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Abstract

Extracellular matrix (ECM) proteins are structural elements of tissue and also potent signaling molecules. Previ-
ously, our laboratory showed that ECM of 2D coatings can trigger differentiation of bone marrow-derived mes-
enchymal stem cells (MSCs) into mesodermal lineages in an ECM-specific manner over 14 days, in some cases
comparable to chemical induction. To test whether a similar effect was possible in a 3D, tissue-like environment,
we designed a synthetic-natural biomaterial composite. The composite can present whole-molecule ECM pro-
teins to cells, even those that do not spontaneously form hydrogels ex vivo, in 3D. To this end, we entrapped
collagen type |, laminin-111, or fibronectin in ECM composites with MSCs and directly compared markers of me-
sodermal differentiation including cardiomyogenic (ACTCT), osteogenic (SPPT), adipogenic (PPARG), and chon-
drogenic (SOX9) in 2D versus 3D. We found the 3D condition largely mimicked the 2D condition such that
the addition of type | collagen was the most potent inducer of differentiation to all lineages tested. One notable
difference between 2D and 3D was pronounced adipogenic differentiation in 3D especially in the presence of
exogenous collagen type |. In particular, PPARG gene expression was significantly increased ~ 16-fold relative to
chemical induction, in 3D and not in 2D. Unexpectedly, 3D engagement of ECM proteins also altered immuno-
modulatory function of MSCs in that expression of /L-6 gene was elevated relative to basal levels in 2D. In fact,
levels of /-6 gene expression in 3D composites containing exogenously supplied collagen type | or fibronectin
were statistically similar to levels attained in 2D with tumor necrosis factor-o (TNF-o) stimulation and these levels
were sustained over a 2-week period. Thus, this novel biomaterial platform allowed us to compare the biochem-
ical impact of whole-molecule ECM proteins in 2D versus 3D indicating enhanced adipogenic differentiation and
IL-6 expression of MSC in the 3D context. Exploiting the biochemical impact of ECM proteins on MSC differen-
tiation and immunomodulation could augment the therapeutic utility of MSCs.
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Introduction the local environment (e.g., native tissue, recipient tissue

Utilization of mesenchymal stem cells (MSCs) in the
clinic and attempts to drive mesodermal differentiation
of MSCs in vitro would benefit from enhanced under-
standing of the impact of 3D, exogenous extracellular
matrix (ECM) on MSC state. Indeed MSCs are a heter-
ogenous lot, primed to mature to several distinct meso-
dermal states or to remain multipotent depending on

or tissue culture scenario). The local environment con-
tains soluble signaling factors, other cells or cell types,
and ECM, and the bulk of past literature reports pertain
to soluble factor stimulation with respect to MSC state.
More recently, an appreciation of the role of ECM in
MSC specification has emerged including work of our
laboratory in 2009 showing the presentation of ECM
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proteins on 2D culture plastic to MSCs is capable of trig-
gering differentiation into multiple lineages at levels
comparable to soluble factor induction." This result is
perhaps not now surprising as the multifaceted func-
tions of ECM continue to emerge.”™*

ECM proteins, aside from providing support for cells
and tissues, are important modulators of cell signaling
during development, in the stem cell niche, and in the
tumor microenvironment. ECM proteins are large and
complex, and contain highly conserved regions.” ECM
proteins act as effective ligands to initiate cell signaling
usually via integrin receptors. They may also act as a
depot to controllably bind or release growth factors
that drive a multitude of cell signaling events. Despite
the multifunctionality of ECM proteins in guiding cell
behavior such as proliferation and migration, systematic
understanding of the role of ECM in stem cell differen-
tiation is somewhat limited in conventional pseudo-3D
culture platforms.® Covalent conjugation” or adsorption®
of ECM proteins on 2D surfaces have been simple and
convenient platforms to create microenvironments for
stem cell differentiation. Efforts to create more physio-
logically relevant 3D microenvironments’ were carried
out by controlling matrix mechanics,'’ porosity,'" or
cell aggregates'> and by forming scaffolds with collagen,
Matrigel®, decellularized ECM, and ECM-mimicking
oligopeptides.”> Although the distinction between stem
cell differentiation in 2D versus 3D was not ignored,"*'®
a direct comparison of ECM presentation in 2D versus
3D has been rarely evaluated.'” Here, we utilized a re-
cently developed 3D biomaterial platform'® to compare
MSC differentiation to cardiomyogenic, osteogenic, adi-
pogenic, and chondrogenic lineages in 2D versus 3D.

We created “composites” by incorporating ECM pro-
tein(s) and stem cells in poly(ethylene glycol) (PEG)
hydrogels, which are cross-linked via formation of native
amide bonds."” This chemoselective cross-linking allows
the presentation of ECM proteins without any modifica-
tion or conjugation to PEG chains and maintains consis-
tent overall stiffness and diffusion in the presence of
exogenous ECM proteins. This platform enables bio-
chemical engagement of ECM proteins to MSCs in 3D,
largely excluding other biophysical stimuli. Here, human
embryonic stem cell (hESC)-derived MSCs (hMSCs)**?!
were encapsulated in ECM composites with 2 mg/mL of
either collagen type I, laminin-111, or fibronectin (Fig. 1).
MSC functionality was assessed via gene and protein ex-
pression of lineage markers associated with cardiomyo-
genesis, adipogenesis, osteogenesis, and chondrogenesis
and of cytokines associated with immunomodulation.
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Materials and Methods
Detailed methods are provided in the Supplementary
Materials and Methods section.

Culture of human mesenchymal stem cells and
formation of ECM composites and ECM films
Mesenchymal stem cells were derived from H1 (hESC, a
gift from Dr. Peiman Hematti, University of Wisconsin-
Madison)*® and markers indicative of the MSC pheno-
types (CD73, CD90, and CD105) were probed by flow
cytometry (Supplementary Fig. S1). Human MSC
(hMSC) were encapsulated in ECM composites'® or
cultured on 2D ECM films' using protocols previously
published (Supplementary Materials and Methods).

Imaging ECM composites using multi-photon

laser scanning microscopy

At days 1, 14, and 28, ECM composites were fixed and
stained with previously published protocols (Supple-
mentary Materials and Methods).'® ECM proteins,
nucluei, and actin filaments were visualized with a
40x (NA=0.8) objective lens by using a mode-locked
Ti:Sapphire laser on a multi-photon laser scanning mi-
croscope (MPLSM; Bruker Nano). 3D reconstructions
were generated using Imaris 7.5.2 software (Bitplane,
Inc.). To further confirm the expression of FABP4
and PPAR-y proteins from H1 MSCs after 28 days,
Coll composites were incubated overnight at 4°C
with rabbit anti-FABP4 (cat# PA5-30591; Thermo Sci-
entific, 1:100 dilution in the blocking solution) or
rabbit-PPARy (cat# PA3-821A; Thermo Scientific,
1:100 dilution in blocking solution) antibodies, which
were probed by goat anti-rabbit FITC (cat# 31583;
Pierce, 1:200 dilution in blocking solution) for 45 min.

Quantitative real-time polymerase chain reactions

RNAs were extracted from hMSC culture or ECM com-
posites using a standard TRIzol® method (Supplemen-
tary Materials and Methods). Complementary DNA
(cDNA) was synthesized following the instructions
from the Maxima First Strand ¢cDNA Synthesis Kit
(cat# K1642; Thermo Scientific). Each lineage primer se-
quence is provided in Table 1. Inmunomodulatory gene
primers (IL-6 and IDO) were purchased from Biorad
(cat# 10025636). Primer efficiencies were extracted from
RealPlex” software and verified with melting curves.
Each lineage standard curve was calculated using termi-
nally differentiated cells and corresponding primers. The
standard curve method was employed to determine copy
numbers of each lineage and GAPDH gene. The lineage
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gene expression level was determined as the copy num-
ber of lineage gene of interest normalized to that of
GAPDH at each time point.

hMSC chemical induction

Standard chemical reagents were used for cardiomyo-
genic,”” osteogenic,”' adipogenic,”’ and chondrogenic*’
differentiation (Supplementary Materials and Methods).

Stimulation of hMSCs with IFN-y and TNF-
hMSCs suspended in «-MEM medium were plated to
six-well plates at a density of 1.4x10* cells/mL and

Table 1. qRT-PCR Primer Sequences for hMSC Lineage
Markers

Target gene Primer sequence (5" — 3’) Amplicon size (bp)

SPP1 FOR: TTCGCAGACCTGACATCCAGTACC 70
REV: TCCTCGCTTTCCATGTGTGAGG

PPARG FOR: AGCCTCATGAAGAGCCTTCCAAC 122
REV: TCTCCGGAAGAAACCCTTGCATC

ACTC1 FOR: GCTTCCGCTGTCCTGAGA 61
REV: ATGCCAGCAGATTCCATACC

SOX9 FOR: TTCCGCGACGTGGACAT 77
REV: TCAAACTCGTTGACATCGAAGGT

GAPDH FOR: TTAAAAGCAGCCCTGGTGAC 144

REV: CTCTGCTCCTCCTGTTCGAC

hMSC, human mesenchymal stem cells; qRT-PCR, quantitative real-
time polymerase chain reaction.

were kept at 37°C/5% CO, for 20h. Stimulation
media were prepared with 100 ng/mL of IFN-y (cat#
300-02; Peprotech) or 50 ng/mL of TNF-o (cat# 68-
8786-82; eBioscience) in a-MEM medium. After 20h
of culture, the medium in the six-well plates was
replaced with stimulation media, which was added to
the experimental wells and «-MEM medium in the
control wells. The plates were kept at 37°C/5% CO,
and hMSCs were collected at 4 and 24 h.

Statistical analyses

For comparison of expression levels of various differen-
tiation or immunomodulatory markers of hMSCs from
ECM composites, one-way ANOVA with the Tukey’s
HSD post hoc test, Fisher’s LSD post hoc test, or Stu-
dent’s t-test (¢=0.05) was performed. All tests were
performed using Statistical Analysis System (SAS Insti-
tute, Inc.).

Results

hMSCs in ECM composites exhibit morphologies
influenced by ECM engagement in 3D

ECM proteins, provided exogenously at the time of com-
posite formation, distinctively impacted the distribution
and morphology of hMSCs in 3D. After 3 weeks in cul-
ture, hMSCs in laminin (LN) composites exhibited
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FIG. 2. Morphology and engagement of human MSCs (hMSCs) with ECM of 3D composites over time. Multi-
photon laser scanning microscopy (MPLSM) was used to optically section (at 1 um interval) microenvironments
of LN composites containing hMSCs to convey the three-dimensionality of the microenvironments within the
composite (a-¢, 161 planes). Z stacks of images were reconstructed from raw images (a, b) to solid objects
using Imaris software to best view cell-ECM interactions (c); scale bar 80 um. Single optical sections of ECM
composites at days 1, 14, and 28 after composite formation. Coll (collagen type 1) composites (d—f), LN (laminin-
111) composites (g-i), and FN (fibronectin) composites (j-1). ECM proteins (green), nuclei (blue), and actin
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reticulate structures and were found to adhere in multiple
dimensions to the network architecture of LN (Fig. 2a—c).
The 3D surface rendering of z stacks at over 162 um
showed that hMSCs were engaged with LN throughout
the PEG-entrapped microenvironments of composites
(Fig. 2b, ¢). Similar 3D engagement with Coll was ob-
served at this time point, but with cells assuming an
elongated morphology and cell-ECM structure, usually
globular in nature as previously reported from our lab-
oratory.'® We further probed the engagement of
hMSCs with surrounding ECM at 1, 14, and 28 days
of culture utilizing MPLSM. Since each field of view
was not taken from a flat, 2D region of interest, some
optical sections show narrower aggregate structures
(e.g., Fig. 2e, for 1) than others (e.g., Fig. 2i or j). All com-
posites showed globular microenvironments at day 1
with high hMSC to ECM ratios (Fig. 2d, g, j). At later
time points, composites evolved to contain a slightly
lower hMSC to ECM ratio likely due to accumulating
endogenous ECM and associated decrease in hMSC pro-
liferation.'® By day 28, distinct hMSC morphologies and
corresponding microenvironments emerge. Coll com-
posites showed globular aggregation with significant
hMSC spreading (Fig. 2f). LN, as noted above, assumes
a reticulate or mesh-like hMSC-ECM distribution
(Fig. 2i). A higher number of hMSCs attached to fibro-
nectin (FN) than other ECM, perhaps attributed to in-
creased cell-binding domains®* relative to Coll or LN.
EN composites showed fewer numbers of cells per mi-
croenvironment and smaller total volume per microen-
vironment (Fig. 21) than LN composites. Collectively,
ECM proteins exogenously supplied in 3D composites
were able to modulate hMSC-ECM engagement. Indeed,
cell-ECM interactions appeared quite similar between
groups at day 1, but quickly changed over time in dis-
tinctive ways according to ECM type.

Differentiation of MSCs, especially adipogenesis,

is initiated in 3D ECM composites

Previously, our laboratory reported that 2D ECM coat-
ings alone were able to initiate differentiation of bone
marrow-derived MSCs into cardiomyogenic, osteogenic,
and adipogenic lineages at levels comparable to chemical
induction." Unclear at that time was whether or not dif-
ferentiation in the context of ECM was an artifact of the
unnatural spreading and associated strains of the 2D tis-
sue culture scenario or whether the same could occur in
a 3D, tissue-like context. Appropriate technology to di-
rectly test this question took several years to develop
since many ECM types extracted from the body do
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not form 3D hydrogels; but we have recently validated
such a system.'® We use it here to determine whether
ECM composites, each containing a single ECM at a
fixed concentration of 2mg/mL and with maintained
stiffness'® and diffusivity (Supplementary Table SI)
could modulate the functional capacity of hMSCs both
in terms of differentiation and immunomodulatory po-
tential. For the purpose of comparison, we repeated
the 2D studies' here using hMSCs and reexamined the
differentiation profile (Fig. 3a-d). In 2D, hMSCs cul-
tured on ECM films of LN and FN showed increased ex-
pression of ACTCI (i.e., cardiomyogenic differentiation)
at day 14 relative to day 1, but only FN stimulated gene
expression levels significantly exceeding those of the no
construct (NC) control and chemical induction (Fig. 3a).
Osteogenic differentiation (as discerned by SPPI expres-
sion) of hMSCs on 2D ECM films generally increased
from day 1 to 14 (with the exception of Coll; Fig. 3b)
to levels comparable to chemical induction at day 14.
None of the 2D ECM films promoted PPARG expres-
sion associated with adipogenic differentiation. Surpris-
ingly, only the NC control yielded PPARG expression
slightly, but significantly higher than chemical induction
at day 14 (Fig. 3c). Similarly, none of the 2D ECM films
promoted SOX9 expression associated with chondro-
genic differentiation to levels approaching that of chem-
ical induction. It should be noted that the chemical
induction protocol for chondrogenesis requires a cell
pellet that essentially creates a 3D environment, and so
perhaps is not the most robust 2D control.

In 3D ECM composites, we found Coll significantly
promoted the expression of SPP1, PPARG, and SOX9
genes of hMSCs at 28 days relative to 2D chemical in-
duction (Fig. 3e-h). The average expression of ACTCI
in Coll composite was relatively high while its varia-
tion was also large and thus not significantly differ-
ent from 2D chemical induction at day 28 (Fig. 3e).
Osteogenic and adipogenic differentiation in the
Coll composite were significantly higher than chemi-
cal induction and other ECM composites at day 28
(Fig. 3f, g). In addition, chondrogenic differentiation
in Coll composite was significantly increased from
day 14 to 28, and was also significantly higher than
chemical induction and other ECM composites at
day 28 (Fig. 3h). To distinguish the contribution of
the 3D environment only (PEG) from the 3D environ-
ment plus exogenous ECM on hMSC differentiation,
we normalized each expression level of lineage genes
to that of the PEG control at each time point
(Fig. 3i-1). Coll composites significantly upregulated
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FIG. 3. Multi-lineage differentiation of hMSCs on 2D ECM films and in 3D ECM composites. The expression of
ACTCT1 (cardiomyogenic), SPP1 (osteogenic), PPARG (adipogenic), and SOX9 (chondrogenic) on 2D ECM films
was measured using quantitative real-time polymerase chain reaction (qRT-PCR). Chemical induction (Cl)
without 2D ECM films, performed in parallel with cultures on 2D ECM films (a-d). The expression of ACTCT,
SPP1, PPARG, and SOX9 in 3D composites was probed by qRT-PCR (e-h). The relative expression of each lineage
marker was further normalized to the relative expression of composites containing hMSCs and PEG only at
each corresponding time point (i-l). Cl in 3D composite was performed in tissue culture flasks (e-h).
mean = SD, n=3. ANOVA Tukey’s HSD post hoc test, ##p <0.01 and #p <0.05. ANOVA Fisher's LSD post hoc or
Student’s t-test, **p <0.01 and *p <0.05. * or ** without brackets between the time points in the group.
\

expression of each lineage gene at day 28 (Fig. 3j-1),
except ACTCI (cardiomyogenic) (Fig. 3i). Adipogenic
and chondrogenic gene expression of hMSCs in Coll
composites was also significantly increased from day
14 to 28, respectively (Fig. 3k, 1). Taken together, dif-

ferentiation of ESC-derived MSCs in 3D Coll com-
posites was significantly more effective than 2D
chemical induction, while chemical induction of
hMSCs was more efficient than 2D ECM films only
in chondrogenic induction by 3D cell mass.
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The most outstanding difference in hMSC difterenti-
ation progress between 2D and 3D exogenous ECM en-
gagement was adipogenic differentiation. Minimal
PPARG expression was detected in 2D ECM films
(Fig. 3c), while 3D ECM composites all upregulated
PPARG gene expression at both 14 and 28 days, espe-
cially in composites with Coll (Fig. 3g). The significant
upregulation of PPARG gene led to query of the expres-
sion of adipogenic proteins, FABP4 and PPAR-y in 3D
Coll composites. After 28 days of hMSC culture in
Coll composite, hMSCs were stained with antibodies
against FABP4 and PPAR-y using MPLSM (Fig. 4).
Over 28 days, hMSCs in Coll composites showed clus-
ters of hMSCs positive for both FABP4 (Fig. 4c) and
PPAR-y (Fig. 4f) protein expression. Staining of both
adipocyte-associated proteins was more intense in 3D
composites containing collagen type I than that ob-
served in all 2D cultures with ECM films and even
with chemical induction where only limited, faint stain-
ing was observed. Due to the limited protein staining in
the 2D condition, especially with chemical induction, we
also exposed an alternative ESC-derived MSC line (H9
MSCs) to chemical induction for adipogenesis (Supple-

mentary Fig. S2a, ). We found a moderate level of
staining for PPAR-y and FABP4, definitive Oil Red O
staining of fat droplets (Supplementary Fig. S2i) and sig-
nificant upregulation of PPARG gene (Supplementary
Fig. S2j) suggesting the chemical induction protocol
was effective, and that the H1 MSC line is less prone
to adipogenesis than other MSC populations such as
H9 MSCs. Given this result, it is perhaps even more sur-
prising that adipogenesis of HI MSC was significantly
promoted in 3D composites and was further enhanced
in the composite containing Coll.

ECM composites attenuate IL-6 gene expression

To determine whether immunomodulatory function of
MSCs might also be altered with 3D exposure to ECM,
we again capitalized on our composite system. hMSCs
were entrapped in composites containing Coll, LN, or
EN and cultured for 28 days and then probed for tran-
script expression of indoleamine 2,3-dioxygenase (IDO)
and interleukin 6 (IL-6), two cytokines frequently associ-
ated with MSC immunomodulation.”>*® Both IDO and
IL-6 expression were inducible by IFN-y and TNF-o
stimulation in 2D culture, respectively (Fig. 5a, b). In
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FIG. 5. The expression of IL-6 and IDO genes by hMSCs was significantly upregulated both in 2D cytokine
stimulation and in 3D ECM composites. Both indoleamine 2,3-dioxygenase (IDO) and interleukin 6 (/L-6) were
significantly upregulated 24 h after IFN-y (a) and TNF-o (b) stimulation in 2D cultures, respectively. IL-6 genes
were distinctively upregulated in ECM-specific manner over 14 and 28 days in 2D and 3D culture, respectively
(¢, d), while IDO genes were undetectable. Mean + SD, n=3. Student’s t-test or ANOVA Fisher’s LSD post hoc
test, **p < 0.01 and *p <0.05. ANOVA Tukey’s HSD post hoc test, ##p < 0.01. * or ** without brackets between the
time points in the group.
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3D, expression of IDO gene was undetectable, similar to
unstimulated MSC expression in 2D (data not shown).
The expression of IL-6 on 2D ECM films was signifi-
cantly increased relative to unstimulated hMSC for
14 days except NC control (Fig. 5¢). However, the
expression of IL-6 in 3D ECM composites was sig-
nificantly increased relative to unstimulated hMSC
expression in 2D. And in fact, expression was modu-
lated in an ECM-specific manner. At 28 days, com-
posites containing Coll or FN maintained levels of
IL-6 gene expression statistically similar to that of
2D hMSC cultures with TNF-o stimulation (24 h,
Fig. 5d). At the same time point, composites without
ECM and those containing LN exhibited IL-6 expres-
sion above that of 2D unstimulated MSCs, but less
than levels with TNF-ua stimulation. Collectively, the
expression of IL-6 was elevated in 3D spaces for sev-

eral days and the elevation of IL-6 production in 3D
was modulated to varying degrees by the type of
ECM supplied exogenously at day 0.

Discussion

Here, we show for the first time the impact of individ-
ual, intact ECM proteins presented in 3D on MSC
functional potential both in terms of differentiation
and immunomodulation. This work is important for
those attempting to develop 3D ECM-containing deliv-
ery vehicles for MSC transplantation and for predicting
behavior of transplanted cells to ECM-rich microenvi-
ronments. Previously, our laboratory showed that 2D
ECM coatings modulated the differentiation of bone
marrow-derived MSCs into different lineages in an
ECM-specific manner over 14 days, comparable to
chemical induction." But extension of these studies to
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3D has been challenging because, with the exception of
type I collagen, hyaluronan, and fibrin, ECM proteins
isolated from tissues cannot reassemble reliably into
robust 3D scaffolds capable of supporting cellular pop-
ulations. Type I collagen has been utilized as a support-
ing scaffold for other ECM proteins purified from
tissue>* or lyophilized ECM mixtures extracted from
decellularized tissue.>® However, in these cases it is
challenging to distinguish biochemical effects of the
added ECM components from that of the supporting
ECM (i.e., type I collagen) scaffold. Recently, our labo-
ratory designed a synthetic-natural biomaterial compos-
ite that can present whole-molecule ECM proteins to
cells without chemically cross-linking ECM proteins to
the 3D biomaterial platform, preserving native second-
ary and tertiary structures necessary for appropriate bio-
chemical signaling.'® In addition, since the impact of
substrate stiffness on MSC differentiation is now well
appreciated,”’* the composite platform was designed
to maintain consistent macroscale storage modulus
(0.9kPa) even with alterations in ECM type.'® Finally,
the 3D scaffold was verified to maintain diffusion of well-
characterized bovine serum albumin molecules in the
same order of magnitude (Supplementary Table S1).
These controls allowed us to compare functional out-
comes of MSC exposure to individual ECM in 3D
and relate those outcomes to findings in 2D. Like 2D,
ECM proteins alone could stimulate multi-lineage
differentiation in 3D at levels approaching and some-
times exceeding those attained with standard chemical
differentiation protocols. Unlike 2D, adipogenic differ-
entiation was favored with ECM serving to refine this
response.

Adipogenic differentiation of MSCs and other mul-
tipotent cells has been a great interest to endocrinolo-
gists, stem cell biologists, and tissue engineers. The
adipose tissue is an endocrine/paracrine regulator of
energy metabolism and dysregulation can lead to
type II diabetes and cardiovascular disorders among
others. From a tissue engineering standpoint, burn
patients suffering from soft tissue atrophy or facial
lipodystrophy from antiviral medications for human
immunodeficiency virus would benefit soft tissue re-
construction. Despite the importance of adipose tissue
model systems and regeneration, mechanistic under-
standing of adipogenesis is still developing and meth-
ods to derive adipocytes from stem cells are quite
variable.”> Further, the role of ECM proteins and
three dimensionality has only recently been appreciat-
ed” Indeed, human mesenchymal progenitor cell
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spheroids formed in 2-3 um honeycomb scaffolds sig-
nificantly upregulate PPARG, CEBPA (CCAAT-
enhancer-binding protein «, C/EBP-x), ADIPOQ
(adiponectin), and ALBP (fatty acid-binding protein
4, FABP4, or aP2) gene expressions over 2D culture
scenarios after only 3 days.** This example highlights
the importance of three dimensionality for adipogen-
esis, but exploits chemical induction without exoge-
nous ECM proteins.

When ECM proteins are added the induction pro-
tocol for adipogenesis, augmented differentiation is
observed. For example, human MSC spheroids cul-
tured in rotating wall vessel bioreactor in combination
with adipogenic induction showed significantly en-
hanced PPARG, CEBPA, ALBP, and LPL (lipoprotein
lipase) 7 days after culture initiation compared with
2D culture.”® Further, covalent conjugation of FN on
2D polyacrylamide soft ( ~ 0.6 kPa) substrate also signif-
icantly improved the expression of CEBPA and LPL over
10 days with microscale circular patterns (~ 1000 um?)
relative to 2D polyacrylamide substrate without pat-
terns.” This is an interesting result as our composites
are on the order of 0.9kPa in stiffness, suggesting the
possibility that 3D mechanical properties in addition
to ECM exposure further enable adipogenesis. The im-
pact of mechanical properties on MSC differentiation
is well characterized in 2D*" and 3D,*® where adipogenic
or neurogenic commitment occurs in softer environ-
ments at levels dependent on substrate/scaffold materi-
als. Also of note, intramuscular preadipocytes (BIP)
have been reported to produce collagens type I, V, VI,
and fibronectin at high levels in vitro, while type IV col-
lagen and laminin were produced at lower levels.”” The
ECM-niche of fat then may promote adipogenesis
and explain why composites with LN saw lower levels
of differentiation.

Composites without ECM proteins were unable to
maintain adipogenic differentiation after 14 days,
supporting a necessity of not only the third dimen-
sionality and associated mechanical properties but
also ECM proteins for adipogenesis. Like other con-
nective tissue cell types with mesenchymal origin, ad-
ipocytes are surrounded by collagens and basal lamina
containing ECM proteins.”® Since only a lipid mono-
layer forms the boundary between stored fat and cyto-
sol, transfer of mechanical stress from the outside to
the inside of the adipocyte can be decreased by adipo-
cyte ECM proteins and also redistribute forces over a
larger area of tissue.’® These findings reflect the criti-
cal requirement of adipocyte ECM proteins for the
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development of preadipocyte to fat-storing adipocytes,
in part explaining the attenuation of PPARG expres-
sion from composites with no ECM. To guide inter-
pretation of these results, it should be noted that
composites without exogenous ECM were less able
to sustain cell viability long term. We previously
reported a reduction of viability to as low as 60%
over the course of several weeks in PEG (no ECM con-
trol) and thus differences in differentiation relative
to the no ECM controls might relate to factors associ-
ated with cell death instead of or in addition to lack of
signaling associated with exogenous ECM. For this
reason we emphasized comparison to chemical induc-
tion and between ECM-containing composites.

In addition to multipotency of hMSCs, the immu-
nomodulatory properties of MSCs have been exploited
to treat multiple diseases including myocardial infarc-
tion**>*! or graft versus host disease*” to name a few.
Although the exact mechanistic details are unclear,
MSCs have been reported to be hypoimmunogenic,
enabling MSC transplantation across major histocom-
patibility barriers and creating off-the-shelf therapies
with allogenic MSCs. It should be noted that hESC-
derived MSCs (both H1 and H9 MSCs) exhibit very
similar immunosuppressive properties and multipo-
tency relative to bone marrow-derived MSCs includ-
ing the three main characteristics of MSCs including
adherence to plastic, positive expression of CD29,
CD44, CD54, CD73, CD90, and CD105, and negative
expression of CD34, CD45, and CD31 and their
ability to differentiate into osteogenic, adopogenic,
and chondrogenic lineages.”>*>** Here, we selected
a small subset of cytokines to determine whether
MSCs, by the engagement of ECM proteins in 3D,
will modulate the expression of two immunomodulatory
genes, IDO and IL-6. IDO (indoleamine-2,3-dioxygenase)
is an enzyme that catalyzes the degradation of tryptophan
along the metabolic pathway to kynurenine. MSC-
mediated immunosuppression is believed to result from
the depletion of tryptophan and the local accumulation
of tryptophan metabolites,* suppressing T cell and
natural killer cell proliferation.***” As observed in Fig-
ure 5 and according to results using single cell RNA-
sequencing of murine MSCs from our laboratory,*
MSCs normally express minimal levels of IDO while
the IDO mRNA levels are found to be significantly
elevated upon stimulation with inflammatory cytokines,
primarily IFN-y. IL-6 is known as a pleiotropic cytokine
suppressing T-cell proliferation and local inflamma-
tion.”>* While MSC-secreted IL-6 is reported to be
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proinflammatory,” IL-6 can also be anti-inflammatory
to modulate other proinflammatory cytokines.”">?
Although the inflammatory nature of IL-6 in 3D ECM
composites was hard to define, the upregulation of IL-6
gene in 3D is significant and is surprisingly sustained
over multiple weeks (Fig. 5). Aggregates of MSCs showed
a similar result after 7 days in culture®® and MSCs encap-
sulated in 3D hydrogels also modulated IL-6 secretion at
day 14. In this case an association between IL-6 and
hydrogel stiffness was observed within the softest hydro-
gel (1.5 kPa) showing the most significant upregulation of
expression of IL-6."" Future studies would be wise to as-
sess how immunodulation of MSCs changes in the face of
distinct ECM of different tissue types following trans-
plantation.

Conclusion

These results further elucidate the importance of ECM in
guiding differentiation of stem cells in tissue and more
surprisingly, associated immunomodulatory cytoine
production. These data set the stage for synthetic bioma-
terial development for a multitude of applications includ-
ing tuning of differentiation and immunomodulation
to enable proactive delivery vehicles for stem cell trans-
plantation.
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Abbreviations Used
BSA = bovine serum albumin
cDNA = complementary DNA
DABCO = 1,4-diazabicyclo[2,2,2]octane
DAPI = 4’,6-diamidino-2-phenylindole
ECM = extracellular matrix
FN = fibronectin
hESCs = human embryonic stem cells
hMSC = human mesenchymal stem cells
IDO = indoleamine 2,3-dioxygenase
IL-6 = interleukin 6
LN = laminin
MSCs = mesenchymal stem cells
MPLSM = multi-photon laser scanning microscopy
NC = no construct
PBS = phosphate buffered saline
gRT-PCR = quantitative real-time polymerase chain reaction
RT = room temperature
TNF-o. = tumor necrosis factor-o
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