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Human mesenchymal stromal cells (hMSCs) are mechanically sensitive undergoing phenotypic alterations when
subjected to shear stress, cell aggregation, and substrate changes encountered in 3D dynamic bioreactor cultures.
However, little is known about how bioreactor microenvironment affects the secretion and cargo profiles of
hMSC-derived extracellular vesicles (EVs) including the subset, “exosomes”, which contain therapeutic proteins,
nucleic acids, and lipids from the parent cells. In this study, bone marrow-derived hMSCs were expanded on 3D
Synthemax II microcarriers in the PBS mini 0.1L Vertical-Wheel bioreactor system under variable shear stress
levels at 25, 40, and 64 RPM (0.1-0.3 dyn/cm?). The bioreactor system promotes EV secretion from hMSCs by
2.5-fold and upregulates the expression of EV biogenesis markers and glycolysis genes compared to the static 2D
culture. The microRNA cargo was also altered in the EVs from bioreactor culture including the upregulation of
miR-10, 19a, 19b, 21, 132, and 377. EV protein cargo was characterized by proteomics analysis, showing
upregulation of metabolic, autophagy and ROS-related proteins comparing with 2D cultured EVs. In addition, the
scalability of the Vertical-Wheel bioreactor system was demonstrated in a 0.5L bioreactor, showing similar or
better hMSC-EV secretion and cargo content compared to the 0.1L bioreactor. This study advances our under-
standing of bio-manufacturing of stem cell-derived EVs for applications in cell-free therapy towards treating
neurological disorders such as ischemic stroke, Alzheimer’s disease, and multiple sclerosis.

1. Introduction highlighting the need for xeno-free bioreactor culture systems that are

able to deliver high cell densities without compromising inherent hMSC

The number of publications and clinical trials for human mesen-
chymal stromal cells (hMSCs) and their secreted extracellular vesicles
(EVs) have been growing exponentially over the last two decades as their
potential for facilitating tissue repair and treating autoimmune disorders
has been realized [1-9]. As a direct result, the demand for therapeuti-
cally potent hMSCs and the derived EVs has risen dramatically
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properties underpinned by energy metabolism [5,10].

Recent studies have demonstrated hMSCs having limited migration
capacity and poor survival at lesion sites post transplantation, leading to
the conclusion that the main therapeutic benefits of hMSCs are mecha-
nistically occurring through paracrine action and not through direct
engraftment or replenishment of damaged tissue [11-14]. Of particular
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interest are hMSC-secreted EVs including a subset of smaller vesicles,
exosomes (30-150 nm), composed of a lipid bilayer encompassing
cell-specific proteins, nucleic acids, and lipids [15]. Once secreted from
the parental cells, exosomes and target cell interactions occur through
receptor-ligand interactions, direct fusion of exosomes with the plasma
membrane, or through endocytosis [16]. Direct delivery via exosomes of
cell-specific cargos as well as EVs loaded with drugs/therapeutics post
isolation are gaining interest due to low toxicity, low immunogenicity,
high engineering flexibility, and ability to target specific cell types and
diseased cells [17,18]. Stem cell-derived exosomes have already been
demonstrated to inhibit tumor cell growth, treat Parkinson’s disease,
and ameliorate ischemic injuries [19-21]. While not fully understood,
there is evidence of significant crosstalk between EV biogenesis and
autophagy [22-24]. Exosomes are formed initially as intraluminal ves-
icles (ILVs) by inward budding of late endosomes and multivesicular
bodies (MVBs). Following formation of ILVs, MVBs can fuse with the
lysosome where the contents are degraded in autophagy, or fuse with
the plasma membrane where the ILVs are secreted from the cells as
exosomes [24]. Proteins canonically regarded as critical for autophagy
(ATG5, ATG16L1, etc.) play significant roles in the destination of the
ILVs [23].

Recent studies have shown that biomechanical forces such as shear
stress in 3D microenvironment can be exploited to induce hMSC dif-
ferentiation [25,26] and enhance anti-inflammatory mediators and
chemokine production [27], which are both underpinned through shifts
in cellular metabolism to meet the changing energy demands of the cells.
Multiple studies have suggested that EV production and parent cell
metabolism are inherently linked [28,29]. Three of the top ten proteins
identified in exosomes on EVpedia are glycolytic enzymes [29], and the
enhanced metabolic activity leads to increased exosome production
[30]. Higher levels of glycolysis have been shown to correlate with
higher production of exosomes in cancer cells [31]. EV biogenesis and
autophagy are linked through the endolysomal pathway with significant
crosstalk and may act synergistically to relieve cell stress [32].
hMSC-derived EVs have been used to ameliorate ischemia by replen-
ishing ATP and NADH levels, which is thought due to the addition of
glycolytic enzymes after EV phagocytosis by damaged cells [33]. Ther-
apeutic efficacy of hMSCs may depend on the protein levels secreted
through EVs. hMSC-EV bio-manufacturing for clinical use has been re-
ported using T flasks and CellFactory [3,34,35]. Yet, upscaling pro-
duction of hMSC-EVs in dynamic bioreactor microenvironments is
necessary to produce EVs of clinically relevant quantities. Our previous
study has characterized EVs secreted by 3D hMSC aggregates cultured
under wave motion [36]. However, the influence of 3D dynamic
bioreactor microenvironment on EV biogenesis and cargo profiles is still
not fully understood.

Vertical-Wheel bioreactors have recently been demonstrated for the
production of hMSCs on microcarriers and human pluripotent stem cell
(hPSC) aggregates as well as cerebellar spheroids [37-43]. But their use
for EV production from human stem cells has not been demonstrated.
With increased attention to the importance of hMSC secretome on their
therapeutic efficacy, this study seeks to link the metabolic status of the
hMSCs [44] to EV production and their protein cargo profiles deter-
mined by proteomics as well as selected microRNA cargo, based on the
methods established in our previous investigations [45-48]. In this
study, it is hypothesized that shear stress and 3D microenvironment in
the PBS Vertical-Wheel Bioreactors alter cellular energy metabolism and
lead to an increase in cell signaling modulating EV biogenesis. It is
further speculated that the interplay between reactive oxygen species
(ROS), autophagy, and EV biogenesis in the bioreactor system could
have significant impacts on hMSC-derived EV production and cargo
profiles. The scalability of the hMSC and EV production in the
Vertical-Wheel bioreactor was also demonstrated from 0.1L to 0.5L
bioreactors. This study advances the bio-manufacturing process for
hMSC-EV therapy towards treating neurological disorders such as
ischemic stroke, Alzheimer’s disease, and multiple sclerosis.
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2. Materials and methods
2.1. hMSC 2-D planar cultures

Bone marrow-derived hMSCs were isolated from human bone
marrow mononuclear cells (BM-hMNCs, purchased from Lonza Wal-
kersville Inc.) from a de-identified healthy donor. hMSCs were derived
from BM-hMNCs according to the manufacturer’s instruction [49].
hMSCs cryogenically preserved in CryoStor CS10 (StemCell Technolo-
gies, Vancouver, Canada) were thawed and plated into Corning Cell-
BIND T-25 cm?, T-75 cm?, and T-175 cm? Rectangular Canted Neck Cell
Culture Flasks with Vent Cap (Corning, Corning, NY, USA). Cells were
seeded at a density of 2500 cells/cm? in RoosterNourish-MSC-XF
(RoosterBio, Frederick, MD, USA) and cultured under standard condi-
tion (5% COy, 37 °C). Media were exchanged on day 3 and cells were
harvested on day 4 after incubation for 5 min with Trypsin-EDTA
(0.05%) (Thermo Fisher Scientific Inc., Waltham, MA, USA). Cells
were cultured through 4 passages when they were harvested for inoc-
ulation of the Vertical-Wheel bioreactors and 2D control. hMSCs from
two donors were compared (Supplementary Fig. S1) and the cells with
better expansion were selected in the following experiments.

2.2. Microcarrier-based hMSC expansion in PBS Vertical-Wheel
bioreactors

Corning Low Concentration Synthemax II Microcarriers (Corning
Incorporated, Corning, NY, USA) were added to the PBS Vertical-Wheel
bioreactors (PBS Biotech Inc., Camarillo, CA, USA) [50] at a concen-
tration of 20 g/L of working volume (Supplementary Fig. S2). The ves-
sels were filled up to the seeding volume with RoosterNourish-MSC-XF
media (60 mL and 300 mL for the 0.1L and 0.5L vessels respectively).
Vessels were then inoculated at 22,500 cells/mL (relative to working
volume) and maintained at the lowest possible agitation to suspend the
microcarriers (25 RPM and 19 RPM for the 0.1L and 0.5L vessels
respectively) for 24 h for cell attachment. On day one, vessels were
brought up to the full working volume (100 mL and 500 mL for the 0.1L
and 0.5L vessels respectively) and bioreactor agitation was adjusted to
experimental values (25 RPM, 40 RPM, and 64 RPM for the shear stress
portion of the study; maintained at the lowest possible agitation for
suspension in scaling up portion of the study). On day three, 80% of
media were exchanged in each bioreactor. On day five, 100% of the
media were exchanged with RoosterCollect-EV (RoosterBio, Frederick,
MD, USA) for EV collection at day 8.

In parallel to bioreactors, Corning CellBIND T-25 cmz, T-75 crnz, and
T-175 cm? Rectangular Canted Neck Cell Culture Flasks with Vent Cap
were inoculated with hMSCs at 1250 cells/cm? and grown in standard
culture conditions. Media were exchanged on day three of culture and
were replaced with RoosterCollect-EV on day 5 for EV collection at day
8.

2.3. Cell number and metabolite measurements

For sampling, each bioreactor was set to 50 RPM and 10 mL of
samples were taken out for cell count and metabolite analysis on day 1,
3, 5 and 8. Samples were strained with a 70 pm pluriStrainer (pluri-
Select, El Cajon, CA, USA) to remove cell-adhered microcarriers from
media. Media were immediately analyzed with a BioProfile Flex2 (Nova
Biomedical, Waltham, MA, USA) analyzer for metabolite and gas anal-
ysis. Cells were washed out of the strainer with 2 mL of Dulbecco’s
Phosphate-Buffered Saline (DPBS) (Corning Cellgro, Corning, NY, USA)
and lysed for 30 min with the addition of an equal volume of Reagent
A100 (ChemoMetec, Bohemia, NY, USA). After lysis, nuclei were sta-
bilized with Reagent B (ChemoMetec, Bohemia, NY, USA) with addition
of a volume equal to Reagent A. The solution was well mixed and loaded
into a Vial-Cassette (ChemoMetec, Bohemia, NY, USA) which was
subsequently loaded into a NucleoCounter NC-200 (ChemoMetec,
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Bohemia, NY, USA) that determined cell concentration via DAPI stain-
ing. For 2D controls, hMSCs were washed three times with DPBS and
trypsinized for 5 min at 37 °C. Cells were loaded into a Vial-Cassette for
NucleoCounter NC-200 counting. The spent media were collected and
immediately analyzed with a BioProfile Flex2 analyzer.

2.4. Cell harvest and EV media collection

For bioreactors, cells and microcarriers were allowed to settle for 10
min without agitation. Conditioned media were then collected and
stored at —80 °C. Bioreactors were filled to 50% working volume with
DPBS and agitated at 25 RPM for 90 s. Cell-adhered microcarriers were
again allowed to settle for 10 min and supernatants were removed. This
process was repeated for a total of three washes. After the final washing
step, 50% of DPBS was removed and replaced with an equal volume of
Trypsin-EDTA (0.05%) and incubated under 25 RPM agitation at 37 °C
for 10 min. Bioreactor agitation was then increased to 80 RPM and
incubated for another 5 min. An equal volume of media was added to
dilute Trypsin-EDTA and the microcarriers were allowed to settle. Su-
pernatants containing cells were then collected and an additional rinse
of DPBS (25% of working volume) was added to vessels agitated at 25
RPM for 90 s. Microcarriers were allowed to settle and supernatants
were pooled together for centrifugation. Cells were pelleted and either
stored at —80 °C or used immediately for characterizations. For 2D
controls, conditioned media were collected and stored at —80 °C. hMSCs
were washed three times with DPBS and trypsinized for 5 min at 37 °C.
Cells were pelleted and either stored at —80 °C or used immediately for
characterization.

2.5. EV isolation

To isolate the hMSC-EVs, the differential ultracentrifugation method
was performed followed by characterization using nanoparticle tracking
analysis [45,46]. Briefly, the conditioned media were centrifuged at 500
g for 5 min at 4 °C. The supernatants were collected and centrifuged
again at 2000 g for 10 min. The collected supernatants were then
centrifuged at 10,000 g for 30 min. EVs were isolated using an inex-
pensive polyethylene glycol (PEG)-based method as reported previously
[45,46]. Briefly, after centrifugation at 10,000 g for 30 min, superna-
tants were collected and mixed with PEG solution (16% wt/vol in 1 M
NaCl) at a 1:1 vol and incubated at 4 °C overnight. The mixed solutions
were centrifuged at 3000 g for 1 h. The crude EV pellets were resus-
pended in particle-free PBS and then ultracentrifuged at 100,000 g for
70 min. Purified EV pellets were resuspended in 100 pL PBS and stored
in —80 °C until further use.

2.6. Nanoparticle tracking analysis (NTA)

NTA was performed on the isolated EV samples in triplicate to
determine size distribution and particle concentration. NTA was per-
formed on a Nanosight LM10-HS instrument (Malvern Instruments,
Malvern, UK) configured with a blue (488 nm) laser and sCMOS camera
[45]. The EV samples were diluted to 1-2 pg protein per mL in PBS. For
each replicate, three videos of 60 s were acquired with camera shutter
speed fixed at 30.00 ms. To ensure accurate and consistent detection of
small particles, camera level was set to 13, and detection threshold was
maintained at 5. The laser chamber was cleaned thoroughly with
particle-free water between each sample reading. The collected videos
were analyzed using NTA3.0 software to obtain the mode and mean size
distribution, as well as the concentration of particles per mL of solution.
Compared to the mean size, the mode size is usually a more accurate
representation because the vesicle aggregates may affect the value of
mean size.
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2.7. Western blotting for EV markers

EV and cell samples were lysed in radio-immunoprecipitation assay
(RIPA) buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% so-
dium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris, pH 8.0
and 1X Thermo Scientific Halt Protease Inhibitor Cocktail (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Samples were then lysised for
20 min on ice, and spun down at 14,000 RPM for 20 min. The super-
natant was collected and a Bradford assay was carried out to determine
the protein concentration. Protein lysate concentration was normalized,
and denatured at 100 °C in 2X Laemmli Sample buffer for 5 min. About
3-10 pg of proteins were loaded into each well. Proteins were separated
by 12% Bis-Tris-SDS gels and transferred onto a nitrocellulose mem-
brane (Bio-rad, Hercules, CA. USA). For the detection of non-
phosphorylated proteins, the membranes were blocked for 1 h in 1%
skim milk (w/v) in Tris-buffered saline (10 mM Tris-HCI, pH 7.5, and
150 mM NaCl) with 0.1% Tween 20 (v/v) (TBST). Membranes were
incubated overnight in the presence of the primary antibodies (Sup-
plementary Table S1) diluted in blocking buffer at 4 °C. Afterward, the
membranes were washed four times with TBST and then incubated with
an IR secondary (LI-COR, Lincoln, NE) at 1:5000 for 180 min at room
temperature. Blots were washed another four times with TBST and
processed using the LI-COR Odyssey (LI-COR).

2.8. Reverse transcription and quantitative polymerase chain reaction
(RT-qPCR)

Total RNA was isolated from different cell samples using the RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s pro-
tocol. The samples were further treated using DNA-Free RNA Kit (Zymo,
Irvine, CA, USA) [51]. Reverse transcription was carried out according
to the manufacturer’s instructions using 2 pg of total mRNA, anchored
oligo-dT primers (Operon, Huntsville, AL), and Superscript III (Invi-
trogen, Carlsbad, CA, USA). The software Oligo Explorer 1.2Primers
(Genelink, Hawthorne, NY, USA) was used to design the primers specific
for target genes (Supplementary Table S2). For normalization of
expression levels, p-actin was used as an endogenous control. Using
SYBR1 Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA), real-time reactions were performed on an ABI7500 instrument
(Applied Biosystems). The amplification reactions were performed as
follows: 2 min at 50 °C, 10 min at 95 °C, and 40 cycles of 95 °C for 15 s
and 55 °C for 30 s, and 68 °C for 30 s. The Ct values of the target genes
were firstly normalized to the Ct values of the endogenous control
selected as B-actin (over GAPDH and B2M-1). The corrected Ct values
were then compared for the bioreactor conditions to the 2D control, or
between the compared samples. Fold changes in gene expression was
calculated using the comparative Ct method: 2 (AC: weamen—AC: conral) 0
obtain the relative expression levels.

2.9. RT-qPCR analysis for microRNA expression

Total microRNA (miRNA) was isolated from different EV samples
using the miRNeasy Micro Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. Reverse transcription was carried out using
commercial qScript miR ¢cDNA synthesis kit (discontinued, Quantabio,
Beverly, MA). The PerfeCTa Universal/miR-specific PCR Primer
(QuantaBio) has been designed and validated to work specifically with
PerfeCTa SYBR Green SuperMix using miRNA c¢DNA produced. The
levels of miRs were determined with U6 or SNORD44 as a housekeeping
gene for normalization of miR expression levels (Primer sequences are
shown in Supplementary Table S3). Real-time RT-qPCR reactions were
performed on an Applied Biosystems Quantstudio 7 flex (Applied Bio-
systems, Foster City, CA), using PerfeCTa SYBR Green SuperMix. The
amplification reactions were performed as follows: 2 min at 95 °C, and
40 cycles of 95 °C for 5 s and 60 °C for 15 s, and 70 °C for 15 s. Fold
variation in gene expression was quantified by means of the comparative
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Ct method: 27 (ACt weamen—AC: cowra) | which is based on the comparison of
expression of the target gene (normalized to U6 or SNORD44) between
the compared samples.

2.10. Transmission electron microscopy (TEM)

TEM was performed to confirm the morphology of EVs according to
Lasser et al. [52] and also as shown in our previous publication [46].
Briefly, EV isolates were resuspended in 50-100 pL of sterile filtered
PBS. For each sample preparation, intact EVs (5 pL) were dropped onto
Parafilm. A carbon coated 400 Hex Mesh Copper grid (Electron Micro-
scopy Sciences, EMS) was positioned using forceps with coating side
down on top of each drop for 1 h. Grids were washed with sterile filtered
PBS three times and then the EV samples were fixed for 10 min in 2%
PFA (EMS, EM Grade). After washing, the grids were transferred on top
of a 20 pL drop of 2.5% glutaraldehyde (EMS, EM Grade) and incubated
for 10 min at room temperature. Grid samples were stained for 10 min
with 2% uranyl acetate (EMS grade). Then the samples were embedded
for 10 min with 0.13% methyl cellulose and 0.4% uranyl acetate. The
coated side of the grids were left to dry before imaging on the CM120
Biotwin electron microscope [52].

2.11. Total and mitochondrial ROS, autophagosomes, and phenotyping
by flow cytometry

For ROS measurement, cell suspension was incubated with 25 pM
carboxy-H2DCFDA (Molecular Probe) at 37 °C for 30 min and total ROS
was determined using flow cytometry. For mitochondrial ROS mea-
surement, cell suspension was incubated with 5 pM MitoSOX Red
(Molecular Probe) at 37 °C for 10 min and analyzed using flow cytom-
etry. For autophagy measurement, cell suspension was incubated with
20 pM Cyto-ID Green (Enzo Life Sciences, Farmingdale, NY, USA), a
fluorescent dye that selectively labels accumulated autophagic vacuoles,
at 37 °C for 30 min, and analyzed by flow cytometry and calculated
according to the manufacturer’s instructions. For NAD+ dependent
enzymes, hMSCs were harvested with 0.25% trypsin-EDTA solution,
washed in PBS, and then fixed in 4% paraformaldehyde (PFA) at RT for
15 min. Cells were then permeabilized in 0.2% Triton X-100 for 10 min.
Non-specific binding sites were blocked with 1% bovine serum albumin
in PBS for 15 min. After washing, cells were incubated with specific
primary antibodies (Supplementary Table S1) for human Sirt-1, Sirt-3,
NAMPT, CD38, and Parpl (Santa Cruz Biotechnology, Dallas, TX, USA)
at room temperature for 2 h, followed by incubation with corresponding
secondary antibody (Molecular Probe). Labeled samples were acquired
using BD FACSCanto II flow cytometer (Becton Dickinson) along with
isotype control. The results were analyzed using FlowJo software.

2.12. Human fibroblast (hFB) growth and in vitro wound healing model

Primary human dermal fibroblasts (containing mitochondria) were
purchased from American Type Culture Collection (PCS-201-012, ATCC,
Manassas, VA, USA) and subcultured up to passage 15. All reagents were
purchased from Sigma Aldrich (St. Louis, MO, USA) unless otherwise
noted. In vitro wound healing assay was modified to evaluate the effects
of EVs [53]. Briefly, hFBs were seeded (0.2 x 10° cell/per well) onto a
tissue culture treated 24-well plate and grown overnight in DMEM plus
10% FBS. An artificial wound was introduced with a 200 pL pipette tip
and images were captured with an Olympus IX70 inverted microscope
for 0-24 h. EVs then were added at the concentration 1 x 10® EV/mL
medium for next 24 h. Cell growth was then recorded and analyzed by
ImageJ to calculate the wound closure rate.

2.13. Proteomics analysis for hMSCs and the secreted EVs

The hMSC-EVs (from the 2D and the bioreactor-25 RPM group) were
isolated using ExtraPEG and then extracted for proteins, together with
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the parent cells. Based on protein quantification result, up to 25-ug
proteins were isolated on S-trap micro column (Protifi, KO2-micro). The
isolated proteins (triplicate for each group) were alkylated and digested
on column based on manufacturer’s instructions. All the eluted peptides
were fractionated by Pierce high pH reverse phase peptide fractionation
kit (Thermo, 84868) into 5 fractions for each sample. Then all the
samples were vacuumed dried and submitted to FSU Translational Sci-
ence Laboratory. The samples were analyzed on the Thermo Q Exactive
HF as previously described [54,55]. Briefly, resulting raw files were
searched with Proteome Discoverer 2.4 using SequestHT, Mascot and
Amanda as search engines. Scaffold (version 5.0) was used to validate
the protein and peptide identity. Peptide identity was accepted if Scaf-
fold Local false discovery rate (FDR) algorithm demonstrated a proba-
bility greater that 99.0%. Likewise, protein identity was accepted if the
probability level was greater than 99.0% and contained a minimum of
two recognized peptides. Gene Ontology (GO) annotation was carried
out by g:Profiler.

2.14. Statistical analysis

Data were analyzed in Graphpad Prism software. Data shown are
represented as mean and standard deviation with the exception of the
RT-qPCR data expressed in box and whisker plots. Statistical analysis for
RT-qPCR data were performed with multiple Mann-Whitney tests and
significance was accepted at p < 0.05. All other statistical analyses were
performed with a Student’s t-test and significance was accepted at p <
0.05.

3. Results
3.1. Effects of agitation speeds on hMSC expansion and metabolism

PBS 0.1L bioreactor systems and Corning CellBIND T-flasks were
inoculated with hMSCs and cultured as shown in Fig. 1A. To study the
effects of shear stress on hMSC metabolism and EV production, hMSCs
were expanded at 25, 40, and 64 RPM agitations (i.e., 0.12, 0.2, and 0.3
dyn/cm? respectively) in the 3D bioreactor system corresponding to a
2.5-fold linear increase in shear stress at each localized measured point
(Supplementary Figs. S3, S4, S5). Following the typical lag phase, hMSC
expansion was robust in each bioreactor with 20-fold increase on day 5
(Fig. 1B and Supplementary Figs. S6 and S7). Switching the hMSC
expansion media to EV collection media shows no growth during day
5-8. The 2D control group followed a similar expansion pattern
achieving >30-fold increase on day 5. The 24, 40, and 64 RPM condi-
tions showed similar hMSC expansion with average cell densities of 4-5
x 10° cells/mL on day 5. Glucose and lactate concentration measure-
ments showed similar changes for the three bioreactor groups, indi-
cating that shear stress increase did not significantly alter hMSC
proliferation and metabolism while the 2D group had higher glucose and
lower lactate concentrations (Fig. 1C). Glucose consumption and lactate
production normalized to cell number, as well as the molar ratio of
lactate/glucose during the exponential phase (day 3-5), showed similar
values for the four groups. Other metabolites that supplement energy,
protein synthesis, and nucleic acid synthesis, (i.e., glutamine and glu-
tamic acid) showed similar changes for the three bioreactor groups, but
the 2D group had lower glutamine consumption and ammonia produc-
tion (Fig. 1D and Supplementary Fig. S7). Glutamine consumption
normalized cell number was comparable for all the four groups, but
ammonium production normalized to cell number was higher for the 2D
control than the bioreactor groups. The pH value, oxygen and COs
saturation values were similar for the three bioreactor groups (Supple-
mentary Fig. S7).

The bioreactor-expanded hMSCs were measured for mRNA expres-
sion of genes responsible for activating and regulating key steps in
glycolysis, in comparison to the 2D control Three endogenous controls
were compared and ACTB shows more stable expression than GAPDH
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Fig. 1. hMSC expansion and metabolism on Synthemax II microcarriers in PBS Vertical-Wheel Bioreactors at 25, 40, and 64 RPM. (A) Process flow for hMSC
expansion on Synthemax II microcarrers in PBS Vertical-Wheel Bioreactors; (B) hMSC growth kinetics during expansion and EV collection stages; (C) Glucose and
Lactate metabolism: (i) Glucose concentration kinetics; (ii) Lactate concentration kinetics. (iii) Glucose consumed normalized to cell number; (iv) Lactate produced
normalized to cell number; (v) Lactate production to glucose consumption ratios. (D) Glutamine metabolism: (i) Glutamine concentration kinetics. The extracellular
vesicle (EV) collection medium is formulated with Glutamax. Therefore, the glutamine concentration at day 5 is 0. (ii) Glutamic acid concentration kinetics; (iii)

Ammonia concentration kinetics.
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and B2M-1, and thus was used in following experiments (Supplementary
Fig. S8). PDK1, HK2, and LDHA mRNA expression was significantly
upregulated (8-12 fold, 5-8 fold, and 2-fold respectively) for the
bioreactor groups compared to the 2D control, but not PKM2 expression
(Fig. 2A). However, no discernible distinctions could be made amongst
the three bioreactor groups. mRNA levels integral to key functions of
autophagy were also significantly upregulated in the bioreactor groups
compared to the 2D controls (Fig. 2B). Specifically, transcription factors
TFEB (2-6 fold) and MITF (2-5 fold) involved in boosting lysosomal
biogenesis were upregulated in each of the bioreactor groups. AMPK
(2-5 fold), an upstream initiator shown to induce autophagy activation,
was also upregulated. mRNA levels for proteins that are key in auto-
phagic vesicle formation, lysosomal integrity, and membrane trafficking

Bioactive Materials 25 (2023) 732-747

(i.e., BECN1, LAMP1, and ATG5) were also upregulated in the bioreactor
groups (2-4 fold, 1.5-2 fold, and 2-3 fold respectively). Of all autophagy
related markers tested, only ATG16L1 showed no statistically significant
change.

Both total and mitochondrial ROS were upregulated in the bioreactor
groups compared with the 2D control (Fig. 2C and D, and Supplemen-
tary Fig. SOA). Expression of mitochondrial ROS was similar in each
bioreactor group. However, the 40 RPM group had the highest total ROS
while the 25 RPM and 64 RPM groups showed similar expression to each
other. Lower autophagosomes accumulation was observed in bioreactor
groups compared to 2D culture (Fig. 2E). Flow cytometry analysis of
NAD-pathway related proteins [44,56] was performed for the
bioreactor-expanded cells and the 2D control (Supplementary Fig. S9B).
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Fig. 2. Metabolic and extracellular vesicle (EV) biogenesis pathways and reactive oxygen species (ROS) analysis for hMSCs in PBS Vertical-Wheel Bio-
reactors at 25, 40, and 64 RPM. Various genes were measured by RT-qPCR on the mRNAs isolated from the harvested cells at the end of EV collection (n = 6, results
were from two independent bioreactor runs), relative to 2D control. (A) Glycolytic genes; (B) Autophagy genes; Flow cytometry histograms for (C) Total ROS; (D)
Mitochondrial ROS; and (E) Autophagosomes. Red line: negative control; blue line: 2D culture control; orange line: 25 RPM bioreactor culture; light green: 40 RPM,
and dark green: 64 RPM. (F) ESCRT-dependent EV biogenesis markers; (G) ESCRT-independent EV biogenesis markers. * indicates p < 0.05; ** indicates p < 0.01, ***

indicates p < 0.001.
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For Sirt-1, lower expression of the 2D control than the bioreactor groups
was observed, and the three agitation speeds showed similar expression
levels. A similar trend was observed for Nampt. However, there is no
difference between the 2D control and the bioreactor groups for Sirt-3
and CD38. For Parpl, the 64 RPM condition showed lower expression
than the other conditions.

mRNA levels of the endosomal sorting complexes required for
transport (ESCRT)-dependent exosomal markers Alix (2-5 fold), TSG101
(2-7 fold), and HRS (2-5 fold) were significantly upregulated in the
bioreactor groups compared to the 2D control (Fig. 2F and Supple-
mentary Fig. S10). Stam1 was upregulated in the 25 RPM group but not
statistically significant for the other two bioreactor groups. mRNA levels
for SMPD2 and SMPD3 (2-7 fold), hydrolyzers of sphingomyelin that
generate EVs in an ESCRT-independent manner, were also upregulated
in the bioreactor groups as well as the mRNA levels for GTPases Rab7a
(2—4 fold), Rab27a (24 fold) and Rab27b (2-7 fold) that have functions
in multivesicular endosomal docking to the plasma membrane (Fig. 2G).
Slight increase in Rab31 expression in the bioreactor was observed.

3.2. Effects of agitation speeds on hMSC-EV generation and miRNA cargo

After processing the conditioned media of bioreactor and 2D
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cultures, EVs were isolated and known exosomal markers were
measured by Western blot (Fig. 3A and Supplementary Fig. S11A). The
expression of HRS, HSC70, syntenin-1, CD81, and CD63 was confirmed
in each EV group, while bioreactor groups showed higher expression of
HSC70, HRS, CD81 and CD63. Negative marker calnexin was run in
parallel to prove no cell debris contamination. As expected, EV number/
mL yield increased more than 5.5-fold in bioreactor groups compared to
the 2D cultures (Fig. 3B). When normalized to cell number, EV secretion
in the bioreactor groups was increased more than 2.5-fold over the 2D
culture (Fig. 3C). In both cases, the three bioreactor groups did not show
statistically significant differences in EV secretion between each other.
EV size and morphology were examined via TEM with all groups
showing classic exosomal cup shaped morphologies, suggesting shear
stress from bioreactor culture does not impact membrane integrity
(Fig. 3D and E) [57]. Using ImageJ software to quantify EV size, no
statistically significant changes were observed among EV diameter in
any of the groups. However, the bioreactor groups did have a greater
proportion of EVs less than 50 nm in diameter (between 22 and 30%) in
comparison to the 2D group (5.5%) (Fig. 3D). There is no statistical
difference in protein content normalized to EV number for all the four
conditions (Supplementary Fig. S11B). But bioreactor culture generates
more total EV protein content due to the higher EV number than 2D

Fig. 3. Characterizations of extracellular vesicles
(EVs) secreted by O0.1L bioreactor-expanded
hMSCs. (A) Western Blot of exosomal marker
expression, including HSC70, TSG101, CD81, Cal-
nexin (negative marker); HRS, Syntenoin-1, CD81,
and CD63. (B) Comparison of EV yield for the number
of EVs per mL spent medium (n = 3), (C) Number of
EVs normalized to the cell number (n = 3). (D) EV
size and distribution determined based on TEM im-
ages (n = 50-80). (E) TEM images of EVs for various
groups. Scale bars: 100 nm. (F) miRNA expression in
the isolated EVs determined by RT-qPCR (n = 6). The
value shows AACt. Results were combined from two
independent bioreactor runs. *p < 0.05; **p < 0.01,
*4p < 0,001.
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culture.

EVs were lysed to determine relative quantities of miRNAs previ-
ously shown to respond in cell populations to shear stress in 3D micro-
environment, known as “mechano-miRNAs” [58]. Of the 10 miRNAs
tested, 7 miRs (i.e., miR-132, miR-377, miR-10, miR-19a, miR-19b,
miR-21, and miR-30b) were significantly upregulated (3-7 fold) in the
EVs isolated from the bioreactor groups compared to the 2D group with
miR-92a, miR-126, and miR-663a showing non-statistically significant
upregulation (Fig. 3F and Supplementary Fig. S11C). Varying the shear
stress levels encountered by the cells in the 3D bioreactors showed little
effects on miRNA levels in the EVs among the three bioreactor groups.

3.3. Proteomic analysis of parent hMSCs and the secreted EVs

To determine the protein cargo of the EVs, proteomics analysis was
performed for the 2D EV, bioreactor (25 RPM) EV, as well as the two
groups of the corresponding parent cells, using equal amounts of pro-
teins (25 pg) per sample. The two EV samples for proteomics were
characterized by NTA and protein assay (Supplementary Fig. S12),
showing the comparable size and the protein content. Proteomics
analysis of the parent cells showed 4869 shared differentially expressed
proteins (DEPs) for the bioreactor and 2D cultures (Fig. 4A and Data file
S1). 315 DEPs were upregulated in 2D culture and 243 DEPs were
upregulated in bioreactor culture. There were 154 DEPs exclusively
expressed in 2D culture and 142 exclusively expressed in bioreactor
culture. Gene Ontology (GO) annotation shows that the DEPs (Fig. 4B
and Supplementary Table S4, Fig. S12) are enriched in various types of
cellular metabolic and biosynthesis processes, glycolysis, cell adhesion/
cadherin binding, extracellular vesicles, extracellular exosome, protein
export etc. For the proteomic analysis of hMSC-EVs, among 3137 shared
DEPs, 160 DEPs were upregulated in 2D EVs and 456 DEPs were upre-
gulated in bioreactor EVs (Fig. 4C). There were 393 DEPs exclusively
expressed in 2D EVs and 863 exclusively expressed in bioreactor EVs.
GO annotation shows that the enriched DEPs are involved in cell
adhesion, cell migration, ECM-receptor interaction, focal adhesion, HIF-
1 signaling pathway, and wound healing (Fig. 4D and Supplementary
Fig. S12). GO annotation for the DEPs in the EVs for bioreactor only
subset (863 DEPs) reveals that the enriched pathways are related to
metabolic processes (peptides, macromolecules, etc.) with some of them
having catalytic activities (Fig. 4E and Supplementary Fig. S12). The
comparison of DEPs in parent cells and in the secreted EVs was also
performed (Table 1). Almost all DEPs upregulated in the parent cells
were also upregulated in the secreted EVs. The DEPs downregulated in
the parent cells showed a mixture of upregulation and downregulation
in the EVs, indicating that the protein content of the parent cells con-
tributes significantly to the protein cargo of the secreted EVs.

Potential mechanisms that could be contributing to enhanced EV
biogenesis in bioreactors were examined through the DEPs in the parent
cells (Table 2). The DEPs related to autophagy, glucose and lipid
metabolic process, as well as the protein carbolic process mostly showed
upregulation in the bioreactor group. Similarly, DEPs related to cellular
responses to ROS were also upregulated for the bioreactor group
(Table 2). DEPs related to EV biogenesis and miRNA sorting showed
upregulation in the secreted EVs of the bioreactor group, including
VPS4A that is critical to miRNA sorting (Supplementary Fig. S13). The
DEPs related to wound healing were mostly comparable for the biore-
actor vs. 2D cell groups, with a few showing the upregulation, including
ANXA1, SERPINE1, and VILI.

The DEPs in the EVs of the bioreactor vs. the 2D group were
compared to our previous publication about the characterizations of EVs
from 3D hMSC aggregates (Supplementary Fig. S14 and Data file S2).
High similarity of EV protein cargo was observed between the PBS
bioreactor group and the EVs from the 3D hMSC aggregates (showing
function in immunomodulation and neuroprotection) in our previous
publication [36], but not the EVs from the 2D hMSC culture.
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3.4. Scale up effects of the PBS bioreactor on hMSC expansion and
metabolism

PBS 0.1L and 0.5L bioreactor systems were inoculated in parallel
alongside Corning CellBIND T-flasks (Fig. 5A). After the seeding phase,
the 0.1L and 0.5L systems were filled to their working volumes of 100
mL and 500 mL respectively in order to study the effects of scaling on
hMSC-EV production. While seeding parameters and feeding schedules
were kept constant, sample counts deviated around day 5 with the 0.1L
bioreactor having 4.3 x 10° cells/mL (about 20-fold expansion) while
the 0.5L bioreactor achieved a cell density of 3.2 x 10° cells/mL (about
14-fold expansion, which may be due to the sampling error as cell
densities following trypsinization were all in the 3.5 x 10°-4.2 x 10°
range) (Fig. 5B and Supplementary Fig. S15). The 2D group reached
>30-fold increase on day 5, probably due to the lower seeding density.
Media analysis revealed similar values in the 0.1L and 0.5L bioreactors
for glucose and lactate concentrations, while the 2D culture showed
higher glucose and lower lactate concentration values due to lower cell
density (Fig. 5C). Glucose consumption and lactate production in spent
media of bioreactors when normalized to cell number were found to be
significantly higher than the 2D group, and the 0.5L bioreactor showed
higher consumption/production per million cells than the 0.1L biore-
actor. However, the molar ratio of lactate produced to glucose consumed
stayed constant in the 1.5-1.8 range for the three groups. Other
measured metabolites (i.e., glutamine, glutamic acid, and ammonium)
only showed minor deviations for the three groups (Fig. 5D). The oxygen
saturation in the 0.5L bioreactor was lower than the 0.1L bioreactor, and
the CO5 saturation was higher in the 0.5L bioreactor than the 0.1L
bioreactor. The pH value was comparable for the two groups (Supple-
mentary Fig. 15). The total cell harvesting efficiency for the 0.5L
bioreactor was 71%-81%, higher than the 0.1L bioreactor (54%-62%).
And the harvested cell density for the 0.5L bioreactor (3.6-4.1 x 10°
cells/mL) was similar to the 0.1L bioreactor (4.0-4.2 x 10° cells/mL).

Upon scale up from the 0.1L to the 0.5L bioreactor, mRNA levels for
genes regulating glycolysis, autophagy, and EV biogenesis were deter-
mined. mRNA levels of HK2 was downregulated (0.4-fold) in the 0.5L
group, yet LDHA was upregulated (1.5-fold) in the 0.5L group where
higher levels of lactate production per cell was observed (Fig. 6A and
Supplementary Fig. S16). PDK1 and PKM2 had no change. For genes
responsible for autophagy, only ATG16L1 (0.5-fold) and MITF (2-fold)
showed statistically significant changes for the 0.5L bioreactor
compared to the 0.1L bioreactor (Fig. 6B). For EV biogenesis, SMPD2
and SMPD3 both showed downregulation (0.25-0.5 fold) in the 0.5L
group, none of the GTPases (i.e., Rab7a, Rab27a, Rab27b) showed sig-
nificant changes (Fig. 6C). Of the ESCRT-dependent EV biogenesis
markers, only STAM1 showed upregulation (0.25-fold) in the 0.5L group
(Fig. 7D). HRS, ALIX, and TSG101 remained at comparable levels for the
0.5L bioreactor compared to the 0.1L bioreactor group.

3.5. Scale up effects on h(MSC-EV production and EV miRNA cargo

Upon scaling up from the 0.1L to the 0.5L bioreactor, the yields of EV
number per mL spent media increased about 3.5-fold for the 0.5L
bioreactor group compared to the 2D cultures (Supplementary Fig. S17).
Interestingly, when normalized to cell number, EV secretion in the 0.1L
bioreactor group was comparable to the 2D group while the 0.5L
bioreactor group was 2.75-fold higher (Fig. 7A). Protein quantification
of EVs when normalized to EV number for the 0.1L bioreactor showed
about 50% less protein compared to the EVs isolated from 2D culture
(Fig. 7B), while the difference for the 0.5L bioreactor group was not
statistically significant from the 2D group. Western blots for known
exosomal markers were run to confirm the positive expression of HSC70
and CD81, with the bioreactor groups having higher expression than the
2D group. The TSG101 expression was weak for all the groups including
the cell lysates, which may require higher protein loading during the
assay. Negative marker calnexin was run in parallel to prove no cell
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Fig. 4. Bioreactor-expanded hMSCs and the secreted EV protein cargo analysis by proteomics. (A) Venn diagram of the differentially expressed proteins (DEPs)
from hMSCs of bioreactor culture vs. 2D culture. (B) GO annotation of the hMSC DEPs (558 as in A) for the enriched pathways. (C) Venn diagram of the DEPs for
hMSC-EVs. (D) GO annotation of the hMSC-EV DEPs (616 as in C) for the enriched pathways. (E) GO annotation of the DEPs (863 as in C) for the Bioreactor only
subset of hMSC-EV protein cargo.
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Table 1
Relation between hMSC cell and EV DEPs.
D Fold Fold ID Fold Fold
change in change in change in change in

Cell EV Cell EV
CRIP1 INF INF NIBAN2 0.9 2.5
PLAT INF 5.7 EHD4 0.8 1.7
TAOK2 8.4 INF MYO1B 0.8 8.1
COL4A1 7.2 2.7 TP53BP1 0.5 INF
MYO15B 3.8 INF AHNAK2 0.7 4.3
FABP3 3.3 3.9 FERMT2 0.7 5.6
SERPINE1 3.1 1.6 IQGAP1 0.7 3.0
ABCC1 3.0 INF MMP14 0.7 1.9
MGLL 2.8 INF NQO1 0.7 1.7
STX2 2.8 INF PARVA 0.7 2.9
MYADM 2.6 2.0 PLIN3 0.7 5.1
LDHAL6B 2.3 INF RAB18 0.7 8.0
HELZ2 2.2 INF ENPP1 0.4 1.5
RAB22A 2.2 5.2 ADAMO9 0.6 1.8
RAB23 2.2 3.3 CHMP1A 0.6 INF
FKBP1A 2.1 2.2 CTNNB1 0.6 3.8
S100A10 2.1 3.2 EGFR 0.6 2.0
CAPN2 1.9 5.6 NIBAN1 0.6 21.0
PI4K2A 1.9 INF PDCD6IP 0.6 1.3
AK3 1.6 INF ITGBS 0.4 2.8
CBR1 1.6 8.6 ZYX 0.6 4.5
CYB5R3 1.6 INF AHNAK 0.5 4.3
NME2 1.6 2.1 CTSK 0.5 5.7
SLC12A4 1.6 3.0 VTA1 0.4 4.3
ANXAS5 1.5 1.9 KPNB1 0.5 14.0
ARF6 1.5 2.1 MYO1D 0.5 3.1
CAP1 1.5 2.1 RFTN1 0.3 2.0
PGK1 1.5 1.6 PDGFRB 0.2 1.5
UGP2 1.5 3.5 THBS2 0.5 0.5
WDFY1 1.5 INF POSTN 0.5 0.3
FAH 1.4 7.1 THBS1 0.5 0.4
FKBP5 1.4 INF GTF2I 0.4 0.0
GPI 1.4 5.6 AKR1D1 0.3 0.4
HSD17B12 1.4 INF COL12A1 0.3 0.2
MYOF 1.4 4.2 COL14A1 0.3 0.2
TRPV2 1.4 INF AKAP8 0.2 0.0
ANXA1 1.3 29 UBTF 0.2 0.3
ANXA2 1.3 2.1 FEN1 0.1 0.5
FAP 1.3 2.4 HBG2 0.0 0.2
FASN 1.3 1.7 PIWIL2 0.0 0.0
HPCAL1 1.3 2.4 PSMD2 0.8 0.4
PKM 1.3 3.2 SFPQ 0.7 0.1
UGDH 1.3 2.5 SDF4 0.6 0.2
IDH1 1.2 6.2 FTH1 0.5 0.6

HSPA4 1.1 8.0

GIT1 2.8 0.0

debris contamination (Fig. 7C). Analysis of EV miRNA cargo showed
upregulation in all miRNAs (i.e., miR-10, 19a, 19b, 21, 30b, 92a, 126,
and 132) for the 0.5L bioreactor group in comparison to the 2D group as
well as the 0.1L bioreactor group (with the exception of miR-126 and
132). (Fig. 7D and Supplementary Fig. S18). The in vitro wound healing
assay was then performed to evaluate the bioreactor-produced hMSC-EV
function (Fig. 7E). As expected, the hMSC-EVs promoted wound healing
and the bioreactor EV group showed faster scratch closure rates than the
2D EV group.

4. Discussion

External stressors such as thermal fluctuations, hypoxia, medium pH,
substrate stiffness, cytoskeletal alterations, and drug stimulation have
been reported to increase EV production [59,60] and affect EV compo-
sition and cargo [5,61]. Specifically, it has been postulated that bio-
physical force induced by bioreactor shear stress and 3D
microenvironment alter the cytoskeletal function of stem cells and
promote EV biogenesis [59]. However, the shear stress encountered by
hMSCs in 3D bioreactor microenvironments has yet to be thoroughly
investigated. This study demonstrates the xeno-free and scalable
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Table 2
Function related identified hMSC proteins.
Function Protein ID P Fold
value Change
Autophagy NPC1_HUMAN 0.01 3.7
LAMP2 HUMAN 0.012 2.4
RABSA_HUMAN 0.043 1.7
CLH1_HUMAN 0.018 1.2
LRSM1_HUMAN 0 INF
PK3C3_HUMAN 0.024 2.7
VTI1A_ HUMAN 0.039 2.2
ATG5_HUMAN 0.2 0.7
LAMP1_HUMAN 0 1.9
AAPK2 HUMAN 0.7 1.6
glucose metabolic process CLN5_HUMAN 0.011 0.5
PGK1_HUMAN 0.046 1.5
APOD_HUMAN 0.002 20
G6PI_ HUMAN 0.01 1.4
4F2_ HUMAN 0.019 0.6
KPYM_HUMAN 0.02 1.3
ACOC_HUMAN 0.043 1.5
FABP5_HUMAN 0.019 0.7
LDH6B_HUMAN 0.005 2.3
HXK1_ HUMAN 0.8 1
HXK2 HUMAN 0.1 1.6
HXK3_HUMAN 0.5 3.2
LDHA_HUMAN 0.043 1.4
lipid metabolic process TPP1_HUMAN 0.001 2.5
ACSL1_HUMAN 0.009 1.8
LACTB_HUMAN 0.007 1.9
LRP1_HUMAN 0.038 0.8
PLCD3_HUMAN 0.034 5
protein catabolic process MMP2_HUMAN 0.018 0.5
CAN2_HUMAN 0 1.9
DPP4_ HUMAN 0.007 6.3
SEPR_HUMAN 0.025 1.3
CNDP2 HUMAN 0.02 0.8
NEUL_HUMAN 0.018 0.4
XPP3_HUMAN 0.016 1.9
DPP2_HUMAN 0.012 2
cellular response to reactive TPM4_HUMAN 0.016 0.7
oxygen species NDUS3_HUMAN 0.003 1.3
EGFR_HUMAN 0.01 0.6
SODM_HUMAN 0.001 6.2
CBR1_HUMAN 0.019 1.6
MK14_HUMAN 0.02 1.8
wound healing ACTG_HUMAN 0.6 1.1
ANXA1_HUMAN 0.026 1.3
B4GT1_HUMAN 0.2 29
CSKP_HUMAN 0.1 INF
CD109_HUMAN 0.2 0.6
CLAP1_HUMAN 0.8 1.1
CRK_HUMAN 0.5 0.9
FERM2_HUMAN 0.006 0.7
CXA1_HUMAN 0.8 0.9
HMGB1_HUMAN 0.1 0.6
ITB1_HUMAN 0.8 0.9
KANK1_HUMAN 0.8 0.9
MTOR_HUMAN 1 1
MYLK_ HUMAN 0.9 1
PAI1_HUMAN 0.001 3.1
SMAD3_HUMAN 0.02 0.3
SRSF6_HUMAN 0.008 0.7
VILI HUMAN 0.2 3.1

production of hMSCs and the secreted EVs in the PBS 0.1L and 0.5L
Vertical-Wheel bioreactors. Furthermore, EV quantities isolated from
the bioreactor cultures showed more than 2.5-fold increase for the EV
number per cell secretion over traditional 2D culture. mRNA levels of
genes regulating glycolysis, autophagy, and EV biogenesis were all
altered in the bioreactor culture compared to the 2D culture.
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Fig. 5. hMSC expansion and metabolism on Synthemax II microcarriers in 0.5L PBS Vertical-Wheel Bioreactors. (A) Process flow for hMSC expansion on
Synthemax II microcarrers in PBS Vertical-Wheel Bioreactors; (B) hMSC numbers during expansion and EV collection stages; (C) Glucose and Lactate metabolism: (i)
Glucose concentration kinetics; (ii) Lactate concentration kinetics. (iii) Glucose consumed normalized to cell number; (iv) Lactate produced normalized to cell
number; (v) Lactate production to glucose consumption ratios. (D) Glutamine metabolism: (i) Glutamine concentration kinetics. The EV collection medium is
formulated with Glutamax. (ii) Glutamic acid concentration Kinetics; (iii) Ammonia concentration Kkinetics.

There are several differences in the 3D Vertical-Wheel bioreactor
cultures compared to the 2D cultures, including the presence of shear
stress, substrate materials, curvature (and thus cell shape or 3D micro-
environment), and nutrient availability (due to agitation and differences
in cell density). For example, softer hydrogels with lower integrand
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ligand density has been reported to secrete roughly 10-fold more EVs
from hMSCs than rigid substrates [62]. However, in Supplementary Fig.
514 and our previous publication [36], proteomics analysis showed high
similarity between microcarrier-based Vertical-Wheel
bioreactor-generated UC-hMSC-EVs and the dynamic 3D hMSC
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aggregate-generated EVs (not the 2D culture) indicating that the pres-
ence of shear stress and the 3D culture microenvironment may
contribute more to the EV protein cargo than the microcarriers (or
substrate materials). EV secretion from good manufacturing practice
(GMP)-cultured cells on different coating surfaces (gelatin and Synthe-
max) showed that there was no difference on EV size distribution and
total protein level [63].

hMSCs are highly sensitive to biomechanical forces, including shear
stress generated through the suspension of 3D microcarriers in dynamic
bioreactor systems [64]. Using COMSOL to simulate the velocity profile
and shear stress distribution in the Vertical-Wheel bioreactor, the
average shear stress increases roughly 3-fold (0.1-0.3 dyn/cm?) over the
range of 25-64 RPM (Supplementary Figs. S3-S5). Among the biore-
actor groups in this study, varying shear stress via agitation speed did
not cause significant changes in gene expression of the cells nor did it
impact EV biogenesis. However, significant differences were identified
and quantified between the bioreactor and static 2D cultures.

Shear stress has been reported to induce hMSC differentiation and
enhance anti-inflammatory mediators (e.g., PGE2) and chemokine
production [25-27]. When endothelial cells are subjected to shear
stress, ROS production is increased primarily through NADPH oxidases
(NOXs) [65,66]. In this study, both total ROS as well as mitochondrial
ROS were upregulated in bioreactor culture compared to 2D culture
suggesting potentially conserved cellular mechanisms of ROS generation
though NOXs. hMSC secretion activity as well as apoptosis are heavily
dependent upon ROS acting as cell signaling intermediates on down-
stream signaling cascades (e.g., Akt/mTOR, Wnt, FOXO, etc.) [67-69].
While mechanistically cross talk between ROS and autophagic ma-
chinery is well documented, it has been proposed that ROS induce
autophagy as a cellular antioxidant defense to decrease ROS concen-
trations [70-72]. Our RT-qPCR analysis showed upregulation of genes
responsible for regulation of autophagy (TFEB, BECN1, LAMP1, AMPK,
ATGS5, and MITF) in bioreactors, potentially counteracting ROS accu-
mulation. The genes responsible for regulating glycolysis PDK1, HK2,
and LDHA also showed wupregulation in the bioreactor.
Bioreactor-expanded hMSCs showed upregulation of Sirtl protein
expression which could modulate an increase in autophagy through
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Sirtl deacytlyation of FOXO1, ATG5, and ATG7 in a redox-dependent
manner as previously reported [65].

Overall, upregulation of GTPases and ESCRT-independent/
dependent genes critical in EV biogenesis was observed in Vertical-
Wheel bioreactor culture translating to a 2.5-fold increase in EV secre-
tion per cell. While it is still unclear if ESCRT-independent/dependent
EV biogenesis pathways operate synergistically or in parallel, there is
emerging evidence that EV biogenesis and autophagy are intimately
linked through shared molecular machinery in the endolysosomal
pathway [22,23,32,73]. For example, ATG5 inhibits the vacuolar proton
pump on MVBs preventing the acidification and degradation of the ILV
contents and redirecting the MVB to the plasma membrane where the
ILV are secreted as exosomes [23]. Interestingly, Vertical-Wheel biore-
actor culture increased ATGS5 expression which may be redirecting MVB
away from lysosomal degradation and upregulating exosomal secretion.
Similarly, bioreactor culture upregulates MITF, a transcription factor
that binds to the promoter region of lysosomal genes encoding hydro-
lases, lysosomal membrane permeases, and lysosome-associated pro-
teins [74]. Furthermore, MITF is a direct transcription factor for GTPase
Rab27a, which is critical in the downstream MVB docking and subse-
quent EV release at the plasma membrane [75,76]. Indeed, our results
did show an increase in Rab27a and Rab27b expression along with other
small GTPases (Rab31 and Rab7a) implicated in ESCRT-independent
exosomal release [77]. Further investigations are needed in order to
determine if altered autophagy in bioreactor culture is affecting EV
biogenesis. It is also noticed that CD63, which recently was confirmed as
a predominate small EV (exosome) marker, was upregulated in all
bioreactor conditions, and EV size distribution showed consistent results
with the increased small particle (less than 50 nm) ratio.

MiRNA cargo has been recognized as the major contributor to the
therapeutic effects of hMSC-derived exosomes [7,78,79]. Shear stress is
noted to play an essential role in stimulating angiogenesis and remod-
eling of the vasculature [80-84]. There is also evidence to show that
miRNAs can be induced in cells exposed to biophysical forces, including
miR-21 and miR-132 [85-87]. Therefore, EV miRNA cargo that have
implications in angiogenesis and wound healing were investigated in
this study. miR-10, miR-21, miR-19a, and miR-132, which have all been
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shown to promote or facilitate angiogenic behavior, were upregulated in
bioreactor culture compared to the 2D control. miR-10 sequesters
vascular endothelial growth factor (VEGF) through the regulation of cell
surface ligands [88]. miR-21 promotes angiogenesis through targeting
and inhibition of the Fas ligand protein [89]. miR-19a promotes cell
proliferation as well as angiogenesis through the inhibition of the anti-
angiogenic factor TSP-1 and the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathway [90]. miR-132 has
been shown to act an “angiogenic switch” in the endothelium inducing
vascularization [91]. Contrarily, the upregulation of miR-19b, miR-30b,
and miR-377 was observed in this study, which have been shown to play
roles in inhibiting or suppressing angiogenesis. miR-19b may potentially
inhibit angiogenesis via VEGF receptor targeting in the endocytosis
signaling pathway [92], while miR-30b and miR-377 inhibitions pro-
moted angiogenesis [93,94]. Together, these miRNAs that have a reg-
ulatory mechanism in angiogenesis and wound healing may be impacted
by bioreactor culture. It needs to be noted that miR-377 and miR-132
showed differential expression across different culture conditions,
indicating that their expression is dependent on the shear stress level.
miR-132 expression reached a plateau (after 40 RPM) with shear stress
increases, while miR-377 expression is the highest under the 40 RPM
condition and the level decreases under the 64 RPM condition. This is
consistent with previous literature demonstrating that miR-132 in-
creases stepwise with fluid shear stress (0-15 dyn/cm?) in periodontal
ligament cells [95].
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Besides angiogenesis, the miRNAs upregulated in bioreactor-
produced EVs also have neuroprotective effects (e.g., miR-10, 19a,
19b, 21, 132, and 377). miR-19a can inhibit the Cyclin D1 expression,
regulate cell cycle and its interactions with Wnt signaling pathway, and
exhibit anti-apoptotic effects [96,97]. miR-21 has potent neuro-
protective effects, alleviates blood-brain barrier (BBB) disruption in
ischemic stroke, and promotes neurite outgrowth by regulating pro-
grammed cell death protein 4 [98-101]. miR-21 was also identified as a
long-term memory keeper of the fibrogenic program in hMSCs regulated
through the acutely mechanosensitive myocardin-related transcription
factor-A (MRTF-A/MLK-1) [87]. miR-132 has been reported to play an
important role in maintaining the BBB integrity as well as regulating
neurite outgrowth and neuronal transmission [102]. Blocking the
miR-132 delivery from neurons to cerebral endothelial cells can induce
BBB leakage.

Additionally, very high levels of cell and microcarrier aggregation
around day three and five of culture were observed (Supplementary Fig.
S$6). Similar 3D aggregate culture has been reported to have significant
impacts on EV proteins and miRNA cargo [103,104]. Our previous study
demonstrated that 3D hMSC aggregates promote EV biogenesis and
modulate EV protein cargo with potential to enhance immunomodula-
tory potential compared to the 2D culture [36], possibly due to the
cytoskeleton reorganization and the reconfigured cell metabolism. In
this study, proteomics analysis reveals that the DEPs in the parent cells
may contribute to the DEPs in the secreted EVs, and the altered cellular
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metabolism in PBS bioreactor microenvironment (e.g., exposure to shear
stress, the 3D microcarrier culture) may contribute to the enhanced EV
biogenesis. The protein cargo of EVs of PBS bioreactor-expanded hMSCs
has similar profile to the EVs of 3D hMSC aggregates, which has been
well characterized in our previous studies, including in vitro functional
analysis and in vivo therapeutic effects on Alzheimer’s disease animal
models [36,105]. The DEPs in the bioreactor-EVs are enriched in cell
adhesion, cell migration, ECM-receptor interaction, focal adhesion, and
HIF-1 signaling pathway. The DEPs in the EVs in bioreactor only subset
shows the enrichment of proteins related to metabolic processes and
cadherin binding. While the protein expression of bioreactor-EVs pos-
sesses similar profiles to EVs from 3D hMSC aggregates, in vivo func-
tional analysis needs to be investigated in the future to confirm similar
therapeutic benefits.

Increasing production of hMSCs and their derived EVs to meet
growing demands as cellular therapeutics requires progressive scaling
into larger bioreactor systems that ensure the therapeutic efficacy [106].
Our study found scaling hMSC and EV production resulted in similar
expansion in the 0.5L Vertical-Wheel bioreactor compared to the 0.1L
bioreactor. Each bioreactor was run at the lowest possible agitation
speed to suspend microcarriers (25 and 19 RPM for the 0.1L and the 0.5L
bioreactor respectively). Lower shear stress may have resulted in larger
aggregation of hMSCs and microcarriers in the 0.5L bioreactor on days 5
and 8, during high confluency, resulting in non-homogenous mixtures
during sampling. Overall, mRNA levels for genes modulating glycolysis,
autophagy, and EV biogenesis in the 0.5L vessel showed only minor
changes from the 0.1L bioreactor. The increased yields of EV production
per cell and per mL media over 2D culture were retained, suggesting that
scaling does not have a significant impact on hMSCs and the derived
EVs. Yet, there was a significant increase in miRNA cargo in EVs from
the 0.5L vessel. The interface of the media with the gas in the headspace
of each bioreactor is of similar sizes, therefore, the near equivalent flux
of oxygen into the media may not be able to replenish increased oxygen
consumption in the 0.5L vessel and lower oxygen tension may increase
miRNA levels [107]. Introduction of sparging or a steady flow of oxygen
into the headspace are proven strategies at replenishing oxygen levels
[108]. The Vertical-Wheel bioreactor system has potential for the scaled
production up to 15-80L.

5. Conclusion

This study demonstrates that in PBS bioreactor microenvironment (i.
e., the presence of shear stress, 3D microcarrier culture) hMSCs shift
metabolic processes and ROS accumulation is increased. hMSC micro-
environment in a Vertical-Wheel bioreactor significantly increases EV
yields and promotes EV biogenesis markers compared to traditional 2D
culture. Increasing shear stress doesn’t impact hMSC proliferation and
EV production over tested range (25-64 RPM). Bioreactor microenvi-
ronment alters miRNA cargo (upregulated miRNAs with therapeutic
potential) and protein cargo, which shows the similarity to the EVs from
3D hMSC aggregates. The scale up potential is also demonstrated in 0.5L
bioreactor. This study demonstrates the feasibly of scalable production
of hMSC-EVs in bioreactors with defined cargo and provides the possible
mechanisms that contribute to the promoted EV biogenesis in bio-
reactors. Together, the scale up potential of hMSC-EVs in the Vertical-
Wheel bioreactor was demonstrated in this study.
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