Methods for EV Enrichment Workflow
Characterization

Thomas Maslanik, Erika Duggan, Brianna Huszti, John P Nolan
Cellarcus Biosciences, Inc. San Diego, CA, USA

Abstract

Enrichment of extracellular vesicles (EVs) is required for many studies. Screening methods,
functional studies, and analysis of rare subsets of EVs all require some form of EV

enrichment. However, it is important to characterize any enrichment method to

understand how it impacts the composition of EVs in a given sample and validate the

approach to EV enrichment for downstream applications. A rigorous analytical approach This experiment describes StandardiZEd E

for evaluating enrichment methods is needed. In this study, we demonstrate workflows

"

for enrichment method characterization. Vesicle Flow Cytometry (vFC) and BCA ° °
measurements were used to characterize media from hollow-fiber bioreactor (HFB) DiFi m Eth Ods for evalua tlng Ev en rlChm en t
cell cultures pre- and post-enrichment. There were 5.97E6 total EVs/ul in HFB DiFi cell

culture media. 62% of EVs were positive for EGFR above the limit of detection (25

antibodies per vesicle). Enrichment by UF (100k MWCO) resulted in 56% recovery of total Workflo WS.

EVs with similar EGFR positivity and a significant increase in EV/protein ratio. Other pore

sizes differed in total EV recovery (300k MWCO — 24%, 1000k MWCO — 22%). For all pore

sizes, UF increased EV and protein concentrations resulting in a decreased EV/protein ratio °

and did not impact EGFR positivity. SEC enrichment resulted in a high (>80%) recovery of V F C O Ve rv I e W

total EVs in in fractions 7-9 (30-52% EGFR+). Most EVs were present in fractions 7-9. SEC
enrichment resulted in a substantial increase in EV/protein ratio. This study demonstrates
a broadly applicable analytical approach to characterizing enrichment methods for a given
sample. Adopting such an approach in workflows requiring EV-enrichment will improve
our understanding of input material in any downstream application and will enhance rigor
and reproducibility of these studies.

Methods

Bioreactor Culture. DiFi Cells were grown in FiberCell bioreactor according to
manufacturer’s instructions. EVs were collected following FiberCell’s harvest protocol.

1. QC and calibrate instrument 2. Serial dilute samples 3. Measure size, concentration,

and surface markers

Vesicles. Synthetic liposomes (Lipo100) from Cellarcus Biosciences Inc (San Diego, CA)
were used as a negative control for EGFR staining and for VvFC sizing workflows per
manufacturer’s instructions. DiFi supernatants were collected from hollow fiber bioreactor
cultures. Supernatants were spun at 2500xg for 15 minutes and stored at -80C for further

Setup your instrument following the QC and Calibration Protocols to Perform a serial dilution of a representative sample to ch terize EVS | les. M .
ana |y5is_ ensure optimal sensitivity and produce data that can be compared demonstrate single EV resolution and identify optimal aracterize £Vs In yqur samdp es. Measure size,
across labs and time. sample dilution. concentration, and cargo.
. Reagents required: nanoRainbow™ Beads (CBS6) and nanoCal™ Reagents required: vVFC™ Assay (CBS4) and vTag™ or other

Ultrafiltration. EVs were concentrated using Sartorius Vivaspin centrifugal ultrafiltration
devices. 100, 300, and 1000 kDa MWCO polyethersulfone (PES) filters were compared.
Prior to use, filters were pre-rinsed with sterile phosphate-buffered saline (PBS) to
minimize membrane binding. EV samples were loaded into the filter units and centrifuged
at 4,000 x g for 15 minutes. The concentrated EVs were collected from the upper chamber
for downstream analysis.

Figure 1. Schematic of VFC workflow. Vesicle flow cytometry (vFC™) is a homogeneous assay in which a cell-free sample is stained with a fluorogenic membrane stain and one or more
additional fluorescence probes then analyzed by flow cytometry with detection triggered by membrane fluorescence. The size distribution of a synthetic vesicle standard (Lipo100™),
determined by orthogonal methods, is used to calibrate membrane fluorescence into surface area (nm2), nanoCal™ antibody capture beads are used to calibrate fluorescence intensity in the
remaining channels to report fluorescence as antibodies per EV.

SEC. EVs were enriched using gEV SEC columns (lzon Science) following the manufacturer’s
instructions. Columns were equilibrated with sterile-filtered phosphate-buffered saline

(PBS) at room temperature prior to sample loading. DiFi supernatants were loaded onto : :
the column, and elution was performed with PBS. The initial void volume was discarded, ra I ra I O n

and all remaining fractions were collected for downstream analysis.

Vesicle Flow Cytometry (Figure 1). EV concentration, size, and surface marker expression 3478- 600,01
were measured by single vesicle flow cytometry(1-5), using a commercial kit (vFC™ Assay 500.0]
kit, Cellarcus Biosciences, La Jolla, CA) and flow cytometer (CytoFLEX, Beckman Coulter). 26091 ]
Briefly, samples were stained with the fluorogenic membrane stain vFRed™ and one or Crude
more fluorescent antibodies (Table S1) for 1h at RT and analyzed following the CytoFLEX

instrument setup protocol. Controls included buffer-only, reagent-only and vesicle 8701
standards that have been characterized by orthogonal methods (eg, NTA, RPS, cryo-EM, d- N I S R
STORM) and serve as positive and negative controls for antigen expression. Spectral 0 1oo.o[2)?oa.§13;cég?2c:+?)soo.oeoo. é%%R o Flul)é):escerjmézse (Aé(lé) o 10" PR 1.00E+07 . l
compensation was performed using antibody-stained antibody capture beads and Jo140- 5000, EGFR PE Fluorescence (ABC) N |

validated using single stained controls. Data were analyzed using FCS Express (De Novo

Software) and included calibration using a vesicle size and fluorescence intensity 76111
standards. The analysis included a pre-stain dilution series to determine the optimal initial UF100K
sample dilution and multiple positive and negative controls, per guidelines of the

International Society for Extracellular Vesicles (ISEV) (6). A detailed description of vFC™ 25374
methods and controls.
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Protein Measurement. Protein concentration was measured using the Pierce™ BCA Protein
Assay Kit (Thermo Scientific) according to the manufacturer’s instructions. Briefly,
standards were prepared using bovine serum albumin (BSA) in the range of 0—2000 pg/mL. 8850 ]
Plates were incubated at 37°C for 30 minutes, and absorbance was measured at 562 nm
using a microplate reader.
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vFC™ Assay Performance. Prior to measuring EV concentration and cargo by vFC, a dilution
series was run to identify an optimal pre-stain dilution and demonstrate single EV !
resolution and the absence of coincidence. Similarly, a detergent treatment was run to Es0007
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examine specificity. EV counts decreased proportional to dilution while size (calculated
from vFRed™ intensity) remained constant. Buffer and reagent only show acceptable UF1000K e :
numbers of background events. A 40X dilution was selected for cargo measurements. The
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Ultrafiltration. vFC™ analysis revealed EVs produced from DiFi cells in HfB bioreactors L ] ] _ _ _ _ _ _ _
cultures were present at 5.97E6 total EVs/ul prior to enrichment. 62% of EVs were positive Figure 2. Characterization of EV enrichment by Ultrafiltration. Comparison of EV size, EGFR expression, and total protein concentration (BCA) pre- and post-sample processing by

for EGFR. MWCO increased both EV concentration and protein concentration but had a ultrafiltration. There is no observed bias introduced at any MWCO as reflected in EV size (left) or EGFR+ EV number or EGFR brightness (shown as density plots and histograms). Sample
greater impact on protein concentration resulting in decreased EV/protein ratios (20-44% concentration, recovery, and protein concentration measurements by condition are summarized in the bar graphs to the right.

of crude). Although recovery was low (22-56%), There is no observed bias introduced as
reflected in EV size or EGFR+ EV number or EGFR brightness (Figure 2).

] [
Size Exclusion Chromatography. vFC™ analysis revealed EVs produced from DiFi cells in HfB S I Ze E XC I u S I O n C h rO m a to ra h
bioreactors cultures were present at 7.89E6 total EVs/ul prior to enrichment. 59% were
positive for EGFR. EV concentrations and protein concentrations are reported across
fractions in Figure 3. Most EVs were found in fractions 6-9. Protein concentration was Input F5 F6 F7 F8 F9 F10 F11
412.90 ug/ml in the crude fraction and was reduced to between 5 and 35 ug/ml in 3600 10001 10001 1000 10001 10001 1000 10001
fractions 7-9 resulting in a 11-15-fold enrichment of EVs relative to proteins in separate SEC

runs. Recoveries were consistently above 80%. EVs were 0.087-0.014 as concentrated as
in the crude sample. There is no observed bias introduced as reflected in EV size or EGFR+
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EV enrichment is often required to prepare samples for downstream applications including a7s. a7s. 175, 475, 475 475,
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surface marker measurements to evaluate EV recovery and enrichment relative to total . = : = ] =
prOtein to enable empirical examination of enrichment method SUItabIIIty for a given 100 10' 10°  10° 10 O-M 1(;2 11;3 1:)4 0--1010 10’ 10°  10° 10 -10'0 10’ 10° 10> 10 -10'0 10’ 10° 10" 10° O-m "':Z:* 1cIJ3 1(I)4 O:m_ 1(I)2 1(IJ3 1cl>4 O-M_ 10°  10° 10
downstream appllcatIOn. We examlned tWO common enrlchment methOdS, SEC and UF. EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF)
Characterization of UF revealed robust sample concentration, but up to 78% sample loss * 9 Ts " 9 9 R 9
. . . . 500.0 500.0 500.0 500.0 ) 500.0- ; 500.0 500.04 PE 500.0
depending upon MWCO selected. 100 kDa MWCO provides higher concentration and = ] ~ ] ~ ] = 1P ~ ] = = ' =
. : . 5400 o 5400 o 5400 o 2 5400.0 v 5400 o 5400 o 5400 )} 5400 o
recovery than other pore sizes tested. Characterization of SEC revealed robust EV Ba00 52000 Zao] i Saoo] 1 52000 Bacoo Baoo] ', Bac0o
enrichment relative to total protein and >80% recovery, but with significant sample Sa000 Sa00.0- Sa0o] (M iy Sa000] Wl F2000 2000 Bao0o] il 2000
p y’ g p a . a 1 a 1 O a a a a A T . a
dilution. Most EVs were contained in fractions 6-9. 1000, o00) S ooo] F A 10004 {8 10003 1000 rooo] - {FK At" wooo] - JG il
The measurement workflows described provide a general approach that could be RSN OO AT IS S IR RSSO s "
: : o . . EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF) EGFR PE (MESF)
combined with measurements of specific EV subpopulations (by vFC) and additional
contaminants of concern. In this example comparison of UF and SEC, characterization of UF
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