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Abstract

Impaired white adipose tissue (WAT) function has been recognized as a critical early event in
obesity-driven disorders, but high buoyancy, fragility, and heterogeneity of primary adipocytes
have largely prevented their use in drug discovery efforts highlighting the need for human stem
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cell based approaches. Here, we utilized human stem cells to derive metabolically functional

3D adipose tissue (iIADIPO) in a micro-physiological system (MPS). Surprisingly, previously
reported WAT differentiation approaches created insulin resistant WAT ill-suited for T2DM drug
discovery. Using three independent insulin sensitivity assays, i.e. glucose and fatty acid uptake
and suppression of lipolysis, as our functional readouts we derived new differentiation conditions
yielding hormonally responsive iADIPO. Through concomitant optimization of an iADIPO-MPS
we are able to obtain WAT with more unilocular and significantly larger (~40%) lipid droplets
compared to iIADIPO in 2D culture, increased insulin responsiveness of glucose uptake (2~3 fold),
fatty acid uptake (3~6 fold), and ~40% suppressing of stimulated lipolysis giving us a dynamic
range that is competent to current in vivo and ex vivo models, allowing us to identify both insulin
sensitizers and desensitizers.
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This study used human stem cells to derive metabolically functional 3D adipose tissue in

a micro-physiological system. Through concomitant optimization, the adipose system showed
mostly unilocular and significantly larger lipid droplets, increased insulin responsiveness of
glucose uptake, fatty acid uptake and suppressing of stimulated lipolysis compared to 2D culture,
providing a good dynamic range to identify insulin sensitizers and desensitizers.
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1. Introduction

Obesity-related disorders, particularly type-2 diabetes mellitus (T2DM), continue to increase
in the US and worldwidelll. One of the early events in the pathogenesis of T2DM is insulin
resistance in white adipose tissue (WAT), which disrupts the normal postprandial response
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to insulin[2l. Insulin resistance causes dysregulated lipolysis and impaired uptake of glucose
and fatty acid resulting in hyperglycemia and elevated serum free fatty acid levels that lead
to ectopic lipid deposition and impaired organ function such as nonalcoholic fatty liver
disease (NAFLD) and glucolipotoxicity in B-cells ultimately resulting in overt diabetes(3!.

Given its central role in energy homeostasis[4l, WAT has been recognized as a critical target
for T2DM investigation and pharmacotherapeutic interventions. Many previous studies have
utilized murine preadipocytes cell lines and animal models to investigate WAT. However,
their usefulness for translational applications is limited by significant species differences
between the lipid metabolism in humans and rodents[®]. Human primary adipocytes,

though readily obtainable from obese subjects, are often heterogeneous, highly fragile, too
buoyant to be maintained in standard tissue culture (TC) conditions, and often limited for
high-throughput screening approachesll. Alternatively WAT can be derived from human
stem cells however only with varying and often low rates of adipogenesis, such as 30%
-85% differentiation potential for adipose-derived stromal cells[”], 30%-50% for human
mesenchymal stem cells (hnMSCs)[8] and 3%-10% potential for induced pluripotent stem
cells (iPSCs)[]. Adipogenesis of human stem cells can be greatly increased via the forced
expression of the adipogenic master regulator PPARy[®-10]. Human iPSCs offer many
advantages such as indefinite propagation, easy derivatization, reduced ethical concerns,
and ability to derive multiple tissues from an isogenic source. Previous studies of human
stem cell derived WAT typically focus on achieving robust lipid droplet formation and
adipogenic gene expression profiles but only few of these studies have addressed functional
competence [11] and some of these studies reported a lack of insulin responsiveness(12],
Indeed, in our hands existing iPSC to WAT differentiation protocols[!3] result in completely
insulin resistant WAT (Figure S1), limiting their usefulness for drug discovery.

Further, standard 2D tissue culture (TC) models do not fully replicate the physiological
environment of human WAT and frequently fail to reproduce key features such as unilocular
lipid droplets. TC conditions often lack physiological circulation that continuously delivers
nutrients, removes wastes, and transfers hormones and cytokines. Additionally, the 2D
environment of standard TC fails to provide physiological cell-to-cell and cell-to-matrix
interactions found in WAT, which are essential for their differentiation and function[*4l. 3D
models were therefore developed. Adipocyte progenitors can directly form 3D spheroid on

a chemically tethered surface or grow on a 3D scaffold. Nonetheless, the mature adipocytes
become fragile and are subject to disassociation and necrosis as similar as 2D condition.
Encapsulation of adipocyte progenitors in 3D addresses the concern by isolating cells from
environmental impacts!®®], and increases adipogenesis compared to 2D culturel16l. However,
the requirement of cell numbers and materials increased greatly[17]. Organ-on-a-chip system,
also known as the micro-physiological system (MPS), is an emerging platform that can
address many of these concerns. Derived from well-established microfluidic technology,
MPS allow for the circulating of culture medium in a well-controlled manner, provide

a stable encapsulated microenvironment for differentiation and long-term culturing, and
minimizes the requirement for cells and materials['8]. Thus, there is a clear need to create a
MPS platform that uses human iPSCs to reconstruct competent metabolic functions of WAT,
which has not been well-developed until now(191.
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To address these issues, we created a hormonally responsive iADIPO in a MPS using
human mesenchymal stem cells (hMSCs) and induced pluripotent stem cells (iPSCs) that

in proof-of-concept screens allowed us to detect both insulin sensitizing and desensitizing
drugs. To the best of our knowledge, this is the first study that reconstructs the key hormonal
responses of 3D remodeled iADIPO-MPS using hMSCs and iPSCs. Our study provides a
pre-clinical model that may facilitate drug development, support profound investigation of
obesity and T2DM, and climb a stair toward the ultimate “human-on-a-chip” goal.

Results

Investigation of hMSCs differentiation toward metabolically competent WAT

Initial studies by us demonstrated that following existing published differentiation
protocols!t3], hMSCs-derived adipocytes accumulated lipid droplets but were insulin
resistant (Figure. S1). Thus, we decided to further optimize differentiation conditions

with physiological insulin responses as our primary criterion in addition to lipid droplet
accumulation. While increasing PPARy agonist rosiglitazone led to a dose dependent
increase in lipid accumulation, insulin sensitivity was only observed in a narrow range
(Figure S2a). The expressions of multiple adipocyte-specific genes were all increased with
increasing concentration of rosiglitazone (ANOVA: p=0.0007 for HSL, and p <0.0001

for other genes, Figure 1a). Higher rosiglitazone concentration also led to higher basal
nutrient uptake (ANOVA: p<0.0001 for fatty acid, and p=0.0003 for glucose, Figure 1b&c).
However, differentiated adipocytes were desensitized to insulin under some conditions.
Robust insulin-induced uptakes were only obtained in a range of rosiglitazone between
20~100 nM for free fatty acid uptake (Figure 1b), and 20~1000 nM for glucose uptake
(Figure 1c). 100 nM was identified as the acceptable concentration yielding both robust
adipogenesis and highly sensitive insulin responses. Based on this protocol, the lipolysis

of differentiated adipocytes was characterized. As shown in Figure 1d, lipolysis, as
measured by glycerol release, was robustly stimulated by 1 uM isoproterenol establishing a
R-adrenergic activated baseline. Additional inclusion of 1 uM insulin significantly inhibited
catecholamine stimulated lipolysis. Therefore, the key physiological functions of WAT, i.e.
insulin-induced nutrient uptake and suppression of B-adrenergically stimulated lipolysis,
were well-recapitulated by using hMSCs-derived adipocytes obtaining similar results to
previous in vivo or ex vivo studies[29].

Investigation of iPSCs differentiation toward metabolically competent WAT

WTC11 iPSCs were firstly differentiated to mesenchymal level (iPSC-MSCs) and
lentivirally transfected with PPARy, the master gene to regulate adipogenesis[®l. The
differentiation cocktail of iPSC-MSCs was slightly modified by adding SB431542, to
suppress chondrogenesis!?], and doxycycline to induce exogenous PPARY in transfected
iPSC-MSCs. The supportive role of rosiglitazone in the adipogenesis of iPSC-MSCs is

in line with that of hMSCs (Figure S2a). Higher rosiglitazone dose led to an increased
expression of adipogenic specific hallmark genes: relatively 5~20 folds increase of all genes
once rosiglitazone dose above 10 nM (Figure 2a). However, insulin desensitization also
occurred once rosiglitazone dose was above 1000 nM (Figure 2b). There is a window that
allows for robust insulin responsiveness in both glucose and fatty acid uptakes by keeping
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rosiglitazone concentrations at 100 nM (Figure 2b&c). Under this condition, lipolysis can be
activated by isoproterenol, releasing ~3 folds more glycerol into the surrounding medium;
and can be suppressed by insulin (Figure 2d). Thus, the anabolic and catabolic functions of
WAT were reconstructed using iPSCs. Importantly, this optimized differentiation protocol is
not specific to one iPSC line (WTC11 in this case), as we were able to obtain similar results
in terms of generating insulin sensitive WAT from a total of 4 human iPSC lines including
1023-5, K3, and G15A0 (Figure S3)

2.3 Adipogenic gene expression and function of iADIPO

The adipogenesis of our stem cell-derived adipocytes (IADIPO) was compared to
commercially pooled human subcutaneous mature adipocytes originated from liposuction.
The hMSCs-derived adipocytes were further matured to Day 14 to meet the same
differentiation period of iPSCs-derived adipocytes. Both showed more lipid droplet coverage
and larger droplet size than the commercial adipocytes (Figure S2b—d), matching previous
reports(®l. Hallmark adipogenic genes expression shows that hMSCs-derived adipocytes
were not significantly different to commercial primary adipocytes except for lower

UCP1 expression (p=0.0002, Figure 3a). Further, iPSCs-derived adipocytes expressed
significantly higher PPARy (p<0.0001), FABP4 (p<0.0001), HSL (p=0.0105) compared

to the commercial primary adipocytes while demonstrating lower UCP1 expression
(p=0.0032). Compared to the adipocytes from human biopsies, both stem cell-derived
adipocytes show no significant differences in expression of all WAT specific hallmark genes,
excepting for the PPARy in iPSCs-derived adipocytes (p<0.0001) due to the exogeneous
induction. The hormonal responsiveness of our stem cell-derived adipocytes and that of
commercial adipocytes were also compared. While the relative changes in lipolysis brought
about by B-adrenergic activation and insulin-induced suppression were comparable between
hMSCs-derived, iPSCs-derived and commercial adipocytes (Figure 3b), absolute glycerol
release rates under stimulated conditions were higher in iADIPO. The insulin-induced
glucose uptakes between iIADIPO and commercial adipocytes were significantly different
(Figure 3c). Insulin was able to robustly induce glucose uptake in both stem cell derived
adipocytes. In particular, the hMSCs-derived adipocytes can uptake ~3 folds more glucose
upon insulin stimulation, following the similar response shown in Day 7 (Figure 1c). The
commercial mature adipocytes, however, failed to display insulin stimulated glucose uptake,
which suggests severe insulin resistance.

2.4 MPS design and optimization

To enhance the differentiation and the survival of adipocyte progenitors in a microfluidic
environment, MPS layout and culture conditions were investigated. Since geometric cues
may affect adipogenesis(?2], varied sizes of cell chambers were examined for effects on
adipocyte development (Figure 4a). The diameter of cell chambers ranged from 500,

1000, 1500 to 2000 um to cover the common sizes used in microfluidic-based MPS[23],
Differentiating hMSCs on Day 4, the stage that has been initiated to adipogenesis
commitment, were dissociated from tissue culture flasks as pre-induced stem cells. Adhesion
peptide modified HA hydrogel, which was synthesized based on our previously study, was
mixed with dissociated cells and loaded in MPS. This hydrogel can assist 3D culture and
gradually degrade with tissue remodeling process during differentiation. Initial cell density
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was selected as 4x107 cells/mL according to previous 3D models [15d. 15¢, 16, 24] - After 3
days, the cells aggregated and clustered at the center (Figure 4b), implying an active WAT
remodelling process that is commonly observed during adipogenesis differentiationl2%]. As
shown in the schematic (Figure 4b), there is a ring-shape area with sparsely distributed
cells (defined as cell lack area) between cell cluster edge and cell chamber sidewall. The
adipocytes within this area are not expected to differentiate as homogenous as the cluster
area due to the low cell confluence. Based on statistical analysis (Figure 4c), cell chambers
with diameters of 1500 um showed minimal cell lack area and were used for subsequent
MPS generations.

Next, the effect of cell loading density on adipogenesis was investigated. Pre-induced cell-
hydrogel slurries with densities from 1x107 to 8x107 cells/mL were loaded into MPS with
identical cell chamber sizes (Figure 5a). After 6 days (i.e. Day 10 of differentiation), cell
clusters formed in all groups. The cluster with the highest cell density, 8x107 cells/mL,
showed the smallest cell lack area than other groups (Figure 5b). As a result, more
adipocytes containing lipid droplets were distributed the entire cell cluster. On the other
end, there were only a few lipid droplets formed at the center in the chamber loaded with
2x107 cells/mL (Figure 5b and S4) and nearly no observable lipid droplets in the chamber
loaded with 1x107 cells/mL.

To investigate our ability to establish long-term culture, pre-induced hMSCs and iPSC-
MSCs with a density of 8x107 cells/mL were loaded, differentiated, and maintained in the
MPS. After 30 days, cell viability was determined using a live/dead cell staining assay
(Figure 5c&d). The fluorescent images show that the viability of both adipocytes was highly
maintained with nearly no dead cells, even at the central area. Both stem cell derived
adipocytes kept overall viability >98% without apparent loss of morphology (Figure 5¢). For
the purpose of comparison, the same batches of hMSCs and iPSC-MSCs were also plated,
differentiated, and maintained under standard TC condition for the same period of time
(Figure S5a&b). The overall viability of the hMSCs-derived adipocytes was ~82.1% and of
iPSCs-derived was ~67.5% in TC conditions, which were significantly lower than that in the
MPS. In addition, the buoyant lipid droplets started to break the fragile matured adipocytes
and float in medium after ~24 days since differentiation in spite of careful handling and
minimized disruption during media exchanges (Figure S5c).

2.5 Engineering of iADIPO-MPS

Given the promising viability of both stem cell-derived adipocytes in the MPS, the
morphology and the physiological functions of iIADIPO in MPS was examined. Nuclei,
lipid droplets, and F-actin of hMSCs-derived adipocytes were stained as blue, green and red,
respectively after 10 days loading (Figure 6a). The adipocytes self-remodeled in the MPS,
developed lipid droplets over the whole cluster and were distributed stereoscopically, as the
sideview observed in the 3D reconstruction. Most of the lipid droplets sized from 10 pm

to 40 um (Figure 6b). Importantly, the cells in the MPS displayed significantly larger lipid
droplets with lower locularity compared to the TC condition (Figure 6¢&d), indicating the
formation of more unilocular and larger adipocytes in MPS.
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To investigate the hormonal responses of the hMSCs-derived iADIPO-MPS lipolysis
was examined by measuring the glycerol in the retained assay solution in MPS. The
iADIPO-MPS released significantly more glycerol upon isoproterenol stimulation than
the basal condition (Figure 6e). The lipolysis was decreased ~43% upon suppression by
insulin. The glucose uptake of iIADIPO-MPS was determined by measuring the glucose
clearance of retained medium in the MPS. Upon insulin stimulation, ~0.33 mg glucose
was consumed per 108 adipocytes, significantly higher than the basal (Figure 6f). The
fatty acid uptake of iIADIPO-MPS was characterized by measuring fluorescent fatty acid
accumulation in adipocytes. With insulin stimulation, most of the adipocytes emitted an
intensive fluorescence after 30 mins (Figure S6a), indicating a significantly active uptake of
the fluorescent fatty acid (Figure 6g).

2.6 Engineering of iPSC based iADIPO-MPS

The morphology of iPSCs-derived adipocytes in MPS was also characterized by staining
nuclei, lipid droplets, and cytoskeleton. The confocal image of the entire MPS showed clear
clustering of adipocytes at the center with 3D distributed lipid droplets as the sideview
observed (Figure 7a). The adipocytes developed lipid droplets sized from 20~30 um (Figure
7b). Again, the adipocytes in the MPS formed significantly larger lipid droplets with lower
locularity compared to TC conditions (Figure 7c&d).

The hormonal responses of the iPSCs-derived iADIPO-MPS were examined following

the same strategies as hMSCs-derived ones. The lipolysis released significantly more
glycerol by isoproterenol stimulation than the basal condition and can be suppressed

by insulin (Figure 7e). The glucose clearance of retained medium in the MPS is ~0.55
mg/108 cell in the MPS, which is significantly higher than the basal (Figure 7f). The
accumulation of fluorescent fatty acid in the iIADIPO-MPS was also intensively increased
upon stimulation of insulin (Figure S6b), indicating a significantly active uptake and robust
insulin responsiveness (Figure 7g).

2.7 Drug screening in iADIPO-MPS

To show the utility of iIADIPO-MPS for the pharmaceutical interrogation of insulin
sensitivity, several potential insulin sensitizing or desensitizing compounds were assessed.
Four iIADIPO-MPSs were connected in series to assure similar conditions during
differentiation (Figure 8a). There are ~0.03 x108 cells/MPS with 10 uL/hours medium flow
rate, totally 480 uL flow through in 48 hours. As a comparison, there are ~0.05 x10° cells/
well of a 96-well plate with 100 uL medium refresh in 48 hours. Thus, medium in a MPS
is refreshed about 8 times more than in TC leading us to assume that formation of nutrient
gradients in our system are minimal, which is supported by the fact that we did not find
obvious morphological or functional differences between up- and down-steam chambers.
On Day 14, iPSCs-derived iADIPO-MPSs were switched to individual circuits for drug
administration (Figure 8b). The four iIADIPO-MPSs were infused with media containing
either 10 mM metformin, 5 UM hydrocortisone, or 10 pM atorvastatin, according to their
common dosages in previous studies[26]. After three days of drug treatment, fluorescent
fatty acid uptakes of eight chambers on each iIADIPO-MPS were microscopically measured
showing that metformin-treated iADIPO-MPS maintained high insulin sensitivity while
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hydrocortisone and atorvastatin treatments resulted in insulin resistance (Figure 8c). To
further quantify drug effectiveness, the uptake indexes are calculated based on the folds

of insulin-induced uptake over basal in each cell chamber. Intriguingly, the insulin-induced
uptake index of metformin-treated iADIPO-MPS is significantly higher than that of the non-
treated group, confirming the well-known insulin-sensitizing effects of metformin (Figure
8d) and thus demonstrating that the iADIPO-MPS platform can reliably identify both insulin
sensitizers and desensitizers.

3. Discussion

Taken together, our findings show that hormonally responsive and metabolically fully
competent human iADIPO-MPS can be created and utilized for drug discovery. We were
surprised to find that standard differentiation protocols!*3! resulted in insulin resistant
cells and that even commercially available adipocytes were unable to demonstrate insulin
induced glucose uptake, a hallmark of insulin sensitivity[2°]. Through careful adjustment
of differentiation conditions, we were able to identify key variables that allowed for both
robust adipogenic differentiation of human stem cells as well as hormonal sensitivity. The
three classic factors for adipogenesist?”l: insulin, dexamethasone, IBMX were orthogonally
investigated to ensure that selected doses can meet the best initial induction (Figure S7a—
c). We also examined two adipogenic inducers, rosiglitazonel132 13b. 13d] 3nd omega-3
fatty acid[28]. Based on our orthogonal tests the effectiveness of rosiglitazone was much
higher than that of DHA (Figure. S7d). DHA may also lead to insulin resistant adipocytes
(Figure S7e—f). Thus, rosiglitazone emerged as a key factor both in terms of differentiation
efficiency and insulin sensitivity. Although rosiglitazone has been extensively used in the
clinic as an insulin sensitizer(2%] we found that concentrations over 1000 nM may result
in insulin resistant cells. Particularly, high rosiglitazone doses led to insulin insensitive
cells while very low levels of rosiglitazone led to insulin sensitive cells but low lipid
droplet accumulation (Figure 1&2, Figure S1&2). The mechanism behind this insulin
desensitizing effect is unclear but here are many examples of adipocyte differentiation
factors, such as insulin, corticosteroid, free fatty acids, that show a biphasic response.

On one hand, they are critical to initiate the commitment of adipogenesis, further

increase maturation and lipid accumulation[3]. On the other hand, they may cause mature
adipocytes to be insulin resistance[26P1. Similarly, rosiglitazone shows different effects on
preadipocytes and mature adipocytes in previous studies[30l. Due to its biphasic roles,

the rosiglitazone dose needs to be precisely controlled to promote adipogenesis while
generating insulin sensitivity adipocytes. The narrow working range of rosiglitazone was
also observed in other studies[32]. In addition, rosiglitazone can induce browning of the
adipocytes resulting in a more than hundreds-fold induction of UCP1[32]. Brown and
beige adipocytes show decreased reliance on the insulin sensitive GLUT4 but enhance
GLUT1 expression[33], which may also decrease insulin sensitivity[34]. This may explain
the cause of reduced insulin sensitivity in the 1000 nM rosiglitazone treated adipocytes,
which expressed ~14 folds (hMSCs) and ~5 folds (iPSCs) higher UCP1 comparing to 100
nM rosiglitazone treated adipocytes (Figure 1a&2a). Interestingly, the commercial pooled
human subcutaneous adipocytes clearly contained a population of UCP1-positive brown/
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beige adipocytes (~2 folds higher than our adipocytes) that may be due to isolation and/or
culture conditions when the cells were generated.

While WAT in MPSs have been reported previously using murinel19: 351 and human
pre-adipocytes[12: 361 as well as primary adipocytes[?3 371 we further optimized them for
use with human stem cells by adjusting MPS geometry and culture environment from 2D
to 3D. We assessed cell viability and differentiation with the optimized MPS design and
culture conditions and compared them to standard TC conditions. Cell viability is highly
maintained in MPS and better than in TC, even at such high cell loading density (Figure.
5e). This result indicates that our MPS facilitated nutrient supply and waste removal very
well. Besides, many of the dead cells located at the cell lack area rather than the expected
stereoscopic center. It may suggest that confluent cells with restricted cell spreading in a
limited space is essential to support adipocytes for long-term culturing[38l. As such, higher
cell density is preferable in respect to cell viability in our iIADIPO-MPS. We also believe
that such outcome is due to the isoporous membrane, which isolates the cells from medium
disturbance. This design is especially supportive on cell viability for fragile cells, such as
mature adipocytes. Recently, other groups also showed that a similar design can maintain
the viability of primary human adipocytes!23dl. Regarding the remodeling capability and the
presence of lipid droplets in Figure 4b and Figure 5b, adipogenesis in 3D matrix seems
not obviously affected by cell chamber size, but highly relied on cell loading density.

The ineffectiveness of geometry size may be due to the 3D environment, where most of
the cells cannot sense the geometric cues provided by the cell chamber. Instead, they are
surrounded by the hydrogel matrix and other cells. As such, the cell confluence in 3D
space, which correlates to cell loading density, becomes dominated for adipogenesis at a
high loading density. Given the diameter of hMSCs is ~20 pm[39], the cells only occupy
below ~10% of the entire cell-hydrogel suspension volume at ~1x107 cells/mL. Thus, the
cells are most likely encapsulated by hydrogel with negligible chance of contacting other
cells, resulting in limited differentiation. The cell confluence increases with the increase
of loading density, promoting overall adipogenic differentiation. Once hMSCs are loaded
at ~8x107 cells/mL, they occupy above ~50% of the cell-hydrogel volume, which is close
to the fraction of densely packed monodispersed spheres (50%~70%)[401. In other words,
nearly all the cells contact to each other that creates a fully confluent and even mechanically
compacted microenvironment in limited 3D space, where round hMSCs with restricted
cell spreading are preferable to differentiate toward adipogenic lineage, prolong culture
longevity and support hypertrophy[22. 380, 411 The void between packed cells is filled with
the biodegradable hydrogel that provides initial support but can be digested once cells start
remodeling. We want to point out that other 3D culture strategies, such as hanging drop
method[5¢. 421 or extrusion-based techniquest® 431 require significantly more cells and
materials (~108 cells/sample) compared to our MPS (~10* cells/sample) to achieve similar
outcomes44],

Even when comparing adipocytes generated with our optimized protocol, iADIPO-MPS
exhibited similar and even higher hormonal response levels (i.e. lipolysis and uptakes
normalized by cell number) compared to TC conditions (Figure 6&7) and much better than
commercially pooled human mature adipocytes. Particularly, insulin was able to robustly
induce glucose uptake in both stem cell-derived adipocytes by 2~3 folds, matching the
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responses seen in murine cell line-derived adipocytes such as 3T3L1 adipocytes or human
preadipocytes[20: 360, 38b, 45] Oyr data also show that the MPS environment is suitable

for long-term culture and analysis. Further, iADIPO-MPS not only formed significantly
larger lipid droplets, but also displayed many unilocular lipid droplets (Figure 6&7), a
hallmark of WAT in vivo that is not normally reproduced in TCI19b. 23d. 46] Remarkably,
insulin responsiveness based on indexes of fold stimulation of glucose and fatty acid uptake
over basal, increased from 1.5~2 to 2~3 folds for glucose uptake, from 1.5~4 to 3~6

folds for fatty acid uptake. Also, experimental variance in the iIADIPO-MPS was smaller
resulting in improved significance levels (p=0.0026, 0.0002, 0.0028) compared to standard
TC conditions (p=0.01~0.05).

Conclusion

Methods

In summary, we report here the development of metabolically competent white adipocyte
MPS derived from human mesenchymal and induced pluripotent stem cells and demonstrate
their utility for the discovery of insulin sensitizing and desensitizing compounds based on
three insulin sensitivity indexes. This system leverages the advantages of utilizing human
cells while enabling the reduction of necessary animal experimentation. Thus, the iADIPO-
MPS system should lend itself both to drug discovery in the diabetes space as well as the
detection of environmental obesogens.

MPS fabrication

Patterned master templates for the medium channel and the cell chambers were fabricated
with a thickness of 60 um by standard photolithography using SU-8 (MicroChem Corp).
The chamber was designed as a circular shape to match the preference for adipogenic
differentiation[42]. The microfluidic patterns were replica molded from the master templates
to polydimethylsiloxane (PDMS, Sylgard 184, Dow) slabs by soft lithography. The inlet/
outlets were holed on the medium channel slab using a 0.75 mm biopsy punch (World
Precision Instruments LLC). A polyethylene terephthalate (PET) isoporous membrane
(TRAKETCH, SABEU GmbH & Co. KG) was activated by oxygen plasma (Plasma
Equipment Technical Services) at 60 W under ~0.6 Torr for 60 s and then chemically
decorated at 80°C for 30 mins in a solution of 97% isopropy! alcohol, 2% bis(3-
(trimethoxysilyl)propyl)anime, and 1% Milli-Q water. After decoration, the membrane was
rinsed in pure isopropyl alcohol and stored in anhydrous ethanol solution until further use.
For MPS assembling, the cell chamber and medium channel PDMS slabs were activated

by oxygen plasma at 60 W under ~0.6 Torr for 30 s and immediately sandwiched a size-
trimmed decorated PET membrane with proper alignment. The device was then baked at 110
°C for 30 mins for ethanol removal, bonding stabilization, and device sterilization.

Adhesion peptide modified hyaluronic acid synthesis

Modification of hyaluronic acid bases on the previous study of our groupl4”l. Briefly,
hyaluronic acid (65 kDa, Lifecore Biomedical) carrying hydrazide groups was synthesized
and then reacted to acryloxysuccinimide to generate acrylate groups. The collagen | short
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peptide sequence C1[48] (CGGGF(HYP)GER, GenScript), was reacted with the acrylate-HA
at room temperature to form adhesion side chains. After synthesis, the adhesion peptide
modified HA precursor was lyophilized until further use.

Cell culture and differentiation

All iPSCs were firstly differentiated into mesenchymal level (iPSC-MSCs) following the
standard procedure (Stem Cell Technologies). The fidelity of our subcutaneous human
mesenchymal stem cells (Catalog#: SP-F-SL, Lot#: SL0060; 0064, pooled donors with
BMI 25.0-29.99, Zenbio Inc.) and WTC11 iPSC-MSCs was identified by examining
typical mesenchymal stem cell surface markers[49], including positive expression of the
cluster of differentiation 73 (CD 73), CD 90, CD 105, and negative expression of

CD45 (Figure S8a&b). Mesenchymal potency was verified by differentiating them into
chondrocytes and osteoblasts (Figure S8c—e). For proliferation, hMSCs were cultivated in
the complete medium (DMEM/F12 medium with 10% fetal bovine serum, 1% HEPES,

1% penicillin/streptomycin) with supplements of 5 ng/mL human fibroblast growth factor
and 5 ng/mL human epidermal growth factor (all from ThermoFisher). While iPSC-MSCs
were cultivated in a commercial complete medium (MesenCult-ACF Plus, Stem Cell
Technologies). The sub-culture of both cells was below 70% of confluency to maintain
proliferation and differentiation capacities. For the purpose of differentiation, hMSCs
(within 9™ generation) were cultured to 100% confluency (Day —2) with additional 2

days post-confluence culture. Differentiation was initiated by the complete medium with
supplements of 500 nM insulin (Humulin R, Eli Lilly), 0.25 uM dexamethasone (Sigma-
Aldrich), 0.25 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich) and rosiglitazone (Sigma-
Aldrich) at designated concentrations for 4 days (Day 0 to 4). The rest of the differentiation
was followed by culturing in complete medium with supplements of 500 nM insulin and
rosiglitazone at the same concentration for additional 4 days (Day 4 to 8). After Day

8, the major differentiation was finished, while an extensive period of culturing in the
complete medium with 500 nM insulin allows further adipocyte maturation and lipid
accumulation. Following the same protocol, differentiation of iPSC-MSCs (within 13t
generation) showed low efficiency. Exogenous PPAR-y was thus lentivirally transfected into
iPSC-MSCs, which were then sub-cultured 3 passages to stabilize cell proliferation. The
differentiation of transfected iPSC-MSCs shared the similar differentiation protocol with
addition of 1 ug/mL doxycycline to turn on the exogeneous PPARy expression until Day
14. A TGF-B pathway inhibitor, SB431542 (abcam), was added into media from Day -2

to Day 14 to prevent chondrogenesis[?1l. To compare our hMSCs derived adipocytes with
a gold standard, commercially pooled human subcutaneous mature adipocytes (Catalog#:
SA-1024-SL, pooled donor lot, ZenBio Inc.) in 24-well culture plate were purchased and
maintained in the recommended commercial medium (ZenBio Inc.) for 2 days prior to
assays. Special measures were implemented to reduce any disturbance to commercial and
long-term cultured stem cell-derived adipocytes (>14 days), including careful plate handling,
minimizing exposure out of the incubator, and gently refreshing medium by half-volume
every two days.
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Human subjects

All the study participants were part of Inflammation, Diabetes, Ethnicity, and Obesity
(IDEO) cohort, which has been previously described[>%. Briefly, IDEO consists of 25-65
year-old men and women of multiple ethnicities and across a wide BMI range (18.5-52
kg/m?) living in the San Francisco Bay Area; exclusion factors include smoking, unstable
weight within the last 3 months (>3% weight gain or loss), a diagnosed inflammatory or
infectious disease, liver failure, renal dysfunction, cancer, and reported alcohol consumption
of >20 grams per day. Each participant consented to take part in the study, which was
approved by the University of California San Francisco (UCSF) Committee on Human
Research. Participants were recruited from medical and surgical clinics at the University of
California san Francisco (UCSF) and the Zuckerberg San Francisco General Hospital, or
through local public advertisements (NCT03022682).

Subcutaneous white adipose tissue (WAT) biopsies sampling

Subcutaneous WAT samples were obtained from the subjects by 2 different methods as
described previously[9. In most cases, samples were collected using a 2.1 mm blunt,
side-ported liposuction catheter (Tulip CellFriendly™ GEMS system Miller Harvester, Tulip
Medical Products) from the peri-umbilical area under local anesthesia. Some of the samples
were obtained during elective abdominal or bariatric surgery. WAT samples were freed of
visible connective tissue and rinsed to remove blood and clots, after which they were further
washed with Krebs-Ringer bicarbonate (KRB) buffer supplemented with 1% BSA and
stored at —80°C. The study involved samples from four female participants aged 31-51 years
with BMI ranging from 25-30 kg/m2. Detailed information about the study participants was
listed in Table S1.

RNA extraction, cDNA synthesis and real-time qPCR.

Total RNA from the tested cells was isolated with Trizol (Invitrogen) and purified using
organic extraction method by alcohol precipitation and rehydration. RNA from the human
biopsies was extract and purified using column-based strategy (RNeasy lipid tissue mini Kkit,
QIAGEN) according to manufacturer’s instructions. The RNA yield was determined using
the NanoDrop One UV-Vis spectrophotometer (Thermo Scientific). Isolated RNA (1000 ng)
was converted to cDNA using the Maxima First-Strand cDNA kit (Thermo Scientific) on a
thermo cycler (Bio-Rad). 10 ng cDNA was used for gPCR with TagMan Universal Master
Mix (Applied Biosystems) and validated PrimeTime primer probe sets (Integrated DNA
Technologies) on a QuantStudio 5 Real-Time PCR machine (Applied Biosystems). Each
sample contains three replicates for qPCR to avoid artificial error. Reference gene, PPIA,
was used as an internal normalization control in all samples. Expression of a certain gene
between samples were determined by comparative Ct method (or so-called delta-delta Ct):
the difference in Ct values (delta Ct) between a target gene and PPIA was calculated in each
sample, then was directly compared to that of other samples. Primer sequences are listed in
Supplementary Table. S1.

Small. Author manuscript; available in PMC 2023 January 01.


https://clinicaltrials.gov/ct2/show/NCT03022682

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 13

Culture in MPS

To ensure the adipogenesis of loaded stem cells, the initial stage of differentiation was pre-
induced in a tissue culture flask, where tiny lipid droplets would present in >80% stem cells
at Day 4. Pre-induced stem cells were dissociated (TrypLE Express, Gibco) and centrifuged
as cell pellets. Adhesion peptide modified HA precursor was dissolved in triethanolamine-
buffer (TEOA; 0.3 M, pH 8) at a concentration of 3 wt%. Prior to cell loading, 10 wt%
MMP cleavable peptides (CQPQGLAKC, GenScript) were dissolved in TEOA and directly
added to the cell pellet with dissolved HA precursor under a peptide-to-precursor volume
ratio of 1:10. The hydrogel-cell mixture was injected into the cell chamber of the device
and incubate at 37 °C for crosslinking. After 1 hour, the medium channel of the device was
connected with catheter couplers (Instech Laboratories) and tubes (Cole-Parmer). Culture
medium was infused at a flow rate of 10 pL/hour using a syringe pump (Harvard Apparatus).
Metformin, hydrocortisone or atorvastatin (all from Sigma-Aldrich) was added into medium
during drug administration.

Hormone-stimulated WAT function assays

Before all assays, adipocytes were subject to serum-free starvation with low glucose
DMEM (1g/L glucose, phenol free, gibco) overnight. For lipolysis assay, adipocytes were
incubated at 37°C in HBSS solution with 0.1% fatty acid free bovine serum albumin (BSA,
ThermoFisher) with proper stimulation factors: 1 uM isoproterenol (Sigma-Aldrich), or 1
UM isoproterenol plus 1 uM insulin (Sigma-Aldrich). After 90 mins, the assay solution was
collected. The lipolysis progress was determined by measuring glycerol concentration in
the collected solution using a commercial reagent (Free Glycerol Reagent, Sigma-Aldrich),
which enzymatically reacted with glycerol and yielded a colorimetric signal to be read in
absorbance at 540 nm. For glucose uptake assay, adipocytes were glucose-free starved using
KRPH buffer with 2% BSA prior to examination. After 45 mins, adipocytes were assayed
in low glucose DMEM without or with 1 uM insulin stimulation at 37°C for 3 hours. The
uptake was measured by the clearance of glucose in the medium using Amplex Red kit
(ThermoFisher Scientific). For the fatty acid uptake assay in TC condition, adipocytes were
immersed in HBSS solution with 0.1% BSA, 2 mM trypan blue (Sigma), additional 3.5
g/mL glucose (Sigma), and 1 uM fluorescent fatty acid (Bodipy 3823, Invitrogen) at 37°C
for 90 mins. The dynamic uptake of fatty acid was measured by the fluorescence of cell
layer at excitation/emission of 488/515 nm. For the fatty acid assay in the device, HBSS
solution with 0.1% BSA, additional 3.5 g/mL glucose, and 1 uM Bodipy 3823 were infused
into the medium channel at a flow rate of 20 uL/min. The entire system was placed in

an incubation tank (Zeiss) with 5% CO5 supply and 37°C heating. The dynamic uptake
was monitored using a fluorescence microscope at designated time points up to 30 mins.

In both TC and MPS conditions, fatty acid uptake was calculated based on the increase of
fluorescence within adipocytes after a certain period, in unit of relative fluorescence unit
per time, and normalize to the basal uptake of a designated condition as 1 for comparison
purpose.

Small. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 14

Fluorescence staining

Cell viability was justified by staining live cells with 2 uM calcein AM and dead cells

with 4 uM ethidium homodimer-1 (Invitrogen) in HBSS for 15 mins. All images were
captured within 1 hour with proper incubation. For the purpose of morphology investigation,
adipocytes were firstly fixed by 4% paraformaldehyde for 30 mins in TC conditions, or for
2 hours in the MPS. Nuclei, lipid droplets, and F-actin, were respectively stained by 300

nM DAPI (ThermoFisher), 1 uM Bodipy D3922 (ThermoFisher), and 1 x phalloidim-iFluor
647 (abcam) in PBS with 1% BSA for 1 hour in TC conditions, or overnight in the MPS.
Samples were mounted (Diamond Antifade, Invitrogen) after staining and rinsing.

Characterizations

Statistics

Bright-field images were taken by a wide-field inverted microscope (Axiovert 100

TV, Zeiss). Fluorescent images were captured by a wide-field fluorescence microscope
(AxioObserver Z1, Zeiss) and confocal fluorescence microscopes (LSM710, LSM880,
Zeiss). To measure time-lapsed fluorescence change, the look-up-table and other imaging
settings were kept consistent. Images were analyzed and processed by Zen (Zeiss) or ImageJ
(NIH). Absorbance and fluorescence of assay solutions were read by a microplate reader
(SpectraMax i3x, Molecular Devices).

All results from the TC condition were obtained from at least 3 replication groups. Lipid
size was determined by analyzing at least 4 samples in each group, where the largest 7 lipids
were measured in each image. For the in-device glucose and lipolysis assays, the results
were obtained from 3 repeating groups, where each group combines the assay solution
collected from 2 chips, and each chip contained 8 cell chambers. For the in-device fatty
acid uptake assay, the images of each condition were taken from 8 cell chambers with same
initiation time. In experiments that need to quantify stimulation-induced indexes, basal and
stimulated conditions were sequentially assayed and sampled from the same chip to reduce
variance. Cell number in TC (Figure 1c&d, 2c&d, 3b&c) were counted based on nuclei per
randomly selected views (Imm x 1mm) then multiply cell culture area. The cell number

in MPS (6d-¢, 7d-e) is estimated based on cell density in every loading then multiply

cell chamber volume. All results were statistically analyzed by JMP 11 (SAS Institute).
Two-tailed student t-test was used to compare the difference between two groups. ANOVA
was performed to assess the change of gene expression and function over rosiglitazone
concentration. P-value <0.05 was evaluated as significant (*), <0.005 as highly significant
(**). Error bars represent standard derivation in each group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: optimization of hM SCsdifferentiation.
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(a) gene expression, (b) free fatty acid uptake, and (c) glucose uptake of hMSCs-derived
adipocytes with different rosiglitazone concentrations. (d) lipolysis of hMSCs-derived
adipocytes with 100 nM rosiglitazone. All hMSCs were differentiated for 7 days. Expression
values in (a) are shown relative to the mean of undifferentiated hMSCs set as 1. Stars label
significant difference compared to undifferentiated hMSCs.
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Figure 2: optimization of iPSC-M SCs differentiation.
(a) gene expression, (b) free fatty acid uptake, and (c) glucose uptake of iPSCs-derived

adipocytes with different rosiglitazone concentrations. (d) lipolysis of iPSCs-derived
adipocytes with 100 nM rosiglitazone. All iPSCs-derived adipocytes were differentiated for
14 days. Expression values in (a) are shown relative to the mean of undifferentiated iPSC-
MSCs set as 1. Stars label significant difference compared to undifferentiated iPSC-MSCs.
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Figure 3: Comparison to commercial human adipocytes.
(a) gene expression, (b) lipolysis, and (c) glucose uptake of hMSCs- and iPSCs-derived

adipocytes after 14 days differentiation with 100 nM rosiglitazone and commercial
adipocytes. Expression values in (a) are shown relative to the mean of commercial
adipocytes set as 1. Stars label significant difference compared to commercial mature
adipocytes.
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Figure 4: Investigation of cell chamber size of MPS.
(a) schematic of MPS design. (b) cell clustering in vary-sized cell chambers after 3 days

loading. (c) statistical analysis of the distance between the cell cluster edge and the
cell chamber sidewall, and the calculated area ratio of cell lack area to chamber area.
Pre-induced hMSCs were loaded in the MPS at a cell density of 4x107 cells/mL.
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Figure5: Investigation of cell loading density in MPS.
(a) schematic of MPS design. (b) hMSCs-derived cell clustering in MPS after 6 days loading

with varied cell density. The live and dead cells of hMSCs- (c) and iPSCs-derived adipocytes
(d) were stained after 30 days since differentiation with a cell loading density of 8x107
cells/mL. Live cells were stained in green and dead cells in red. (e) cell viability analysis of
both adipocytes cultured in MPS and in TC condition after 30 days since differentiation.
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Figure 6: Reconstitution of hM SCs-derived iADIPO-MPS.
(@) morphology of adipocytes in MPS and (b) zoomed view of white dash-lined area in

(@). A sideview of 3D reconstruction in (a) is inserted aside. (c) lipid droplet size and (d)
locularity of the adipocytes differentiated in TC condition and in MPS. Average diameters
are 16.5 um in TC and 22.9 um in MPS. (e) lipolysis and (f) glucose uptake of the
adipocytes in the MPS. (g) analysis of fluorescent fatty acid uptake by adipocytes in MPS
with or without insulin stimulation. Pre-induced hMSCs were loaded in MPS at Day 4 and
imaged or assayed at Day 14.
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Figure 7: Reconstitution of iPSCs-derived iADIPO-MPS.
(@) morphology adipocytes in MPS and (b) zoomed view of white dash-lined area in (a).

A sideview of 3D reconstruction in (a) is inserted aside. (c) lipid droplet size and (d)
locularity of the adipocytes differentiated in TC condition and in MPS. Average diameters
of adipocytes are 16.3 um in TC and 22.6 um in MPS. (e) lipolysis and (f) glucose uptake
of the adipocytes in the MPS. (g) analysis of fluorescent fatty acid uptake by adipocytes in
MPS with or without insulin stimulation. Pre-induced iPSC-MSCs were loaded in MPS at
Day 4 and imaged or assayed at Day 14.
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Figure 8: Drug Screening in iADIPO-M PS.
(2) In-series culture in iIADIPO-MPS array. (b) Different drugs administrated in each

iIADIPO-MPS. (c) fluorescent fatty acid uptake by iADIPO-MPS with or without insulin
stimulation. (d) uptake indexes of fatty acid uptake determined by the folds of the insulin
stimulated uptakes over the basal under each condition.
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