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ABSTRACT

Identification of matrix bound nanovesicles (MBV) as ubiquitous components of the extracellular
matrix (ECM) raises questions regarding their biologic functions and their potential theranostic
application. Unlike liquid-phase extracellular vesicles (e.g., exosomes), MBV are tightly bound to
the ECM which makes their isolation and harvesting more challenging. The indiscriminate use of
different methods to harvest MBV can alter or disrupt their structural and/or functional integrity.
The objective of the present study was to compare the effect of various MBV harvesting
methods upon yield, purity, and biologic activity. Combinations of four methods to solubilize the
ECM (collagenase, liberase, or proteinase K, and non-enzymatic elution with potassium
chloride) and four isolation methods (ultracentrifugation, ultrafiltration, density barrier, and size
exclusion chromatography) were used to isolate MBV from urinary bladder derived ECM. All
combinations of solubilization and isolation methods allowed for the harvesting of MBV,
however distinct differences were noted. The highest yield, purity, cellular uptake, and biologic
activity were seen with MBV isolated by a combination of liberase or collagenase followed by
size exclusion chromatography. The combination of proteinase K and ultrafiltration was shown
to have detrimental effects on bioactivity. The results show the importance of selecting
appropriate MBV harvesting methods for the characterization and evaluation of MBV and for

analysis of their potential theranostic application.



IMPACT STATEMENT

Identification of matrix bound nanovesicles (MBV) as ubiquitous components of the
extracellular matrix (ECM) has raised questions regarding their biologic functions and their
potential theranostic application. This study demonstrates that the harvesting methods used can
result in samples with physical and biochemical properties that are unique to the isolation and
solubilization methods used. Consequently, developing harvesting methods that minimize sample
contamination with ECM remnants and/or solubilization agents will be essential in determining the

theranostic potential of matrix-bound nanovesicles in future studies.



INTRODUCTION

The International Society for Extracellular Vesicles (ISEV) has proposed the term
Extracellular Vesicle (EV) to describe “particles naturally released from the cell that are delimited
by a lipid bilayer and cannot replicate” (1). Although a consensus has not been reached on specific
EV markers to describe different subpopulations, efforts have been made to categorize them by
characteristics such as size, lipid and protein composition and biogenesis (2-7). EV are produced
by many cell types and protect a luminal cargo of signaling molecules including proteins, signaling
lipids, cytokines, miRNA, mRNA, making them important mediators of intercellular communication

(1, 3, 8-10).

EV are almost exclusively described in body fluids and cell culture supernatants (11-16).
These vesicles are commonly referred to as exosomes, which are of great interest for their
potential use as disease biomarkers and therapeutic agents (8, 9, 17-19). EV have also been
described in bone and cartilage with speculation upon their role in bone formation and calcification
(20-28). More recently, EV have been identified within the extracellular matrix (ECM) of soft
tissues and termed matrix bound nanovesicles (MBV) (29, 30). MBV are a distinct subset of EV
and differ from exosomes both in lipid membrane composition and luminal cargo (31). Considering
the ubiquitous distribution of MBV (30), and their potential role in development, homeostasis,
wound healing, tissue regeneration and neoplasia (32-37), it is important that effective methods

are used to harvest the EV without disrupting their structural and functional integrity.

Whereas the isolation of exosomes from body fluids has been well described and faithfully
repeated (38-40), MBV must first be dissociated from the parent ECM before isolation for
subsequent investigation or use. The harvesting of ECM from source tissues typically involves
the use of detergents, enzymes and/or mechanical forces to disrupt and remove cells and cell
remnants (41-44) with subsequent dissolution of the remaining extracellular matrix to release and
isolate the MBV. The MBV must survive these biophysical manipulations with preservation of
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functional surface moieties, lipid membrane integrity, and intravesicular cargo. The objective of
the present study was to compare the effects of ECM solubilization by Collagenase (COL),
Liberase (LIB), Proteinase K (PK), or elution with potassium chloride (KCL) followed by MBV
isolation by ultracentrifugation (UC), ultrafiltration (UF), density barrier (DB), or size exclusion
chromatography (SEC) upon purity, yield and biologic activity of MBV from urinary bladder derived

ECM.

METHODS

ECM Preparation

Extracellular matrix was prepared from porcine urinary bladder (Tissue Source LLC,
Lafayette, IN) as previously described (45). Briefly, bladders were mechanically scraped to
remove the tunica serosa, tunica muscularis externa, tunica submucosa and tunica muscularis
mucosa. The urothelial cells on the surface of the tunica mucosa were removed by rinsing the
tissue in deionized water. The remaining tissue, consisting of the basement membrane and
lamina propria of the tunica mucosa, was decellularized by exposure to a solution of peracetic
acid (0.1%) and ethanol (4%) for 2h with agitation in a shaker at 300 rpm. The resulting urinary
bladder ECM (UBM-ECM) was then thoroughly rinsed with phosphate-buffered saline (PBS) and
sterile water. The tissue was lyophilized and milled into powder form using a Wiley Mill with a #60

mesh screen.

ECM solubilization

Powdered UBM-ECM (100 mg) was solubilized by treatment with one of three enzymatic

methods: Collagenase (0.1 mg/ml, type Xl, Sigma-Aldrich) , Liberase (0.01 mg/ml, Liberase TH,



Sigma-Aldrich), or Proteinase K (0.1 mg/ml, Invitrogen) in buffer [50 mM tris (pH 8), 5 mM CacCl2,
and 200 mM NacCl]. For every 100 mg of UBM-ECM powder, 10 ml of the enzymatic buffer was
used. The mixture was vortexed at max speed for 10 seconds and then incubated overnight at
room temperature under constant agitation. For the non-enzymatic elution method: 100 mg of
UBM-ECM powder was diluted in 10 ml of 0.1M KCL (Sigma-Aldrich) in PBS and incubated at

37°C for 30 min followed by incubation at 4°C for 2 hours, always with constant agitation.

MBYV isolation

Immediately following solubilization, each of the UBM-ECM samples was centrifuged
sequentially at 500 g for 10 min, 2,500 g for 20 min, and 10,000 g for 30 min (3 times) to separate
and remove insoluble collagen fibrils and other non-soluble remnants. The supernatant was
recovered between each centrifugation step, and the pellet was discarded. Following
centrifugation, the supernatant was filter-sterilized with a 0.22 um PES filter (Millipore) and frozen
at -80 °C until ready for further processing. Three samples of each solubilization method were
thawed and subjected to one of four MBV isolation methods: ultracentrifugation (UC), ultrafiltration

(UF), density barrier (DB) or size exclusion chromatography (SEC).
Ultracentrifugation (UC)

Samples isolated using UC were subjected to 100,000 g (Beckman Coulter Optima L-90K
ultracentrifuge, SW32Ti) for 2 hours at 4°C and the pellets were resuspended in 500 pl of 1X

PBS.

Ultrafiltration (UF)



Samples isolated using the UF method were placed in 100 KDa Amicon filter (Millipore)
and then centrifuged at 4,000 g for 20 min or until less than 500 pl of sample remained in the filter.

The concentrated samples were recovered and taken to a final volume of 500 pl with 1X PBS.
Density Barrier (DB)

For the DB method, 2 ml of 50% OptiPrep™ (Sigma) were placed at the bottom of an ultra-
clear tube (Beckman Coulter) followed by 10 ml of 2% OptiPrep™ (not allowing them to mix) and
lastly by the sample. The samples were centrifuged at 100,000 g (Beckman Coulter Optima L-
90K ultracentrifuge, SW32Ti) for 2 hours at 4°C. The fraction between the 2% and 50%
OptiPrep™ was recovered (approximately 3 ml), diluted in 1X PBS, concentrated using the UF

protocol described above and recovered to a final volume of 500 ul of 1X PBS.
Size Exclusion Chromatography (SEC)

Samples subjected to SEC were processed as described previously (46). Briefly, frozen
samples were lyophilized and resuspended in 1 ml of particle-free water. A 1.5 cm x 12 cm mini-
column (Bio-Rad, Hercules, CA, USA; Econo-Packcolumns) was packed with Sepharose 2B
(Sigma-Aldrich, St. Louis, MO, USA) having a column bed of 10 ml. The column was washed with
20 ml of 1X PBS and a porous frit was placed on top of the bead column to avoid disturbing the
beads during sample elution with PBS. The resuspended sample (1 ml) was loaded onto the
column and 10 fractions of 1 ml were collected. All fractions were tested for particle and protein
concentration to determine the fractions in which MBV were present. For all SEC samples,
fractions 3, 4 and 5 were collected and combined due to high particle concentration and low
protein content (Fig S1). Combined fractions were concentrated using UF method as described

above and recovered to a final volume of 500 ul of 1X PBS.



EXPERIMENT

Overview of Experimental Design

MBV were harvested by using a combination of common methods of ECM solubilization
and subsequent vesicle isolation techniques generally used for exosome isolation. Four different
methods of ECM solubilization were investigated, three of which were enzymatic (Collagenase
(COL), Liberase (LIB), and Proteinase K (PK)); and one non-enzymatic (potassium chloride (KCL)
elution). After each solubilization method, released MBV were isolated by either
ultracentrifugation (UC), ultrafiltration (UF), density barrier (DB), or size exclusion
chromatography (SEC) (Fig 1). The efficiency of each combination of ECM solubilization and MBV
isolation methods was evaluated by MBV imaging, analysis of size distribution and particle
concentration analysis, protein quantification, and miRNA quantification. The potential bioactivity
of the collected MBV upon cells was evaluated by quantification of MBV uptake and a cell

proliferation assay.

MBYV imaging

Images of isolated MBV were obtained using transmission electron microscopy (TEM).
Briefly, 7 ul of sample were placed on carbon-coated grids for 2 minutes and then decanted with
filter paper to remove excess liquid. The grid was left to dry for a minute and then a drop of 1%
uranyl acetate was added. The stain was immediately decanted using filter paper and the grid
was left to dry for at least 1 minute. The stained MBV were imaged at 80kV with a JEOL JEM-

1011TEM at a magnification of 80000X.

MBYV size distribution and concentration



MBYV size and concentration were determined using Nanoparticle Tracking Analysis (NTA)
(47) as previously described (48). Samples of harvested MBV were diluted (1:100 to 1:1000) with
particle-free water and injected into the sample cubicle of a Nanosight LM10 (Malvern Panalytical)
at an infusion rate of “50”. The rate of Brownian motion of the particles was measured to determine
their size distribution with 3 replicates of 60 second videos. Particle size was described as the
mode + SD of the distribution, while the particle concentration was described as mean particles/ml

+ SD.

Protein quantification

Protein concentration of the MBV samples was determined using the bicinchoninic acid

assay (BCA) quantification kit (Pierce Chemical) following the manufacturer’s instructions.

Silver stain of SDS-PAGE gels

Equal volumes (4 ul) of MBV samples were resuspended in Laemmli buffer (R&D
Systems) containing 5% B-mercaptoethanol (Sigma-Aldrich) and loaded on a 4 to 20% gradient
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) (Bio-Rad). The gels
were run using Mini-PROTEAN electrophoresis module assembly (Bio-Rad) at 150 mV in running
buffer (25 mM tris base, 192 mM glycine, and 0.1% SDS). Silver staining of gels was performed
using the Silver Stain Plus Kit (Bio-Rad) according to the manufacturer’s instructions. Briefly, after
electrophoresis, the gel was placed in fixative solution for 20 min with gentle agitation, followed
by a rinse with water for 20 min and then staining and developing until bands were visualized.
After the desired staining was reached, the membranes were placed in 5% acetic acid to stop the

reaction. Images were taken in a ChemiDoc Touch instrument (Bio-Rad).
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Isolation and quantification of miRNA in MBV samples

MBYV miRNA was isolated using the Exigon miRCURY™ RNA Isolation kit (Qiagen)
following the manufacturer’s instructions. Prior to RNA isolation, all MBV samples were treated
with RNAse A (1 pg/ml) (Thermo Scientific) and DNase (500U) (RQ1 Promega) at 37°C for 30
min to degrade free nucleic acid remaining from the tissue decellularization process. Following
lysis of the MBV membrane with a lysis buffer provided in the kit, the sample was added to spin
columns and washed several times according to the manufacturer’s protocol to purify the RNA.
Isolated RNA was collected in 30 pl of water and quantified using a NanoDrop spectrophotometer

(NanoDrop).

miRNA guantification by ddPCR™

MBV miRNA was isolated as described above but using the miRNeasy Mini Kit (Qiagen)
following the manufacturer’s instructions. The cDNA templates were prepared from 10 ng of RNA
using the TagMan Advanced miRNA cDNA Synthesis Kit (Applied Biosystems) following the
manufacturer’s instructions. Three different TagMan assays were evaluated using ddPCR: has-
miR-145-5p (VIC), has-miR-125-5p (FAM) and mmu-miR-451 (FAM) (all from Thermo Fisher

Scientific).

Droplet Digital Polymerase Chain Reaction (ddPCR™) was used because of its high
precision and absolute quantification of nucleic acid targets without the need for external
calibrators or endogenous controls. Quantification was performed using a Bio-Rad’'s QX200
ddPCR system following the manufacturer’s instructions. Briefly, samples were processed using
an Automated Droplet generator (BioRad) to create uniform nanoliter-sized droplets. The droplets
were transferred to a 96 well plate for PCR in a thermocycler (C1000 Touch™ Thermal Cycler,

BioRad) and later transferred to the QX200 Droplet Reader to evaluate and measure the
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fluorescence level of individual droplets. The data analysis was performed using the
QuantaSoftTM software to determine the starting concentration of the target molecule in units of

copies/pl.

Perivascular Stem Cell Culture

Human perivascular stem cells (PVSC) derived from skeletal muscle (49) were a gift from
Dr. Bruno Péault (University of Pittsburgh, currently University of California, Los Angeles). PVSC
were expanded in growth media which consisted of Dulbecco’s Modification of Eagles Medium
supplemented with 20% FBS and 1% Penicillin-Streptomycin. Cells were cultured at 37°C and

5% CO..

Cell uptake of MBV

The uptake of MBV by PVSC was determined as follows. The membrane of the MBV was
labeled with PKH67 (LOT# MINI67- Sigma) according to the manufacturer’s instructions. For ease
of labeling and to eliminate unbound PKH67 that would potentially label the PVSC, all 4
solubilization methods were evaluated but only SEC was used to isolate the MBV. Briefly,
solubilized and pre-isolated ECM samples (Fig 1) were lyophilized and later resuspended in a
solution consisting of 1 ml of Diluent C and 6 pl of PKH67 cell linker provided by the kit. The
resuspended samples were incubated at room temperature for 5 minutes protected from the light
and then loaded into a column with Sepharose 2B for isolation using SEC (as described in the
MBYV isolation section). Fractions 2 to 5 were collected, combined, and concentrated to 250 ul

using 100KDa cutoff columns. NTA was used to determine the concentration of each sample.
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PVSC were cultured overnight in cover glass chambers (155382- LAB-TEK) with 1 ml of
growth media at a density of 7000 cells/cm?. The next morning, PVSC were treated with of 3E9
particles/ml for 2h at 37°C. The particle concentration used for this treatment was determined by
conducting a dose response assay in which several concentrations were evaluated to determine
if a significant effect on proliferation was observed and potential toxicity (data not shown). After
the incubation period, cells were fixed with 2% PFA for 20 mins at room temperature followed by
3 washes with 1x PBS. Fixed cells were counterstained with DAPI for 5 minutes to identify the
nuclei and stained with phalloidin (Invitrogen-A22283) for 20 min in the dark at room temperature
to visualize the cell cytoskeleton. Images were taken at 20X and 40X using a Zeiss Axio Observer
microscope. The percentage of cells with visible intracellular green PKH67-labeled particles were
counted using 7 independent 20X fields of view per treatment group (n=3). CellProfiler™ Cell

Image Analysis Software (50) was used to quantify the images.

MBYV Bioactivity

PVSC were expanded as described above and later plated in 96 well plates at 5000 cells
per well (n=4). Cells were allowed to attach for approximately 8 hours and then serum-starved
overnight with exosome-free starvation media (DMEM supplemented with 0.5% FBS and 1%
Penicillin-Streptomycin, previously ultracentrifuged overnight at 100,000 g to eliminate exosomes

present in the serum).

The effect of MBV on proliferation of PVSC was determined by the Cell Proliferation
ELISA, BrdU colorimetric assay (Roche) as directed by the manufacturer. Briefly, the overnight
serum-starved cells were treated with 4E9 particles/ml of each MBV group for 24 hours, followed
by incubation with the BrdU labeling reagent for additional 24 hours at 37°C. Cells were fixed and

incubated with the anti-BrdU antibody for 90 min at room temperature, washed and incubated

13



with substrate solution for 20 minutes. Absorbance of all wells was analyzed using a plate reader

at 450 nm (reference wavelength: 690nm).

Remnant Enzymatic Activity in MBV Samples

As remnant enzymes derived from the solubilization process could be co-isolated with the
MBYV, and this influence their bioactivity. Therefore, the presence of active enzyme in the
harvested samples was evaluated. Briefly, a 1.5 mm thick gel consisting of 10% acrylamide and
4 mg/ml of gelatin was prepared following the guidelines of Cold Spring Harbor Protocols for SDS-
Page (51). After casting, the gels were removed from the casting glass cassettes and placed on
a flat surface. Sixteen evenly distributed 2 mm holes were created in each gel, followed by
placement of 3 pl of neat or diluted MBV samples (30% MBV/PBS + 70% media, same dilutions
used for the bioactivity assay) into the holes. These gels were incubated overnight at 37°C. The
next day, the gels were stained with Imperial™ Protein Stain (Thermo Scientific 24615) and
incubated at room temperature for 1 hour in an orbital shaker (50 rpm). After staining, the gels
were washed twice with deionized water at room temperature for 1 h each under constant orbital
shaking and immediately thereafter, images of the gel were taken in a ChemiDoc imager

(BioRad).

Statistical analysis

Two-way ANOVA was performed to compare the concentration of RNA, protein, particles
and mode in all the MBV samples isolated by different ECM solubilization methods (COL, LIB,
PK, KCL) and different isolation methods (UF, UC, DB, SEC). For the bioactivity assay, the
absorbance was scaled to the control group (PBS) and differences between each normalized

group and the control were evaluated using the BootstRatio, a web-based statistical analysis to
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compare fold-change (52). The results of the MBV uptake experiment were analyzed using One-
way ANOVA. Significance is based on p-values <0.05. All experiments were performed in

triplicate unless stated otherwise.

EXPERIMENTAL RESULTS

MBYV morphology is unaffected but particle size may be influenced by different harvesting

methods

Representative TEM images of MBV isolated by the 16 different methods showed no
notable morphologic differences between groups (Fig 2A). Quantitative evaluation by
Nanoparticle tracking analysis (NTA) showed MBV size in the range between approx. 30 and
150nm (Fig S1). The mode was used compare the size of the MBV between groups (Fig 2B).
There was no significant difference between the mode of any of the samples evaluated except for
the PK-UF group (28.0 + 4.3 nm) which was significantly smaller than 4 groups: COL-SEC (97.0
+ 13.0 nm, p<0.05), KCL-UC (106.3 + 34.6 nm, p<0.05), PK-DB (122.0 + 45.9 nm, p<0.01) and
PK-SEC (129.3 = 55.9 nm, p<0.001). Complete statistical analysis is available in supporting

information.

Quantity of MBV is influenced by the MBV harvesting method

The number of MBV isolated was influenced by both the solubilization (p < 0.0001) and
the isolation method (p<0.01) (Fig. 3A). Particle yield in samples solubilized with COL and isolated
with UC or UF was higher than samples isolated with DB (p<0.01) while SEC showed no
significant differences with any of these groups. Within the LIB solubilization method, UF had a

higher particle yield than the DB method. For the other solubilization methods (PK and KCL) there
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was no significant difference in the particle yield when isolation methods were compared.
Comparing across solubilization methods, when COL was used in combination with UC or UF,
higher particle yield was obtained compared to samples solubilized with LIB (p<0.01), PK
(p<0.0001) or KCL (p<0.0001). Samples solubilized with KCL were almost always significantly
lower than the samples solubilized with the 3 enzymatic methods. Complete statistical analysis is
available in supporting information. Thus, the highest particle concentration was obtained with
COL and LIB solubilization methods when combined with UC, UF or SEC isolation methods. The
lowest patrticle yield was obtained in samples solubilized with KCL and/or isolated using the DB

method.

Protein concentration is influenced by the MBV harvesting method

Protein concentration (Fig. 3B) was found to be significantly influenced by both the
solubilization (p<0.0001) and the isolation method (p<0.0001), and the interaction of both
(p<0.0001). Within COL, LIB and PK solubilization methods, the protein concentration obtained
in the samples that were isolated using UF was significantly higher than in samples isolated using
UC, DB and SEC (p<0.0001 for all). Comparing across solubilization methods, there was no
significant difference in the protein content for MBV isolated by UC, DB or SEC; however, within
the UF groups, COL-UF had significantly more protein content than LIB-UF, PK-UF and KCL-UF
(p<0.0001 for all). In addition, protein content was significantly higher in LIB-UF and PK-UF
samples compared to KCL-UF samples (p<0.0001 for both). Thus, the use of collagenase and
ultrafiltration method yields the highest protein concentration of all methods evaluated to harvest

MBV.

MBYV Harvesting methods create distinct protein peptide profiles
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The ratio between particle and protein concentration is a commonly reported method of
MBYV gquantification (48). Calculating this ratio showed that all methods had similar particle:protein
ratios. Within the COL, LIB and PK groups no differences were seen between isolation methods
(Fig 3C). Only KCL-SEC presented a significantly higher ratio compared to KCL-UC, KCL-UF and
KCL-DB (p<0.01). Similarly, comparing isolation methods showed no differences with respect to
solubilization method except for KCL-SEC which had a higher ratio than COL-SEC (p<0.05), LIB-
SEC (p<0.01) and PK-SEC (p<0.01). Thus, while there were differences in MBV yield and protein
concentration, using the ratio between particle and protein concentration as a metric may be
misleading as it masks the differences in protein content generated by the different harvesting

methods.

Silver staining of MBV samples subjected to SDS-PAGE showed that each harvesting
method generated a unique protein profile (Fig 3D). Samples isolated by UF had the highest
protein content while SEC had the lowest. UF samples showed a wide range of protein sizes
ranging from 250 kDa to 22 kDA, while samples isolated by SEC contained only a few distinct
bands. Importantly, each method had a unique pattern of bands that was generated by the
combination of solubilization method and isolation method that was not apparent using the BCA

assay.

Quantification of miRNA in MBV is influenced by the harvesting method

Preliminary studies (31) identified three miRNA (miR125b-5p, miR145-5p, and miR451a)
that were highly expressed in MBV. Absolute quantification of miRNA copies performed by ddPCR
(Fig. 4), showed that the concentration of miRNA copies in each sample was influenced by the

harvesting methods used to obtain the MBV.
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Samples solubilized with PK, had more copies of miRNA than solubilized with COL, LIB
or KCL. Comparison of the number of copies identified between MBYV isolation methods, groups
isolated using UF generally had the highest number of miRNA copies across all solubilization
methods, except in COL. Samples that were isolated using SEC consistently had the lowest

miRNA concentration.

Cellular uptake of MBV is influenced by the solubilization method used.

Fluorescent images taken of perivascular stem cells (PVSC) (Fig 5) incubated with MBV
from the COL group showed the highest percentage of cells positive for intracellular MBV
(55.2%=+17.9), followed by the LIB group (38.2%+12.1), the PK group (23.7%z=7.8) and finally by
the KCL group (19.1%=7.4). The percentage of positive cells was significantly higher in the COL

group compared to the percentage of positive cells in the PK and the KCL groups (p<0.05).

MBYV effects on PVSC proliferation is influenced by the harvesting methods

The effect of MBV upon PVSC proliferation was quantified after treating the cells for 24 h
with each of the 16 MBV groups (n=3) (Fig 6A). The proliferative response of PVSC was distinctly
affected by the methods used to harvest the MBV. Samples isolated using COL and LIB as
solubilization methods, showed similar patterns of proliferative activity across all the isolation
methods. Samples solubilized with COL and LIB and isolated using UC or SEC did not affect
proliferation. Samples isolated using UF showed the highest proliferative activity (p<0.0001 for
both COL and LIB), followed by DB (p<0.01 for COL and p<0.0001 for LIB) compared to the
control. MBV samples prepared using the PK solubilization method all showed cell death rate
during the assay (Fig 6B) (addressed in following section) except in the samples isolated using

SEC, which induced a significant increase in PVSC proliferative activity (p<0.0001). Finally,
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samples solubilized with KCL all induced a significant increase in PVSC proliferation (p<0.01 for
UC, p<0.0001 for UF and p<0.05 for SEC) except for the samples isolated with DB, which had no
effect. In general, MBV samples isolated using UF resulted in the most proliferation, followed by
SEC, DB and finally by UC. Only KCL solubilized samples promoted an increase in cell

proliferation when isolated by UC (p<0.01).

Harvesting methods affect removal of residual enzymes

The possibility that active enzyme from the solubilization process was present in the MBV
samples and potentially influenced the bioactivity assays was tested using a modified zymogram
(Fig 6C). In samples prepared at the same dilution, only samples harvested with PK as the
solubilization method and UC, UF or DB as the isolation method showed evidence of proteolytic
activity. The only isolation method that consistently removed active enzyme from the MBV

samples was SEC.

DISCUSSION

Unlike exosomes, which are found in physiological fluids and have well documented
isolation methods, MBV must be liberated from tightly bound structural components of the ECM
and then purified from the solubilized ECM components. Results of the present study show that
the methods used to harvest MBV from ECM have no detectable effect on morphology but may
alter the size distribution, particle concentration, co-isolated protein concentration, cellular uptake
and bioactivity of the MBV. Of the methods investigated, the combination of Liberase or
Collagenase as an ECM solubilization method followed by SEC as the isolation method, provided
the highest MBV yield, purity (more MBV with less remnant ECM protein and enzymes), cellular

uptake and bioactivity. In contrast, the combination of PK and UF methods resulted in MBV
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samples with low particle yield, high protein content, and most notably high remnant enzyme
activity that affected subsequent cellular activity assays. Due to the high contaminant protein, PK-
UF samples were visibly more viscous than the rest of the MBV samples. It is likely that the high
viscosity affected the particle quantification and size analysis in the Nanosight, resulting in

unreliable data such as low particle yield and low modal size (Fig S1).

Three common enzymatic methods of ECM digestion (collagenase, liberase, and
proteinase K,) were investigated along with one non-enzymatic elution method KCI. Collagenase
is a relatively crude combination of collagenase isoforms (approximately between 68-130 KDa)
that digests collagen fibers and disaggregates connective tissue (53). Liberase is a highly purified
preparation of collagenases | and Il, blended in a precise ratio with a non-clostridial protease,
thermolysin (54). Proteinase K is a smaller (28.9 KDa) and very stable protease that degrades a
broad spectrum of proteins (55). The non-enzymatic method, KCI, supported protein solubility
(56) and the release embedded MBV. Downstream analysis of the MBV harvested using these
ECM solubilization methods showed that enzymatic methods were more efficient at liberating
MBYV since they increased MBYV yield, compared to KCI, regardless of the subsequent isolation
method used. However, because the ECM matrix was degraded by the enzymatic methods,
protein fragments were created that were then co-isolated in the final MBV preparation. While
the MBV samples obtained with the non-enzymatic method had a lower yield of MBV, these
samples had the highest purity, particularly using the combination of KCl and SEC. Further
investigation is needed to determine if modifications to the non-enzymatic method, such as
increasing incubation time, salt molarity or even the use of different salt solutions could increase

the yield of MBV without adversely affecting sample purity.

Purification of MBV from the solubilized ECM was achieved using common exosome
purification methods such as ultracentrifugation, density barrier, ultrafiltration and size exclusion

chromatography (SEC). Ultracentrifugation is considered the gold standard to isolate EV and
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consists of subjecting a solution to centrifugation a high g-force (100,000 g) to pellet the vesicles
(57). Although ultracentrifugation is widely used, it is sensitive to different parameters that can
affect purification such as the g force used, the rotor type (fixed angle or swinging bucket) (58)
and the viscosity of the sample (59). Ultracentrifugation also allows remnant ECM proteins to
pellet with the isolated EV. Ultrafiltration can result in low yield due to vesicles adhering to the
membrane and the co-isolation of proteins that have similar sizes as the EV of interest (60).
Density barrier is a method that can result in high purity EV samples (61, 62), shares the same
issues as ultracentrifugation. Moreover, there is no standard regarding the number of layers of
cushion solution to use. There are reports using only one layer (62) up to 4 layers (61). Size
exclusion chromatography is a method that separates particles by size as the sample flows
through a column of beads SEC provides very good separation of different sized patrticles, with
good vyield and purity (63). Yield and purity are further improved when combined with other
techniques such as UC (64). However, co-isolation of proteins in the fractions containing EV has
been reported (65). Thus, SEC may effectively enrich for a specific subset of protein fragments

that elute in the same fractions as the EV.

The present study has clearly shown that the use of UC, UF, DB and SEC results in
notable differences in MBV vyield, purity and bioactivity. Studies with exosomes have also shown
similar differences in isolation efficiency and concentration of co-isolated proteins (64-66) and
also different miRNA profiling (67). It is clear that methods used to isolate EV, including MBV,

have quantifiable effects that can lead to misinterpretation of results.

Understanding the potential downstream effects of ECM solubilization methods and
subsequent MBV isolation methods is necessary for the investigation of MBV biology and their
potential theranostic use. Previous work has established that MBV influence cellular behavior (29,
30, 32, 68, 69). The molecular mechanisms by which MBV contribute to cell phenotype and

potentially constructive therapeutic outcomes has yet to be determined, and effective methods for
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harvesting MBV will be required for such studies. Previous studies have shown the ability of MBV
to alter the inflammatory response and promote healing of damaged tissues(33, 37), but equally,
harvesting MBV from chronic wounds and examining their miRNA or protein cargo could help
identify mediators of the injury process. Exosomes have been shown to have diagnostic potential
for diseases including cancer, neurodegenerative disease and pathologic infections(70-72). It is
conceivable that MBV would have the same potential. Differences in ECM between source tissues
and between tissues harvested from different age pigs have been described(73-75). It is likely
that similar differences exist in MBV isolated from different tissues or animals of different ages.

These differences in MBV cargo or bioactivity will also influence the theranostic potential of MBV.

All the combinations of solubilization and isolation methods evaluated were able to isolate
MBV embedded within UBM-ECM. Importantly, each method used produced samples with distinct
characteristics. Consequently, assessment of sample purity is important to demonstrate that
functional properties of a sample are associated with vesicles and not with the co-isolated
contaminants (48). A simple quantification of purity such as the ratio of particles to protein, that
has been used by others (48), does not provide any details about the type or distribution of the

co-isolated protein contaminants.

The different solubilization methods tested produced a unique protein profile, including
methods that resulted in only a few prominent bands (e.g. KCL-SEC) to others that produced
multiple low and high molecular weight proteins (e.g. Col-UF). It is possible that some methods
such as SEC may enrich for proteins of a specific molecular weight that are filtered by the column
and co-isolated in the same fractions as the MBV (60, 64). Although the present study did not
characterize these protein fragments, it is possible that these cryptic peptides may influence
bioactivity, affecting MBV uptake and cell proliferation results. Previous studies have shown that
enzymatic digests of ECM bioscaffolds can generate cryptic peptides that show bioactivity in vitro

and in vivo (76-80) and it is possible that cryptic peptides were generated by the enzymes used
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in the present study. Moreover, uptake efficiency could have been affected by these remnant
proteins associated with the MBV. In several harvesting methods, particularly those using
Proteinase K, residual enzyme from the ECM digestion was found to be retained in the MBV
samples following purification. The results of the PVSC proliferation assay showed that the
presence of active, residual PK enzyme resulted in cell death. The presence of residual enzymes
obviously has critical implications for downstream assays measuring bioactivity since the residual
enzyme can not only denature soluble proteins and growth factors from culture media, but
potentially damage cell:matrix interactions that keep the cells anchored to the tissue culture

plastic.

The three miRNAs used in the present study were selected based on previously obtained
RNA-seq data that showed them to be among the most abundant miRNA in MBV (31). While their
biologic relevance with respect to macrophage polarization (81, 82), tissue remodeling (83-85)
and regeneration (86) has been shown, miRNA results are included herein to emphasize the

potential impact of the different isolation methods upon the properties of harvested MBV.

Limitations of the present study include the possible overestimation of particle
concentration measurement since NTA may not adequately discriminate between MBV and non-
vesicular particulate material. There are alternative isolation methods such as tunable microfluidic
systems (87), tangential flow filtration (TFF) (88) and precipitation based methods (89), among

others that may be effective for MBV isolation but were beyond the scope of the present study.

CONCLUSIONS

Although all the methods tested were effective at isolating MBV each method resulted in
samples with physical and biochemical properties that were unique to the solubilization and

isolation methods used. Suitable MBV harvesting methods that maintain vesicles integrity and
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functionality while minimizing sample contamination with ECM remnants and/or solubilization
agents will be essential in determining MBV physiologic function and therapeutic utility in future

studies.
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