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Hydrogel Culture Surface Stiffness Modulates Mesenchymal
Stromal Cell Secretome and Alters Senescence

Molly E. Ogle, PhD,*" Gilad Doron, BS,"*" Matthew J. Levy, and Johnna S. Temenoff, PhD'?

Current cell culture surfaces used for the expansion and production of mesenchymal stromal cells (MSCs) are
not optimized for the production of highly secretory and nonsenescent cells. In this study, we used poly
(ethylene glycol) hydrogel substrates with tunable mechanical and biochemical properties to screen the effect of
culture surfaces on pro-regenerative secretome by multiplex enzyme-linked immunosorbent assay, proliferation
by PicoGreen DNA analysis, and senescence by senescence-associated B-galactosidase activity. We demon-
strate that MSCs cultured on 30 kPa hydrogels, regardless of biochemical functionalization, broadly enhanced
the secretion of immunomodulatory and regenerative factors versus stiffer 100 kPa or tissue culture plastic
surfaces, but did not support robust proliferation. In contrast, culture on 100kPa hydrogel surfaces promoted
proliferation at a similar level and did not substantially alter the amount of secreted factors as compared with
tissue culture plastic. Culture on integrin-engaging, cadherin-engaging, and hyaluronic acid-containing 30 kPa
substrates enhanced MSC-conditioned media (CM) angiogenic activity in a human umbilical vein endothelial
cell tube formation assay and human THP-1 monocyte chemoattraction in a transwell assay. However, 30 kPa
substrate culture did not impact the myogenic activity of MSC CM in a C2C12 myoblast tube formation assay.
Culture on selected 100kPa surfaces enhanced CM angiogenic activity and monocyte chemotaxis, but not
myogenic activity. Serial culture on 100 kPa RGD hydrogel surfaces significantly reduced senescence in MSCs
versus tissue culture plastic, while maintaining the capacity of the cells to enhance their secretome in response
to 30kPa surfaces. Thus, hydrogel substrates that exhibit stiffness orders of magnitude lower than standard
tissue culture plastic can serve as novel surfaces for the production of MSCs with an improved therapeutic
secretory capacity and reduced senescence.
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Impact Statement

The success of mesenchymal stromal cell (MSC)-based therapies is dependent on the manufacture of a large number of cells
with high therapeutic potency. Among the culture surfaces tested in this study, we demonstrate that substrate stiffness rather
than biochemical functionalization predominantly guides changes in MSC proliferation and secretory capacity. We have
identified substrate parameters to support MSC proliferation, enhance secretion of paracrine factors, and to reduce repli-
cative senescence. By maximizing secretory capacity and reducing senescence through the choice of hydrogel culture
materials, these findings have great potential to improve the large-scale production of therapeutic MSCs.

Introduction potency is primarily attributed to the release of immuno-

modulatory, angiogenic, and trophic factors, collectively

MESENCHYMAL STROMAL CELLS (MSCs) are highly
paracrine active cells which are of great clinical in-
terest due to their immunomodulatory and proregenerative
properties when transplanted in vivo.'! MSC therapeutic

known as the secretome." MSC proregenerative secretory
profile and magnitude in vitro is correlated with in vivo
activity, suggesting that the in vitro secretome is related to
MSC therapeutic function in some applications.” To achieve
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therapeutic cell numbers of millions of cells per kg patient
body weight from bone marrow, adipose, or umbilical cord
primary cells, most clinical therapy protocols employ several
rounds of MSC expansion,® primarily in two-dimensional
flasks or stacks.*” However, these standard culture expan-
sion protocols progressively decrease MSC secretory potency
over population doublings,®” leading to significant changes
in MSC therapeutic function in vivo.® MSCs also undergo a
progressive decline in fitness through an increase in senes-
cence and decreased expansion potential during standard
in vitro culture. This restricts the cell yield from a single
source and alters their gene expression, differentiation, and
secretory phenotypes.>®'! These issues establish a conun-
drum by which the primary cell source is limited and must be
expanded for clinical scale, but expansion leads to reduced
therapeutic efficacy/potency and is further restricted by se-
nescence. Thus, there is a need to identify culture strategies
that improve these features of MSC potency and fitness.

To explore material-based strategies to improve the man-
ufacture of highly therapeutic MSCs, we designed a modular
hydrogel culture system to examine the role of mechani-
cal and biochemical cues governing MSC secretory capacity
and cellular longevity. We assessed mechanical and bio-
chemical properties consistent with native in vivo perivas-
cular environment of MSCs, where the?f are highly secretory
and capable of long-term self-renewal.'>'* The in vivo MSC
perivascular environment and in vitro tissue culture poly-
styrene (TCP) substrates differ fundamentally in elastic
modulus. The basement membrane has a modulus be-
tween 1 and 100 kPa, whereas TCP is several orders of
magnitude stiffer (GPa range).'*'> Long-term culture on
supraphysiological stiffness guides MSC fate toward an
osteoblastic lineage,'®"” reduces secretion of proregenerative/
anti-inflammatory factors,®” and reduces proliferation rate over
time,® ultimately leading to senescence.'” Interestingly, MSCs
cultured on physiological range stiffness materials suggests
that MSCs have enhanced transcription and/or secretion of
multiple paracrine factors on softer substrates ranging from 1
to 40kPa Young’s modulus versus TCP.>?°% This study
explores the two-dimensional culture of MSCs on materials
spanning 30-100kPa in modulus in conjunction with a va-
riety of biochemical modifications.

In addition to acute cellular changes on differing moduli,
MSCs also develop a biological mechanical memory of
substrate stiffness that becomes irreversible after extended
culture.®'”** Long-term culture on TCP leads to decreased
paracrine secretion and proliferation that can be partially
rescued by transfer to a soft surface after an intermediate
(p5) but not late passage number (p11), indicating that cells
gradually lose the ability to respond to surface modulus.®
Extended serial culture of MSCs on 1 kPa surfaces sustains
the secretory properties of MSCs®; however, proliferation is
markedly reduced, consistent with the known role of focal
adhesion signaling in controlling proliferation,>* making
this system nonideal for culture expansion.® Thus, we ex-
amined the role of serial culture on physiological (100 kPa)
or supraphysiological (~GPa) surfaces on the onset of
replicative senescence and the ability to respond to changes
in mechanical surface cues after expansion.

While substrate stiffness plays a role in influencing MSC
potency and fitness, the role of modulus in the context of
differing biomolecular functionalizations is not currently
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understood. In each of the above referenced culture systems,
different matrix proteins or adhesive peptides have been
used to support attachment of MSCs to the hydrogels,
therefore making the interpretation of the role of mechanical
cues in combination with biochemical cues in controlling
secretome and proliferation difficult. MSCs experience
mechanical forces through several cell/matrix and cell/cell
interactions, including stimulation of integrin and cadherin
receptors, respectively.”” Transmembrane signaling through
cell/cell interactions of cadherins can enhance MSC secre-
tory capacity,”®*’ making cadherins an attractive adhesive
target for stimulating MSC secretome. In biomaterials, the
presentation of N-cadherin-engaging peptides, such as
HAVDI, in combination with integrin-engaging ligand
RGD, reduces MSC proliferation likely through a mecha-
nism involving reduced cellular tensionls; however, the role
of controlled biomaterial presentation of N-cadherin li-
gands on the MSC secretome is unknown. Therefore, culture
materials with integrin- and cadherin-engaging ligands
merit exploration in their ability to modulate MSC secretory
capacity and proliferation.

MSCs also interact with glycosaminoglycans (GAGs)
moieties in the perivascular environment, such as hyaluronic
acid (HA) and heparan sulfate. Heparan sulfate sequesters
many positively charged autocrine/paracrine trophic factors,
chemokines, and cytokines that participate in localized
signaling with MSCs.'*?%%° Material culture surfaces pre-
senting HA improve MSC adhesion through ligation of the
MSC surface receptor CD44,30 whereas heparin-mediated
autocrine factor sequestration improves MSC adhesion and
trilineage differentiation.”® Therefore, GAG incorporation
into culture surfaces can modulate or enhance adhesion,
however, the effect of these GAGs on the secretory capacity
of MSCs has not been explored, particularly in the context
of differing mechanical properties.

Paracrine signals produced by MSCs stimulate functional
changes in multiple downstream cell types involved in en-
dogenous wound healing, including endothelial cells, cir-
culating immune cells, and adult tissue progenitor cells such
as myoblasts.®' Vascular regeneration is necessary to sup-
port the supply of blood and nutrients to a healing tissue and
MSCs can su]ggort this activity through angiogenesis and
arteriogenesis.”*>> MSCs secrete several cytokines that re-
cruit innate immune cells,>* which is a significant early step
in the progression of wound healing, vascular remodeling,
and tissue repair.*>~° MSCs may also contribute to repair in
muscle injuries through stimulation of myogenic progenitor
cells.*® Therefore, in vitro functional activity assays of en-
dothelial cells, myeloid cells, and myoblasts were utilized in
this study to assess the impact of biomaterial substrate
culture on differing biological activities of MSCs.

Despite the clear impact of both substrate stiffness and
biomolecule presentation on MSC phenotype, no studies
have designed these surfaces to assess all these parameters
on MSC proliferation, secretome, and therapeutic function
in parallel, and therefore the impact of each of these pa-
rameters relative to one another is unknown. The objective
of this study was to use hydrogel materials with tunable
mechanical and biochemical properties as culture surfaces
to improve the production of highly secretory MSCs. We
hypothesized that culture substrate hydrogels with stiffness or-
ders of magnitude less than TCP (kPa range) incorporating
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biochemical moieties such as adhesive ligands (integrin-
engaging and N-cadherin-engaging) and/or GAGs, can
increase MSC secretory function and reduce replicative se-
nescence compared with conventional culture on TCP. To
address this hypothesis, we evaluated the in vitro secretome of
human MSCs grown on a panel of ten different hydrogel
formulations, and the functional effect of the secreted factors
on endothelial, immune, and muscle cell activity. Results from
these studies will help identify the most critical parameters for
the expansion and manufacture of highly potent MSCs.

Materials and Methods

Additional details of methods are available in the
Supplementary Data.

Material synthesis and functionalization

Poly(ethylene glycol) diacrylate (PEG-DA, 3.4kDa) was
synthesized according to previously published methods.?**!
Fully desulfated heparin (Hep™) was prepared as previously
described.** Hep, Hep and HA were each functionalized
with rnethacrylarnlde Cell-adhesive peptides, integrin-
engaging peptide RGD (GRGDS, Bachem), or N-cadherin-
engaging peptide HAVDI (HAVDIGGGC, Genscript), were
conjugated to linear acrylate-PEG spacers.***

Hydrogel fabrication

Hydrogels were prepared with a range of stiffness by
varying polymer molecular and final concentration of PEG-
DA (Fig. 1B). PEG-DA (3.4kDa or 600 Da) was dissolved
in phosphate-buffered saline (PBS) to create polymer solu-
tions (8-20% wt/v). All hydrogel precursor solutions in-
cluded 1 mM Acryl-PEG-GRGDS. HAVDI was included at
final hydrogel precursor concentration of 1 mM Acryl-PEG-
HAVDI and GAG hydrogels (Hep, Hep, or HA) were
formed with 15 mg/mL in its hydrogel precursor solution
(Supplementary Tables S1 and S2).

A

Crosslinking was accomplished by addition of ammo-
nium persulfate (APS; Sigma-Aldrich) and tetramethyl
ethylene diamine (TEMED; Bio-Rad). Polymer components
were sterile filtered using Spin-X filters (Costar). Hydrogel
was formed between glass slides (spacer thickness=
0.5mm). After 20min of crosslinking, 12mm diameter
hydrogel disks were formed by biopsy punch, placed in
ultra-low-binding 24-well plates, which do not support cell
attachment, and incubated in PBS overnight to reach equi-
librium swelling and remove leachable products.

Mesenchymal stromal cells culture on hydrogels

Human bone marrow MSCs (Lots 139, 182; RoosterBio,
Inc.) were culture expanded for two population doublings after
receipt, and frozen in ~5x 10° cell aliquots in CryoStor CS10
freezing media (BioLife). Lot 139 was used for all figures in
the main text, data from Lot 182 is available in the Supple-
mentary Data. Frozen aliquots were revived on TCP for
3—4 days before seeding test surfaces. MSCs were maintained
in Dulbecco’s Minimal Essential Medium (DMEM, 1g/L
glucose, sodium pyruvate, L-glutamine; Gibco) supplemented
with 10% fetal bovine serum (FBS, lot E16063; Atlanta Bio-
logicals) and 1% antibiotic/antimycotic (Gibco). TrypLE ex-
press (Gibco) was used to enzymatically passage MSCs.
Hydrogels were washed with PBS and complete media before
seeding cells at 15,000 cells per hydrogel disc or TCP well.

For serial culture, cells were maintained on surfaces for
4 days, then passaged to freshly prepared surfaces. For se-
nescence analysis, cells were maintained for three succes-
sive passages on 100kPa hydrogels (12 days). Cell number
was determined by collecting MSCs by enzymatic dissoci-
ation, freezing cells to lyse, and evaluating DNA content by
Quant-it PicoGreen dsDNA assay (Invitrogen).

Generation of conditioned media
and secretome analysis

MSCs were incubated on hydrogels or TCP for 4 days to
generate conditioned media (CM). CM was centrifuged at
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FIG. 1. Hydrogel formulations. (A) Hydrogel components. (B) Schematic of PEG-DA hydrogels functionalized with
RGD using two different molecular weights of PEG-DA to achieve differing mechanical properties. (C) Compressive
modulus of hydrogel formulations using different PEG-DA molecular weight (mean £ SD). SD, standard deviation. Color

images are available online.
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1,000 g to remove any debris before freezing the supernatant
at —80°C in aliquots. CM was evaluated by Luminex Mul-
tiplex enzyme-linked immunosorbent assay for 41 human
chemokines, cytokines, and growth factors (HCYTOMAG-
60K; EMD Millipore). Integrated Milliplex Analyst soft-
ware was used for analysis. Complete culture media were
used for background subtraction and data were normalized
by number of cells per sample.

In vitro angiogenesis assay

Human umbilical vein endothelial cells (HUVECs;
Lifeline Cell Technology) were expanded on 0.1% gelatin-
coated flasks in Endothelial Media (R&D Systems). Ma-
trigel was plated in microwell slides (ibidi) and incubated
for 1 h at 37°C. HUVECsS suspended in MSC CM (30,000
cells/30 uL) were plated over Matrigel at 15 pl. per mi-
crowell in duplicate and maintained in a humidified
chamber at 37°C for 24 h. Microwells were imaged and
analyzed by ImageJ Angiogenesis Analyzer; the ‘“Total
length” parameter is reported.*®

In vitro monocyte chemotaxis assay

THP-1 monocytes (ATCC TIB202) were maintained in
RPMI media with 20% FBS, 1% L-glutamine, 1% penicillin/
streptomycin, and 0.1% beta-mercaptoethanol. Cells were
serum starved in 1% FBS media overnight. Serum-starved
THP-1s were seeded into the top chamber of a 96-well 4 pm
pore transwell assay in 1% FBS DMEM (10,000 cells/
75 pL). Bottom wells were plated with MSC CM diluted 1:1
with 1% FBS DMEM (125 pL total). Negative control for
migration was 1% FBS in DMEM, positive control was 10%
FBS in DMEM. Cells were allowed to migrate for 8h at
37°C. Bottom wells were imaged and migrated cells were
counted.

In vitro myogenesis assay

C2C12 myoblast-like cells (ATTC CRL-1772) were
maintained in DMEM (5 g/l glucose) supplemented with
1% L-glutamine, 1% penicillin/streptomycin, and 10% FBS.
Once in growth ghase, cells were seeded in 48-well plates at
10,000 cells/cm” and cultured for 2 days to reach conflu-
ence. Growth media were replaced with 1:1 mixture of CM
and growth media, and half of the media was replenished on
day 3. After 6 days, cells were fixed in 4% paraformalde-
hyde, permeabilized with 0.1% Triton X, and blocked in 5%
goat serum. Cells were stained with differentiation marker,
myosin heavy chain (MHC, MF-20; Developmental Studies
Hybridoma Bank) and nuclear counterstain Hoescht 3342.
Myofiber length was quantified using ImageJ.*”*8

Senescence quantification

Senescent cells were identified by senescence-associated
B-galactosidase staining following the manufacturer’s pro-
tocol (No. 9860; Cell Signaling Technology). Briefly, after
4, 8, or 12 days of culture, when cells reached 70-90%
confluence on either TCP or RGD 100 kPa hydrogels, cells
were washed, fixed, and then incubated with staining solu-
tion overnight at 37°C. Staining solution was removed, cells
were washed with PBS, and nuclei were stained with
Hoechst dye to identify total cell number. Cells were imaged
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at 20X magnification and number of B-gal+ cells was re-
corded as a percent of total cells.

Statistical analysis

Samples sizes and replicates are as stated in figure
legends, error bars represent meanzstandard deviation.
Analysis of differences within a single stiffness of hydrogel
used one-way analyses of variance (ANOVAs) with Tukey’s
post hoc comparisons. Analyses across stiffnesses (swelling
ratio, compressive moduli) used two-way ANOVA with
Tukey’s post hoc comparisons using Prism software
(GraphPad Software). Principal component analysis (PCA)
of MSC secretory profiles was performed using SIMCA
software (Umetrics).

Results
Hydrogel characterization

To screen the combined effect of mechanical properties
and biomolecule presentation on MSC-secreted factors and
MSC proliferation, 10 PEG-DA-based culture substrates
were synthesized with different combinations of adhesive
ligands, GAGs, and mechanical properties (Fig. 1A). Hy-
drogel surfaces made from 8.5 wt% 3.4kDa PEG-DA ex-
hibited a compressive modulus of 33.0+ 6.8 kPa and 20 wt%
600 Da PEG-DA formulations exhibited a modulus of
102.4£ 1.1 kPa, hereafter referred to as 30 and 100kPa,
respectively (Fig. 1B, C). Hydrogel swelling ratios were
not significantly different among gels functionalized with
adhesive ligands and GAGs in either the 30 or 100kPa
formulations (Supplementary Fig. S1 and Supplementary
Table S1). RGD linker (acryl-PEG-NH2) density and GAG
density were consistent between 30 and 100kPa surfaces
(Supplementary Fig. S2A, B). Both 30 and 100 kPa formu-
lations were hydrophilic, with contact angles of 29.3+2.6
and 40.2+4.4, respectively (Supplementary Fig. $2C).*

Hydrogel stiffness affects MSC proliferation

MSCs adhered to all hydrogel culture surfaces. After
4 days, MSCs cultured on 30kPa surfaces, regardless of
biomolecule presentation, had a lower cell density compared
with those on 100kPa surfaces or TCP (Fig. 2A—C). MSCs
cultured on all 100kPa surfaces exhibited similar morphol-
ogy to that of MSCs cultured on TCP. Culture on all 30 kPa
surfaces resulted in significantly lower cell yield than TCP,
with final cell numbers similar to original seeding density
(Fig. 2D). All 100 kPa surfaces produced cell numbers sim-
ilar to that of TCP, however, Hep surfaces were decreased
compared with RGD-only hydrogels (Fig. 2E). These results
were supported by similar findings in a second MSC donor
line (Supplementary Fig. S3).

Hydrogel stiffness dominates modulatory effects
on the MSC secretome

MSCs cultured on all 30kPa gels exhibited an overall
increase in abundance of immunomodulatory factor secre-
tion versus TCP and all 100kPa hydrogels (Fig. 3A). The
CM of MSCs cultured on 100 kPa Hep hydrogels exhibited
a decrease of immunomodulatory factor secretion versus
all surfaces (Fig. 3A). PCA revealed distinct separation
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Increased hydrogel stiffness promotes MSC proliferation. (A—C) Representative images of MSCs on (A) 30 kPa,

(B) 100kPa, or (C) TCP after 4 days in culture. (D) Fold change (FC) in cell number at 4 days compared with initial cell
number on 30 kPa hydrogels or (E) 100 kPa gels. Dotted line is number of cells seeded (mean+SD; *p <0.05 compared with
TCP; bars p<0.05 between indicated groups; n=7-8 per group). MSC, mesenchymal stromal cell; TCP, tissue culture

polystyrene. Color images are available online.

between the secretome of MSCs cultured on 30 and 100 kPa
surfaces along the first principal component (PC1), which
accounted for 77% of the variance in the dataset (Fig. 3B, C).
All loadings on PC1 are positive and similar in magnitude,
which is consistent with the observation that most of the
detectable secreted factors are elevated on the 30kPa hy-
drogels (Fig. 3C). PCA revealed separation of 100kPa Hep
hydrogel CM from other surfaces along both PC1 and PC2
(Fig. 3B-D). These findings were supported by character-
ization of MSCs from a second donor, showing broad up-
regulation in immunomodulatory secretion by cells cultured
on all 30kPa hydrogels, and depletion of secreted factors
in the CM of MSCs cultured on 100kPa Hep gels (Supple-
mentary Fig. S4A). PCA similarly revealed that MSC se-
cretome from the second donor was distinguishable between
cells cultured on different stiffness surfaces along PCI,
which accounted for 64% of the variance within the dataset
(Supplementary Fig. S4B-D).

Quantification of individual immunomodulatory cyto-
kines and chemokines demonstrates increased secretion of
several factors, including VEGF, interleukin (IL)-6, IL-8,
GRO, and Fractalkine, by MSCs cultured on 30 kPa hydro-
gels versus those cultured on TCP (Supplementary Fig. S5).
Additionally, MSCs cultured on 100kPa Hep hydrogels
exhibited significant decreases in the secretion of all fac-
tors versus those cultured on TCP (Supplementary Fig. S4).

Interestingly, the secretion of the inflammatory factors,
monocyte chemoattractant protein 1 (MCP-1) and IL-6,
were downregulated by MSCs cultured on multiple formu-
lations of 100kPa hydrogels versus TCP (Supplementary
Fig. S95).

Hydrogel stiffness and biochemical composition
alter angiogenic and immunomodulatory function

In a functional assay for angiogenic activity, CM from
MSCs cultured on 30 kPa RGD, HAVDI, and HA-presenting
hydrogels increased HUVEC network formation compared
with TCP-derived CM (Fig. 4A, B). TCP-derived CM pro-
duced network formation similar to standard Endothelial
Growth Media (Supplementary Fig. S6). CM from 100 kPa
RGD gels improved network formation compared with TCP
and all other 100kPa surfaces, except Hep (Fig. 4C). CM
from 30kPa surfaces, except Hep, enhanced HUVEC net-
work formation compared with 100 kPa surfaces of the same
composition (two-way ANOVA, p<0.05).

Monocyte chemotaxis toward MSC CM was enhanced by
MSC culture on HAVDI- and HA-presenting surfaces of
both stiffnesses compared with CM from TCP culture
(Fig. 5). Assay controls showed that THP-1 cells migrate
dose dependently toward higher serum concentrations
(Supplementary Fig. S6B). TCP CM supported migration
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FIG. 3. Hydrogel stiffness dominates modulatory effects on MSC secretome. (A) Relative abundance of secreted factors
from MSCs cultured on each surface, colors based on z-score. (B) PCA of MSC secretome on different surfaces shows
separation of 30 and 100 kPa surfaces along PC1 and separation of Hep surfaces from other groups along PC2. Secretory
factor loading along PC1 (C) and PC2 (D). (n=7-8 per group.) PCA, principal component analysis. Color images are

available online.

greater than the assay-negative control of 1% FBS, but not
different from unconditioned media with equivalent FBS
concentration of 5% (Supplementary Fig. S6B). No signif-
icant differences in monocyte chemotaxis were found be-
tween CM from 30 and 100 kPa surfaces.

Myoblast-like cells produced MHC+ myotubes when
cultured in CM of MSCs cultured on all surfaces (Fig. 6A).
Myotube length was not enhanced by hydrogel-stimulated
CM compared with standard TCP-derived CM. TCP-
derived CM supported myotube formation greater than the
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negative control of basal MSC media, but less than the
positive control of C2C12 differentiation media (Supple-
mentary Fig. S6C). There were no significant differences in
C2C12 myotube formation between CM from 30 and
100kPa hydrogels. CM produced on 100kPa Hep surfaces
decreased myotube formation versus CM from TCP, 100 kPa
Hep™, and HA cultures (Fig. 6).

30kPa CM

Monocyte migration/ ¥»
MSCs in CM (AU)

I

HAVDI 30kPa

FIG. 4. Hydrogel culture
enhances MSC in vitro paracrine
angiogenic activity. (A)
Representative images of HUVEC
network formation on Matrigel
with MSC CM (24 h, scale bar
200 pm). (B—C) Quantification of
HUVEC network length in MSC-
CM from 30kPa hydrogels (B) or
100 kPa hydrogels (C). (Meant
SD; #p<0.05 compared with TCP;
bars p <0.05 between indicated
groups; n=4-6 per group.) CM,
conditioned media; HUVEC,
human umbilical vein endothelial
cells. Color images are available
online.
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Extended culture on hydrogel substrates reduces
MSC senescence

MSCs that were previously culture expanded on TCP
(~PDL 16.8) were passaged to either TCP or 100 kPa RGD
hydrogels (Fig. 7A). MSCs serially cultured on TCP ex-
hibited increasing levels of senescence over three passages

100kPa CM

FIG. 5. MSCs cultured on HAVDI or HA
hydrogels enhance monocyte chemotaxis.
Migration of THP-1 cells toward CM from
MSC:s cultured on (A) 30 kPa or (B) 100 kPa
hydrogels. (Mean +SD; *p <0.05 compared
with TCP; n=5-8 per group.) HA,
hyaluronic acid. Color images are available
online.
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FIG. 6. MSC CM does not
enhance in vitro myogenic
activity. (A) Representative Myosin heavy chain
images of C2C12 myoblast- Dapi

like cells cultured with MSC
CM from indicated condi-
tions (scale bar 100 pm).

(B, C) Quantification of the
fraction of myofibers over
400 pm relative to the num-
ber of MSCs in the CM on
(B) 30kPa hydrogels or

(C) 100kPa l?/drogels.
(Mean*SD; "p<0.05 com-
pared with TCP; bars p <0.05
between indicated groups;
n=7-9 per group.) Color
images are available online.
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30kPa 100kPa

csS 100kPa CM

RGD

Myofiber length score (AU) P

(“pl”’—“p3”’) as indicated by increased percentage of cells
staining positive for senescence-associated [-gal (pl:
5.27% £3.04%, p2:13.67% +£4.02%, p3: 25.06% +6.60%)
(Fig. 7B, C). MSCs cultured on 100kPa RGD hydrogels
exhibited significantly lower levels of B-gal® cells over the
course of the successive passages (Fig. 7B, C). These find-
ings were supported by similar results in a second MSC
donor (Supplementary Fig. S7) demonstrating that MSCs
cultured on 100kPa RGD hydrogels undergo less senes-
cence than on TCP.

MSCs retain the ability to respond to different stiffness
surfaces after sustained culture on hydrogel

MSC:s serially passaged on 100kPa RGD hydrogels re-
tained the ability to increase secretion of many growth
factors, cytokines, and chemokines when transferred to
30kPa hydrogels compared with TCP. The highest secreted
factors, VEGF, IL-8, and GRO, are shown in Figure 7D.

Discussion

This work used hydrogel culture surfaces that differed
in both substrate stiffness and biochemical composition to

explore the relationship between culture surface parame-
ters, MSC secretory activity, proliferation, and senescence.
Overall, we found that mechanical properties of hydrogels
dominate the effect on MSC secretome. Softer 30kPa
hydrogels, regardless of biochemical functionalization,
broadly enhanced secretion of detected immunomodulatory
and regenerative factors versus stiffer surfaces, but did not
support robust proliferation. Hydrogel surfaces of 100kPa
supported proliferation, and altered secretion of selected
factors compared with TCP. Extended culture on 100 kPa
RGD hydrogels significantly reduced MSC senescence-
associated [-gal activity versus TCP, while maintaining the
MSC’s capacity to enhance secretory capacity in response to
30kPa hydrogels. It should be noted that these results were
generally consistent in both cell donors that were used in
this study to address potential effects of donor heterogene-
ity. Taken together, these studies identify hydrogel cul-
ture parameters that can be utilized either to stimulate a
heightened therapeutic secretome in cultured MSCs, or to
expand healthy (nonsenescent) MSCs that retain the ability
to respond to changes in their mechanical environment.

Of the multiple culture surface parameters screened, sub-
strate stiffness, which was consistent across different



Downloaded by GEORGIA TECH from www liebertpub.com at 01/09/21. For personal use only.

HYDROGEL STIFFNESS MODULATES MSC SECRETOME AND SENESCENCE 1267

A p1 ===  Senescence
S0 . p2 me==_ Secretome
ay s p3
Day 4 . pd
Day 12 Day 16

-
- T

RGD
100kPa

RGD 30kPa
B Senescence (p1-3) D 30kPa Secretome (p4)
TCP p3 RGD p3
VEGF IL-8
40 =
. et D = I (o
3304 — - 3 60~ B RGD
(= S— [=]
. —
E‘ 10+ iZO-
2 % 2 ;
— 0= . 0= =
p1 p4 p1 p4
C 50- [ TCP o GRO - IL-6
5 RGD
8% - 3154 T 3 40+
? 30= g g 30 T
s S 10+ —_ 8
z 20= ‘é gzo_
2 10d . # # # 54
10 I = i 210~
0--ur e 0- 0=
p1 p2 p3 p1 p4 p1 p4

FIG. 7. MSCs serially passaged on 100kPa RGD hydrogel surfaces have reduced senescence. (A) MSCs that were
previously culture expanded on TCP (~PDL 16.8) were passaged to either TCP or 100 kPa RGD hydrogels. Cells were
maintained on either TCP or RGD 100 kPa hydrogels for three successive passages (pl—p3; 4 days each passage). On day
12, cells from the 100 kPa RGD hydrogels were passaged to either TCP or 30kPa RGD hydrogels for analysis of the
secretome. (B) B-gal staining for senescence at day 12 of culture on TCP or RGD. (C) Quantification of B-gal staining over
three passages (two-way ANOVA, *p<0.05 vs TCP). (D) Individual factors (highest secreted factors from initial screen)
exhibited differences in secretion by MSCs replated onto either TCP or 30kPa hydrogels after serial culture on 100 kPa
RGD hydrogels (n=4, two-way ANOVA, p<0.05). ANOVA, analysis of variance. Color images are available online.

hydrogel functionalizations (Supplementary Fig. S1), had a
much greater impact on MSC proliferation than did bio-
chemical composition. Modification of plastic or glass
substrates with adhesive peptides and proteins have previ-
ously been shown to improve MSC adhesion and prolifer-
ation®®>!; however, the impact of adhesive ligands in

comparison to substrate stiffness has not been directly

compared. MSCs cultured on softer 30 kPa hydrogels, re-
gardless of functionalization, exhibited reduced cell yield
(Fig. 2) versus their 100 kPa counterparts (Fig. 2). Ligand
density, characterized by incorporation of PEG with ter-
minal amines into the hydrogel network, was consistent
between 30 and 100 kPa formulations (Supplementary Fig. S2);
therefore, stiffness is the primary variable contributing to this
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difference. Although changes in proliferation were only
assessed using a single adhesive ligand density (1 mM
RGD), these findings support previous work demonstrating
that decreased culture substrate stiffness is related to de-
creased proliferation.’>* Altogether, these findings sug-
gest that substrate stiffness causes a greater impact on
MSC proliferation compared with type of biomolecule
presented, within the range of biomolecule types tested in
this study.

Multivariate analysis of MSC secretome indicated that
substrate stiffness had a greater impact on MSC secretory
profiles than biochemical composition. Hydrogels of 30 kPa
stiffness broadly enhanced the level of immunomodulatory
factors versus either 100 kPa hydrogels or TCP (Fig. 3). This
stiffness-related amplification of secretion is supported by
previous findings of increases in several individual paracrine
factors on substrate’s orders of magnitude lower stiff-
ness than TCP (1-10kPa vs. ~ GPa).ZO’ 155 On some 30 kPa
substrates, cell aggregation and clustering were observed, a
phenomenon that can broadly enhance the secretory ca-
pacity of MSCs.’*>® MSCs cultured on 100kPa gels did
not exhibit a distinct secretory profile from those on TCP,
however, some differences were observed in individual
factors, including MCP-1 and IL-6 (Supplementary Fig. S5).
Although the relationship between MSC secretion and pro-
liferation mediated by culture substrate is not fully under-
stood, MSCs induced into quiescent phenotypes using
soluble or surface-based techniques, have been shown to
experience high metabolic activity and the secretion of
various proteins.’>®® Thus, substrate stiffness may simulta-
neously modulate MSC proliferative and secretory activity.

Some biomolecular functionalization impacted detection
of cell-secreted factors. Hep-functionalized 100 kPa surfaces
had decreased detection of many factors in CM (Fig. 3),
consistent with the known strong interaction of heparan
sulfate with many positively charged proteins, which may
have pulled down these proteins from the CM.®"** Previous
studies with heparin-functionalized materials have demon-
strated the ability of fully sulfated heparin materials to
sequester proteins secreted by both human MSCs®® and
murine chondrocytes.** When the charged sulfate groups are
removed to make Hep~, higher levels of secreted proteins
are found in the CM, suggesting that protein sequestration
requires the charge associated with fully sulfated Hep.
Further studies would be necessary to confirm this pull
down and determine whether retention of MSC paracrine
factors at the culture surface impacts cellular behavior.

Because MSC paracrine activit;/ impacts several biolog-
ical functions of wound healing,”’ several in vitro assays
were employed to assess downstream biologic effects of the
hydrogel-stimulated MSC secretome. Angiogenesis, innate
immune cell recruitment, and myotube formation were
explored as these are each critical elements of the muscu-
loskeletal repair process. These functional effects were as-
sessed at a single dose of CM to assess changes when MSCs
were cultured on different surfaces. MSC CM from 30kPa
substrates, with the exception of Hep, exhibited in-
creased angiogenic potency versus their 100 kPa counterparts
(Fig. 4). This finding supports previous results showing
surfaces that promote MSC aggregation and surfaces around
40 kPa enhance VEGF secretion and improve proangiogenic
signaling.*'->®

OGLE ET AL.

Monocyte chemotaxis, which is a critical first step in the
innate immune injury response,®® was enhanced only by CM
from MSCs cultured on HAVDI- and HA-functionalized
surfaces, regardless of hydrogel stiffness, compared with
TCP control (Fig. 5). This finding was surprising as multi-
variate analysis of MSCs cultured on 100kPa hydrogels
functionalized with HAVDI or HA did not show overall
secretory profiles distinct from those on TCP (Fig. 3);
however, other factors not included in our secretome panel
may also be modulated by culture surfaces, and contribute to
recruitment of monocytes. Many of the surfaces in addition
to HAVDI or HA, modulated the secretion of monocyte
chemotactic factors, fractalkine and MCP-1, known to re-
cruit anti-inflammatory and proinflammatory monocytes,
respectively.”®* Since these monocytes were not polarized
to either pro- or anti-inflammatory phenotype, it is unclear
whether this finding would be beneficial for a wound healing
or regenerative response. Future assessment of the polari-
zation state of recruited monocytes may reveal other func-
tional effects of culture surface priming, in terms of the type
of inflammatory response MSCs cultured on these surfaces
may stimulate.

Myogenic activity was not impacted by substrate stiffness
or biochemical composition, except for the effects of po-
tential protein sequestration observed in Hep-functionalized
hydrogel surfaces (Fig. 6). MSCs cultured on 100 kPa Hep-
functionalized hydrogels reduced overall myotube length
compared with TCP, suggesting that MSC-derived factors
promote myotube development, however, the effect is not
enhanced by hydrogel culture. Although MSCs have been
shown to exhibit myogenic function in vivo,°*®’ this in vitro
CM assay, along with other previous studies, suggest that
bidirectional signaling, myogenic cytokine supplementation,
or additional cell types, may be required to evaluate the
impact of conditioning methods on MSC myogenic func-
tion.®*7° Taken together, these in vitro functional assays
suggest that enhancing the secretome of MSCs by culture on
tailored substrates can improve their angiogenic and im-
munomodulatory activity, which may have a functional
impact on subsequent regenerative processes.

While certain hydrogel formulations impacted MSC se-
cretome, others improved long-term MSC culture. RGD
100kPa hydrogels maintained similar cell expansion to
TCP, however, reduced replicative senescence during serial
cell expansion (Fig. 7A-C). Previous strategies to abrogate
senescence include media additives, such as reactive oxygen
species-scavenging molecules or intracellular signaling
pathway inhibitors.”"”’> We are the first to report a culture
surface that alone reduces early markers of senescence.
MSC senescence induced by long-term culture on TCP
alters cell morphology, downregulates cytoskeletal organi-
zation pathways, and focal adhesion organization.'®:’37*
Therefore, material substrates softer than TCP may reduce
deleterious cytoskeleton reorganization, thereby reducing
MSC senescence. The cytoskeletal changes MSCs may
undergo on 100kPa hydrogels require further exploration,
however, these substrates offer a novel strategy to support
production of clinical-scale nonsenescent MSCs.

Substrate-dependent modulation of MSC cytoskeletal
and morphological behaviors suggests potential mechanisms
for the decrease in senescence observed. Mechanically in-
duced changes in MSC morphology and nuclear translocation
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of the mechanical rheostat transcriptional activator Yes-
associate protein (YAP) are reversible in shorter term cultures,
however, long exposure to stiff surfaces causes cells to de-
velop an irreversible mechanical memory that may be epi-
genetically mediated.®*® Previous work showed that MSCs
cultured over 11 passages on TCP were not able to recover
secretory responsiveness to softer surfaces.’

Extended culture on our 100 kPa RGD hydrogels not only
reduces senescence, but also, allows MSCs to retain re-
sponsiveness to the difference between 30 kPa hydrogel and
TCP as evidenced by changes in their secretome (Fig. 7).
After 12 days of culture on 100kPa RGD hydrogels, a
timeframe shown to induce irreversible epigenetic chan-
ges,”> MSCs significantly increased expression of pro-
regenerative and immunomodulatory factors (VEGF, IL-8,
GRO) without enhancing inflammatory factors such as IL-6
(Fig. 7D). These specific factors were chosen as represen-
tative factors since they were the secreted in levels ~ 10-
fold higher than other analytes in initial secretome. Given
the observation of reduced senescence in serial hydrogel
culture, these cells may retain a more healthy secretory
phenotype compared with previous studies, where cells were
not able to respond to soft surfaces after sustained cul-
ture.>** This exciting finding indicates that our materials
screen identified substrates that could be used to stimulate
or prime MSCs for regenerative activity after expansion on
other substrates designed to improve MSC fitness by re-
ducing senescence. Further investigation is needed to verify
the impact of these substrates on regenerative activity and
senescence using three-dimensional culture or other higher-
yield cell expansion systems, such as suspension culture in
bioreactors, as well as its applicability to the expansion of
other adherent cell types.

Conclusion

The goal of this study was to assess the impact of substrate
stiffness as well as adhesive ligand and GAG presentation on
MSC secretome, proliferation, and replicative senescence
relative to standard culture surfaces (TCP). Culture on 30 kPa
hydrogels halted MSC proliferation, however, broadly en-
hanced secretion of immunomodulatory factors, resulting in
improved MSC angiogenic potency. MSCs cultured on
100kPa hydrogel substrates promoted MSC proliferation at
levels similar to that of TCP, but did not exhibit any ampli-
fication in secretome. However, extended culture on 100 kPa
hydrogels reduced replicative senescence in MSCs compared
with those cultured on TCP, while still maintaining me-
chanosensitivity to enhance secretory activity when passaged
onto softer substrates. The success of MSC-based therapies is
dependent on the manufacture of large number of cells with
high levels of therapeutic potency. Thus, maximizing secre-
tory capacity and reducing replicative senescence through the
choice of hydrogel culture materials tailored for each goal has
great potential to improve the large-scale production of
therapeutic MSCs.
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