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Abstract

Extracelular vesicle (EV) research has grown rapidly in recent years, largely due to the potential
use of EVs as liquid biopsy biomarkers or therapeutics. However, in-depth characterisation and
validation of EV's produced using conventional in vitro cultures can be challenging due to the
large area of cell monolayers and volumes of culture media required. To overcome this obstacle,
multiple bioreactor designs have been tested for EV production with varying success, but the
consistency of EVs produced over time in these systems has not been reported previously. In this
study, we demonstrate that several breast cancer cell lines of different subtypes can be cultured
simultaneously in space, resource, and time efficient manner using CELLine AD 1000 systems,
allowing the consistent production of vast amounts of EVs for downstream experimentation. We
report an improved workflow used for inoculating, maintaining, and monitoring the bioreactors,
their EV production, and the characterisation of the EVs produced. Lastly, our proteomic
analyses of the EV's produced throughout the lifetime of the bioreactors show that core EV-
associated proteins are relatively consistent, with few minor variations over time, and that
tracking the production of EVs may be a convenient method for indirectly monitoring the
bioreactors' health. These findings will aid future studies requiring the simultaneous production
of large amounts of EV's from several cell lines of different subtypes of a disease and other EV
biomanufacturing applications.
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I ntroduction

Extracdlular vesicles (EVs) are subcdlular membrane-bound particles that contain several types
of biomolecules indicative of their parental cells. Once released from the parental cell, they can
be found in all bodily fluids and can be internalised by both nearby and distant cells to influence
their functions. The recent exponentia growth in EV research has validated that this shuttling of
EVs and their cargo between cells plays a key role in pathological and physiological processes
[1-3]. In addition, their inherent biocompatibility makes them promising candidates as
therapeutic delivery vehicles following isolation from desirable donor cells, such as
mesenchymal stem cells [4-6] or following modifications of their surface and contents [7-9].
Perhaps the most promising use of EVs is as biomarkers in liquid biopsy applications,
particularly in diseases such as cancer [10-12]. However, the low concentration of cancer-
associated EVs in patient samples and difficulty producing them in abundance using cell lines
grown in physiologically relevant conditions has somewhat hindered progressin this area.

To circumvent this obstacle, several commercial and custom-built bioreactor systems have been
established as viable alternatives to using extensive numbers of conventional tissue culture flasks
[13]. Many of these systems have been repurposed from hybridoma antibody production
applications, as the molecular weight cut-offs used to retain antibodies are also applicable to
large and small EVs. They have all demonstrated the ability to significantly improve EV yields
by up to ~100 fold by increasing cell density, as well as providing severa more-physiologically
relevant features such as growth surface properties and dynamic fluid interactions [14, 15].
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Besides smply increasing total EV production, they provide several other advantages such as
significantly reducing the total amount of single use plastic used, providing highly concentrated
EVs, which reduces or eliminates the need for downstream concentration steps, and typically do
not require passaging of cells or other extensive time and reagent commitments. Several
disadvantages include the inability to dynamically image the cultured cells due to the opacity or
shape of the growth surfaces, the moderate cost of setup and media consumption, the risk of
contamination and failure, an incomplete understanding of their effect on cell behaviour relative
to conventional cultures, and in some cases, the need for additional equipment such as pumps.
One promising bioreactor design used for EV production is hollow-fiber bioreactors, for example
the Fibercell system, where one of several types of fibre bundle designs (5-20 kDa) are contained
within a cylindrical cartridge and media is continually pumped through the porous fibres while
adherent or suspension cells are cultured in the volume outside of the fibres [3]. While this
bioreactor requires a pump system, it has been reported to produce significantly greater numbers
of EV's per volume compared to conventional culture flasks. It has been primarily used for anti-
cancer or regenerative medicine therapeutic applications by producing EV's from mesenchymal
stromal cells[16-20] or engineered HEK 293 cells [21-23]. Another interesting and related design
is a 3D-printed perfusable bioreactor that was used to produce EV's from endothelial cells and to
determine whether ethanol conditioning could improve the bioactivity of the isolated EV's [24].
Clearly, perfusable bioreactors are useful for producing large quantities of EVs, but the
requirement of pump systems and significant incubator space may not be ideal if several cell
lines need to be cultured simultaneoudly.

A simpler and potentially more accessible bioreactor design is the CELLine AD 1000 (adherent)
static two chamber bioreactor, where a small, high-density cell chamber is separated from a
larger media chamber by a 10 kDa semi-permeable, cellulose acetate membrane. In this system,
no pump is needed as gas exchange occurs passively through a bottom silicone membrane while
nutrient and waste exchange occur passively through an upper 10 kDa membrane. EV's produced
by the cultured cells are concentrated in the 15 mL of conditioned media in the cell chamber.
These CELLine AD 1000 (adherent) and CL 1000 (suspension) flasks have been used to culture
several types of cancer cell lines for a wide range of downstream applications and were first
shown to be effective for improving EV production from both mesothelioma and natural killer
(NK) cells [25]. Improvements have since been made in the culture media formulations by
utilising advanced media to minimise bovine EV contamination while maintaining high levels of
cell viability [26]. Several other studies have used similar culture conditions and focused on the
downstream RNA and proteomics analyses which are enabled by the production of abundant
EVs using these reactors [27-33]. One recent study demonstrated the culture of non-malignant
HEK-293 cells and subsequent EV isolation, loading with SRNA, and uptake by pancreatic
cancer cdls [34]. Importantly, another recent study using prostate cancer cell lines and
metabolomic analyses demonstrated that the cells are grown in a more starved environment
compared to flat plastic, with limited access to selected nutrients [35]. This, however, is more
physiologically relevant for cancer microenvironments and therefore should mimic their in vivo
growth more closely.

In breast cancer, EV's have been implicated in playing important roles in disease progression and
metastasis, immune evasion, inhibiting treatment efficacy, and have demonstrated significant
potential as liquid biopsy biomarkers [36-40]. However, due to the aforementioned issues in
producing large amounts of breast cancer EVsin vitro, progress has been hindered for using cell
line-derived EVs to ultimately improve patient outcomes. In this study, we report the successful
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long-term growth of five cell lines that represent the breast cancer disease spectrum using
CELLine AD 1000 bioreactor flasks. We present a reliable approach for inoculation,
maintenance, and monitoring of the cultures, followed by efficient EV isolation. We also show
the growth structure of each cell line within the bioreactors presenting as diverse 3D, tissue-like
structures based on SEM and histological imaging. We aso validate EV collections based on
nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM), and western
blotting, and demonstrate minimal variation in core EV-associated proteins using mass
spectrometry proteomics at different time points. As this field continues its rapid growth, these
findings will provide confidence to other researchers who desire to continually produce an
abundance of consistent EV's from several cell lines ssmultaneously for biomarker, therapeutic,
or other EV-related applications.

Materials and M ethods

Bioreactor I noculation, Adaptation, and Maintenance

Media A: DMEM (Gibco) with 10% fetal bovine serum (FBS, Merck) and 1%
Penicillin/Streptomycin (PS, Gibco). Media B: Advanced DMEM/F-12 (Gibco), 2% CDM-HD
(Fibercell), 2% FBS, 1% Glutamax (Gibco), and 1% PS. Media C: Advanced DMEM/F-12, 2%
CDM-HD, 1% Glutamax (Gibco), and 1% PS.

Several breast cancer cell lines across the spectrum of the disease, classified by the presence of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor
2 (HER2) [27], including MCF7 (ER+/PR+/HER2-), BT-474 (ER+/PR+/HER2+), SKBR3 (ER-
/PR-/HER2+), BT-20 (ER-/PR-/HER2-), and MDA-MB-231 (ER-/PR-/HER2-) [41] were seeded
at aminimum of 1.5x 10°cells/mL in 15 mL Media A into the lower cell chamber of a CELLine
AD 1000 bioreactor flask (Argos) and with 500 mL of the same media in the upper media
chamber (Fig. 1A). Cells were gradualy adapted to CDM-HD serum replacement (Fibercell
Systems) and Advanced DMEM/F12 (to minimise FBS usage) by subgtituting Media C for
Media A. The cell chamber was refreshed every 3-4 days, and the media chamber was refreshed
every week. After one week, media was changed to 75% Media A and 25% Media B. The
following week it was changed to 50% Media A and 50% Media B, then the following week to
25% Media A and 75% Media B. Finally, in week 4, the cell chamber was carefully washed 3x
with 15 mL prewarmed PBS to remove any residual FBS EV's and filled with 15 mL Media C,
while the media chamber was maintained with 500 mL Media B. This approach allowed the
continual use of FBS in the media chamber without bovine EV's passing through the 10 kDa
membrane and contaminating the cell-derived EV's (Fig. 1B).
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Figure 1. Schematic of bioreactor experimentation and maintenance. (A) Diagram of two-
chambered CELLine AD 1000 bioreactor and process flow for isolating and characterising EV's,
(B) Bioreactor maintenance approach showing EV collections twice per week following media
adaptation, and media chamber refreshment once per week; (C) Methods of imaging bioreactor
growth surface following deconstruction including SEM and H&E. Images created in
biorender.com.

Following adaptation, 15 mL of conditioned media from the cell chamber was harvested for EV
isolation and refreshed every 3-4 days (Monday and Thursday), while the media chamber was
changed every 7 days (Thursday). The cell chamber media volume (mL) was noted at each
replacement. 10 pL of the complete conditioned media was used for quantitation of suspension
cells by combining it with 1:1 Trypan blue and counting on a Countess automated cell counter
(Invitrogen). Bioreactors were maintained until greater than 20 mL of media was removed from
the cell chamber on consecutive harvests, indicating that the dialysis membrane was damaged
(BT-474-1 and MDA-MB-231). A further indicator of a failed bioreactor was abrupt, heavy cell
loss in the shed material (MCF7). Two bioreactors were halted in March 2020 due to COVID-19
interruption (BT-20 and SKBR3). The final two bioreactors, replicates of the BT-474 cell-line
(BT-474-2 and BT-474-3), were halted once sufficient EVs were collected for planned
experiments. In all cases, the reactors were washed thrice with PBS and fixed in 4%
glutaraldehyde in PBS at 4°C overnight.

Conventional Culturesfor Comparison

BT-474 and MDA-MB-231 cells were cultured serum-starved in 2D flasks to compare the EV
yields to bioreactor cultures. Briefly, cells were cultured in DMEM with 10% FBS and 1% P/S
and were bulked up to 9 x T175 flasks of each by splitting and reseeding during their growth
phase (~80% confluence) using TrypLE (Gibco). The 9 x T175 flasks were seeded at ~30%
confluence in serum-containing media, and once the cells reached ~60% confluence, they were
washed 3x with PBS to remove any residual exogenous FBS EV's, and 50 mL of DMEM with
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1% P/S was added to each flask. After 48h, this conditioned media was collected and centrifuged
at 2,000 xg for 10 min, followed by concentration using a Vivaspin 50, 100 kDa concentrator to
reduce the media volume from 450 mL down to 40 mL. EV's from this concentrated conditioned
media were ultracentrifuged and purified using size exclusion chromatography (SEC; see below
for methods).

Both conventional cell cultures and cultures grown in bioreactors, were tested for mycoplasma
using Mycoplasma Stain Kit (Sigma-Aldrich) prior to seeding.

EV Isolation

The 15 mL of conditioned media from the cell chamber of the bioreactor was centrifuged at
2,000 xg for 10 min to remove cells and other debris. The supernatant was then centrifuged at
10,000 xg for 30 min (JA.30-50 Ti rotor, Avanti, Beckman Coulter) to pellet the large EV's (dlso
known as microvesicles) and this pellet was resuspended in 500 pL PBS and stored. The
supernatant was then ultracentrifuged at 100,000 xg for 70 min (JA.30-50 Ti rotor, Avanti,
Beckman Coulter) to yield a crude small EV pédllet. This pellet was resuspended in 700 L PBS
and stored at -80°C until needed, minimising the number of freeze thaws.

500 pL of crude small EVs were loaded onto a 35 nm gEV Origina SEC column (lIzon Science
Ltd.), and fractions 7 through 23 were collected using an automated fraction collector (I1zon
Science Ltd, 500 pL per fraction). A high sensitivity BCA assay (Pierce, ThermoFisher
Scientific) was performed for each collected fraction to determine their protein concentration.
Once EV-rich fractions were determined, only those EV-rich fractions (F8-F10) were collected
and pooled in subsequent isolations.

Nanoparticle Tracking Analysis

SEC-purified small EV individual and pooled fractions were diluted in PBS at a 1:100 ratio and
measured with a NS300 Nanosight (Malvern Analytical). Three 30 sec videos were taken under
low flow conditions (Screen gain: 2, Camera level: 9) and characterised using the Nanosight 3.0
software (Screen gain: 4, Detection threshold: 4) to calculate mean and mode particle diameters,
concentration, and size distribution. EV-rich fractions were pooled and used for tracking EV
production, TEM, and mass spectrometry. Statistical comparisons of average EV production
from each cell line were performed in Graphpad Prism using an ordinary one-way ANOV A with
Tukey’s multi-comparison test to determine statistically significant differences between groups
(p<.05). Averages are reported with a+ standard error mean.

Transmission Electron Microscopy

Negative staining TEM of small EV's was conducted by adsorption onto Formvar-coated copper
grids (Electron Microscopy Sciences) for 10 min. Excess liquid was removed with filter paper
(Whatman), and then the copper grid was transferred to 20 pL of filtered 2% uranyl acetate for 2
min. Excess liquid was removed with filter paper, and the grid was allowed to dry for 10 min.
Grids were visualised on Tecnai G2 Spirit TWIN (FEI, Hillsboro, OR, USA) TEM at 120 kV
accelerating voltage. Images were captured using a Morada digital camera (SIS GmbH, Munster,
Germany).
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Scanning Electron Micr oscopy

Glutaraldehyde-fixed CELLine AD 1000 flasks were deconstructed using a Dreme tool from the
bottom side by cutting around the growth surface area to access and cut up the diaysis
membrane (upper), growth surface (middle), and gas permeable membrane (bottom). Sections of
these layers were washed with PBS for 2 x 5 min, followed by a series of dehydration treatments
of 35% ethanol for 10 min, 50% ethanol for 2 x 10 min, 70% ethanol for 2 x 10 min, 90%
ethanol for 2 x 10 min, and 100% ethanol for 4 x 10 min. Samples were sputter coated with 10
nm of gold at Inm/min (Q150R S, Quorum) and imaged using a JCM-6000 benchtop SEM (Jeol)
at 15kV.

Hematoxylin and Eosin Staining

Glutaraldehyde fixed cells on the growth surface were dehydrated and embedded in paraffin wax
end on and in flat orientation. 5 pum sections were floated onto histobond slides, air dried and
then stained for hemotoxylin and eosin (H&E) after standard de-paraffinisation. Due to the use
of glutaraldehyde for fixation, immunostaining of these sections was not possible.

| mmunaoblotting

Pooled small EV's were concentrated by ultracentrifugation at 100,000 xg for 70 min, and protein
levels were measured by BCA. Equal protein quantities (4upg/lane) of SEC-purified small EVs
and cell lysates were separated by SDS-polyacrylamide gel electrophoresis (PAGE; NUPAGE 4-
12% Bis-Tris Protein Gel, ThermoFisher Scientific) and transferred to PVDF membranes
(Millipore) using a Trans-Blot Turbo Transfer System (BioRad). To prevent nonspecific binding,
membranes were incubated with blocking solution - 5% non-fat milk powder in PBS-T (0.05%
vol/vol Tween20 in PBS) for 1 hour. Membranes were immunaoblotted with CD9 (ah92726,
1:1000), CD63 (sc-5275, 1:20,000), CD81 (ab79559, 1:1000), GRP94 (ab3674, 1:1000),
GAPDH (ab9485, 1:5000), EpCAM (ab71916, 1:1000), ERa (ab108398, 1:1000) antibodies,
followed by ether biotinylated anti-mouse (115-065-071, 1:10,000) or rabbit (111-065-046,
1:10,000) secondary 1gG antibodies (Jacksonimmuno Research), and finally HRP-conjugated
streptavidin (016-030-084, Jacksonimmuno Research, 1:10,000). Bound antibody was visualised
using Pierce™ ECL Western Blotting Substrate (ThermoFisher Scientific), and the
chemiluminescence was measured using BioRad ChemiDoc M P imaging system.

L abel-Free Proteomic Analysis (SWATH-MYS)

EVs were concentrated to a volume of 150 pL in a vacuum concentrator (ThermoSavant,
Holbrook, NY, USA). After the addition of 150 uL of 7 M urea, 2 M Thiourea, 5mM DTT, 0.1%
SurfactAmps X-100 in 50 mM ammonium bicarbonate, the samples were sonicated in a sonic
bath for 15 min. Disulphide bonds were reduced by incubation at 56°C in a heat block for 20
min. Cysteines were alkylated by the addition of iodoacetamide (IAM) to 15 mM final
concentration and incubated in the dark at room temperature for 30 min, followed by the addition
of cysteineto 15 mM final concentration in order to quench residual IAM.
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For the SWATH analysis, 15 ug of total protein was taken from 15 higher concentration samples
and 5 ug for the other 3 samples (BT-474, later fractions) which had very low total protein
concentrations. Each sample was then diluted 10-fold with 50 mM ammonium bicarbonate for
digestion with 0.375 pg (for 15 pg protein samples) or 0.125 pg (for 5 pg protein samples)
sequencing grade modified porcine trypsin (Promega, Madison, WI, USA). The samples were
incubated at 45°C for 1 hour in a chilled microwave (CEM, Matthews, NC, USA) using 15W
power. An additional 0.375 pg of trypsin (0.125 ug for the three low protein samples) was then
added to each sample, followed by incubation overnight at 37°C. After digestion, samples were
acidified to pH 3 via addition of 50% formic acid, centrifuged for 3 min at 16,000 xg, and
desalted using 10 mg Oasis HLB SPE cartridges (Waters, Milford, MA, USA) as per the
manufacturer’s instructions. Purified peptides were eluted with 300 pL of 50% acetonitrile in
0.1% formic acid and then concentrated to afinal volume of 25 pL in a vacuum concentrator.

For lon Library generation, a pooled digest (3 pg of protein from the fifteen 15 ug samples) was
applied to an SCX MicroSpin column (The Nest Group, Inc.) according to manufacturer’s
ingtructions and fractionated using 50 mM, 70 mM, 85 mM, 100 mM, 150 mM, 175 mM, 200
mM, 300 mM, 400 mM and 1000 mM NaCl. The collected fractions were desalted on 10 mg
Oasis HLB SPE cartridges and vacuum concentrated to 20 uL. LC-MS/MS analysis of these
fractions was performed on an Eksigent 425 nanoLC chromatography system (Sciex,
Framingham MA, USA) connected to a TripleTOF 6600 mass spectrometer (Sciex). Samples
were injected onto a 0.3x 10mm trap column packed with Reprosil C18 media (Dr Maisch) and
desalted for 5 min at 10 pL/min before being separated on a 0.075 x 200 mm picofrit column
(New Objective) packed in-house with Reprosil 3u C18-AQ media. The following gradient was
applied at 300 nL/min using a NanoLC 400 UPLC system (Eksigent): 0 min 5% B; 45 min
35%B ; 47 min 95% B; 50 min 95% B; 50.5 min 5% B; 60 min 5% B where A was 0.1% formic
acid in water and B was 0.1% formic acid in acetonitrile.

The picofrit spray was directed into a TripleTOF 6600 Quadrupole-Time-of-Flight mass
spectrometer (Sciex) scanning from 300-2000 m/z for 150 ms, followed by 30 ms MS/M S scans
on the 60 most abundant multiply-charged peptides (m/z 80-1600) for a total cycle time of ~2
sec. The mass spectrometer and HPLC system were under the control of the Analyst TF 1.7
software package (Sciex).

SWATH analysis was conducted using an acquisition method comprising 75 variable width
isolation windows (with 1 Da overlap) covering a precursor mass range of 400-1100 m/z. The
accumulation time was 150 ms for the initial TOF-M S scan and 20 ms for each SWATH MS/MS
scan, giving atotal cycle time of ~1.7 s, using the same LC conditions as described above. The
resulting peptide fragment ion peak areas were calculated using Skyline software.

The resulting data were searched against a database comprising the human proteome
(downloaded from Uniprot, 03 Nov 2020) appended with a set of common contaminant
sequences (75,224 entries in total) using ProteinPilot version 5.0 (Sciex). Search parameters
were as follows: Sample Type, Identification; Search Effort, Rapid; Specia factors, Urea
Denaturation, Cys Alkylation, Yes, Digestion, Trypsin; FDR analysis, Yes. The resulting group
file exported from ProteinPilot was transferred to Skyline for use as an lon Library for SWATH
analysis.
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All data were analysed using the Skyline software and MSStats [41]. The spectral library built
from the previous step was attached to the project. A list of targeted protein fasta sequences was
imported via the transition rules and spectral library information to the project to generate the
target trangtions. A retention time calculator was created using a set of the representative
peptides. The SWATH results were then read to the project according to the target transitions
and SWATH isolation scheme. The peak elution profiles were extracted within the +/- 3 minutes
window of the predicted retention times. The protein data is summarized via Tukey's median
polish method on all transitions and normalized via equalizing medians based on reference
signals to remove the inter-sample error. Missing values were replaced by imputation according
to an accelerated failure model. The processed protein features were log2 transformed for
heatmap plotting and group comparison analysis. For hierarchical clustering, normalised
intensities were first z-scored and then clustered using Euclidean as a distance measure for
column and row clustering.

Vesiclepedia (Version 4.1, 2018) and Exocarta (Version 5, 2015) were downloaded to map
previously reported EV proteins. Gene ontology (GO) analyses were performed with Database
for Annotation, Visualization and Integrated Discovery (DAVID, Version 6.8).

Results

Bioreactor Monitoring

Due to the structure of the CELLine AD 1000 bioreactor, it is not possible to view the health or
status of the cells besides inspecting for media colour (phenol red pH indicator, which is
unreliable according to the manufacturer[42]), bubbles in the cell chamber, or analysis of the
contents of the conditioned media once removed from the chamber. While glucose levels have
been used in past studies as a means of monitoring [20, 43, 44], media volume, shed cells and
EVs can be more easily monitored throughout the life of the bioreactor. Due to the natural
turnover of cells on the growth surface and a limited live cell capacity [42], we hypothesised that
shed cells could act as a surrogate marker of the bioreactor’s health. Shed cells were counted and
assessed for viability during each cell chamber media collection to determine if there were any
apparent patterns related to bioreactor health or correlations to EV production (Fig. 2). Most cell
lines decreased the total number of shed cells over time, with only MCF7 cells exhibiting
consistent shedding throughout the life of the bioreactor until a sudden increase in cell number
was observed at day 158, resulting in its termination. Shed cell viability is dynamic and
unpredictable, with MDA-MB-231 cells sowly decreasing over time, BT-20 cells slowly
increasing over time, and the other cell lines with no apparent trend, particularly obvious in the
three replicate BT-474 bioreactors.
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Figure 2. (A) Timeline of CELLine AD 1000 bioreactor experiments. The blue line shows a
bioreactor lifetime, with the first four weeks of adaptation followed by at least twelve weeks of
sample harvest. Shown in red are the cell lines grown in bioreactors, in parenthesis the number of
EV preparations collected and reasons for bioreactors termination; (B) Tracking shed cells
(black, right y-axis) and their viability (blue, left y-axis) for individual cell lines throughout the
bioreactor lifetimes (days after inoculation). The percentage of viable cells was calculated by
Trypan Blue exclusion assay. Each dot represents a single harvest; (C) Viability (left) and total
number of shed cells (right) for all five cell lines throughout the bioreactor lifetimes for
comparison.

Extracellular Vesicle Characterisation
Following isolation using SEC, EV's were characterised according to the MISEV guidelines [45].
Small EV size distributions based on NTA measurements were consistent, as expected given the

inherent size selection from SEC (Suppl. Fig. 1). In addition, negative staining of the isolated
small EVs showed expected EV morphologies (Fig. 3A). Western blot showed that EV lysates
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were enriched for tetraspanins CD81, CD9 and CD63 when compared with whole cell lysates
(Fig. 3B) although interesting differences in abundance for these three proteins were seen
between cell lines. Immunostaining for endoplasmic reticulum protein GRP94 demonstrated
purity of the EV preparations. Assessment of two breast cancer-associated markers,
demonstrated that small EVs from all cell lines were highly enriched for surface receptor
EpCAM (Epithelial Cell Adhesion Molecule) when compared with cell lysates. EpCAM was, as
expected, less abundant in the triple-negative, mesenchymal line MDA-MB-231. The nuclear
receptor ERo. (Estrogen Receptor alpha) was enriched in EVs isolated from MCF7 and BT-474
cell lines similar to the cell lysates, representative of their hormone receptor positive status.
Together these analyses highlight the validity of the EV preparations and that they reflect their
cell of origin for molecular subtype.
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® BT-474-1 94 W= - - GRP94
w3 37 e ERER =) S weE@DER*™® GAPDH
. - ="
’-h -
35 4 e - SRS Epcam
—
Py ¥
:
30-55 CD63
25 —— — ~.t M CD9
20 .—._- cpsi1
N YoM gy D A Y om0
g T8 5 & T8 @
N &
<& <

Figure 3. (A) Representative TEM images of small EVs isolated from al bioreactors. Scale bar
400 nm; (B) Western blot results showing enrichment of CD81, CD9 and CD63 in SEC-purified
small EVs, as a pool of 6 preparations taken from the lifetime of each bioreactor, compared to
the enrichment of GRP94 in cdll lysates. Probing with two breast cancer-associated markers -
ERa and EpCAM was also performed for small EVs and whole cell lysates. Each lane was
loaded with an equal amount of protein (4 ug) based on BCA assay and loading confirmed by
probing with an anti-GAPDH antibody. Full blots can be found in Suppl. Fig. 2.

Once EV-rich SEC fractions were identified (F8-F10) and pooled, the particle counts and protein
yields over bioreactor lifetimes were plotted. These results demonstrated that while some cell
lines slowly increase EV particle counts and EV-protein over time (MDA-MB-231, BT-20, and
MCF7), the two HER2+ cell lines (SKBR3, BT-474) showed strikingly sharp decreases in yield
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after the first few weeks of harvest (Fig. 4A). These patternsin EV production were not reflected
in the shed cell number or viability (Fig. 2).

Comparison between the average particle counts from each cell line indicated that the only
significant difference was between MDA-MB-231 and BT-474-(1-3) bioreactors (p<0.01 Fig.
4B), while significant differences were found in EV-protein quantities between MDA-MB-231
and all other cell lines (p<0.0001 Fig. 4B). While the calculated average particle counts were
quite different, no other statistically significant differences were found, most likely due to the
high variance in EV production over the lifetime of severa of the bioreactors. The average

particle count and EV-protein per preparation were generous for each cell-line, highlighting the
value of the bioreactors for production of EV material (Fig. 4C).
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Figure 4. (A) Production of EVs and protein yields for each individual breast cancer cell linein
CELLine AD 1000 bioreactors. The total particles number (x10%) measured by NTA is shown in
red (left y-axis). The protein amount in ug, as assessed by BCA assay, is shown in blue (right y-
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axis). Each dot representsindividual EV prep. Numbersin red boxes indicate EV preps taken for
proteomic analysis; (B) Production of EVs for all cell lines in CELLine AD 1000 bioreactors
demonstrates a significant difference between MDA-MB-231 and BT-474-(1-3) bioreactors (**
p<0.01) and production of EV-protein for al cell lines in CELLine AD 1000 bioreactors
demonstrates a significant difference between MDA-MB-231 and BT-20 bioreactors (* p<0.03),
MDA-MB-231 and BT-474-1 and SKB3 bioreactors (*** p<0.0001), MDA-MB-231 and MCF7
bioreactors (** p<0.001); (C) Average particles and EV-protein production with standard error
mean (SEM) from all bioreactors tested.

Comparison to Conventional Cultures

Comparing the SEC fractions for particle number and protein concentrations between bioreactor
and conventional flask-produced small EVs (9x T175 flasks) in serum-free conditions
demonstrated that bioreactor-produced EV's were not only much more abundant per harvest but
also contained more protein per EV than those from conventional cultures (Fig. 5). For MDA-
MB-231 cells, the average harvest of 18.6 x 10™ + 3.26 x 10'® EV's from bioreactors compared to
1.27 x 10" EV's from 9x T175 flasks represents a 14.65x average increase in EV production or
the rough equivalent of 132x T175 flasks per single bioreactor harvest. For BT-474 cells, the
average harvest of 5.69 x 10™ + 1.34 x 10'°EV's from bioreactors compared to 4.86x 10° from 9x
T175 flasks represents an 11.36x average increase in EV production or roughly 102x T175 flasks
per bioreactor harvest. While these increases in yields seem staggering, the incredible increase in
cell density as demonstrated by later imaging results, combined with the inherent EV loss that
can occur during concentration of the large volume of media from conventional flasks, both
likely contribute to this substantial difference.
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Figure 5. Comparison of CELLine AD 1000 produced EVs and EVs produced in conventional
tissue cultures for MDA-MB-231 and BT-474 cell lines. SEC fractions graphed for particle
number (x10%) based on NTA (red, left y-axis) and protein (ug) by BCA assay (blue, right y-
axis). Pooled EVs (SEC fractions 8-10) are compared for total particle and protein yield for
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multiple bioreactor preparations (error bars are SD) compared to a single 9x T175 flask EV
preparation.

Bioreactor Growth Surface Imaging

To further elucidate the underlying factors which induce EV production within the bioreactors,
the growth surfaces were imaged using scanning electron microscopy. On the bare growth
surface (no cells), atightly woven polyethylene terephthalate (PET) fibrous mesh is seen, which
islessvisible in the cell seeded bioreactors (Fig. 6). These types of microscale fibrous structures
are known to improve EV production counts from MDA-MB-231 cells [14], but to nowhere near
the degree seen in this study. For many of the bioreactors, there were clear, patchy areas of
higher cell density that could be seen with the naked eye. Interestingly, the cell masses were
thicker for the triple-negative cel lines (BT-20, MDA-MB-231), and the underlying woven mesh
is more visible for the three hormone receptor positive cdl lines where the cell mass is thinner.
Varying degrees of extracellular matrix were also evident. While only qualitative, these density
differences fit with the overall trend of small EV production, which was higher for BT20 and
MDA-MB-231 cdl-lines (Fig. 4C). In one case, for the BT-20 bioreactor, spheroid-like
structures (~500 pm) were present on the top side of the growth surface (Suppl. Fig. 3), which
was not seen in any other imaged surfaces or cell-line bioreactors.

While SEM imaging provided valuable information on the surface structure of the cells on the
growth surfaces, it could not provide detailed images of the cell structures within the cell mass.
To explore this, H& E sections from BT-20 and BT-474 bioreactors (chosen by the feasibility of
timing with bioreactor discontinuation and COVID-19 laboratory shutdowns) were generated.
These demonstrated the thick cell mass structures within the bioreactors and their orientation
relative to the fibrous growth surfaces (Suppl. Fig. 4), with the BT-20 cells forming organised
structures within the main cell mass. Cell growth around the bioreactor surface fibres was also
obvious.
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Figure 6. Representative SEM images of all bioreactor growth surfaces showing the bare growth
surface, as well as different cell thicknesses and morphologies. Scale bars 500, 200, 100 and 50
um from left to right in vertical columns. Thick cell masses can be seen for both triple-negative
cell lines, (MDA-MB-231 and BT-20) with thinner and more patchy cells for the three hormone
receptor-positive cell lines below.
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L ongitudinal Proteomics of Bioreactor EVs

Severa studies have used CELLine AD 1000-produced EV's for proteomic analyses, however
none have reported the consistency of EV-protein cargo over the course of the bioreactor
lifetimes. Thisisakey question to ensure reproducibility of the EV preparations. To explore this,
six EV harvests from three cell lines (MCF7, BT-474, and MDA-MB-231) were chosen at
different time points during bioreactor culture to assess any changes to EV cargo during the
lifetime of the bioreactor (Suppl. Data). These included two early (4-6 weeks post-inoculation),
two mid (7-9 weeks), and two late (12-14 weeks) for each cell line. In addition, they were chosen
as three pairs from harvests within the same week to determine if there were differences between
samples collected on media chamber feeding days (Thursday - collected a week after media
replacement) compared to 4 days after media chamber replacement (Monday). We hypothesised
that there might be EV protein cargo alterations due to cell stress caused by the week-long build-
up of waste products and depletion of nutrientsin the ‘ Thursday’ EVs.

SWATH label-free quantitative proteomics analysis of the 18 EV preparations identified 2,875
proteins present in at least one sample. The top 100 most abundant proteins within each cdl line
were cross-referenced against the 100 most commonly reported EV associated proteins in
Vesiclepedia and Exocarta [46, 47] (Suppl. Fig. 5 and Suppl. Data). Half of the top 100 proteins
in each online database were aso identified in one or more of the three breast cancer cell lines
EVs, with a third of the top 100 in either Vesiclepedia or Exocarta present in all datasets,
including Alix and HSP90. We also identified several proteins unique to specific cell lines (e.g.
Her2/ERBB2 in BT-474, Galtectin-3 in MCF7, and CD44 and Vimentin in MDA-MB-231) that
were not commonly reported in the EV databases. Despite the overlap with the databases,
tetraspanins CD9, CD81, and CD63 were lacking in our bioreactor EV proteomics data although
they were, however, present in trial non-quantitative shotgun proteomics (data not shown) and
Western blots (Fig. 3B) highlighting known challenges in generating fully representative
proteomics data using this methodology [48].

Next, we applied a protein intensity cut off (>20,000) in order to identify proteins that were
highly abundant in all 18 of our samples. From this, 1,191 out of the 2,875 unique proteins were
labelled as “core” proteins. Gene ontology (GO) analysis using the DAVID database [49] (Fig.
7) identified that these proteins were significantly enriched for proteins associated with selected
cellular components including ‘extracellular exosome’, ‘membrane’, 'cytosol’ and ‘cell-cell
adherens junction’. The enriched biological process terms for these core EV proteins included
many cancer-relevant physiological and pathological processes, including ‘cell-cell adhesion’,
‘mRNA splicing’, and ‘intracellular protein transport’. Finally, the GO terms for molecular
function of the core EV proteins were enriched for ‘protein binding’, ‘cadherin binding involved
in cell-cell adhesion’, and ‘poly(A) RNA binding’ (full list in Suppl. Data Table).
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Figure 7. Gene ontology enrichment analysis of the “core”’ proteins commonly identified in EV's
from all cell lines based on their cellular localisation and biological processes using the DAVID
database and applying adjusted p-value < 0.001. For the cellular component top 15 significantly
enriched terms are shown, full list of the terms can be found in the Supplementary Data.

We next investigated differences between the three cell lines using the 6 EV preparations as
biologica replicates. Unsupervised clustering and Principal Component Analysis (PCA) using
the abundances of all detectable proteins clustered the cdll lines separately, which was expected
considering their inherent differences in molecular subtypes [50, 51]. The BT-474 EV's clustered
more closely with the MCF7 EV preparations (PCA plot). It was also clear there was the most
variability, in principal component 1, within the 6 EV preparations for BT-474, perhaps
indicating a change in the cellular growth conditions (Fig. 8A). Supporting this, EV production
dropped in the latter 3 timepoints with fewer particles (from 42-126x10° down to 7-19x10°
particlessml) and protein (from 147-365 pg down to 19-26 ug) than those collected prior to what
we have termed * a catastrophic event’ between samples 10 and 11 (Fig. 4A).

Pairwise comparisons between the three cell lines identified relatively enriched proteins in their
EVs. Gene ontology analysis of the differentially abundant EV proteins identified interesting
biological processes and molecular functions reflective of the known characteristics of the parent
cdl line. For example, EVs derived from MDA-MB-231 cdlls, a triple negative line, were
enriched for proteins involved in extracellular matrix organisation and disassembly through
integrin and cadherin binding, cell adhesion, leukocyte migration and angiogenesis relative to the
EV protein from MCF7 and BT-474. Conversely, EV's from luminal subtype MCF7 and BT-474
were enriched for translation processes, ribosomes, RNA binding and signalling relative to
MDA-MB-231 EVs (Suppl. Fig. 6 and Suppl. Data).

Next, we asked the novel and important question of whether the 6 EV preparations taken during
the bioreactor lifetime carry a consistent protein cargo and, if not, what external factors could
lead to changes. To do this, we assessed the most variable proteins by abundance between the 6
replicates within each line by applying a relative Standard Deviation cut off of 1.0. Interestingly
for MDA-MB-231 and MCF7, only 78 and 100 out of the 2,875 unique proteins respectively fit
these criteria, representing no significantly enriched GO terms, highlighting that the EV protein
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cargo was relatively stable during the bioreactor lifetime. EV preparations from the BT-474
bioreactor, however, had 251 proteins fitting the criteria and were enriched for GO biological
processes including gene expression, MRNA splicing and canonical glycolysis, likely driven by
the aforementioned catastrophic event (Fig. 8B). Interestingly, the most variable proteins
associated with the EV's from the BT474 bioreactor were more often localised to the cellular
cytosol (37.1%) than to extracellular exosomes (33.1%), perhaps indicating cell death linked to
the ‘catastrophic event’. We identified just 15 common ‘most variable’ proteins across all cell
lines. To further investigate the stability of the EV protein cargo over the lifetime of the
bioreactors we compared the 1,191 core proteins to the ‘most variable' protein lists finding that
92.6% (1,103) did not overlap, highlighting the consistency in packaging of the core EV protein
cargo throughout the extended lifespan of a bioreactor system (Suppl. Fig. 7).

In our final analyses, we investigated our hypotheses that the environmental conditions within
the bioreactors can change the EV proteome. First, the day of the week for EV collection
(Thursday Vs Monday) might alter EV cargo due to nutrient stress and second, that the EV
protein cargo might change with the life of the bioreactor, differing between the three earliest
and three latest EV preparations to reflect the changing growth conditions as the 3D cell
structure is established and ages. To assess this, we performed pairwise comparisons of these
subgroups within each cell line.

Based on our analysis, no proteins were differentially abundant due to either feeding cycle or
time of bioreactor growth in MCF7 and MDA-MD-231 lines. Overall, these two bioreactors
produced highly consistent EVs during their lifetimes. Feeding cycle did not affect protein cargo
in the BT-474 derived EVs either. However, timepoints (Early and Late) affected the cargo of
EV proteins from this cell line. Thus, 496 out of 2,875 unique proteins were differentialy
abundant between the Early and Late EV preparations (Fig. 8C). GO biological process analysis
of these highlighted enrichment for cell-cell adhesion as well as mMRNA splicing and processing
in the early EV preparations. EV proteins from later timepoints were enriched for diverse
biological process, such as intracelular protein transport, RNA splicing, antigen processing,
endocytosis (Suppl. Data). This effect and the high number of overall variable proteins in the
BT-474 cell line EV preparations (Fig. 8) is again likely due to the catastrophic event occurring
between proteomic EV preparations 3 and 4 (NTA samples 10 and 11 Fig. 4A).
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Figure 8. (A) Heatmap of all 2,875 detected proteins across al EV samples. Protein abundance
was Z-score normalised and subjected to unsupervised clustering. Each row is a protein; columns
represent separate experimental samples. Yellow, higher level of expression; blue, low level of
expression. Principal component analysis (PCA) based on all proteins detected in EV samples.
Plots show the first two principal components and their relative contribution to overall variance.
(B) Identification of the most variable EV protein cargos in BT-474 EV samples. Heat map
shows the sample clustering using the expression of the most variable proteins (SD cut off 1.0).
The gene ontology categorisation analysis of most variable proteins is based on their celular
component and molecular function using DAVID software (adjusted p-value cut-off 0.001). (C)
Volcano plot shows the comparison between BT-474 time points — Late and Early time points.
The horizontal line corresponds to the adjusted p-value cut-off of 0.05. The two vertical lines
show the positive and negative fold changes that equal 1. Dots in red represent proteins that are
significantly abundant with afold change greater than one.

Discussion

Many benefits are aready well-reported in the literature for the use of bioreactor systems for
large scale EV production [16, 21, 22, 25, 26, 33, 43, 52, 53]. For many researchers, the lower
serum usage, removal of concentration steps, and incredible reduction of manual labour makes
these systems highly cost and resource effective. Practically, the CELLine adherent bioreactor
flasks have many advantages compared to producing EV's using conventional tissue culture
flasks. For example, limiting the EV production to the 15 mL cell culture chamber removes the
need for tangential flow and centrifugal concentrators prior to EV isolation which are known to
lead to significant EV loss [54-57]. In addition, cells do not need to be passaged regularly as they
naturally turn over during their continuous cultures which adds convenience for holidays and, of
current relevance, hindered laboratory access. Furthermore, we have shown through imaging,
that the cells grow as 3D structures, which is more physiologically relevant [58, 59], particularly
for cancer, than growth of cells on tissue culture polystyrene as 2D monolayers.

The production of EVs that are free of contaminating EVs from serum supplementation is
essential for many downstream applications. However, while commercially EV-depleted serum
is available, it can be cost prohibitive or create challenges by the need to import restricted non-
local animal-derived material. In addition, in-house depletion methods via ultracentrifugation
and filtration are not capable of removing all of the exogenous EVs [60]. The CELLine
bioreactors avoid these issues by allowing FBS-containing media to be used in the upper media
chamber with contaminant bovine EV's excluded from entering the lower cell conditioned media
by the 10 kDa filter membrane [20]. However, we recommend seeding the cells in serum-replete
media to support adhesion to the growth surface prior to steady conversion of the media into
serum depleted media to then commence EV collection. In addition, supplementation with CDM-
HD serum replacement supported the high-density cell growth of all of the cell lines tested,
allowing the continual collection of 24 to 37 EV harvests in this study, although whether this
additive is essential is unclear. To date we have successfully cultured a number of immortalised
cells and cancer cell lines using these conditions [52].
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One of the disadvantages of this bioreactor system is that the cells cannot be visualised during
growth. As part of this study, we aimed to develop a protocol for surrogate monitoring of
bioreactor health. First, we considered non-invasively monitoring the cell chamber media
volume and by counting and assessing the viability of the shed cells. In our analyses it was clear
that although the former was able to identify bioreactors with a damaged membrane, the latter
was too variable for interpretation. In fact, the three bioreactor replicates for the BT474 cell line
each exhibited a unique cell shedding and viability pattern. The manufacturers of the CELLine-
AD 1000 state that bioreactors have a maximum capacity of 4x10° live cells and so the shed cell
pattern may be highly dependent on the seeding density, as well as changing growth rates due to
a range of environmental factors that cannot be well-controlled in a laboratory incubator. The
indirect monitoring of the bioreactors through assessment of cell media volume and EV particle
counts, did however prove to be a somewhat effective surrogate marker of bioreactor health. We
therefore recommend that cell chamber media volume is used as a surrogate read-out of
bioreactor health, particularly for assessing the integrity of the semi-permeable dialysis
membrane, alongside EV particle number/protein analysis.

Deconstruction of the bioreactors following termination of the cultures alowed effective
imaging of the growth surfaces by SEM and sectioning followed by H& E staining for imaging.
To the best of our knowledge, thisis the first example of analysing the 3D cell structure for cells
grown in CELLine-AD bioreactors. The drastic increase in EV production relative to
conventional flasks appears to be due largely to the thickness of cell masses and increased cell
numbers, presumably by orders of magnitude as compared to conventional monolayer culture.
The 3D structures also offer organisation of the cells into more tissue-like arrangements which is
likely to alter their biology and the cargo and activities of the released EVs. Compared to
conventional cultures, the bioreactors produced vast quantities of EV's, equivalent of up to 132x
T175 flasks for the two lines directly assessed in this study. The effects of growth conditions on
inducing EV release has been reported previoudly, for example for gastric cancer cells grown as
spheroids [61], or MDA-MB-231 cells grown on collagen or matrigel coated fibre matrix [62] or
1D fibre-mimetic microtracks [14]. Interestingly our SEC-purified bioreactor EVs had more
protein cargo per EV when compared to EV's from cells grown as monolayers. A reason for this
discrepancy could be the increased cell turnover, leading to concentration of debris or the
induction of free protein secretion due to growth conditions within the bioreactors, ultimately
causing the formation of a protein corona coating EVs in the media. The 3D growth could also
have modified the subtypes of EVs and mechanisms of release leading to a different and/or
overall increased protein cargo. The importance of EV protein coronas is being increasingly
reported, particularly in biofluids such as plasma that are protein rich. One recent study
highlighted the association of extracellular matrix, complement system, immunoglobulins,
coagulation factors, lipoproteins, nucleic acids, and thiol [Jreactive antioxidants coating cell line
derived EV's spiked into plasma [63]. Components of the corona can therefore be characteristic
of the surrounding matrix and it is proposed to be formed by protein aggregation and
electrostatic interactions with EVs[64].

Our in-depth comparison of EV protein profiles using SWATH-MS from three breast cancer cell
lines grown in bioreactor flasks identified common EV-associated proteins involved in cell
adhesion and proliferation, key to the metastatic process, and other known breast cancer-
associated biology. We defined a “core” of 1,191 EV proteins, present in every sample, which
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include known EV proteins such as integrins, annexins, and cytoskeletal proteins that mediate
EV formation, facilitate binding to recipient cells, and direct fusion with recipient cell plasma
membranes [65-69]. These proteins were significantly enriched for those associated with selected
cellular components; ‘extracellular exosome’, ‘membrane’, ’cytoplasm’ and ‘cell-cell adherens
junction’. The enriched biological process terms for these core EV proteins included many
cancer-relevant physiological and pathological processes, including cell-cell adhesion, mMRNA
splicing, and intracellular protein transport.

To further assess the concept of 3D growth in the bioreactor altering EV protein cargo [70], we
performed a comparison to a published proteomics dataset of EVSs, isolated using simple
differential centrifugation, from MDA-MB-231 and MCF7 grown as monolayers [71].
Quantitative comparison was not feasible due to differences in proteomics methodology so a
simple comparison of their 100 most abundant EV proteins in each cell line/condition with those
identified herein was performed. Common proteins to both 2D and 3D grown EVs from both cell
lines were enriched in GO molecular functions for cell adhesion molecular binding, cadherin
binding and chaperones. Interestingly, the EVs from 2D cultures were enriched in RNA and
carbohydrate derivative binding proteins, as well as histones, perhaps indicative of the presence
of contaminating free proteins in the EV preparations, as well as proteins localised to focal
adhesions, cell and anchoring junctions, structures that might be lacking in the 3D cultures to
allow cell migration [72]. These differences suggest that the 3D high-density culture affects EV
cargo, however, a direct comparison is needed to confirm these assumptions. It would also be
interesting to assess whether the growth conditions affect the function of the EVs as well as their
cargo, as recently reported for mesenchymal stem cdlls [19, 73]. Furthermore we note that
although high culture cell viability is recommended for EV preparations in the MISEV 2018
guidelines [45], the conditions in the bioreactor system may be more physiologically relevant
due to the 3D structure and natural cell turnover which is abundant in tumours.

Unsupervised clustering of differentially expressed proteins between three cdl lines reveaed
numerous subtype-specific protein clusters that reflect the known biology of breast cancer
molecular subtypes. EV proteins from a clinically more aggressive triple negative subtype,
MDA-MB-231, were associated with angiogenesis, cell motility and migration and were more
different from other two hormone receptor positive cell lines— MCF7 and BT-474. Within each
cell line, bioreactor replicates clustered together, demonstrating the technical and biological
reproducibility of EV isolation, bioreactor growth, and robust SWATH-MS quantification. The
exception was for BT-474, where EV protein cargo segregated the preparations from earlier from
later stages of bioreactor culture. Comparison of most variable proteins from all three cell lines
with the identified 1,191 ‘core’ proteins importantly highlighted the stability of the majority of
these proteins over the lifetime of bioreactors. Moreover, the EV proteomes from MDA-MB-231
and MCF7 bioreactors were not on the whole affected by the feeding cycle nor by the timepoint
of EV collection, demonstrating an overall high consistency of EV protien content during the
bioreactor lifetimes. One of the reasons for the minimal variability in the bioreactor EV
preparations may be due to allowing 4 weeks for the system to establish during the conversion to
serum-free media, stabilising the 3D growth structures and reaching a steady state, prior to EV
sampling.
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Although not quantitated in our SWATH-MS data, the tetraspanin profiles of pooled bioreactor
EVs of the five breast-cancer cdl lines differed by immunoblot. With the recent report using
Hel a cells of CD63 being more frequently co-localised with exosomes and conversely CD9 and
CD81 more likely to be associated with surface membrane ectosomes [74], this highlights
potential differencesin EV biogenesis mechanisms between molecular subtypes of breast cancer.
Limited EV-associated CD63 and abundant CD81 points towards cell budding EV formation in
the SKBR3 and BT-474 bioreactors that we hypothesise underwent ‘catastrophic events based
on EV particle number, therefore may be indicative of initiation of various regulated cell death
mechanisms [75]. SEM of the terminated bioreactors also found fewer cells on the growth
surface for these two cell lines. The catastrophic event was not investigated further in the SKBR3
cells but we note that curiously the EV preparations from this line consistently co-isolated with
white, lipid rich material, a feature not before reported in the literature. Cell growth environment
has been reported to affect cellular function and morphology and it is known that breast cancer
cells can contribute to normal mammary gland development by retaining the ability to
differentiate and secrete milk proteins [76]. In particular, HER2+ cdll lines, like SKBR3, rely on
a Warburg-like metabolism for survival and invasive behaviour, dependent on fatty acid
synthesis with increased storage of fat droplets. Overexpression of HER2 has pro-lipogenic
effects and these cells are shown to store more triacylglycerides and saturated faity acids [77,
78]. Therefore, we speculate that the bioreactor system may have induced these processes
towards differentiation of the ductal breast cancer cells to produce milk products that were co-
isolated with our EV preparations.

A reduction in BT-474 EV number occurred between proteomics preparations 3 and 4 (NTA
samples 10 and 11) where we detected concomitant changes to the protein cargo by SWATH.
GO of functions changed from cell adhesion and mRNA splicing and processing, to protein
transport and vesicle-mediated transport, ephrin receptor signalling pathway, antigen processing,
endocytosis in the later EV cargos. The pre-catastrophe EV cargo proteins reflect normal
processes occurring in the BT-474 cdls, for example cell-cell adhesion that would be evident in
aminimally invasive cell-line [ 79]. The exact cause of the catastrophe is not evident from any of
our data. We note that al cell lines were tested for mycoplasma prior to seeding and as part of
our maintenance schedule particularly turbid cell media was streaked onto agar plates to assess
for bacterial contamination. However, it is possible that the use of antibiotics and antimycotics
plus the long-term growth could have led to a low-level infection in the system. This
‘catastrophic event’ was not repeated with the replicate two BT-474 bioreactors, but also
happened to SKBR3, another HER2+ line, highlighting the importance of carefully monitoring
bioreactor health using EV number to avoid major differences in the quality and cargo of the EV
preparations.

Conclusions

In this study, we have demonstrated that the CELLine AD 1000 bioreactor system allowed the
consistent and simultaneous production of EV's from several breast cancer cell lines of different
subtypes. Using the reported inoculation, monitoring, EV purification and characterisation
protocols, researchersin many fields will be able to produce vast numbers of EV'swith much less
resource commitment compared to using conventional tissue culture flasks. In addition, the
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reported methods of imaging of the bioreactor growth surfaces may be useful in other
applications to assess the growth characteristics of the cultured cells. Lastly, our finding that the
EV yields, and protein cargo profiles are indicative of the cell of origin, and can indicate cellular
health, gives confidence in the consistency of bioreactor samples while providing protocols for
quality monitoring of EV preparations.
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Supplementary Figure 1. Particle size distribution profiles as determined by NTA. Data shown
from representative EV preparations isolated from all bioreactors.
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Supplementary Figure 2. Uncropped blot images. Abundance of CD81, CD9, CD63, ERq,
EpCAM, GRP94 and GAPDH in MCF7, BT-474-1, SKBR3, MDA-MB-231, BT-20 whole cell

lysates and small EVs.
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Supplementary Figure 3. Spheroid like cell masses on the topside of the growth surface of the
BT-20 bioreactor. These structures were not seen in any of the other samples imaged. Scale bars
1 mm and 200 um.
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Supplementary Figure 4. Representative images showing H&E staining of sections of BT-20
(left) and BT-474 (right) bioreactor growth surface. The side and top view is shown for BT-20
bioreactor, the top view is shown for the BT-474 bioreactor. The magnification of the imagesis
shown on the left hand side.
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Supplementary Figure 5. Venn diagrams showing overlap of the top 100 most abundant
proteins identified within MCF7, BT-474, and MDA-MB-231 small EVs and the top 100
proteins that are often identified in EVsin the (left) Vesiclepedia and (right) Exocarta databases.
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Supplementary Figure 6. Volcano plots showing a pairwise comparison between cell lines: (A)
MCF7 and MDA-MB-231, (B) MCF7 and BT-474; (C) BT-474 and MDA-MB-231. The
horizontal line corresponds to the adjusted p-value cut-off of 0.05. The two vertical lines show

the positive and negative fold changes that equal 1. Dots in red represent proteins that are
significantly abundant based on the p-value.
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Supplementary Figure 7. Comparison of the most variable proteins from EVs isolated from
MCF7, BT-474 and MDA-MB-231 bioreactors with the “core”’ proteins.
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