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Abstract: Cell and gene therapies (CGT) have reached new therapeutic targets but have noticeably
high prices. Solutions to reduce production costs might be found in CGT storage and transportation
since they typically involve cryopreservation, which is a heavily burdened process. Encapsulation
at hypothermic temperatures (e.g., 2-8 °C) could be a feasible alternative. Adipose tissue-derived
mesenchymal stromal cells (MSC(AT)) expanded using fetal bovine serum (FBS)- (MSC-FBS) or
human platelet lysate (HPL)-supplemented mediums (MSC-HPL) were encapsulated in alginate
beads for 30 min, 5 days, and 12 days. After bead release, cell recovery and viability were
determined to assess encapsulation performance. MSC identity was verified by flow cytometry, and
a set of assays was performed to evaluate functionality. MSC(AT) were able to survive encapsulated
for a standard transportation period of 5 days, with recovery values of 56 + 5% for MSC-FBS and 77
+ 6% for MSC-HPL (which is a negligible drop compared to earlier timepoints). Importantly, MSC
function did not suffer from encapsulation, with recovered cells showing robust differentiation
potential, expression of immunomodulatory molecules, and hematopoietic support capacity.
MSC(AT) encapsulation was proven possible for a remarkable 12 day period. There is currently no
solution to completely replace cryopreservation in CGT logistics and supply chain, although
encapsulation has shown potential to act as a serious competitor.

Keywords: mesenchymal stromal cells; cell encapsulation; hypothermic temperatures; fetal bovine
serum; human platelet lysate; xenogeneic-free; hematopoietic support assay
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1. Introduction

Cell and gene therapies (CGT) have seen a significant growth in the past decades due
to their unmatched potential to improve the treatment landscape of a large variety of
diseases [1]. CGT products differ from traditional biopharmaceuticals since they are
capable of a much more complex response to disease than small molecules or antibodies.
CGT can restore tissues or increase the body’s innate ability to fight disease by
dynamically reacting to environmental and biological cues [2].

Among potential CGT products, mesenchymal stromal cells (MSC) became the
subject of great research interest, spurred mainly by their potential for application in
regenerative medicine. Their differentiation potential into different lineages, significant in
vitro expansion capacity, accessible isolation from multiple sources with few associated
ethical issues (e.g., umbilical cord and adipose tissue [AT]), and their good safety and
efficacy profiles from a variety of pre-clinical studies encouraged their increased use in
human clinical trials, particularly between 2004 and 2011 [3]. However, despite the large
number of clinical trials, and contrary to expectations, the lack of statistically significant
results in terms of efficacy and their discrepancy with the results of pre-clinical assays
hampered the advancement of MSC-based therapies as marketed CGT [3,4]. It was only
in 2018 that the European Medicines Agency (EMA) approved Alofisel, which is an
allogenic MSC-based therapy for complex perianal fistulae in Crohn’s disease [5].

The success of Alofisel contrasted with the underwhelming results of previous
human clinical trials and could be explained by a paradigm shift in the mechanism of the
action of MSC. Focus changed from their tissue regeneration potential to their
immunomodulatory action which leveraged their complex secretome and opened the
door for the first statistically significant results in human clinical trials using MSC [6,7].
Due to this, and despite their initial disappointing results, MSC are again being used in a
great number of clinical studies, and a great majority of them are in phase I and II (a search
in clinicaltrials.gov in July 2022 for the term “Mesenchymal” yielded 1720 studies). The
high number of ongoing early phase clinical trials suggests there is great untapped
potential for more MSC-based CGT to be developed and approved.

Considering the vast therapeutic potential of MSC, from graft vs. host disease
(GvHD) to spinal cord injury, the establishment of a robust manufacturing process that is
good manufacturing practices (GMP)-compliant, minimizes variability and facilitates the
approval of new CGT should be a priority, ensuring a quick translation from bench-to-
bedside [1,2,6-8]. Furthermore, CGT usually have higher costs compared with other
classes of medicines; therefore, to ensure commercial effectiveness, it is important to
consider cost of goods (COGs) optimization in the early stages of process development
with the aim of minimizing the cost per dose without compromising the product quality.
In the specific case of allogeneic MSC-based products, these medicines usually require
large manufacturing scales, so opportunities for economies of scale can be leveraged [9-
11]. Indeed, the large-scale production of allogeneic MSC is not a straightforward process,
and the decisions regarding production platform design have a great impact in the
robustness, validation, and commercial viability of the cell product.

Some critical steps in MSC production are their storage and journey from bench-to-
bedside [12]. The processes used for storage and transportation must ensure the cell
product is consistently GMP-compliant and safe to maintain cell viability and potency
during the time window that separates the release of the product from a GMP facility to
the clinical trial center or therapeutic facility [7,13,14].

Cryopreservation is currently regarded as an indispensable step of CGT production
because it is a feasible strategy that allows for an MSC-based product to be an off-the-shelf
product that can meet economical, logistical, and regulatory requirements. Cells can be
stored in controlled conditions for extended periods and shipped in a frozen state to
healthcare centers where they can be thawed and quickly administered to patients [14-
16]. However, cryopreservation and thawing procedures are known to induce cellular
injuries that negatively affect the stability and therapeutic efficacy of MSC-based
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products, which is possibly responsible, at least partially, for early disappointing clinical
results [15,17].

Although cryopreservation is currently considered the gold standard in MSC
manufacturing, finding alternative strategies that can replace and/or complement this
process (serving as transportation solutions between production and healthcare
providing facilities) has been the focus of several studies. Lyophilization, or freeze-drying,
has been investigated as a possible strategy to store cells at an ambient temperature by
rapidly freezing and dehydrating cells while using a protective compound, such as the
sugar trehalose [18]. This method efficiently preserved placental tissue at room
temperature (RT), which suggests that it can be a viable alternative for the preservation
and storage of cellular products, including MSC, as it will simplify storage [19]. In cases
where an extended shelf-life is not required, the hypothermic storage (between 2 and 8
°C) of cell products is perhaps a simpler solution as it relies only on storing and/or
transporting cells in culture media designed specifically for this purpose. Multiple studies
have shown the ability of research and clinical-grade media to maximize cell viability and
function while storing them for periods between 1 and 7 days at temperatures around 4
°C [20-22]. Another popular strategy that relies on hypothermic storage for safely storing
and transporting cells is encapsulation in different polymers, both natural and synthetic,
with alginate being the most common [12].

Alginate is a natural polysaccharide that can be obtained from seaweed and jellified
when cations are added to generate a biocompatible hydrogel [23]. The advantages of
alginate as a simple and cost-effective solution for protecting cell products during storage
and transportation have been attributed to its ability to stabilize the membrane of cells in
suspension and to protect them from osmotic shock and mechanical stress [12,24].
Alginate encapsulation has potential to impact CGT manufacturing. Cells would be
encapsulated in beads, stored at hypothermic temperatures in a non-proliferative stage,
and then recovered by dissolving the gel and replacing the solutions with fresh culture
media.

In this study, we aim to determine the ability of alginate encapsulation to maintain
cell viability, identity, and function in the context of MSC-based therapy manufacturing.
For this purpose, adipose tissue-derived MSC (MSC(AT)) were encapsulated and stored
for a total of 12 days at hypothermic temperatures. MSC(AT) expanded in medium
supplemented with human platelet lysate (HPL) were compared with cells expanded in
medium supplemented with fetal bovine serum (FBS), which is the historical standard, to
establish a xeno(geneic)-free condition in line with GMP requirements. To our knowledge,
this is the first study to push MSC(AT) encapsulation to relevant time periods (i.e., 12
days) using a standardized, commercially available kit (BeadReady™, Atelerix,
Newcastle, UK) that complies with GMP conditions. Encapsulated MSC(AT) were
extensively analyzed to determine if their identity and function were preserved for the
tested conditions in comparison to non-encapsulated cells.

2. Materials and Methods
2.1. Human Tissues

Adipose tissue (AT) samples and umbilical cord blood (UCB) units were obtained
through collaboration agreements secured by the Institute for Bioengineering and
Biosciences (iBB) at Instituto Superior Técnico (IST), Clinica de Todos-os-Santos (Lisbon),
and Hospital Sao Francisco Xavier (Lisbon). Informed consent was obtained from healthy
donors before the harvesting of samples in accordance with Directive 2004/23/EC of the
European Parliament and of the Council of 31 March 2004 regarding standards of quality
and safety for the donation, procurement, testing, processing, preservation, storage, and
distribution of human tissues and cells, represented by the counterpart Portuguese Law
22/2007. Adipose tissue-derived mesenchymal stromal cells (MSC(AT)) isolation,
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characterization, and cryopreservation was performed following protocols previously
established by the Stem Cell Engineering Research Group at iBB [25,26].

2.2. MSC(AT) Expansion

Cryopreserved MSC(AT) were thawed and seeded in low glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientificc Waltham, MA, USA)
supplemented with 10% (v/v) MSC-qualified fetal bovine serum (FBS) (Thermo Fisher
Scientific) and 1% (v/v) Antibiotic-Antimycotic (A/A) (Thermo Fisher Scientific) (DMEM-
FBS) at a cell density of 3000 cells/cm? on standard tissue culture plastic and were
transferred to an incubator at 37 °C and 5% CO: in a humidified atmosphere. The DMEM-
FBS expansion medium was changed every 3-4 days until cells reached between 70 and
80% confluence. Cells were detached from their culture surface with 0.05% (v/v) trypsin
(Thermo Fisher Scientific) and 1 mM ethylenediaminetetraacetic acid (EDTA) (Sigma-
Aldrich, St. Louis, MI, USA) in phosphate buffered saline (PBS) (Sigma-Aldrich). In order
to establish a xenogeneic-free culture condition, detached cells were evenly split between
the existing DMEM-FBS condition and low glucose DMEM supplemented with 5% (v/v)
human platelet lysate (HPL) (UltraGRO™-PURE, kindly provided by AventaCell
Biomedical Corp., Atlanta, GO, USA) and 1% (v/v) A/A (DMEM-HPL). Adaptation to
xeno-free conditions was completed after an additional DMEM-HPL passage for
MSC(AT). Cell detachment under xeno-free conditions was performed using TrypLE
(Thermo Fisher Scientific).

2.3. MSC(AT) Encapsulation

MSC(AT) encapsulation in alginate beads was performed following the instructions
included in the BeadReady™ kit (kindly provided by Atelerix, Newcastle, UK). Briefly,
the procedure was separated into three sections, including gelation,
storage/transportation, and release. For each single encapsulation, 6 x 10 cells were
suspended in their respective medium at twice the final encapsulation density and then
carefully mixed with an alginate solution. Slowly, the mixture was dropwise transferred
into a gelation solution using a needle in order to form uniform and spherical beads. After
gelation stabilization, beads were washed and stored in their respective expansion
medium in a tightly sealed tube away from light at a temperature between 10 and 20 °C
to mimic possible temperature oscillations during transportation. During encapsulation,
medium samples were taken from each bead-containing tube, centrifuged, and stored at
-80 °C for future metabolic analysis. Beads were dissociated 30 min after encapsulation
(DO0), at day 5 (D5), and at day 12 (D12). Cell release was done by replacing the expansion
medium with the provided dissolution buffer. Afterward, released cells were washed and
resuspended in fresh expansion medium. Recovered MSC(AT) were quantified to
determine bead recovery, and their viability was also assessed.

2.4. Glucose and Lactate Profiles

Medium samples were thawed at room temperature (RT) and vortexed before they
were distributed on a 96-well culture plate in duplicates. Glucose and lactate
concentrations were determined using membrane-bound immobilized enzyme
quantification in a YSI 2500 Biochemistry Analyzer (YSI, Yellow Springs. OH, USA). First-
order regressions were fitted to MSC(AT) glucose and lactate concentration profiles.
MSC(AT) glucose consumption and lactate production rates were determined from
regression slopes multiplied by the expansion medium volume (5.5 mL) in bead-
containing tubes. MSC(AT) specific glucose consumption and lactate production rates
were calculated by dividing glucose and lactate rates by the cell number at each
encapsulation timepoint. Glucose consumption and lactate production rates for MSC(AT)-
hematopoietic stem cells and progenitor cells (HSPC) co-culture and HSPC culture control
(No FL) were calculated by dividing the difference in concentration at the beginning and
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the end of the co-culture by the duration period of the hematopoietic support assay (7
days).

2.5. MSC(AT) Immunophenotype

Released and non-encapsulated MSC(AT) were sent in their respective expansion
mediums at 4 °C to the Flow Cytometry Unit at Centro Hospitalar e Universitario de
Coimbra where their immunophenotype was analyzed via flow cytometry on a
FACSCanto II cytometer (BD Biosciences, Franklin Lakes, NJ, USA) using FACSDiva
software (v8.02, BD Biosciences). For each condition, cells were resuspended in 100 uL
PBS and stained for cell surface markers resorting to a stain-lyse-wash direct
immunofluorescence technique. MSC(AT) were stained with the following antibodies:
HLA-DR (L243) V450 (BD Biosciences), CD274 (29E.2A3) BV421 (BioLegend, San Diego,
CA, USA), CD108 (KS-2) BV421 (BD Biosciences), CD45 (2D1) V500-C (BD Biosciences),
CD73 (AD2) FITC (BioLegend), CD44 (L178) FITC (BD Biosciences), CD105 (TEA3/17.1.1)
PE (Beckman Coulter, Brea, CA, USA), CD39 (TU66) PE (BD Biosciences), STRO-1 (STRO-
1) PE (ExBio, Prague, Czech Republic), CD54 (LB-2) PE (BD Biosciences), CD34 (8G12)
PerCP-Cy5.5 (BD Biosciences), CD200 (OX-104) PerCP-Cy5.5 (BioLegend), CD146 (SHM-
57) PerCP-Cy5.5 (BioLegend), ICOSL (2D3) PerCP-Cy5.5 (BioLegend), CD19 (J3-119) PE-
Cy7 (Beckman Coulter), CD271 (ME20.4) PE-Cy7 (BioLegend), CD106 (STA) PE-Cy7
(BioLegend), CD90 (5E10) APC (BioLegend), CD142 (NY2) APC (BioLegend), CD14
(M@P9) APC-H7 (BD Biosciences), B7-H4 (MIH43) APC Fire 750 (BioLegend), and CD10
(HI10a) APC-H?7 (BD Biosciences). MSC(AT) were surface stained for 10 min in the dark
and at RT. Following this step, cells were incubated for 10 min in the dark at RT with 2mL
of FACSLysing solution (BD Biosciences) and then centrifuged, which discarded the
supernatant. Cell pellets were then washed with PBS and resuspended so they were ready
to be acquired. Following acquisition, data analysis was performed using Infinicyt
(Cytognos, Salamanca, Spain), version 2.0.

2.6. MSC(AT) Multilineage Differentiation
2.6.1. Adipogenic Differentiation

Released and non-encapsulated cells were plated at a density of 100,000 cells/cm?.
After 24 h, differentiation was induced with the StemPro™ Adipogenesis Differentiation
Kit (Thermo Fisher Scientific). Complete differentiation medium supplemented with 1%
(v/v) A/A was changed twice a week for 21 days. Cells were then washed with PBS, fixed
with 4% (v/v) paraformaldehyde (Sigma Aldrich) for 30 min at RT, and washed again with
PBS. Fixed cells were initially incubated with a 60% isopropanol (Thermo Fisher Scientific)
solution for 5 min at RT. Then, cells were stained to determine their degree of adipogenesis
with a mixture (3:2) of 0.3% (v/v) Oil Red O (Sigma Aldrich) in a 60% (v/v) isopropanol
solution and water for 1 h at RT. After incubation, cells were washed three times with
distilled water and kept in PBS. Differentiation phenotype was observed under the
microscope (DMI3000 B (Leica, Wetzlar, Germany)) and images were taken.

2.6.2. Osteogenic Differentiation

MSC(AT) were seeded at a density of 100,000 cells/cm? on a 24-well culture plate.
Differentiation was also induced 24 h later by using the StemPro™ Osteogenic
Differentiation Kit (Thermo Fisher Scientific). Complete differentiation medium
supplemented with 1% (v/v) A/A was changed twice a week for 21 days, after which cells
were fixed as stated for the adipogenic differentiation protocol. Cells were subjected to
both an alkaline phosphatase and a Von Kossa stain to verify their osteogenic
differentiation. Firstly, fixed cells were incubated for 40 min at RT in a solution of Fast
Violet (Sigma Aldrich) and Naphthol (Sigma Aldrich), and then they were washed with
distilled water afterward. With the alkaline phosphatase stain completed, cells were then
incubated for 30 min with silver nitrate (Sigma Aldrich), washed three times with distilled
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water, and kept in PBS. Differentiation phenotype was observed under the microscope
and images were taken.

2.6.3. Chondrogenic Differentiation

For the chondrogenic differentiation, released and non-encapsulated MSC(AT)
(800,000 cells in each condition) were prepared for aggregation using the hanging drop
method. Cells were resuspended in 240 uL and droplets of 30 uL were placed on a Petri
dish lid after being centrifuged and having their supernatant discarded. The droplet-
containing lid was inverted onto its respective dish after filling the bottom of the Petri
dish with PBS. Petri dishes were placed at 37 °C for 24 h for cell aggregates to form. Then,
MSC(AT) aggregates were transferred onto Costar® ultra-low attachment plates (Corning,
Corning, NY, USA), and differentiation was induced with the MesenCult™-ACF
Chondrogenic Differentiation Kit (STEMCELL Technologies, Vancouver, BC, Canada).
Complete chondrogenic differentiation medium supplemented with 1% (v/v) A/A was
changed twice a week for 21 days. Cells were incubated for 1 h in an 1% (v/v) Alcian Blue
(Sigma Aldrich) solution, washed three times with distilled water, and kept in PBS to
assess chondrogenic differentiation. Cells were observed under the microscope and
images were taken.

2.7. Hematopoietic Support Assay
2.7.1. UCB Mononuclear Cell (MNC(CB)) Isolation

MNC(CB) were isolated from UCB by phase separation using a Ficoll (GE Healthcare,
Chicago, IL, USA) density gradient. After centrifugation, the layer of MNC(CB) was
aspirated and washed with 2 mM EDTA (Sigma-Aldrich) in PBS. Removal of potential
erythrocyte contamination was achieved by incubating cells at 4 °C with 155 mM
ammonium chloride for 10 min. Isolated MNC(CB) were frozen in DMEM-FBS with 10%
dimethyl sulfoxide (DMSO) and safely stored in a liquid/vapor phase nitrogen tank.

2.7.2. Generation of a Cryopreserved CD34* Pool from MNC(CB)

Six different donors of previously isolated MNC(CB) were thawed and pooled for
CD34 enrichment through Magnetic Activated Cell Sorting (MACS) using the CD34
MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions to generate a pool of CD34* expressing cells for the entire
study. CD34* expression was confirmed by flow cytometry and a quality criterion of at
least 70% CD34 expression was defined. Enriched cells were also subjected to a colony-
forming unit (CFU) assay and a complete immunophenotypic analysis before being
refrozen in DMEM-FBS supplemented with 10% DMSO and stored in a liquid/vapor
phase nitrogen tank.

2.7.3. MSC(AT) Feeder Layer Preparation

Released and non-encapsulated MSC(AT) were seeded at a density of 100,000
cells/cm? on 12-well plates and left to adhere in an incubator overnight. The day after,
confluent feeder layers were selected for the hematopoietic support assay.

2.7.4. Ex Vivo Expansion of HSPC

For each expansion, a fraction of the pool of UCB-derived CD34+*-enriched cells was
thawed and seeded at a density of 30,000 cells/mL, both with the presence of an MSC(AT)
feeder layer (co-culture) and without (no feeder layer control [No FL]). HSPC were
expanded for 7 days in StemSpan Serum-Free Expansion Medium (SFEM) II (STEMCELL
Technologies, Vancouver, BC, Canada) (2 mL/well) supplemented with 1% (v/v) A/A and
a cytokine cocktail consisting of stem cell factor (SCF), fms-like tyrosine kinase 3 ligand
(F1t-3L), thrombopoietin (TPO), and basic fibroblast growth factor (bFGF) (PeproTech,
Cranbury, NJ, USA) with concentrations of 90, 77, 82, and 5 ng/mL, respectively. The



Bioengineering 2022, 9, 805

7 of 24

cytokine concentrations that were used were previously optimized by our group targeting
maximization of the expansion of UCB-derived CD34*-enriched cells in co-culture with
MSC [27].

2.7.5. Proliferation Assay

After 7 days, expanded HSPC (suspended and adhered) from each well were
harvested through forced pipetting and counted to assess proliferation by Trypan Blue
(Thermo Fisher Scientific) exclusion method. Fold change (FC) was calculated by dividing
the number of expanded HSPC by the number of HSPC originally seeded (60,000 cells).
Proliferation values were then normalized by dividing each FC by the one obtained for its
respective No FL control.

2.7.6. In Vitro Clonogenic Assay

HSPC potential to proliferate as colonies and differentiate into myeloid lineages was
evaluated before and after HSPC expansion through the CFU assay. 1000 non-expanded
CD34+-enriched cells (day 0) or 2500 expanded cells (day 7) were resuspended in 2 mL of
MethoCult™ Classic (STEMCELL Technologies) medium, divided into three wells of a 24-
well culture plate and left for 14 days to incubate at 37 °C, 5% CO: in a humidified
atmosphere [27]. After an incubation period of 14 days, multilineage colony-forming unit
(CFU-Mix), burst-forming unit erythroid (BFU-E), and colony-forming unit granulocyte-
macrophage (CFU-GM) colonies were classified and counted using a brightfield
microscope (Olympus CK40 (Olympus, Tokyo, Japan)). Colony number was divided by
the number of seeded cells and then multiplied by the number of expanded or non-
expanded HSPC. Fold change in total colony number (FC Total CFU) was obtained by
dividing the total colony number at day 7 by the respective of day 0.

2.7.7. HSPC Immunophenotype

The immunophenotype of isolated and expanded HSPC was analyzed by flow
cytometry. Briefly, cells were washed with PBS and viability was evaluated using a Far
Red Fixable Dead Cell Stain Kit (Thermo Fisher Scientific). Afterward, cells were surface
stained using previously titrated CD45RA (HI100) FITC (BD Biosciences), CD90 (5E10) PE
(BioLegend) and CD34 (8G12) PerCP-Cy5.5 (BD Biosciences). Stained cells were acquired
on a FACSCalibur™ cytometer (BD Biosciences). Data was analyzed using Flow]Jo v10
software (FlowJo LLC, Ashland, OR, USA).

2.8. Statistical Analysis

Data were analyzed using GraphPad Prism 8 software (Dotmatics, Boston, MA,
USA). The results are presented as mean + standard error of the mean (SEM). First-order
regressions were calculated using the least squares regression fitting method. Goodness
of fit was evaluated using the coefficient of determination (R?). A Shapiro-Wilk test was
carried out to assess data normality for statistical hypothesis testing. One-way analysis of
variance (ANOVA) was used to detect significant differences, and a Tukey multiple
comparison test was done to determine which specific groups had statistical significance.

3. Results

The feasibility of encapsulating mesenchymal stromal cells (MSC) as a means of
storage and transportation for cell therapies was tested. Three independent donors of
adipose tissue-derived MSC (MSC(AT) were expanded in vitro either in standard fetal
bovine serum (FBS)-supplemented medium or xeno-free, human platelet lysate (HPL)-
supplemented medium. For each condition, cells were encapsulated in alginate beads
using the BeadReady™ kit. Encapsulated cells were maintained in an environment
simulating transportation and storage conditions during three different time periods,
including 30 min (DO0), 5 days (D5), and 12 days (D12). Encapsulated cells were released
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MSC(AT)

FBS or HPL-
supplemented medium

Non-encapsulated cells

and compared to non-encapsulated cells concerning their cell number,
immunophenotype, metabolism, differentiation potential, and hematopoietic support
capacity when they reached their specific timepoints (Figure 1).
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Figure 1. Study design. Three different adipose tissue-derived mesenchymal stromal cell (MSC(AT))
donors were expanded in fetal bovine serum (FBS) or human platelet lysate (HPL)-supplemented
expansion medium in standard tissue culture plastic. MSC(AT) were encapsulated in alginate beads
and kept at temperatures between 10 and 20 °C after reaching desired temperatures. MSC(AT) were
left encapsulated during three different time periods: 30 min (D0), 5 days (D5), and 12 days (D12).
Cells were then released and subjected to different characterization assays and compared with non-
encapsulated MSC(AT). Cell retainment and survival during encapsulation, MSC identity and
functional immunophenotype, MSC tri-lineage differentiation potential, metabolic activity, and
hematopoietic support capacity were determined and compared between timepoints.

3.1. MSC(AT) Were Successfully Encapsulated and able to Withstand Hypothermic
Temperatures for up to 12 Days

A commercially available encapsulation kit, BeadReady™, which is based on alginate
beads, was tested using adipose tissue-derived mesenchymal stromal cells (MSC(AT)) as
target cells. An initial timepoint of 30 min of encapsulation (D0) was defined to quantify
the encapsulation efficiency (i.e., the ratio of the encapsulated cells at DO and the initial
cell number prior to encapsulation). MSC(AT) expanded in fetal bovine serum (FBS)-
supplemented medium (MSC-FBS) reached a 71 + 5% efficiency, whereas MSC(AT)
expanded in human platelet lysate (HPL)-supplemented medium (MSC-HPL) achieved a
77 + 5% encapsulation efficiency (Figure 2A). After closely following the encapsulation
protocol, formed beads were stable throughout the duration of the study, with no
unwanted bead loss being observed. Cell recovery decreased as storage time increased for
both MSC-FBS and MSC-HPL, reaching 44 + 2% and 50 * 5% at D12, respectively.
Interestingly, MSC-FBS cell recovery showed a gradual drop throughout the timepoints
(D0—71 +5% vs. D5—56 + 5% [p > 0.082]; D5 vs. D12—44 + 2% [p > 0.194]; and DO vs. D12
[p <0.01]), while MSC-HPL appeared to show a more stable encapsulation profile with no
detectable cell loss within the first five days (D0—77 + 5% vs. D5—77 + 6%; D5 vs. D12 —
50 + 5% [p < 0.05]; and DO vs. D12 [p < 0.05]). Nevertheless, from D5 to D12, MSC-HPL
showed a sharper decline as it reached similar levels of cell recovery at D12 as MSC-FBS.
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Figure 2. Cell encapsulation performance and MSC(AT) metabolic analysis. (A) Cell recovery from
alginate beads after 30 min (D0), 5 days (D5), and 12 days (D12) for MSC-FBS (blue) and MSC-HPL
(red). (B) Cell viability of MSC(AT) before encapsulation (Non) and after their release from
encapsulation at D0, D5, and D12. (C) Glucose and lactate concentration profiles. (D) Glucose (left)
and lactate (right) profile regression modelling, including the fitting of first-order regressions with
the presentation of the equation and coefficient of determination (R?). (E) Molar glucose
consumption and lactate production rates. (F) Specific molar glucose consumption and lactate
production rates at the various encapsulation timepoints. (Three MSC(AT) donors; mean + SEM; * p
<0.05, * p<0.01.)

Cell viability of encapsulated cells was also tracked throughout all timepoints (Figure
2B). Before encapsulation, a high viability was guaranteed (96 + 0.3% for MSC-FBS and 95
* 3% for MSC-HPL). Overall, the recovered cells maintained their viability during the 12
days, although MSC-FBS displayed a slight reduction trend to 76 + 8% at D12, which
somewhat mimicked the trend observed for cell recovery.

These results show that MSC(AT) can be encapsulated and survive in hypothermic
temperatures, albeit with some cell loss occurring over time and a decrease in viability,
particularly when working with MSC-FBS.

3.2. Encapsulated MSC(AT) Demonstrated an Active Metabolism Regardless of the Expansion
Medium

During encapsulation, adipose tissue-derived mesenchymal stromal cells (MSC(AT))
showed a coherent consumption of glucose and a production of lactate between cell
donors (Figure 2C). Neither biological variability nor expansion medium choice
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(MSC(AT) expanded in fetal bovine serum (FBS)-supplemented medium (MSC-FBS) vs.
MSC(AT) expanded in human platelet lysate (HPL)-supplemented medium (MSC-HPL),
which were causes of different MSC(AT) metabolic profiles. The consumption of glucose
and the production of lactate displayed mirrored behavior, with steady decreases and
increases as the encapsulation time grew. By D12, glucose levels were residual, thus
exhibiting signs of nutrient exhaustion.

Metabolic profiles were subjected to regression analysis to better assess the
metabolism of MSC(AT) while encapsulated. Both the glucose and lactate curves were
successfully fit to individual linear functions with high correlation coefficients (R?=[0.89—
0.96]) (Figure 2D). Encapsulated MSC-FBS and MSC-HPL displayed constant glucose
consumption and lactate production rates throughout the encapsulation as a consequence
of possessing linear regression functions (Figure 2E). Interestingly, MSC-HPL consumed
2.2 + 0.2 pmol glucose/day, which was higher than MSC-FBS with 1.6 + 0.1 pmol
glucose/day. In contrast, lactate production rates were very similar between MSC-FBS and
MSC-HPL conditions.

Specific consumption and production rates were determined to better understand
these metabolic rates at a cellular level (Figure 2F). Specific metabolic rates generally
increased with encapsulation time since MSC(AT) had constant metabolic rates and cell
recovery decreased over time. Specific glucose consumption rates for both MSC-FBS and
MSC-HPL varied between 0.38 and 0.74 fmol/day.cell and specific lactate production rates
between 0.65 and 1.25 fmol/day.cell. Apparent lactate/glucose yields (Yiactate/giucose) reflect
previously mentioned differences in glucose consumption between MSC-FBS and MSC-
HPL, with values of 2.05 and 1.38, respectively.

3.3. Upon Encapsulation, Released MSC(AT) Maintained Their Identity, Immunosuppressive
Potential and Clonogenic Capabilities as Well as Their Differentiation Potential

After being encapsulated, recovered adipose tissue-derived mesenchymal stromal
cells (MSC(AT)) preserved their ability to differentiate into osteogenic, chondrogenic, and
adipogenic lineages. Following a 21-day differentiation, every biological donor from
MSC(AT) expanded in fetal bovine serum (FBS)-supplemented medium (MSC-FBS) and
MSC(AT) expanded in human platelet lysate (HPL)-supplemented medium (MSC-HPL)
was able to successfully originate cells from each one of the three lineages (Figure 3A).
Thus, no changes in MSC(AT) differentiation potential were observed after encapsulation.

MSC-FBS and MSC-HPL immunophenotypes were extensively characterized via
flow cytometry analysis to uncover whether released MSC-FBS and MSC-HPL maintained
their identity and function. MSC identity markers (positive and negative) were tracked
and did not change their expression throughout encapsulation (Figure 3B) [28,29].
Multiple MSC(AT) clonogenic and immunosuppression markers were also followed and
showed different expression behavior (Figure 3C). Those that gave rise to positive
subpopulations (e.g., B7-H4 —immunosuppression and CD271 —clonogenic), showed an
increasing trend as encapsulation time grew for both MSC-FBS and MSC-HPL (Figure
4A). Median fluorescence intensity (MFI) analysis was done to detect variations in
expression over time for markers where MSC(AT) displayed a homogeneous expression
(Figure 4B). No significant differences in MFI were observed for these markers. Going
further into MSC function, a small set of particular markers were also studied, namely
motility-related CD10, trans-endothelium migration-related CD54, and hematopoietic
support-related CD146 (Figure 4C). MFI tracking was able to discern an increase in CD146
expression as MSC(AT) reached D12 of encapsulation (Figure 4C). However, this MFI rise
was not enough to give rise to a positive population or subpopulation as MSC-FBS and
MSC-HPL maintained their negative expression (Figure 3C).
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Figure 3. Differentiation potential and immunophenotype of MSC(AT) before and after
encapsulation. (A) Map of MSC(AT) tri-lineage differentiations showing successful differentiation
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in every timepoint. The representative images include osteogenic (left), adipogenic (center), and
chondrogenic (right) stainings. (B) Positive and negative identity marker expressions for MSC-FBS
(left) and MSC-HPL (right) (%). (C) Representative MSC(AT) marker expressions for a defined
encapsulation timepoint. Dotplots containing stained cells (orange) were overlaid with the
unstained control (dark grey) for homogeneous populations with no subpopulations identified
(first, third, and fourth row). Marker expressions that led to MSC(AT) positive subpopulations were
gated in contour plots (second row). Scale bar: 100 pm; Non—non-encapsulated; SSC—Side scatter;
MFI—median fluorescence intensity (three MSC(AT) donors; mean + SEM).
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Figure 4. Characterization of MSC(AT) immunosuppression potential and clonogenic ability. (A)
Subpopulation immunosuppressive and clonogenic marker expressions for MSC-FBS (left) and
MSC-HPL (right). (B) Homogeneous immunosuppressive and clonogenic populations with marker
percentage and median fluorescence intensity (MFI) levels for MSC-FBS (left) and MSC-HPL (right).
The interconnected dots are the marker percentage and the bars are the MFI. (C) MFI analysis for
motility (CD10), translocation (CD54), and hematopoietic support-related (CD146) markers for
MSC-FBS (left) and MSC-HPL (right). Non—non-encapsulated; three MSC(AT) donors; mean +
SEM.

MSC(AT) preserved their identity during encapsulation as a homogeneous
population for the set of markers analyzed. For MSC-FBS and MSC-HPL, numerous



Bioengineering 2022, 9, 805 13 of 24

functional branches were explored and shown to be stable during storage at hypothermic
temperatures.

3.4. Encapsulation Time Did Not Impact the Hematopoietic Support Capacity of MSC(AT)

A hematopoietic support assay was proposed as a potency/functional assay for
mesenchymal stromal cells (MSC) and was used to further evaluate the functionality of
encapsulated cells (Figure 5A). Hematopoietic stem and progenitor cells (HSPC) from
umbilical cord blood (UCB) (HSPC(CB)), known for expressing CD34, were sorted and
co-cultured with a feeder layer (FL) of MSC(AT). In vitro expansion of HSPC(CB) within
this co-culture system was evaluated with MSC(AT) as feeder layers (MSC FL) from each
encapsulation timepoint and MSC expansion medium. Each HSPC(CB) expansion had an
internal control where HSPC were cultured without an MSC FL.
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Figure 5. Hematopoietic support assay for MSC(AT) potency/function. (A) Experimental layout.
Non-encapsulated and released MSC(AT) are replated as a feeder layer to investigate their
hematopoietic support capacity. Umbilical cord blood-derived hematopoietic stem and progenitor
cells (HSPC(CB)) were isolated via magnetic activated cell sorting (MACS) and seeded onto the
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MSC(AT) feeder layer. After 7 days in a co-culture setting, expanded HSPC(CB) were harvested and
analyzed concerning their cell number, immunophenotype, metabolic activity, and differentiation
potential using colony forming unit (CFU) assay. (B) Mean fold change (FC) in total nucleated cell
(TNC) number after HSPC(CB) expansion normalized to the control condition (HSPC(CB) expanded
without an MSC(AT) feeder layer (No FL). (C) Glucose (top) and lactate (bottom) concentration
profiles for co-cultures of HSPC(CB) and MSC-FBS (left) and MSC-HPL (right). (D) Glucose
consumption (left) and lactate production (right) rates during hematopoietic expansion. No FL —
the control condition without an MSC(AT) feeder layer; Non—non-encapsulated; three MSC(AT)
donors; mean + SEM.

Concerning the expansion fold change (FC) in total nucleated cells (TNC), no
statistical differences were found between FL made by non-encapsulated MSC(AT) and
encapsulated MSC(AT) (Figure 5B). Non-encapsulated MSC(AT) were able to support the
expansion of HSPC(CB) up to a normalized 1.8-fold and 1.5-fold for MSC-FBS and MSC-
HPL, respectively. This advantage in expanding HSPC with a FL co-culture was never
lost, even though FL were prepared with MSC(AT) with increasingly longer
encapsulation times. However, a slight decreasing trend was present, apparently causing
the FL advantage to shorten (Figure 5B).

Cell metabolism during HSPC(CB) expansion was also followed to detect any
possible changes in MSC behavior due to encapsulation. Here, due to the nature of a co-
culture, both MSC and HSPC contributed to the metabolic dynamics observed. In both
profiles (glucose and lactate), the co-culture led to more exhausted media due to its
inherent higher cell number in culture than its control without FL (Figure 5C). Whether
looking at glucose consumption or lactate production, co-culture of hematopoietic
progenitors with MSC-FBS or MSC-HPL from the different encapsulation timepoints
appeared to be very similar and did not seem to point to any metabolic changes.
Quantification of metabolic rates confirmed that, metabolically, MSC(AT) FL established
from previously encapsulated cells did not change their properties with the encapsulation
process or encapsulation time (Figure 5D).

The impact of an MSC(AT) FL on the ex-vivo expansion of HSPC(CB) was further
explored by identifying and quantifying different hematopoietic populations. Cell
populations with ever increasing stemness were tracked (CD34*, CD34*CD45RA", and
CD34*CD45RA-CD90*) by immunophenotyping (Figure 6A). Feeder layers formed by
released MSC(AT), either MSC-FBS or MSC-FBS, had comparable impacts on CD34
expression of expanded HSPC. Both types of FL caused decreasing trends as time of MSC
encapsulation increased, and MSC-HPL FL, specifically, had an expression decline from
close to 60% down to around 40% (Figure 6B). Interestingly, regarding the expansion
levels (FC), CD34* cells increased their numbers in a similar fashion between all conditions
(encapsulation time and MSC expansion medium), namely around normalized 2.4-fold
(Figure 6C). The progenitor population CD34*CD45RA- had post-expansion percentages
with no considerable differences concerning increased MSC encapsulation time. In
contrast, expansion levels (FC) for CD34*CD45RA- cells oscillated, with reduced levels for
FL prepared with MSC(AT) encapsulated for longer periods. Concerning the more
primitive HSPC population (CD34*CD45RA-CD90*), with a percentage before expansion
of around 7%, no obvious differences in post-expansion percentages were noticed. D12
for MSC-HPL contributed toward a decreasing trend as it reached a positive percentage
of 0.9% (Figure 6B). Overall, expansion FC followed suit; however, D12 for MSC-HPL
became the only condition with a significant decrease under the normalization line (Figure
6C).



Bioengineering 2022, 9, 805

15 of 24

Pre-Exp B S fre 100
FBS HPL FBS HPL 2 FBS HPL
® o 80
80 T 80 -
® 3} § 60
8 6o 2 6 - 0 40
[=4] D5 D12 5 ] S
] 8 20 e
2 40+ £ a0 g — =
69.7% AL &1.7% 53.0% ¥ g
g s a8 5 4T
20+ © 20 g
& g 24
2
o [ e e e TT T 1T (U o e TT T 1T
& AT ASPSY BITPT ST
< < < < <©
5 s S e T
FBS HPL L. FES HPL FBS HPL
2 4 2 4 * 5 4
Q E = >k o3 -
3 o 39 3 I; = .. ok
8z # rE 52 3 E3 T wg2 3 fd
og & 4% o &l EW o
8 = 28 il Ex2 i
O s 2 ‘1‘ a8« 24 = — 8§80 5 g
cs ik GE o 228 M HiLA =
£EE 9L I sE H
s - 1 a9 4
E (3]
2
O T T [ s e e | T T T [ R e e T
Nond K FBS SESF FEIF STEF  FoRg FEIL  FIRT
DO | E F
100 40
ps- |
D12 H 5 8a CFU-Mix 5 30
- B w
[l 1 25 60 1 &
ol £ 20
Non- H HPL ﬁs 40 } e
= g CFU-GM o
4 T
g Do H S8 L 4
w
D5 H !
D124 Wy T T 1T 11T 11711 0 r
MFI L& @ FPF S P ‘;é‘()“o"’o\"' Sy
Normalized CD34* MFI * 1 1L | L i 1
FBS HPL FBS HPL

Figure 6. Inmunophenotype and clonogenic potential (CFU) of hematopoietic stem/progenitor cells
co-cultured with MSC(AT). (A) Representative dotplots showing the gating strategy used for the
identification of different HSPC populations before expansion (Pre-Exp) and after expansion using
released (DO, D5, and D12) or non-encapsulated (Non) MSC(AT) as feeder layers. Live HSPC were
gated on forward scatter (FSC) versus side scatter (SSC) followed by the use of a viability dye. Then,
CD34 expression was identified (top) and CD45RA and CD90 expression were also investigated to
explore the remaining populations (bottom). (B) FC of normalized CD34* (relative to the control No
FL) (left), CD34*CD45RA" (center), and CD34*CD45RA-CD90* (right). (C) Percentage of CD34
expression (left), CD34*CD45RA" (center), and CD34*CD45RA-CD90* (right). (D) Quantification of
CD34 loss after expansion. Mean fluorescence intensity (MFI) of CD34* expression was quantified
and normalized using the width of the positive CD34 population. (E) CFU population percentage.
Neglectable burst-forming unit-erythroid (BFU-E) led mainly to two populations, including colony
forming-unit granulocyte (CFU-GM) and colony forming-unit multilineage (CFU-Mix). (F) FC in
total CFU number after HSPC expansion using FL from encapsulated and non-encapsulated
MSC(AT) which were previously expanded in FBS or HPL supplemented medium. No FL —control
condition without an MSC(AT) feeder layer; Non—non-encapsulated; SSC—Side scatter; LL—
Lower limit; UL—Upper limit; three MSC(AT) donors; mean + SEM, * p < 0.05, ** p < 0.01).

Median fluorescence intensity (MFI) of CD34-expressing cells at the end of each
expansion was also followed to take advantage of the dynamics of CD34 expression where
the loss of CD34 during the expansion is gradual and continuous (Figure 6D). No
significant distinctions could be made between encapsulation conditions for both MSC-
FBS and MSC-HPL.

The colony-forming unit (CFU) assay, which tested the myeloid differentiation
potential of HSPC, was performed as part of the hematopoietic support assay. Cell culture
without MSC FL typically originates an equal share of colony-forming unit granulocyte-
macrophage (CFU-GM) and CFU-multilineage (CFU-Mix) for the expanded UCB cells,
although the co-culture system increases the proportion of CFU-GM [27,30]. This
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difference was used to detect any loss of function by MSC(AT) during encapsulation.
MSC-FBS were able to maintain this difference throughout the multiple encapsulation
timepoints (Figure 6E). Similar to the results concerning the percentage of CD34* and
CD34*CD45RA-CD90* cells, D12 for MSC-HPL also showed a slight increase in the
proportion of CFU-Mix. Nevertheless, FC in the total CFU number of expanded HSPC
showed that levels obtained by co-culturing them with encapsulated MSC(AT) were
similar to co-culturing them with non-encapsulated MSC(AT) (Figure 6F).

Considering every MSC-related variable studied, encapsulated MSC(AT)
demonstrated mostly preservation of identity and functionality for the different
encapsulation periods tested (Figure 7).
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Figure 7. Heatmap score of MSC(AT) encapsulation. Key variables were put side-by-side to perform
a comprehensive comparison between encapsulation timepoints for MSC-FBS (top) and MSC-HPL
(bottom). Each variable was individually normalized using the value of non-encapsulated cells or
DO when non-encapsulated cells were not available. Differentiation was set to 1 for every timepoint
as every differentiation was successful. Non—non-encapsulated; Glu—Glucose; Lact—Lactate;
Norm —Normalized; FC—Fold Change; MFI—Median Fluorescence Intensity; n.a. —not applicable;
three MSC(AT) donors; mean.

4. Discussion

Cell and gene therapies (CGT) are becoming a new reality for the treatment for
multiple diseases ranging from cancer to auto-immune conditions [31]. With their
approval gaining traction, several novel cell and cell-derived products may enter the
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market in the coming years [32]. This paradigm shift from traditional biopharmaceuticals
to innovative CGT has unlocked more powerful therapeutic means to tackle diseases. The
complexity involved in the manufacturing of these products has skyrocketed as we gain
more specificity (e.g., CAR-T or CAR-NK targeting a particular tumor) or take advantage
and augment existing cellular processes (e.g., mesenchymal stromal cells (MSC) for
immunoregulation of auto-immune-derived wounds) [8]. The existence of technical
challenges in the development of functioning production processes for CGT have led to
threats against their commercial viability [8]. CGT risk reaching unrealistic prices upon
reaching the market since the production cost has a direct influence on the price tag of the
final approved therapy.

Tackling these challenges has made production cost reduction a key priority for the
field. Determining the cost of goods (COGs) for the entire manufacturing pipeline is an
efficient way to map production costs and uncover optimization opportunities. We knew
this challenge exists for the entire production pipeline; therefore, in this study, we focused
our ambition on impacting product storage and distribution. Although the amount of
COGs studies has been limited and the uniqueness of each CGT manufacture makes it
hard to generalize, therapy distribution has been said to account for up to 20% of the total
manufacturing cost [10]. The costly burden of these two process steps—storage and
distribution —can be partially justified by the use of cryopreservation (i.e., preservation at
ultra-low temperatures below —130 °C) as the standard storage strategy for cellular
therapeutics.

Cell cryopreservation can be considered a double-edged sword. On one hand, it
makes it possible to stop biological time for large periods, thereby extending the lifespan
of cellular products and maintaining their properties in an unaltered state. On the other
hand, cell recovery from thawing has been a longstanding issue when handling cells. Post-
thaw damage to cells is multifaceted, and its impact varies depending on the cell type. For
MSC, cryopreservation has been thoroughly reviewed, and multiple studies have shown
negative effects on viability, amount of apoptosis, attachment, and metabolism [33].
Furthermore, a growing concern in CGT is a cryo-stun effect after thawing. This effect
appears to have special relevance for MSC since it is suspected to be a possible cause for
the lack of success in their initial clinical trials [34]. Cryo-stun is a cell state where thawed
cells display reduced potency or a dysfunctional phenotype. Differences between fresh
and thawed MSC (e.g., cell growth, differentiation, and bioactivity) have been reported
and reviewed [17]. Most of these adverse effects due to cryopreservation were shown to
be temporary and were recovered after being cultured in vitro (i.e., cryorecovery or
revitalization) [17]. Nevertheless, these strategies require additional costly and time-
consuming handling before infusion and may be unrealistic at a large scale.

Cell encapsulation proposed herein completely circumvents the challenges of
cryopreservation by using working temperatures that overlap the room temperature (RT)
range (i.e.,, between 10 and 20 °C). This advantage can effectively eliminate an entire
bioprocessing stage. BeadReady™ is currently available in the market and has an
affordable price range; therefore, it contributes to making this technology readily
available for potential CTG developers. In addition, a straightforward cell release step is
available that involves a single solution exchange to facilitate full implementation by
clinicians. Expensive and energy-consuming cryostorage equipment would no longer be
necessary, nor would qualified labor with certification for handling cryogenic gases. The
temperature-controlled containers with real-time temperature tracking would still be
necessary to ensure the storage range is maintained; however, the distribution and supply
chain model would change drastically since only a handful of companies dominate the
market of cryo-temperature distribution (e.g., Marken or Cryoport) [35]. The ability to
ship and distribute at warmer temperatures would open up a significant range of
previously ineligible companies as potential partners, which may cause a very disruptive
change in CGT logistics and supply chain.
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Indeed, we showed adipose tissue-derived MSC (MSC(AT)) were able to survive
encapsulated up to 12 days. By being able to do so with an adherent cell type (which
normally requires surface adhesion and anchorage cues to survive), we unleash the
potential of this method and this commercial kit for other non-suspension cells. We did
observe a decline in the recovery percentage over time, but the values are similar to MSC
thawing recovery by cryopreservation (around 75%) [36,37]. Importantly, cell viability
was maintained over 70% throughout all timepoints and conditions. MSC(AT) were able
to withstand warmer temperatures and showed few signs of deteriorating cellular health.
Glucose consumption and lactate production were followed to determine the metabolic
state of encapsulated MSC(AT) and their role in sustaining them over time since cryo-
temperatures were not present to halt cell metabolism. MSC(AT) expanded in fetal bovine
serum (FBS)-supplemented medium (MSC-FBS) and MSC(AT) expanded in human
platelet lysate (HPL)-supplemented medium (MSC-HPL) appear to coalesce in their
metabolic profiles during encapsulation, showing only slight distinctions in glucose
consumption and lactate production behavior. Both specific glucose consumption and
lactate production rates of encapsulated MSC(AT) determined in this study were
consistently lower than previously reported values for non-encapsulated cells. Whether
for umbilical cord tissue-derived MSC cultured in human serum-supplemented medium
[38], bone marrow-derived MSC cultured in FBS-supplemented medium [25,39],
MSC(AT) cultured in a commercially available xeno-free medium [40], or MSC(AT)
cultured in HPL-supplemented medium in a bioreactor system [41], the reported specific
metabolic rates are always, at least, one order of magnitude higher. Of note, encapsulated
MSC(AT) were still subjected to a degree of hypothermic temperatures (i.e., between 10
and 20 °C, lower than the physiological 37 °C). Storage at such temperatures combined
with the increased diffusion limitations present in alginate encapsulation may explain a
slower metabolic state for encapsulated cells. A slower cell metabolism is typically
associated with cell preservation which supports the use of alginate encapsulation for
MSC storage and transportation. Interestingly, a degree of nutrient exhaustion was
present at D12 that coincided with lower values of cell recovery. Unlike for MSC-FBS,
where a downward trend was already in place, MSC-HPL cell recovery levels were stable
until D12. Running out of available glucose may have been responsible for the observed
loss of cell recovery, especially for MSC-HPL. Nutrient limitations should be considered,
especially when defining the storage or transportation duration. Storage medium changes
or higher initial glucose concentrations could be considered to potentially prevent
undesired nutrient and metabolite levels.

The use of alginate as an encapsulation material has always shown promise for
applications in cell therapy; however, so far, it has not been translated to a clinical
scenario. Efforts are being made to create high-scale production strategies with good
manufacturing practices (GMP) compliance [42], so alginate encapsulation may finally
push through as a viable option for CGT. Some groups have explored hypothermic
storage using alginate encapsulation. Human umbilical vein endothelial cells (HUVEC)
were shown to maintain around 70% viability after 7 days of encapsulation [43]. After 3
days, 85% of encapsulated MSC(AT) were recovered and were able to reattach to a culture
surface [23]. Encapsulated human limbus-derived MSC were able to sustain 5 days of
hypothermic temperatures, with a recovery of close to 65% and a viability of 77% [44]. Of
note, these encouraging results with limbus-derived MSC led to participation in an
ongoing clinical trial (Identifier: CTRI/2021/07/035034). Our alginate encapsulation
strategy led to similar or better values of recovery and viability for those specific
timepoints. To our knowledge, this is the first study demonstrating the feasibility of
having MSC(AT) encapsulated under hypothermic conditions up to 12 days.

We focused on tackling the translational challenges of alginate encapsulation and
investigated the effect of alginate encapsulation on MSC(AT) with FBS supplementation,
which is a standard for MSC culture, and HPL supplementation, which is a xeno-free
alternative that is more amenable to clinical translation. Validation of HPL over FBS as a
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next-generation supplement to improve the clinical production of therapeutic MSC has
been pursued by several groups and has been extensively reviewed [45]. In addition to
eliminating the risk of potential immunogenicity and the transmission of zoonotic
diseases associated with FBS, HPL was overwhelmingly shown to increase MSC
proliferation while maintaining their immunophenotypic identity and differentiation
potential [45]. However, HPL has also been associated with reduced MSC
immunomodulation caused by an altered secretome and impaired inhibition of T- and
NK-cell proliferation [46,47]. Additionally, the hematopoietic support capacity of MSC
was demonstrated to be negatively affected by HPL supplementation as it was unable to
retain certain hematopoietic stem and progenitor cell (HSPC) populations [30]. In our
study, cells maintained in HPL-containing medium had slightly better encapsulation
recovery and viability over time compared to FBS-based medium and comparable
performance concerning the remaining assays. Cell encapsulation for MSC transportation
and storage has been proven to be compatible with an animal component-free culture
supplement, contributing toward a fully GMP-compliant MSC manufacturing process
and promoting its use in a clinical setting.

We sought to confirm whether MSC(AT) identity and function were preserved
throughout their encapsulation when we evaluated this commercially available alginate-
based encapsulation kit. The need for reliable MSC functional or potency assays is a long-
standing issue in the field [48,49]. Depending on the therapeutic goal, MSC therapies
might require different readouts of potency. Taking this into consideration, the
development of a set of assays that encompass most of the therapeutic value of MSC (i.e.,
immunomodulation, tissue regeneration, homing, etc.) instead of relying on a single one
may be the future of MSC manufacturing. Such a matrix of assays has been proposed and
is still being refined [50,51]. We proposed a novel hematopoietic support potency assay in
order to contribute to the efforts of establishing a potency matrix platform for clinical-
grade MSC. MSC-HPSC co-culture is considered one of the main expansion platforms for
clinical HSPC [52] and is currently in the clinical trial pipeline [53]. MSC also have a
supportive role in hematopoietic cell co-transplants as they assist with the engraftment of
transplanted HSPC and reduce conditioning-related bone marrow inflammation [54]. In
this co-culture system, MSC feeder layers (FL) were shown to confer HSPC an advantage
during their expansion compared with systems that only use exogenous cytokines [27,55].
This hematopoietic support ability of MSC can be quantified and used as an indicator for
MSC potency or function. Our group has an extensive background with this co-culture
expansion system and has contributed toward its translation potential [27,30,56-62]. Our
proposed hematopoietic support assay has the advantage of multiple quantifiable
readouts (e.g., HSPC expansion fold change, metabolite quantification, HSPC
immunophenotype, and percentages of colony-forming unit [CFU] populations) and an
internal control (i.e., HSPC expansion only with exogenous cytokines). In our case,
considering all the assay readouts, MSC(AT) from both expansion media demonstrated
that their encapsulation did not have an impact on their functional properties related to
hematopoietic support. With this precedent, we consider that the MSC potency matrix
could only benefit from the inclusion of a hematopoietic support assay in its ranks.

We lay the ground for more ambitious goals by unblocking the access of product
storage and transportation to alginate encapsulation. The development of an entire cell
therapy manufacturing process using encapsulated cells may now be possible. This all-in-
one strategy would allow MSC or other cell types to remain encapsulated from an initial
manipulation step to the final infusion into the patient. Both cell manipulation and the
clinical administration of encapsulated cells have been widely explored for a great variety
of applications. However, a bridge between these process units has been lacking.
Concerning cell manipulation, 3D-expansion of MSC(AT) in alginate core-shell capsules
has been shown to be possible as it obtained a modest 2.5-fold increase after 4 days [63].
Paracrine activity of MSC was also proven to be compatible with alginate encapsulation,
with angiogenic and chemotactic factors measured from encapsulated MSC [64]. Genetic
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manipulation of MSC in alginate beads to direct their phenotype to a more osteogenic or
chondrogenic state as a cartilage or osteochondral tissue engineering approach was
likewise successfully demonstrated [65]. These examples validate the compatibility of
alginate encapsulation and the different therapeutic avenues of MSC. Alginate has a
substantial clinical safety record concerning administration into patients [66]. Alginate-
based islet and [3-cell encapsulation have had success in enabling in vivo glycemic control
in Type 1 diabetes models, with several novel encapsulation systems currently in clinical
trials [12,67]. Besides being safe and biocompatible, alginate encapsulation can also
potentially address some of the challenges of MSC translation, particularly a lack of cell
retention. In vivo presence of encapsulated immunomodulating MSC was substantially
increased after intravenous injection in mice [68]. In a myocardial infarction mouse model,
encapsulated MSC were detected in higher numbers after 7 days and reduced scar
formation and demonstrated a superior angiogenesis when compared to free MSC [69].
Overall, our study has significantly contributed toward the feasibility of bridging cell
manipulation and infusion using alginate encapsulation, which makes it possible for
encapsulated cells to be temporarily stored and transported at convenient temperatures
from their manufacturing and manipulation sites to their therapeutic administration.

5. Conclusions

Adipose tissue-derived mesenchymal stromal cells (MSC(AT)) were successfully
demonstrated to be compatible with cell encapsulation at hypothermic temperatures (10-
20 °C). Maintenance of identity markers was ensured, while MSC(AT) multi-layered
functionality was proven to be maintained throughout encapsulation. Differentiation,
expression of immunomodulatory molecules, and hematopoietic support abilities were
all individually confirmed. Translation of clinical-grade MSC(AT) to this novel product
storage and transportation model appears to be within reach. Xeno-free processing of
MSC(AT) was directly compared with traditional fetal bovine serum (FBS)-based
handling. Human platelet lysate (HPL) supplementation, which by itself improves MSC
proliferation in vitro, did not negatively impact cell behavior during our encapsulation
study, which makes it a relevant candidate for FBS substitution for good manufacturing
practice (GMP)-compliant MSC logistics and supply chain. As a model, cell encapsulation
will potentially have a disruptive impact on cell and gene therapies (CGT) as it does not
require cryo-range temperatures (below —130 °C). Alginate encapsulation also has the
potential to be complementary to cryopreservation as it is appropriate for both allogeneic
and autologous scenarios. Optimization opportunities exist (e.g., improving initial
encapsulation efficiency) and should be pursued to further enhance encapsulation
potential.

Author Contributions: Conceptualization, A.B., C.L.d.S., and A.F.-P.; methodology, A.B. and P.L,;
formal analysis, A.B.; investigation, A.B., P.L., and A.L.T.; resources, ].C.M.; writing —original draft
preparation, A.B., ALL.T., and M.C.C.; writing—review and editing, A.B., P.L., F.d.S., JM.S.C., A.P.,
C.L.d.S, and A.F.-P; supervision, C.L.d.S. and A.F.-P.; funding acquisition, ] M.S.C., C.L.d.S., and
AF.-P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financed by national funds from FCT—Fundacao para a Ciéncia e
Tecnologia (FCT), I.P., within the scope of the projects UIDB/04565/2020 and UIDP/04565/2020 of
the Research Unit Institute for Bioengineering and Biosciences-iBB, LA/P/0140/2020 of the Associate
Laboratory Institute for Health and Bioeconomy—i4HB, and PTDC/EQU-EQU/31651/2017 of the
EXOpro project. This research was also financed by the project MSCellProduction (POCI-01-0247-
FEDER-038313) funded by Portugal 2020 under Programa Operacional Competitividade e
Internacionalizacdo and by the European Regional Development Fund. André Branco
acknowledges his FCT-funded PhD fellowship SFRH/BD/132665/2017.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Bioengineering 2022, 9, 805 21 of 24

Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge the Hospital Sdo Francisco Xavier —Centro
Hospitalar Lisboa Ocidental and the Clinica de Todos-0s-Santos for their collaboration concerning
the donation of UCB units and AT samples, respectively. We also thank Atelerix for providing the
BeadReady™ kits and AventaCell Biomedical for providing the human platelet lysate supplement
(UltraGRO™-PURE) for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Aijaz, A.; Li, M.; Smith, D.; Khong, D.; LeBlon, C.; Fenton, O.S.; Olabisi, R.M.; Libutti, S.; Tischfield, J.; Maus, M.V_; et al.
Biomanufacturing for clinically advanced cell therapies. Nat. Biomed. Eng. 2018, 2, 362-376. https://doi.org/10.1038/s41551-018-
0246-6.

Wang, L.L.; Janes, M.E.; Kumbhojkar, N.; Kapate, N.; Clegg, ].R.; Prakash, S.; Heavey, M.K.; Zhao, Z.; Anselmo, A.C.; Mitragotri,
S. Cell therapies in the clinic. Bioeng. Transl. Med. 2021, 6, €10214. https://doi.org/10.1002/btm2.10214.

Hoogduijn, M.J.; Lombardo, E. Mesenchymal Stromal Cells Anno 2019: Dawn of the Therapeutic Era? Concise Review. Stem
Cells Transl. Med. 2019, 8, 1126-1134. https://doi.org/10.1002/sctm.19-0073.

Kabat, M.; Bobkov, I.; Kumar, S.; Grumet, M. Trends in mesenchymal stem cell clinical trials 2004-2018: Is efficacy optimal in a
narrow dose range? Stem Cells Transl. Med. 2020, 9, 17-27. https://doi.org/10.1002/sctm.19-0202.

Committee for Medicinal Products for Human Use. Alofisel Assessment Report; CHMP: London, UK, 2017.

Galipeau, J.; Sensébé, L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic Opportunities. Cell Stem Cell 2018,
22, 824-833. https://doi.org/10.1016/j.stem.2018.05.004.

Celikkan, F.T.; Mungan, C.; Sucu, M.; Ulus, A.T.; Cinar, O.; Ili, E.G.; Can, A. Optimizing the transport and storage conditions of
current Good Manufacturing Practice—Grade human umbilical cord mesenchymal stromal cells for transplantation (HUC-
HEART Trial). Cytotherapy 2019, 21, 64-75. https://doi.org/10.1016/j.jcyt.2018.10.010.

de Almeida Fuzeta, M.; de Matos Branco, A.D.; Fernandes-Platzgummer, A.; da Silva, C.L.; Cabral, ] M.S. Addressing the
Manufacturing Challenges of Cell-Based Therapies. In Advances in Biochemical Engineering/Biotechnology; Springer: Cham,
Germany, 2019; Volume 171, pp. 225-278, ISBN 978-3-030-40463-5.

Chilima, T.D.P.; Moncaubeig, F.; Farid, S.S. Impact of allogeneic stem cell manufacturing decisions on cost of goods, process
robustness and reimbursement. Biochem. Eng. |. 2018, 137, 132-151. https://doi.org/10.1016/j.bej.2018.04.017.

Lipsitz, Y.Y.; Milligan, W.D; Fitzpatrick, I.; Stalmeijer, E.; Farid, S.S.; Tan, K.Y.; Smith, D.; Perry, R.; Carmen, J.; Chen, A ; et al.
A roadmap for cost-of-goods planning to guide economic production of cell therapy products. Cytotherapy 2017, 19, 1383-1391.
https://doi.org/10.1016/j.jcyt.2017.06.009.

ten Ham, RM.T.; Hovels, A.M.; Hoekman, J.; Frederix, G.W.].; Leufkens, H.G.M.; Klungel, O.H.; Jedema, I.; Veld, S.A ].; Nikolic,
T.; Van Pel, M,; et al. What does cell therapy manufacturing cost? A framework and methodology to facilitate academic and
other small-scale cell therapy manufacturing costings. Cytotherapy 2020, 22, 388-397. https://doi.org/10.1016/j.jcyt.2020.03.432.
Swioklo, S.; Connon, C.J. Keeping cells in their place: The future of stem cell encapsulation. Expert Opin. Biol. Ther. 2016, 16,
1181-1183. https://doi.org/10.1080/14712598.2016.1213811.

écieiyﬁska, A.; Soszynska, M.; Szpak, P.; Krzesniak, N.; Malejczyk, J.; Kalaszczynska, I. Influence of Hypothermic Storage Fluids
on Mesenchymal Stem Cell Stability: A Comprehensive Review and Personal Experience. Cells 2021, 10, 1043.
https://doi.org/10.3390/cells10051043.

Meneghel, ].; Kilbride, P.; Morris, G.J. Cryopreservation as a Key Element in the Successful Delivery of Cell-Based Therapies—
A Review. Front. Med. 2020, 7, 592242. https://doi.org/10.3389/fmed.2020.592242.

Cottle, C.; Porter, A.P; Lipat, A.; Turner-Lyles, C.; Nguyen, J.; Moll, G.; Chinnadurai, R. Impact of Cryopreservation and Freeze-
Thawing on Therapeutic Properties of Mesenchymal Stromal/Stem Cells and Other Common Cellular Therapeutics. Curr. Stem
Cell Rep. 2022, 8, 72-92. https://doi.org/10.1007/s40778-022-00212-1.

Pakzad, M.; Hassani, S.N.; Abbasi, F.; Hajizadeh-Saffar, E.; Taghiyar, L.; Fallah, N.; Haghparast, N.; Samadian, A.; Ganjibakhsh,
M.; Dominici, M.; et al. A Roadmap for the Production of a GMP-Compatible Cell Bank of Allogeneic Bone Marrow-Derived
Clonal Mesenchymal Stromal Cells for Cell Therapy Applications. Stem Cell Rev. Rep. 2022, 18, 2279-2295.
https://doi.org/10.1007/s12015-022-10351-x.

Moll, G.; Geifler, S.; Catar, R.; Ignatowicz, L.; Hoogduijn, M.].; Strunk, D.; Bieback, K.; Ringdén, O. Cryopreserved or Fresh
Mesenchymal Stromal Cells: Only a Matter of Taste or Key to Unleash the Full Clinical Potential of MSC Therapy? In Advances
in Experimental Medicine and Biology; Springer: Berlin/Heidelberg, Germany, 2016; Volume 951, pp. 77-98, ISBN 9783319454573.
Bissoyi, A.; Kumar, A.; Rizvanov, A.A.; Nesmelov, A.; Gusev, O.; Patra, P.K,; Bit, A. Recent Advances and Future Direction in
Lyophilisation and Desiccation of Mesenchymal Stem Cells. Stem Cells Int. 2016, 2016, 1-9. https://doi.org/10.1155/2016/3604203.
Dhall, S.; Sathyamoorthy, M.; Kuang, J.Q.; Hoffman, T.; Moorman, M.; Lerch, A.; Jacob, V.; Sinclair, S.M.; Danilkovitch, A.
Properties of viable lyopreserved amnion are equivalent to viable cryopreserved amnion with the convenience of ambient
storage. PLoS ONE 2018, 13, €0204060. https://doi.org/10.1371/journal.pone.0204060.



Bioengineering 2022, 9, 805 22 of 24

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Peltzer, J.; Aletti, M.; Frescaline, N.; Busson, E.; Lataillade, J.-J.; Martinaud, C. Mesenchymal Stromal Cells Based Therapy in
Systemic Sclerosis: Rational and Challenges. Front. Immunol. 2018, 9, 2013. https://doi.org/10.3389/fimmu.2018.02013.

Petrenko, Y.; Chudickova, M.; Vackova, I.; Groh, T.; Kosnarova, E.; Cejkova, ]J.; Turnovcova, K.; Petrenko, A.; Sykova, E.;
Kubinova, S. Clinically Relevant Solution for the Hypothermic Storage and Transportation of Human Multipotent
Mesenchymal Stromal Cells. Stem Cells Int. 2019, 2019, 1-11. https://doi.org/10.1155/2019/5909524.

Freitas-Ribeiro, S.; Carvalho, A.F.; Costa, M.; Cerqueira, M.T.; Marques, A.P.; Reis, R.L.; Pirraco, R.P. Strategies for the
hypothermic preservation of cell sheets of human adipose stem cells. PLoS ONE 2019, 14, e0222597.
https://doi.org/10.1371/journal.pone.0222597.

Swioklo, S.; Constantinescu, A.; Connon, C.J. Alginate-Encapsulation for the Improved Hypothermic Preservation of Human
Adipose-Derived Stem Cells. Stem Cells Transl. Med. 2016, 5, 339-349. https://doi.org/10.5966/sctm.2015-0131.

Al-Jaibaji, O.; Swioklo, S.; Shortt, A.; Figueiredo, F.C.; Connon, C.J. Hypothermically stored adipose-derived mesenchymal
stromal cell alginate bandages facilitate use of paracrine molecules for corneal wound healing. Int. . Mol. Sci. 2020, 21, 5849
https://doi.org/10.3390/ijms21165849.

Dos Santos, F.; Andrade, P.Z.; Boura, ]J.S.; Abecasis, M.M.; Da Silva, C.L.; Cabral, ] M.S. Ex vivo expansion of human
mesenchymal stem cells: A more effective cell proliferation kinetics and metabolism under hypoxia. J. Cell Physiol. 2010, 223,
27-35. https://doi.org/10.1002/jcp.21987.

Moreira, F.; Mizukami, A.; de Souza, L.E.B.; Cabral, ].M.S.; da Silva, C.L.; Covas, D.T.; Swiech, K. Successful Use of Human AB
Serum to Support the Expansion of Adipose Tissue-Derived Mesenchymal Stem/Stromal Cell in a Microcarrier-Based Platform.
Front. Bioeng. Biotechnol. 2020, 8, 307. https://doi.org/10.3389/fbioe.2020.00307.

Branco, A.; Bucar, S.; Moura-Sampaio, J.; Lilaia, C.; Cabral, ].M.S.; Fernandes-Platzgummer, A.; Lobato da Silva, C. Tailored
Cytokine Optimization for ex vivo Culture Platforms Targeting the Expansion of Human Hematopoietic Stem/Progenitor Cells.
Front. Bioeng. Biotechnol. 2020, 8, 573282. https://doi.org/10.3389/fbioe.2020.573282.

Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006, 8, 315-317. https://doi.org/10.1080/14653240600855905.

Conget, P. a; Minguell, ].J. Phenotypical and functional properties of human bone marrow mesenchymal progenitor cells. J. Cell
Physiol. 1999, 181, 67-73. https://doi.org/10.1002/(SICI)1097-4652(199910)181:1<67::AID-JCP7>3.0.CO;2-C.

Bucar, S.; Branco, A.D. de M.; Mata, M.F.; Milhano, J.C.; Caramalho, I.; Cabral, J.M.S.; Fernandes-Platzgummer, A.; da Silva,
C.L. Influence of the mesenchymal stromal cell source on the hematopoietic supportive capacity of umbilical cord blood-derived
CD34+-enriched cells. Stem Cell Res. Ther. 2021, 12, 399. https://doi.org/10.1186/s13287-021-02474-8.

Shahryari, A.; Jazi, M.S.; Mohammadi, S.; Nikoo, H.R.; Nazari, Z.; Hosseini, E.S.; Burtscher, I, Mowla, S.J.; Lickert, H.
Development and clinical translation of approved gene therapy products for genetic disorders. Front. Genet. 2019, 10, 868.
https://doi.org/10.3389/fgene.2019.00868.

Quinn, C.; Young, C.; Thomas, J.; Trusheim, M. Estimating the Clinical Pipeline of Cell and Gene Therapies and Their Potential
Economic Impact on the US Healthcare System. Value Health 2019, 22, 621-626. https://doi.org/10.1016/j.jval.2019.03.014.
Bahsoun, S.; Coopman, K.; Akam, E.C. The impact of cryopreservation on bone marrow-derived mesenchymal stem cells: A
systematic review. J. Transl. Med. 2019, 17, 397. https://doi.org/10.1186/s12967-019-02136-7.

Galipeau, J. Concerns arising from MSC retrieval from cryostorage and effect on immune suppressive function and
pharmaceutical usage in clinical trials. ISBT Sci. Ser. 2013, 8, 100-101. https://doi.org/10.1111/voxs.12022.

Rahul, R.; Comeyne, L.; Agarwal, A. Distribution and Supply Chain Models in the Cell & Gene Therapy Landscape. Deloitte
2021, 1, 1-33.

Barcia, RN.; Santos, ].M.; Teixeira, M.; Filipe, M.; Pereira, A.R.S.; Ministro, A.; Agua-Doce, A; Carvalheiro, M.; Gaspar, M.M.;
Miranda, J.P.; et al. Umbilical cord tissue—derived mesenchymal stromal cells maintain immunomodulatory and angiogenic
potencies after cryopreservation and subsequent thawing. Cytotherapy 2017, 19, 360-370.
https://doi.org/10.1016/j.jcyt.2016.11.008.

Lechanteur, C.; Briquet, A.; Bettonville, V.; Baudoux, E.; Beguin, Y. MSC manufacturing for academic clinical trials: From a
clinical-grade to a full gmp-compliant process. Cells 2021, 10, 1320. https://doi.org/10.3390/cells10061320.

Lavrentieva, A.; Majore, 1.; Kasper, C.; Hass, R. Effects of hypoxic culture conditions on umbilical cord-derived human
mesenchymal stem cells. Cell Commun. Signal. 2010, 8, 18. https://doi.org/10.1186/1478-811X-8-18.

Hanga, M.P.; Murasiewicz, H.; Pacek, A.W.; Nienow, A.W.; Coopman, K.; Hewitt, C.]. Expansion of bone marrow-derived
human mesenchymal stem/stromal cells (hMSCs) using a two-phase liquid/liquid system. ]. Chem. Technol. Biotechnol. 2017, 92,
1577-1589. https://doi.org/10.1002/jctb.5279.

Carmelo, J.G.; Fernandes-Platzgummer, A.; Diogo, M.M.; Silva, C.L.; Cabral, ] M.S. A xeno-free microcarrier-based stirred
culture system for the scalable expansion of human mesenchymal stem/stromal cells isolated from bone marrow and adipose
tissue. Biotechnol. | 2015, 10, 1235-1247.

de Sousa Pinto, D.; Bandeiras, C.; de Almeida Fuzeta, M.; Rodrigues, C.A.V; Jung, S.; Hashimura, Y.; Tseng, R.J.; Milligan, W.;
Lee, B.; Ferreira, F.C.; et al. Scalable Manufacturing of Human Mesenchymal Stromal Cells in the Vertical-Wheel Bioreactor
System: An Experimental and Economic Approach. Biotechnol. ]. 2019, 14, 1800716. https://doi.org/10.1002/biot.201800716.



Bioengineering 2022, 9, 805 23 of 24

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Swioklo, S.; Ding, P.; Pacek, A.W.; Connon, C.J. Process parameters for the high-scale production of alginate-encapsulated stem
cells for storage and distribution throughout the cell therapy supply chain. Process Biochem. 2017, 59, 289-296.
https://doi.org/10.1016/j.procbio.2016.06.005.

Zhang, X.; Cao, Y.; Zhao, G. Hypothermic Storage of Human Umbilical Vein Endothelial Cells and Their Hydrogel Constructs.
Biopreserv. Biobank. 2020, 18, 305-310. https://doi.org/10.1089/bio.2019.0105.

Damala, M.; Swioklo, S.; Koduri, M.A.; Mitragotri, N.S.; Basu, S.; Connon, C.J.; Singh, V. Encapsulation of human limbus-
derived stromal/mesenchymal stem cells for biological preservation and transportation in extreme Indian conditions for clinical
use. Sci. Rep. 2019, 9, 16950. https://doi.org/10.1038/s41598-019-53315-x.

Guiotto, M.; Raffoul, W.; Hart, A.M.; Riehle, M.O.; Di Summa, P.G. Human platelet lysate to substitute fetal bovine serum in
hMSC expansion for translational applications: A systematic review. J. Transl. Med. 2020, 18, 351. https://doi.org/10.1186/s12967-
020-02489-4.

Oikonomopoulos, A.; Van Deen, W.K.; Manansala, A.R; Lacey, P.N.; Tomakili, T.A.; Ziman, A.; Hommes, D.W. Optimization
of human mesenchymal stem cell manufacturing: The effects of animal/xeno-free media. Sci. Rep. 2015, 5, 16570.
https://doi.org/10.1038/srep16570.

Abdelrazik, H.; Spaggiari, G.M.; Chiossone, L.; Moretta, L. Mesenchymal stem cells expanded in human platelet lysate display
a decreased inhibitory capacity on T- and NK-cell proliferation and function. Eur. ]. Immunol. 2011, 41, 3281-3290.
https://doi.org/10.1002/eji.201141542.

Lipsitz, Y. Y., Timmins, N. E. & Zandstra, P. W. Quality cell therapy manufacturing by design. Nat. Biotechnol. 2016, 34, 393—400.
https://doi.org/10.1038/nbt.3525.

Levy, O.; Kuai, R.; Siren, E.M.].; Bhere, D.; Milton, Y.; Nissar, N.; De Biasio, M.; Heinelt, M.; Reeve, B.; Abdi, R.; et al. Shattering
barriers toward clinically meaningful MSC therapies. Sci. Adv. 2020, 6, eaba6884. https://doi.org/10.1126/sciadv.aba6884.
Galipeau, J.; Krampera, M.; Barrett, J.; Dazzi, F.; Deans, R.].; DeBruijn, J.; Dominici, M.; Fibbe, W.E.; Gee, A.P.; Gimble, ] M.; et
al. International Society for Cellular Therapy perspective on immune functional assays for mesenchymal stromal cells as
potency  release  criterion for advanced  phase clinical trials.  Cyfotherapy 2016, 18,  151-159.
https://doi.org/10.1016/j.jcyt.2015.11.008.

Chinnadurai, R.; Rajan, D.; Qayed, M.; Arafat, D.; Garcia, M.; Liu, Y.; Kugathasan, S.; Anderson, L.J.; Gibson, G.; Galipeau, J.
Potency Analysis of Mesenchymal Stromal Cells Using a Combinatorial Assay Matrix Approach. Cell Rep. 2018, 22, 2504-2517.
https://doi.org/10.1016/j.celrep.2018.02.013.

Wilkinson, A.C.; Igarashi, K.J.; Nakauchi, H. Haematopoietic stem cell self-renewal in vivo and ex vivo. Nat. Rev. Genet. 2020,
21, 541-554. https://doi.org/10.1038/s41576-020-0241-0.

de Lima, M.; McNiece, I.; Robinson, S.N.; Munsell, M.; Eapen, M.; Horowitz, M.; Alousi, A.; Saliba, R.; McMannis, ].D.; Kaur, L;
et al. Cord-Blood Engraftment with Ex Vivo Mesenchymal-Cell Coculture. N. Engl. ]. Med. 2012, 367, 2305-2315.
https://doi.org/10.1056/NEJMo0a1207285.

Crippa, S.; Santi, L.; Bosotti, R.; Porro, G.; Bernardo, M.E. Bone marrow-derived mesenchymal stromal cells: A novel target to
optimize hematopoietic stem cell transplantation protocols in hematological malignancies and rare genetic disorders. J. Clin.
Med. 2020, 9, 10002. https://doi.org/10.3390/jcm9010002.

McNiece, LK.; Harrington, J.; Turney, J.; Kellner, J.; Shpall, E.J. Ex vivo expansion of cord blood mononuclear cells on
mesenchymal stem cells. Cyfotherapy 2004, 6, 311-317. https://doi.org/10.1080/14653240410004871.

da Silva, C.L.; Gongalves, R.; Crapnell, K.B.; Cabral, ].M.S.; Zanjani, E.D.; Almeida-Porada, G. A human stromal-based serum-
free culture system supports the ex vivo expansion/maintenance of bone marrow and cord blood hematopoietic stem/progenitor
cells. Exp. Hematol. 2005, 33, 828-835. https://doi.org/10.1016/j.exphem.2005.03.017.

Gongalves, R; da Silva, C.L.; Cabral, ].M.S.; Zanjani, E.D.; Almeida-Porada, G. A Stro-1+ human universal stromal feeder layer
to expand/maintain human bone marrow hematopoietic stem/progenitor cells in a serum-free culture system. Exp. Hematol.
2006, 34, 1353-1359. https://doi.org/10.1016/j.exphem.2006.05.024.

da Silva, C.L.; Gongalves, R.; Porada, C.D.; Ascensao, J.L.; Zanjani, E.D.; Cabral, ].M.S.; Almeida-Porada, G. Differences amid
bone marrow and cord blood hematopoietic stem/progenitor cell division kinetics. . Cell Physiol. 2009, 220, 102-111.
https://doi.org/10.1002/jcp.21736.

da Silva, C.L.; Gongalves, R.; dos Santos, F.; Andrade, P.Z.; Almeida-Porada, G.; Cabral, ].M.S. Dynamic cell-cell interactions
between cord blood haematopoietic progenitors and the cellular niche are essential for the expansion of CD34+, CD34+CD38-
and early lymphoid CD7+ cells. ]. Tissue Eng. Regen. Med. 2010, 4, 149-158. https://doi.org/10.1002/term.226.

Andrade, P.Z.; dos Santos, F.; Almeida-Porada, G.; da Silva, C.L.; Cabral, ].M.S. Systematic delineation of optimal cytokine
concentrations to expand hematopoietic stem/progenitor cells in co-culture with mesenchymal stem cells. Mol. Biosyst. 2010, 6,
1207-1215. https://doi.org/10.1039/b922637k.

Andrade, P.Z.; da Silva, C.L.; dos Santos, F.; Almeida-Porada, G.; Cabral, ].M.S. Initial CD34 + cell-enrichment of cord blood
determines hematopoietic stem/progenitor cell yield upon ex vivo expansion. ]. Cell Biochem. 2011, 112, 1822-1831.
https://doi.org/10.1002/jcb.23099.

Andrade, P.Z.; de Soure, AM.; dos Santos, F.; Paiva, A.; Cabral, ] M.S.; da Silva, C.L. Ex vivo expansion of cord blood
haematopoietic stem/progenitor cells under physiological oxygen tensions: Clear-cut effects on cell proliferation, differentiation
and metabolism. J. Tissue Eng. Regen. Med. 2015, 9, 1172-1181. https://doi.org/10.1002/term.1731.



Bioengineering 2022, 9, 805 24 of 24

63.

64.

65.

66.

67.

68.

69.

Nebel, S.; Lux, M.; Kuth, S.; Bider, F.; Dietrich, W.; Egger, D.; Boccaccini, A.R.; Kasper, C. Alginate Core-Shell Capsules for 3D
Cultivation of Adipose-Derived Mesenchymal Stem Cells. Bioengineering 2022, 9, 66.
https://doi.org/10.3390/bioengineering9020066.

Costa, M.H.G.; McDevitt, T.C.; Cabral, ] M.S,; da Silva, C.L.; Ferreira, F.C. Tridimensional configurations of human
mesenchymal stem/stromal cells to enhance cell paracrine potential towards wound healing processes. J. Biotechnol. 2017, 262,
28-39. https://doi.org/10.1016/j.jbiotec.2017.09.020.

Gonzalez-Fernandez, T.; Tierney, E.G.; Cunniffe, G.M.; O’Brien, F.J.; Kelly, D.]. Gene Delivery of TGF-f33 and BMP2 in an MSC-
Laden Alginate Hydrogel for Articular Cartilage and Endochondral Bone Tissue Engineering. Tissue Eng. Part A 2016, 22, 776~
787. https://doi.org/10.1089/ten.tea.2015.0576.

Neves, M.I; Moroni, L.; Barrias, C.C. Modulating Alginate Hydrogels for Improved Biological Performance as Cellular 3D
Microenvironments. Front. Bioeng. Biotechnol. 2020, 8, 665. https://doi.org/10.3389/fbioe.2020.00665.

Desai, T., Shea, L.D. Advances in islet encapsulation technologies. Nat. Rev. Drug Discov. 2017, 16, 338-350.
https://doi.org/10.1038/nrd.2016.232.

Mao, A.S.; Ozkale, B.; Shah, N J.; Vining, K.H.; Descombes, T.; Zhang, L.; Tringides, C.M.; Wong, S.W.; Shin, ].W.; Scadden, D.T.;
et al. Programmable microencapsulation for enhanced mesenchymal stem cell persistence and immunomodulation. Proc. Natl.
Acad. Sci. USA 2019, 116, 15392-15397. https://doi.org/10.1073/pnas.1819415116.

Levit, R.D.; Landazuri, N.; Phelps, E.A.; Brown, M.E.; Garcia, A ].; Davis, M.E.; Joseph, G.; Long, R.; Safley, S.A.; Suever, ].D.; et
al. J. Am. Heart Assoc. 2013, 2, e000367. https://doi.org/10.1161/JAHA.113.000367.



