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Abstract

Therisein obesity prevalence has created an urgent need for new and improved methods to
study human adipocytes and the pathogenic effects of weight gain in vitro. Despite numerous
studies showing the advantages of culturing adipocyte progenitors as 3D structures, the
majority continue using traditional 2D cultures which result in small, multilocular adipocytes
with poor representability. We hypothesized that providing differentiating pre-adipocytes
with avascular growth niche would mimic in vivo adipogenesis and improve the
differentiation process. Here we present asimple, easily applicable culture protocol that
allows for the differentiation and culturing of human adipocytes with a more unilocular
morphology and larger lipid droplets than previous protocols. We moreover offer a protocol
for inducing adipocyte enlargement in vitro, resulting in larger lipid droplets and
development of several key features of adipocyte dysfunction, including altered adipokine
secretions and impaired lipolysis. Taken together, our hypertrophied human adipocyte
spheroids offer an improved culture system for studying the cellular and molecular

mechanisms causing metabolic dysfunction and inflammation during weight gain.

I ntroduction

The prevalence of obesity is rapidly increasing worldwide, with great socio-economic
consequences. White adipose tissue is the major lipid storage site. During periods of excess
caloric intake, the adipose tissue expands both through hyperplasia, the differentiation of new
adipocytes from progenitors, and through hypertrophy, enlargement of existing adipocytes,
with the latter dominating during weight gain in adult humans®™?. However, with obesity, the
expanded adipose tissue also becomes dysfunctional, characterized by a persistent low-grade
inflammation, altered adipokine secretion and increased lipid release (lipolysis) in the basal,
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unstimulated state*®. Due to the hypertrophic nature of the weight gain, increased adipocyte
Size is another characteristic of adipose tissue dysfunction and disease susceptibility, and
associated with metabolic disease even in the lean state®”. Together, these changes greatly
impact systemic metabolism by promoting inflammation, dyslipidemia and insulin resistance.
It is therefore vital to understand the underlying molecular mechanisms of obesity and
adipose tissue dysfunction, which will enable the development of improved treatments
against obesity-induced metabolic disease®.

Mechanistic research into adipocyte dysfunction has been hampered by the
adipocytes’ large size and high lipid content, making them notoriously challenging to work
with®. Human mature white adipocytes within the subcutaneous fat depot, comprising over
80% of body fat, are unilocular (containing a single lipid droplet) with the nucleus squashed
to the side of the cells, typically measuring 63.4 um (range 59.0-72.1 um®®) in diameter in
lean individuals which can rise up to 200 um during obesity. The adipocytes are moreover
closely juxtaposed to each other within the tissue and interspersed by a network of
microvasculature and tissue-resident immune cells. Due to their lipid content, mature white
adipocytes cannot be frozen, and therefore any culture models such as the recently developed
MAAC model require a constant supply of fresh surgical biopsies, not always available®.
The research community has therefore reverted to using committed adipocyte progenitors, so-
called pre-adipocytes, which easily can be differentiated in culture in vitro™. Differentiation
yields adipocytes which readily accumulate lipid droplets and express all the characteristics
of human mature cells, but which are unable to become unilocular using the current 2D
culture systems, and do not share an in vivo-like tissue architecture with juxtaposed cells. The
lack of lipid droplet unilocularity is important, as small lipid droplets have a very different
membrane-to-volume ratio compared to large ones, and hence will differ in their lipid
mobilization dynamics™. Moreover, these differentiated cells have been used mostly to study
the effects of genes or agents on adipogenesis (adipocyte differentiation), while they have
been used much less for the study of mature adipocytes, which is their predominant cellular
state in vivo.

The cellular niche might be a factor explaining, at least in part, why in vitro
differentiation has remained poor. Seminal studies in mouse showed that differentiating
adipose tissue develops along the vascular tree, using the microvasculature as growth
niche***®. Moreover, cell-cell and cell-matrix contacts have also been shown to be essential

for differentiation’®. Reasoning that the lack of adipocyte maturity in current 2D culture
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models might be due to such key differentiating signals being absent during the
differentiation process, we hypothesized that by providing pre-adipocytes with both cell-cell
contacts and a vascular network, we would be able to construct an improved human
adipocyte culture model. Here we present an optimized spheroid model, culturing and
differentiating human stromal vascular fraction (SVF) cells into mature adipocytes imbedded
in Matrigel, which yields larger lipid droplets and a higher proportion of unilocular
adipocytes than previous methods. We moreover present a smple protocol to ‘fatten’ the
spheroids in culture, yielding spheroids with enlarged lipid droplets, altered adipokine
signalling and higher basal lipolysis, thus mimicking the phenotypic characteristics of
weight-gain and adipocyte dysfunction in vitro.

Methodsand Material

Cell culture

Primary human subcutaneous SVF cells (including preadipocytes, endothelial cells and
immune cells) from healthy donors (Lonza, US) were seeded in a 96-well ultra-low
attachment (ULA) plate with a round bottom (Corning, Costar #CLS7007) at 10,000 cells per
well. On day 6 the formed spheroids were embedded in 40 uL growth factor-reduced (GFR-
)Matrigel (Corning, #11553620) and cultured for a total of 40 days. From day 0-10 the cells
were seeded and cultured in 200 pL/well Endothelial growth medium 2 (EGM-2, CC-3162,
Lonza) to preserve endothelial cell integrity*’. On day 10, half of the cell culture media was
replaced by 2x Preadipocyte Growth Medium (PGM-2, PT-8002, Lonza) and the removed
media used for assays. PGM-2 only was used thereafter, adding 50 uL PGM-2 medium on
d14, d24 and d34, and removing 150 pL of the media on d20, d30 and d30 to be used for
assays, replacing it with fresh PGM-2. To mimic weight gain, spheroid media was
supplemented with Intralipid (L0288, Sigma, Aldrich) diluted 1:250 to a final concentration
of 800 g Intralipid per mL media. Analysis and harvesting of spheroids occurred on days 6,
10, 20, 30 and 40. On these days, pictures of the spheroids were taken using a light
microscope, media was collected and added back to the wells as described above. In addition,
a subfraction of the spheroids themselves was harvested at each time point for analysis for
DNA content.

Microscopic analysis, immunofl uor escence and confocal microscopy
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Total spheroid area was analysed from light microscopy pictures and measured using the Fiji
ImageJ software. For microscopic analysis, spheroids were washed in Dulbecco’ s phosphate
buffered saline (DPBS, Gibco) after harvesting and subsequently incubated in pre-chilled cell
recovery solution (Corning) at 4°C for 20 minutes to remove the Matrigel. The spheroids
were washed twice in DPBS, fixed 30 min in 10% formalin (Sigma) and could thereafter be
stored in DPBS at room temperature until staining. The exception was spheroids to be stained
with Propidium lodide, which were left unfixed.

Spheroids were stained overnight protected from light in 1:2000 Bodipy-FL (1mg/ml,
Invitrogen), 1:500 Dapi (1 mg/ml, Thermo Scientific) and 1:500 Cellmask (5mg/mL,
Invitrogen). After the staining, spheroids were washed twice for 5 min in DPBS and then
mounted on microscopy slides from iSpacer (Sundin Lab Co) using 90% glycerol as
mounting medium. Stained spheroids were analysed by confocal microscopy using a T12
Nikon Eclipse confocal. Equal light settings were used for all images within an experiment
and sub-figure. Lipid droplet diameter was measured using the built-in Nikon quantification
software, measuring the one largest lipid droplet per adipocyte, in order to have
representative data from a mixture of multilocular, paucilocular and unilocular adipocytes.
Post-analysis of lipid droplet size was done in GraphPad Prism.

Measurement of spheroid DNA content

Spheroids were harvested at d30, washed in DPBS, transferred to 200ul new DPBS and
centrifuged twice through a Qiagen shredder column at max speed for 2 min to homogenate
them. Lysate DNA content was measured using Quant-iT PicoGreen dsDNA Assay Kit

(Invitrogen, P7589) according to manufacturer’ s instruction.

Enzyme-linked immunosorbent assay (ELISA) of secreted adipokines

Secretion of the adipokines and cytokines into the cell culture supernatant was measured with
ELISA (adiponectin: DLP0O0, R&D Systems; Leptin: ELH-Leptin-1, Ray Bio; IL-6,
ab178013, Abcam; MCP-1, ab179886, Abcam). Leptin samples were diluted 3:4, adiponectin
1:2, MCP-1 1.5, IL-6 1:2. The assay was performed according to manufacturer’s protocol and
detected using a plate reader. Post-analysis was done in Excel and grahs in GraphPad Prism.

Determining lipolysis using the colorimetric glycerol assay
To measure basal and isoprenaline-induced lipid release (lipolysis), each spheroid was
washed and subsequently incubated 2 hrs in Krebs-Ringer lipolysis buffer (136 mM NaCl, 1


https://doi.org/10.1101/2021.01.06.425629
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.06.425629; this version posted January 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

mM NaH2PO4, 1 mM CaCl2, 4.7 mM KCI, ImM MgSO4, 2 mM glucose, 25 mM Hepes,
2% fatty acid free BSA, pH 7.4) alone (=basal) or together with 10 uM isoprenaline in a
37°C shaking water bath with lids open. Secreted glycerol levels were measured in the media
by mixing 20 pl of sample with 60 pl of Free glycerol reagent (F6428 Sigma) mixed with
Amplex UltraRed Reagant at 1:100 and incubating for 15 min at room temperature. The
Sigma G7795 standard solution (0.026 mg/mL) was used for standards and absorbance was
measured at 540 nm. Post-analysis was done in Excel and graphs in GraphPad Prism.

Satistical analysis
The data was analysed using one-way ANOVA or linear regression anaysis in GraphPad
Prism software version 8 (GraphPad Software, San Diego, USA). A p-value of 0.05 was

considered significant.

Results

Allowing vascular sproutsto guide in vitro adipogenesis

Based on adipocytes differentiating along the microvascul ature during development, we
reasoned that providing SVF cells with a more natural growth-niche, consisting of vascular
endothelial sprouts and extracellular matrix, would help create an adipocyte cell culture
model with improved in vivo-like cell and tissue morphology. Unsorted human subcutaneous
SVF cells were therefore alowed to form floating cell clumps or spheroids by culturing them
in ultra-low attachment plates and using endothelial cell mediato simultaneously promote
endothelial growth’ (Fig. 1A). Six days after seeding, spheroids were imbedded in growth
factor reduced Matrigel (GFR-Matrigel), shown to be more adipogenic than full Matrigel due
toitslack of several anti-angiogenic factors', which resulted in the emergence of clear
vascular sprouts within 24 hrs (Suppl. Fig S1A). The GFR-Matrigel-imbedded spheroids
were cultured side-by-side with spheroids grown without Matrigel, or traditionally cultured in
2D on imaging slides, neither of these showing any signs of vascular sprouting or tube
formation (data not shown). On day 10 (d10) after seeding, half the endothelial mediawas
switched to adipocyte differentiation media, resulting in a rapid increase in spheroid size
(Fig. 1B-C). This was especially evident for the Matrigel-imbedded spheroids, where
adipogenesis seemed to occur along the vascular sprouts (Fig.1D-E, compare d10 and d20),
becoming much larger than non-imbedded spheroids upon full differentiation on d30

(Supp!.Fig.1B). The switch to differentiation media induced adipogenesisin all three
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cultures, as shown by the emergence of multiple Bodipy-stained lipid droplets (d20, Fig.1E).
Remarkably, upon closer microscopic examination, we found on d30 after full differentiation
that GFR-Matrigel-imbedding not only resulted in larger spheroids, but also in significantly
enlarged adipocyte lipid droplet sizes (Fig.1E-F). Moreover, the Matrigel-imbedded
spheroids more often displayed a unilocular morphology with asingle large lipid droplet
occupying the central cavity of the cells and the nucleus squashed to the side, whereasin our
hands 3D-spheroids cultured without Matrigel had lipid droplets of similar size and
morphological distribution as adipocytes cultured in 2D (Fig.1F). Spheroid size correlated to
lipid droplet size throughout all experiments and spheroids cultured with or without Matrigel
contained similar amounts of DNA, together suggesting the differences in size between
spheroids cultured with or without Matrigel was only due to increased adipocyte size, and not
due to differences in preadipocyte proliferation (Fig.1G-H). For the Matrigel-imbedded
spheroids, the average lipid droplet size was somewhat sensitive to the number of seeded
SVF cells per spheroid, with too many seeded cells resulting in smaller lipid droplets and 10k
cells per spheroid being found to be optimal (Suppl.Fig.1C). Lastly, our optimized adipocyte
spheroid protocol showed very little cell death, evaluated by the absence of both propidium
iodide staining and lactate dehydrogenase release to the cell culture media (Suppl.Fig.1D-E).
Adipocyte differentiation was less efficient in the core of the spheroids than in the periphery,
potentially due to their large size and poor media diffusion (data not shown). Taken together,
by culturing SVF cellsin 3D and allowing endogenous, SV F-derived vascular sprouts to form
in GFR-Matrigel prior to the induction of adipogenesis, the lipid droplet size and cellular
morphology of the differentiated adipocytes were significantly improved as compared to
traditional adipocyte culture methods.

Characterization of fully differentiated adipocyte spheroids

The morphology and function of the fully differentiated adi pocyte spheroids imbedded in
GFR-Matrigel were further characterized on d30. Although the average size of the adipocytes
and their lipid droplets were significantly smaller as compared to even alean patient in vivo,
the morphology and “tissue” architecture was more similar than current 2D models, with
adjacent unilocular and paucilocular adipocytes in close contact with each other (Fig.2A).
Compared to previously published 2D and spheroid studies*®*® our model showed
significantly larger lipid droplet sizes, with mean adipocyte diameter typically reaching 22.9
um on d30 and 29.1 wm on d40 of culture (Fig.2B). Upon differentiation (d20 onwards) the
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spheroids started to secrete high levels of the adipokines adiponectin and leptin into the
culture media, confirming full differentiation of the SVF cells into mature adipocytes
(Fig.2C-D). Whereas adiponectin secretion was induced already at d20 and plateaued during
the last 10 days of culture, leptin secretion was induced more slowly and correlated with lipid
droplet size, as has previously been shown for primary isolated adipocytes® (Fig. 2D-E). The
spheroi d-associated adipocytes were aso responsive to lipolytic cues, responding to
isoprenaline stimulation by rapid secretion of glycerol into the surrounding media (Fig. 1F).
Importantly, they showed little to no glycerol secretion in the unstimulated state,
demonstrating an absence of adipocyte dysfunction despite their larger lipid droplet sizes.

Inducing hypertrophy in vitro to mimic weight gain

To date, most mechanistic in vitro studies have focused on the effects on adipogenesis, as
current in vitro models are suboptimal to study mature adipocytes due to the lack of
unilocular cells. We therefore set out to test if we could induce lipid droplet enlargement and
cellular hypertrophy in our Matrigel-imbedded spheroid system, thus enabling mechanistic
studies of mature adipocyte function in response to weight-gain. As alipid source we chose
Intralipid, a soybean oil emulsion used in patient care as a nutritional source of fatty acids or
lipid emulsion therapy?*, because it consists of a more natural mixture of fatty acids and
cholesterol than using any single fatty acid alone, and because we reasoned the emulsion
would favour lipid uptake into the adipocytes. Spheroids were supplied with 8 mg/dl
Intralipid, which is within the normal range of circulating triglyceride concentrations found in
plasma. Intralipid-treatment from d10 onwards resulted in significantly increased spheroid
sizes at all measured time points (Fig.3A-C). Subseguent microscopic examination of
spheroids stained with Bodipy and lectin showed Intralipid-treatment resulted in on average
25% larger lipid droplets on d30, with average size reaching 30.1 um (Fig.3 D-E).
Interestingly, adding Intralipid at later time points during differentiation, on d14 or d20
instead of at d10, resulted in less of an increase in lipid droplet size, indicating the addition of
lipids might enhance differentiation, perhaps through activation of PPARgamma (Suppl.Fig.
1F). In summary, the addition of Intralipid during spheroid differentiation significantly
increased adipocyte lipid droplet size, creating amodel of inducible hypertrophy in vitro.

Enlarging adipocytes in vitro leads to the devel opment of adipocyte dysfunction
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Despite adipocyte dysfunction becoming an established concept in adipocyte biology, it
remains unclear what triggers it and why it develops. We asked if merely fattening the
adipocytes with Intralipid, resulting in asmall but significant increase in adipocyte lipid
droplet size (Fig. 3E), would be sufficient to induce characteristics of adipocyte dysfunction,
including an altered, proinflammatory adipokine secretion pattern and increased basal
lipolysis. Measurement of the secretion of the anti-inflammatory adipokine adiponectin on
d30 showed no alterations upon Intralipid-treatment, but in contrast, the secretion of the pro-
inflammatory adipokine leptin was found to be significantly induced (Fig. 4A-B). Theratio
of adiponectin to leptin secretion was recently proposed to function as a biomarker for
adipocyte dysfunction, with lower levels signifying increased dysfunction and development
of amore pro-inflammatory obesogenic state””. In line with increased adipocyte size
associating with adipocyte dysfunction, this ratio was reduced by 67% in Intralipid-treated
spheroids as compared to control spheroids (Fig. 4C). Intralipid-treated spheroids moreover
secreted higher levels of Interleukin-6 (IL-6) and Macrophage Chemoattractant Protein-1
(MCP-1) to the cell culture media, pro-inflammatory cytokines known to be induced in
adipocytes during obesity® (Fig. 4D-E). Lastly, we also measured lipolysisin the fattened
spheroids. Whereas basal, non-stimulated lipolysis was found to be increased, the
isoprenaline-induced lipolysis was reduced, suggesting the fattened adipocytes had lower
responsiveness to external lipolytic cues® (Fig. 4F). Taken together, these tests confirmed that
theincreasein lipid droplet sizes found in fattened spheroids was accompanied by many of
the key characteristics of adipocyte dysfunction, including alower adiponectin-to-leptin

secretion ratio, increased cytokine secretion and dysfunctional lipolysis.

Discussion

Therisein obesity prevalence has created an urgent need for new and improved methods to
study human adipocytes and the pathogenic effects of weight gain in vitro. We present a
simple, easily applicable culture protocol that allows for the differentiation and culturing of
human adipocytes with amore in vivo-like morphology. The protocol moreover uses frozen
SVF cdlls, which today are readily available through commercial vendors, making it
applicable to alarger community of laboratories. We also developed a simple protocol to
fatten these adipocytes in culture using Intralipid, leading to increased adipocyte lipid droplet
size, dtered pro-inflammatory signalling and defective lipolysis, al characteristics of
adipocyte dysfunction®°. This will enhance further mechanistic studies of the effects of

adipocyte dysfunction in vitro, and hopefully help advance the obesity research field.


https://doi.org/10.1101/2021.01.06.425629
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.06.425629; this version posted January 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

We hypothesi ze that the spheroid model owes its success to the induction of
endogenous vascular sprouts prior to adipocyte differentiation, forming a more optimized
growth and differentiation niche for the pre-adipocytes with the SVFs we used (Supl.Fig.
S1A). The model builds on previous work by the laboratory of Gou Y oung Koh,
characterizing the importance of the vasculature as niche for postnatal adipocyte
differentiation in mice™. Undifferentiated pre-adipocytes have also been shown to reside
adjacent to micro-vessels within the adipose tissue”®, making it possible that some
preadipocytes migrated along the vascular sprouts into the GFR-Matrigel prior to
differentiation, thus explaining the larger spheroid sizes measured for Matrigel-imbedded
spheroids as compared to non-imbedded spheroids. It remains to be thoroughly tested if the
vascular sprouts are indeed enhancing adipocyte differentiation in our model, and through
what signalling pathways this occurs. As such, the spheroid model can be used not only to
study mature cells, but also the biology of adipocyte differentiation.

Our modél is far from the first adipocyte spheroid. It builds on the knowledge of
severa other published works showing proof of concept that that culturing adipocyte
progenitorsin 3D resultsin larger lipid droplets and tighter cell-cell contacts. Muller et al
recently demonstrated that conventional differentiation mediakills the SVF endothelia cells,
but the use of endothelial medium prior to differentiation can preserve them, resulting in
vascularized adipocyte spheroids'’. They did not, however, focus on characterizing in depth
the resulting adipocytes, and it could therefore be interesting to compare their differentiated
adipocytes to ours to understand if and how either system could be further improved. Severa
other studies have also cultured adipocytes as spheroids with or without various types of
scaffolds, and although interesting, most reported smaller lipid droplet sizes than those
presented here, multilocular morphologies and a sparse “tissue” architecture with poor cell-
cell contact between adjacent adipocytes'®'#24%_ \We thus believe the current study offers a
significant advancement to previous methods and hope it will contribute to the adipocyte
spheroid research community.

Adipocyte enlargement is the primary mechanism for weight gain in humans, and a
major focus for obesity research. Despite this, there has to date not existed any optimal in
vitro method for studying the mechanisms and molecular consequences of adipocyte
enlargement in an isolated, controllable cellular environment. Previously, differentiated
progenitors cultured in 2D on plastic have been fattened with different fatty acids™. Although
the saturated fatty acids used in that study were shown to induce lipid droplet enlargement
and adipocyte inflammation, the use of a single, saturated fatty acid at high concentrations
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makes for a synthetic system®. By using Intralipid instead, we |ose some of the specificity as
the exact composition of each batch may vary, but instead supply the adipocytes with a
natural mix of lipid species, including high concentrations of both oleic acid and palmitic
acids, aswell as cholesterol and other lipid species. The emulsified state is moreover believed
to contribute to efficient uptake of the lipid mixture to the adipocytes.

Despite the numerous studies showing the advantages of culturing SV Fs with either
the addition of a matrix or in 3D structures, the majority of studies continue using traditional
2D cultures. We present an easily set-up and relatively streamline method to instead culture
SVF cells as Matrigel-imbedded spheroids, resulting in an improved adipocyte morphology
and increased lipid droplet sizes. The use of more in vivo-like culture models such as this one
will result in more physiologically relevant results and biological findings, thus advancing
our knowledge of both basic adipose tissue biology as well as the pathological mechanisms

acting in response to obesity.
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FIGURE LEGENDS

Figure 1. Providing differentiating adipocytes with a vascular growth nicheresultsin
larger adipocyte lipid droplets.

A. Schematic overview of the optimized spheroid culture scheme. B. Transmitted light
images of spheroids at the indicated days, without or with GFR-Matrigel imbedding. Scale
bars 1 mm. C. Quantification of the spheroid area at the indicated days, each point is one
spheroid, N=20 per time point. D. Schematic showing how the vascular sprouts may be
contributing as niche for adipocyte differentiation, resulting in larger spheroids. E.
Representative fluorescent microscopy images of differentiating adipocytes cultured
traditionally in 2D (top row), as spheroids without Matrigel imbedding (middle) or with our
optimized protocol including Matrigel imbedding (bottom), and stained with Bodipy (green),
Dapi (blue) and Lectin (red), showing on the far right the differences in lipid droplet size on
d30. F. Quantification of lipid droplet sizes for one representative spheroid per culture
condition in E. Each point represents one lipid droplet/cell, N= 247 cells in the two upper
conditions and N= 203 cells for 3D Matrigel spheroids. G. Linear regression analysis of the
correlation between average lipid droplet size and spheroid area for N=19 different
3D+Matrigel spheroids at various culture time points, with or without added lipids. H. Total
DNA content per spheroid, N= 6 spheroids per condition. ****p < 0.0001.

Figure 2. Characterization of fully differentiated adipocyte spheroids.

A. Comparative images of subcutaneous white adipose tissue from alean individual, and
differentiated subcutaneous adipocytes within our spheroid system, both stained with Bodipy,
Lectin and Hoechst. B. Quantification of lipid droplet sizes throughout the differentiation
process for one representative spheroid per timepoint, each point represents one lipid
droplet/cell (N= 107-367 droplets). Data from two references'®* are represented with grey
dotsto the left. C-D. Secretion of adiponectin (c) and leptin (d) to the cell culture media at
the indicated days. Each dot represents one spheroid, N= 5 spheroids (d6-10) or 12 spheroids
(d20-40). E. Linear regression analysis of the correlation between average lipid droplet size
and leptin secretion for N=20 spheroids at various culture time points, with or without added
lipids. F. Basal and isoprenaline (+1SO) stimulated glycerol release during 2 hrs. Each circle
(N=12) or triangle (N=10) represents one spheroid. **p < 0.01, ***p < 0.001, ****p <
0.0001.
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Figure 3. Using Intralipid to induce hypertrophy and mimic weight gain in vitro.

A. Schematic overview of Intralipid (+IL) treatment of spheroids from culture d10 onwards.
B. Transmitted light images of control and IL-treated spheroids at the indicated days.
Zoomed area shows the formation of large round cells on the edges of the spheroids on d40.
Scale bar 1 and 0.2 mm, asindicated. C. Quantification of the spheroid area for control
(white) and IL-treated spheroids (grey) at the indicated days, each point representing
spheroid. N=20 spheroids per time point. D. Representative fluorescent microscopy images
of d30 adipocytes spheroids culture without or with Intralipid (+IL), and stained with Bodipy
(green), Dapi (blue) and Lectin (red), showing IL-treated spheroids contain larger lipid
droplets. E. Quantification of the lipid droplet sizes for one representative control or IL-
treated spheroid per day and condition. Each point represents one lipid droplet/cell for N= 42
droplets (d10) or N= 200 droplets (d20-30). ****p < 0.0001.

Figure 4. Enlarging adipocytesin vitro leads to the development of adipocyte
dysfunction.

A-C. Control and IL-treated spheroid secretion of adiponectin (a) and leptin (b) to the cell
culture mediaon d30, as well as the ratio between the two (c). Each dot represents one
spheroid, N= 10 spheroids per condition for adiponectin and 6 spheroids per condition for
leptin and the adiponectin/leptin ratio. D-E. Control and | L-treated spheroid secretion of 1L-6
(d) and MCP-1 (e) to the cell culture media on d30, N= 4 spheroids for IL-6 and 10 spheroids
per condition for MCP-1. F. Basal (circles) and isoprenaline induced (+1SO, triangles)
glyceral release during 2 hrs for control and IL-treated spheroids. Each circle (N=10) or
triangle (N=6) represents one spheroid. *p < 0.05, **p < 0.01, ****p < 0.0001.

Supplemental Figure S1

A. Enlarged transmitted light images of spheroids at d7 and d10, showing the emergence of
vascular sprouts already 24 hrs after GFR-Matrigel imbedding (arrows). Scale bars 0.2 mm.
B. Quantification of spheroid areafor spheroids cultured without or with GFR-Matrigel on
d30. Each point is one spheroid, N=6 spheroids per time point. C. Quantification of the lipid
droplet sizes from two spheroids per condition seeded with the indicated number of SVF-
cells per spheroid. Each point represents one lipid droplet size/cell for N= 106 droplets. D.
Representative fluorescent microscopy images of unfixed, fully differentiated d30 adipocyte
spheroids stained with Propidium iodide (red) to detect dead cells, and Bodipy (green). Fixed
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spheroids were used as positive controls for the staining (data not shown). E. LDH-
cytotoxicity test detecting release of cytoplasmic content to the spheroid media from dead
cells. N= 4 positive or negative control wells and media from N= 6 spheroid wells. Red line
denotes limit for cell death detection, above which higher values can be considered positive
for cell death. F. Quantification of the lipid droplet sizes one representative spheroid per
condition, cultured either without Intralipid (no IL) or with IL added at the indicated days of
culture (d10, d14 or d20), and lipid droplet sizes measured on d30. Each point represents one
lipid droplet size/cell for N= 198 droplets.
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