivo and showed our results in recent publications.y”222 We have
used nontumorous cells (HEK-293 cells) to develop the engineered
endosome carrying M2-macrophages targeting peptides as well as
the Fc-portion of mouse 1gG2b (Fc-mlgG2b) on the surface to tar-
get and deplete alternatively activated immunosuppressive CD206+
M2 macrophages in vivo through ADCC and apply these engineered
exosomes to alter immunosuppressive TME to enhance the effect
of different therapies (including immunotherapy) to decrease tumor
burden and improve survival. Figure 10 shows the vector design and
mechanisms of action of the engineered exosomes to initiate ADCC
to kill targeted cells.

6.2 | The exosome is a better vehicle to enhance
antibody-dependent cellular cytotoxicity

ADCC is a nonphagocytic mechanism by which most NK cells (ef-
fector cells) can kill antibody-coated target cells in the absence
of complement and without major histocompatibility complex
(MHC).2?® Targeted therapy utilizing monoclonal antibodies (mAbs)
has instituted immunotherapy as a robust new tool to fight against
cancer and other noncancerous disorders, such as cryoglobuline-
mia, Wegener's granulomatosis, and bullous pemphigoid.??422°
As mAb therapy has revolutionized immunotherapies, ADCC has
become more applicable in a clinical context. Clinical trials have
demonstrated that many mAbs perform somewhat by eliciting
ADCC.??% Antibodies serve as a bridge between Fc-receptors on
the effector cell and the target antigen on the cell that is to be
killed. Crosslinking of receptors in both effector cells and target
cells is required for triggering the cytotoxic event. ADCC oc-
curs through various pathways, including (a) release of cytotoxic
granules; (b) TNF family death receptors signaling; (c) release of
pro-inflammatory cytokines, such as IFN-y.?2” Both the uptake
of perforin and granzymes by target cells and TNF family death
receptor signaling induce target cell apoptosis,??® while effector
cell-released IFN-y actuates nearby immune cells to stimulate an-
tigen presentation and adaptive immune responses.229 Our goal is
to target the Fc gamma-receptor (FcyR)-based platform to deplete
M2 macrophages (Figure 10). We have identified the sequence of
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the Fc-mlgG2b that triggers FcyR-mediated phagocytosis and cyto- triggers FcyR-mediated phagocytosis and cytotoxicity for design-

toxicity230 and recently we have reported the utility of engineered ing human M2 macrophages targeting engineered exosomes.
exosomes as imaging and therapeutic probes.26 It is to note that Because of the cellular origin, exosomes show enhanced per-

we have also identified the sequence Fc portion of human IgG that meability even through the intact BBB, which is an advantage
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over synthetic nanoparticles.?®1"2*4 Exosomes are also shown to
utilize enhanced permeability and retention (EPR) effects. 234235
Due to higher stability in biological fluids and enhanced perme-
ability, exosomes are better for targeted delivery of therapeutic
payloads.?31-234236 |nvestigators have used either synthetic nanopar-
ticles or fusion protein to deliver Fc-1gG2b to initiate ADCC but be-
cause of the rigid body, synthetic nanoparticles rely most on the ERP
effect and reports are showing a lack of ADCC following tagging
with gold nanoparticles.?®’2*! Moreover, due to a size-dependent
manner, synthetic nanoparticles can be cleared by the kidneys or re-
ticuloendothelial system, even with targeting moieties.?*?-244 On the
other hand, fusion protein-based ADCC did not show promise due to
rapid clearance and nonspecific bindings.?*>-2*8 Antibody-mediated
ADCC also depends on the antibody design with intact Fc-portion
and specific attachment to the target cells.?*? Most of the antibodies
that are used to initiate ADCC are monoclonal.?>® We postulate that
engineered exosomes developed in nontumorous cells, HEK293, will
be a better choice to carry therapeutic payloads to enhance ADCC.

6.3 | Engineered exosomes to target Myeloid-
derived suppressor cells or CSF1R+ myeloid cells

Our decade-long investigations and investigations by others proved
that bone marrow-derived progenitor cells (BMDPC) influence the
TME tremendously causing dynamic changes from inflammatory
to the immunosuppressive milieu, neovascularization, recurrence,
local invasion, and distal metastasis.?*2°® These dynamic changes
are pronounced due to mobilization and accumulation of BMDPC
following different therapies including radiation, chemo, and antian-
giogenic causing therapy resistance.?°3254256.259-261 Based on the
status of the microenvironment such as inflammatory vs immuno-
suppressive, the treatment effects differ significantly and the recent
addition of immunotherapy also becomes noneffective in the solid

255,256,262,263 Racently, we have pointed out the involvement

tumors.
of myeloid cells in the development of therapy resistance and recur-
rence of different tumors.2>>2°6264265 |5 oy recent publications, we
have used small molecular agents that inhibit CSF1R tyrosine kinase
and showed the retardation of growth of GBM and breast cancers,
which was corroborated with animal models where all CSF1R+ cells
were conditionally depleted.?3325¢:2¢6.267 Therefore, using DNA en-
gineering technology we can make exosomes to carry CSF1R tar-
geting peptides and use payloads for depleting the myeloid cells at
different stages of TME status. We have already identified a trun-
cated version (peptide sequences from 36 aa to 147 aa) of CSF1
protein, which showed 100% sensitivity to react with CSF1R and
made vectors for making engineered exosomes. We used a similar
platform as shown in Figure 10 to make the vector and engineered
exosomes. We are also in preparation to make targeting exosomes
without inserting Fc-mlgG2b to see the distribution of CSF1R+ cells
in the TME at different stages of TME following therapy. We stipu-
late that our engineered exosomes to target and deplete CSF1R+
cells along with established immunotherapy (anti-PD1) will show

synergistic effects.

6.4 | Engineered exosomes to target neutrophils

Each year more than 795000 people in the United States have a
stroke and it kills about 140000 people, placing a $34 billion an-
nual economic burden on society.?® Though major advances in
our understanding of cerebral ischemia have been made, the need
for novel effective therapies remains imperative. Unfortunately,
the success of different therapies is highly variable, and none can
be employed early before significant vascular pathology and dam-
age to the brain have occurred. Activated neutrophils have pivotal
roles in acute ischemic brain injury, atherosclerosis, and throm-
bus formation.?%’ Neutrophils are the most abundant polymorph
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nuclear (PMN) white blood cells (WBCs) in the blood and make
up part of the innate immune system. Neutrophils are an essen-
tial part of the inflammatory cascade, being the first cell type to
migrate from the bloodstream to the site of inflammation.?7%271
Following recruitment, neutrophils get activated and subsequently
express adhesion molecules and release reactive oxygen species,
cytokines/chemokines, and proteolytic enzymes causing damage
to the tissues.?’??7% Infiltration of neutrophils in the ischemia-
reperfusion stroke area occurs early, at the same time as brain
injury. This increased accumulation of neutrophils is associated

274 infarct volume,?’® and worse functional

with stroke severity,
outcomes.?’% Several studies have started to evaluate broadly tar-
geting anti-neutrophil treatments to minimize stroke injury and to
improve stroke outcomes.26%277:278

Our laboratory studies in male B6 mice (10-12 months old)
(Figure 11) show the mobilization of neutrophils (Ly6G+), natural
killer (NK) cells (NKp46+CD3-), macrophages (F4/80), and M1 mac-
rophages (CD80) in the peripheral blood and at the sites of a stroke
at 3, 24, and 72 hours after stroke.

Recent studies also pointed out the involvement of tumor-
associated neutrophils (TAN) and tumor-associated macrophages
(TAM) in maintaining the inflammatory or immunosuppressive
TME that dictates the effect of therapies.?'’ 2192797286 Neutrophils
are the most abundant polymorph nuclear (PMN) cells avail-
able in the peripheral blood and early accumulated tumor-
associated cells following therapies that make the inflammatory
milieu.280:286-290 However, based on the tumor cell-secreted cy-
tokines and chemokines due to therapy insults, tumor-associated
TAN polarized into N1 (CD11b+Ly6G+CD206-TNF-o+) and N2
(CD11b+Ly6G+CD206+IL10+) phenotypes.

Neutrophil migration to sites of inflammation and subsequent
activation and multiple functions are highly regulated and or-
chestrated processes that are controlled by interactions between
numerous receptors and their cognate ligands. FPRs are G protein-
coupled receptors that transduce chemotactic signals in phago-
cytes and mediate host-defense as well as inflammatory responses

OGN ETE - W LEY——

including cell adhesion, directed migration, granule release, and
superoxide production.?’! Although there are a few ligands that
are an agonist for FPRs, we cannot utilize those for targeting neu-
trophils because they may stimulate the neutrophils for hyper-
functioning. Chemotaxis inhibitory protein of S. aureus is a native
protein and part of it is FTFEPF, which shows FPR (specially FPR1)
antagonistic activity.zg’2 A coronavirus 229E-derived 12-mer pep-
tide (ETYIKPWWVWL) was identified as a potent antagonist of
FPR1 with a Ki of 230 nM.?%® Investigators have pointed out a
lower survival probability if FPR1 is highly expressed in breast
cancer patients (Figure 12). We have used our platform (vector
design, Figure 10) to make engineered exosomes to target and de-
plete activated neutrophils at the lesions (stroke or tumors) and in
the peripheral blood. Our initial studies showed decreased num-
ber of neutrophils in the stroke areas following IV administration

of the engineered exosomes.

7 | KEY TAKEAWAYS

Genetic engineering and customizing exosomes create an unlimited
opportunity to use in diagnosis and treatment. Very little use has
been discovered, and we are far away to reach its limits.

Exosomes, in a sense, work like hormones and transfer messages
between cells. They have, along with potentially bigger extracellular
vesicles, the potential to revolutionize cancer metastasis research
and expand our understanding of it.

Because the human body already has exosomes, making use
of their own exosomes after isolation and extracorporal modifi-
cations with treatment/diagnosis approaches that are already in
use could fasten the entering of exosomes into the clinic. For ex-
ample, after collecting patients’ exosomes, they could be loaded
with an Alzheimer's drug that has poor blood-brain barrier per-
meability. And at the same time, exosomes could be tagged with
neuron-specific peptides to increase the permeability and targeting
capabilities.

Because exosomes carry proteins, lipids, nucleic acid, and metab-
olites from their parental cells, it should be considered a transfusion/
transplant. Until the safety of extra-corporal sourced exosomes, its
clinical use will not be possible. Once the safety of these extra-
corporal exosomes is proven, we could see many different uses of
it in near future. Another way to overcome this safety concern is
to collect and modify exosomes with already approved treatment
modalities, which could be more safe and potential translate into the

clinic in a short time.
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Abstract
Small extracellular vesicles (SEVs) are nano-sized vesicles secreted from various cells
that contain bioactive metabolites and function as key regulators for intercellular

and Chemogenomics, Graduate School of
Pharmaceutical Sciences, Kyoto University,
Sakyo-ku, Kyoto, Japan

communication. SEVs modulate diverse biological and pathological processes in the
body, and the amount of circulating sEVs has been reported to correlate with cer-
tain disease progression. Therefore, the identification of small molecular compounds
that can control sEV production may become a novel therapeutic strategy. In this
study, a rapid, highly sensitive sEV quantification method utilizing fusion proteins
consisting of Gaussia luciferase (gLuc) reporter protein and sEV markers (CD63 and
CD82) was developed. A total of 480 compounds were screened to identify potent
inducers and inhibitors of gLuc activity. Two novel compounds, KPYC08425 and
KPYCI2163, showed significant and dose-dependent changes in gLuc activity with
minimal cytotoxicity based on the LDH assay. The efficacy of these two compounds
was further evaluated by protein quantification of the isolated sEVs. Further evalua-
tion of KPYCI2163 suggested that the autolysosomal pathway may be involved in its
inhibitory effect on sEV production.
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1 | INTRODUCTION

Small extracellular vesicles (SEVs) are a heterogeneous group of lipid-bilayered nanovesicles secreted by nearly all cell types that
play a key role in intercellular communication (el Andaloussi et al., 2013; Lasser et al., 2011; Théry et al., 2018). They contain
nucleic acids, proteins, lipids and other biologically active metabolites derived from the producing cells, which are delivered
to neighbouring and distant cells to modulate diverse biological and pathological processes in the body (van Niel et al., 2018;
Zaborowski et al., 2015). The nature and abundance of sSEV's are dependent on the type of sSEV-producing cells, as well as its phys-
iological or pathological state and ultimately influence its function in the body. Normally, sSEVs function to maintain homeostasis
and regulate immune responses (Tkach & Théry, 2016; Yanez-Mo¢ et al., 2015); however, sEV's can also play a role in disease onset
and progression. For example, in the case of cancer, tumour cell-derived sEVs are known to facilitate disease progression by
promoting tumorigenesis, immune escape and metastasis (Becker et al., 2016).

Owing to its role in disease progression, the identification of small molecular compounds that can regulate sEV production
is becoming increasingly popular as a novel therapeutic strategy (Catalano & O’Driscoll, 2020; Datta et al., 2018; Kulshreshtha
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et al,, 2019). Investigation of sEV biogenesis pathways has led to reports of various agents that modulate sEV biogenesis/release
in recent years (Catalano & O’Driscoll, 2020; Emam et al., 2018; Garcia-Seisdedos et al., 2020; Khan et al., 2018; Kulshreshtha
et al., 2019; Ludwig et al., 2020; Zhang et al., 2020). Previously, one of the main setbacks in identifying potent sEV production
modulators was the lack of a sensitive, high throughput system for quantifying sSEV production. Generally, sEV quantifica-
tion requires time-consuming purification steps involving ultracentrifugation or size exclusion chromatography. These steps
eliminate protein contamination that could potentially influence the quantification assay, however, significantly decreases the
throughput. The development of a cell-based assay system utilizing CD63-GFP allowed for quantitative high-throughput screen-
ing (HTS) of existing drug libraries to identify potent modulators of sSEV production (Datta et al., 2018; Im et al., 2019; Zhang et al.,
2020). Nonetheless, these assay systems relied on the changes in intracellular CD63-GFP signals to identify potent activators and
inhibitors of sEV production, thus, not directly measuring sEV production.

Therefore, in this study, a rapid, highly sensitive sSEV quantification method utilizing Gaussia luciferase (gLuc) reporter protein
was developed and used to screen for potential SEV production modulators. gLuc protein fused to sEV marker proteins, CD63 and
CD82, were utilised to label the inner spaces of the sSEV membrane to quantify sEV production based on the chemiluminescence
of the cell supernatant. Because the gLuc fusion proteins could also be present as soluble proteins or as parts of cell debris in
the supernatant, pre-treatment conditions, including centrifugation (to eliminate cells/cell debris) and proteinase K treatment
(to eliminate soluble proteins), were evaluated. After confirming the validity of the developed assay, 480 compounds from our
in-house chemical libraries were screened to identify potent regulators of sEV production. The selected hit compounds from the
screen were then further validated for their ability to modulate sEV production.

2 | MATERIALS AND METHODS
2.1 | Cell culture

Murine melanoma cell line B16BL6 was obtained from RIKEN BioResource Center (Tsukuba, Japan) and was cultured in Dul-
beccos modified Eagle’s medium (DMEM; Nissui Co., Ltd., Tokyo, Japan) supplemented with 10% heat-inactivated foetal bovine
serum (FBS), 2 g/L D-glucose and 100 IU/ml penicillin/100 @g/ml streptomycin/2 mM L-glutamine (PSG; Nacalai Tesque Inc.,
Kyoto, Japan). Human lung carcinoma cell line A549, human embryonic kidney cell line HEK293 and murine fibroblast cell line
NIH3T3 were purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA) and were cultured in DMEM
supplemented with 10% FBS and PSG. Murine colorectal cancer cell line Colon26, obtained from the Cancer Chemotherapy Cen-
ter of the Japanese Foundation for Cancer Research (Tokyo, Japan) and murine macrophage cell line RAW264.7, purchased from
ATCC, were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Nissui Co., Ltd.) supplemented with 10% FBS
and PSG. All cell lines were cultured in 37°C incubator with 5% CO,.

2.2 | Plasmid DNA (pDNA)

Coding sequence of CD63-gLuc was obtained as previously described (Charoenviriyakul et al., 2018). CD82 mRNA
was extracted from RAW264.7 cells and subjected to RT-PCR to obtain the c¢DNA sequence. The chimeric
sequence of CD82-gLuc was prepared by using a 2-step PCR method with the following primers: CD82 Fw: 5'-
ATGCAGATCTTGCAGAATGGGGGCAGGCTGTGTCAAAGTCACCAA-3’; CD82 Rv: 5'-GTACTTGGGGACCTTGCTGT-
AGTCTTCAGAATG-3'; gLuc Fw: 5'~-AGACTACAGCAAGGTCCCCAAGTACGGTAAGCCCACCGAGAACAACGAAGAC
-3’; and gLuc Rv: 5'-CTACGCTAGCTTAGTCACCACCGGCCCCCTTGA-3'. The constructed chimeric sequence was initially
subcloned into the BglII/Nhel site of the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA) and subsequently subcloned into the
PROSA-mcs vector. The promoter and enhancer coding sequences of pPBROAD2-mcs (InvivoGen, San Diego, CA, USA) were
amplified by PCR and subcloned into the Sdal/HindIII site of the pCpGfree-mcs vector (Thermo Fisher Scientific, Waltham,
MA, USA) to form the pROSA-mcs vector. To construct the pROSA constructs encoding the corresponding fusion proteins,
the chimeric sequences of CD63-gLuc and CD82-gLuc were subcloned into the KpnI/Pmel site of the pPROSA-mcs vector.

Coding sequence of CD63 was subcloned into the pEGFP-N1 vector (BD Biosciences Clontech, Palo Alto, CA, USA),
and the constructed chimeric sequence of CD63-EGFP was then subcloned into the BamHI/Xbal site of the pcDNA3.1 vec-
tor (Invitrogen). The coding sequence of mCherry was prepared from the pPK2-BAR-mCherry vector (Takara Bio Inc.,
Shiga, Japan), and the coding sequence for Lamp2c was obtained as previously described (Matsumoto et al., 2021). The
chimeric sequence of mCherry-Lamp2c was prepared by using a 2-step PCR method with the following primers: mCherry
Fw: 5-CTTTCTGTTCCTAGGAGCCGTTCAGTCCAATGCAGGTGTGAGCAAGGGCGAGGAGGA-3’; mCherry Rv: 5'-
TCTGTCAAATTAACTATCAAACCCTTGTACAGCTCGTCCATGCC-3'; Lamp2c Fw: 5'-TTGATAGTTAATTTGACAGA-
3’; and Lamp2c Rv: 5'-GGGGGGCTTAAGTTACAGAGTCTGATATCCAGCATAGGTC-3'. To construct the pROSA construct
encoding mCherry-Lamp2c, the chimeric sequence was subcloned into the Kpnl/AfIII site of the pROSA-mcs vector.
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pDNAs encoding CD63-gLuc or CD82-gLuc were individually transfected into BI6BL6 cells with polyethyleneimine (PEI)
“max” (Polysciences, Warrington, PA, USA). Briefly, 80 ul PEI “max” solution (0.323 mg/ml, pH 8.0) and 10 ug pDNA were
individually diluted to 500 ul with 150 mM NaCl, mixed, and incubated at room temperature for 15 min to form the PEI-DNA
complex. This solution was then added to the cells and incubated for 24 h. The medium was changed to Opti-MEM (Thermo
Fisher Scientific) and incubated for an additional 24 h.

2.3 | Chemistry

KPYC08425 was purchased from ChemDiv (CAS Registry Number: 300402-36-2).

KPYCI12163 was synthesised in one step from flazin, which was prepared according to literature procedures (Tang et al., 2008)
(Figure SIA). The reaction was performed using syringe-septum cap techniques under argon atmosphere. Wakosil C-300 was
used for flash chromatography. 'H NMR spectrum was recorded using a JEOL ECA-500 spectrometer (JEOL Ltd., Tokyo, Japan)
at 500 MHz frequency (Figure S1B). Chemical shifts are reported in & (ppm) relative to Me,Si (in DMSO-dg) as an internal
standard. ®C NMR spectrum was recorded using a JEOL ECA-500 spectrometer (JEOL Ltd.) (Figure S1C) and referenced to the
residual DMSO signal (in DMSO-dg). Exact mass (HRMS) spectrum was recorded on a JMS-HX/HX110A mass spectrometer.

Tryptamine (128 mg, 0.799 mmol), EDC-HCI (230 mg, 1.20 mmol), HOBt-H, O (184 mg, 1.20 mmol) and triethylamine (0.17 ml,
1.2 mmol) were added to a stirred solution of flazin (123 mg, 0.399 mmol) in DMF (8.0 ml) at 0°C. After stirring for 10 h at room
temperature, the mixture was diluted with CHCI;. The organic layer was washed with saturated NaHCOj; aq. and brine and dried
over Na,SO,. The filtrate was concentrated under reduced pressure to give a residue, which was purified by flash chromatography
over silica gel with EtOAc:CHCl;:AcOH (80:19:1) to give KPYCI2163 as a pale yellow solid (55 mg, 31% yield): mp 252-254°C; 'H
NMR (500 MHz, DMSO-dg) §3.07(t, ] = 7.4 Hz, 2H), 3.72(td, ] = 7.4, 5.4 Hz, 2H), 4.72(d, ] = 6.1 Hz, 2H), 5.49(t, ] = 6.1 Hz, 1H),
6.64(d, J = 2.6 Hz, 1H), 7.00(t, ] = 7.4 Hz, 1H), 7.09(t, ] = 7.4 Hz, 1H), 7.29(s, 1H), 7.34(t, ] = 7.4 Hz, 1H), 7.37(d, ] = 7.4 Hz, 1H),
7.46(d, ] =2.6 Hz, 1H), 7.64(t, ] = 7.4 Hz,1H), 7.69(d, ] = 7.4 Hz, 1H), 7.82(d, ] = 7.4 Hz, 1H), 8.41(d, ] = 7.4 Hz, 1H), 8.78(s, 1H),
8.83(t, ] = 5.4 Hz, 1H), 10.88(s, 1H), 11.47(s, 1H); *C NMR (125 MHz, DMSO-d,) § 25.3, 55.9, 109.0, 110.9, 111.3, 111.7, 112.2, 112.6,
118.2,118.4,120.2, 120.9, 121.0, 121.9, 122.6, 127.2,128.7,130.2, 131.31, 131.32, 136.2, 139.5, 141.3, 151.5, 157.2, 164.2, one CH, peak was
buried in the solvent signals; HRMS (FAB) m/z: [M + H]* calculated for C,;H,3N, O3, 451.1765; found, 451.1777.

2.4 | sEVisolation

Conditioned medium of CD63-gLuc or CD82-gLuc-transfected BI6BL6 cells were collected and subjected to sequential centrifu-
gation at 300 X g for 10 min, 2000 X g for 20 min and 10,000 X g for 30 min to remove cell debris and large vesicles. Subsequently,
the supernatant was passed through 0.2 um syringe filters and spun at 100,000 X g for 1-2 h (Himac CP80WX ultracentrifuge;
Hitachi Koki, Tokyo, Japan). The resulting sEV pellets were washed three times with filtered phosphate-buffered saline (PBS),
and the final sEV pellets were resuspended in small volumes of PBS (50-100 ul).

For proteinase K treatment, Proteinase K (ProK; Nacalai Tesque Inc.) was added to the sEV samples to a final concentration of
1 mg/ml and incubated at 37°C for 10 min to digest the surface proteins. Phenylmethylsulfonyl fluoride (PMSF) was then added
to a final concentration of 5 mM and incubated at 25°C for 10 min to inhibit ProK activity. The gLuc activity of the sEV samples
was measured as described below. The gLuc activity of the ProK-digested sEV samples was calculated as the percentage of gLuc
activity of the untreated SEV samples.

2.5 | Single-tube luciferase assay

Untreated and ProK-treated CD63-gLuc and CD82-gLuc labelled sEV samples were lysed with lysis buffer and mixed with
sea pansy luciferase assay reagent (PicaGene Dual; Toyo Ink Co., Tokyo, Japan) to measure the chemiluminescence using a
luminometer (Lumat LB 9507; EG&G Berthold, Bad Wildbad, Germany).

2.6 | Chemiluminescence-based sEV quantification assay

pDNAs were individually transfected into BI6BL6 cells with PEI max, as described above, and seeded in a 96-well plate (2 X 10*
cells/well). After 24 h of incubation, the cells were treated with or without 5 mg/ml GW4869 (item no. 13127; Cayman Chemical,
Ann Arbor, MI, USA) suspended in Opti-MEM (Thermo Fisher Scientific) and incubated for an additional 24 h. The conditioned
medium of each sample was subjected to sequential centrifugation at 300 X g for 10 min, 2000 X g for 20 min and 10,000 X g
for 30 min. At each centrifugation step, ProK-treated and untreated samples were prepared. Additionally, cell lysates for each
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sample were prepared by washing the cells once with PBS and subsequently lysing with lysis buffer. The chemiluminescence of
all samples was measured via a single-tube luciferase assay. The gLuc activity of the supernatant was divided by the gLuc activity
of the lysate to calculate the lysate-corrected RLU for each sample. Subsequently, the effect of GW4869 on sEV production was
determined by calculating the ratio of the lysate-corrected gLuc activity of GW4869-treated samples to the control (DMSO).
Additionally, the gLuc activity of the ProK-digested samples was calculated as the ratio of gLuc activity of the untreated samples.

2.7 | Construction of CD63-gLuc stably expressing BI6BL6 cell line

pDNA encoding CD63-gLuc was transfected into BI6BL16 cells using Lipofectamine 2000 (Invitrogen). Briefly, 0.5 ug pDNA and
L5 ul Lipofectamine 2000 were individually diluted in 25 ul Opti-MEM, mixed, and incubated at room temperature for 20 min
to form the Lipofectamine-DNA complex. This solution was then added to the cells and incubated for 24 h. Cell cloning was
initiated by limiting dilution, and the clone with the highest expression of CD63-gLuc activity was selected. CD63-gLuc protein
expression was confirmed by zymography, as described below, and the validity of the SEV quantification assay was confirmed
using GW4869 in the established cell line.

For gLuc zymography, BI6BL6 cells stably expressing CD63-gLuc (B16BL6-CD63-gLuc) were lysed using the lysis buffer sup-
plied by the PicaGene Dual Sea Pansy Luminescence Kit (Toyo Ink Co.). Zymography of CD63-gLuc was performed as previously
described (Takahashi et al., 2013). Briefly, cell lysate samples were subjected to 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) under non-reducing conditions. The gel was washed twice with 2.5% Triton X-100 for 30 min, once
with PBS for 30 min, and then reacted with the sea pansy luciferase assay reagent (Toyo Ink Co.). Chemiluminescence was
detected using the LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

2.8 | nanoparticle tracking analysis (NTA)

Culture media of BI6BL6 and B16BL6-CD63-gLuc subjected to sequential centrifugation at 300 X g for 10 min, 2000 X g for
20 min, or sEVs isolated from B16BL6-CD63-gLuc were used as samples. SEV samples were isolated as described in the previous
section, and diluted at 1/20, 1/40, 1/80, 1/160, 1/320, 1/640, 1/1280 ratio using lysis buffer. For each sample, the gLuc activity and the
particle numbers were measured via single-tube luciferase assay and NTA. NTA was performed using ViewSizer 3000 (Horiba
Scientific, Kyoto, Japan) with 450 nm 250 mW, 520 nm 12 mW and 635 nm 8 mW lasers; data were analysed using the software
provided by the instrument.

2.9 | WST-8 cell viability assay

The viability of BI6BL6 and B16BL6-CD63-gLuc cells were measured using the WST-8 colorimetric assay (Cell Counting Reagent
SF; Nacalai Tesque Inc.) according to the manufacturer’s instructions. Briefly, 1 X 103 or 1 X 10* cells of both cell lines were seeded
into a 96-well plate and incubated for 24 h. Necessary reagents were added to the cells and incubated for an additional 2 h to allow
for the formation of formazan dye. Absorbance of the samples were read at 450 nm (reference at 620 nm) using the Multiskan
FC microplate reader (Thermo Fisher Scientific).

2.10 | Screening of sSEV modulators

Total of 480 compounds selected from our in-house chemical libraries were used for screening. For each screening, 240 com-
pounds were assayed, and the selected compounds were assayed again to ensure reproducibility of data. BI6BL6-CD63-gLuc
cells were seeded into three 96-well plate (1 X 10* cells/well) and incubated for 24 h. At the either ends of the 96-well plates
(columns 1 and 12), wells for DMSO and GW4869-treated cells were prepared to account for variabilities that may arise within
or between the 96-well plates. The cells were treated with 10 uM compound (final DMSO concentration 0.5%) and incubated
for an additional 24 h. Conditioned media were collected and centrifuged at 700 X g for 1 h at 25°C (Plate Spin; Kubota, Tokyo,
Japan), which is equivalent to 2000 X g for 20 min, to remove cell debris. Cell lysates were prepared by washing the cells once with
PBS and subsequently lysing with lysis buffer. After centrifugation, the supernatants were collected, diluted with lysis buffer and
transferred into a 384-well plate to allow for the simultaneous measurement of the samples. Chemiluminescence was recorded
using FDSS/uCELL plate reader (Hamamatsu Photonics K.K., Shizuoka, Japan). Baseline chemiluminescence was recorded ini-
tially at 27°C every 5 s; sea pansy luciferase assay reagent (Toyo Ink Co.) was added to the supernatant 2 min after the start of
the measurement, and the chemiluminescence was recorded every 5 s for the next 10 min. Recorded gLuc activity data were inte-
grated over the 10 min intervals to determine the integrated RLU of each sample. This integrated RLU of the compound-treated
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samples were normalised to the integrated chemiluminescence of the control to determine the RLU¢ympound/RLUpwmso (Figure
S2). Compounds with > 2.6-fold increase or < 0.6-fold decrease in gLuc activity compared to control were considered to show
notable changes in gLuc activity. Twenty-one compounds in total were selected based on the above criteria; however, one of the
compounds was not tested further due to structural similarities with another one of the selected compounds.

Subsequently, supernatant and cell lysate samples of the selected 20 compounds were remeasured via single-tube luciferase
assay using Lumat LB 9507 (EG&G Berthold). Compounds that showed robust and reproducible changes in CD63-gLuc activity
were identified as potential modulators of SEV production.

2.11 | Evaluation of the effect of the identified compounds on gLuc enzyme reaction

To determine the effect of the candidate compounds on the luciferase enzyme activity, conditioned media of BI6BL6 cells treated
with 5 or 10 uM of KPYCO08425 or KPYCI12163, respectively, were collected and mixed with gLuc-LA labelled sEVs. The gLuc
activity of each sample was subsequently measured via single-tube luciferase assay.

2.12 | Dose-response and cytotoxicity assay

For the dose-response assay, BI6BL6-CD63-gLuc cells were seeded in a 96-well plate (5 x 10 cells/ml/well) and incubated for
24 h. The cells were then treated with varying doses (0.3-3 uM) of the candidate compounds and incubated for an additional
24 h. One hundred microlitres of the conditioned media and cell lysate samples were collected as described above for single-tube
luciferase assay.

For the cytotoxicity assay, the remaining conditioned medium was used to measure the release of lactate dehydrogenase (LDH)
using the Cytotoxicity LDH Assay Kit-WST (Dojindo Laboratories, Kumamoto, Japan), according to the manufacturer’s instruc-
tions. Briefly, the remaining culture medium from each condition was transferred to a 96-well plate and mixed with the assay
buffer to quantify LDH release. The absorbance of the samples was read at 490 nm using a microplate reader (Varioskan Lux;
Thermo Fisher Scientific).

2.13 | sEV protein quantification

B16BL6-CD63-gLuc cells were seeded in a 150-mm dish (4 X 10° cells/dish) and incubated for 24 h. The cells were then treated
with 1 or 3 uM KPYC08425 or KPYCI2163, respectively. After 24 h incubation, the conditioned medium was subjected to sequen-
tial centrifugation, filtration and ultracentrifugation, as described above. Protein concentrations were determined using the
Quick Start Bradford protein assay (Bio-Rad, Hercules, CA, USA).

2.14 | Transmission electron microscopy (TEM) observations

For observation of sEVs isolated from compound-treated cells, sSEV samples were prepared as described in the previous section.
The isolated sEVs were fixed with 4% paraformaldehyde and layered on a carbon/Formvar film-coated TEM grid (Okenshoji Co.,
Ltd., Tokyo, Japan) for 20 min at room temperature. After washing with PBS, the samples were treated with 1% glutaraldehyde for
5 min and washed four times with distilled water. Finally, the samples were stained with 1% uranyl acetate for 2 min. Observations
were performed using a transmission electron microscope (Hitachi, H-7650; Tokyo, Japan).

For the observation of ultrathin sections of compound-treated cells, BIGBL6 cells (8.4 X 10° cells/well) were seeded into a Nunc
Lab-Tek Chamber Slide system (Thermo Fisher Scientific) and incubated for 24 h. The cells were treated with 1 uM KPYC12163
or GW4869 and incubated for additional 24 h. The cells were then washed twice with PBS, fixed with a solution containing 4%
paraformaldehyde and 2% glutaraldehyde solution overnight at 4°C, and subsequently post-fixed with 1% osmium tetroxide for
90 min. The cells were then dehydrated with a graded series (50%-100%) of ethanol baths and embedded in epoxy resin. Ultrathin
sections were cut with an ultramicrotome and stained with uranyl acetate and lead citrate. Observations were performed using
a transmission electron microscope (JEOL, JEM-1400 Flash; Tokyo, Japan).

2.15 | Western blotting

Cell lysates were prepared as described above. For western blotting of sEV markers (Alix, Hsp70, CD63 and Calnexin), sEVs
and lysate samples (0.5 ug protein/sample) were reduced with 100 mM dithiothreitol (DTT) at 95°C for 3 min and subjected to
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10% SDS-PAGE. The separated proteins were transferred to a polyvinylidene fluoride membrane (PVDEF; Merck Millipore, Ltd.,
Billerica, MA, USA) and blocked with Blocking One reagent (Nacalai Tesque Inc.) for 30 min. The membranes were then incu-
bated for 1 h at 25°C or overnight at 4°C with the following primary antibodies: mouse anti-AIP1(49/AIP1) antibody (catalogue
no. 611620; 1:1000; BD Biosciences, San Jose, CA, USA), rabbit anti-Hsp70 antibody (catalogue no. 4872s; 1:1000; Cell Signaling
Technology, Danvers, MA, USA), anti-CD63(H-193) antibody (catalogue no. sc-15363; 1:200; Santa Cruz Biotechnology, Dallas,
TX, USA), and rabbit anti-Calnexin (H-70) antibody (catalogue no. sc-11397; 1:1000; Santa Cruz Biotechnology). The membranes
were subsequently incubated for 1 h at 25°C with the following horseradish peroxidase (HRP)-conjugated secondary antibodies:
rabbit anti-mouse IgG antibody (catalogue no. 61-6520; 1:1000; Thermo Fisher Scientific) and goat anti-rabbit IgG-HRP (cata-
logue no. 7074P2;1:2000; Cell Signaling Technology). Following incubation, the membranes were washed twice with 0.1% Tween
20 Tris-buffered saline (TBS-T), once with TBS, and then reacted with Immobilon Western Chemiluminescent HRP substrate
(Merck Millipore Ltd.). Chemiluminescence was detected using the LAS-3000 imaging system (Fujifilm).

Western blotting of lysosome and autophagosome markers (Lamp2(alias CD107b) and LC3BII, respectively) was performed
as described above using the following primary antibodies: mouse anti-CD107b (Mac-3, M3/84) antibody (catalogue no. 108501;
1:200; BioLegend, San Diego, CA, USA), rabbit anti-LC3BII (EPR18709) antibody (catalogue no. ab192890; 1:2000; Abcam,
Cambridge, United Kingdom), and rabbit anti-GAPDH (EPR16891) antibody (catalogue no. ab181602; 1:10,000; Abcam). The
following HRP-conjugated secondary antibodies were utilised for detection: rabbit anti-mouse IgG antibody (1:1000, Thermo
Fisher Scientific) and goat anti-rabbit IgG HRP (1:2000; Cell Signaling Technology).

2.16 | Fluorescence microscopy observations

pDNAs encoding CD63-EGFP and mCherry-Lamp2c were transfected into BI6BL6 cells in a 10:1 ratio with PEI max as described
above and seeded in a 6-well plate (2 X 10° cells/ml/well). After 24 h, the cells were treated with 1 uM KPYCI2163 or GW4869
and incubated for additional 24 h. The cells were then washed twice with PBS and fixed with 4% paraformaldehyde solution. The
fluorescence signals of CD63-EGFP and mCherry-Lamp2c were observed using fluorescence microscopy (Biozero BZ-X710;
Keyence Ltd., Osaka, Japan).

2.17 | Statistical analysis

Differences among data sets were statistically analysed by Student’s ¢-test for paired comparisons and by Tukey-Kramer test for
multiple comparisons. Values were considered statistically significant at p < 0.05.

3 | RESULTS
3.1 | Development and optimisation of a sensitive SEV quantification method using gLuc fusion
proteins

To determine whether the changes in sSEV production could be detected by the changes in the supernatant gLuc activity, BI6BL6
cells transiently transfected with CD63-gLuc or CD82-gLuc constructs were treated with or without GW4869. GW4869 is a
neutral sphingomyelinase inhibitor that is known to interfere with sEV secretion and vesicle trafficking (Trajkovic et al., 2008);
hence, was utilised as a positive control in the assay. The inhibitory effect of GW4869 on sEV production was confirmed in
Figure S3A. The conditioned media were subjected to sequential centrifugation, and the supernatant samples at each centrifu-
gation step were treated with or without ProK to determine the optimal pre-treatment conditions. Remnants of gLuc fusion
proteins maybe present in the supernatant as larger vesicles/cell debris or as a soluble gLuc fusion protein and could potentially
impact the estimation of sEV production. Therefore, the gLuc activity of samples after each centrifugation step, and in the pres-
ence or absence of ProK was measured to determine the most optimal pre-treatment condition to accurately estimate the sEV
production. The results showed that regardless of the ProK treatment, a reduction in supernatant gluc activity was observed for
all GW4869-treated groups (Figure 1la). Although both fusion proteins showed a reduction in gLuc activity in the presence of
GW4869, comparison of the gLuc activity in samples treated with or without ProK showed a significant reduction in CD82-gLuc
samples treated with ProK (Figure 1b), suggesting a greater presence of soluble proteins in the CD82-gLuc samples. In contrast,
minimal differences in gLuc activity were observed for CD63-gLuc samples treated with or without ProK when treated with
centrifugation >2000 X g for 20 min, suggesting minimal presence of soluble proteins after sufficient centrifugation. Based on
these findings, CD63-gLuc was determined to accurately reflect the amount of sEVs in the supernatant samples, even without
the additional step of ProK treatment. Further, the gLuc activity of the cell lysate samples was measured to determine whether
any changes observed in the supernatant gLuc activity were primarily due to differences in protein expression within the cell
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FIGURE 1 Quantification of sEV production utilizing gLuc fusion proteins. CD63-gLuc and CD82-gLuc transfected BI6BL6 cells were treated with or
without 5 ug/ml GW4869 and the conditioned media were subjected to sequential centrifugation. (a) gLuc activity at each centrifugation step was measured
and expressed as the ratio to DMSO (control), left graph represents the gLuc activity of ProK (4) samples, right graph represents the gLuc activity of ProK (—)
samples. (b) Ratio of gLuc activities between ProK-treated and untreated samples when subjected to centrifugation at 2000 X g for 20 min. (c) gLuc activity of
the cell lysates was measured and expressed as the percentage of control. All data are expressed as the mean =+ standard deviation (n = 3).

(Figure 1c). Cell lysate samples prepared from GW4869-treated cells had comparable gLuc activity to that of control, suggesting
that the reduction in the supernatant gLuc activity resulted from a decrease in SEV production rather than a decrease in the
expression of the gLuc fusion proteins.

Because transient transfection may result in variability in the level of fusion protein expression per sample, BI6BL6-CD63-gLuc
cell line was generated for subsequent screening. CD63-gLuc was selected since it (1) required less pre-treatment, as indicated by
the comparable glLuc activity between untreated and ProK-treated samples, and (2) exemplified high sensitivities to changes in
sEV production caused by the presence or absence of GW4869. Expression of CD63-gLuc in the stable cell line was confirmed by
gLuc zymography, which showed a band near the expected molecular weight of 44 kDa (Figure S4A); the band observed above
the 63 kDa mark likely represented the fusion protein between the glycosylated CD63 and gLuc protein. The correlation between
the gLuc activity and the particle numbers of the B16BL6-CD63-gLuc cell-derived sEVs was confirmed by luciferase assay and
NTA, respectively. Results showed a direct correlation between the gLuc activity and the particle numbers (Figure S4B), which
further substantiated the use of gLuc activity data as a convenient estimation for sEV quantification in the glLuc reporter cell line.
Stable expression of CD63-gLuc in B16BL6 cell lines showed no influence on cell viability compared to non-transfected B16BL6
cells; moreover, no significant differences in the number of particles secreted into the supernatant were observed between B16BL6
and B16BL6-CD63-gLuc cell lines (Figure S4C-D). This suggests that the genetic modification used to establish the stable cell line
has minimal impact on the cell and its ability to produce sEVs. Finally, the validity of the assay was confirmed using GW4869
(Figure S4E). A significant reduction in gLuc activity was detected in samples subjected to centrifugation >2000 X g for 20 min.,
which supported the successful development of a sensitive sEV quantification method utilizing CD63-gLuc fusion protein.

3.2 | KPYC08425 and KPYC12163 were identified as potential sEV production modulators via
screening

Two-hundred forty compounds selected from our in-house chemical libraries were initially screened with CD63-gLuc activity
as the readout. This led to identification of four compounds that showed mild effects on sEV production; these four compounds
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contained either a carbazole, imidazopyridine, thiophen, or phenol scaffolds (Figure S5). To identify more potent sEV modula-
tors, additional 240 structural analogues containing one of the four scaffolds identified were selected from our in-house chemical
libraries and screened (Figure 2a); highlighted in red are compounds that showed increased CD63-gLuc activity and highlighted
in blue are compounds that showed decreased CD63-gLuc activity (Figure 2b). The gLuc activity of the highlighted compounds
was remeasured using single-tube luciferase assay (Figure 2c) to confirm their stimulatory or inhibitory effect. Based on these
assays, cells treated with compounds 3, 8 and 10 showed a notable increase in gLuc activity, while those treated with compounds
13 and 15 showed a substantial decrease in gLuc activity. However, significant reduction in the lysate gLuc activity was observed
for compounds 3, 10 and 15, suggesting changes in CD63-gLuc expression in these compound-treated cells, rather than a change
in sEV production. Thus, compound 8(KPYC08425) and compound 13(KPYCI2163) were identified as compounds that can
produce potent and reproducible effects on CD63-gLuc activity (Figure 3a).

To validate the effects of the identified compounds, its effect on the gLuc enzyme reaction, dose-response and cytotoxicity
was assessed subsequently. The addition of the compounds into the reaction mixture hardly changed the chemiluminescence
emitted by the gLuc enzyme when reacted with its substrate, coelenterazine (Figure 3b), suggesting that the changes observed
in the gLuc activity were not a result of altered enzyme-substrate interaction. Significant changes in gluc activity of BI6BL6-
CD63-gLuc cells treated with these two compounds were observed in a dose-dependent manner, with relatively low cellular
toxicity at the investigated doses (Figure 3c and d), supporting its effect on modulating the amount of CD63-gLuc secreted into
the supernatant. Although greater effects were observed at higher doses, increased cellular toxicities became more prominent at
doses >5 M (data not shown); therefore, subsequent experiments were conducted utilizing <3 uM as the dose.
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3.3 | KPYC08425 and KPYC12163 were validated as effective SEV production modulators

To confirm the effects of the candidate compounds on sEV production, sEV's were isolated from the conditioned medium of the
compound-treated cells by ultracentrifugation, and the sEV protein yields were assessed. Addition of 1 uM KPYC08425 showed
a 1.5-fold increase in sEV protein yield compared to control (Figure 4a). Addition of 3 uM KPYC12163 resulted in approximately
70% reduction in sEV protein yield compared to control (Figure 4b). Additionally, TEM observation of these isolated sEV's
revealed a round-shaped, bi-layered vesicle that were approximately 100 nm in size, which are consistent with classic SEV mor-
phology and size (Figure 4c). These findings validated the identified compounds as potent modulator of sEV production. Since
KPYCI12163 showed a robust inhibitory effect on sEV production, subsequent studies were conducted to investigate its role in
sEV production.
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3.4 | KPYCI2163 may be inhibiting sEV release thereby stimulating the autolysosomal pathway

First, to determine whether the inhibitory effect of KPYCI12163 was cell-type specific, CD63-gLuc was transiently transfected
into various cell lines, and the changes in gLuc activity upon the addition of the compounds were evaluated. Results showed a
decreasing trend in gLuc activity in all cell lines treated with KPYCI12163 compared to control (Figure 5a), which suggested that
the inhibitory effect of KPYCI2163 may occur in multiple different cell lines.

Next, the cargo contents of the isolated sEVs were determined by western blotting. The presence of sEV markers, including
Alix, Hsp70, and CD63, and the absence of endoplasmic reticulum marker, Calnexin, was confirmed in the compound-treated
B16BL6-CD63-gLuc-derived sEV's (Figure 5b). sEV's isolated from KPYC12163-treated cells showed decreased band intensity for
all SEV markers compared to control; however, the lysate samples of KPYCI12163- and GW4869-treated cells showed increased
band intensity for Hsp70. This led to an interesting hypothesis that the compounds were involved in the accumulation of SEV's
within the cell, thereby resulting in decreased sEV release.

Generally, sEVs are harboured in multivesicular bodies (MVBs) in the form of intraluminal vesicles (ILVs) within the
cell prior to its release. TEM observation of KPYCI2163-treated BI6BL6 cells showed increased accumulation of vacuoles
within the cell compared to control; accumulation was also observed in GW4869-treated cells, but to a lesser extent as com-
pared to KPYCI2163-treated cells (Figure 5c). However, due to the similarities in size and morphology, the observed vacuoles
could not be distinguished from MVBs by TEM observations. Thus, to evaluate the accumulation of MVBs, CD63-EGFP and
mCherry-Lamp2c were utilised to label the sEVs, and the changes in fluorescent signals upon the addition of compounds were
assessed. Results showed a notable increase in CD63-EGFP signals, and surprisingly, a decrease in mCherry-Lamp2c signal
upon KPYCI12163-treatment compared to control (Figure 5d). GW4869 showed a comparable signal for CD63-EGFP and a slight
reduction in mCherry-Lamp2c signal.

Since Lamp2c proteins also localise in the lysosomal membrane, it was hypothesised that the reduction in mCherry-Lamp2c
signal may be reflective of induced autophagy. Western blot analysis of Lamp2c (lysosome marker) and LC3BII (autophagosome
marker) showed decreased band intensity for Lamp2c and increased band intensity for LC3BII in KPYC12163-treated cell lysates
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FIGURE 5  Autolysosomal pathway may be involved in the inhibitory effect of KPYCI12163. (a) B16BL6, A549, Colon26, HEK293, NIH3T3 and RAW264.7
cells were treated with 1 uM of KPYCI12163 or GW4869 and the gLuc activities of the supernatant and cell lysates were measured. Results are expressed as the
ratio of gLuc activity of the compounds to that of the control. All data are expressed as the mean + standard deviation (n = 3). *p < 0.05 compared to DMSO
using Tukey-Kramer test. (b) Western blotting for Alix, Hsp70, CD63 and calnexin in sEVs and cell lysates prepared from control or compound-treated
B16BL6-CD63-gLuc cells (0.5 ug protein/lane). (c) Ultrathin sections of BI6BL6 cells treated with 1 uM of KPYC12163 or GW4869 as observed by TEM (scale
bar =1 um). (d) BI6BL6 cells transfected with CD63-EGFP and mCherry-Lamp2c were treated with 1 uM of KPYCI12163 or GW4869 and fixed with 4%
paraformaldehyde. The fluorescence signals of CD63-EGFP and mCherry-Lamp2c were observed under a fluorescent microscopy (original magnification
%200, scale bar = 100 um). (e) Western blotting for Lamp2c (lysosome marker), LC3BII (autophagosome marker) and GAPDH in control or compound-treated
B16BL6 cell lysates.

(Figure 5e). Taken together, these results suggested that KPYC12163 inhibited sEV release, thereby causing an accumulation of
sEV's within the cell, which then stimulated the induction of autophagy to breakdown the excess sEVs within the cell (Figure 6).

4 | DISCUSSION

In the current study, a convenient and highly sensitive SEV quantification method was developed by genetically labelling SEV's
with gLuc reporter proteins. The use of luciferase fused to SEV marker proteins for sEV quantification has been previously
reported (Hikita et al., 2018), and the luminescence intensity was shown to have a strong positive correlation with the number of
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SEV particles based on NTA (Figure S4). Indeed, the addition of GW4869, an sEV production inhibitor, significantly decreased
the gLuc activity in the cell supernatant for both gLuc fusion proteins evaluated (Figure 1), substantiating the gLuc activity as an
accurate reflection of the changes in SEV production. However, CD82-gLuc samples contained more soluble gLuc proteins than
CD63-gLuc, as indicated by the significant reduction in gLuc activity upon ProK treatment (Figure 1). This would necessitate
an additional step to remove the excess gLuc proteins for accurate quantification. Therefore, the gLuc fusion protein consisting
of CD63, which is a common sEV marker, was selected as the fusion protein for subsequent screening. Nonetheless, sEVs are a
heterogeneous group of vesicles that consist of distinct subpopulations depending on their size, cargo contents, and their produc-
ing cells, and a subpopulation of sEVs that lack CD63 has been reported previously (Yoshioka et al., 2013). Thus, it is important
to recognise that regardless of which fusion protein is selected for sEV labelling, it could result in under- or over-estimation
of the sEV amount, and multiple sEV markers should be evaluated for the most precise sEV quantification. Another limitation
of this quantification method is that it relies on genetic modification to express the gLuc fusion proteins to label the sEVs for
its quantification. Therefore, this method is only applicable to cell lines that can be genetically modified either by transient or
stable transfection. This method would not be applicable to certain cells such as primary cells since neither options of genetic
modification are feasible for these types of cells.

After two rounds of screening, two hit compounds, namely KPYC08425 and KPYCI12163, that regulate SEV production were
identified from our in-house chemical libraries. KPYC08425, which showed a significant increase in gLuc activity, is a hydrox-
yphenyl hydrazone, which is one of the commonly reported pan-assay interference compounds (PAINS). PAINS are chemical
compounds that interact non-specifically with target proteins to produce false signals in numerous assays (Baell & Holloway,
2010; Baell & Nissink, 2018). However, evaluation of the effect of KPYC08425 on enzyme activity showed decreased gLuc activity
upon addition of the compound (Figure 3), which suggests that the screening results may not be an artefact but an actual reflec-
tion of increased sEV production. Purification and quantification of sEVs from cells treated with KPYC08425 showed a 1.5-fold
increase in sEV protein yield (Figure 4), validating KPYC08425 as a potential sEV production inducer. Nonetheless, its effect on
sEV production is mild at best, and cytotoxicity becomes an issue at higher doses (data not shown). Hydroxyphenyl hydrazone
derivatives have been reported to inhibit cell proliferation through iron sequestration in cancer cells (Li et al., 2017), which may
be the cause of increased cellular toxicity. Therefore, further optimisation of the chemical compound is necessary to improve its
efficacy.

KPYCI12163, which showed a significant reduction in gLuc activity, is not a member of PAINS but still exhibited mild inter-
ference with the enzyme activity (Figure 3). However, considering the significant reduction in gLuc activity observed during the
screening, it is likely that the compound indeed influenced sEV biogenesis/release. Subsequent dose-response assay showed not
only a dose-dependent decrease in gLuc activity in the cell supernatant but also an increase in gLuc activity in the cell lysate
(data not shown), suggesting that the compound interfered with sEV release. Purification of sEVs showed approximately 70%
reduction in sEV protein yield for KPYC12163-treated cells compared to control (Figure 4), confirming its inhibitory effect on
sEV production. All investigated cell lines, including cancerous and non-cancerous cell lines treated with KPYC12163, exhibited a
tendency of decreased gLuc activity (Figure 5), suggesting that the compound likely inhibits a common sEV biogenesis pathway.
Additionally, western blot analysis of the sEV markers showed a significant reduction in the band intensity for sEVs isolated from
KPYCI2163-treated cells (Figure 5), which implies a decrease in sEV protein yield per ug protein and, potentially, a qualitative
change in the sEVs such as altered cargo contents.

Generally, sEVs are derived from the endosomal compartment known as MVBs; the membrane of MVB invaginates to form
ILVs, which are secreted into the extracellular milieu upon MVB fusion with the plasma membrane. MVBs are mostly >250 nm
in size and are enriched with various proteins such as class II MHC and tetraspanins (Altick et al., 2009; Piper & Katzmann,
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2007). TEM observation of compound-treated cells showed increased accumulation of vacuoles that could be either cytoplasmic
vacuolisation of the compounds or MVBs based on their size (Figure 5). Moreover, a slight increase in CD63-EGFP signals
was observed in the compound-treated cells (Figure 5), which suggests the potential accumulation of MVBs, possibly caused by
preventing the MVB-plasma membrane fusion pathway for SEV release. GW4869 has been reported to decrease the number of
fusion events with the plasma membrane by Verweij et al. (2018), which would explain the increased vacuoles observed in the
GW4869-treated cells. Considering that Lamp2c protein is also an sEV-tropic protein (Théry et al., 2018), it was assumed that
like CD63-EGFP, mCherry-Lamp2c signals will also increase upon addition of the compound; surprisingly, mCherry-Lamp2c
signals were decreased, and western blot analysis also confirmed the reduction of Lamp2c in KPYCI12163-treated cell lysates.

In addition to its tropism in sEV's, Lamp proteins are also localised on the lysosomal membrane (Eskelinen, 2006). Lysosomes
are one of the major players involved in macroautophagy (hereafter referred to as autophagy) that function to degrade cytosolic
proteins and damaged organelles by fusion with autophagosomes (Feng et al., 2014). Since sEV biogenesis and autophagy are
closely linked by the endo-lysosomal pathway to maintain cellular homeostasis (Xu et al., 2018), it could be reasoned that the
accumulated MV Bs (due to inhibited sEV release) induced the autophagy-lysosome pathway to clear the excess MVBs in the cell.
Western blot analysis of LC3BII showed increased band intensity for KPYC12163-treated cells, suggesting the potential induc-
tion of the autolysosomal pathway. Other recently identified sEV inhibitors, such as sulfisoxazole, have also been reported to
increase the degradation of MVBs through the autophagy-lysosome pathway (Im et al., 2019). Nonetheless, further investigation
of the changes in the expression of sEV biogenesis/release pathway machineries upon treatment with KPYCI2163 is necessary to
determine the players involved in the inhibition of sEV release.

5 | CONCLUSION

By developing a highly sensitive luciferase-based sEV quantification assay using CD63-gLuc fusion protein, two novel sEV pro-
duction modulators, KPYC08425 and KPYC12163, were identified. The developed assay can be easily adapted in various cell lines
and requires minimal pretreatment (centrifugation > 2000 X g for 20 min), thus, can be utilised as a robust method for high
throughput sEV quantification. Compounds identified from the screening showed notable impact on sEV protein yield, with
KPYC08425 showing a mild increase and KPYC12163 showing a significant decrease in sEV production. These sEV production
regulators can be a useful tool in a wide range of sEV-based research to understand its biological and pathological functions, as
well as potentially, in SEV-based therapies.
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Abbreviations

Sentinel lymph node (LN) biopsy is currently the standard procedure for
clinical LN-negative breast cancer (BC) patients but it is prone to false-
negative results and complications. Thus, an accurate noninvasive
approach for LN staging is urgently needed in clinical practice. Here, circu-
lating exosomal microRNA (miRNA) expression profiles in peripheral
blood from BC patients and age-matched healthy women were obtained
and analyzed. We identified an exosomal miRNA, miR-363-5p, that was
significantly downregulated in exosomes from plasma of BC patients with
LN metastasis which exhibited a consistent decreasing trend in tissue sam-
ples from multiple independent datasets. Plasma exosomal miR-363-5p
achieved high diagnostic performance in distinguishing LN-positive
patients from LN-negative patients. The high miR-363-5p expression level
was significantly correlated with improved overall survival. Functional
assays demonstrated that exosomal miR-363-5p modulates platelet-derived
growth factor (PDGF) signaling activity by targeting PDGFB to inhibit
cell proliferation and migration. Our study revealed, for the first time,
plasma exosomal miR-363-5p plays a tumor suppressor role in BC and has
the potential for noninvasive LN staging and prognosis prediction of BC.

ALN, axillary lymph node; AUC, area under the curve; BC, breast cancer; cDNA, complementary DNA; CHCAMS, Chinese Academy of
Medical Sciences; Cl, confidence interval; DE, differentially expressed; DMEM, Dulbecco’s modified Eagle’'s medium; ER, estrogen
receptor; HR, hazard ratio; LN, lymph node; LNM, lymph node metastasis; mRNA, messenger RNA; miRNA, microRNA; NC, negative
control; NTA, nanoparticle tracking analysis; PDGF, platelet-derived growth factor; rRNA, ribosomal RNA; ROC, receiver operating
characteristic; SLNB, sentinel lymph node biopsy; TEM, transmission electron microscopy; TPM, total mapped reads.
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1. Introduction

Breast cancer (BC) is the most common malignant
tumor in females, with a global annual incidence of
266 120 (30%) and 40 920 (14%) deaths [1]. Axillary
lymph node (ALN) metastasis is one of the most
important independent risk factors of the prognosis of
early BC [2]. Sentinel lymph node (LN) biopsy (SLNB)
and ALN dissection are two major procedures for
evaluation of ALN status and treatment of ALN
metastasis. Currently, SLNB is recommended as the
standard approach for ALN evaluation in clinically
node-negative BC patients [3]. Although unnecessary
axillary clearance procedures might be spared, sentinel
LN could have a false-negative rate of 7.3%, which
leads to patient under-treatment and causes an
increased risk of recurrence [4,5]. Additionally, the
presence of SLNB complications, especially lym-
phedema, is still inevitable. The incidence rate is 3.5%
in BC patients who received SLNB alone without
ALN dissection [6]. Thus, it is highly important to
develop an accurate and non-invasive method to iden-
tify patients at low risk of ALN metastasis before sur-
gery. Patients without ALN metastasis would benefit
vastly if SLNB could be avoided safely using pre-
surgery ALN status evaluation.

Exosomes are 30- to 100-nm microvesicles formed in
multivesicular bodies and released into the extracellu-
lar environment by most cell types [7]. Abundant stud-
ies have shown that exosomes can serve as mediators
of cell-to-cell communication by delivering cargo mole-
cules, especially nucleic acids, that regulate the tumor
microenvironment and promote cancer metastasis and
progression [8—10]. Meanwhile, circulating exosomes of
cancer patients were shown to have higher concentra-
tions than in healthy individuals and are considered
reliable markers in cancer diagnosis [11,12]. The circu-
lating exosomes contain a large selection of messenger
RNA (mRNA), microRNA (miRNA), long non-
coding RNA, proteins and lipids [13-15]. The miRNA
are small non-coding RNA that regulate the cellular

process by suppressing target mRNA translation and
are highly expressed in exosomes [16]. Recent studies
have shown that exosomal miRNA exhibit essential
biological effects on tumor metastasis [17,18]. In addi-
tion, there is growing evidence suggesting the potential
role of exosomal miRNA in the early detection of can-
cer metastasis [13,19-21]. However, the relation
between tumor-derived exosomal miRNA and the LN
metastases in BC is still unclear. Biomarkers based on
circulating exosomes for clinical applications are not
well developed.

We conducted a prior study to investigate the poten-
tial use of circulating exosomal miRNA in the detec-
tion of LN metastasis (LNM). In this study, small
RNA deep sequencing (RNA-seq) analysis was used,
aiming to characterize the miRNA expression land-
scape in the circulating exosomes from BC patients.
The candidate miRNA responsible for BC LNM were
generated by comparing the miRNA expression differ-
ence between patients with or without LNM. Addi-
tionally, candidate miRNA were verified in multiple
independent patient datasets. Furthermore, in silico
and experimental studies were performed to identify
potentially relevant target genes of the candidate
miRNA in order to improve our understanding of
mechanisms underlying the LNM in BC.

2. Materials and methods

2.1. Patient enrollment and sample preparation

All participants were enrolled through the Genetic
Investigation of Inherited and Familial Tumor Syn-
drome study between January 2018 and June 2018
from the Cancer Hospital, Chinese Academy of Medi-
cal Sciences (CHCAMS). Patients were eligible for
enrollment if they had an evident histologic diagnosis
of BC and no distant metastasis. The positive estrogen
receptor (ER) was defined as more than 1% of tumor
cells staining positive for ER proteins. The HER2-
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positive cells were defined as tumor cells that stain
strongly (3+) for ERBB2 protein or in which the
ERBB2 gene was amplified. Age-matched healthy
women were recruited as a control group. Peripheral
blood samples of 10 mL from these BC patients and
10 age-matched healthy women were collected at
CHCAMS. Blood samples were collected in vacuum
tubes with EDTA and centrifuged at 3000 g for
15 min at 4 °C. The collected supernatant (5 mL
plasma) was preserved at —80 °C before use. This
study was conducted in accordance with the Declara-
tion of Helsinki. All participants signed a written
informed consent. Ethics approval for the study was
obtained from the Research FEthics Committee of
CHCAMS. Two independent BC datasets with
miRNA profiles and clinical data were from UCSC
Xena Browser (TCGA, http://xena.ucsc.edu/public;
n = 1044) [22] and Gene Expression Omnibus (GEO,
accession number GSE38167, https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE38167; n=31)
[23].

2.2. Exosome isolation

The collected plasma was thawed at 37 °C and then
centrifuged at 3000 g for 15 min to remove cell debris.
Aspirated supernatant was diluted sevenfold with PBS
and centrifuged at 13 000 g for 30 min [24]. Large par-
ticles were removed using 0.22-pm filters. The collected
supernatant was then ultra-centrifuged at 100 000 g,
4 °C for 2 h (CPI00NX; Hitachi, Brea, CA, USA).
The pellet containing exosomes was re-suspended in
PBS and ultra-centrifuged again at 100 000 g 4 °C for
2 h. The isolated exosomes were re-suspended in
100 pL PBS after PBS washing for further analysis.

2.3. Exosome characterization

The nanoparticle tracking analysis (NTA), transmis-
sion electron microscopy (TEM) and western blot
analysis using rabbit polyclonal antibody CD63,
TSG101 and calnexin were conducted following the
previously reported protocols [25].

2.4. Exosomal RNA isolation and RNA analyses

The RNA were extracted from plasma-isolated exo-
somes using the miRNeasy® Mini kit (Qiagen, cat.
No. 217004, Shanghai, China). RNA vyields, as well as
DNA contamination, were monitored on a 1.50%
agarose gel. The NanoDrop 2000 spectrophotometer
(ThermoFisher Scientific, Wilmington, DE, USA) was
used to assess RNA concentration and purity. The
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integrity and distribution of RNA were analyzed using
the Agilent Bioanalyzer 2100 system with RNA Nano
6000 Assay Kit (Agilent Technologies, Palo Alto, CA,
USA).

2.5. Library preparation and sequencing

A total amount of 5 ng RNA per sample was depleted
of ribosomal RNA (rRNA) using the RiboZero mag-
netic kit (Epicentre, Madison, WI, USA). Sequencing
libraries were then generated using the Ovation®
RNA-Seq System (NuGEN, San Carlos, CA, USA). A
total amount of 2.5 pg RNA per sample was used as
input material for sample preparation of small RNA
libraries. The libraries were generated using the NEB
Next Multiplex Small RNA Library Prep Set for Illu-
mina (NEB, Ipswich, MA, USA). The index codes
were added to attribute sequences to each sample.
Finally, the PCR products were purified using the
Agencourt AMPure XP system (Beckman Coulter,
Brea, CA, USA). The library quality was evaluated on
an Agilent Bioanalyzer 2100 (Agilent Technologies)
and quantitative PCR. The cluster of the index-coded
samples was generated by the acBot Cluster Genera-
tion System using TruSeq PE Cluster Kitv3-cBot-HS
(Illumina, San Diego, CA, USA). At last, the sequenc-
ing was performed on the Illumina HiSeq platform
using the library preparations and paired-end reads
were generated.

2.6. Quantitative differential expression analysis
of miRNA

The sequence alignment was performed using the
Bowtie tool [26] with several databases, including the
Silva  database  (https://www.arb-silva.de/),  the
GtRNAdb database (http://gtrnadb.ucsc.edu/), the
Rfam database (http://rfam.sanger.ac.uk/) and the
Repbase database (http://www.girinst.org/) [27]. Subse-
quently, the rRNA, transfer RNA, small nuclear
RNA, small nucleolar RNA, and other non-coding
RNA were filtered. The miRNA, including known
miRNA and novel miRNA, were detected using the
remaining reads, in which the novel miRNA were pre-
dicted according to the miRbase database and Human
Genome (GRCh38), respectively. Read counts of the
miRNA were generated from the mapping results and
have been standardized as the total mapped reads
(TPM) per million. Circulating exosomal miRNA pro-
files of samples with two conditions were compared
using the two-tailed Student’s z-test, and each miRNA
with a log,|fold change|> 0.58 and P < 0.05 was con-
sidered a differential expression. Hierarchical
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clustering was performed with R package ‘pheatmap’
using the ward.D2 method using R statistical software,
version 3.5.1 (R Foundation for Statistical Computing,
Vienna, Austria).

2.7. Cell culture and transfection

The MCF-7 cell line was cultured at 37 °C with 5%
CO,. Dulbecco’s modified Eagle’s medium (DMEM,
SH30022.01; HyClone, South Logan, UT, USA) with
10% FBS (FNDS500, ExCell Bio., Shanghai, China)
was applied as a culture medium. In addition, 100
units per milliliter penicillin and 100 pg-mL~"' strepto-
mycin (SV30010, HyClone, Logan, UT, USA) were
added to DMEM. Until the density reached approxi-
mately 50-70%, cells were transfected for 48 h with
miR-363-5p mimic, mock negative control (NC), miR-
363-5p inhibitor or inhibitor NC (Ribo, Guangzhou,
China) using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA).

2.8. RNA extraction and quantification

The miRNA was extracted from MCF-7 cells with the
miRcute miRNA isolation kit (DP501, Tiangen, Beijing,
China). Total RNA was extracted from transfected
MCF-7 cells with the total RNA rapid extraction kit
(220010, Feijie Biological, Shanghai, China). After qual-
ity control, the FastQuant RT kit (KR106, Tiangen,
Beijing, China) was used to reverse transcribe the
miRNA or RNA sample into complementary DNA
(cDNA). qRT-PCR was performed in an ABI 7300
real-time PCR system (Applied Biosystems, Foster City,
CA, USA). SuperReal PreMix Plus (SYBR Green) mix-
ture (FP205; Tiangen) was applied for reactions. The
relative amounts of miR-363-5p to control U6 and
platelet-derived growth factor B (PDGFB) to control
GAPDH transcripts were analyzed by the 27 44¢
method. Primers applied were listed as follows: miR-
363-5p:  forward: 5-CGGGTGGATCACGATG-3;
reverse: 5-CAGTGCAGGGTCCGAGGTAT-3; Ueé:
forward: 5-CTCGCTTCGGCAGCACA-3; reverse: 5-
AACGCTTCACGAATTTGCGT-3 [28].

2.9. Cell proliferation assay

The MCF-7 cells were planted in 96-well plates with a
density of 5 x 10° cells per well. The proliferation of
cells at 0, 24, 48 and 72 h after transfection was exam-
ined wusing the CCK-8 proliferation assay kit
(MA2018-L, Meilunbio, Dalian, China). At every time
phase, 10 pL of CCK-8 reagent was added to the med-
ium. Absorbance at 450 nm was measured after 3 h of

Circulating exo-miRNA inhibits breast cancer LNM

incubation using a microplate spectrometer reader
(Molecular Devices, San Jose, CA, USA).

2.10. Transwell migration assay and colony
formation assay

After transfection with miR-363-5p or NC for 48 h,
MCEF-7 cell was washed twice with FBS-free medium,
and then re-suspended in FBS-free medium at a density
of 1 x 10° cellsmL™'. Transwell chamber (pore size
8.0 um, 3422; Corning Costar, Cambridge, MA, USA)
pretreated with the FBS-free medium was placed in a
24-well plate. After removing the pretreatment medium,
600 pL 10% FBS-containing medium was added to the
lower chamber and a 100-puL cell suspension to the
upper chamber was added with. After incubating for
48 h, the chambers were fixed and stained with metha-
nol and 0.2% crystal violet. After staining, cells on the
chamber surface were removed carefully with water and
cotton swabs. The number of perforated cells in the
outer layer of the basement membrane of each chamber
(migrating cells) was counted in five random high-
power fields with a phase-contrast microscope (NIB-
100F, Nanjing Jiangnan Novel Optics, Nanjing, China).

Cell proliferation capacity was evaluated with col-
ony formation assay using the protocol previously
described by Liu et al. [29]. After transfection with
miR-363-5p or NC for 48 h, MCF-7 cells were seeded
in 24-well microplates with approximately 2000 cells
per well. After adherent growth of 48 h, the cells were
stained with crystal violet solution after methanol fixa-
tion and counted using IMAGEJ software (NIH,
Bethesda, MA, USA). Three parallel experiments were
conducted. The results were normalized using the pro-
liferation data to minimize confounding.

2.11. Statistical analysis

Analyses were performed with R Statistical Software
(version 3.5.3). Pre-set P < 0.05 was defined as statisti-
cally significant. Quantitative data were measured as
mean =+ standard deviation. The comparison of mean
values between the two groups was analyzed using Stu-
dent’s #-test and Mann—Whitney U-test. Pearson’s test
was used to evaluate the exosome-tissue miRNA corre-
lation and miRNA-target mRNA correlation. Receiver
operating characteristic (ROC) curve analysis was used
to determine the diagnostic performance, and the area
under the curve (AUC) was calculated with the R pack-
age ‘ROCit’ [30]. The Kaplan—-Meier method and log-
rank test were applied to compare survival differences
and the hazard ratio (HR) and 95% confidence interval
(CI) were calculated using the R package ‘Survival’.
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3. Results

3.1. Characterization of exosomes from the
plasma of breast cancer patients

In this study, 10 BC (Luminal-like) patients and 10
age-matched healthy women were enrolled. Clinical
information about the patients is listed in Table 1. Ten
BC patients were further divided into two groups
according to their LN status, namely, four patients
with LNM and six patients without LNM. Blood sam-
ples were collected from both BC patients and healthy
controls. The integrity of exosome preparation was
confirmed with TEM followed by western blot. The
exosomes isolated from the plasma exhibited the clas-
sic cup-shaped morphology under TEM (Fig. SIA).
Exosome markers 7SGI10/ and CD63 expression were
detected from the exosome isolated from the plasma
(Fig. S1B). The NTA indicated that the average size of
the vesicles was 105.7 nm and the main peak of parti-
cle diameter was at 85.5 nm (Fig. S1C). The results
mentioned above demonstrated that the extracellular
vesicles isolated from plasma samples are purified
exosomes.

3.2. RNA-seq identified dysregulated exo-miRNA
in breast cancer patients

To identify exo-miRNA that play a pivotal role in
inducing BC LNM, circulating exosomal miRNA was
isolated and profiled using small RNA deep sequenc-
ing analysis. A total of 1631 miRNA were mapped in
exosomes isolated from plasma samples. To minimize
noise and improve accuracy, the miRNA with TPM
values of less than five were removed, leaving 367
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miRNA for further analysis. Through differential
expression analysis, 43 significantly differentially
expressed (DE) miRNA were identified in breast
tumor exosomes and seven significantly DE miRNA in
breast tumor exosomes with LN-positive status. Fig-
ure 1A shows a different expression pattern of the 43
DE miRNA between BC patients and healthy controls.
Figure 1B shows a different expression pattern of the
seven DE miRNA between BC patients with and with-
out LNM.

3.3. Identification of circulating exosomal miR-
363-5p as a potential biomarker of axillary lymph
node metastasis and prognosis

Integrative profiles analysis indicated that the aberrant
expression of exosomal miR-363-5p is significantly
associated with both BC (P = 0.047, Mann—Whitney
U-test) and ALN metastasis (P = 0.019, Mann—Whit-
ney U-test; Fig. 2A,B). Exosomal miR-363-5p expres-
sion was significantly higher in BC patients compared
with healthy controls and was significantly lower in
LN-positive patients compared with LN-negative
patients (Fig. 2B). Since the miRNA concentration in
exosomes is distinctively related to its cellular abun-
dance [31], we also hypothesized that reliable circulat-
ing markers should coordinate with their expression
alterations in tumor tissues. To verify the reliability of
miR-363-5p, the expression levels of miR-363-5p in
tumor tissues with and without LN were compared in
two external independent patient datasets. The exoso-
mal miR-363-5p exhibited a consistent expression trend
in tissue samples, as observed in plasma samples
(Fig. 2C). As shown in Fig. 2C, the expression level of
miR-363-5p is significantly lower in LN-positive
patients than those without LN both in TCGA

Table 1. Clinical information of BC patients used in the exosomal cohort. All patients were pathologically diagnosed with ER"HER2™ stage |-II
IDC or DCIS, according to the BC biologic subtype and TNM anatomic stage classification from AJCC UICC (8th edition). AJCC, The
American Joint Committee on Cancer; IDC, invasive ductal carcinoma; DCIS, ductal carcinoma in situ; M, metastasis; N, lymph node; T,

tumor; UICC, Union for International Cancer Control.

Patient Gender Age at diagnosis Histology Subtype T stage N stage M stage Stage LN
A07-05 F 63 IDC ER'HER2™ 1c 1a 0 A 1/22
AQ7-07 F 49 IDC ER'HER2™ 1b 2a 0 A 2/24
A07-08 F 53 IDC ER'HER2™ 1c 0(sn) 0 IA 0/6
AQ7-09 F 67 IDC ER"HER2™ 2 0(sn) 0 1A 0/5
A07-10 F 38 IDC ER"HER2™ 2 0(sn) 0 1A 0/5
AQ7-11 F 55 DCIS ER'HER2™ is 0(sn) 0 0 0/4
AQ7-12 F 57 IDC ER'HER2™ 1b 1a 0 A 1/23
A07-14 F 59 IDC ER'HER2™ 1c 0(sn) 0 IA 0/5
AQ7-17 F 64 IDC ER"HER2™ 2 0(sn) 0 1A 0/6
A07-18 F 44 IDC ER"HER2 1c 1a 0 A 1/24
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Fig. 1. Expression pattern of miRNA in plasma exosomes from BC patients. Heatmap depicting unsupervised hierarchical clustering based
on the RNA sequencing expression values of DE plasma exosomal miRNA among BC patients and healthy individuals (A) and BC patients
with positive LN and negative LN (B). DE miRNA were filtered by Student’s t-test (P < 0.05) with fold change > 1.5 | < 0.67.

(P =0.014, Mann—Whitney U-test) and GSE38167
(P =0.013, Mann—Whitney U-test) datasets. Further
association analysis showed that a significant expres-
sion difference of miR-363 exists exclusively in ER"
BC (Fig. S2), which is consistent with the subtype of
in-house samples. We subsequently profiled the
matched expression levels of the miRNA in tumor tis-
sue of 10 BC patients using qRT-PCR. MiR-363-5p
expression in LN-negative BC tissue samples was sig-
nificantly higher compared with LN-positive patients
(P =0.019, Mann—Whitney U-test; Fig. 2D). In addi-
tion, our in-house data showed the exosomal concen-
trations of miR-363-5p correlated with its expression in
tumor tissue (Pearson’s r = —0.679 and P = 0.0307,
Fig. 2E). Additionally, miR-363-5p expression in BC
tissue was significantly higher than matched para-
tumor tissue (Fig. S3), which also consists with circu-
lating exosomal expressions. These validation analyses
indicated that miR-363-5p is a potential and stable
noninvasive biomarker for further investigation.

3.4. Performance evaluation and validation of
miR-363-5p in the in-house and multiple
independent datasets

To evaluate retrospectively the predictive power of
exosomal miR-363-5p to detect LNM, we performed
ROC analysis and found that the miR-363-5p achieved
high diagnostic performance with an AUC of 0.958

for the in-house dataset and 0.733 for the GSE38167
dataset, respectively (Fig. 3A,B). These results indi-
cated that low miR-363-5p expression levels might
serve as a potential biomarker for noninvasive LN
staging of BC LNM. Furthermore, we assessed the
association between miR-363-5p expression level and
survival of BC patients and found that patients with
low expression of miR-363 had significantly worse
overall survival (HR =0.63, 95% CI 0.45-0.89;
P =0.0075, log-rank test; Fig. 3C). Moreover, in
patients with negative LN upon the first diagnosis, low
expression of miR-363 in primary tumors correlated
with a significantly worse outcome (HR = 0.23, 95%
CI 0.09-0.60; P = 0.00094, log-rank test; Fig. 3D).
Multivariate survival analysis using the proportional
hazards model indicated that a high expression level of
miR-363 could serve as a protective prognostic marker
of BC survival (HR = 0.58, P = 0.043, Fig. 3E).

3.5. miR-363-5p inhibits metastatic properties of
breast cancer cell

The miR-363-3p and miR-363-5p (miR-363*) are both
mature forms of miR-363. Previous studies have
focused on the biological function and pathophysiolog-
ical significance of miR-363-3p but few have explored
the role of miR-363-5p, possibly because of its rela-
tively low abundance compared with miR-363-3p. To
investigate the role of circulating exosomal miR-363-5p

Molecular Oncology 15 (2021) 2466-2479 © 2021 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.




Circulating exo-miRNA inhibits breast cancer LNM X. Wang et al.

A 1631 mapped miRNAs B

In-house exosome In-house exosome

*
*

}

367 miRNAs with detectable
absolute expression
(median TPM > 5)

I

miR-363-5p TPM
10 15 20 25 30
| | |

30
t

miR-363-5p TPM
15 20 25
1 1

|

Tumor vs. Healthy |

LN positive vs.
LN negative

43 miRNAs with 7 miRNAs with o H ] .
T test P value < 0.05 & T test P value < 0.05 & E o |
fold change >1.5 | < 0.67 fold change >1.5 | < 0.67 o —— - -
intersect T T T T
l ' l Control BC Negative positive
hsa-miR-363-5p LN status
GSE38167 TCGA
C D E
* | 1 =
o — In-house tissue E 40 4
o —_—— —:T c t
' i S — o
od ! @ — £
P : ' ® 2
L 0 g
[to) . ' )]
Xk | 5~ <
= ! H = fre) =
- H o o) §
w2 H = © o &
|~ ' ™ © »
8! 8 £ g
@ L E — S
v . € 2w | =2 °
£ . T @ © P =0.0307
< H [ _ Iy
91 . . g
0 ! Negative Positive % T T T T
¢ . LN status 19 20 21 22

T T T T miR-363-5p expression in tissue (ACt)
Negative Positive Negative Positive

LN status LN status
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in BC progression, we hypothesized that miR-363-5p
influences BC cell mobility. To keep the consistency of
the sample subtype, we selected an ER-positive BC cell
line MCF-7 and transfected BC cells with plasmids

3.6. Exosomal miR-363-5p modulates platelet-
derived growth factor signaling activity by
targeting PDGFB

overexpressing miR-363-5p or NC. The results indi-
cated that the overexpression of miR-363-5p signifi-
cantly suppresses the migration (Fig. 4A,B), invasion
(Fig. 4C-E), proliferation (Fig. 4F) and colony forma-
tion (Fig. 4G,H) of MCF-7 cells.

To identify reliable targets of miR-363-5p, we utilized
both experimentally validated miRNA-target interac-
tion databases and co-expression analysis (Fig. 5A).
We analyzed miRNA and mRNA expression profiles
of the TCGA BC dataset which yielded four mRNA

Fig. 3. Performance evaluation of miR-363-5p as a noninvasive predictor of LNM and prognosis. (A,B) The ROC curve of the miR-363-5p for
BC LNM using in-house circulating exosomal miRNA data and public tissue expression data (GSE38167). (C,D) Kaplan—-Meier survival
analysis for all TCGA BC patients (C) and patients with negative LN upon first diagnosis (D). Statistical significance was determined by the
log-rank test. (E) Multivariate proportional-hazards model showed survival impact of miR-363-5p along with clinical characteristics for TCGA
BC patients. The result showed 95% Cl of risk of mortality. ***P < 0.001, **P < 0.01 and *P < 0.05 determined by Cox proportional
hazards model.
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Fig. 4. ThemiR-363-5p inhibits metastatic properties of the BC cell. (A-C) Transwell migration assay and invasion assay of MCF-7 cells
transfected with miR-363-5p-mimic or normal control (NC). Migrated cells were counted using ImaceJ and representative images are shown.
(D,E) Wound healing assay of MCF-7 transfected with miR-363-5p-mimic or NC. (F) Proliferation abilities of MCF-7 transfected with miR-
363-5p-mimic or NC were detected via CCK-8 assay. (G,H) Colony formation assay of MCF-7 transfected with miR-363-5p-mimic or NC.
Experiments were performed in triplicate and repeated three times with similar results. Scale bar: 20 um. Results are shown as
mean + SE. ***P < 0.001, **P < 0.01 and *P < 0.05 determined by Student's t-test.

co-expressed with miR-363-5p based on the negative
regulation of target gene expression and miRNA
level. We also retrieved gene lists of experimentally
established targets of miR-363-5p from two databases
(mirTarbase and Tarbase). We merged the results
from two databases, producing a list of 234 target
genes. Among them, the PDGFB oncogene was the
only one exhibiting a significant negative correlation
(Pearson’s r = —0.208, P < 0.001) with the miR-363-
5p level in BC tissues from TCGA (Fig. 5B). The
target location (Fig. 5C) was produced in the previ-
ous study and validated using PAR-CLIP [32]. These
implied that the PDGFB oncogene might be a poten-
tial functional target of miR-363-5p. We, therefore,
performed qRT-PCR for validation. Consistent with
the bioinformatics analysis, qRT-PCR and western
blot analysis also showed that the expression levels
of PDGFB mRNA and protein were significantly
downregulated by miR-363-5p overexpression, which
is subsequently rescued by miR-363-5p knockdown as
well (Fig. 5D,E). These findings indicated that miR-
363-5p regulates PDGFB oncogene expression in BC.
The miR-363-5p deficiency promoted metastasis via

facilitating PDGFB expression, leading to the overac-
tivity of PDGF signaling in cancer cells.

4. Discussion

Assessment of miRNA expression signatures in exo-
somes is a promising tool for cancer research and clini-
cal diagnosis. In this study, we report the different
miRNA signatures and identified several deregulated
miRNA in BC patients with ALN metastasis com-
pared with those without ALN metastasis. We identi-
fied that the level of exosomal miR-363-5p in ALN-
positive BC patients was significantly lower than that
in ALN-negative patients.

Evaluation of miRNA expression in tumor tissues is
necessary, as the parallel down-regulation acts as the
logical foundation of a tumor-derived diagnostic mar-
ker and is indispensable for mechanism interpretation.
We investigated the miR-363-5p level in BC tissue of
both in-house patients and external datasets. The
results were consistent with that of plasma exosomes.
Those patients who were diagnosed with LN-positive
BC had a significantly lower level of miR-363-5p.
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These results indicated that deregulated exosomal miR-
363-5p level is associated with transcriptional changes
in primary tumor tissue. These changes contribute sub-
stantially to LNM in BC.

We performed an in silico diagnostic test and veri-
fied that miR-363-5p alone has an AUC of 0.733-0.958
in predicting LNM in multiple independent datasets.
Previous studies have shown that imaging approaches,
namely, axillary ultrasound and MRI, perform simi-
larly performance ALN staging; the AUC of MRI
alone was 0.665 [33,34]. We consider that exosomal
miR-363-5p can help elevate the accuracy of clinical
prediction models if taken into consideration. Further-
more, survival analysis revealed that patients with
lower miR-363-5p have a significantly worse prognosis,
especially in node-negative patients at their initial diag-
nosis, suggesting that patient stratification using miR-
363-5p can help distinguish individuals with a high risk
of BC death. Node-negative patients with low miR-

363-5p levels might consider adjuvant endocrine
therapy.

In this study, we also investigated the functional
significance of miR-363-5p. We found that restoration
of miR-363-5p using mimics significantly inhibited BC
cell migration, while it did not appear to affect prolif-
eration. Studies have revealed that low miR-363
expression is associated with carcinogenesis and
metastasis [35,36]. Overexpression of miR-106a-363
cluster (miR20b, miR-363-3p and miR-363-5p) exhib-
ited an anti-proliferative effect on cancer cells [37].
This indicated that miR-363-5p would impact the
migration ability instead of the proliferation. In com-
bination with the data of this study, we hypothesized
that miR-363 with its mature forms could cause oppo-
site effects on cell proliferation and migration. The
expression level of miR-363 may be upregulated dur-
ing tumorigenesis, which is associated with increased

proliferation in early cancer. Whereas miR-363 was
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downregulated during metastasis formation along with
the phenotype switch from proliferation to migration,
the anti-migration effect of miR-363-5p is likely trans-
mitted by circulating exosomes secreted by the primary
tumor. Our previous study constructed a prognosis
model of node-negative patients, based mainly on
receptor status and tumor size [38]. The miRNA signa-
ture can provide distinct tumor information on the
tumor’s cellular and molecular characteristics and
would increase the accuracy of clinical prediction mod-
els. Our functional study supported miR-363-5p as a
specific complementary predictor for LNM as well as
patient prognosis.

It has been reported that miR-363-5p modulates
endothelial cell-specific genes, including angiocrine fac-
tors [39], which is consistent with our results. We
found that miR-363-5p regulates PDGFB by binding to
its 3’-UTR, which inhibits the activation of PDGF/
PDGFR-related pathways. It is reported that the
metastatic potential of mammary epithelial cells
depends on the PDGF-PDGFR loop [40]. PDGF
autocrine activates STATI and other pathways, con-
tributing to the induction and maintenance of the
EMT in BC. PDGFB and dimer protein PDGF-BB is
an important lymphangiogenic factor and contributes
to cancer lymphatic metastasis by stimulating MAP
kinase activity [41,42]. PDGFB exhibited both prolifer-
ative and chemotactic effects on lymphatic endothelial
cells and directly caused lymphatic metastasis in BC-
bearing mice [43]. In summary, miR-363-5p/PDGFB
might play a pivotal role in BC carcinogenesis and
progression, especially related to LN staging. Further-
more, miR-363-5p might represent a relatively down-
stream element in a complicated regulation network;
however, the different pathways involved in this pro-
cess require further exploration.

Nevertheless, this study has several limitations.
First, the present study only included ER" HER2™
patients, and further verification is necessary for other
molecular types. Secondly, the sample size of our dis-
covery cohort is relatively small. However, the poten-
tial significance of the exosomal miR-363-5p in BC
LNM has been shown.

5. Conclusion

In conclusion, our study identified exosome miRNA
markers that help evaluate LN status in a noninvasive
manner. Exosomal miR-363-5p showed good accuracy
and was confirmed with a functional and molecular
basis. These results indicate that exosomal miR-363-5p
may be applicable in developing liquid biopsy strate-
gies to diagnose LNM in BC effectively.
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Fig. S1. Characterization of exosomes from the plasma
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some. Scale bar: 200 nm. (B) Exosome markers con-
firmed by western blot indicating the presence of
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TSG101 and CD63 but the absence of calnexin. (C)
NTA analysis revealed the main peak of 85.5 nm

Fig. S2. Association of miR-363-5p expression and LN
status in different BC subtypes. The miR-363-5p
expressions are significantly lower in nodal positive
BC, exclusively in ER* BC samples.

Circulating exo-miRNA inhibits breast cancer LNM

Fig. S3. Tissue expression of miR-363-5p in in-house
BC tissue and matched para-tumor tissue. The qPCR
results indicated that expression levels of miR-363-5p
in BC are significantly higher than in normal tissues.
*P < 0.05 determined by Student’s z-test.
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Abstract

Extracellular vesicles (EVs) derived from mesenchymal stromal cells (MSCs) act as
signaling mediators of cellular responses. However, despite representing a promising
alternative to cell-based therapies, clinical translation of EVs is currently limited by
their lack of scalability and standardized bioprocessing. Herein, we integrated
scalable downstream processing protocols with standardized expansion of large
numbers of viable cells in stirred-tank bioreactors to improve EV production. Higher
EV yields were linked to EV isolation by tangential flow filtration followed by size
exclusion chromatography, rendering 5 times higher number of EVs comparatively to
density gradient ultracentrifugation protocols. Additionally, when compared to static
culture, EV manufacture in bioreactors resulted in 2.2 higher yields. Highlighting the
role of operating under optimal cell culture conditions to maximize the number of
EVs secreted per cell, MSCs cultured at lower glucose concentration favored EV
secretion. While offline measurements of metabolites concentration can be
performed, in this work, Raman spectroscopy was also applied to continuously
track glucose levels in stirred-tank bioreactors, contributing to streamline the
selection of optimal EV collection timepoints. Importantly, MSC-derived EVs
retained their quality attributes and were able to stimulate angiogenesis in vitro,
therefore highlighting their promising therapeutic potential.
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bioprocess analytics, extracellular vesicles (EVs), mesenchymal stem/stromal cells (MSCs),
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1 | INTRODUCTION

The therapeutic potential of mesenchymal stromal cells (MSCs) in
immunomodulation and tissue regeneration has been investigated
in numerous clinical trials (reviewed in (Galderisi et al., 2022;
Rodriguez-Fuentes et al., 2021)). In the past, MSC's therapeutic
effects were mainly correlated with their ability to differentiate and,
consequently, regenerate lost or damaged tissue by replacing injured
cells. However, although it has been reported that transplanted MSCs
migrate preferentially to the injured area, they show poor survival
and low engraftment rates (Fu et al., 2017). These observations have
drawn attention to the MSC secretome and its possible role in tissue
repair and recovery from injury (Cases-Perera et al., 2022; Costa
et al, 2017). Indeed, several studies have suggested that the
beneficial effects observed after MSC transplantation in experimental
models of tissue injury might be related to the paracrine activity of
MSCs, as they secrete a large variety of soluble factors, such as
growth factors (GFs), micro-RNAs (miRNAs) and extracellular vesicles
(EVs), that may either activate target cells or stimulate neighboring
cells to start repairing damaged tissue (Abels & Breakefield, 2016;
Kumar et al.,, 2019; Yue et al., 2020).

Although initially perceived as cell waste vesicles, EVs have
evolved as a relevant mechanism of intercellular communication
being the first truly new biologic drug modality over the last three
decades (reviewed by Finn & Konstantinov, 2020). EVs are delimited
by a lipid bilayer membrane containing proteins, metabolites and
nucleic acids and, given their small size (typically 50-1000 nm), EVs
are the ideal candidate to cross the membrane of target cells
(Herrmann et al., 2021; Théry et al., 2018).

EV-based therapies offer several advantages over cell transplan-
tation regarding their low levels of immunogenicity, ability to cross
the blood-brain barrier while recapitulating the parental cells’
therapeutic effects and lower risk of tumorigenesis as they are not
able to replicate (Banks et al., 2020; C. Y. Ng et al., 2022; Saleh et al.,
2019). However, clinical translation of MSC-derived EVs is currently
limited by their scalability and need to establish standard and
reproducible manufacturing workflows (Paolini et al., 2022). Some
studies have suggested that a clinical EV dose would require EV
isolation from 500 million cells, a cell number estimated based on
therapeutic dosages of transplanted MSCs (Adlerz et al., 2020;
Phinney & Pittenger, 2017). While a clinical study has shown that
0.5-1.4 x 10! EVs might be required to treat patients with graft-
versus-host disease (Kordelas et al., 2014), others have indicated that
much higher EV numbers would be needed to reach effective
therapeutic dosages (>10%* particles per clinical dose) (K. S. Ng et al.,
2019). To meet these large-scale manufacturing requirements, in this
work, we propose to implement upstream strategies that could
maximize EV vyields, while integrating scalable downstream method-
ologies to isolate EVs. EVs can be isolated using a single or a
combination of separation methods based on their size, charge,
composition or density (Zhao et al., 2021). Although lacking
scalability, basic research on EVs frequently explores ultra-
centrifugation to isolate EVs from conditioned medium (Phinney &

Pittenger, 2017; Willis et al., 2017). Density gradient ultra-
centrifugation (DG-UC) has been linked to improved isolation with
high purification efficiency in comparison to many commonly used
techniques. However, it increases analytical time, complexity and
associated costs, which hinders its applicability for large-scale
therapeutic clinical settings (Lobb et al., 2015). In contrast with the
conventional DG-UC protocol to isolate EVs, TFF-based method has
been shown to be a more scalable alternative to isolate EVs in shorter
periods of time (Kim et al., 2021). Additionally, SEC has been depicted
as an efficient and reproducible approach for EV isolation, separating
EVs from soluble proteins and other biomolecular contaminants,
without altering their functional and morphological integrity (Gamez-
Valero et al., 2016).

Additionally, although EV manufacturing is often performed in
planar culture systems, microcarrier-based stirred cultures using
spinner flasks (Haraszti et al., 2018), and vertical-wheel (de Almeida
Fuzeta et al., 2020; Jalilian et al., 2022; Jeske et al., 2022), as well as
hollow-fiber (Bellio et al., 2022; Gobin et al., 2021) bioreactors have
supported MSC culture aiming at maximizing EV vyields. Indeed, it
has been reported that not only can bioreactors sustain higher cell
densities (Cunha et al., 2015), therefore also increasing the number
of secreted EVs per working volume of bioreactor, but also increase
EV production per cell when MSCs are expanded in dynamic
systems (de Almeida Fuzeta et al., 2020). However, hindering the
development of current good manufacturing practices (cGMP)-
compatible and standardized scalable strategies, most studies still
lack the adoption of single-use (SU) bioreactors, implementation of
adequate cell culture monitoring tools or rely on cell culture medium
that is not chemically-defined, manufacturing considerations that
our work proposes to address.

Preconditioning strategies, such as glucose (Garcia et al., 2015)
or serum starvation (Gardiner et al., 2016), hypoxic cell culture
(King et al., 2012; Zhu et al., 2018) or inducing physical (Patel et al.,
2019) or chemical (Momen-Heravi et al., 2015; Patel et al., 2019;
Saha et al., 2016; Wen et al., 2020) stresses, could boost EV yield.
Since manipulation of cell culture conditions during EV manufac-
turing can influence the properties and function of EV-based
products, identification of critical process parameters (CPP) that
can impact the critical quality attributes (CQA) of EVs is essential
to establish reproducible and clinical-ready EV-based products.
The development of process analytical technology (PAT) tools to
monitor in real-time key CPP can increase final product safety and
quality (Gerzon et al., 2022). Therefore, their integration in EV
manufacturing workflows to continuously measure cell culture
parameters, such as metabolite concentration (Baradez et al.,
2018), cell viability and growth (Baradez et al., 2018; Isidro et al.,
2021), can contribute to ensure that optimal EV potency and
quantity are reached. Particularly, online process monitoring using
in the bio-

pharmaceutical industry due to its suitability for integration in

Raman spectroscopy has been implemented
manufacturing steps (Buckley & Ryder, 2017).

In this work, we propose the use of a bioreactor-based platform to
maximize the yields of the generated EVs while implementing scalable
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FIGURE 1 Schematic representation of the scalable manufacturing workflow implemented to maximize the yields of MSC-derived EVs.
(a) MSC, isolated from AT, and cultured under static conditions were expanded in STB. Cell culture was performed in a chemically-defined
medium, MesenCult™, and supported by xeno-free microcarriers, LC Synthemax™ Il microcarriers. (b) Two distinct downstream processing
strategies were evaluated regarding their ability to isolate EVs. EVs were concentrated and isolated from cell culture-conditioned medium relying
on a size-based separation protocol (TFF-SEC) or on their density (DG-UC). (C) Metabolic preconditioning strategies, exploring higher and lower
levels of glucose concentration in STB, were evaluated regarding their ability to improve EV yields. Raman spectroscopy in-line sensors were
integrated during EV manufacture in STB to continuously monitor glucose levels. (D) Particle characterization was performed to ensure purity
and characteristic attributes of the manufactured EVs were retained while functional assays (wound healing and tube formation assay) assessed
the therapeutic potential of EVs secreted by MSC expanded in T-flasks or in STB. AT, adipose tissue; DG-UC, density gradient
ultracentrifugation; EVs, extracellular vesicles; LC, low concentration; MSC, mesenchymal stromal cell; STB, stirred-tank bioreactors.

and standardized downstream processing strategies (Figure 1). Aiming to
address the main challenges of EVs mass production for therapeutic
purposes, we have explored the benefits of using chemically-defined cell
culture medium and SU stirred-tank bioreactors towards the manufacture
of safer and more reproducible EV batches. Additionally, by integrating
scalable upstream and downstream cGMP-compatible processing tech-
nologies, and by highlighting the role of PAT tools, namely Raman
Spectroscopy, to continuously monitor and, therefore, more tightly
control CPP, such as metabolite concentration, our work will hopefully
contribute towards the establishment of more standardized cell cultures
and EV production.

2 | MATERIALS AND METHODS
2.1 | hAT-MSC culture in static culture systems

Human MSCs, isolated from adipose tissue (hAT-MSCs), of three
distinct donors, kindly provided by Universidad de Navarra, were

obtained after informed consent from discarded liposuction samples of
healthy donors meeting all the serology and clinical history criteria
to be an allogeneic donor (all from female donors, 20, 49, and
57 years old). hRAT-MSCs were routinely propagated at a cell density of
1.8-2.0x 10°% cell/cm? in T225 flasks (ThermoFisher Scientific), pre-
coated with Animal Component-Free Attachment Substrate (STEM-
CELL Technologies™) diluted at a ratio of 1 to 300 in Dulbecco's
phosphate-buffered saline (DPBS, Gibco®, ThermoFisher Scientific) for
1 h at room temperature (RT). hAT-MSCs were cultured in Mesencult™
medium (STEMCELL Technologies™) supplemented with 1% (v/v) of
GlutaMAX™ (Gibco®, ThermoFisher Scientific) and 0.2% (v/v) of
MesenCult™-ACF Plus supplement (STEMCELL Technologies™) and
kept at 37°C and 5% CO, in a humidified atmosphere. Complete
medium exchange was performed every 3-4 days. Upon reaching
80%-90% confluency, hAT-MSCs were washed with DPBS and
incubated with TrypLE™ Select (1x) (Gibco®, ThermoFisher Scientific)
for 10 min at 37°C (5804 centrifuge, Eppendorf®). After detachment,
cells were resuspended in MesenCult medium and centrifuged at
300g for 10 min at 18-22°C. Total cell number and viability were

79



COSTA ET AL

BIOTECHNOLOGY]|
WILEY BIOENGINEERIN

estimated using the NucleoCounter® NC-202™ automated cell
counter (ChemoMetec). hAT-MSCs (in passages P4 or P5) were either
re-seeded in a T-flask (static control) kept at 3% O, by controlling the
partial pressure of nitrogen (N,) inside the incubator (Sanyo) or
inoculated in stirred-tank bioreactors (STB), as described in the
following section, with cells cultured under hypoxic conditions
(3% 0O,). Whenever required, cells were cryopreserved in a liquid/
vapor-phase nitrogen container in a freezing solution (90% fetal bovine
serum (FBS) and 10% dimethyl sulfoxide (DMSO), from Gibco®,
and WAK-Chemie Medical GmbH,
respectively) at a cell concentration of 2-5 million cell/mL.

ThermoFisher  Scientific

2.2 | hAT-MSC expansion in stirred-tank
bioreactors

Adapted from a protocol previously developed by our group (Cunha
et al.,, 2017), hAT-MSCs were cultured for 7 days in BioBLU 0.3c
Single-Use Vessels (Eppendorf™), equipped with a pitched-blade
45° impeller, at 37°C with a surface aeration rate of 0.1 vvm, pH
level controlled at 7.2 and dissolved oxygen (pO,) of 3% O,
(corresponding to 14.3% of air saturation). Low Concentration (LC)
Synthemax® Il Corning® microcarriers (Sigma-Aldrich) were used at
a final concentration of 16 g/L. hAT-MSCs, previously expanded in
T225 flasks, were inoculated at a cell density of 4 x 10% cell/cm?ina
total volume of 100 mL of MesenCult. During the first 24 h, an
intermittent agitation regime (agitation cycles of 1 min of agitation
at 60 rpm and 59 min with agitation off) was performed, after which
the bioreactors were continuously agitated between 60 and 70 rpm
in a final working volume of 200 mL. On day 4, 50% (v/v) of culture
medium was exchanged. In addition to this feeding strategy, daily
glucose supplementation (Gibco®, ThermoFisher Scientific), starting
on Day 2 of cell culture, along with a 50% culture medium exchange
on Day 4, was evaluated so that glucose levels were retained close
to the glucose concentration present in the fresh medium (5.5 mM).
On Day 7, the culture medium was collected for EV isolation, and
the cells were detached from the microcarriers surface using
TrypLE™ Select (1X) at 37°C with the following cycles of agitation:
5 min at 135 rpm followed by a pulse of 5s at 180 rpm, for a total
incubation time of 15-20 min. After harvesting, the cell/micro-
carrier suspension was recovered from the bioreactor and filtrated
through a cell strainer (sterile nylon mesh) with pore size of 70 um
(Falcon) into a 225 mL conical centrifuge tube (Falcon). The cell
suspension was then centrifuged at 300 g for 10 min at RT. After cell
concentration and viability analysis using the NucleoCounter®
NC-202™ automated cell counter (ChemoMetec), cells were

cryopreserved as mentioned before.

2.3 | Raman spectroscopy

Raman spectra were acquired using Kaiser Raman Rxn2 Analyzer (785 nm
wavelength; Endress-Hauser) on a time interval of 1h (laser power of

400 mW) where 75 scans were collected with an exposure time of 10s
per scan (Baradez et al., 2018). A stainless steel bIO™ probe Raman was
autoclaved before being inserted in the BioBLU® vessel. Pretreatment of
the Raman spectra was performed to remove outliers, after which data
was smoothed using a Savitsky-Golay filter and a rubberband method
was used for baseline correction. Spectroscopic data were modeled using
Partial Least Squares (PLS) Regression. Raman peaks were correlated with

offline measurements of glucose concentration.

2.4 | Isolation and concentration of EVs from
conditioned medium

Two distinct methods were explored to isolate and concentrate EVs
from conditioned medium (processed volume of 100 mL) collected 7
days following hAT-MSC expansion in either planar cultures or in
STB: DG-UC or TFF-SEC.

In both methods, the conditioned medium was submitted to two
low-speed centrifugation steps: 300 g for 10 min followed by 2000 g
for 10 min (5804 centrifuge, Eppendorf®) (both at 4°C), to remove
cell debris. To minimize the impact of storage conditions on EVs
stability and, consequently, on their bioactivity, the supernatant was
stored at 4°C for a maximum of 3 days until further EV concentration
and isolation, after which EVs were stored at -80°C.

EVs, isolated from the conditioned medium following the DG-UC
method, were processed as described by Louro et al. (2022). Briefly, the
conditioned medium was ultracentrifuged in 30mL polypropylene
centrifuge tubes (Beckman Coulter®) for 2h45 at 4°C using an
Ultracentrifuge Optima LE-80K COLO2KO09 (SW28 rotor, Beckman
Coulter®). The generated EV pellet was resuspended in 800 pL of DPBS
for subsequent isolation using an iodixanol discontinuous density gradient
as described by Van Deun et al. with minor modifications (Van Deun
et al., 2014). The discontinuous bottom-up iodixanol density gradient was
assembled by sequentially layering 4 mL each of 40, 20% and 10% (w/v)
iodixanol solutions, followed by 3.5mL of 5% iodixanol solutions, and
1 mL of DPBS from the bottom to the top of a 16.8 mL polypropylene
centrifuge tube (Beckman Coulter®).
centrifuged for 18 h at 4°C, at 25,000 rpm in the Ultracentrifuge Optima
LE-80K COLO2KO9 (SW28 rotor, Beckman Coulter®), using maximal
acceleration and minimum brake. After centrifugation, 16 gradient

The prepared gradient was

fractions of 1 mL were collected from the center of the tube, from top
to bottom, and fractions 1-4, 5-7, 8-9, 10-12, and 13-16 were pooled
together. To concentrate EVs and remove the remaining iodixanol, an
additional ultracentrifugation step of 2h45 at 4°C, at 25,000 rpm was
performed.

To implement a more scalable method and purify EVs from large
volumes of conditioned medium, the TFF-SEC method was applied.
Before loading into a SEC column, following the centrifugation steps, the
conditioned medium was concentrated into a volume of 2mL using a
MicroKros Hollow Fiber Filter Module with 500 kDa cut-off filters
(Spectrum® MicroKros). Flow was supplied using either syringes or a
peristaltic pump (SARTOFLOW® Slice 200) with a flow rate of 30 mL/
min. In the final step, the conditioned medium was exchanged with DPBS
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to concentrate the conditioned medium back to 2 mL. Afterwards, EV
isolation was performed by SEC using a qEV SEC column (Izon) with a
70 nm pore size to separate particles based on their size. The column was
first primed with DPBS after which 0.5mL of the TFF-concentrated
solution was loaded into the column and eluted with DPBS. After sample
addition, the first 3 mL collected were discarded. Immediately after, 20
fractions of 0.5 mL were collected. When required, pooled SEC fractions
were concentrated using Amicon-2 10 kDa centrifugal filter units (Merck
Milipore), through centrifugation at 4000 g for 20 min followed by a spin
down for 2 min at 1000 g (both at 4°C). All samples were stored at -80°C
until further analysis.

2.5 | Analytical methods for characterization
of hAT-MSCs

2.5.1 | Cell concentration and viability

Cell concentration and viability were assessed using a NucleoCounter®
NC-202™ automated cell counter (ChemoMetec) according to the
manufacturer's instructions. Cell viability was qualitatively evaluated
following incubation with fluorescein diacetate (FDA) and propidium
iodide (Pl), both from Sigma-Aldrich. Fluorescence images were acquired
using a fluorescence microscope (DMI6000, Leica Microsystems GmbH)

and analyzed with ImageJ open-source software.

2.5.2 | Analysis of extracellular metabolite
concentration

Cell culture supernatant from both STB and static controls was
centrifuged for 5 min at 500 g at RT to remove cell debris and stored
at —20°C until further metabolite analysis. The Cedex Bio Analyzer
(Roche) was used to quantify concentrations of glucose (Glc), lactate
(Lac), ammonia (NH3), and glutaMAX (L-alanine-L-glutamine).

2.5.3 | Flow cytometry of hAT-MSC surface markers
Immunophenotypic analysis of hAT-MSCs specific surface markers
and hematopoietic contaminants was performed by flow cytometry
before and after expansion in both planar systems and STB using the
following antibodies: CD29-PE, CD73-PE, CD90-FITC, CD105-PE
(Biolegend®), CD34-PE, CD45-PE (BD Biosciences®) and HLA-DR-PE
(Biolegend®). Isotype controls were also prepared (PE and FITC
mouse IgG1 and PE mouse IgG2 (Biolegend®)). Briefly, samples with a
cell concentration of 1 x 10%-3 x 10 cell/mL prepared in 100 pL of
DPBS supplemented with 1% (v/v) FBS were incubated with the
labeled antibodies at RT for 20-30min in the dark. Following
incubation and washing with DPBS supplemented with 1% (v/v) FBS,
cells were resuspended in 300 uL of DPBS with 1% (v/v) FBS.
Samples were acquired using the BD FACS Celesta (BD Biosciences)
and a minimum of 10,000 events per sample were recorded. The
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analysis of the acquired data was performed using FlowJo™ software

(Becton, Dickinson Company).

2.54 | Trilineage differentiation of hAT-MSCs

The ability of hAT-MSCs to differentiate into the adipogenic, osteogenic
and chondrogenic lineages was evaluated. During osteogenic and
adipogenic differentiation, hAT-MSCs were cultured in 24-well plates
(Corning®), seeded at 1x10* cell/cm? per well in 1 mL of Mesencult
medium. When cells reached approximately 90% of confluency, cell
culture medium was exchanged to osteogenic or adipogenic differentia-
tion medium (PromoCell) and incubated for 14 days at 37°C, according to
manufacturer's instructions. The ability of hAT-MSCs to differentiate into
the chondrogenic lineage was assessed in 3D cultures of cell aggregates
kept in chondrogenic differentiation medium (PromoCell) for 21 days at
37°C. Complete medium exchange was performed in all conditions every
3-4 days. The trilineage differentiation ability of hAT-MSCs was
qualitatively assessed upon staining with Alizarin Red S (osteocytes), Oil
Red-O (adipocytes), and Alcian blue 8GX (chondrocytes). The staining
images were captured in a computer-assisted light microscope (MC170
HD, Leica Microsystems GmbH).

2.6 | Characterization of MSC-derived EVs

2.6.1 | Nanoparticle tracking analysis (NTA)

EV size distribution profiles and concentration measurements were
obtained by nanoparticle tracking analysis (NTA) using the NanoSight
NS300 (Malvern Panalytical) equipped with a 405 nm laser and NTA
software version 3.3. Samples of 1 mL were prepared by diluting the
EV solution with DPBS to obtain a final concentration in the range of
10%-10% particle/mL. For each sample, three videos of 30s were
recorded. The videos were obtained with identical software settings:
camera level of 13-15, screen gain 1-2, and detection threshold 3-4.

2.6.2 | Protein quantification

Total protein content was quantified in EV samples using the
ThermoFisher Scientific microBCA Protein Assay Kit. Both EV
samples (diluted in DPBS to obtain a final concentration in the range
of 0.5-20 pg/mL) and standard protein solutions were prepared and
incubated with the microBCA Working Reagent for 2h at 37°C.
Afterwards, the absorbance was measured at 562nm on a plate
reader (Infinite M200 Pro, Tecan).

2.6.3 | Bead-based flow cytometry

The EV-specific surface markers CD81, CD63, and CD9 were assessed by
bead-based flow cytometry. Briefly, the exosome-Human CD81 Flow
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Detection Reagent (Invitrogen™, ThermoFisher Scientific) was used,
comprising superparamagnetic beads coated with a primary monoclonal
antibody specific for CD81, that were first washed with DPBS using a
DynaMag™-2 Magnet (ThermoFisher Scientific. EV samples were
incubated with 5x 10* beads overnight at 4°C in 1.5mL low protein
binding collection tubes (ThermoFisher Scientific) on an oscillator mixer at
a ratio of 3.0 x 10%-3.3 x 10* particles per bead. After being centrifuged
at 900 g for 1 min at RT, the beads were washed twice with DPBS (using
a magnetic rack to retain the bead-bound EV samples), resuspended in
DPBS and incubated with 5 pL (diluted in 100 pL of DPBS) of the panel of
antibodies of interest—CD9-PE, CD63-PE or CD81-PE (Biolegend®)—for
30min at 4°C protected from light. Samples were washed and
resuspended in DPBS and, finally, analyzed in a flow cytometer (BD
FACS Celesta (BD Biosciences)). Analysis of the data was done using
FlowJo™ software.

2.6.4 | Transmission electron microscopy (TEM)

EV morphology was assessed by TEM. First, 100 mesh copper grids
formvar/carbon were precoated and glow discharged. Samples were
mixed (1:1) with formaldehyde 4% (w/v) in 0.1 M DPBS solution for
5min and then incubated for another 5min at RT to allow them to
adhere to the grids. Grids were washed with 10 drops of dH,O and
stained with 1 drop of 2% (w/v) uranyl acetate for 5min at RT
protected from light. Imaging was done on a Tecnai G2 Spirit BioTWIN
Transmission Electron Microscope (FEI Company™) operating at
120 kV and data collected with Olympus-SIS Veleta CCD Camera.

2.7 | Cell-based assays for analysis of EV uptake
and bioactivity

HUVECs were purchased from Lonza and cultured in Endothelial Cell
Growth Medium supplemented according to manufacturer's instructions
(complete EGM™-2, Lonza®). Culture medium was exchanged every 3

days and cells were passaged upon reaching 80%-90% of confluency.

2.7.1 | EV uptake assay

EVs were labeled with PKH26 Red Fluorescent Cell Linker Mini Kit for
General Cell Membrane Labeling (Sigma Aldrich). Briefly, EVs in 100 uL
Diluent C suspension were labeled with 1.5 uL PKH26 and incubated
for 3 min, after which a solution of 100 uL of 0.1% BSA was used to
quench the dye. A mock dye treatment was prepared by mixing DPBS
with Diluent C. To remove non-EV-associated dye aggregates, the EV
and control samples were run through SEC column (gEV 70 nm pore
size, Izon) as previously described. HUVECs were seeded in 24-well
plates and, after 16 h, treated with PKH26-labeled EVs or with a PKH26
mock dye solution. After 3h, cells were imaged using an inverted
fluorescence microscope (DMI6000, Leica Microsystems GmbH).
Additionally, HUVECs were stained with DAPI (ThermoFisher Scientific)

and CD31 (anti-CD31 antibody diluted in 0.2% (v/v) FSG, 1:50; clone
JCFOA, M0823, DAKO Omnis, Agilent Technologies; mouse IgG isotype
control, 1:50, sc-3877, Santa Cruz Biotechnology).

2.7.2 | Tube formation assay

HUVECs, kept for 15-16 h in Endothelial Cell Growth Medium without
any supplementation (basal EGM™-2), were seeded at 1.2 x 10* cell/well
of a 96-well culture plate (Corning®) pre-coated with 50 L of Matrigel®
Growth Factor Reduced Basement Membrane Matrix (Corning®).
HUVECs were treated with hAT-MSC-derived EVs at a ratio of 6 x 10°
particle/cell prepared in basal EGM™-2, with basal EGM™-2 or complete
EGM™-2 used as negative and positive controls, respectively. Cells were
incubated in a humidified incubator (5% CO,, 37°C) for 8 h. Images of the
tube formation were obtained using the IncuCyte™ software instrument
(Essen BioScience) and analyzed using the Angiogenesis Analyzer toolset
of Fiji software (Carpentier et al., 2020; Schindelin et al., 2012).

2.7.3 | Wound healing assay

HUVECs were seeded (3 x 10* cell/well) in a 96-well ImageLock™ tissue
culture plate (Essen BioScience) in complete EGM™-2 and kept at 37°C
and 5% CO, in a humidified atmosphere. After reaching confluency, a
complete medium exchange was performed to basal EGM™-2 supple-
mented with 0.1% FBS (v/v) and cells were incubated for 12h.
Afterwards, wounds were created using a 96-pin WoundMaker™. After
washing with DPBS, 200 pL of EV samples were diluted in basal EGM™-2
supplemented with 0.1% FBS (v/v) at a particle/cell ratio of 6 x 10>, Basal
EGM™-2 supplemented with 0.1% (v/v) FBS was used as negative
control, whereas complete EGM™-2 was used as a positive control.
Images of the wounds were automatically obtained and registered every
4 h using the IncuCyte™ software instrument (Essen BioScience) for a
total of 20h. The images obtained were analyzed using the Image)
Wound Healing Size Analyzer toolset to calculate the percentage of
wound closure relative to the initial wound area according to the

following equation:

Ao - A
Wound Closure (%) = % x 100%
0
where Ag is the initial wound area and A; is the wound area at t hours
after the wound was created.

2.8 | Statistical analysis

Data are shown as mean *standard deviation of at least three
replicates (except for the functional assays where two biological
replicates were used). Statistical significance was determined by one-
way analysis of variance (ANOVA) with Tukey's multiple comparison
test using the GraphPad Prism 7 software. *p <0.05, **p <0.01,
***p < 0.001, ****p < 0.0001 were considered significant.
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3 | RESULTS AND DISCUSSION

To scale-up the production of EVs, we have integrated upstream and
dowsntream processing strategies for EV manufacture using both
scalable and cGMP-compatible technologies (Figure 1a,b). Addition-
ally, since MSC respond to external stimuli, we highlighted the
potential of PAT tools (i.e., Raman spectroscopy) to continuously
monitor the cell culture microenvironment, namely the concentration
of glucose throughout hAT-MSC culture in STB (Figure 1c), aiming at
increasing EV yields while preserving their structure and bioactivity
(Figure 1d).

3.1 | Towards process scalability—enhanced EV
recovery using TFF-SEC versus DG-UC

Several distinct methodologies for isolation of EVs, relying on their
density, size or surface markers (Reiner et al., 2017), have been
employed and shown to impact the purity and omics profile of EV
populations (Van Deun et al., 2014). Herein, aiming at implementing a
scalable protocol for EV isolation and concentration from hAT-MSC
conditioned medium, we explored a size-based separation method
using TFF-SEC and evaluated its performance in comparison with the
gold standard, although not scalable, protocol exploring DG-UC.
Standard particle characterization was performed for MSC-
derived EV samples isolated by both methods (DG-UC and TFF-
SEC). NTA was conducted across all five pooled fractions recovered
after DG-UC (fractions 1-4, 5-7, 8-9, 10-12, and 13-16) and across
all 20 fractions resultant from SEC to evaluate particle concentration
and size distribution. Additionally, bead-based flow cytometry was
performed to confirm the expression of the transmembrane protein
CD81, an EV protein marker, in the fractions under evaluation.
Following isolation with DG-UC protocol, results show that
fraction 8-9 presented the highest number of particles and high
CD81 expression (87 +17%) (Figure 2a) while, upon EV isolation
performed by TFF-SEC protocol, most particles were present in
fractions 2-5, with these expressing high levels of CD81 (83 + 12%)
(Figure 2b). Both fraction 8-9, isolated by DG-UC, and the four
enriched fractions (fractions 2-5), obtained following the TFF-SEC
protocol, evidenced similar size distribution, ranging between 50 and
400 nm, but mostly enriched in smaller EVs (<200 nm). While fraction
8-9 isolated by DG-UC presents a mean size of 165.5+ 1.4 nm and a
particle concentration peak occurring at 117.0 £ 8.3 nm (Figure 2c),
TFF-SEC fractions present an overall mean size of 156.8 £ 3.7 nm and
peak concentration occurring for the particle size of 114.6 £7.2 nm
(Figure 2d). Of notice, for both EVs isolated following DG-UC and
TFF-SEC protocols, the size of 61.4%-72.0% EVs ranged from 100 to
200 nm with 10.3%-14.2% and 15.7%-24.5% presenting a size
below 100 nm and above 200 nm, respectively (Figure 2e). Although
the presence of contaminants was not specifically addressed, to
further evaluate the level of contaminating non-EV protein present in
each TFF-SEC isolated fraction, we have quantified the total protein
content by microBCA assay. Proteins were mostly eluted in later
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fractions, with very low levels present in fractions 2-5 (Figure 2f),
indicating the suitability of the TFF-SEC protocol to limit the co-
isolation of protein contaminants.

Isolation by TFF-SEC (from 100mL of conditioned medium)
yielded higher EV concentration in comparison to the DG-UC protocol,
resulting in an overall fold increase of 5.2+0.5 (Figure 2g). These
results confirm that TFF- and SEC-based technology can be employed
to efficiently isolate EVs (Watson et al., 2018). Additionally, and
contrary to DG-UC protocol, which is time-consuming (taking
approximately 23 h per isolation procedure), and operator dependent
(Corso et al, 2017), SEC offers increased reproducibility and, if
combined with TFF, can process large volumes of conditioned medium,
in shorter periods of time (approximately 3 h). Therefore, given the
scalability and higher EV recovery vyields obtained when TFF-SEC is
implemented in comparison with the DG-UC protocol, subsequent
experiments performed to isolate and further characterize hAT-MSC-
derived EVs were conducted with cell culture-conditioned medium
processed by TFF-SEC.

3.2 | Raman spectroscopy in-line sensors can
increase process control in stirred-tank bioreactors
through continuously monitoring glucose
concentration

To establish scalable manufacture of MSC-derived EVs, adding to
downstream processing for EV isolation by TFF-SEC, we have
implemented a baseline process using microcarrier technology
combined with stirred-tank bioreactor, previously developed by our
group (Cunha et al., 2017). Cell expansion in STB possesses several
advantages over expansion in planar systems, such as easier scale up,
enhanced process monitoring and control, flexible modes of opera-
tion, and lower cost for production (Bellani et al., 2020). Additionally,
exposure of MSCs to biophysical or biochemical stimuli could
contribute to optimize the number of EVs secreted per cell and
tailor the manufactured EVs towards a desired function. Several
studies have shown that hypoxia preconditioning can result in
increased number of released EVs as well as impact EV's cargo
composition, enhancing their proangiogenic and cardioprotective
properties (Collino et al., 2019; Salomon et al., 2013; Xue et al., 2018;
Zhu et al., 2018). Furthermore, Garcia et al. (2015) showed that
glucose starvation in cardiomyocytes can also trigger EV secretion
and promote EVs' proangiogenic effects while other studies have
combined both EV manufacturing in a 3D scaffold-perfusion
bioreactor and chemical preconditioning using ethanol to enhance
the vascularization ability of endothelial cell-derived EVs (Patel
et al,, 2019).

Although strategies like ethanol preconditioning can augment the
production of EVs, they are not suited to simultaneously formulate
both cell and EVs as they could impact the viability of cell products.
On the contrary, as proposed in this work, metabolic preconditioning,
such as tailoring glucose concentration throughout culture time,

coupled with cell culture at low oxygen levels (3% O,), could




BIOTECHNOLOGY COSTA eT AL.
WILEY BIOENGINEERING

TFF-SEC vs DG-UC
—
a
) DG-UC TFF-SEC
2l @ (b)
© -
c 2 100 100 £ 100+ 100
1] S °
- £ 804 - 80 £ 80+ L 80
- & R = B
i t 60 60 o t 60 I 60 o
£ 3 g 3 N 2
© 5 40+ -40 = 5 40- ! L40 -
o 5 e |/
S 5 201 - 20 5 20~ -20
o - z
Q 0- -0 04 T ™Y T T -0
.g 14 57 89 1012 13-16 2 4 6 8 10 12 14 16 18 20
S5 DG-UC fraction SEC fraction
2
- Normalized n° particles per fraction - Normalized n® particles per fraction
= % CD81 = % CD81
c d

G (@)
)
- SEC F2
=5 1%10°~ i i 1x10°4
2 S i DG-UC F8-9 . " SEC F3
- - L x -
5 E 3 1 — SECF4
5 § 6x10* 5 6x10' SECF5

® o s i
9 g a0 g a0
@ T 1004 T ax1004
o /
o 0 T T T T 1 0 T Y T T 1
£ 0 200 400 600 800 1000 0 200 400 600 800 1000
©
o Size (nm) Size (nm)

(e) (f)

—~
«
N

8 Protein Concentration

100+ - Particle Concentration i
o 80- g 2x10%, » 5 e
J ® -5 %) i
°: 60~ O EZ 1.5%10% 5 2 °
> wes g§gn 38 4
£ 40- £ EE 10 S36 35 o

g k3 228 3%

o 20 s & sxod [ 3 a2
- F SE 14
0- a 0 3 2~
mm 0-100nm 3 2200 nm 0 2 4 6 8 10 12 14 16 18 20 - v

(+]

= 100-200 nm SEC fraction -

FIGURE 2 Characterization of EV samples isolated by either DG-UC or TFF-SEC. Profile of EV-enriched fractions assessed by NTA and
bead-based flow cytometry following isolation by DG-UC (a) or by TFF-SEC (b). Particle number was normalized to fraction containing the
highest concentration of particles (fraction 8-9 for DG-UC protocol and fraction 3 for TFF-SEC). EV size distribution, assessed by NTA, of
EV-enriched fractions—fraction 8-9 isolated by DG-UC (c) and fractions 2-5 isolated by TFF-SEC (d)—is represented as mean + SD (shadowed
area). (e) Relative EV distribution ranged in three size classes (<100 nm, 100-200 nm and =200 nm). (f) Particle and protein concentration in
fractions 1-20 following EV isolation by TFF-SEC. (g) Fold increase of EV yield, measured as total isolated particles per million viable cells,
following isolation by TFF-SEC relatively to DG-UC. Data are represented as mean + SD (n = 2). DG-UC, density gradient ultracentrifugation;
EVs, extracellular vesicles; NTA, nanoparticle tracking analysis; TFF-SEC, tangential flow filtration-size-exclusion chromatography.

constitute a valuable strategy to increase EV production yields while were implemented during hAT-MSC culture in STB: (i) while, in the first
not compromising cell growth. condition, a 50% (v/v) medium exchange was performed on Day 4 of
To assess the impact of decreasing glucose concentration on the cell culture (STB), (ii) in the second cell culture strategy, in addition to

ability of hAT-MSCs to secrete EVs, two different feeding strategies the 50% (v/v) culture medium exchange on Day 4, glucose was daily
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supplemented, from Day 2 onward, to maintain concentration levels
close to the glucose concentration present in the fresh cell culture
medium (STB +glc) (Figure 3a,b). While similar glucose levels were
observed in the STB + glc condition amongst different cell donors and
bioreactor batches on the harvest day (4.04 £ 0.24 mM), the variability
of glucose concentration observed in the non-glucose supplemented
STB (0.85+0.82mM), ranging from 0.01mM to 1.86mM on the
harvest day (Figure 3c), suggests that a tighter control over the
fluctuation of metabolite levels could contribute towards the establish-
ment of more reproducible EV manufacturing workflows. Having the
ability to continuously monitor metabolite levels in real-time, such as
glucose concentration, in-line Raman spectroscopy sensors could
provide added benefits towards enhanced bioprocess control, poten-
tially facilitating decision-making of the time of both cell and EV
harvest. Contrary to cell culture in static systems where monitoring

and controlling CPP could be challenging, cell culture in STB facilitates
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the adjustment of operational parameters to improve EV yields. To this
purpose, we have applied Raman spectroscopy to continuously
monitor glucose levels in STB. High level of agreement was observed
between Raman acquired data and off-line glucose concentration
measurements throughout culture (R? = 0.923) (Figure 3d). The ability
of Raman spectroscopy to provide real-time measurements of
nutrients consumption (i.e., glucose) could therefore constitute an
attractive PAT tool to contribute to develop closed manufacturing
processes of both cells and cell-derived EVs. Given the potential use of
Raman spectroscopy to inform the timings of key process steps,
including cell harvest and collection of conditioned medium for EV
isolation, the impact of donor-dependent cellular responses or
deviations in cell culture parameters during the manufacture of
distinct EV batches could potentially be minimized.

Importantly, besides the role of PAT tools to contribute to

standardize bioprocesses, the most commonly utilized medium for
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FIGURE 3 Tailoring glucose concentration during hAT-MSC culture in STB. (a) Schematic representation of the feeding strategies
implemented during hAT-MSC culture in STB: (i) STB: 50% medium exchange on day 4 of culture; (ii) STB + glc: 50% medium exchange on Day 4
of culture and daily glucose supplementation from Day 2 onward. (b) Glucose concentration profile during MSC expansion in STB (n =4).

(c) Glucose concentration on the harvest day for both cell culture conditions evaluated in STB (STB and STB + glc). (d) Correlation between
offline measurements of glucose concentration (circles) and chemometric model using PLS method following Raman spectroscopy analysis
(n=1). hAT-MSC, human MSCs, isolated from adipose tissue; MSC, mesenchymal stromal cell; STB, stirred-tank bioreactors.
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MSC expansion still relies on using supplements such as FBS or
human platelet lysate (hPL), which poses several disadvantages,
including batch-to-batch variability and contamination concerns (de
Almeida Fuzeta et al., 2020; Gottipamula et al., 2013). Furthermore,
such supplements contain large amount of EVs that can be co-
isolated with EVs secreted by cells, thus contaminating the end
products (Adlerz et al., 2020). Therefore, to avoid lot-to-lot variations
and produce more reproducible cell and EV populations, in this work,
we used a chemically-defined and serum-free medium, Mesencult™.
Contrary to most studies focused on EV manufacture where cell
culture and EV isolation comprise two separate steps, frequently
requiring that, during the EV isolation step, medium exchange from
FBS- or hPL-supplemented media is performed to EV-depleted
culture medium, our study proposes the use of a chemically-defined
medium to simultaneously support the manufacture of both MSCs
and MSC-derived EVs. Cells expanded in MesenCult™ medium
reached a concentration of 1.2+ 10° cell/mL following 7 days of
culture (fold increase of 5.1+0.2) and retained high viability
throughout culture in STB (Figure 4a,b).

To ensure that the quality attributes of hAT-MSCs were
maintained following expansion in STB and in static culture systems,
both trilineage differentiation potential and cell immunophenotype
were investigated before and after cell expansion (Figure 4c,d), in
accordance with the criteria established by the International Society
for Cell and Gene Therapy (Dominici et al., 2006). MSCs, expanded in
either STB or static T-flasks, retained their trilineage differentiation
ability, successfully differentiating into adipocytes, osteocytes and
chondrocytes (Figure 4c). Additionally, 98% of the cell populations
were positive for CD29, CD73, CD90, with over 85% MSCs being
positive for CD105, whilst for CD34, CD45 and HLA-DR less than 2%

of the cell populations were positive for these markers (Figure 4d).

3.3 | Enhancing EV manufacturing yields through
scalable manufacture of MSC-derived EVs in stirred-
tank bioreactors at low glucose concentration levels

The yields and bioactivity of EVs manufactured in STB was compared
with EVs secreted by cells cultured in T-flasks. Although, for MSC-
derived EV production, flask-based culture systems have often been
used, several studies have associated bioreactor culture with higher
EV yields (de Almeida Fuzeta et al., 2020; Haraszti et al., 2018). Total
particle counts determined by NTA were used to compare EV
production in individual runs (three distinct cell donors) when cells
are exposed to different cell culture conditions, considering the total
number of secreting cells (EVs/10° cell—Figure S1a) and total volume
of conditioned medium (Figure S1b). Cells expanded in STB vyielded
the highest EV numbers (6.58+1.97x10% particle/mL and
6.65+2.35x10% particle/10° cell) while lower EV yields were
obtained following hAT-MSC culture under static condition
(3.25 + 1.34 x 108 particle/mL and 2.25 * 1.32 x 107 particle/10° cell)
(Figure 5a,b). Statistically significant increase in EV production is
observed following cell culture in STB, with an overall fold increase of

2.2+0.9 relatively to EVs obtained in static systems. Despite low
glucose concentration levels were reached on the harvest day in both
static and dynamic systems (0.01+0.00mM and 0.85+0.82 mM,
respectively), significantly higher secretion of EVs was observed
when MSC were expanded in STB. A recent study by Jeske et al.
(Jeske et al., 2022) showed that shear stress associated with cell
culture in vertical-wheel bioreactors not only promotes higher EV
secretion from MSCs compared to flask-based culture systems, but
also modulates their miRNA and protein cargo molecules, including
upregulation of several miRNAs that have implications in angiogene-
sis and wound healing. Additionally, and although not addressed in
this study, it is likely that differences in EV secretion levels following
cell culture in STB or T-flasks could not solely be attributed to their
culture in a dynamic versus static system. Factors such as the overall
cell concentration reached in distinct cell culture platforms and the
effect of a tighter control of dissolved oxygen or pH, for instance,
reached in STB in comparison to static cultures might also play a role.

Besides the importance of selecting adequate cell culture
systems to maximize EV yields, and supported by the observations
performed by Garcia et al., suggesting the role of low glucose
concentration levels on promoting enhanced EV secretion by
cardiomyocytes (Garcia et al., 2015), we have investigated if hAT-
MSC culture at distinct glucose concentrations could impact their
ability to secrete EVs. Of notice, while 5.47 +1.86 x 108 particle/mL
and 4.98 + 2.2 x 107 particle/10° cell were obtained in the condition
STB +glc, increased EV concentration (6.58 + 1.97 x 108 particle/mL)
and EVs secreted per cell (6.65+2.35x 10” particle/10° cell) was
observed for the STB condition (Figure 5a,b), showing an overall
increase associated with cell culture at lower glucose concentration.
A fold change of 1.2 and 1.4 in EV concentration and secretion per
cell, respectively, is observed when hAT-MSCs are cultured in STB
without glucose supplementation relatively to STB daily supplemen-
ted with glucose. Interestingly, besides the study conducted by
Garcia et al. reporting that glucose starvation in cardiomyocytes
increased EV secretion (Garcia et al., 2015), simultaneous inhibition
of glycolysis and oxidative phosphorylation has also been shown to
stimulate secretion of EVs (Ludwig et al., 2020).

Since it is estimated that EV doses per patient would require
from 10%° to 10 particles, it is critical to maximize EV production in
scalable platforms so that the clinical translation of EVs could be
extended to a larger number of therapies. Herein, 1.32 +0.39 x 101!
EVs were isolated on Day 7 following cell inoculation in 0.2 L STB,
suggesting that, depending on the clinical condition to be addressed,
0.1-150L of conditioned medium would be required to reach
clinically relevant EV doses. Nonetheless, it is likely that cell culture
in STB, when coupled with bioprocess intensification strategies such
as medium perfusion, for instance, could result in higher EV yields
and, therefore, contribute to further decrease the batch sizes.

Overall, we have observed that, together with cell expansion in
STB, cell culture at low glucose concentration levels can contribute to
improve EV manufacturing yields and should therefore be considered
when implementing EV production workflows aiming at generating
large EV doses for clinical applications.
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FIGURE 4 Expansion of hAT-MSC in STB. (a) Cell concentration profile throughout 7 days of hAT-MSC culture in stirred-tank bioreactors
(both cell concentration and viability of STB and STB + glc conditions are represented). (b) Representative live/dead images of MSC cultured on
LC Synthemax™ Il microcarriers on Days 1, 4, and 7 following inoculation in STB. Viable cells are depicted in green (FDA stained) whereas dead
cells are stained in red by PI. Scale bar = 200 um. (c) Trilineage differentiation potential of hAT-MSC before and after expansion in STB or static
cultures. Osteocytes are stained by Alizarin Red S (calcium deposits), adipocytes are detected by lipid droplet staining with Oil Red O and
chondrocytes are detected by Alcian Blue staining of extracellular matrix proteins. Scale bar = 200 um. (d) Expression of surface markers of
hAT-MSC. Error bars represent the standard deviation of the average of 4 (growth curve) or 3 (flow cytometry) independent replicates.

FDA, fluorescein diacetate; hAT-MSC, human MSCs, isolated from adipose tissue; MSC, mesenchymal stromal cell; P, propidium iodide;
STB, stirred-tank bioreactors.

(a) . (b)
11010+ o 1x109-
L
8x109- 8x108-
3
-
o 6x10°- £ 6x10°-
o =~ ]
= g
£ 4x10°- o 4x108-
w
2x10%- 2x108-
0- 0-
B STB =3 STB+glc [ Static B STB [ STB+glc [ Static
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following MSC expansion in static and bioreactor culture systems and exposed to distinct concentrations of glucose. Data are represented as
mean + SD (n =4). *p < 0.05 indicate significance by one-way ANOVA followed by Tukey's multiple comparison test. ANOVA, analysis of
variance; EV, extracellular vesicle; hAT-MSC, human MSCs, isolated from adipose tissue; MSC, mesenchymal stromal cell; SD, standard
deviation; STB, stirred-tank bioreactors.
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(a) Representative size distribution profiles of MSC-derived EVs analyzed by NTA. (b) Mean and mode particle size (nm) of EVs secreted by MSC
following expansion in static or STB. (c) Representative negative staining TEM images of EVs. Scale bar = 500 nm. (d) Flow cytometry analysis of
expression of EV characteristic markers CD9, CD63, and CD81. Data are represented as mean + SD (n = 3). (e) Representative
immunofluorescence images of PKH26-labeled EVs uptake by HUVECs. HUVECs, stained for the transmembrane protein CD31 (green), were
incubated with PKH26-EVs (red-labeled) for 3 h. Cell nuclei were stained with DAPI (blue). Scale bar = 100 um. DAPI, 4',6-diamidino-2-
phenylindole; EV, extracellular vesicle; HUVECs, human umbilical vein endothelial cells; MSC, mesenchymal stromal cell; NTA, nanoparticle
tracking analysis; SD, standard deviation; STB, stirred-tank bioreactors; TEM, transmission electron microscopy; TFF-SEC, tangential flow

filtration-size-exclusion chromatography.

3.4 | MSC-derived EVs manufactured in
stirred-tank bioreactors retain their quality
and reveal improved bioactivity

To meet clinical demands of larger EV doses, besides the selection of

adequate upstream and downstream platforms, it is critical that the

integration of PAT tools to decrease process variability is accompanied
by the manufacture of EV products that are safe and potent. We have
therefore characterized EVs regarding their size, identity and therapeutic
potential. EVs isolated by TFF-SEC following MSC culture in static flasks
or STB were quantified by NTA. Fractions 2-4 of SEC were pooled and

concentrated using Amicon 10 kDa. The size of EVs ranged from 50 to
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FIGURE 7 MSC-derived EVs promote angiogenesis and migration of HUVECs. (a) Representative images of wound healing assay at O h, 12 h,
and 20 h postscratch to evaluate HUVEC migration in response to treatment with MSC-derived EVs. Scale bar = 200 um. (b) Quantification of
percentage of wound closure throughout time and (c) at 20 h post-scratch and EV treatment. Wound closure is quantified relatively to the
wound area created after mechanical disruption of the HUVECs monolayer. (d) Representative images of tube formation assay following HUVEC
incubation with MSC-derived EVs (secreted by cells cultured under static or dynamic conditions) and evaluated 8 h post HUVECs seeding. Scale
bar = 200 um. The ability of MSC-derived EVs (prepared at a concentration of 6000 EVs/HUVEC) to promote tube formation was quantitatively
assessed by measuring the number of junctions (e), number of nodes (f), total segment length (g) or total master segment length (h). HUVEC
culture in EGM-2 complete medium or basal medium were used as positive and negative controls, respectively. Data are represented as
mean +SD (n=2). *p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001 indicate significance tested relatively to the negative control by one-way
ANOVA followed by Tukey's multiple comparison test. EV, extracellular vesicle; HUVECs, human umbilical vein endothelial cells;

MSC, mesenchymal stromal cell; SD, standard deviation; STB, stirred-tank bioreactors.

400 nm (Figure 6a), with mean and mode particle sizes ranging between characteristic expression of the surface markers CD9, CD63 and
158-181 nm and 110-139 nm, respectively (Figure éb). CD81, assessed by bead-based flow cytometry, was observed for EVs
Trasmitted electron microscopy (TEM) analysis showed that EVs generated following cell culture in both bioreactor and static systems

retained their typical cup-shaped morphology (Figure 6c) and EV (Figure 6d). Confirming the ability of endothelial cells (HUVECs) to
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uptake EVs, EVs were labeled with PKH26, a dye that is integrated in
the lipidic membrane of EVs. Fluorescence images indicate that EVs
from all groups were internalized by the recipient cells 3 h after their
addition (Figure 6e).

To assess the proangiogenic and migration potential of HUVECs
in response to EV signaling, wound healing (Figure 7a-c) and tube
formation (Figure 7d-h) assays were performed. Interestingly, only
EVs secreted by MSCs cultured in STB increased cell migration
(Figure 7b,c), resulting in a wound closure, 20 h after EV treatment, of
52.3 + 1.5% relatively to the lower level obtained following HUVECs
incubation with EVs derived from MSC static culture (42.3 +3.1%),
and similarly to the levels obtained in the negative control, basal
medium with 0.1% (v/v) FBS (41.7 +1.1%). However, both EVs
secreted by cells cultured in T-flasks or STB induced the formation of
capillary-like structures in vitro. Despite EV treatment promoting an
increase in the number of nodes and longer segments, statistical
significance was only observed for EVs manufactured in STB
regarding their ability to promote the formation of a more
interconnected network of tubes, as evidenced by the higher number
of junctions when compared to basal medium alone (Figure 7d-h).

Our results indicate that hAT-MSC-derived EVs produced in STB can
promote an increase in both capillary-like tube formation and cell
migration to a greater extent when compared to EVs derived from static
culture conditions. Therefore, besides the higher EV yields when lower
glucose concentration levels are reached in STB, these data suggests that,
in agreement with previous studies (Jeske et al., 2022), EVs manufactured
under stirred culture conditions have enhanced bioactivity in
wound healing settings. Indeed, previous studies have reported that
MSC-derived EV's angiogenic potential rely mainly on their capacity to
release bioactive molecules, such as vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), and transforming growth
factor-B (TGF-B), which have been shown to promote modulation of
the angiogenic phenotype of endothelial cells (Maacha et al., 2020).
Additionally, Garcia et. al. (Garcia et al., 2015) showed that cardiomyo-
cytes, in the presence of low concentration of glucose, not only produced
a higher amount of EVs but also showed that glucose starvation
modulates EV cargo molecules. Of particular interest, these EVs
overexpressed several miRNAs (miRNA-17, miRNA-19, miRNA-20, and
miRNA-126) that stimulate phenotypical and functional changes in
endothelial cells and, therefore, promote angiogenesis (Landskroner-
Eiger et al., 2013). Subsequent experiments should focus on dissecting
the transcriptome and proteome of EVs secreted by hAT-MSCs subjected
to distinct stimuli (stirred vs. static cell culture, higher vs. lower glucose
concentration microenvironment) to gain insight into the specific signals
directed to cells that are responsible for the angiogenic potential of the
manufactured EVs.

4 | CONCLUSIONS

The ability of EVs to efficiently deliver biologically active molecules
to target recipient cells turns them into a drug delivery modality with
huge therapeutic potential. However, progress in the EV field is

limited by the scalability and GMP-compliance of the platforms that
are currently used to manufacture EVs. Herein, we have shown that
TFF-SEC protocol yielded 5 times higher number of EV comparatively
to conditioned medium processed by DG-UC. Additionally, while
higher EV yields were obtained when cell expansion is performed in
STB in comparison to EVs secreted by cells cultured under static
conditions (overall fold increase of 2.2 +0.9), the role of metabolic
preconditioning to maximize EV vyields was highlighted in a scalable
bioprocess supported by cell expansion in stirred-tank bioreactors.
Therefore, we propose the use of PAT tools, such as Raman
Spectroscopy, to help designing reproducible bioprocesses where
the time of collection of the condition medium, supported by
continuously tracking metabolite levels in STB, is selected to

maximize cell expansion and EV secretion yields.
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ABSTRACT

Plant extracellular vesicles (EVs) play critical roles
in the cross-kingdom trafficking of molecules from
hosts to interacting microbes, most notably in
plant defense responses. However, the isolation of
pure, intact EVs from plants remains challenging.
A variety of methods have been utilized to isolate
plant EVs from apoplastic washing fluid (AWF).

Here, we compare published plant EV isolation
methods, and provide our recommended method
for the isolation and purification of plant EVs. This
method includes a detailed protocol for clean
AWEF collection from Arabidopsis thaliana leaves,
followed by EV isolation via differential cen-
trifugation. To further separate and purify specific
subclasses of EVs from heterogeneous vesicle
populations, density gradient ultracentrifugation
and immunoaffinity capture are then utilized. We
found that immunoaffinity capture is the most
precise method for specific EV subclass isolation
when suitable specific EV biomarkers and their
corresponding antibodies are available. Overall,
this study provides a guide for the selection and
optimization of EV isolation methods for desired
downstream applications.

Keywords: cell-to-cell communication, extracellular vesicles,
isolation methods, plants interacting with pathogens

Huang, Y., Wang, S., Cai, Q., and Jin, H. (2021). Effective
methods for isolation and purification of extracellular vesicles from
plants. J. Integr. Plant Biol. 63: 2020-2030.

INTRODUCTION

Cell-to-cell communication between plants and pathogens
requires the secretion and delivery of molecular signals
into extracellular environments and their subsequent trans-
port into interacting organisms. This process is critical for
both plant defense and pathogen virulence (Kimura et al.,
2001; Mahlapuu et al., 2016; Toruno et al., 2016). Recent
studies have demonstrated that RNAs, including regulatory
small RNAs (sRNAs), are able to move between pathogens
and their hosts and regulate biological processes in recipient
cells (Knip et al., 2014; Zhang et al., 2016b; Cai et al.,
2018, 2019b; Huang et al., 2019). Previously, the mecha-
nisms underlying sRNA movement through multiple barriers
and into the opposing host or fungal cells were largely
unknown. However, recent studies have shown that

© 2021 Institute of Botany, Chinese Academy of Sciences

extracellular vesicles (EVs) can traffic sSRNAs from plants to
their pathogens (Cai et al., 2018). Plant EVs have also gen-
erated further interest because of their numerous functions in
bioactive molecule exchange and cell-to-cell communication
(Mathieu et al., 2019; Cai et al., 2021; Kameli et al., 2021).
EVs are small, lipid bilayer-enclosed vesicles containing
various protein and RNA cargoes, and are released by cells of
both eukaryotic and prokaryotic organisms into the ex-
tracellular space (Colombo et al., 2014; van Niel et al., 2018).
EVs are a heterogeneous group of vesicles with different
sizes and intracellular origins. For example, exosomes, mi-
crovesicles and apoptotic bodies each represent a major
class of EVs, and originate from multivesicular bodies
(MVBs), the plasma membrane, or apoptotic cells during
apoptosis, respectively (Akers et al., 2013; Colombo et al.,
2014; van Niel et al., 2018). In plants, EVs were initially
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observed in carrot cell cultures by transmission electron mi-
croscopy (TEM) in 1967 (Halperin and Jensen, 1967). Since
then, plant EVs have been observed in plant-fungal inter-
action sites by TEM, such as in Blumeria graminis f.
sp. hordei infected barley epidermal cells (An et al,
2006a, 2006b), Botrytis cinerea-infected Arabidopsis leaf
cells (Cai et al., 2018), and Rhizophagus irregularis arbus-
cules in rice root (Roth et al., 2019). Transmission electron
microscopy and confocal microscopy have both identified
plant MVBs fused with the plasma membrane at fungal
or oomycete invasion sites, suggesting that plant exosomes
are released by MVB mediated secretion (An et al.,
2006a, 2006b, 2007; Nielsen et al.,, 2012; Bozkurt et al.,
2014; Cai et al., 2018).

It is worth noting that plant EVs are nanovesicles primarily
from the apoplastic washing fluid (AWF). However, nano-
vesicles isolated from disrupted whole leaf tissue are not
pure EVs, as they contain cytoplasmic intracellular mem-
brane contaminants (Liu et al., 2020). Currently, plant EVs
have been isolated from the AWF of several plant tissues,
including Arabidopsis leaves (Rutte and Innes, 2017; Cai
et al., 2018; He et al., 2021), sunflower seeds and seedlings
(Regente et al., 2009, 2017), and Nicotiana benthamiana
leaves (Movahed et al., 2019). In Arabidopsis leaves, to our
knowledge, at least three known EV subtypes exist: Tetra-
spanin (TET) 8-positive EVs derived from MVBs, which can be
considered plant exosomes (Cai et al., 2018, 2021), Pene-
tration 1 (PEN1)-positive EVs (Rutte and Innes, 2017), and
EVs produced by exocyst-positive organelle's (EXPO) fusion
with the plasma membrane (Wang et al., 2010; Ding et al.,
2014). Recent work has shown that endogenous sRNAs are
secreted by plant EVs as a defense mechanism against
fungal pathogens (Cai et al., 2018). Further efforts revealed
that TET8-positive exosomes are the major class of plant EVs
responsible for sRNA transport, along with several RNA
binding proteins which contribute to sSRNA selective loading
and stabilization in EVs (He et al., 2021).

Numerous methods for the isolation of EVs in mammalian
systems have been developed in the last decade. Of these
methods, separation by differential centrifugation is consid-
ered the standard, specifically for the isolation of small EVs or
exosomes (Thery et al., 2006; Mathivanan et al., 2012). This
method has several substeps, including centrifugation at
300 x g to sediment cells, at 2,000 x g to remove dead cells
and apoptotic bodies (large vesicles), at 10,000-15,000 x g to
remove cell debris and microvesicles (medium vesicles), and a
final centrifugation step at >100,000 x g (100,000-200,000 x g)
to pellet small EVs, especially exosomes (Thery et al,
2006; Crescitelli et al., 2013; Konoshenko et al., 2018; Willms
et al., 2018; Jeppesen et al., 2019). The EV pellet is then
washed once to remove non-EV proteins by resuspension and
the final centrifugation step is repeated (Thery et al.,
2006; Konoshenko et al., 2018). Specific subtypes of EVs can
be further purified from this pellet through high speed density
gradient ultracentrifugation or bead-based immunoaffinity
capture (Thery et al., 2006; Jeppesen et al., 2019).
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While animal EVs have been well studied over the past
decades, plant EVs remain poorly investigated. This is mainly
due to the lack of accepted EV isolation protocols. Because
plant EVs are present primarily in the apoplastic space, the
most critical step of EV isolation is isolation of clean AWF,
which is obtained by a simple, well-established infiltration-
centrifugation method (Wang et al., 2005; Sanmartin et al.,
2007; Hatsugai et al., 2009; O'Leary et al., 2014). Based on
established animal EV purification protocols, plant EV sepa-
ration involves differential centrifugation of AWF, with two
consecutive steps of low speed centrifugation at 2,000 x g
and 10,000 xg, to remove dead cells, cell debris, and
large vesicles, followed by high speed centrifugation at
100,000 x g to pellet small EVs (Prado et al., 2014; Cai et al.,
2018; Movahed et al., 2019; Liu et al., 2020; He et al., 2021).
In some studies, a lower centrifugal force, 40,000 x g, was
used to isolate EVs. For example, this speed was used to
isolate EVs derived from sunflower seeds and seedlings
(Regente et al., 2009, 2017). Furthermore, EVs pelleted at this
speed in Arabidopsis contain PEN1-positive EVs (Rutte and
Innes, 2017). Note that in distinct protocols for plant EV
isolation, the differences lie not only in the speed of cen-
trifugation for the final EV sedimentation, but also in AWF
collection. Thus far, there is no standard protocol for plant EV
isolation from AWF across different plant species. Therefore,
in this study, we compared the results from different EV
isolation methods and propose a standardized method for
plant EV isolation and purification from Arabidopsis. We uti-
lized high speed density gradient centrifugation to separate
and purify EV subtypes based on their different densities.
Furthermore, we also describe a recently developed im-
munoaffinity capture method, using bead-based antibodies
that recognize the plant EV-enriched TET8 protein, allowing
the precise capture of the specific TET8-positive EV subtype.

RESULTS

Isolation of plant EVs by differential centrifugation

Differential centrifugation is the most commonly used
method for EV isolation from cell culture supernatants and
biological fluids (Thery et al., 2006; Willms et al., 2018). The
methods used to isolate plant EVs share similarities with
those used to isolate mammalian EVs, with the additional first
step of AWF collection (Figure 1). Based on the commonly
used infiltration-centrifugation method for plant AWF collec-
tion, we developed a protocol for the extraction of AWF from
Arabidopsis leaves with an optimized vacuum infiltration and
centrifugation method (O'Leary et al., 2014; Cai et al.,
2018; He et al., 2021). Initially, fully expanded rosette leaves
were detached from plants at the base of the leaf using a
razor blade to limit contamination by the vasculature stream,
which contains mobile RNAs and ribonucleoprotein com-
plexes (Zhang et al., 2009; Liu and Chen, 2018). Cytoplasmic
contaminants from damaged cells were removed by washing
the cut leaves in distilled water (Figure 1A). The detached
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leaves were gently infiltrated with the infiltration buffer by
negative pressure within a needleless syringe, then the leaves
were carefully arranged to have the cut side of the leaf bases
toward the bottom of the tube to avoid cell damage during
centrifugation (Figure 1A). Apoplastic washing fluid was then
collected by centrifugation at 900 x g (Figure 1A). EVs were
subsequently isolated from AWF by the following cen-
trifugation steps (Figure 1B). (i) The AWF was centrifuged for
10min at 4°C at 2,000xg to remove large cell debris
(Figure S1). (ii) The supernatants were filtered through a 0.45
um filter to remove the largest vesicles. (i) The supernatant
was moved into new ultracentrifuge tubes, and large vesicles
were removed with another centrifugation step at 10,000 x g
for 30 min at 4°C (Figure S1). (iv) The plant EV fraction was
then pelleted using high speed (100,000 x g) centrifugation
for 1 h. (v) The pellet was washed to remove potential protein
aggregates via a second round of ultracentrifugation at
100,000 xg. The EV pellet obtained through this step is
called the P100 fraction (Figure S1). P100 fraction can be
further used for the analysis of sRNA content in EVs. To
confirm that sSRNAs were located inside EVs, not out of EVs,
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the P100 fraction can be treated with nuclease or proteinase
plus nuclease before RNA extraction (Figure 1C). If sRNAs
were largely resistant to degradation by nuclease or protei-
nase plus nuclease treatment but became susceptible in the
presence of Triton-X-100 (a detergent that can rupture EVs),
these sRNAs can be determined as located inside EVs. For
example, EV-enriched sRNAs, TAS1c-siR483, TAS2-siR453
and miRNA166 can be detected in nuclease-treated EVs or
proteinase plus nuclease-treated EVs, indicating they located
inside EVs (Cai et al., 2018) (Figure 1D).

Technical evaluation of AWF collection from
Arabidopsis leaves

Extraction of AWF is a crucial step to obtain high quality plant
EVs with few contaminants. In parallel with the detached
leaves method described above (Figure 1A, Method 1), we
performed a second method (Figure S2, Method 2) in order to
compare the purity and quality of EVs obtained. In Method 2,
the entire aerial part of plants was harvested by cutting the
stem directly above the roots. Plant tissues were then
vacuumed and centrifuged to collect the AWF (Figure S2)
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Figure 1. Schematic of the plant extracellular vesicle (EV) isolation and small RNA (sRNA) detection

(A) Images show the various steps in apoplastic washing fluid (AWF) isolation from Arabidopsis (detached leaves protocol, Method 1 in Figure 2). The
distinct proximal (petiole) part of leaves was removed using scissors, and the distal (blade) zones of leaves were collected. The leaves were placed in a
syringe and gently vacuumed with infiltration buffer. The syringe with taped leaves was placed into a 50 mL conical tube, and then centrifuged at 900 x g to
collect the AWF. (B) Schematic of EVs isolated by differential centrifugation of AWF from Arabidopsis. The clean AWF was centrifuged at 100,000 x g to
obtain the P100 EV fraction. Sup, supernatant. (C) Schematic of EVs treated with micrococcal nuclease (MNase) and proteinase K. (D) EV-enriched sRNAs
(TAS1c-siR483, TAS2-siR453 and miRNA166) were detected in nuclease-treated EVs or proteinase plus nuclease-treated EVs. Actin gene was used as the

control. The “total” lane indicates total RNAs from leaves.
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(Rutte and Innes, 2017; Baldrich et al., 2019). Previously we
showed that fungal infection increases EV secretion (Cai et al.,
2018; He et al., 2021). Here, we used B. cinerea-infected
Arabidopsis to increase the yield of isolated EVs in both
methods. Ideally, AWF should be free of contamination from
cell debris and cytoplasmic molecules, such as chlorophyll, the
major pigment (green) in chloroplasts (O'Leary et al., 2014).
However, AWF extracted by Method 2 was green in color in-
dicating obvious contamination of cytoplasmic molecules,
whereas AWF extracted by Method 1 was clear with no visible
chlorophyll contamination (Figure 2A). Additionally, Western
blot analysis demonstrated that both the AWF and P100
fraction obtained using Method 2 were enriched in Rubisco
proteins as compared to the AWF and P100 fraction extracted
by Method 1 (Figure 2B). To be more precise, we directly vi-
sualized the vesicles in the P100 fractions prepared from AWF
extracted by Method 1 and Method 2 using TEM. The P100
fraction obtained via Method 2 contains large amounts of non-
vesicle structures/materials, while very little non-vesicle mate-
rial was observed in the P100 fraction obtained via Method 1
(Figure 2C). These results indicate that the detached leaves
method (Method 1) is a superior choice for AWF collection to
reduce contamination in EV preparations.

A AWF B AWF
E;“' ="' Method 1 Method 2
= |
=1 E;: Rubisco = =& —55KD
=| 3
=l = P100
= E—z
% Method 1 Method 2

Rubisco * . -—55 KD
il :

Method 1 Method 2

P100 (Method 1) P100 (Method 2)

Figure 2. The detached leaves protocol (Method 1) for apoplastic
washing fluid (AWF) isolation is better than the whole plant
protocol (Method 2) in Arabidopsis

(A) Comparison of the color of AWF isolated by Method 1 and Method 2.
The same amount of plants (50 plants) was used for both methods. (B)
Detection of Rubisco protein in both AWF and their P100 extracellular
vesicle (EV) fraction by Western blot using Rubisco antibody, protein size
is indicated by KD. To perform the Western blot of AWF samples, equiv-
alent amounts of AWF (10 uL) collected by both methods in (A) were used.
To perform the Western blot of EV samples, all AWF collected in (A) was
centrifuged at 100,000 x g to get P100 fractions. Both P100 pellets were
resuspended in 100 pL infiltration buffer, and 10 uL of this suspension was
used for the Western blot. (C) Representative transmission electron mi-
croscopy (TEM) images of P100 fraction isolated from AWF collected by
Method 1 and Method 2. Non-vesicle structures marked by arrows. Scale
bars, 500 nm.
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Technical evaluation of final ultracentrifugation speed
for plant EV isolation

In differential centrifugation steps, the final supernatant is
ultracentrifuged to pellet the EVs. In animal systems, genuine
exosomes (or small EVs in general) are usually sedimented at
speeds of 100,000-200,000 x g (Thery et al., 2006; Kowal
et al., 2016; Konoshenko et al., 2018; Jeppesen et al., 2019).
For plant EV isolation, two final ultracentrifuge speeds,
100,000 xg (Prado et al., 2014, 2015; Cai et al.,, 2018;
Movahed et al., 2019; Liu et al., 2020; He et al., 2021) and
40,000 xg (Regente et al.,, 2009; Rutte and Innes, 2017;
Baldrich et al., 2019), have been used in different studies.
Here, we compared the EV fractions, P100 and P40, obtained
by a final ultracentrifugation step at 100,000 x g, or 40,000 x g,
respectively (Figure 3A). The pellet obtained from further
centrifugation of the supernatant of the P40 fraction at
100,000 x g was named the P100 minus P40 (P100-40) frac-
tion (Figure 3A). Subsequently, the morphology of EVs were
examined by TEM (Jung and Mun, 2018). Plant EVs in the
P100 fraction showed similar morphology to animal EVs iso-
lated by centrifugation at 100,000 x g (Figure 3B) (Thery et al.,
2006; Jung and Mun, 2018), and were unlikely to be deformed
or broken during 100,000 x g centrifugation (Figure 3B). In
comparison to the P100 fraction, there were fewer EVs present
in the P40 fraction, while a substantial amount of EVs were
isolated after centrifugation of the supernatant of the P40
fraction at 100,000 x g (P100-40) (Figure 3B). Therefore, it is
not appropriate to consider the supernatant of P40 a non-
vesicle fraction (Baldrich et al., 2019). Corroborating this
conclusion, isolation of EV fractions from transgenic plants
co-expressing TET8-GFP (green fluorescent protein) and
mCherry-PEN1 proteins contained a large amount of TET8-
positive EVs in the P100-40 fraction (Figure 3C). In addition,
TET8-positive EVs represent a majority of the EVs in both
the P100-40 fraction (85%) and the P100 fraction (65%), while
PEN1-positive EVs represent a majority of the EVs (72%) in the
P40 fraction (Figure 4A). These results demonstrate that cen-
trifugation at 100,000 xg collects much more EVs than
centrifugation at 40,000 xg for plant EV isolation. Further,
centrifugation at 40,000 x g results in a loss of large amounts
of TET8-positive EVs, the exosomes.

We also analyzed plant EV size using TEM imaging. TEM
micrographs of the P100 fraction showed that a majority of
the vesicles (92%) had diameters ranging between 30 and
150 nm (Figure 4B). This result demonstrates that plant EVs
in the P100 fraction are similar in size to an EV subtype
termed exosomes (30-150 nm in diameter) (Colombo et al.,
2014; Kowal et al., 2016; Mathieu et al., 2019). In the P40
fraction, 40% of the vesicles observed had diameters larger
than 100 nm, while only 13% of the vesicles in the P100-40
fraction were in this size range (Figure 4B), suggesting that
centrifugation at 40,000 x g pellets larger vesicles. In addi-
tion, the majority of vesicles (82%) observed in the P100-40
fraction had diameters ranging between 30 and 100 nm
(Figure 4B). These results suggest that centrifugation at
100,000 x g isolates plant EVs, especially small EVs like
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Figure 3. Centrifugation at 100,000 x g enriches plant extracellular vesicles (EVs) much more efficiently than at 40,000 x g

(A) Schematic of EV isolation by ultracentrifugation of apoplastic washing fluid (AWF) from Arabidopsis. EVs were isolated from clean AWF (isolated by
Method 1) via ultracentrifugation at 40,000 x g (P40 fraction) and 100,000 x g (P100 fraction) for 1 h. For the P100-40 fraction, the supernatant (Sup) of the
P40 fraction was centrifuged a second time at 100,000 x g for 1 h. (B) Representative transmission electron microscopy (TEM) images of P100 fraction, P40
fraction and P100-40 fraction isolated from Botrytis cinerea-infected wild-type Arabidopsis. Scale bars, 500 nm. (C) Confocal microscopy of EV fractions
(P100, P40 and P100-40) isolated from B. cinerea-infected TET8-GFP(green)/mCherry-PEN1 (Red) double-fluorescence transgenic plants. Scale bars, 5 um.

exosomes, at a much greater efficiency than centrifugation
at 40,000 x g.

Density gradient fractionation separates plant EVs
Although Method 1 provides reasonably pure plant EVs
(Figure 2), some applications may require extra purification
steps. The overlapping sedimentation of exosomes, micro-
vesicles and other large vesicles produces a mixture of
vesicles in the ultracentrifugation fraction (Konoshenko
et al., 2018). Density gradient fractionation separation is a
classical method used to separate vesicles according to
their flotation speed and equilibrium density (Colombo et al.,
2014; Kowal et al., 2016; Jeppesen et al., 2019). This
strategy separates EVs using sucrose or iodixanol gradient
centrifugation of EV pellets prepared by differential cen-
trifugation. Previous work has utilized sucrose gradients on
EVs isolated from P100 fractions (He et al., 2021) and io-
dixanol (OptiPrep) gradients on EVs isolated from P40
fractions (Rutte and Innes, 2017) to facilitate the separation
of subtypes of EVs. Because centrifugation at 100,000 x g
enriches plant EVs much more efficiently than 40,000 x g,
we used an iodixanol density gradient to further separate
EVs from the P100 fraction and estimate their density using
top-loading methods (Figure 5A). Using the TET8 antibody
and TEM imaging, we identified that most of the TET8-
positive EVs accumulated in the third fraction (F3) at an
average density of 1.08 g/mL of iodixanol (Figure 5B, C).
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Figure 4. Quantification analysis of
extracellular vesicle (EV) subtypes and sizes
centrifuge fractions

(A) Histograms for the distribution of Tetraspanin 8 green fluorescent
protein (TET8-GFP) EVs and mCherry-PEN1 (Penetration 1) EVs isolated
from TET8-GFP/mCherry-PEN1 double-fluorescence transgenic plants in
P40 (1937 vesicles analyzed), P100 (2114 vesicles analyzed) and P100-40
(1245 vesicles analyzed) fractions from confocal images. (B) Histograms
for the size distribution of EVs in P40 (226 vesicles analyzed), P100 (222
vesicles analyzed) and P100-40 (232 vesicles analyzed) fractions from
transmission electron microscopy (TEM) images.

This is similar to the density of exosomes in animal systems
(1.08-1.12g/mL) (Wubbolts et al., 2003; lliev et al.,
2018; Jeppesen et al., 2019). We further analyzed the size of
vesicles in the F3 fraction. The majority of vesicles (83%) in
the F3 fraction had diameters ranging between 30 and 100
nm, which is similar to EV sizes obtained in the P100-40
fraction (Figures 4B, 5C, D).

www.jipb.net


http://www.jipb.net

Journal of Integrative Plant Biology

Immunoaffinity capture-based technique purifies
specific classes of EVs

Immunoaffinity capture-based EV isolation is considered to
be the most advanced method to purify specific classes of
EVs (Thery et al., 2006; Kowal et al., 2016; Jeppesen et al.,
2019; He et al., 2021). This technique relies on the use of an
antibody to capture EVs with a specific protein marker on
the surface of the EVs (Thery et al., 2006). Tetraspanins,
such as CD81 or CD63, are ideal immuno-capture proteins
since they are enriched on exosome membranes (Andreu
and Yanez-Mo, 2014). He et al. developed an im-
munocapture purification method using beads coated with
an antibody targeting the plant exosome marker TET8
(Figure 6A) (He et al., 2021). It is worth noting that antibody-
recognized regions of the protein marker must be on the
outer surface of the EVs. Thus, the antibody that specifically
recognizes the large exposed extravesicular loop, EC2 do-
main of TET8, has been well designed to pull-down TET8-
positive EVs from the P100 fraction (He et al., 2021). Using
this method, TET8-positive EVs can be successfully purified
from the P100 fraction (Figure 6B). Specificity of the im-
munoaffinity capture was examined using beads coated
with an irrelevant antibody (immunoglobulin G) (Figure 6B).
Thus, this approach can be easily used for isolating/puri-
fying a specific subtype of EVs in plants. By using this
method, EV-enriched sRNAs and RNA binding proteins,
such as Argonaute 1 (AGO1), RNA helicase (RH) 11, RH37,
annexin (ANN) 1 and ANN2 were clearly detected in the
TET8-positive EVs (He et al., 2021). Thus, immunoaffinity
isolation is the ideal method for the precise analysis of the
cargo contents of specific EV subtypes.

Plant extracellular vesicles isolation method

DISCUSSION

In recent years, plant-derived EVs have garnered increased
interest because of their essential role in cross-kingdom or
cross-organism communication, and research in this field has
exponentially increased (Cai et al., 2019a, 2021). Plant EVs
have been isolated from the AWF of different plant tissues by
differential centrifugation. So far, this method has been used
for EVs isolated from Arabidopsis leaves (Rutte and Innes,
2017; Cai et al., 2018; He et al., 2021), sunflower imbibing
seeds and seedlings (Regente et al., 2009, 2017), and Nic-
otiana benthamiana leaves (Movahed et al., 2019). Further, it
has been reported that olive (Olea europaea) pollen grains
released nanovesicles (28-60 nm in diameter) in media during
pollen germination and pollen tube growth in vitro (Prado
et al.,, 2014). These nanovesicles were isolated from the
media by differential centrifugation (Prado et al., 2014). In
addition to natural EVs, artificial plant-derived vesicles have
been isolated from disrupted leaves or plant tissues via dif-
ferential centrifugation (Zhang et al., 2016a; Kameli et al.,
2021). Interestingly, these artificial vesicles have shown
promising utility in drug delivery in human health and disease
applications (Wang et al., 2013; Mu et al., 2014; Teng et al.,
2018; Liu et al., 2020). Due to the existence of diverse EV
separation methods developed in plants, in this study, we
compared the quality of EVs isolated from two major pub-
lished methods step-by-step and optimized a protocol for
AWF collection and differential centrifugation with minimum
contamination and high EV vyield. Extra subsequent steps,
such as immunoaffinity capture, were also introduced in de-
tail to purify specific subclasses of EVs.
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Figure 5. Characterization of P100 extracellular vesicles (EVs) using iodixanol gradients

(A) P100 fraction obtained after 100,000 x g centrifugation was allowed to float into an overlayed iodixanol gradient by top loading. Sup, supernatant. (B)
Six fractions were collected and analyzed by Western blot, showing the Tetraspanin 8 (TET8)-positive EVs enriched in a single fraction (F3) with TET8 native
antibody. (C) Representative transmission electron microscopy (TEM) images of F3 fraction in (B). Scale bars, 500 nm. (D) Histogram for the size

distribution of EVs in F3 fraction in (C) (284 vesicles analyzed).
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Figure 6. Immunoaffinity isolation is the most advanced method for the purification of specific subclasses of extracellular vesicles (EVs)

in plants

(A) Schematic of P100 fraction subjected to immuno-isolation with beads coupled to antibodies against Tetraspanin 8 (TET8), or irrelevant rabbit im-
munoglobulin G as a negative control. (B) Confocal microscopy demonstrated that the TET8-positive EVs were pulled-down by TET8-specific antibody-

linked beads. Scale bars, 10 um.

In animal systems, EVs have been isolated from diverse
bodily fluids, including blood, urine, saliva, breast milk,
semen and cell culture media (Colombo et al., 2014). Un-
like in animals, isolation of plant EVs first requires the
collection of clean apoplastic fluids. Due to the fragility of
plant leaves, collection of clean apoplastic fluids has been
a challenge. Here, we found that using only the detached
Arabidopsis rosette leaves with no petioles for AWF col-
lection can minimize the contamination of cytosolic con-
tents and vasculature fluid (Method 1 in Figure 2). Because
phloem stream contains large amounts of mobile RNAs
and ribonucleoprotein complexes (Zhang et al., 2009; Liu
and Chen, 2018), this detached leaf protocol minimizes
contamination by the vasculature fluids, making sub-
sequent analyses on the RNA content in the apoplastic EVs
more accurate. In contrast, the alternative AWF collection
method which used the entire aerial part of a plant (Method
2 in Figure 2), can lead to cell breakage and contamination
of intracellular contents and vasculature sap. Therefore,
isolating AWF from detached leaves with no petioles is the
preferable method for clean AWF collection before EV
isolation.

Ultracentrifugation is the most commonly used tech-
nique for EV isolation from biofluids and cell culture su-
pernatants. Similar to animal EV isolation, which over-
whelmingly relies on a final ultracentrifugation step of
100,000 x g, plant EVs were also highly enriched in the
fraction collected by ultracentrifugation at 100,000 x g
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from AWF (Cai et al., 2018; He et al., 2021). In this study,
we have characterized and compared the quality of EVs
isolated from both intermediate speed (40,000 x g) and
high speed (100,000 x g) fractions. Consistent with our
previous study (He et al., 2021), we found that a large
amount of EVs, specifically TET8-positive EVs, remains in
the P100-40 fraction. Thus, centrifugation at 100,000 x g
has greater separation efficiency resulting in higher EV
yield and small EVs, whereas centrifugation at 40,000 x g
largely reduces the yield, and favors the collection of large
EVs. Because PEN1-positive EVs represent a majority
(72%) of EVs in the P40 fraction, centrifugation at 40,000 x
g is suitable for the isolation of PEN1-associated EVs
(Rutte and Innes, 2017; He et al., 2021). The majority of EVs
(92%) recovered from P100 centrifugation and 94% of the
EVs recovered from the supernatant of P40 fraction (P100-
40) had sizes ranging between 30 nm and 150 nm in di-
ameter (Figure 4), similar to the animal exosomes
(Colombo et al., 2014; Kowal et al., 2016; Mathieu et al.,
2019). It is worth noting that a small fraction of other large
EV types, possibly microvesicles and other large vesicles,
was also co-sedimented into the pellet by centrifugation at
100,000 x g (Figure 4B).

Utilizing density gradient centrifugation techniques post-
ultracentrifugation allows for the isolation of EVs with higher
purity than those isolated with ultracentrifugation alone, and
can separate distinct EV subtypes based on their densities
(Konoshenko et al., 2018; Jeppesen et al., 2019). Previously,
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we found that in P100 fractions floated in a sucrose density
gradient, TET8-positive EVs and EV-associated sRNAs were
enriched in the EV fractions at densities of 1.12-1.19 g/mL
(He et al., 2021). In this study, P100 fractions were floated in
an iodixanol density gradient, and TET8-positive vesicles
were enriched in the gradient fraction of 1.08 g/mL, on
average. The different densities of TET8-positive EVs
in sucrose versus iodixanol could be a result of differences
in the osmotic pressure of these two gradients. This result
was similar to a previous study which also found that vesi-
cles in P100 pellets derived from human dendritic cells ex-
hibited slightly different densities in sucrose versus iodix-
anol gradients (Kowal et al., 2016). Note that PEN1-positive
EVs collected at 40,000 x g were enriched in the iodixanol
gradient fraction at densities ranging from 1.029 to 1.056 g/
mL (Rutte and Innes, 2017), demonstrating that TET8-
positive EVs and PEN1-positive EVs represent two distinct
subpopulations of EVs with different densities. Further study
is required to determine the density of other EV subtypes,
such as Exo70E2-positive EVs, by its marker lines or the
specific antibodies.

Density gradient centrifugation still has some dis-
advantages, as it is complex, laborious, and time-
consuming (up to 2 d). Additionally, it is difficult to separate
different subtypes of EVs with similar densities. Therefore,
immunoaffinity isolation is the most precise method for the
purification of a specific subtype of EVs (Thery et al.,
2006; Kowal et al., 2016; Jeppesen et al., 2019; He et al.,
2021). Co-isolation of non-vesicular contaminants from the
cytoplasm and other unwanted vesicles can be prevented
by the highly specific affinity interactions that occur be-
tween an antigen and an antibody. Ideal antigens are EV
biomarkers which are highly concentrated on the EV
membrane, for example, the major histocompatibility
complex antigens and Tetraspanin proteins (Kowal et al.,
2016; Jeppesen et al., 2019). In plants, we showed that
TET8-positive EVs can be successfully isolated from P100
fractions by an antibody that specifically recognizes the
EC2 domain of TETS8. For future research, it would be ideal
to purify other subclasses of plant EVs using the im-
munoaffinity isolation method. In summary, these findings
should serve as a guide to choose and further optimize EV
isolation methods in the plant field for their desired
downstream applications.

MATERIALS AND METHODS

Plant materials

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used in
this study. Arabidopsis marker lines TET8,,,::TET8-GFP and
TET8-GFP/mCherry-PEN1 double-fluorescence lines (Cai
et al., 2018; He et al., 2021), were used as previously de-
scribed. Arabidopsis seeds were grown in soil side-by-side at
22°C for 4 weeks under short-day periods (12 h of light fol-
lowed by 12 h of darkness).

www.jipb.net

Plant extracellular vesicles isolation method

Apoplastic washing fluid collection from Arabidopsis
leaves

Apoplastic washing fluid collection from Arabidopsis leaves
was modified from previous studies (O'Leary et al.,
2014; Madsen et al., 2016). A typical experiment for EV iso-
lation requires ~50 plants for each genotype/treatment. The
distinct proximal (petiole) part of leaves was removed using
scissors, and the distal (blade) zones of leaves were col-
lected. After recording the biomass, leaves were washed
three times with water. The leaves were carefully placed in a
200 mL syringe and gently vacuumed with an infiltration
buffer (20 mmol/L L2-[N-morpholinolethanesulfonic acid
(MES) hydrate, 2 mmol/L CaCl,, 0.1 mol/L NaCl, pH 6.0) for
20s. Excess infiltration buffer on the leaf surface was re-
moved by a clean paper towel and the leaves were then fixed
onto a small plastic stick. The small plastic sticks with leaves
were then placed into a 50 mL conical tube, keeping the apex
of the leaf facing upward, and then centrifuged for 10 min at
4°C at 900 x g to collect the AWF.

Isolation of plant EVs by differential centrifugation
Plant EVs were isolated from Arabidopsis AWF. The AWF was
centrifuged for 10 min at 4°C at 2,000 x g to remove large cell
debris and then filtered through a 0.45um filter. Next, the
supernatants were transferred into new ultracentrifuge tubes
and centrifuged for 30 min at 4°C at 10,000 x g. After the
pellet was discarded, the supernatants (the clean AWF) were
centrifuged for 1h at 4°C at 100,000 xg or 40,000 xg to
obtain the P100 EV fraction or P40 EV fraction. To obtain the
P100-P40 EV fraction, the supernatants of P40 were centri-
fuged again for 1h at 4°C at 100,000 x g. All pellets were
washed in 10mL of infiltration buffer and finally re-
centrifuged at the same speed before being resuspended in
infiltration buffer for further study.

Micrococcal nuclease (MNase) and proteinase K
treatment of plant EVs

To clarify sSRNAs inside or outside EVs, P100 vesicles were
treated with MNase and proteinase K. For MNase treatment,
P100 vesicles was treated with 10 U of MNase (Thermo Fisher)
for 15 min at 37°C with or without Triton-X-100. For proteinase
K plus MNase treatment, P100 vesicles were treated with
20 ug/mL proteinase K (Invitrogen) for 1 h at 37°C with or
without Triton-X-100. The proteinase activity was inhibited by
adding 5 mmol/L phenylmethylsulfonyl fluoride for 10 min at
room temperature. The sample was then treated with 10 U of
MNase for 15 min at 37°C. For Triton-X-100 treatment, P100
vesicles were incubated with 1% (v/v) Triton-X-100 on ice for
30 min before proteinase and nuclease treatments. Immedi-
ately after proteinase and nuclease treatments, RNA was ex-
tracted for further detection of specific SRNAs. sRNA reverse
transcription polymerase chain reaction was performed as
previously described (Cai et al., 2018).

lodixanol gradient separation of plant EVs
Discontinuous iodixanol gradients (OptiPrep, STEMCELL
Technologies) were prepared as described previously with
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slight modifications (Kowal et al., 2016). Working solutions of
10% (v/v), 20% (v/v) and 30% (v/v) idoixanol were made by
diluting an aqueous 60% OptiPrep stock solution in infiltration
buffer (20 mmol/L MES hydrate, 2 mmol/L CaCl,, 0.1 mol/L
NaCl, pH 6.0). The gradient was formed by successively
layering 4.8 mL of 30% solution, 2.1 mL of 20% solution, and
2mL of 10% solution in a 13PA tube (himac) from bottom to
top. About 0.4mL of EVs resuspended in infiltration buffer
were layered on top of the gradient. The tube was centrifuged
for 100,000 x g for 17 h at 4°C (P40ST, CP8ONX; himac). After
stopping the centrifuge without breaks, 0.4 mL was removed
from the top of the tube, and then six fractions of 1.4 mL each
were collected from the top of the tube. These fractions were
each diluted to 12 mL with infiltration buffer and centrifuged at
100,000 x g for 1 h at 4°C to obtain pellets from each fraction.

Transmission electron microscope analysis of

plant EVs

Sample preparation of EVs for TEM analysis followed the
protocol by Maroto et al. (2017). Ten microliters of EVs sus-
pended in infiltration buffer were deposited onto 3.0 mm
copper Formvar-carbon-coated electron microscopy grids
(TED PELLA), and the sample was then wicked off using filter
paper. The grids were negatively stained with 10 uL of 1%
uranyl acetate and allowed to air dry before being imaged at
100KV using a TEM (JEM-1400plus; JEOL). Extracellular
vesicle size was assessed with Image J software.

Immunoaffinity capture of plant EVs

Immunoaffinity capture of plant EVs was performed as de-
scribed previously (He et al., 2021). Briefly, antibodies for
immunoaffinity capture, rabbit polyclonal anti-AtTET8
(Homemade) and normal rabbit immunoglobulin G (Thermo
Fisher), were coated with protein A beads in im-
munoprecipitation (IP) buffer (20 mmol/L MES hydrate, 2
mmol/L CaCl,, 0.1 mol/L NaCl, pH 7.5). Beads were then
washed three times with IP buffer (containing 0.3% bovine
serum albumin), and resuspended in the same buffer, to
which P100 fraction was added, followed by overnight in-
cubation at 4°C with rotation. Bead-bound EVs were col-
lected and washed by IP buffer for further analysis.

Confocal microscopy analyses of plant EVs

For visualization of EV-associated GFP-fluorescence and
mCherry-fluorescence, EV pellets or EV coated beads sus-
pended in infiltration buffer were examined using a 40x water
immersion or dip-in lens mounted on a confocal laser scan-
ning microscope equipped with an argon/krypton laser (Leica
TCS SPY5).
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Figure S1. Representative transmission electron microscopy (TEM)
images of fractions isolated by differential centrifugation of apoplastic
washing fluid (AWF) from Arabidopsis

(A) Pellet of AWF centrifugation at 2,000 x g. Non-vesicle structures or cell
debris marked by arrows. (B) Pellet of AWF centrifugation at 10,000 x g.
(C) Pellet of AWF centrifugation at 100,000 x g (P100). Scale bars in (A-C),
500 nm.

Figure S2. Work-flow of isolation of apoplastic washing fluid (AWF) from
Arabidopsis (whole rosettes protocol, Method 2 in Figure 2)

Whole rosettes were harvested at the root by using scissors. The ro-
settes were placed in a syringe and gently vacuumed with infiltration
buffer, and then placed root down into a 30 mL tube, which was then
put into a 50 mL conical tube, and then centrifuged at 900 x g to collect
the AWF.
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Extracellular vesicles derived from the choroid plexus trigger the
differentiation of neural stem cells
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Abstract

The choroid plexus secrets cerebrospinal fluid (CSF) composed of electrolytes,
cytokines, growth factors, metabolites and extracellular vesicles (EVs) that flow
through the interconnected brain ventricles. On their course, CSF components can

act as signals that affect, for example, neural stem cells (NSCs) residing in niches
of the ventricular wall. We studied EV-born CSF signals in an in vitro culture
system. We purified EVs from the secretome of a choroid plexus cell line (Z310
cells), and from primary choroid plexus cultures and co-cultured those EVs with
NSCs isolated from the niche of the lateral and the third ventricle. EVs“!* and
EVs“HP were purified by differential centrifugation. This yielded fractions of EVs
of 50-150-nm diameter that induced a complex multicellular network formation
and NSC differentiation. Both types of EV converted the round NSCs to cells that
extended long processes that contacted nearby, alike-shaped cells. Mass spectrome-
try showed that the differentiation-inducing EVZ#*!” were enriched for membrane and
membrane-associated proteins involved in cell differentiation, membrane trafficking,
and membrane organization. We hypothesize that this type of EV %! cargo causes
changes of stem cell morphology that leads to multicellular networks in the niches.
This cell-shape transition may represent an initial step in NSC differentiation.
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1 | INTRODUCTION

The mammalian ventricular system of the brain consists of two lateral ventricles, the third and the fourth ventricle (Figure1). The
ventricles are filled with cerebrospinal fluid (CSF) which is produced in and flows through the ventricles before being absorbed
by arachnoid granulations and the lymphatic system (Hladky & Barrand, 2014). Ependymal cells form the ventricular walls
and carry each a bundle of motile cilia that mediates directional CSF flow (Mirzadeh et al., 2010). This directional flow follows
precise trajectories (Faubel et al., 2016) suggesting that in this way, CSF components are delivered to specific locations within
the ventricular system (Eichele et al., 2020). Most of the CSF is generated and secreted by the choroid plexus (Damkier et al.,
2010). CSF protects the brain from mechanical impacts and collects waste from the brain (Cserr, 1971). In addition, CSF contains
signalling factors, ions, lipids and hormones required for proper brain development and function (Chau et al., 2015; Kaiser et al.,
2019; Lehtinen et al., 2011; Lun et al., 2015; Silva-Vargas et al., 2016; Zappaterra & Lehtinen, 2012). CSF also contains extracellular
vesicles (EVs) (Balusu et al., 2016; Fame & Lehtinen, 2020; Feliciano et al., 2014; Lun et al., 2015; Murillo et al., 2019; Street et al.,
2012; Tietje et al., 2014; Vella et al., 2008; Yagi et al., 2017) that are bilayer membrane-enclosed vesicles, produced and secreted by

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.
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FIGURE 1 Architecture of the ventricles of the mouse brain. Lateral view of the adult mouse brain showing the ventricular system that consists of two
lateral ventricles (LV, grey), the bipartite third ventricle (dorsal 3V, blue [d3V] and ventral 3V, orange [v3V]) and the fourth ventricle (4V, grey). Each ventricle
has a choroid plexus (pink) that produces CSE. The choroid plexus (CHP, right box) consists of a secretory polarized epithelial cell layer and stroma composed
of fibroblasts (Dorrier et al., 2022), immune cells and perivascular cells. The tight junctions between epithelial cells form the blood-CSF barrier (Ghersi-Egea
et al,, 2018). Neurogenic niches are the sub-ventricular zone (SVZ) and the tanycyte region (both green).

many cell types. EVs are loaded with proteins and nucleic acids (Johnstone et al., 1987; Kalra et al., 2012; Keerthikumar et al., 2016;
Valadi et al., 2007; Van Niel et al., 2006). EVs termed microvesicles (size range of 100-1000 nm) form by outward budding of
the plasma membrane. EVs termed exosomes (size 50-150 nm) form by an intracellular endocytic trafficking pathway involving
multi-vesicular endosomes that release exosomes upon fusion with the plasma membrane (Van Niel et al., 2018; Mathieu et al.,
2019). Because current purification procedures do not exclude the presence of microvesicles in exosome preparations and vice
versa, one refers to these vesicles collectively as ‘EVs’

EVs mediate communication in vitro and in vivo (Mathieu et al., 2019; Van Niel et al., 2018) between different cell types such
as neurons and oligodendrocytes (Frithbeis et al., 2013), neurons and astroglia (Men et al., 2019; Morel et al., 2013) and neurons
and Schwann cells (Lopez-Verrilli et al., 2013). EVs involved in intercellular communication do so in the pre-metastatic niche
(Shurtleff et al., 2018), for instance by promoting breast cancer cells motility via Wnt-planar cell polarity signalling (Luga et al.,
2012). EVs also play a role in the mesenchymal stem cell niche (Hayashi et al., 2017) and in the epithelial-mesenchymal niche
(Nakano et al., 2017). Glioma-derived EV's drive the differentiation of embryonic neural stem cells (NSCs) to astrocytes (Sharma
et al., 2020) and EVs are thought to regulate neurogenesis in the early postnatal mouse brain (Sharma et al., 2019). Recently, it
was shown that Cyclin D1 contained in EVs produced by PC12 and N2A cell lines promote neural differentiation of embryonic
stem cells (Song et al., 2021).

Injecting fluorescently labelled choroid plexus-derived EV's into the lateral ventricle showed that EV's could cross the ependy-
mal cell layer and reach brain parenchyma (Balusu et al., 2016; Grapp et al., 2013). EVs have various effects on the nervous system.
Balusu et al. (2016) showed that systemic inflammation of mice by intraperitoneal injection of lipopolysaccharide or tumour
necrosis factor induced an increase in pro-inflammatory miRNAs in EVs produced by choroid plexus. These EV's also interacted
with astrocytes and microglia to up-regulate inflammatory genes (Balusu et al., 2016). Lepko et al. (2019) found that miR-204
present in EVs that originate from the choroid plexus are taken up by NSCs of the sub-ventricular zone (SVZ) and maintain them
in the quiescent state but primed for rapid neurogenesis (Lepko et al., 2019). Apparently, an EV-based long-distance signalling
pathway regulates the number of quiescent NSCs in the SVZ.

In the adult mammalian brain, two NSC niches directly contact CSF and may thus have access to CSF-born EVs (Figure 1). By
far the best-studied NSC niche is the SVZ that contains neural progenitors some of which (B1 cells) project a primary cilium into
the lateral ventricle (Doetsch et al., 1999; Obernier & Alvarez-Buylla, 2019; Seri et al., 2004). A second niche lies in the posterior
part of the ventral third ventricle (v3V, Figure 1), in a region populated by tanycytes. They project a primary cilium into v3V and
have a single, long basal process that contacts distinct nuclei of the hypothalamus (Yoo & Blackshaw, 2018). A sub-set of tanycytes
shows proliferation and neural differentiation in the postnatal rodent brain (Haan et al., 2013; Horiguchi et al., 2020; Pellegrino
et al., 2018; Robins et al., 2013).

The CSF flow in the v3V (Faubel et al., 2016) could deliver EV's secreted by the choroid plexus to the stem cells (Faubel et al.,
2016; Sawamoto et al., 2006). A direct link between CSF-born factors and NSC development and differentiation was seen in
embryonic brain development (Chau et al., 2015; Feliciano et al., 2014; Lehtinen et al., 2011; Zappaterra & Lehtinen, 2012) and
also in the adult brain (De Sonnaville et al., 2020; Kokovay et al., 2012; Lepko et al., 2019; Silva-Vargas et al., 2016). Several studies
indicated a direct connection between EVs present in CSF and NSCs niches (Batiz et al., 2015; Feliciano et al., 2014; Lepko et al.,
2019; Losurdo & Grilli, 2020; Lun et al., 2015; Willis et al., 2022; Zhang et al., 2017). Yet much needs to be learned about the chemical
identity of EV-born neurogenic factors, how they are packaged into EV's, how they are delivered to and interact with the NSCs
and which responses they evoke in their targets. We have developed an in vitro assay that can address some of these questions. We
prepared EVs from the secretome of the rat Z310 choroid plexus cell line (EVZ*1°), by a combination of differential centrifugation
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and flotation on an iodixanol density gradient (Crescitelli et al., 2020; Kowal et al., 2016). These EVZ*!? were co-cultured with
NSCs isolated either from the SVZ or from the tanycyte region. EVs were added to NSCs in medium or, alternatively, as dried-
down deposits. In both cases, purified EVs”*'” induced the compact rounded NSCs to rapidly form intricate cellular networks in
which multiple cells were contacting each other through long processes. EVs produced by choroid plexus primary culture evoked
NSC differentiation in the similar manner. These dramatic morphological changes were accompanied by the induction of genes
in the differentiating cells, genes that are characteristic of early neurons and astrocytes. Gene induction was dose-dependent and
reached saturation at EVZ*!” concentrations of 1.2-1.5 x 10° particles per millilitre. LC-MS/MS showed that the differentiation-
inducing EVZ!0 were enriched for membrane and membrane-associated proteins involved in cell differentiation, membrane
trafficking and membrane organization. EVs purified from mouse embryonic fibroblasts (EVMEF) had little effect on the NSCs
and did not show an enrichment of membrane and membrane-associated proteins.

2 | MATERIALS AND METHODS

A list of the antibodies and primers, which were used, is provided in the Supplementary information.

2.1 | Cell culture

Immortalized Z310 rat choroidal epithelial cells were used as a choroid plexus substitute. Zhang et al. established the Z310 cell
line in 2002 (Zheng & Zhao, 2002), starting with choroid plexus tissue collected from Sprague-Dawley rats (4-6 weeks old, both
sexes). Such Z310 cells have been used in multiple studies, including those in which the choroid plexus primary culture and Z310
cells were compared side by side and were shown to be similar (Shi et al., 2008; Szmydynger-Chodobska et al., 2007). Based on
this, various groups used Z310 cells as a choroid plexus primary culture substitute (Grapp et al., 2013; Hasselblatt et al., 2009; Klas
et al,, 2010). MEFs, were isolated from 13.5-day-old C57BL/6N mouse embryos. The choroid plexus contains a small number of
fibroblasts (in addition to immune cells and perivascular cells) (Dorrier et al., 2022) and thus using EV's from a cell type that
also occurs in the choroid plexus, provides a control. After the removal of head, liver and heart, embryos were cut into small
pieces which were digested with 0.05% trypsin-EDTA (Gibco) for 30 min at 37°C. The trypsin was inactivated by the addition
of culture medium (see below), the cell suspension was pipetted repeatedly with a P1000 pipette and centrifuged for 5 min at 200
X g. Cell viability and count were determined by flow cytometry. Both Z310 and MEEF cells were grown in DMEM supplemented
with 10% FBS, 1x GlutaMAX and 50 units/Penicillin/Streptomycin (all Gibco) in a humidified incubator with 95% air, 5% CO,
at 37°C. They were passaged twice a week and were regularly checked for Mycoplasma contamination.

2.2 | Purification of EVs by differential centrifugation

Cells with a confluency of 70%-80% were washed twice with PBS. To exclude carrying along EVs from serum, Z310 cells and
MEFs were maintained for 2 days in serum-free conditioned medium. The medium was then aspirated without disturbing the
cells and subjected to differential centrifugation, as described by Kowal et al. (2016) (Figure 2a). The percentage of live cells at the
time of harvesting was determined by Trypan Blue (Sigma). The cell pellet was collected and resuspended in 0.4% (v/v) Trypan
Blue. Dead and live cells were counted using a hemocytometer (Nexcelon, Bioscience). Greater than 90% of the cells were viable,
for example, in the case of Z310 cells, viability was 92.5+ 2.1%. Centrifugation steps (Figure 2a): 300 X g for 10 min to remove cells
and cell debris, then at 2000 X g for 20 min (Eppendorf 5702R) and 10,000 X g for 40 min (Eppendorf 5417R) to remove larger
vesicles. The 10K supernatant was concentrated at 0°C using Vivaspin (300000 MWCO, Sartorius, Gottingen, Germany). This
concentrated supernatant was centrifuged at 100,000 X g, for 60 min (Sorvall WX-Ultra 80, Thermo Fisher Scientific, USA) in a
TH-660 rotor (Thermo Fisher Scientific). The resulting pellet was re-suspended in ice-cold PBS and centrifugation was repeated
under the same condition. The resulting pellet was re-suspended in PBS and stored at —80°C.

2.3 | Size distribution and particle concentration
EV size and concentration were determined using a nanoparticle tracking analyzer (Nanosight NS300, Malvern Panalytical,

Kassel, Germany). Five 60s videos with more than 200 tracks were taken per sample and analysed using the Nanoparticle Analysis
software. Results represent the mean of all five measurements per sample.
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FIGURE 2  Purification and characterization of EVs from Z310 cell-conditioned medium. (a) Scheme of purification of EVs from Z310 or
MEF-conditioned medium by differential centrifugation. (b) Representative electron micrographs of Z310-conditioned medium-derived vesicles (red arrows)
present in the 2K, 10K and 100K Z310 pellets indicated in the scheme of Figure 2a. (c) Nanoparticle tracking analysis data showing the size distribution of the
particles isolated from Z310-conditioned medium in the various pellets that are indicated in the purification scheme of Figure 2a. The 100K pellet contains
EVZ30 in a size range of 50-150 nm. (d) Individual fractions obtained in different steps of purification of Z310 supernatant were analysed by Western blotting.
7310 cell lysate (CL) is the lane on the left.

2.4 | Transmission electron microscopy analysis

The 2KP, 10KP and 100KP pellets were visualized by negative staining. Samples were adsorbed on the surface of a carbon-coated
copper grid and stained with 1% uranyl acetate. Grids were imaged by transmission electron microscopy, using a Talos L120C
instrument (Thermo Fisher Scientific, Netherlands) equipped with a CMOS camera.

2.5 | Western blotting

Eighty percent confluent Z310 cells were washed twice with PBS and lysed in lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% NP-40 und 5% glycerol) according to the manufacturer’s protocol, supplemented with a protease inhibitor
cocktail (Halt™ Protease and Phosphatase inhibitor cocktail) (all Thermo Fisher Scientific). The protein concentration of each
pellet and the cell lysate was determined using a BCA kit (Pierce™, Thermo Fisher Scientific). Equivalent quantities of proteins
in pellets or in cell lysates were mixed with SDS loading buffer (IM Tris pH 6.8, 4% SDS, 20% glycerol, 10% mercaptoethanol,
0.2% bromophenol blue) heated at 95°C for 10 min and loaded on a 4%-20% polyacrylamide gradient gel (Bio-Rad Laboratories).
Subsequently, samples were transferred to a PVDF membrane (Bio-Rad Laboratories). Membranes were blocked with 5% non-fat
dry milk powder in TBST (0.1% Tween 20 in Tris-buffer saline) for 30 min, followed by overnight incubation with the appropriate
primary antibody, at 4°C. After washing, membranes were incubated with the secondary antibody for 1 h at RT. All antibodies
were diluted in blocking buffer according to the manufacturer’s recommendations. After washing, membranes were developed
using ECL Super signal West Femto (Thermo Fisher Scientific), and protein bands were visualized on an Image Quant LAS 4000
imager (GE Healthcare Bio-science AB, Sweden).
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2.6 | Sample preparation for LC-MS/MS

Isolated EV's were lysed by adding an equal volume of lysis buffer (4% [wt/v] SDS 1 mM EDTA 100 mM Hepes, pH 8) supple-
mented with a protease inhibitor cocktail (cOmplete, Roche) and sonicated in a BioRuptor (Diagenode) with 30s on-and-off
cycles for 5 min. Proteins were reduced, alkylated and purified as described (Hughes et al., 2014; Silbern et al., 2021). The diges-
tion was accomplished overnight in 50 mM ammonium bicarbonate buffer using trypsin (Promega)-to-protein ratio (wt/wt) of
1:20. Vacuum-dried samples were re-dissolved in 2% (v/v) acetonitrile 0.1% (v/v) trifluoroacetic acid in water and subjected to
LC-MS/MS analysis.

2.7 | LC-MS/MS acquisition

Samples were analysed using an Orbitrap Fusion Tribrid or a Q-Exactive HF-X (both Thermo Fisher Scientific) mass spectrom-
eter interfaced via an LC set-up as described (Silbern et al., 2021). Peptides were separated using 118 min linear gradients ranging
either (A) from 4% to 5.6%, 16%, 25.6%, 40%, 90% and back to 4% (v/v) acetonitrile over 3, 57, 30, 16, 6 and 6 min, respectively
(Orbitrap Fusion) or (B) from 1.8% to 4%, 33.6%, 72% and back to 1.8% over 5, 101, 6, and 6 min (Orbitrap HF-X). The mass
spectrometer was operated in a data-dependent acquisition mode. A survey scan was performed at 120,000 resolution and 50
ms maximum injection time (MaxIT). Thirty top-abundant peptide precursors (or keeping a constant duty cycle of 3 s) were
selected for sequencing using a 1.6 m/z isolation window. Precursor ions were fragmented in an HCD cell and the normalized
collision energy setting of 28% or 30%. MS/MS spectra were acquired in Orbitrap operated using 15,000 resolution and 54 ms
MaxIT or 30,000 resolution and 120 ms MaxIT. Precursors were excluded from repeated sequencing for 30 s.

2.8 | LC-MS/MS data analysis

Raw MS data were processed by MaxQuant (version 1.6.2.10) (Cox et al., 2011) using default parameters. MS/MS spectra were
searched against Rattus norvegicus and Mus musculus canonical protein sequences from Uniprot (Bateman, 2019) (December
2020, 29,940 and 17,051 sequences, respectively). Protein groups with at least two razor or unique peptides were considered as
identified. IBAQ values (Schwanhdusser et al., 2011) attributed to the same gene name but several protein groups due to dif-
ferent origin (rat/mouse) were summed in order to achieve a single quantitative value per gene. In the following, only genes
quantified in at least two EVZ3!” replicates were considered for further analysis: iBAQ values were log2-transformed, normal-
ized by median-subtraction, and missing values were imputed by random sampling from a normal distribution centred at the
5%-intensity quantile and a standard deviation equal to a half of the standard deviation of each replicate’s intensities. Limma R
package (Smyth, 2005) was used to test for differential protein abundance in EVZ'* and EVMEF, Candidates satisfying the criteria
of g-value < 0.01 (Storey, 2002) and an absolute log, FC > 1 were considered as differentially expressed.

2.9 | GO pathway enrichment analysis and protein-protein interaction network functional
enrichment analysis

Proteins identified in EVs by MS were analysed by DAVID (Database for Annotation, Visualization and Integrated Discovery).
Proteins identified in EVZ*!? belonging to the cellular component category ‘vesicle’ were used as input for STRING (protein-—
protein interaction networks functional enrichment analysis). To visualize functional interactions, MCL clustering was used. To
contrast EVZ!0 and EVMEF proteomes, the GO category ‘cellular component’ was selected after functional annotation clustering.
For each cellular component, the Benjamini-corrected p-value was displayed as bar graph, from the highest ranking to the lowest
one. Analysis revealed main differences in sub-category ‘membrane’ Proteins present in EVZ!? but not in EVMEF were used as
input for the subsequent STRING analysis.

2.10 | Iodixanol density gradient centrifugation

Flotation in an iodixanol gradient was performed as described in Crescitelli et al. (2020) with some modifications. The 100K
pellet obtained after differential centrifugation was re-suspended in 1 mL of 40% iodixanol (v/v) (OptiPrep™ Density Gradient
Medium, Sigma) in PBS and bottom loaded. For the discontinuous iodixanol gradient equal volumes of solutions of 30%, 20%
and 10% iodixanol were layered on the top of the sample (Figure 6a) and centrifuged in a 4-mL tube (Beckman Coulter, 328874)
at 180,000 X g for 19h, at 0°C (Sorvall WX-Ultra 80, Thermo Fisher Scientific) in a TH-660 rotor (Thermo Fisher Scientific).
Fractions of 500 uL from top to bottom were collected from the tube. An opaque band of EVs was recovered in fraction 6.
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2.11 | NSC dissection and neurosphere expansion

Animal experiments were carried out in accordance with regulation of the Office of Consumer Protection and Food Safety of
Lower Saxony and conformed to German Laws on Animal Welfare. To isolate NSCs from SVZ of the lateral ventricle and the
tanycyte region of v3V, 6-8 weeks old male mice of the strain C57BL/6N were sacrificed. To isolated stem cells from the tanycyte
area of the v3V, intact brain was placed in a brain matrix (Plano, GmbH) sub-merged in HBSS (Hank s balanced solution with
Ca and Mg, Gibco) supplemented with glucose (0.45%). Two razor blades were used to cut 3 mm thick coronal sections. Under
the stereomicroscope, v3V was isolated and the tanycyte area was separated, using tungsten needles (for details see Faubel et al.
(2016)). The NSCs from SVZ of the lateral ventricle were isolated according to Walker and Kempermann (Walker & Kemper-
mann, 2014). SVZ and tanycyte tissues were minced with a scalpel blade, transferred to pre-warmed 0.05% Trypsin-EDTA and
incubated for 10 min at 37°C with mixing every 3 min. Then the tissue was dissociated by gentle pipetting. The enzymatic reac-
tion was stopped by mixing with pre-warmed trypsin inhibitor (0.125 mg/mL containing DNase I, 0.01 mg/mL), then spun down
for 5 min at 300 X g. The pellet was re-suspended in medium and spun again. The final pellet was re-suspended in complete
growth medium (Neurobasal Medium with supplement, see below) and passed through cell strainers (first 70 um, then 40 um)
and placed into an ultra-low attachment surface 6-cm polystyrene dish (Corning, USA). After 7 days, neurospheres were visually
inspected. The growth medium was changed every second day.

2.12 | Dissociation of neurospheres

The NSCs were grown in Neurobasal Medium supplement with 2% B27, 1% N2 supplement, 1x GlutaMAX, 50 units/mL
Penicillin/Streptomycin (all Gibco), 20 ng/mL purified mouse receptor-grade epidermal growth factor (EGF), and 20 ng/mL
recombinant bovine fibroblast growth factor (FGF-2) (both Peprotech). Neurospheres were passaged by centrifugation at 300
X g for 5 min. The pelleted spheres were re-suspended in prewarmed 0.05% Trypsin-EDTA and incubated at 37°C for 5 min,
then an equal volume of trypsin inhibitor (0.125 mg/mL containing DNase I, 0.01 mg/mL) was added. The resulting individual
cells were centrifuged for 5 min at 300 X g, and the cell pellet was resuspended in fresh medium. The cells were counted using a
hemocytometer and seeded at a concentration 2 X 10° cells/mL for all experiments.

2.13 | Choroid plexus primary culture

To isolate choroid plexus from the lateral ventricle, 6-8 weeks old male mice (C57BL/6N) were sacrificed. Isolation and culture of
primary mouse choroid plexus were performed essentially as previously described (Menheniott et al., 2010). Choroid plexus was
removed from the lateral ventricle at ZT 5, and rinsed in HBSS supplemented with glucose. Thereafter, the HBSS was aspirated,
pre-warmed Pronase (2 mg/mL) was added, followed by incubation at 37°C for 5 min. Growth medium was added to stop
digestion, the cells were centrifuged for 5 min 300 X g, the supernatant was removed and the cell pellet was suspended in fresh
medium. Another step of centrifugation followed (5 min 300 X g). The final pellet was suspended in complete DMEM growth
medium (10% FBS, 50 units/mL Penicillin/Streptomycin, 10 ng/mL EGF) supplemented with 20 uM cytosine arabinose and
plated on poly-D-lysine coated plates which were kept in a humidified incubator (95% air, 5% CO,) at 37°C. The medium was
changed every 48 h until cells became fully confluent.

2.14 | Differentiation assay with EVs in suspension

NSCs in neurobasal medium were seeded on an appropriate size petri dish (Thermo Fisher Scientific, Denmark, 153066) and
EVs from the 100K pellets, re-suspended in PBS were added. Amounts of added EVs were normalized to their total protein
concentration, as determined by a BCA assay. The NSCs were cultured in a CO, incubator for 24 h and bright field images of
live cells were taken. After photography, the NSCs were processed for immunohistochemistry, qQPCR or flow cytometry.

2.15 | Differentiation assay using EV dry drops

EVs were applied on the surface of the eight-chamber tissue culture slide (Corning, USA, 354108) as a 1-uL drop. The drop was
dried (approximately 15 min) and then NSC (2 X 10° cells/mL) in culture medium were added and chambers were placed into a
CO, incubator. Twenty-four later images of the chamber wells were taken. For the testing of stability of dried-down EV’s, drops
were applied to the wells of the eight-chamber slides which were then kept for 7 days at —20°C.
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2.16 | Protease and nucleases protection assay

Proteinase K (Bioline) was added to a final concentration of 10 ug/mL to the EVs. Samples were incubated for 30 min on
ice. Proteinase K was inactivated for 10 min by incubating with tetrapeptidyl chloromethyl ketone at a final concentration of
10 pug/mL (EMD Millipore) on ice. Then DNase (2U final concentration) was added and the sample was incubated at 37°C
for 30 min. The reaction was stopped with DNase inhibitor (2U final concentration) (DNA free kit, DNase treatment and
removal, Invitrogen, Thermo Fisher Scientific). Then RNase A (40U final concentration, 37°C, 30 min) (Qiagen) was added and
inactivated by RNase inhibitor (40U/mL) (Invitrogen, Thermo Fisher Scientific). Samples were cleaned using an Amicon ultra
centrifuge unit (Merck, Millipore) with PBS. The resulting EVs?*1” were then added to NSCs” or NSCs*V# for assessing their
differentiation inducing capacity.

2.17 | Immunofluorescence

Cells on slides or in Petri dishes were fixed with 4% formaldehyde, washed with PBS (0.1% Triton) and blocked for 30 min (0.25%
Triton and 0.25% BSA in PBS) at room temperature. Then cells were incubated overnight at 4°C with primary antibody. After
the three washing steps with PBS (0.1% BSA, 0.1% Triton), incubation with secondary antibody for 1 h at room temperature
followed. After five washes, coverslips were mounted with mounting medium with DAPI (Vectashield, Vectorlabs) and images
were acquired using a Leica DMI 6000B fluorescence microscope, with LAS X software (Leica Microsystems, Germany).

2.18 | RNA preparation for qPCR analysis

Total RNA was extracted from cells using Trizol reagent (Ambion) or RNeasy kit (Qiagen) according to the manufacturer’s
instructions. First genomic DNA was removed and then 1 ug RNA was reverse transcribed by iScript gDNA Clear cDNA synthesis
Kit (Bio-Rad Laboratories) according to manufacturer’s instructions. Gapdh was used for normalization. qPCR was performed
with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories) on CFX96-Real-Time system (Bio-Rad Laboratories,
Germany). For primers, see Supplementary information, Material.

2.19 | Flow cytometry

NSCs were analysed after 24 h of culturing in the presence of EVs. Single-cell suspensions were obtained after accutase-mediated
(ESGRO Complete™ Accutase, EMD Millipore) dissociation. Cells were then fixed with 4% formaldehyde for 15 min in the
dark at room temperature. Washing and blocking steps were followed by overnight incubation with primary antibody at 4°C.
After the washing steps, incubation with the appropriate fluorescent secondary antibody for 1 h at RT followed. The cells were
analysed using a flow cytometer BD Accuri C6 (BD Bioscience, USA) and BD Accuri™ C6 software.

2.20 | Proliferation assay

NSCs were seeded on 96-well flat-bottom tissue culture plates of good optical quality (Falcon) at a density of 2 X 10° cells per
millilitre. Cells were cultured for 24 h in Neurobasal Medium (control) or in medium containing an increasing concentration
of EVZ310 or EVMEF Thereafter, MTT solution was added and all subsequent steps were performed according to manufactures’
instructions (Merck, Colorimetric (MTT) kit for cell survival and proliferation). Absorbance was measured with an ELISA plate
reader (Infinite M2000 Pro Tecan) with a test and reference wavelength of 570 and 630 nm, respectively. For the Trypan Blue
assay, NSCs were seeded on a 6-cm Petri dish at a density of 2 X 10° cells per millilitre and cultured in increasing concentration
of EVZ10 or EVMEF for 24 h. Trypan Blue staining was performed according to the manufacture’s instruction (Sigma) and the
number of cells was determined with a hemocytometer.

3 | RESULTS
3.1 | Characterization of EVs and their protein composition

We purified EVs secreted by rat Z310 choroid plexus cells (EVZ3'°), by mouse choroid plexus primary culture (EVCH?) and
by mouse embryonic fibroblasts (EVMEF). The Z310 cell line is a widely used surrogate for choroid plexus primary cells (for
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references for the Z310 cells usage see Materials and Methods). Conditioned media were collected and subjected to differential
centrifugation (Figure 2a). Pellets obtained after each centrifugation step were analysed for particle size, particle concentration
and the presence of EV protein markers (Thery et al., 2018) (Figures 2b—d and Sla—c). The 2K and 10K pellets had the highest total
protein content and nanoparticle tracking analysis and electron microscopy revealed the presence of particles in the size range of
100-500 nm (Figure 2b,c). Centrifugation at 100,000 X g removed particles >200 nm and yielded predominantly particles of 100
nm, the size for exosomal EVs (Figures 2b,c and Sla,b). Choroid plexus primary culture cells expressed transthyretin (Figure S2a)
and produced EVs in the size range of 30-120 nm (Figure S2b). Fibronectin 1 (Fnl), disintegrin and metalloproteinase domain-
containing protein 10 (Adaml0) and tumour susceptibility gene 101 (Tsgl01) are typical for small EVs (Tkach et al., 2018) and
they were noticeably enriched in the 100K pellet (Figure 2d). Annexin A2 (Anxa2) and flotillin2 (Flot2) were elevated in this
fraction but were also present in the 2K and 10K pellets. By contrast, endoplasmin (Gpr94, Hsp90bl), a marker for large vesicles
(Tkach et al., 2018), was present in the whole cell lysate (CL), barely detected in the 2K and 10K pellets, and absent in the 100K
pellet. Golgi marker, golgin sub-family A member 2 (Golga2/Gm130) was found only in the cell lysate fraction (CL). § actin levels
declined during purification, with a maximum in cell lysate and a minimum in the 100K pellet, for example, (Kowal et al., 2016)
(Figure 2d). Figure Slic shows that in the 100K pellet containing EVsMEF, EV markers (fnl, clathrin, alix, tstgl01 and flot2) were
present. By contrast, golga2 and grp94 were absent, as expected, in the EVs™EF and found in MEF cell lysate.

The 100K Z310 pellet obtained after the ultracentrifugation was subjected to mass spectrometric analysis. One thousand and
two hundred proteins were identified (Table S1) which is in the range as reported for EVs isolated from mouse CSF (Balusu
et al.,, 2016). The MS data confirmed the presence of the typical EV markers. Examples are transmembrane or GPI-anchored
tetraspanins (CD9, tetraspanin-8), integrins (integrins alfa, -beta), basement membrane-specific heparan sulphate proteoglycan
core protein (Hspg2), basigin (Bsg), Adaml0 and multidrug resistance-associated protein 1 (Abccl). Cytosolic proteins were
also recovered in EVs including Tsgl01, programmed cell death 6-interacting protein (Pdcdé6ip, Alix), vacuolar protein sorting-
associated protein (Vps4a), arrestin domain-containing protein 1 (Arrdcl), Flotl/2, transforming protein RhoA (Rhoa), annexins
(e.g., anxal, -2, -5, -11), heat shock cognate 71kDa protein (Hspa8) and syntenin-1 (Sdcbp). MS analysis also identified secreted
protein typically recovered with EVs (e.g., lactadherin-Mfge8). By contrast, neither cytokines (interleukins, interferons) nor
growth factors were detected, with the exception of bone morphogenetic protein 1 (Bmpl). Bmpl, a metalloproteinase that was
previously identified in the CSF and plays a role in the development of the CNS by stimulating progenitors in the SVZ (Lehtinen
et al,, 2011). Thus, Bmpl could be one of the CSF-born neurogenic factors that are transported inside EVs. Proteins associated
with other intracellular compartments such as the nucleus (histones) or mitochondria (Tomm20) but not with Golgi apparatus
(Golga2) were also detected. The 100K pellet also contained ribosomal proteins and proteasomes, large protein complexes known
to co-sediment with EVs (Konoshenko et al., 2018; Thery et al., 2018).

Gene ontology (GO) enrichment analysis of ‘cellular component’ categories showed that proteins identified in the 100K pel-
let were significantly enriched for ‘extracellular exosome’ ‘membrane’ and ‘vesicle’ sub-categories (Figure 3a). Other enriched
sub-categories were ‘focal adhesion, ‘adherent junction, ‘extracellular matrix) ‘neuron projection, ‘neuronal cell body’, ‘dendrite]
‘synapse’ and ‘axon’. Selected typical EV proteins retrieved from the sub-category ‘vesicle’ formed a STRING protein interaction
network (Figure 3b). We picked this sub-category since it contained EV-typical markers discussed above. Our analysis revealed
a functional association and a significant number of interactions (PPI enrichment p-value < 1.e7'¢). MCL clustering (infla-
tion parameter 1.9) revealed four major proteins clusters (Figure 3b). The biggest cluster (red) included proteins associated with
‘SNARE, vesicle fusion and transport. Two additional clusters (yellow, green) represented proteins involved in endosomal sorting
complex required for transport (ESCRT), cell adhesion, morphogenesis and cellular projections. Proteins involved in ER-Golgi
transport formed the smallest cluster (blue). This result showed strong interactions of proteins relevant to EV biology.

Western blots were used to investigate whether proteins identified by mass spectrometry were present as full-length protein
in EVZ!0 lysates. We choose signal transducer and activator of transcription 3-stat3 (92 kDa), slit homolog 2 protein-slit2 (200
kDa) and transcription activator BRG1 also known as ATP-dependent chromatin remodeler-smarca4 (185kDa). Slit2 is a secreted
extracellular matrix protein involved in axon guidance (Kaneko et al., 2018; Nguyen-Ba-Charvet & Chédotal, 2002; Sawamoto
etal., 2006). Stat3 is a transcription factor and smarca4 is a transcriptional activator that both regulate GFAP expression (Brenner
& Messing, 2021; Tto et al., 2018). Figure S1d demonstrates that these proteins are present in EVZ?1” and electrophorese, according
to the band size provided by the manufacturer.

EVs from MEFs (EVMEF), were prepared and analysed as described for EVZ3!? (Figures 2a and Sla—c) and underwent MS
analysis. Five hundred and seventy proteins could be identified (Table S1), less than for EVZ31°. The likely cause for this difference
is that Z310 cells but not MEFs are secretory cells. A Venn diagram (Figure 3c) reveals that ~40% of the EVMEF proteins were
also present in EVZ?!, Three hundred and twenty-nine proteins were exclusive for EVMEF and 867 for EVZ1?. GO enrichment
analysis for the category ‘cellular component’ showed in EVMEE a significant enrichment of proteins in sub-categories ‘focal
adhesion’, ‘extracellular matrix’ and ‘adherent junction’ This finding is consistent with a role of fibroblasts in the CNS including
the choroid plexus to provide structural support by secretion of extracellular matrix proteins (Dorrier et al., 2021). The sub-
category ‘membrane’ was much less enriched in EVMEF than in EVZ!0 and just a few EVMEF components fell into the sub-
categories related to neurons.
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FIGURE 3  Analysis of EVZ' and EVMEF proteomes. (a) GO-cellular components of EVsZ*%, Note an enrichment in ‘extracellular exosome, ‘membrane)
‘vesicles) ‘neuronal projection} ‘neuronal cell body; ‘dendrite’, ‘synapse’ and ‘axon’ sub-categories. (b) Protein—protein interactions in EVs?*® proteome for the
gene ontology sub-category ‘vesicle, visualized by STRING. This indicates a functional interaction network. Solid lines inside clusters show direct physical
protein interactions and dotted lines show functional interactions. (c) Venn diagram shows that EVZ3'? and EVMEF protein contents differ significantly. The
diagram is based on combining three data sets (EVZ10) and two data sets (EVMEF) (see Supplementary Table 1). (d) GO-cellular components of EVMEF,
Comparison with EVZ3!0 shows differences in ranking of several categories such as ‘membrane’ that ranks high only in the EVZ3!, (e) Functional analysis of
protein-protein interactions by STRING. Proteins identified exclusively in EVZ'° and falling into the gene ontology sub-category ‘membrane’ were included.
Three main clusters of protein—protein interaction emerged.
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FIGURE 3 Continued

STRING functional analysis of the 248 EVZ!? proteins that were classified into the sub-category ‘membrane’ and not iden-
tified in EVMEF| yielded three prominent clusters (Figure 3e). Two small clusters (brown) compiled proteins involved in ‘RNA
metabolism’ and ‘protein biosynthesis. Examples are 60S ribosomal proteins L14 (Rpl14), Rpl27, Rpl36 and eukaryotic translation
initiation factors (Eif4g2, Eif3k). Some of the ribosomal proteins that are present in 100K pellet co-purify with EVs (Kowal et al.,
2016) may not be EV cargo (Thery et al., 2018). The red cluster comprised proteins associated with ‘neurogenesis, ‘cell differ-
entiation;, ‘cell migration, ‘membrane organization and trafficking’. Examples are Adaml7 and a Rheb-Ras homolog enriched
in brain where it plays a role in neural plasticity. Cdk5, which is also in the red cluster, is important for neural migration
and CNS development and regulates cytoarchitecture, axon guidance and membrane transport (Dhavan & Tsai, 2001). Pro-
teins involved in sub-category ‘synapse’ are sorting nexin-4 (Stx4) and N-ethylmaleimide-sensitive factor attachment protein
alpha (Napa). Examples of the proteins found in sub-category ‘cell migration’ and ‘membrane organization’ are integrins, Itgb4
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and integrin-linked protein kinase-Ilk, which are involved in cell adhesion, cell architecture and cell motility. Proteins of the
‘membrane trafficking and organization’ sub-categories are Ras-related protein Rab-10 (Rabl0), EH domain-containing protein
2 (Ehd2), sodium-hydrogen antiporter 3 regulator (Slc9a3rl). We took the composition of the red cluster as an indicator that
EVZ310 contains proteins that could control the NSC biology.

3.2 | EVsfrom the Z310 cell line induce NSC differentiation in a dose-dependent manner

As shown by MS analysis, EVs from the choroid plexus-derived Z310 cell line contain many proteins associated with membrane
function and neuronal differentiation (Figure 3). It is possible that after their secretion by the choroid plexus into the CSF, some
EVs are transported to the NSC niches (Figure 1) where they might affect NSC membrane and/or evoke the differentiation of the
NSCs. To test this hypothesis, we prepared NSCs from the tanycyte region and the SVZ of mouse brain (Figure 1) and generated
NSC aggregates (neurospheres) using standard methods (see Materials and Methods and Walker and Kempermann (2014)). In
accordance with previous work (Haan et al., 2013; Robins et al., 2013; Walker & Kempermann, 2014), the NSCs from either region
formed neurospheres (Figure S3a), that expressed typical NSC markers, such as nestin, paired box protein 6 (Pax6), Gfap, Sox2
and vimentin (Figure S3b).

After the neurospheres were dissociated into single cells, EVs?*!® were added to them. We found that within 24 h, the NSCs
from the tanycyte niche (NSC") formed complex cellular networks in which individual cells cross-connected with each other
through long processes (Figure 4a, first column, second row). NSCs from the SVZ niche (NSC®V?) yielded similar cellular net-
works (Figure 4a, second column, second row). In the case of EVZ310-exposed NSCst¥, 50 + 2% of the attached cells were in
contact with at least one neighbour and had >3 processes that were > 20-um long. In the case of NSCs®VZ, this percentage was
50 + 5%. Therefore, network-forming cells account for half of all attached cells. We rarely saw such processes in controls in
which only culture medium was added to NSCs (Figure 4a, top row). Likewise, EVMEF evoked clustering of just a few NSCs" or
NSCsVZ and we did not observe a cell process-based network (Figure 4a, bottom row). The EV-free 100K supernatant from the
differential centrifugation step (Figure 2a) added to NSCs or NSCs®VZ had no effect on these cells (Figure 4a, third row).

Immunostaining of fixed NSC* cultures with antibodies against intermediate filament proteins vimentin and nestin visualized
the fine structure of the cellular processes and showed that processes originating from a particular cell can make multiple contacts
with the neighbouring cells (Figure 4b, right column). Note, the glial fibrillary acidic protein (GFAP) expressing cell (Figure 4b,
right column, third row), probably an astrocyte, contacts multiple times with the nestin-expressing cellular network. Network-
forming cells account for half of all attached cells and the GFAP-positive cells belong chiefly to this group of attached, stellate
cells. Single cells with a compact morphology (presumably residual NSCs) express GFAP at very low levels in the cytoplasm
surrounding the nucleus (Figure 4b, first column, third row). The extracellular matrix protein fibronectinl (fnl) co-localized
with the tip of the processes (Figure 4b, right column, second row). Tujl (33 tubulin) staining for early neurons revealed groups
of interconnected cells (Figure 4b, right column, bottom row). Figure 4d shows staining for Stat3 protein in the nucleus of the
GFAP-expressing astrocytes. Stat3 activates Gfap expression (Brenner & Messing, 2021; Ito et al., 2018). gPCR analyses showed
that NSC morphological changes were accompanied by a significant transcriptional upregulation of the genes encoding for ful,
stat3, vimentin, gfap and also of the neuronal cadherin, cadherin-2 (Cdh2) (Figure 4c).

EVs®HP produced by choroid plexus primary cells had a similar effect on NSCs as EVs?3!°, Both induced cellular network
formation and cell differentiation (Figure S2c,d). Our data suggest that EVZ?1” can substitute for primary culture-derived EVs.

Since this study focusses primary on the early response of NSCs to EVs, the expression data we present cover, for the most
part, the first 24 h after adding EVZ3!?. As discussed below, during this period, the effect of the EVs on cell proliferation is very
limited (Figure S4c—e). The percentage of cells expressing Tujl or GFAP is rather small by 24 h, but by 48 h, both proteins show
a modest increase, at least, when a high dose of EVs?*1” was added. After 24 h, the fraction of Tujl or GFAP-expressing cells was
0.5% and 10%, respectively (304 ug/mL; Figure S4a,b). At 304 ug/mL, of EVs, and 48h of incubation, these percentages increased
to 5% (Tujl) and 12%-15% (GFAP), respectively. Previous work (Silva-Vargas et al., 2016) found that after 7 days of incubation
with choroid plexus secretome, the corresponding percentages were 15% for neurons and 80% for astrocytes. Evidently, providing
the entire choroid plexus secretome for a longer time leads to more pronounced differentiation of NSCs than seen with a short
treatment with Z310-derived EVZ310.

Flow cytometry was used to quantify the expression levels for GFAP and Stat3 proteins after coincubation of NSCs or
NSCs®V# with increasing doses of EVs (Figure 5a,b). The fraction of GFAP/stat3 * cells increased with increasing amounts of
EVs?*!0 (assessed by total protein content) added to the culture. When using EVMEF, the fraction of GFAP/stat3 T cells remained
at control levels (Figure 5a,b). The flow cytometry data are fully consistent with transcript quantification by gPCR. Levels of
gfap, fnl and stat3 expression showed a dose-dependent upregulation upon EVZ3°addition. Expression reached a saturation
(Figure 5¢) and the 50% effective dose (EDs,) was in the range of 50-70 1g/mL EV protein.

CSF from the cisterna magna, and the choroid plexus secretome induced the proliferation of NSCs (Silva-Vargas et al., 2016).
This research as well as work by other authors (Lehtinen et al., 2011) focusses on NSC treatments with the inducing agent for 7
days, which is well beyond the time it takes to form cellular networks in our assay. Using an MTT or Trypan Blue proliferation
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FIGURE 4 EV?' promote NSC differentiation into cellular networks. (a) Bright-field images of NSC% and NSCSV? co-cultured for 24 h with medium

only (Ctr), with EVZ10, with 7310 100K supernatant (100KS“*1°) or with EVMEF, Total EV protein concentration was 76 ug/mL. (b) Immunostaining for
various markers visualized cell structure and cell processes that formed in the presence of EVsZ0 (24 h). Astrocytes (GFAP) and early neurons (Tujl, 48 h)
were seen. NSCs cultured in medium without EVs?3!? did not form processes, but just spherical aggregates of an irregular shape. Note the punctate fnl staining
in the differentiating EVZ31%-treated NSC'. (c) qPCR showed upregulation of cadh2, fnl, gfap, stat3 and vimentin expression 24 h after EVZ*1%addition. Values
are presented as means =+ SD, three biological and three technical replicates were done (**p < 0.01, Student’s ¢ test). (d) Immunofluorescence staining for

astrocyte marker (GFAP) showed astrocytic cells with multiple processes and positive staining for nuclear Stat3 in NSC' and NSCSVZ after a 24-h co-culture
with EVsZ310,
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GFAP- and Stat3 positive NSCs" in a dose-dependent manner (total protein concentration 38, 76, 152 ug/mL). In contrast, EVMEF did not elevate the number
of GFAP- and Stat3-positive cells above the control at all concentrations used. (b) Such a dose-dependent increase was also seen when NSCsSV# were
co-cultured with EVsZ3!°, (c) qPCR graphs demonstrated a dose-dependent increase of gfap, fnl and stat3 mRNA 24 h after adding EVs?! to NSCs'?. Values
are means =+ SD from three independent experiments (*p < 0.05, **p < 0.01, Student’s  test).

assay, we found that the EVs“*! have a small effect on NSC proliferation. Proliferation was increased by 10-15% within 24 h,
depending on the source of the NSC and the concentration of EVs (Figure S4c,d). Adding EVsMEF had no effect on NSC pro-
liferation. Similar data were obtained with the Trypan Blue assay (Figure S4e). We conclude that the main effect of EVs is a cell
shape change and cell network formation and, within the treatment time of <48 h, not a massive increase of cell proliferation.

3.3 | Efficient dry-drop assay to study the differentiation of NSCs

It is still considered challenging to purify EVs by centrifugation. A general recommendation is that EVs purified by differential
centrifugation should be further purified on a density gradient, which separates vesicles according to their floatation speed and
equilibrium density into vesicle sub-populations and also removes contaminants (Kowal et al., 2016; Tkach et al., 2018). There-
fore, the 100K EVZ!° pellet (Figure 2a) was suspended in iodixanol and subjected to iodixanol density gradient centrifugation
(Figure 6a). After the centrifugation, the gradient was partitioned into nine fractions. Fraction 6 was an opaque band that could
easily be seen and hence be recovered as a single fraction. In this fraction, nanoparticle tracking analysis revealed a high concen-
tration of particles (red lines in Figure 6b) in a size range of 100-150 nm with smaller peaks at 50 and 220 nm. Fractions 2 and
8 contained mostly particles >150 nm. Thus, this method provides an enrichment of particles in the 50-150-nm range. All nine
fractions were analysed by Western blotting (Figure 6¢). Clathrin was detected in fractions 4-9, flot2 in fractions 4-6 and both
had maximum intensity in fraction 5. Fnl and alix were detected only in fractions 4-6 and showed highest levels in fraction 6.
Annexin2 was detected in fractions 3-7, and (8 actin in fractions 6 and 7. A comparison of the marker composition and particle
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FIGURE 6 EV flotation on an iodixanol gradient produces sub-types of EVs. (a) Scheme of EVZ!° purification by density gradient separation. The 100K
pellet obtained by differential centrifugation was re-suspended in 40% iodixanol and bottom loaded. After centrifugation, fraction 6 (yellow) was visible as an
opaque band. (b) Particle size distribution in three fractions. Fraction 6 (red) showed the highest particle concentration and contained the majority of vesicles
in the size range of 50-150 nm. Fractions 2 and 8 (green and blue) had a strong bias for larger vesicles (150-300 nm). (c) Western blot of the nine fractions and
the starting material (100K pellet). Fraction 6 shows the highest level of fnl and alix.

size of the various fractions with the composition of the starting material showed that the iodixanol gradient further separated
the EVs of the 100K pellet into biochemically diverse sub-populations of EVs.

To efficiently examine multiple EV fractions for their ability to induce differentiation of NSC* and NSCSVZ cultures, we devel-
oped a material saving ‘dry-drop’ activity assay. A 1-uL drop of each EV fraction (protein concentration 76 ug/mL) was applied
to the bottom of each chamber of an eight-chamber tissue culture glass slide and left to dry for 15 min. Then, 200 uL of the NSC
suspension (200,000 cells per millilitre) were added to the chambers and the slides were incubated for 24 h in a tissue culture
incubator (Figure 7a). The organized network of attached NSCs' or NSCs®V# was readily visible and did not extend beyond
the peripheral boundary of the dried drop (Figure 7b,d). The EVs from the 100K pellet and from fraction 6 provided excellent
support for NSC attachment, network formation and robustly showed many attached cells that were GFAP-positive (top two
rows in Figures 7d and 7e first and third bar). This agreement means that EVs from the 100K pellet obtained by differential cen-
trifugation and those in fraction 6 of the density gradient have a very similar NSC differentiation capacity, but fraction 6 of the
iodixanol gradient was biochemically purer than the initial 100K pellet (Figure 6¢). This additional purification will help in the
eventual purification of the active factors. Note that NSC attachment, network formation and development of the GFAP-positive
astrocytes were less distinct for fractions 2 and 8 (Figure 7d, rows 3 and 4). The rest of the fractions were such that they lead to
cell attachment only very sparsely and therefore only a few NSCs differentiated to astrocytes.

We also used the dry-drop assay to determine, whether the differentiation activity is merely co-purifying with EVs or is intrinsic
to the vesicle. 100KP EVs were treated with proteinase and nucleases as previously described (Materials and Methods) (Shurtl-
eff et al., 2017). A Western blot showed that Flot2 was proteinase K resistant, as expected, because this protein is contained
in the interior of EVs (Figure 7c). Figures 7d (row 5) and 7e show that adding proteinase and nucleases to the EVs, had lit-
tle effects on the percentage of the GFAP-positive cells developing within the drop. These results indicate that EVs themselves
and not a spurious contamination in 100K pellet is causal for the effect of EVs on NSC network formation and differentiation.
We also examined EVsMEF in the dry-drop assay (Figure 7d, bottom row, and Figure 7e). Consistent with the results shown
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FIGURE 7  Dry-drop assay to assess EV biological activity. (a) Dry-drop assay: A 1uL drop of EVs was deposited on the floor of an eight-chamber slide
and let dry for 15 min. Thereafter (for up to a week later if slides are kept at —20°C), 200 uL of the NSC suspension were added to each chamber. The chambers
were incubated for 24 h, at 37°C in a tissue culture incubator. (b) The NSC" attached and formed a cellular network only in the area of the EV drop (blue
boundary). Cells outside the boundary were still floating or were at best weakly attached. (c) Level of Flot2 located inside EVsZ*® was not affected by sequential
treatment with proteinase K, DNase and RNase. (d) Fraction number 6 obtained from the iodixanol gradient provided excellent support for NSC* and NSCSV#
network formation. When EVs?!° from fraction 6 were used, immunofluorescence revealed the presence of cells with astrocyte morphology that also
expressed GFAP (row 2). Sequential treatment with hydrolases had no influence on the ability of EVZ*! to evoke differentiation (row 5). EVSsMEF did not
provide proper support for network formation, regardless of the type of NSC used (bottom row). The blue line marks the periphery of the EVZ! dried drop.
(e) Percentage of GFAP-expressing cells in the area of the drop. Data were normalized to the cell number. Note the treatment with proteinase K and nucleases

had no effect on the percentage of GFAP-expressing cells.

above (Figures 4a and 5a,b), EVSsMEF from the 100K pellet had no detectable activity in the dry-drop assay. When slide chambers
containing EVZ!® drops were stored at —20°C for a week, there was no reduction in NSC attachment, network formation and
differentiation to GFAP-positive astrocytes. Thus, the dry-drop assay provides a convenient method that allows an economic use

of EV preparations.

4 | DISCUSSION

The interconnected, CSF-filled cavities of the ventricular system (Figure 1) with their motile cilia-powered transport machinery
(Del Bigio, 2010) allow a targeted distribution of a variety of substances inside the brain. Many substances found in the CSF




_ JISEV

originate from the secretory epithelium of the choroid plexi that reach into the ventricular cavities. This secretome comprises
metabolites, hormones, proteins, EVs, and so forth. Here we focus on two likely EV targets, the NSC niche of the SVZ (Doetsch
et al., 1999; Obernier & Alvarez-Buylla, 2019) and the NSCs that reside in the tanycyte region (Haan et al., 2013; Robins et al,,
2013). Both niches are in contact with CSF and hence in contact with EVs. We established an assay in which EVs?*” secreted by
the Z310-choroid plexus cell line were brought into contact with NSCs obtained from neurospheres that were generated either
from the SVZ or the tanycyte region. Both, NSC®V% and NSC" formed, within 24 h, complex cellular networks that begun to
express neuronal (Tujl, Cdh2) and astrocytic markers (GFAP, Gfap). The differentiation-inducing activity resided in EVZ! with
a diameter of 50-150 nm that was purified by differential centrifugation and/or iodixanol density gradient centrifugation. The
activity contained in EVZ!” was resistant to DNase, RNase and proteinase K treatment, suggesting that the inducing activity
was an EV component protected by the EV bilayer membrane and was not a contaminant co-purifying with the EVs. It should
be recalled that the NSCSV# used in our study are a mixture of quiescent, active NSCs and transit-amplifying cells that differ
in both, expression levels of marker genes and the rate of proliferation (Silva-Vargas et al., 2016). In the case of NSC%, there is
presently no evidence for the existence of such sub-types. Our neurospheres may not fully replicate a NSC niche because they are
deprived of the influence of other niche cells (Langlet et al., 2013; Obernier & Alvarez-Buylla, 2019). Nevertheless, neurospheres
have been effectively used in many studies investigating the process of NSC differentiation (Haan et al., 2013; Lepko et al., 2019;
Robins et al., 2013; Silva-Vargas et al., 2016).

Our use of a choroid plexus cell line and of primary cultures has some limitations. Choroid plexus is the main producer of CSF
but not the only one (Dambkier et al., 2010). CSF-born EVs also originate, for example, from ependymal cells that form the walls
of the ventricles. Such EVs are obviously missing in our preparation. Z310 cells are used as a surrogate for choroid plexus and
they are derived from adult choroid plexus tissue (see references in Materials and Methods). In the adult animal, the composition
of CSE, and by implication the cargo of CSF-born EV's will depend on physiological state of the organism (Cravatt et al., 1995;
Myung et al., 2018; Tietje et al., 2014; Zhang et al., 2017). It is unlikely that the Z310-derived EVs reflect this complexity in full.
Nevertheless, we were able to isolate a biological activity (EVZ*'” and EV“HP) that rapidly induces cell networks from two types of
NSCs. EVCHP was as effective in this process as EVZ3!, so the Z310 cells can be used as substitute source for choroid plexus-born
EVs. This activity purifies over multiple centrifugation steps and yields a distinct EV fraction containing vesicles in 50-150-nm
range. This simple purification scheme can readily be extended to a whole spectrum of other types of EVs isolated from different
cells (astrocytes, ependymal cells) and from other brain tissues. Our high-throughput dry drop assay offers a test bed for cellular
responses such as the formation of cellular processes or the expression of particular marker genes.

EVsMEF secreted by MEFs had only a minor effect on NSCs. Cells formed small aggregates but never any of those cellu-
lar networks seen after treatment with EVs”*'® and EVs“HP, In addition, none of the neural/glial differentiation markers was
induced by EVSsMEF, EVsZ310 and EVsMEF showed marked differences in their protein composition. This difference might shed
light on the factors that evoke cell differentiation. The most significant difference was the presence of ~250 ‘membrane’ proteins
in the EVZ3!0, String analysis of possible protein-protein interaction revealed interacting proteins involved in ‘neurogenesis, ‘cell
differentiation), 'membrane trafficking and organization.

Slit homolog 2 protein (Slit2), which is one of the proteins identified only in EVZ!? cargo by mass spectrometry and Western
blotting, could contribute to the formation of cell processes that characterize the cell network. Slit proteins serve as repulsive
axon guiding molecules via Slit-Robo signalling and it was suggested that choroid plexus is a source of Slit (Kaneko et al., 2018;
Nguyen-Ba-Charvet & Chédotal, 2002; Sawamoto et al., 2006). Synaptogenesis is required for proper neuron function and we
identified several synaptic proteins in EVZ3!?, such as synaptotagminl, and 2, and the synaptic vesicle membrane protein VAT-1.
Synaptotagmins are calcium sensors participating in triggering neurotransmitter release at the synapse and also play a role in
synaptic vesicle trafficking. VAT-1 is involved in synaptic vesicle transport.

EVs??? induced astrocytes that expressed a characteristic marker, GFAP. Gfap transcription is up-regulated by the transcrip-
tion factor Stat3 and the transcriptional activator Brgl (also known as Smarca4) (Brenner & Messing, 2021; Ito et al., 2018). Stat3
and Smarca4 were identified by MS in EVZ*!? and confirmed by Western blotting. Stat3 also regulates cdh2 expression via Jak/Stat
pathway (Loh et al., 2019) and our qPCR data showed that cdh2 expression was up-regulated upon EVZ3'? addition. The EVZ31
also caries integrins and small GTPases, such as Ras Homolog Gene Family Member A (Rhoa) and RAC, which also regulate
cdh2 expression (Barcelona-Estaje et al., 2021). Vimentin is also induced by Stat3 signalling (Wu et al., 2004). While GFAP and
Cdh2 were not identified in EVZ3!?, these vesicles contain vimentin. There is also vimentin in NSCs prior to their exposure to
EVZ30_ 1In this case, vimentin seen after EV-treatment could be a mixture of cellular and EV-derived vimentin. In our assays,
we observed intense fnl staining at or near the tip of the cellular processes. Such staining may arise from fibronectinl contained
in EVZ310 that locally aggregate. Note, however, that cells also express and secrete endogenous fnl that could also be present at
the tip, either inside or outside of the cell. Other adhesion proteins and scaffolding proteins (integrins, tetraspanins) are present
in EVs?*!? and could act as guidance cues that control the outgrowth of the nascent NSC processes. Growing tips of axons can
rapidly detect and react to the local guidance cues (Holt et al., 2019). Such guidance cues can also initiate local synthesis of differ-
ent proteins in the distal part of axons (Cagnetta et al., 2018). In this case, EVs may not be taken up by the NSCs, but are acting
as exogenous guidance posts. There are precedents for cellular responses to EV's that do not require EV internalization (Margolis
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& Sadovsky, 2019; Mckelvey et al., 2015). EVs may collapse on the cell surface and release the protein cargo that subsequently
interacts with cell surface receptors (Alabi & Tsien, 2013).

Since the purified EVs are heterogeneous, only a sub-set of the EVZ*!-specific proteins would be present in any given EV. EVs
with a diameter of 150 nm have a volume that is nearly fifty times greater than that of a synaptic vesicle (40 nm) that contains
about 160 protein molecules (Takamori et al., 2006; Taoufiq et al., 2020). Hence, a single EV could contain thousands of protein
molecules. Assuming that the NSC targets incorporate multiple EVs, collectively such vesicles could confer entire signalling
pathways to the target cells. In developmental biology, and the change in cell morphology is a developmental process, multiple
signals converge on a single tissue. For example, the developing limb of vertebrates is controlled by a combination of growth- and
transcription factors (Zuniga & Zeller, 2020). In this case, the signals are not packaged in EV's but are soluble local mediators.
This is different for the NSC niches in the adult brain where signals must travel several millimetres even in mice and much farther
in larger brains. A long-range transport of the multiple signals would benefit from an enclosure of signals in a carrier vesicle.

Induction of gfap, stat3 and ful expression was dependent on the amount of EVs added to the culture. Such dose dependence
and the accompanying saturation suggest that EVs are involved in a receptor-mediated process. This could be an interaction with
cell surface receptors or receptor-mediated EV uptake (Russell et al., 2019). Work by others shows that target cells internalize EV's
in a time- and dosage-dependent manner (Bonsergent et al., 2021; Song et al., 2021). Bonsergent et al. suggested that EV uptake
is a low-yield process, and only about 30% of internalized EVs were capable of delivering their contents. In their study, a dose
response was observed but saturation could not be reached, even when a dose >100 ug/mL (doses refer to EV protein content) was
used (Bonsergent et al., 2021). Song et al. observed that EV uptake by mouse embryonic stem cells was dose- and time-dependent
over a 1-day period. EV internalization was detected at an EV level of 2 x 10° but increased significantly when the concentration
was fivefold higher (Song et al., 2021). Sharma et al. showed that EV addition rescued the decrease of the total cell number and
neurons in a loss-of-function neural model in dose-dependent manner (47.5-190 ug/mL) (Sharma et al., 2019). EVMEF were
inactive in our assay, even when a very high dose (608 ug/mL) was provided. The cause for this may be that the NSC target
and fibroblast-derived EVsMEF are not compatible. The combination of choroid plexus-derived EVs“*'® and NSCs, however,
reproduces a naturally occurring situation. At a dose of 76 ug/mL protein (approximate the EDs), a dry drop contains 1.6 X 10
EVs. A typical dry drop contains 2500 NSCs. Thus, there are ~800 EV's per cell. As pointed out above, EV's are heterogeneous
and only a fraction may be acting in the network forming process. Thus, a rather small number of EVs may be sufficient to evoke
cell differentiation.

Adding EVs”! suspended in buffer to the NSCs or, alternatively providing EVs as a dried-down drop-induced network for-
mation. Even when the dry drops are kept at —20°C for a week, they were still very active. This indicates that the activity is stable
in the EV for a significant length of time. Thus, our dry-drop assay allows testing of diverse EV's and multiple responsive cells in
a short time and with minimal amounts of testing material. Moreover, this assay is high throughput. This allows a more efficient
purification of EV proteins and other factors (e.g., miRNAs (Lepko et al., 2019; Yagi et al., 2017)) that mediate the effects that EVs
exert on their target cells.
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