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Abstract

Vascularized adipose tissue models are highly demanded as alternative to existing animal models to elucidate the
mechanisms of widespread diseases, screen for new drugs or asses corresponding safety levels. Standardly used
animal-derived sera therein, are associated to ethical concerns, the risk of contaminations and many uncertainties
in their composition and impact on cells. Therefore, their use should be completely omitted. In this study, we
developed a serum-free, defined co-culture medium and implemented it to set up an adipocyte/endothelial cell (EC)
co-culture model.

Human adipose-derived stem cells were differentiated under defined conditions (diffASCs) and, like human
microvascular ECs (mvECS), cultured in a developed defined co-culture medium in mono-, indirect or direct co-
culture for 14 days. The developed defined co-culture medium was superior to compared mono-culture media and
facilitated the functional maintenance and maturation of diffASCs including perilipin A expression, lipid accumulation
and also glycerol and leptin release. The medium equally allowed mvEC maintenance, confirmed by the expression
of cluster of differentiation 31 (CD31) and von Willebrand factor (WWF) and acetylated low-density lipoprotein
(acLDL) uptake. Thereby mvECs showed a strong dependency on EC-specific factors. Additionally, the
development of vascular structures by mvECs was facilitated when directly co-cultured with diffASCs.

The completely defined co-culture system allows for the serum-free setup of adipocyte/EC co-cultures and thereby
represents a valuable and ethically acceptable tool for the setup of vascularized adipose tissue models.
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1 Introduction

Cell and tissue based vitro models keep gaining importance in the replacement of arnirakd. As a major drawback, the
currentmodelsheavily rely on the use of animdeérived sera like fetal bovine serum (FBS). As FBS is collected from fetuses
it is discussed to cause animalrhaand is generally associated to ethical concerns (van dereValk 2004). Thereby the
pursuit of the overall goal aimed in the 3R concept of Russel is remained rather questionable on this backgrourah@Russell
Burch,1959). Additionally, sera incluthe risk of potential contaminations, and may vary in terms of their exact constitution
from batch to batch (van der Vadk al, 2004; Gstraunthaler, 2003; Gstraunthaleal, 2013). Both, potential contaminations
and an unstable composition and tlere fluctuation in the product quality are considered as major challenges to overcome
before the engineered models may be produced under Good Manufacturing Practice or Good Cell Culture Practice conform
conditions and furthermore be applied as humandigsplants (Hartungt al, 2002). Independent of the animal or human
origin, the composition of blood serum is not completely identifiegither qualitatively nor quantitatively. To overcome the
mentioned drawbacks the setupimivitro engineered celhnd tissue models has to be performed under completely defined
conditions, excluding serum and all anirdarived components like g. bovine brain extrach defined mediunby definition
only contairs factors of known charactdike recombinant growth factors and hormones and has to exclude complex proteins
or hydrolysates (van der Vaét al, 2010).

Adipose tissue (AT) has long been neglected as target tissue in regenerative medicine and too little attention has been
padtohe tissueds i nf Isaritsgarticipation m diffiesent Hiseasest Howerer, the last decades brought
Il ight to the importance of ATdéds metabolic functiomusand its
Crohn (Pgrin-Birouletet al, 2007; Xuet al, 2003; Navina and Singh, 2015). A representative model of AT is highly needed
to further elucidate the existing pathways during the healthy and diseased states and uncover further involvementeof the tiss
in other pra@esseslin vitro engineered tissue models have not yet reached a dimension of significance, which is strongly
connected to the inability to engineer an adequate vascular support system. The formation of new blood vessels
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(vasculogenesis) and the extensidexisting blood vessels (angiogenesis) are of fundamental importance for the development,
enlargement or homeostasis of almost any tissue in the living body. The integration of a vascular component is especially of
high importance in the setup of Alh vivo AT is highly vascularized whereby each adipocyte is in contact with at least one
blood vessel (Silha et al., 2005). The efficient accumulation and release of lipids and the transportrefdaiesiieormones

like leptin or adiponectin rely on the ggence of a vascular system (Coeé#toal, 2013). Additionally, the endothelial
component is critical to allow constant tissue functionality and homeostasis of the tissue componer280(Ga0,10).

Likewise, in vitro engineered tissues rely on the gration of a vascular component. A vascular system is not only needed to
allow for a scalaup and in consequence a sufficient volume of the tissue fragmene{¥dp2013a), but as well for some
soughtin vitro investigations which specificallyrelyanh e pr esence of a vascular component
with the endothelium.

The integration of a vascular supply system in AT engineering attempts is still challenging. Current strategi@s ¥drahe
vascularization of AT includeascular guiding geometrics, like they are still present in natenlaliived decellularized matrix
(Baptistaet al, 2011) or the artificial biorap system (Hubetral, 2016b). Next to foraguided vascularizatiorge novo
angiogenesis based on integdatells is addressed in many attempts. For both, the introduction of angiogenic growth factors

is feasible to support cell proliferation, migration and functionality (Natnial, 2006). In case of soughte novo
vascularization, supportive perivascular cells, which guide endothelial cells (ECs) and support newly formed vessels, are
needed (Tangt al, 2008). There are various trials, addressing the vascularization of AT conistitrs (Aubin et al, 2015;

Huttalaet al, 2018;Yao et al, 2013b).

Independent of the underlying strategy, the setup of a functional adifieCyteculture still represents a major
milestone in the artificial vascul ari z at iieoteahanffequénily.beem he dep
shown before, also for AT attempts (Aulghal, 2015). Within the adjustment of the culture conditions like cell ratio, static
vs. dynamic culture or the threifmensional3D) orientation of cellular components, the developnudretn adequate culture
medium is of fundamental importance to keep the different cell types characteristic and functional and allow for tissue
homeostasis as important prerequisite for #argn maintenance. We have shown before that e. g. hydrocorisdneGF
play a fundamental role in the-calture of ECs and adipocytésvhether mature or developed of adipaggived stem cells
(ASCs) (Volzet al, 2017; Hubert al, 2016a). Presumably due to the higher sensitivity of ECs, compared to adipogenic
differentiated ASCs (diffASCs), current attempts are in most cases based on either the addition of adipocyte factors to EC
medium or on a 1:1 mixture of EC and adipocyte media (Pellegritedli, 2013; Yaoet al, 2013gb; Aubin et al, 2015;

Ar nal efah 2016 Promising results like the supportive effedd®€ co-culture on the formation of tubular structures
by ECs have been generated (Bedlaal, 2013).

The homeostasis of functional adipose tissue strongly relies on the crosstalk of the incorporated cell types (reviewed
in (Volz et al, 2016)). Human and animdkrived sera include many different constituents (e. g. growth factors, hormones or
cytokineswhi ch mi ght interfere with cell signaling based on sol
e. g. rely on the available factors in the culture medium (Miyd, 2010; Aubinet al, 2015; Yacet al, 2013b; Rajashekhar
et al, 2008; Aokiet al, 2003). The existing inconsistency within the published results concerning mutual interference between
the cell types might at least partially be led back to variations in the added sera. In general, the results geanerited in
modek or test systems are under high risk to be influenced through unknown components, thereby impairing their reliability
and reproducibilityknownas the most important features of test systems in general.

The exclusion of sera or all unidentified compasefnom cellculture media is of high relevance for all tissue
engineering trials. In a very recent work, sefiuee adipocyte/human umbilical cord veiCs co-culture was addressed at
least in sme phases with serufree EC medium, which additionally undimes the currency of the topic (Huttagal, 2018).

However, so far no completely serdfree (SF)adipocytéEC coculture models including a defined customade ceculture
medium for vascularized adipose tissue engineering has been reported. lioaspreal, we successfully developed defined
media for the differentiation and maintenance of adipocytes derived from ASCsafubkluger, 2018 With this study, we
aimed to develop an adequate adipad®&@ecoculture system, free of serum and based @ompletely chemically defined
medium composition.

2 Material and Methods

ASC isolation and expansion

All research was carried out in accordance with the rules for investigation of human subjects as defined in the Ddclaration o
Helsinki. As described previously, ASCs were isolated out of human fatty tissue samples (Klinik Charlottenhaus, Stuttgart) of
plastic surgeries received from Dr. Ziegler (Velzal, 2017; Hubeet al, 2015a). Patients gave a written agreement according

to the permission of the Landesarztekammer Ballénitemberg (F2012078; for normal skin from elective surgeries).

Abbreviations

3D, three-dimensional; AcLDL, acetylated low-density lipoprotein; ACM, defined adipocyte maintenance medium; ASC, adipose-
derived stem cell; AT, adipose tissue; CD31, cluster of differentiation 31; CoM, defined adipocyte/endothelial cell co-culture
medium; DAPI, 4',6-diamidino-2-phenylindole; DiffASC, adipogenic differentiated adipose-derived stem cell; EC, endothelial cell;
ECBM, endothelial cell basal medium; ECM, defined endothelial cell growth medium; EGM-2mv, Endothelial cell growth medium
2, microvascular; FBS, fetal bovine serum; FDA, fluorescein diacetate; IF, immunofluorescence; MAIN, defined adipocyte
maintenance mix; MSCGM, Mesenchymal stem cell growth medium; MVEC, microvascular endothelial cell; PBS, phosphate
buffered saline; PI, propidium iodide; RT, room temperature; SF, serum-free; VEGF, vascular endothelial cell growth factor; VWF,
von Willebrand Factor; XF, xeno-free
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Initially, ASCs were seeded with a density of 5 Xddéliscm? in chemically defined Mesenchymal Stem Cell Growth
Medium (MSCGMCD, Lonza, Switzerland) containing2 fetal bovine serurfFBS)(Lonza Switzerland). Medium exchange
was performed twice a week. After thiesf passage the medium was switched to xes® (XF) and SF MSCGM (XF/SF
MSCGM, PELOBiotech, Germany) containing 5 % human platelet lysate. ASCs were used up to {hassager the
experiments, ASCs of three different donors were evaluated sepaxatdlgw for the recognition of donor dependent effects.

MVEC isolation and expansion

Dermalmicrovascular EC§mvECSs) were isolated from adult human skin (Klinik Charlottenhaus, Stuttgart) as described by
us before (Volzt al, 2017). Briefly, human dermis was dissected into small pieces and digested in dispase sdlition (2
Serva Electrophoresis, Germany) overnight at 4 °C. After the removal of the epidevE®s were detached from the dermal
layer by incubation with 0%% trypsin in ethylenediaminetetraacetic acid (Life Technologies, Germany) for 40 min at 37 °C
and isolated mechanically intoicrovasculaiEndothelialCell Growth Medium2 (EGM-2mv; Lonza, Switzerland). For cell
expansionmvECs were seeded with 5 x I@dls/cm? and grownntil they reached about 98 confluency. MVECs were used

up to passageree

2.3 Composition and preevaluation of co-culture media in mono-culture
The composition of the defined adipocy®& ceculture medium (CoM) was developkdsed on defined moraulture media
for adipocytes (adipocyte maintenance medium, ACM, developed by us (Volz and Kluger, 2018))BEgG@svth medium,
ECM, PELOBiIotech, GermanyJab. 1) CoM was based oBC basal medium (ECBM), whereby additional adip@ and
EC-specific factorslike growth factors, hormones and vitamins were added. For adipocytes a defined adipocyte maintenance
mix (MAIN) was added. In all attemptEGF and HC were reduced to 5 ngénd 0.2 pg/rhrespectively as confirmed to be
beneficial in previous studies by us (Vazal, 2017; Hubeet al, 2016a).

To test their general suitability for either adipocytes or ECs the media were first evaluated-ioutomeo Therefore
24 well plates were eded with 300 Liof 250 pg/nh collagen typd (rat tail, kindly provided by the Fraunhofer IGB, Germany)
solution in 0.1% acetic acid. Excess solution was aspirated and plates were dried at room temperature (RT) for about 1 h.

ASCs were seeded in XF/9#SCGM with 2.5 x 16cells/cm? in 24well plates. Aftethreedays of expansion until
confluency, adipogenic differentiation was initiated through the addition of defined adipogenic differentiation medium as
described before. Differentiation was continued¥4 days witltthreemedium exchanges a week (Fig. 1).

MVECSs were seeded with 3.5 x 103 cells/cm? ianl plates and expanded fiireeadditional days in EGM2mv.
On day 3 of mvEC expansion, respectively day 14 of adipogenic differentiation of A®Osiedium was changed to the
different test media.

Cultures were continued for 14 days while the medium exchange took place twice a week. The culture attempts were
evaluated on day O, 7 and 14 in the test media.

Tab. 1: Media composition
ACM CoM ECM
Basal Medium ABM | ECBM | ECBM
Adipocyte Suppl. X X -
EC Suppl. - X X

(Setup of defined media evaluation\

Mono-culture

diffASCS mvECs

Indirect Co-culture

diffASCs/ mvECs

Direct Co-culture

D

diffASCs/mvECs

(& J

Fig. 1: Setup of defined media evaluation in mono-culture and (in)direct co-culture
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2.4 Evaluation of co-culture media in (in)direct diffASc/EC co-culture

For indirect ceculture ASCs were seeded and differentiated analogously to the-ecntince attempt. On day 13 of
differentiation, mvECs othreedifferent donors respectively were seeded in collaggated inserts of 0.4 um pore size with

1.3 x 1083 cells/cm? in EGA2mv. After 24 h of cell attachment, inserts were transferred into the well plates with diffASCs and
cultured in the different defineculture media for additional ldays. Next to the coulture attempts diffASCs amivECs

were hold in moneulture in their specific media ACM or ECM respectively as controls. Medium was exchanged twice a
week.

For direct ceculture mvECs were directly eged on top of diffASCs in 2well plates with 8 10° cells/cm? and cultured in

CoM for 14 days. Next to the amilture attempts, diffASCs and mvECs were hold in momiture in ACM and ECM
respectively as controls.

2.5 Viability evaluation

Ce |l | s iy invhe differeit medium attempts was evaluated based on a live/dead staining on day 0, 7 and 14. Before the
staining solution, consisting of 10 ugd/ftuorescein diacetate (FDA, Sigma Aldrich, Germany) and 5 ringfapidium iodide
(PI, Sigma Aldrich, @r many) in Dul beccods Modi fied Eagle Medium (Bioct

cells were washed in phosphate buffered saline (PBS, Biochrom, Gerirgnayly, cells were imaged in PBS at RT with an
Axio Observer microscope (10x objectjwnd an Axiocam 506 mono using the software ZEN (all Zeiss, Germany).

2.6 Oil-red-O staining

On day 0, 7 and 14 an GRedO staining was performed to evaluate the level of accumulated lipids in the diffASCs. The
staining was evaluated quantitatively and qualitatively as described by us beforet(dhl2017).Images wergakenwith

an Axiovert 135microscope (10x objectivgdnd a Axiocam 105 color using the software ZEN (all Zeiss, Germany).

2.7 Immunofluorescence staining

Perilipin A, as a membrane protein locatedagfipocyts 6 | i pi d v a dusterofaliffereatiatiof€B)I31 andvon
Willebrand factor YWF) as endothelial proteins, were evaluated as markers of cell specificity on day 0, 7 and 14 with an
immunofluorescence (IF) staining. Therefacells were fixed in 4 % paraformaldehyde for 10 min. For the evaluation of the
intracellular markers vVWF and perilipin A, cells were permeabilized for 10 min with 0.1 % Triton X (Sigma, Germany).
Following, cells were incubated in blocking solution, consisting of 3 % bovine serum albumin (Biomol, Germany) in 0.1 %
Triton X for 30 minto block unspecific binding sites. The primary antibody against perilipin A was +déxidied (P1998, lot:
09544801V, Sigma Aldrich, Germany) and applied in the ratio 1:300. The antibodies against CD31 (MO)82301
20045564, Dako, Germany) and VWE%8466, lot: BO117, Santa Cruz, Germany) were both derived from mouse and applied
in the ratio 1:50. All antibodies were diluted in blocking solution and incubated for 3 h at RT. For perilipin Adeived
AlexaFluor™ 488-conjugated secondary antiho(ab150077, lot: GR322463, Abcam, GB) was applied with 1:250 in blocking
solution for 30 min at RT, while an astiouse Cy&onjugated antibody from goat (1-1%5-003, lot: 118666, dianova,
Germany) was incubated 1:250 and used to visualize CD31 and @&Fnuclei were counterstained withug/ml 4',6-
diamidino-2-phenylindole DAPI, ServeElectrophoresis, Germaniy) PBS for 15 min. Finally, cells were imaged in PBS using

at RTwith a 10x objectiveZ-stackimages wergéakenwith an Axio Observer microscopand a Axiocam 506 monaising

the software ZEN (all Zeiss, Germaray)d combined using the functi@xtended depth of focus

2.8 Quantitative analysis of vascular-like structures
Vascularlike structures were analyzed based on thimHges of the antibody staining against CD31 with Image J. The received
structures were evaluated concerning total vessel length, number of structures, and number of nodessperciure.

2.9 Leptin ELISA

Leptin release was measured using an ELK#Pepro Tech, Germany) according to the manufacturer’s protocol based on
cellsé 24 h culture super natldan3d Netramethyeniiding suldstrateSigiarich, To eac !
Germany) were added for approx. @i at RT for cétor development. The wells were read out at 650 nm with a wavelength

correction set at 470 nm (Omega Fluostar; BMG Labtech, Germany).

2.10 Glycerol assay

To determine the adipocytesd | ipol yti chsugerhatants vgth aygtyesrolo | rel e
quantification kit (Randox, Ireland). Briefly, 59 gamples of each attempt were used in a 1:5 dilution, mixed with 100 u

reagent and incubated for 20n at RT in duplicates. Color development was read out anB2(0Omega Flustar; BMG

Labtech, Germany).

2.11 Acetylated low-density lipoprotein intake

By usage of the scavenger pathway mvECs are able tantaaetylated lowdensity lipoproteinacLDL). To test this EC
functionality,Alexa Fluo™ 488labeled acLDL(Invitrogen, Germany) was mixed 1:1000 in EE\and cells were incubated
for 4 h at 37 °C. After a rinsing step with PBS, nuclei were counterstained with 0.1 lgéuohst 33342 (Sigma Aldrich,
Germany) for 15 min at 37 °Einally, cells were imaged inBS at RT with an Axio Observer microscope (10x objective) and
an Axiocam 506 mono using the software ZEN (all Zeiss, Germany).

2.12 Statistics

All experiments were repeatedly performed, using cells from at least three different biological Qoitiegss were identified
by a Grubbsé test anTieobtaired datd wad compaarby &waganalysid obvarsred (ANOVA)

4
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with repetitive measurement and a Tukey gust test using OriginPro 2017. Vascularization was evaluaitdawVilcoxon
test. Statistic significances were stated &0p05, very significant as p < 0.01 and highly significant &a0@01.

3 Results

The development of vascularized AT equivalents to replace soft tissue and to geneitatetest systems is still a major
challenge. A vascular network is indispensable forstificient supply of a construct. The prerequisite for a successful setup
of the model are suitable culture conditions. In this study, we evaluated the suitability of a developed defiltaceamedium

for the setup of an adipocyEC coculture modelvith regard to cell maintenance in diffASCs and mvECs muritures, as

well as in an indirect and direct-calture attempt of both cell types.

3.1 Defined co-culture medium facilitates functional diffASC mono-culture
To test and compare their genesaitability ACM, CoM and ECM wereusedtomeoou | t ur e di ff ASCs for 14
influence on cell viability was evaluated with a live/dead staining and an IF staining against perilipin A was perfoested to t
for adipocyte specific characteristics. diionally, accumulated lipids were visualized and analyzed quantitatively viaan Oil
red-O staining (Fig. 2).
Al t hough di ffASCsd& viabil i t-pased asdiaiCoN and EGM) leditd a higlpep r o a ¢ h ¢
viability compared to ACM (Fig. 2AC). Inall culture attemptsnany perilipinrA-positive cells could be found. However, each
attempt as well exhibited some nerpressing cells, indicating that not all of the present cells committed to the adipogenic
lineage or that some of the cells dedifferateid during the maintenance phase (Fig:F)DThe level of perilipin A expression
was found to be the lowest in ACM. Additionally, in contrast to the Ecizided media some of the diffASCs in ACM still
exhibited an elongated, fibrobld#ite morphology ad incorporated both less and smaller lipid vacuoles, compared to cells in
the other test media (Fig. 205
Lipid storage of diffASCs after 14 days of differentiation (day 0) was set as 100 %. The quantitative analysis
demonstrated an increase in incogged lipids in all media after 7 and 14 days with the lowest content observed in ACM with
178 (+ 31.5) % and 230 (+ 75.6) % (F&l). Comparable results have been obtained during the culture in ECM (198 (+ 27.2)
% and 271+ 72.4) %) and CoM (208 (x 39.6p and 320 (+ 84.4) %). CoM was significantly higher compared to all other
attempts except for ECM on day, indicating a better adipogenic development in the composedltcwe medium (overview
of detailed data iTab.S1, S2, S3).

ACM CoM ECM
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Fig. 2: DiffASC mono-culture on day 14
(A-C) FDA/PI - viability staining: living cells are shown in green, dead cells in red. (D-F) Perilipin A/DAPI staining: specific marker

expression is shown in green, nuclei are stained in blue. (G-1) Oil-red-O staining: lipids were stained with Qil-Red-O, visible in red.

(J) Quantitative analysis of lipid accumulation of diffASCs on day 7 and day 14 in mono-culture; lipid storage of diffASCs

immediately after differentiation (day 0) was set as 100 %. *p < 0.05, **p < 0.01, **p <0.00 1, scal e Daawere200 & m.
evaluated from three independent donors in duplicates. Quantitative data are displayed as means. Representative images were

selected from one donor.
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3.2 Defined co-culture medium facilitates functional mvEC mono-culture

To evaluate cell morphology and prove the expression e§gCific markers, CD31 and VWF were evaluated next to a
live/dead staining for mvECs on day 14 in the test media (Fig. 3). In the-ocuttioes of mvECs, ACM alone did not allow

for proper cell atichment. In contrast, visible mvECs were viable on day 14 in both, CoM and ECM and build a confluent
monolayer including the EGpecific cobblestoréke morphology as well as VWF and CD31 expression. The acLDL uptake
of mvECs was analyzed to evaluate adeg EC functionality. After 14 days of maintenance, mvECs in all media but ACM
remained their ability to take up acLDL.

ACM CoM ECM

o
<
a
™
o
®)

vWF/DAPI

acLDL/DAPI

Fig. 3: MVEC monoculture on day 14

(A-C) FDA/PI - viability staining: living cells are shown in green, dead cells in red. (D-F) CD31/DAPI staining: CD31 expression is

shown in red, nuclei are stained in blue. (G-1) VWF/DAPI staining: vVWF expression is shown in red, nuclei are stained in blue. (J-

L) AcLDL assay: acLDLi ncor porated in cells is shown in green,Datawed ei wer e
evaluated from three independent donors in duplicates. Representative images were selected from one donor.

3.3 Defined co-culture medium supports indirect diff ASC/mvEC co-culture
To test di ff ASCs®é and mvECsO6 beh avcultore attéempt andhekicidate alpossibld n  a
influence of each other cell type through soluble factors, an indireztilagre study was performed for 14 days

As seen in the monoulture attempt, the IF staining and the-@i+O staining demonstrated a higher perilipin A
expression, a bigger amount of lipid vacuoles and a more roundish cell morphology in thelia8&Mmedia compared to
ACM (Fig. 4G). In all approaches, the diffASCs showed an increase in lipid accumulation between day 0 and day 7 but then
in contrast to the results received in the montture attempt (displayed in 3.2) decreased their lipid levelssigmificantly
until day 14 Fig. 4G andS2). The lowest lipid accumulation was seen in ACM mounkure (197 (+ 103.9) % and
130(x 27.3)%).

To determine the functionality and lipolytic rate of diffASCs, the release of leptin and glycerol were measured in the
cell supernatants on day 7 anddfdndirect difASCsmvECs ceculture. The levels immediately after differentiation were set
as 100 %, respectively (FigGA!).

On day 7 leptin release of diffASCs significantly increased, compared to diffASCs immediately after differentiation
(day 0) inall test media. This supports the overall hypothesis that diffA@@sergained adipocytspecific functions during
the continuing culture period. Comparable levels of leptin release were reached in ACM andriBCAH(andS2). The
highest levels werdetected in CoMwith 3766(+ 2642.3)% and 2195 (+ 1579.9) % and the lowest in ACM mentiure
with 858(+ 622.7) % and 76 (= 124.9 %. In general, on day 14 the leptin release declined in all media. However, the percentages
were still situated above thade level on day 0, which is consistent with the decreasing lipid content between day 7 and day
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14. CoM led to the highest values in lipid accumulation and leptin release in all attempts, highlighting its superioe iofluen
adipocyte development. Thismclusion is especially supported on day 7 when CoM led to significantly increased leptin values
compared to the other media. While lipid accumulation in ACM eteervedo be independent of the presenc&65 leptin
release was increased in the presasfamvECS, indicating a higher diffASCs functionality.

Glycerol release was comparable in ACM, in CoM, and EEM. (4l andS2). In general glycerol levels decreased
in all attempts between day 7 and day 14 (significantly for ACM in neuiimre with 14 £ 12.6)% on day 14, which was
primarily preceded by a remarkable rise to 137 (+ 198.8) % on day 7.

After 14 days in indirect coulture with diffASCs, mvECs in CoM and ECM again orientated themselves in even
monolayers, throughout expressed CD31 and \amF were able to take up acLDL (Fig. 5). As well in line with the results
displayed in 3.2, mvECs in ACM showed poor cell attachment in ACM and were unable to build an even monolayer. However,
in contrast to mvECs mornaultured in ACM, some cells were $tiddherent on day 14 and showed some extent of marker
expression, even if no functional acLDL uptake was measurable.
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Fig. 4: DiffASCs in indirect co-culture with mvECs on day 14

(A-C) Perilipin A/IDAPI staining: marker expression is shown in green, nuclei are stained in blue. (D-F) Oil-red-O staining: lipids
were stained with Oil-Red-O and are visible in red. (G) Quantitative analysis of lipid accumulation. (H) Quantitative analysis of
leptin release of diffASCs. (I) Quantitative analysis of glycerol release; values of diffASCs immediately after differentiation (day 0)
were set as 100 %. *p < 0.05, ** pDatwde elallated from*thpee inde@endénOdbnorsmic al e bar :
duplicates. Quantitative data are displayed as means. Representative images were selected from one donor.

3.4 Direct co-culture supports the maintenance of diffASCs and mvECs and leads to the formation of
vascular-like structures in defined conditions

DiffASCs and mvECs were ecultured in CoM for 14 days to evaluate possible benefits based on a diredlicelieraction
(Fig. 6).

After 2 weeks in direct caulture most diffASCs still exhibited perilipin A expression and accumulated lipids, visible
by the Oilred-O staining. However, some cells without associated adipocyte markers were observed. In both,taadnono
the cocultureattempt, the levels of accumulated lipids increased highly significant to 280 (+ 98.7) % and 277 (x 93.6) % on
day7, respectively, compared to 100 (+ 4.8) % on day 0. Until day 14, only a small, regnificant decrease was recorded
(Fig. 6A andSs3).

In monc and ceculture the leptin values remarkably increased on day 7, compared @o(838y. Levels on day 14
were comparable, indicating similar functionalities within the different attempts and a remarkable increase of adipocyte
functionality after @y O(Fig. 6 B andS3).

Glycerol release increased from 100 (+ 9.1) % on day O to 148 (+ 47.5) % on day 7 ant@236% on day 14 in mono
culture. In the ceculture attempt, glycerol increased to Z29/8.1) % on day 7 and stayed at 229 (+ 89.3)rPtlay 14 Fig.



ALTEX preprint
published June 13, 2018
doi:10.14573/altex.1802191

6C andS3). Thereby all attempts significantly increased and only the roolare attempt on day 7 showed relatively low
levels of released glycerol.

MVECs exhibited a strong expression of CD31. Remarkably, mvECs formed-lessstrucures, which were
organizedn a vasculatfike network inbetween the diffASCs. Such structures were not observed in theentinee of mvECs
with the same donors at all (SEable on vascularization in Figl)6 The developed vascular structures in thewture attempt
were evaluated quantitatively in terms of the total structure length per area, the number of structures per area agd eventual
existing nodes within the structures. Structure lengths-tuttare showed absolute values of 4.9 (+ 7.24)cnm. With values
normalized to 100 % within the donors they showed a standard deviation of + 31.8 %. The amount of structurés Wwasy .6
/cmz? in average, respectively 100 (+ 32.5) %. Withinfthend structures, nodes wedketectedwvith 1.1 (x 2.57)nodes/mm
structure in ceculture. In the higher magnifications of FigHg6both, close proximity of mvECs with diffASCs and with
undifferentiated ASCs are visible by stained nuclei with and without a surrounding perilipin A expression.

In the cocultureattempt some cells with stored acLDL were visilblewever their orientation suggests that these cells did
not match with the cells of the vasculie structures at all events.

CD31/DAPI

ACM CoM ECM

vWF/DAPI

acLDL/DAPI

Fig. 5: MVECs in indirect co-culture with diffASCs on day 14
(A-C) CD31/DAPI staining: CD31 expression is shown in red, nuclei are stained in blue. (D-F) VWF/DAPI staining: VWF expression
is shown in red, nuclei are stained in blue. (G-l) AcLDL assay: acLDL incorporated in cells is shown in green, nuclei were stained

inblue,scal e bar Data2ver@ evaluated from three independent donors in duplicates. Representative images were
selected from one donor.

4 Discussion

Previously reported data like the setup of a functional vascularized adipose tissue cimgtBatellet al. (Sorrell et al,
2011) showed great progress towards the actual application of tissue engineered constructs. In thésatodyg to develop
a defined ceculture medium, which has the potential to bring great benefit to many exastiampts of vascularized adipose
tissue engineering without ethical concerns associated to the use of FBS.

Within the analysis of the general suitability of the media, EGBl s ed medi a showed a superior
survival and differentiation conaped to the adipocytspecific medium ACM. CoM resulted in the best adipocyte maturation.
ACM and CoM both contain the adipocygpecific factors (MAIN) and resulted in significantly different levels of lipid
accumulation. According to this,itcanbeconcded t hat ECM i s supplemented adequate
well diffASCs6 requirements, independent of the celll type.
adipogenic factors in ACM as long as the basal medtumell composed and they are supplied with a variety of growth
factors. However, the factors and nutrients in ECM and thepegific factors synergistically support adipocyte maintenance.

A functional EC culture isamongst othercharacterized by the expression of-Eficific markers like VWF and
CD31, the ability to take up acLDL and the formation of dense monolagtuding tight celcell contacts. Especially the
later represents an important featurevivo to maintain ECs &rrier function (Bazzoni and Dejana, 2004). The adipogenic
supplements, added in ACM and Cpliild not have a visible positive or negative effect on the behavior of mvECs. However,
ACM alone did not support a functional EC culture, seen by almost completietachment on day 14. This clearly highlights
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a strong reliability of mvECs on the presence of EC factors like vascular endothelium growth factor (VEGF) anlikimsulin
growth factor, which we were already confirmed before in studies based onaarnaiming medisby us(Volz et al, 2017;
Huberet al, 2016a). Concluding, based on the mantiure evaluation, CoM and ECM both represent suitable SF and defined
media for a diffAS@nVvEC ceculture attempt, whereby CoM somewhat lies ahead with regalifASC culture.

To test a mutual influence on cellsbd reaction in the di
were cocultured in an indirect setting for 14 days post differentiation. In the main, the results obtained in thziltooao
attempts were reproduced here. Lipid accumulation, perilipin A expression and leptin release were again higher in CoM and
ECM compared to ACM in the indirect -@ulture setting, which confirms these two as the most suitable media with regard to
adipocyte development. The direct comparison of moanad cecultured diffACSs did not reveal any differences in lipid
accumulation and thereby no visible support of adipogenic differentiation by the presence of mvECs was observed, as shown
by others and a sty by ourselves before (Yaet al, 2013 Fukumuraet al, 2003;Volz et al, 2017). However, others
substantiated an ardidipogenic effect of ECs in crosstalk (Rajasheldtaal, 2008) . Ultimately, ECs 0
development appears to depemddeviating conditions. The significantly increased leptin levels in ACMutture compared
to the moneculture trial suggest a supportive role of mvEC signaling in diffASCs functionality. This hypothesis is supported
by the significantly elevated glycdrievels in ACM monecultureon day 7 which indicate an early induction of lipolysis
possibly induced by dedifferentiation (Marcinkiewietzal, 2006; Huber and Kluger, 2015). Following, the very low glycerol
levels in ACM monecultureon day 14 might bexplained by the low remaining lipid levels in the culture due to early
dedifferentiation in the absence of ECs.
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Fig. 6: DiffASCs and mvECs in direct co-culture on day 14

(A) Quantitative analysis of lipid accumulation. (B) Quantitative analysis of leptin release of diffASCs. (C) Quantitative analysis of

glycerol release; values of diffASCs immediately after differentiation (day 0) were set as 100 %. (D) Oil-red-O staining: lipids were

stained with Oil-red-O and are visible in red. (E) AcLDL assay: acLDL incorporated in cells is shown in green, nuclei were stained

in blue. (F-H) Perilipin A/ICD31/DAPI staining: specific marker expression is shown in green and red, nuclei were stained in blue.

(I) Quantitative analysis of vascularization on day 14; values of vascular-like structures on day 14 in co-culture were set as 100

%, *p <0.05, *p<0.01,**p<0. 001, scale bar: 200 & m, n.i. Pataveete evalmatedfoonm i gat ed, n
three independent donors in duplicates. Quantitative data are displayed as means. Representative images were selected from

one donor.
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