Biomaterials Translational

Adipose cells in 3D MPS constructs

Adipose-derived cells: building blocks of three-
dimensional microphysiological systems

Trivia P. Frazier', Katie Hamel', Xiying Wu', Emma Rogers', Haley Lassiter', Jordan Robinson’,
Omair Mohiuddin’, Michael Henderson', Jef frey M. Gimble’

Key Words:
adipose-derived stromal/stem cells; extracellular matrix; Food and Drug Administration; microphysiological systems; stromal
vascular fraction cells; three dimensional

From the Contents
ABSTRACT

[ntroduction 301 Microphysiological systems (MPS) created with human-derived cells and
Adipose Derived Cells 302 biomaterial scaffolds offer a potential in vitro alternative to in vivo animal
Three-Dimensional models. The adoption of three-dimensional MPS models has economic,
Microphysiological Systems for ~ 303 ethical, regulatory, and scientific implications for the fields of regenerative
Adipose Tissue medicine, metabolism/ obesity, oncology, and pharmaceutical drug discovery.
Incorporation of Adipose Three- Key.op'inion lec%derjs acknowledge thatMPS tools are uniquely polsitioned
Dimensional Microphysiological 303 to aid in the objective to reduce, refine, and eventually replace animal
Systems into Models of Obesity, experimentation while improving the accuracy of the finding’s clinical
Metabolic Disease and Cancer translation. Adipose tissue has proven to be an accessible and available source
Relative Merits of Adipose- of human-derived stromal vascular fraction (SVF) cells, a heterogeneous
?;%Z‘f fg;m‘i_/ gteel;’s‘fo‘;u]{ ;::‘i 303 poptltla.tio? c;lvailable at point ojlf care, and ('zd'iposel—de;.'ivejhstromal/ sctiem lcells,
Dimensional Microphysiological a relatively homogeneous population requiring plastic adherence and culture
Systems Constructs expansion of the SVF cells. The adipose-derived stromal/ stem cells or SVF
Potential Utility of Adipose Three- cells, in co.mbtr.mtlon with human tissue or fynthetw blomfzterla? scaffolds,
Dimensional Microphysiological can be maintained for extended culture periods as three-dimensional MPS
Systems Models in Regenerative 304 models under angiogenic, stromal, adipogenic, or osteogenic conditions. This
Medicine review highlights recent literature relating to the versatile use of adipose-
Conclusions Future and 304 derived cells as fundamental components of three-dimensional MPS models
Directions for discovery research and development. In this context, it compares the

merits and limitations of the adipose-derived stromal/ stem cells relative to
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scientific discovery will take in the near future.
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Langer and Vacanti’s seminal 1993 publication
entitled simply “Tissue Engineering’ launched

the arrival of a new interdisciplinary field.!
By merging concepts from both biology and
engineering, these visionaries set the stage for
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the development of novel therapeutic approaches
to human diseases due to aging, metabolism,
oncology, and trauma.! The field’s ultimate
goal has been to develop transplantable tissues
capable of replacing a patient’s failing organ.
This is being accomplished by strategically
combining biomaterial scaffolds, primary cells,
and growth factors to bioengineer a functional
tissue or organ with desirable characteristics.
While the creation of biomanufactured organs
still remains a work-in-progress with limited

clinical translatability, Prestwich and others**
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the foresight to recognize the opportunity
to achieve short-term goals using tissue
engineering technology. They envisioned the
ability to employ three-dimensional (3D) tissue
constructs for high throughput in vitro assays in
drug discovery. Such an approach would have
the potential to reduce the costs and timeline for
small molecule discovery and validation in the
pharmaceutical industry.”* Subsequently, there
has been growing recognition by regulatory
agencies and pharmaceutical companies that
the pipeline for new drugs is shrinking. This
reflects the fact that less than 1 in 10 small
molecules entering Phase I clinical trials ever
reaches the marketplace as a U.S. Food and Drug
Administration approved medication. The extent
to which current in vivo testing in animal models
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predicts human pathophysiological outcomes remains suspect
with respect to drug testing objectives. Indeed, there has been a
growing call across multiple sectors of society based on ethical,
moral, and scientific grounds to refine, reduce, and replace
animal testing altogether. This paradigm shift, coupled with
effective policy incentives, has resulted in a reprioritization
of preclinical methods. Representatives from the U.S. Food
and Drug Administration, the Defense Advanced Research
Project Agency, and the National Centre for Advancing
Translational Science have begun to promote the use of 3D
constructs prepared with biomaterial scaffolds and human-
derived cells, known as microphysiological systems (MPS),
as an in vitro alternative to in vivo animal experimentation.>”’
These compelling arguments for the use of fully humanized
MPS in the discovery and development of the next generation
of therapeutic drugs paves the way for a new field and industry
that will require reliable and robust sources of primary human
cells as well as novel biomaterial scaffolds. This review explores
the potential advantages and limitations of adipose tissue as
a source of primary human cells to address the needs for 3D
MPS modelling.

Adipose Derived Cells

Historically, the transplant field evolved using bone marrow
and blood as the primary source of therapeutic stem cells.®
Indeed, bone marrow transplantation has reigned for decades
as the “gold standard” for all cell therapies. Nevertheless,
advances in the field of tissue engineering and regenerative
medicine over the past two decades have been fuelled, in part,
through new insights regarding the capability of cells derived
from subcutaneous adipose tissue. The landmark publication
by Zuk et al.” in 2001 described the enzymatic isolation of
multipotent stromal cells from waste human adipose tissue
discarded after lipoaspiration procedures. Initially identified
as processed lipoaspirate cells,” they have subsequently been
identified by multiple equivalent acronyms including: adipose
derived stromal cells (ADSC), adipose mesenchymal stem
cells (AMSC), adipose-derived stromal/stem cells (ASC);?
henceforth, they are referred to as ASC. Routinely, the
isolation process calls for the release of cells from the adipose
tissue extracellular matrix by digestion with collagenase type I
alone or in combination with dispase followed by a low-speed
centrifugation step. The pelleted cell population recovered
immediately following enzymatic digestion and centrifugation
is known as the stromal vascular fraction (SVF) and consists
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of heterogeneous mix of endothelial, fibroblast, lymphoid,
myeloid, pericytic, and stromal/stem cells.'® These populations
have the potential to contribute to angiogenesis, innate immune
function, and vascularization as well as mesenchymal lineage
differentiation. Flow cytometric characterization of both
freshlyisolated and cryopreserved SVF cellimmunophenotypes
has demonstrated the presence of both CD34 and CD45 as well
as lymphoid and myeloid lineage biomarkers."® The SVF cells
can be used directly at the point of care. Alternatively, they
can be cultured on a plastic surface to isolate and expand the
ASC population which are enriched based in part on their
adherent properties. The ASC are noteworthy first and
foremost for their functionality as adipogenic progenitors.
Additionally, they display mesenchymal lineage potentiality as
chondrogenic and osteogenic progenitors.'® Unlike SVF cells,
the immunophenotypic profile of ASCbased on flow cytometry
displays lower levels of CD34 and CD45 while uniformly
exhibiting high levels of CD10, CD13, CD73, CD90 and
CD105."° The SVF cell and ASC proteomes show substantial
overlap based on mass spectrometry profiles.!'"* Likewise, in
addition to cytokines and tetraspanin membrane proteins, the
SVF cells and ASC secretome contains microRNAs known to
impact the trilineage differentiation pathways (adipogenic,
chondrogenic, osteogenic).'* Table 1 briefly summarizes the
distinguishing features of ASC and SVF cells."

The vast majority of the scientific literature reports on
SVF cells and ASC isolated using methods optimized by
individual research laboratories and performed using a
“hands-on” approach in biological safety cabinets or equivalent
levels of sterility and safety. Nevertheless, for purposes of
biomanufacturing reproducibility, forward-looking
academic laboratories and biotech companies have advocated
for the development and use of closed-system devices to
process adipose tissue for cell isolation.'*” These investigators
consistently argue that standardization of the dissociative
enzyme cocktail composition as well as the length of time
and physical/mechanical steps, along with containment of all
steps and media within a closed container, will yield improved
reproducibility and uniformity of the final cell product. Indeed,
several studies have performed side by side comparisons
between individual devices and manual separation of SVF
cells. Giiven et al.”® reported increased yields of nucleated
(62%) and clonogenic (24%) cells using the Biosafe Sepax
device (Biosafe, Eysins, Switzerland) accompanied by reduced

and

Table 1. Features of adipose-derived stromal/stem cells & stromal vascular cells.

Adipose-derived stromal/stem cells

Stromal vascular cells

Shared
features

Distinguishing Culture adherent & expanded

features Depleted of Hematopoietic Lineages (CD45°)

- Isolated by enzyme digestion and centrifugation

- Multilineage differentiation potential (adipogenic, chondrogenic, osteogenic)

Not exposed to plastic or expanded

Contains endothelial progenitors, fibroblasts, pericytes,
lymphoid and myeloid cells (CD45*)

Higher colony forming unit - fibroblast frequency (> 5%) Lower colony forming unit - fibroblast frequency (1%)

1 Obatala Sciences Inc., New Orleans, LA, USA; 2 Dr. Panjwani Center for Molecular Medicine and Drug Research, International Centre for Chemical and

Biological Sciences, University of Karachi, Karachi, Pakistan.
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variability in a study including 11 donors. SundarRaj et al.*!
reported equivalent viability and yields in SVF cell recovery
between the Stempeutics Research device (Stempeutics
Research Pvt. Ltd., Bangalore, India) and manual procedures.
In contrast, Hanke et al.” reported lower SVF cell yields with
reduced enrichment of CD34" cells using the Neogenesis
device (NeoGenesis Co., Ltd., Seoul, South Korea) relative to
manual procedures. Despite this variability among devices,
since SVF cells will be isolated routinely at the “point of care”
in a surgical setting, the process will rely on operating room
nurses or equivalent biomedical/healthcare personnel rather
than dedicated cell biologists. By automating the isolation
process in a quality controlled and quality assured manner, the
opportunity for human/operator errors in the operating room
will be reduced. Furthermore, the automated device is argued
to be more cost efficient compared to the maintenance of a
fully operational tissue processing and cell isolation laboratory
in the operating suite. Multiple manufacturers now offer their
closed system devices to the research and clinical community
with some advancing to regulatory approval. Using such
devices, autologous SVF cells can be obtained within ~1 hour
of lipoaspirate collection in the operating room. In contrast to
ASC, SVF cells do not require multi-day expansion in a cell
culture media containing foetal bovine serum, human platelet
lysate, or equivalent recombinant growth factors. For these
reasons, there is growing enthusiasm among researchers
and clinicians to exploit SVF cells as an investigative and
therapeutic resource.

Three-Dimensional Microphysiological
Systems for Adipose Tissue

The “ideal” 3D MPS should display the following desired
features: (a) cost effective; (b) biomanufactured with reagents
of human origin; (c) adaptable to high throughput screening
assays; (d) adaptable to microfluidic substrates, perfusion
bioreactors, and other fluid dynamic-based systems; (e)
validated for multiple functionalized assays reflecting tissue
or organ specific function; and (f) yielding reproducible
and quantifiable outcomes.”* The emerging MPS field has
focused substantial attention on cardiac, hepatic, neuronal,
and oncology models, each of which represents a competitive
opportunity for drug development; however, studies focusing
on adipose tissue depots have been relatively limited.* 22 This
reflects, in part, the perception by many that adipose tissue
plays a more “passive” role in metabolism as compared to the
liver or skeletal muscle. This viewpoint may be undergoing
a paradigm shift due to the growing obesity epidemic and
growing understanding of the role of adipose tissue in
metabolic dysregulation. The U.S. Centre for Disease Control
and Prevention has calculated that the age adjusted obesity
prevalence (body mass index > 30 kg/m?) in 2017-2018 was
42.4% for American adults. It is likely that the value is even
higher in 2021. In light of this data, it can be argued that adipose
tissue now constitutes the largest organ by weight within the
human body of the average adult American. Consequently,
there is a need for increased attention to the role of adipose
metabolism in all drug discovery efforts.” It is well established
in the pharmaceutical and toxicology literature that adipose
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tissue can act as a reservoir or “sink” for lipophilic chemical
compounds. Presumably, weight loss programs associated
with lipid turnover can result in the rapid release of stored
lipophilic chemical compounds into the systemic circulation.
Likewise, adipocyte metabolism of drugs targeting cardiac,
hepatic, or neuronal tissues can conceivably alter their
pharmacotoxicological profile. Furthermore, triglycerides
and other compounds released by adipocytes can interact
with circulating drugs, thereby influencing their circulatory
half-life and downstream receptor interactivity. While these
relationships may have less influence in lean individuals, their
importance is compounded with obesity and increased adipose
tissue mass.

Incorporation of Adipose Three-Dimensional
Microphysiological Systems into Models of
Obesity, Metabolic Disease and Cancer
Ultimately, 3D MPS in vitro models will need to include an
adipose tissue “fat on a chip” component in addition to heart,
liver, and brain in order to fully incorporate the complexity
of the obese individual’s pathophysiology within the context
of drug discovery. Studies have developed 3D MPS models
mimicking adipose hypertrophy and hyperplasia suitable for
diabetes and obesity related studies.** ** Comparable hepatic
steatosis models have already proven valuable for ex vivo drug
validation in the fibrotic liver.* Similarly, there is a need for
adipose components in 3D MPS oncology models. There is a
substantial body of work demonstrating that adipocytes and
adipose tissue influence the growth of tumours. An increased
incidence of breast, colon, and prostate cancers has been
correlated with elevated rates of patient obesity. Studies have
linked adipocyte secretion of adipokines such as leptin with
enhanced growth and invasion rates for breast cancer models
in vitro.>*¥

Relative Merits of Adipose-Derived Stromal/
Stem Cells and Stromal Vascular Cells for
Three-Dimensional Microphysiological
Systems Constructs

At present, there is a compelling argument favouring
the selection of SVF cells rather than ASC to create
pathophysiological relevant 3D MPS adipose constructs
for discovery research. First, SVF cells display greater
heterogeneity relative to ASC. While ASC represents a
relatively homogeneous population of adipogenic stromal
cells, the SVF cell has greater heterogeneity with inclusion
of endothelial, fibroblast, lymphoid, myeloid, pericytic, and
stromal cells, consistent with the composition of the intact
native tissue. Consequently, 3D MPS constructs prepared with
SVF cells are capable of displaying spontaneous vascularization-
like morphology in the presence of standard growth medium
as well as time dependent maintenance of a cell population
reflective of the native adipose tissue. Second, the time required
to obtain the SVF cell specimen is substantially shorter than
that required to isolate ASC. Using a closed system device at
point of care, SVF cells can be processed within 90 minutes. In
contrast, ASC will require adherence and seeding in a culture
flask or equivalent, expansion over a 4- to 10-day period,
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and enzymatic harvest/release prior to use. Nevertheless, the
expansion process provides an advantage by ensuring that
a greater number of ASC can be available compared to the
number of SVF cells isolated from the same starting volume
of lipoaspirate tissue. The relative value of a greater number of
3D MPS constructs that can be generated with ASC relative to
the heterogeneity of SVF cells is a judgement that investigators
need to make in the context of their individual experimental
design. Both ASC and SVF cells are equivalent with respect
to their biocompatibility with multiple biological hydrogels.
Obatala’s scientists have observed that ASC and SVF cells are
viable and capable of adipogenic or osteogenic differentiation
in both human blood-derived (ObaGel) and human adipose-
derived (AdipoGel) matrices.?> “*#! Others have reported that
ASC are compatible with non-human derived hydrogels such
as collagen type I (rat-tail) and Matrigel (murine Engelbreth-
Holm-Swarm sarcoma).*>* Likewise, ASC have been shown
to be compatible with bacterial- or plant-derived nanofibrillar
cellulose scaffolds which are capable of supporting adipogenesis
or osteogenesis.*>* Additionally, ASC and SVF cells are readily
available from donors reflecting a wide range of demographics
based on age, body mass index, endocrine disease background,
ethnicity, and family medical histories. The cell populations
can be sourced from multiple adipose depots, including
subcutaneous, omental, visceral, peri-renal, peri-cardiac,
infrapatellar, retro-orbital, mammary, and other locations.

Potential Utility of Adipose Three-
Dimensional Microphysiological Systems
Models in Regenerative Medicine

Adipose 3D MPS models have additional value in the context of
soft tissue regeneration for cosmetic, plastic, and reconstructive
surgery. Currently, plastic surgeons employ fat grafting of
autologous lipoaspirates as a routine method to address body
contour and soft tissue defect issues. While this approach can
be effective, volumetric loss over time due to cyst formation,
fibrosis, and necrosis can lead to multiple procedures as well
as sub-optimal tissue tactile features and morphological
outcomes. The concepts incorporated into 3D MPS adipose
tissue modelling have the potential for scale up and clinical
translation. Theoretically, it will be feasible to biomanufacture
a fully mature adipose tissue with pre-specified volume and
dimensions in a bioreactor from autologous or allogeneic
SVF cells or ASC. Plastic and reconstructive surgeons could
use non-invasive imaging techniques to design an adipose
tissue construct with patient-specific dimensions for direct
implantation. While such an approach remains speculative
for soft tissue repair, it has been implemented for bone and
hard tissue regeneration.*”*® Culture expanded ASC have been
employed to bioengineer bone/cartilage grafts customized to
fit critical sized mandibular defects in porcine models with
the intent of using such data to support U.S. Food and Drug
Administration authorization of safety and efficacy clinical
trials.*”*

Conclusions Future and Directions
In summary, adipose tissue is a robust source of cells for
advancing 3D MPS models biomanufactured in combination
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with human and synthetic biomaterials. Investigators should
routinely consider SVF cells as an alternative to either culture
expanded ASC or bone marrow-derived mesenchymal
stem cells when designing an experiment. In contrast to
the relatively homogeneous ASC or bone marrow-derived
mesenchymal stem/stromal cells, the heterogeneous SVF
cells are particularly appropriate for studies evaluating
immunomodulatory, inflammatory, infection, or oncological
aspects of adipose depots in vitro. In order to maximize the
growth of the 3D MPS field, it will be necessary to advance
several objectives. Investigators will need to have improved
access to affordable, reliable, cryopreserved human SVF cells
harvested and processed in accordance with international
recognized standards with respect to biological safety and
patient-oriented ethical concerns. Information regarding the
donor demographics and cell product validation (viability,
immunophenotype, lineage differentiation) will need to be
provided in an anonymous but rigorously authenticated
manner. There will need to be abody of peer reviewed literature
from multiple laboratories in academia, biotech and pharma
validating the relative utility of both ASC and SVF cells in 3D
MPS for use in drug discovery screening and target chemical
identification for cardiovascular, metabolic, and oncological
diseases. Easy access to human adipose-derived cells will
enhance the scientific community’s experimental toolkit
and impact its future research discovery and development
capabilities.

Author contributions

Review design TF, JG; 1* draft of review ]JG; 2™ draft of review JG, TF; final
edits of review KH, ER, XW, MH, OM, JR, HL; graphical abstracts JR, HL. All
authors read and approved the final version of manuscript.

Financial support

None.

Acknowledgement

The authors thank their colleagues and collaborators at Obatala Sciences,
Xavier University of Louisiana, Tulane University, and Louisiana State
University for their many constructive discussions relating to ASCs and MPS.
The graphical abstract was created with Biorender.com.

Conflicts of interest statement

All authors except OM are employees of Obatala Sciences where TF, XW, and
JMG are also co-founders and co-owners. XW and JG are co-founders and
co-owners of Talaria Antibodies Inc.

Open access statement

This is an open access journal, and articles are distributed under the terms
of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0
License, which allows others to remix, tweak, and build upon the work non-
commercially, as long as appropriate credit is given and the new creations are
licensed under the identical terms.

1. Langer, R.; Vacanti, J. P. Tissue engineering. Science. 1993, 260, 920-926.

2. Prestwich, G. D. Simplifying the extracellular matrix for 3-D cell
culture and tissue engineering: a pragmatic approach. J Cell Biochem.
2007, 101, 1370-1383.

3. Prestwich, G. D. Evaluating drug efficacy and toxicology in three
dimensions: using synthetic extracellular matrices in drug discovery.
Acc Chem Res. 2008, 41, 139-148.

4. Prestwich, G. D,; Liu, Y.; Yu, B.; Shu, X. Z.; Scott, A. 3-D culture in
synthetic extracellular matrices: new tissue models for drug toxicology
and cancer drug discovery. Adv Enzyme Regul. 2007, 47, 196-207.

5. Sutherland, M. L.; Fabre, K. M,; Tagle, D. A. The National Institutes

www.biomat-trans.com



Adipose cells in 3D MPS constructs

10.

11.

12.

13.

14.

15.

16.

17.

of Health Microphysiological Systems Program focuses on a critical
challenge in the drug discovery pipeline. Stem Cell Res Ther. 2013, 4 Suppl
1,11,

Marx, U.; Akabane, T.; Andersson, T. B.; Baker, E.; Beilmann, M.;
Beken, S.; Brendler-Schwaab, S.; Cirit, M.; David, R.; Dehne, E. M.;
Durieux, I.; Ewart, L.; Fitzpatrick, S. C.; Frey, O.; Fuchs, F.; Griffith,

L. G.; Hamilton, G. A.; Hartung, T.; Hoeng, J.; Hogberg, H.; Hughes,
D.].; Ingber, D. E.; Iskandar, A.; Kanamori, T.; Kojima, H.; Kuehnl, J.;
Leist, M,; Li, B.; Loskill, P.; Mendrick, D. L.; Neumann, T.; Pallocca, G.;
Rusyn, I.; Smirnova, L.; Steger-Hartmann, T.; Tagle, D. A.; Tonevitsky,
A.; Tsyb, S.; Trapecar, M.; Van de Water, B.; Van den Eijnden-van
Raaij, J.; Vulto, P.; Watanabe, K.; Wolf, A.; Zhou, X.; Roth, A. Biology-
inspired microphysiological systems to advance patient benefit and
animal welfare in drug development. Altex. 2020, 37, 365-394.

Watson, D. E.; Hunziker, R.; Wikswo, ]. P. Fitting tissue chips and
microphysiological systems into the grand scheme of medicine, biology,
pharmacology, and toxicology. Exp Biol Med (Maywood). 2017, 242, 1559-
1572.

Thomas, E. D, Sr. Stem cell transplantation: past, present and future.
Stem Cells. 1994, 12, 539-544.

Zuk, P. A.; Zhu, M.; Mizuno, H.; Huang, J.; Futrell, J. W_; Katz, A. ] ;
Benhaim, P.; Lorenz, H. P.; Hedrick, M. H. Multilineage cells from
human adipose tissue: implications for cell-based therapies. Tissue Eng.
2001, 7,211-228.

Bourin, P.; Bunnell, B. A.; Casteilla, L.; Dominici, M.; Katz, A.

J.; March, K. L.; Redl, H.; Rubin, J. P.; Yoshimura, K.; Gimble, J.

M. Stromal cells from the adipose tissue-derived stromal vascular
fraction and culture expanded adipose tissue-derived stromal/stem
cells: a joint statement of the International Federation for Adipose
Therapeutics and Science (IFATS) and the International Society for
Cellular Therapy (ISCT). Cytotherapy. 2013, 15, 641-648.

DeLany, J. P.; Floyd, Z. E.; Zvonic, S.; Smith, A.; Gravois, A.; Reiners,
E.; Wu, X; Kilroy, G.; Lefevre, M.; Gimble, J. M. Proteomic analysis of
primary cultures of human adipose-derived stem cells: modulation by
Adipogenesis. Mol Cell Proteomics. 2005, 4,731-740.

Zvonic, S.; Lefevre, M.; Kilroy, G.; Floyd, Z. E.; DeLany, J. P.;
Kheterpal, I.; Gravois, A.; Dow, R.; White, A.; Wu, X.; Gimble, J. M.
Secretome of primary cultures of human adipose-derived stem cells:
modulation of serpins by adipogenesis. Mol Cell Proteomics. 2007, 6, 18-
28.

Kheterpal, I.; Ku, G.; Coleman, L.; Yu, G.; Ptitsyn, A. A.; Floyd, Z. E.;
Gimble, J. M. Proteome of human subcutaneous adipose tissue stromal
vascular fraction cells versus mature adipocytes based on DIGE. |
Proteome Res. 2011, 10, 1519-1527.

Martin, E. C.; Qureshi, A. T.; Dasa, V.; Freitas, M. A.; Gimble, J.

M.; Davis, T. A. MicroRNA regulation of stem cell differentiation

and diseases of the bone and adipose tissue: perspectives on miRNA
biogenesis and cellular transcriptome. Biochimie. 2016, 124, 98-111.
Hicok, K. C.; Hedrick, M. H. Automated isolation and processing of
adipose-derived stem and regenerative cells. Methods Mol Biol. 2011, 702,
87-105.

Williams, S. K.; Kosnik, P. E.; Kleinert, L. B.; Vossman, E. M.; Lye, K.
D.; Shine, M. H. Adipose stromal vascular fraction cells isolated using
an automated point of care system improve the patency of expanded
polytetrafluoroethylene vascular grafts. Tissue Eng Part A. 2013, 19,
1295-1302.

Williams, S. K.; Morris, M. E.; Kosnik, P. E.; Lye, K. D.; Gentzkow,

G. D.; Ross, C. B.; Dwevidi, A. J.; Kleinert, L. B. Point-of-care

Biomater Transl. 2021, 2(4), 301-306

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Biomaterials Translational

adipose-derived stromal vascular fraction cell isolation and expanded
polytetrafluoroethylene graft sodding. Tissue Eng Part C Methods. 2017,
23,497-504.

Brown, J. C; Shang, H.; Li, Y.; Yang, N.; Patel, N.; Katz, A. J. Isolation
of adipose-derived stromal vascular fraction cells using a novel point-
of-care device: cell characterization and review of the literature. Tissue
Eng Part C Methods. 2017, 23, 125-135.

Doi, K.; Tanaka, S.; lida, H.; Eto, H.; Kato, H.; Aoi, N.; Kuno, S.; Hirohi,
T.; Yoshimura, K. Stromal vascular fraction isolated from lipo-aspirates
using an automated processing system: bench and bed analysis. ] Tissue
Eng Regen Med. 2013, 7, 864-870.

Giiven, S.; Karagianni, M.; Schwalbe, M.; Schreiner, S.; Farhadi,

J.; Bula, S.; Bieback, K.; Martin, I.; Scherberich, A. Validation of an
automated procedure to isolate human adipose tissue-derived cells by
using the Sepax® technology. Tissue Eng Part C Methods. 2012, 18, 575-
582.

SundarRaj, S.; Deshmukh, A.; Priya, N.; Krishnan, V. S.; Cherat, M.;
Majumdar, A. S. Development of a system and method for automated
isolation of stromal vascular fraction from adipose tissue lipoaspirate.
Stem Cells Int. 2015, 2015, 109353.

Hanke, A.; Prantl, L.; Wenzel, C.; Nerlich, M.; Brockhoff, G.; Loibl, M.;
Gehmert, S. Semi-automated extraction and characterization of stromal
vascular fraction using a new medical device. Clin Hemorheol Microcire.
2016, 64, 403-412.

Bender, R.; McCarthy, M.; Brown, T.; Bukowska, J.; Smith, S.; Abbott,
R. D.; Kaplan, D. L.; Williams, C.; Wade, J. W.; Alarcon, A.; Wu, X.;
Lau, F; Gimble, J. M.; Frazier, T. Human adipose derived cells in two-
and three-dimensional cultures: functional validation of an in vitro fat
construct. Stem Cells Int. 2020, 2020, 4242130.

Pope, B. D.; Warren, C. R.; Dahl, M. O.; Pizza, C. V.; Henze, D. E;
Sinatra, N. R.; Gonzalez, G. M.; Chang, H.; Liu, Q.; Glieberman, A.

L.; Ferrier, ]. P., Jr.; Cowan, C. A.; Parker, K. K. Fattening chips:
hypertrophy, feeding, and fasting of human white adipocytes in vitro.
Lab Chip. 2020, 20, 4152-4165.

Abbott, R. D.; Raja, W. K.; Wang, R. Y.; Stinson, ]J. A.; Glettig, D. L.;
Burke, K. A; Kaplan, D. L. Long term perfusion system supporting
adipogenesis. Methods. 2015, 84, 84-89.

Abbott, R. D.; Borowsky, F. E.; Quinn, K. P.; Bernstein, D. L.;
Georgakoudi, I.; Kaplan, D. L. Non-invasive assessments of adipose
tissue metabolism in vitro. Ann Biomed Eng. 2016, 44, 725-732.

Choi, ]. H.; Bellas, E.; Gimble, J. M.; Vunjak-Novakovic, G.; Kaplan,

D. L. Lipolytic function of adipocyte/endothelial cocultures. Tissue Eng
Part A. 2011, 17, 1437-1444.

Choi, J. H.; Gimble, ]. M.; Lee, K.; Marra, K. G.; Rubin, J. P.; Yoo, J. J.;
Vunjak-Novakovic, G.; Kaplan, D. L. Adipose tissue engineering for
soft tissue regeneration. Tissue Eng Part B Rev. 2010, 16, 413-426.

Wang, R. Y.; Abbott, R. D.; Zieba, A.; Borowsky, F. E.; Kaplan, D. L.
Development of a three-dimensional adipose tissue model for studying
embryonic exposures to obesogenic chemicals. Ann Biomed Eng. 2017,
45,1807-1818.

Ward, A.; Quinn, K. P.; Bellas, E.; Georgakoudi, I.; Kaplan, D. L.
Noninvasive metabolic imaging of engineered 3D human adipose tissue
in a perfusion bioreactor. PLoS One. 2013, 8, €55696.

Loskill, P.; Sezhian, T.; Tharp, K. M.; Lee-Montiel, F. T.; Jeeawoody,
S.; Reese, W. M,; Zushin, P. H.; Stahl, A.; Healy, K. E. WAT-on-a-chip:
a physiologically relevant microfluidic system incorporating white
adipose tissue. Lab Chip. 2017, 17, 1645-1654.

Rogal, J.; Binder, C.; Kromidas, E.; Roosz, J.; Probst, C.; Schneider, S.;

305



Review

33.

34.

35.

36.

37.

38.

39.

40.

Schenke-Layland, K.; Loskill, P. WAT-on-a-chip integrating human
mature white adipocytes for mechanistic research and pharmaceutical
applications. Sci Rep. 2020, 10, 6666.

McCarthy, M.; Brown, T.; Alarcon, A.; Williams, C.; Wu, X.; Abbott,
R. D.; Gimble, J.; Frazier, T. Fat-on-a-chip models for research and
discovery in obesity and its metabolic comorbidities. Tissue Eng Part B
Rev. 2020, 26, 586-595.

Qi, L.; Zushin, P. H.; Chang, C. F.; Lee, Y. T.; Alba, D. L.; Koliwad, S.
K.; Stahl, A. Probing insulin sensitivity with metabolically competent
human stem cell-derived white adipose tissue microphysiological
systems. Small. 2021. doi: 10.1002/smll.202103157.

Kostrzewski, T.; Snow, S.; Battle, A. L.; Peel, S.; Ahmad, Z.; Basak, J.;
Surakala, M.; Bornot, A.; Lindgren, J.; Ryaboshapkina, M.; Clausen, M.;
Lindén, D.; Maass, C.; Young, L. M.; Corrigan, A.; Ewart, L.; Hughes,
D. Modelling human liver fibrosis in the context of non-alcoholic
steatohepatitis using a microphysiological system. Commun Biol. 2021, 4,
1080.

Strong, A. L.; Ohlstein, J. F.; Biagas, B. A.; Rhodes, L. V.; Pei, D. T;
Tucker, H. A.; Llamas, C.; Bowles, A. C.; Dutreil, M. F.; Zhang, S.;
Gimble, J. M.; Burow, M. E.; Bunnell, B. A. Leptin produced by obese
adipose stromal/stem cells enhances proliferation and metastasis of
estrogen receptor positive breast cancers. Breast Cancer Res. 2015, 17,
112.

Strong, A. L.; Pei, D. T.; Hurst, C. G.; Gimble, J. M.; Burow, M. E.;
Bunnell, B. A. Obesity enhances the conversion of adipose-derived
stromal/stem cells into carcinoma-associated fibroblast leading to
cancer cell proliferation and progression to an invasive phenotype. Stem
Cells Int. 2017, 2017, 9216502.

Strong, A. L.; Semon, ]J. A,; Strong, T. A.; Santoke, T. T.; Zhang, S.;
McFerrin, H. E.; Gimble, J. M.; Bunnell, B. A. Obesity-associated
dysregulation of calpastatin and MMP-15 in adipose-derived stromal
cells results in their enhanced invasion. Stem Cells. 2012, 30, 2774-2783.
Strong, A. L.; Strong, T. A.; Rhodes, L. V.; Semon, J. A.; Zhang, X;
Shi, Z.; Zhang, S.; Gimble, J. M.; Burow, M. E.; Bunnell, B. A. Obesity
associated alterations in the biology of adipose stem cells mediate
enhanced tumorigenesis by estrogen dependent pathways. Breast Cancer
Res. 2013, 15, R102.

Mohiuddin, O. A.; Campbell, B.; Poche, J. N.; Ma, M.; Rogers, E.;
Gaupp, D.; Harrison, M. A. A.; Bunnell, B. A.; Hayes, D. J.; Gimble, J.
M. Decellularized adipose tissue hydrogel promotes bone regeneration
in critical-sized mouse femoral defect model. Front Bioeng Biotechnol.
2019, 7, 211.

41.

42.

43.

44,

45.

46.

47.

48.

Frazier, T.; et al.

Mohiuddin, O. A.; O'Donnell, B. T.; Poche, J. N.; Iftikhar, R.; Wise,

R. M.; Motherwell, J. M.; Campbell, B.; Savkovic, S. D.; Bunnell,

B. A.; Hayes, D. J.; Gimble, J. M. Human adipose-derived hydrogel
characterization based on in vitro ASC biocompatibility and
differentiation. Stem Cells Int. 2019, 2019, 9276398.

Bicer, M.; Sheard, ].; Iandolo, D.; Boateng, S. Y.; Cottrell, G. S;
Widera, D. Electrical stimulation of adipose-derived stem cells in 3D
nanofibrillar cellulose increases their osteogenic potential. Biomolecules.
2020, 10, 1696.

Manikowski, D.; Andrée, B.; Samper, E.; Saint-Marc, C.; Olmer, R.;
Vogt, P.; Strauf, S.; Haverich, A.; Hilfiker, A. Human adipose tissue-
derived stromal cells in combination with exogenous stimuli facilitate
three-dimensional network formation of human endothelial cells
derived from various sources. Vascul Pharmacol. 2018, 106, 28-36.
Andrée, B.; Ichanti, H.; Kalies, S.; Heisterkamp, A.; Strauf}, S.; Vogt,

P. M,; Haverich, A.; Hilfiker, A. Formation of three-dimensional
tubular endothelial cell networks under defined serum-free cell culture
conditions in human collagen hydrogels. Sci Rep. 2019, 9, 5437.
Mertaniemi, H.; Escobedo-Lucea, C.; Sanz-Garcia, A.; Gandia, C.;
Meikitie, A.; Partanen, J.; Ikkala, O.; Yliperttula, M. Human stem

cell decorated nanocellulose threads for biomedical applications.
Biomaterials. 2016, 82, 208-220.

Krontiras, P.; Gatenholm, P.; Higg, D. A. Adipogenic differentiation of
stem cells in three-dimensional porous bacterial nanocellulose scaffolds.
] Biomed Mater Res B Appl Biomater. 2015, 103, 195-203.

Bhumiratana, S.; Bernhard, J. C.; Alfi, D. M.; Yeager, K.; Eton, R. E.;
Bova, J.; Shah, F.; Gimble, J. M.; Lopez, M. J.; Eisig, S. B.; Vunjak-
Novakovic, G. Tissue-engineered autologous grafts for facial bone
reconstruction. Sci Transl Med. 2016, 8, 343ra383.

Chen, D.; Wu, J. Y.; Kennedy, K. M.; Yeager, K.; Bernhard, J. C.; Ng, J.
J.; Zimmerman, B. K.; Robinson, S.; Durney, K. M.; Shaeffer, C.; Vila,
O.F,; Takawira, C.; Gimble, J. M.; Guo, X. E.; Ateshian, G. A.; Lopez,
M. J.; Eisig, S. B.; Vunjak-Novakovic, G. Tissue engineered autologous
cartilage-bone grafts for temporomandibular joint regeneration. Sci
Transl Med. 2020, 12, eabb6683.

Received: November 5, 2021
Revised: December 15, 2021
Accepted: December 20, 2021
Available online: December 28, 2021

www.biomat-trans.com



