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Abstract

Human mesenchymal stem/stromal cells (hMSCs) are known to secrete numerous cytokines that
signal to endogenous cells and aid in tissue regeneration. However, the role that biomaterial
scaffolds can play in controlling hMSC secretory properties has been less explored. Here,
microgels were co-assembled with hMSCs using three different microgel populations, with large
(190£100pm), medium (110+60um), and small (13+6pum) diameters, to create distinct porous
environments that influenced hMSC clustering. Cells embedded in large diameter microgel
networks resided in large clusters (~40 cells), compared to small clusters (~6 cells) observed in
networks using medium diameter microgels and primarily single cells in small diameter microgel
networks. Using a cytokine microarray, an overall increase in secretion was observed in scaffolds
that promoted hMSC clustering, with over 60% of the measured cytokines most elevated in the
large diameter microgel networks. N-cadherin interactions were identified as partially mediating
these differences, so the microgel formulations were modified with an N-cadherin epitope,
HAVDI, to mimic cell-cell interactions. Results revealed increased secretory properties for hMSCs
in HAVDI functionalized scaffolds, even the non-clustered cells in small diameter microgel
networks. Together, these results demonstrate opportunities for microgel-based scaffold systems
for hMSC delivery and tailoring of porous materials properties to promote their secretory
potential.
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Introduction

hMSCs are the one of the most commonly used adult stem cells in clinical trials. Extensive
research has documented the ability of hMSCs to differentiate into cells of a mesenchymal
lineage (e.g., osteoblasts, chondrocytes, adipocytes) and to secrete numerous trophic factors.
Specifically, hMSCs secrete a plethora of factors capable of influencing angiogenesis,
fibrosis, apoptosis, cell differentiation, immune responses and cardiac, muscle, and neural
tissue regeneration®. While much is known about the effects of biomaterial scaffold
properties (matrix mechanics*~7, dimensionality8, porosity-10, adhesive ligand
tethering?1:12, etc.) on hMSCs differentiation, the influence of these properties on the hMSC
secretome is less known. As a result, there is a growing interest in understanding how
scaffold delivery systems can be designed to influence their secretory properties and
therapeutic outcomes?-3.

Although cell-matrix interactions, including passage number and substrate mechanics314,
significantly affect the hMSC secretory phenotype, studies have documented the influence of
cell-cell interactions in promoting increased secretion of cytokines®. For example,
aggregating hMSCs in spheroid cultures increased survival and upregulated secretion of both
VEGF and PGE2 compared to disassociated cells1®. Spheroid size has also been implicated
in directing hMSC secretory properties, with cells in larger spheroids (40,000 cells/spheroid)
secreting elevated levels of several cytokines involved in inflammatory signaling, including
GRO, IFN-y, and 1L-10 compared to cells in smaller spheroids (10,000 cells/spheroid)L’.
Further, Qazi et al. used porous alginate scaffolds to tailor the microenvironment to achieve
higher levels of secreted cytokine in rat MSCs (rMSCs)18. rMSCs encapsulated in
lyophilized alginate scaffolds with a mean pore size of 122+29 ym secreted higher levels of
cytokines and regenerative factors, specifically HGF, IGF, and FGF2, compared to rMSCs
encapsulated in bulk alginate hydrogels or plated on traditional plastic substrates. This work
also implicated N-cadherin as a mediator for paracrine signaling in rMSCs; as blocking N-
cadherin interactions decreased cytokine secretion in the scaffolds. Collectively, these
studies support the notion that cell-cell connections, and particularly N-cadherin, is critical
for enhanced paracrine signaling in MSCs. Based on this premise, we designed 3D porous
bio-click hydrogel scaffolds to manipulate and control hMSC cell-cell interactions in a
systematic manner and then quantified the effect on the secretion of proteins using a
cytokine array.

Caldwell et al. demonstrated a new method for assembling microgel scaffolds into porous
cell laden scaffolds using azide-alkyne bioclick-reactions!®. hMSCs were embedded in
peptide functionalized poly(ethylene glycol) scaffolds with microgels of varying size to
create distinct hMSC-material interactions and microenvironments. Changes in particle
diameter lead to alterations in overall porosity, pore dimensions, and cell morphology.
Building on this initial study, in this paper, microgels with a broader range of diameters and
final pore dimensions were used to encapsulate hMSCs and control their cell-matrix versus
cell-cell interactions. hMSC secretory properties are significantly altered with increased
clustering resulting in higher secretion of several cytokines known to be important in hMSC
based cell therapies. Immunostaining and quantitative image analysis suggested that N-
cadherin interactions may be contributing to these differences. Thus, an N-cadherin

Biomaterials. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caldwell et al.

Page 3

mimicking peptide (HAVDI) was conjugated to the microgel formulations. Previously,
HAVDI peptide has been conjugated to hyaluronan gels where it increased chondrogenic
differentiation of hMSCs20. Here, experiments were designed to test whether HAVDI could
mimic cell-cell interactions and promote the secretory properties of single or clustered cells
encapsulated in microgel networks. Interestingly, principal component analysis showed that
secretory properties were elevated for all HAVDI conditions and the secretory profiles of
cells in different pore sizes were more similar to each other when HAVDI was included in
the scaffolds. Overall, the results reported herein demonstrate the design of a porous bio-
click hydrogel scaffolds that allow for hMSC encapsulation and manipulation of the
secretory profile by controlling cell-cell interactions or incorporating bioactive moieties that
promote cell-matrix interactions.

2. Materials and Methods

Macromer synthesis and microgel polymerization

Eight-arm poly(ethylene glycol) (PEG) amine (JenKem, M,~20,000 Da) was reacted with
dibenzocylcooctyne (DBCO) as previously described!®. End-group functionalization was
confirmed by 1H NMR to be >85%. Four-arm PEG-azide (PEG-N3) was also synthesized as
previously described?L. End-group functionalization was confirmed by 1H NMR to be
>95%. A cellularly-adhesive peptide, GRGDS (RGD), and an N-cadherin mimicking
peptide, GHAVDI (HAVDI), were synthesized using standard Fmoc chemistry and a Rink
Amide MBHA resin (Chempep Inc, USA) on a Protein Technologies Tribute Peptide
Synthesizer. An azide modified lysine analog (Fmoc-azide-L-lysine, ChemImpex) was used
to synthesize an azide-labeled RGD (N3-KGRGDS) and HAVDI (N3-KGHAVDI). Peptides
were purified using reverse phase High Pressure Liquid Chromatography (HPLC) and
confirmed using Electrospray lonization (ESI) mass spectroscopy.

Microgels were synthesized as previously described!®. Briefly, microgels were fabricated
using an inverse suspension polymerization in hexanes with Span-80 (2.25% v/v) and
Tween-20 (0.75% v/v) using PEG-DBCO and PEG-N3 macromers while an applied shear
force was varied to control microgel size during polymerization. The applied shear was
achieved using either magnetic stirring, vortexing, or sonication to create 190+100um
(large), 110+60pum (medium), and 13+6pum (small) microgels, respectively. Two distinct sets
of microgels were prepared with 11mM excess of either functional group to allow for
subsequent scaffold assembly. N3-GRGDS, was included in all microgels at a concentration
of ImM, while N3-HAVDI was included at the same 1mM concentration for selected studies
related to mimicking cell-cell interactions by modifying the microgel chemistry. Microgels
were washed (under sterile conditions) with isopropanol (4x) and with phosphate buffered
saline (PBS) (1x) before resuspension in PBS.

Characterization of porous microgel scaffolds

Microgel size and scaffold porosity were visualized by incorporating an azide labeled
fluorophore (AlexaFluor 647 azide, Life Technologies, 0.04mM) during microgel formation.
Scaffold porosity was also visualized by swelling the networks with fluorescein
isothiocyanate-dextran (Millipore Sigma, 2,000kDa). The resulting porous scaffolds were
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then imaged on a laser scanning confocal (Zeiss LSM710) using a 10x water objective. The
microgel diameter and pore size were quantified using previously published MATLAB
codes!®. Microgel storage moduli were assessed through shear rheology using a DH-R3
rheometer from TA Instruments, while scaffold mechanical properties were assessed through
compressive rheology using an MTS Synergie 100.

hMSC isolation and culture

hMSCs were isolated from fresh bone marrow aspirate purchased from Lonza (donor 18-
year-old black female). Following previously published protocolsi3:22, hMSCs were isolated
based on preferential adhesion to tissue culture polystyrene plates. Freshly isolated hMSCs
were detached with 0.05% trypsin—EDTA (Sigma) and subsequently centrifuged, counted,
and frozen in Cell Freezing Medium (Thermo Fisher). Only passage 2 or 3 cells were used
for all encapsulation experiments. Growth media consisted of low glucose (1 ng/mL
glucose) Dulbecco’s Modified Eagle Medium (ThermoFisher) supplemented with 10% FBS
(ThermoFisher), 1 ng/ml fibroblast growth factor basic (b0FGF) (Life Technologies), 50 U/ml
penicillin (ThermoFisher), 50 pg/ml streptomycin (ThermoFisher), 0.5ug/ml of
Amphotericin B (ThermoFisher). For secretion experiments, the same media was used sans
bFGF (referred to as Experimental Media).

Cell encapsulation

Microgel scaffolds were fabricated by combining equal volumes (50uL macromer volume)
of DBCO-excess and N3-excess microgels in 2mL of PBS. The microgel suspensions were
then centrifuged at 1000rcf for 10 minutes, followed by 3000 rcf for 2 minutes. Microgel
scaffolds were then placed in PBS and allowed to equilibrate in PBS, reaching a final
swollen volume of ~200puL in each case. To create cell-laden microgel scaffolds hMSCs
(Imillion cells) were mixed with microgels during network formation (cell density of
5million cells/mL). After centrifugation scaffolds were immediately placed in experimental
media.

Immunofluorescent staining

Three days after encapsulation, hMSCs in microgel networks were fixed by treatment with
10% formalin for 30 min at room temperature (RT). Samples were washed three times with
PBS for 10 min at RT on shaker plate. Next, samples were permeabilized and blocked with
0.1% TritonX100 and 5% bovine serum albumin (BSA) respectively in PBS for 1 hr at RT.
Samples were incubated with anti-N-cadherin antibody (3 pg ml~1, mouse, Invitrogen) in
Cell Staining Buffer (Bio-rad) overnight at 4°C. After three washes with PBST (0.5 wt%
Tween-20 in PBS) for 10 min on the shaker, samples were incubated with goat anti-rabbit
Alexaflour 488 (1:400, Invitrogen), DAPI (1:500, Sigma) and Rhodamine Phalloidin (1:300,
Sigma Aldrich) for 1 hr at RT in the dark. For cell cluster analysis, no primary antibody was
added and only DAPI and Rhodamine Phalloidin was incubated for 1 hr at RT. Samples were
imaged on either a Nikon Spinning Disc Confocal (40x air or 60x water objective) or a Zeiss
Laser Scanning Confocal (20x air objective) microscopes.
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Image analysis

Approximately 80 um z-stack images (with <1 pm intervals between slices) were imported
into IMARIS 3D visualization software (Bitplane). For cell cluster analysis, a 3D surface
was reconstructed using the F-actin stain in order to define the confines of a cell cluster.
Next, nuclei were identified with Spots Analysis. Using a pre-written Matlab code (Split into
Surface Objects Xtension) within the IMARIS software, the number of nuclei within each
cluster was determined. A cluster was defined as possessing greater than 2 nuclei. The
intensity of the N-cadherin punctate was performed using ImageJ. To start, maximum
intensity projections of the images were compiled and duplicates converted to binary.
Particles analysis was performed on the binary image and the intensities within particles
were determined using the original maximum intensity projection. Outlier analysis was
conducted using the ROUT method and Q=1%. Over 150 punctate were analyzed for N=3
gels per condition.

Secretome Analysis

Global secretory profiles were measured using a Human Cytokine Array C5 (RayBiotech)
and the manufacturer’s protocol was followed. Briefly, media was collected from microgel
samples after three days. Arrays were blocked and incubated with 1 ml of media from each
condition and acellular controls for overnight at 4°C. Each array was washed with
manufacturer’s washing buffer for three times. Next, the membranes were incubated with a
biotinylated antibody cocktail for 2 hr at RT, washed, and then incubated with HRP-
streptavidin for 2 hr at RT. After incubation of the detection buffers, chemiluminescence was
detected using a charge-coupled device camera (ImageQuant LAS 4000 GE Health- care).
Exposure and incubation times were kept constant between each condition and controls.
Raw images were analyzed using the 2D Array feature of ImageQuant (GE Healthcare).
Background signal was subtracted, and average intensities were normalized to positive spot
controls. Intensities from corresponding spots from control arrays were subtracted and each
value was normalized to ug DNA as determined by Quant-it Pico Green assay.

Before running the assay, microgels scaffolds were homogenized with a TissueLyser |1
(Qiagen) at 30 Hz for 1 minute and digested in with in 1 mg mL~1 Papain enzyme (Sigma)
in PBE buffer containing 1.77 mg mL™1 L-cysteine overnight at 65°C. DNA concentration
per gel was determined using manufacturer’s protocol for the Quant-it Pico Green assay.

ELISAs were performed according to the manufacturer’s protocol for specific cytokine
concentration quantification. VEGF and LIF ELISAs were purchased from R&D systems,
GDNF from Thermo Fisher, IGF-1 from Ray Biotech. Concentration values were also
normalized to ug DNA.

N-cadherin blocking

Blocking of N-cadherin cell-cell interactions was performed based on previously published
protocols823, Briefly, trypsinized hMSCs were centrifuged, re-suspended in experimental
media containing N-cadherin blocking antibody (50 pg ml~2, Sigma-Aldrich GC4), and

incubated for 45 min at 4°C. The cells were then washed twice with PBS and encapsulated
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in microgels networks. 10 ug/mL of the N-cadherin blocking antibody was also included in
the media throughout the experiments to ensure sustained blocking.

Statistical and Principle Component Analysis

Statistical analysis of data for cell clustering (percentage of cells in a cluster and number of
cells per cluster), and specific ELISAs were performed using GraphPad prism. Statistical
significance was determined using one-way ANOVAs with Tukey post hoc comparisons. All
conditions represent three independent biological replicates unless otherwise noted.
Principle component analysis (PCA) was used to assess correlations between the secretory
profiles of cells in each scaffold condition. All analysis and PCA plots were made using the
software ClustVis.

3. Results

Generation of scaffolds with varying pore dimensions using clickable microgel units

Clickable PEG microgels with excess DBCO or N3 functional groups were fabricated via an
inverse suspension polymerizationl®. Three distinct populations of PEG microgels were
synthesized with mean diameters of 190+100um, 110+60um, and 13+6pm (Figure 1a).
These populations will be subsequently referred to as large, medium, and small diameter
microgels, respectively.

Microgel storage moduli were measured to be 12.3+2.3kPa and 2.1+0.3kPa for DBCO
excess and N3 excess particles, respectively (Supplementary Figure S1a). Microgel scaffolds
were assembled by mixing equal volumes of DBCO and N3 microgel populations (large
(190+100um), medium (110£60um), or small (13+6um) diameters) and centrifuging to
induce particle-particle interactions (Figure 1b); the resulting porous microgel scaffolds
were then characterized by light microscopy. Scaffold compressive moduli were measured to
be 1.9+0.3kPa for large, 2.0+0.4kPa for medium, and 2.5+0.2kPa for small diameter
microgel scaffolds, with no significant difference between conditions (Supplementary Figure
S1b). To improve visualization of the pore size within the microgel scaffolds, scaffolds were
swollen with a high molecular weight fluorescent dextran (Supplementary Figure S2). Each
network condition maintained a similar three-dimensional structure, with interconnected
pores of varying size throughout the microgel network. Pore structure, however, varied
significantly between the conditions, with pore dimensions scaling with microgel size
(Figure 1c). The average pore diameter in large microgel networks was measured to be
210+260um, 90£110um in medium microgel networks, and 13+£12um in small microgel
networks. The total porosity was similar for large and medium microgel scaffolds at
30.5+0.2% and 28.8+1.0%, respectively, while small microgel scaffolds were less porous
with an overall void content of 10.94+0.3% (Supplementary Table 1).

Human mesenchymal stem cell (hMSC) clustering scales with pore size

The size and frequency of clustered cells was determined using light microscopy and 3D
visualization software (IMARIS). hMSCs were encapsulated in porous microgels networks
fabricated with large (190+100um), medium (110+60um), and small (13+6um) diameter
microgels at a density of 5 million cells/mL. Centrifugation speeds and the encapsulation
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procedure have been previously optimized and reported as cytocompatible!®, and hMSCs in
each condition were highly viable with no significant difference between conditions
(96.3£4.6% in large microgel scaffolds, 92.8+4.0% in medium microgel scaffolds, and
94.2+2.7% in small microgel scaffolds) (Supplementary Figure S3). After three days in
culture, samples were fixed, stained with DAPI and rhodamine phalloidin, and imaged on a
Nikon spinning disc confocal microscope. Qualitative differences in the cell cluster size are
readily observed between the three microgel conditions (Figure 2a).

Z-stacks of the cell-laden microgel scaffolds were imported into IMARIS 3D visualization
software and a 3D surface was rendered over a cluster by utilizing the cytoplasmic stain. The
number of nuclei per cluster was determined using a Matlab code (Split into Surface Objects
Xtension) in the IMARIS software. hMSC cluster size was analyzed for N>8 gels for each
particle size condition. An increase in pore size, a function of the microgel particle size, led
to a higher percentage of cells residing in a cluster, defined as possessing three or more
nuclei. This cluster threshold was chosen to assess cell-cell interactions during the microgel
scaffold assembly and not as a result of cell division over 72 hours of culture time. In
networks fabricated from large (190+100um) diameter particles, almost all h(MSCs resided
within a cluster (98+1.6%) (Figure 2b). The percentage of cells in a cluster was significantly
lower in both the medium (110+£60um) and small (13£6um) diameter microgel networks,
68+19% and 18+21%, respectively. Each condition was statistically different than the others.
Additionally, larger pore sizes caused an increase in the cluster size: ~ 40+18 cells/cluster in
the large microgel scaffolds, ~7+3 cells/cluster in the medium and ~5+1 cells/cluster in the
small microgel networks. The average hMSC cluster size was not significantly different
between the medium and small microgel scaffolds.

hMSC secretory properties vary with scaffold porosity and cluster size

After 72 hours in each culture condition (large (190£100um), medium (110+£60um), or small
(13+6um) diameter microgel scaffolds), the secreted proteins in the media were measured
using a cytokine array and normalized to DNA content to quantify the effect of scaffold
properties on the hMSC cytokine secretion. A cytokine array was selected to quantify a
broad number of cytokines and chemokines involved in hMSC paracrine signaling. Analyses
revealed that the scaffold pore architecture strongly influenced the hMSC secretome (Figure
3a). Cells encapsulated in the large microgel scaffolds demonstrated a distinct secretory
profile, compared to relatively similar secretory profiles between the medium and small
diameter microgel scaffolds. In general, hMSCs in the large diameter microgel scaffolds
secreted higher concentrations (represented by red intensities on the heatmap) of cytokines
compared to the lower concentrations (represented by blue intensities on the heatmap) by
cells in the medium and small diameter microgel scaffolds. Of the 72 cytokines secreted at
detectable levels, 48 (~60%) were most elevated in the large diameter microgel scaffolds,
while only 18 (25%) and 11 (~15%) were highest in the medium and small diameter
microgel scaffolds, respectively (Figure 3b). Beyond this global screen, a subset of factors
was selected based on a literature review of hMSC regenerative therapies?4-27. Of the 24
factors chosen, a similar trend was observed, with the majority of these regenerative
cytokines (65%) being most elevated in networks formed from large microgels, compared to
21% in medium microgels, and 13% in small diameter microgel networks.

Biomaterials. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caldwell et al.

Page 8

N-cadherin interactions increase with increased cell clustering

N-cadherins are a type I classical cadherin responsible for adherence junctions between cells
primarily of the mesenchymal lineage. Cadherins are one of several membrane bound
proteins that are involved in intercellular communication, with N-cadherins being the most
widely expressed on hMSCs?8. Since differential cell clustering occurred in the porous
scaffold conditions, immunofluorescent staining was performed on encapsulated hMSCs to
assess differences in cell-cell interactions mediated via N-cadherin. To adequately image and
quantify the punctate, the microgels were not stained during imaging. In Figure 4a (top),
large N-cadherin punctae were observed in hMSC clusters in the large (190+100um)
diameter microgel scaffolds. In contrast, while hMSCs in the medium (110+60um) diameter
microgel scaffolds maintained some cell clustering and elevated N-cadherin staining (Figure
4a, middle), the majority of hMSCs in the small (13+6um) diameter microgel scaffolds did
not reside in clusters and had more diffuse N-cadherin staining (Figure 4a, bottom). These
differences were further quantified by analysis of the N-cadherin punctate intensity and a
significant increase in expression by hMSCs encapsulated in the large microgel scaffolds
was observed (Figure 4b).

Blocking N-cadherin interactions in microgel scaffolds decreases hMSC secretory

properties

To further investigate the role of cell-cell interactions mediated via N-cadherin on the hMSC
secretory phenotype, hMSCs were incubated with a monoclonal antibody against N-cadherin
(auN-Cad) prior to encapsulation. The culture media was also supplemented with a.N-Cad
during the entire culture period. After 72 hours, the cell media was collected and analyzed
with a cytokine array as described above. Results revealed that blocking N-cadherin led to a
significant decrease in the secretion of cytokines by hMSCs for all scaffold conditions
(Figure 5a). Notably, the expression of 78% of all measured cytokines was decreased in the
large (190£100um) diameter microgel scaffolds, while 44% and 46% of all cytokines were
similarly decreased in the medium (110£60um) and small (13+6um) diameter microgel
scaffolds, respectively. Over a ten-fold decrease was observed for 45% of cytokines in the
large condition and 20% and 19% for the medium and small diameter microgel networks
respectively. Only two factors in the large diameter microgel scaffold were upregulated by
over ten-fold, while only 7 and 8 of factors were highly upregulated in medium and small
diameter microgel scaffolds, respectively. Principal component analysis (PCA) was used to
evaluate the differential role of N-cadherin interactions on the secretory profiles observed
between the microgel networks. PC1 and PC2 explained 39.9% and 31.4% of the variance
respectively. When examined this way, the secretory profile of hMSCs encapsulated in large
diameter microgel scaffolds under standard culture conditions was distinct from those in
medium and small diameter microgel networks (Figure 5b). However, when the N-cadherin
interactions were blocked, the secretory profile of the hMSCs in all pore conditions became
similar. These results help quantify and illustrate the role that N-cadherin interactions and
cell-cell clustering play in the dictating the secretory profiles of hMSCs.
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HAVDI functionalized microgel scaffolds promote the secretory phenotype of hMSCs

To engineer a microgel assembled scaffold to promote the secretory profile of hMSCs, even
in the absence of cell-cell interactions, an N-cadherin mimetic peptide, HAVDI, was
conjugated to the microgel formulations. hMSCs were cultured for 3 days in the same
porous microgel system and the conditioned media was analyzed via cytokine arrays. The
inclusion of the HAVDI peptide drastically increased the hMSC secretory profile in all
scaffold conditions (Figure 6a). Of all the eighty measured cytokines, 96% of them were
increased in large (190+£100um) diameter microgel networks and 86% and 89% were
increased in medium (110+60um) and small (13£6um) diameter microgel networks
respectively (Figure 6a). Of the previously identified regenerative cytokines (24), almost all
(97%) were increased in large diameter microgel scaffolds, while 23 (96%) and 22 (92%)
were elevated in the medium and small diameter microgel conditions respectively. Out of all
the elevated cytokines, 33%, 42% and 45% were elevated 10-fold in large, medium, and
small diameter microgel networks respectively. It should also be noted that no significant
differences in hMSC cluster size or frequency of cells in clusters was observed due to the
presence of the HAVDI (Supplementary Figure S4). Thus, the primary effect was attributed
to interactions between cells and HAVDI. Principal component analysis demonstrated that
the secretory phenotype of hMSCs in HAVDI networks were more similar to each other
compared to their unmodified counterparts (Figure 6b). PC1 and PC2 explained 70.4% and
18.3% of the variance respectively.

Currently, the majority of hMSC clinical trials are focused on cardiovascular, neurological,
inflammatory diseases, and bone/cartilage regeneration!2°. Cytokines secreted by hMSCs
are integral to the success of many of these therapeutic applications?3. Based on an analysis
of hMSC:s clinical trials focused on tissue regeneration, VEGF, GDNF, IGF-1, and LIF were
selected for further analysis using ELISAs. Vascular endothelial growth factor (VEGF) is a
key signaling cytokine involved in angiogenesis3? and has been shown to improve MSC
survival in infarct hearts where they can help repair cardiac tissue after myocardial
infraction31:32, hMSCs secreted VEGF in all three pore size conditions (~1000—-4000 pg/ug
DNA) (Figure 6a) but the HAVDI interactions increased secretion in medium and small
diameter microgel scaffolds by 1.5-2-fold. A non-significant increase was observed in the
large diameter microgel scaffolds (Figure 6¢). For neurodegenerative applications, glial cell-
derived neurotrophic factor (GDNF) has restorative and protective effects on multiple
neuronal cell types33, MSCs genetically modified to overexpressed GDNF provided local
neuroprotection in an inflammatory model of Parkinson’s3*. GDNF was significantly
elevated in each condition upon the addition of HAVDI (Figure 6d). This was most
noticeable in medium and small diameter microgel scaffolds, where GDNF levels rose by
two orders of magnitude (~2 pg/ug DNA in unmodified conditions to >250pg/ug DNA in
HAVDI conditions). IGF-1 is another anabolic cytokine that plays an important role in
cardiac repair, as it can recruit and stimulate the differentiation of endogenous cells in the
injured heart3>. Low levels of IGF-1 secretion were observed in unmodified conditions (1-
3pg/ug DNA in large diameter microgel scaffolds, <1pg/ug DNA in medium and small
diameter microgel scaffolds) but was elevated to 20-50pg/pig DNA in HAVDI networks
(Figure 6e). Leukemia inhibitory factor (LIF) is involved in myogenic precursor cell
recruitment and has also been implicated in myoblast proliferation and differentiation3®.
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Significant upregulation in LIF secretion was observed in all scaffolds upon the addition of
HAVDI, ranging from a 1.5-fold increase in large diameter microgel scaffolds to over a
three-fold upregulation in small diameter microgel scaffold conditions (Figure 6f).
Combined, these data lend support to the notion that both the HAVDI peptide and cell
clustering can promote the secretory properties of encapsulated hMSCs in microgel
scaffolds.

4. Discussion

Porous scaffolds assembled from individual microgel components have drawn increased
interest in the fields of biomaterials research and tissue regeneration. Several groups have
demonstrated the versatile nature of this platform, where cross-linking reactions3’,
incorporation of bioactive moieties3839, and particle size*? can all be tuned to alter the final
scaffold properties*. Often, a key design parameter is to create cell-instructive scaffolds,
where microgels and cells are assembled together, and scaffold properties can be tuned to
control multiple cell functions independently. Some examples include directing matrix
deposition?2, controlling cell motility43, facilitating diffusion and nutrient transport*4, and
mitigating immunogenic responses /7 vivo*L. In this contribution, an assembled microgel
scaffold was designed to control hMSC secretory properties via both physical and
biochemical means. First, three particle sizes, 190+100um, 110+60um, and 13+6um
diameters, were used to created scaffolds with major axis pore lengths of ~210um, ~90um,
and ~13um, respectively. Cells encapsulated in networks with 190+100um (large) diameter
particles were more frequently located in clusters (~98%) and the cluster sizes were larger
(~40 cell/cluster) compared to less frequent (68% and 18%) and smaller clusters (7 and 5
cells/cluster) in 110+£60um (medium) and 13+6um (small) diameter microgel scaffolds,
respectively (Figure 2). Increased cell-cell interactions significantly influenced hMSC
secretory properties, where cells in large diameter microgel scaffolds secreted a higher level
of a variety of proteins as assessed by a cytokine array. Approximately 60% of all cytokines
measured were elevated in the large diameter microgel scaffolds. This data aligns with a
growing body of literature demonstrating how scaffold porosity can affect cell function, such
as dendritic cell activation*®46 and hMSC osteogenic differentiation?’. Of particular note,
Qazi et al. demonstrated that pore size of gelatin scaffolds affected the angiogenic potential
of hMSCs, with optimal secretion of angiogenic cytokines achieved in porous scaffolds that
promoted clustering of infiltrating cells*8. Together, these data demonstrate how pore size
alone can be used to control cell-cell clustering and direct cell function.

In addition to manipulating pore size, several biochemical and physical strategies have been
developed to improve the secretory properties of hMSCs, typically by exposing cells to
exogenously delivered inflammatory molecules (i.e., licensing)274 or by culturing hMSCs
in large aggregates termed spheroids!®. Additionally, it should be noted that MSCs be
isolated from multiple tissues and cells can have varied secretory behavior based on their
tissue of origin®051, Murphy et a/. used a hanging drop method to create hMSCs spheroids
on the order of thousands of cell per aggregate and observed changes in secretion based on
spheroid sizel”. In contrast, in the large microgel scaffolds presented in this study, there
were ~1 million cells per gel and an average cluster size of 40 cells. Although it is difficult
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to compare spheroids directly with cells in porous scaffolds, the central theme of both is that
hMSC cell-cell contacts contribute to their enhanced their secretory properties.

hMSCs are known to interact with each other via N-cadherins, which contain an
extracellular domain that dimerizes between bound cells and an intracellular domain
anchored to the cytoskeleton capable of signal transduction through several catenin mediated
pathways?8. In our centrifugation approach for the scaffold assembly, hMSCs had high
levels of N-cadherin expression in the large clusters present in large (190£100pum) diameter
microgel scaffolds (Figure 4), and decreased expression in the small cell clusters present in
the 110£60um (medium) and 13+6um (small) diameter microgel scaffolds. The role of the
N-cadherin interactions on the hMSC secretory phenotype was further confirmed by
blocking the interactions with a monoclonal antibody against N-cadherin. A marked
decrease in secretion of a variety of different cytokines was observed in all conditions, but
most noticeably in the large diameter microgel scaffolds, secretion was decreased ~78% for
all of the measured cytokines (Figure 5a). Further implicating the role of N-cadherin in
influencing the hMSC secretory phenotype, the profile of hMSCs between conditions was
more similar when N-cadherin was blocked compared to standard culture, as determined by
principal component analysis (Figure 5b). These data align with previous investigations,
where the inclusion of a N-cadherin blocking antibody in porous and bulk hydrogels
decreased the hMSC secretory phenotype, as assessed via a cytokine array18,

To test whether cell-matrix interactions could mimic some of the same benefits as cell-cell
interactions, an N-cadherin peptide epitope (HAVDI) was introduced into the microgel
formulation to promote a secretory phenotype. While its role in hMSC differentiation and
mechanosensing has previously been studied?0:23, less is known of its ability to stimulate
hMSC secretory properties. The inclusion of HAVDI did not significantly alter hMSC
multipotency, as assessed by CD105 expression (Supplemental Figure S4a). However, it
boosted cytokine secretion in all pore sizes, including VEGF, GDNF, LIF, and IGF-1 (Figure
6) without altering cell cluster characteristics (Supplementary Figure S4b,c). Additionally,
PCA analysis confirmed that the secretory phenotype of cells in HAVDI scaffolds were more
similar to each other than when in unmodified conditions. This approach may prove
advantageous for design of biomaterial delivery systems for cell transplantation, where cell
clustering is prohibited or non-ideal, but a secretory phenotype is beneficial for therapeutic
outcomes. Design of scaffolds that can promote not only the survival, but secretion profiles
of delivered cells may provide specific benefits for cell-based therapies for regenerative
medicine.

5. Conclusions

The therapeutic potential of hMSCs paracrine factors is quickly being recognized;
necessitating the development of biomaterial systems to deliver and promote secretory
hMSCs. In this study, porous bio-click microgel assembled scaffolds were designed to
control the secretory phenotype of hMSCs. First, microgel scaffold pore size was used to
control hMSC aggregate size, allowing for increased secretory properties with highly
clustered cells. Secondly, an N-cadherin mimetic peptide (HAVDI) was included to enhance
hMSC cytokine secretion, in both clustered and singly encapsulated cell conditions. The
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ability to improve cell secretory behavior even when it is limited by other factors (i.e. lack of
cell clustering) holds promise for improving cell-based therapies. These findings are relevant
for informing biomaterial design both in /in vitro studies as well the delivery of hMSCs for
clinical applications.
Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Generation of varied porous scaffolds using clickable microgel building blocks.
(A) Clickable microgel building blocks were synthesized using an inverse suspension

polymerization out of 8-arm poly(ethylene glycol) (PEG) functionalized
dibenzylcyclooctyne (DBCO), 4-arm PEG-N3, and an azide functionalized cellularly
adhesive peptide (GRGDS). During the polymerization shear was varied to create microgels
with 190£100um (left), 110£60um (middle), and 13+6pum (right) mean particle diameters,
termed large, medium, and small, respectively. (B) Microgel scaffolds were formed by co-
assembling DBCO and N3 particles for each size group (190+£100um (left), 110+60pm
(middle), and 13+6um (right)). Particles were visualized via incorporation of an azide
labeled AlexaFluor 647 dye (C). The resulting microgel scaffold structures were categorized
by measuring the pore mean major axes lengths. Pore lengths correlated with the microgel
diameter, with average lengths of 210+260um (large diameter, left), 90+110um (medium
diameter, middle), and 13+12um (small diameter, right).
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Figure 2: Pore dimensions control human mesenchymal stem cell (hMSC) clustering in varied
porous scaffolds.
(A) Images of hMSCs cultured in large (190+100um) diameter (left), medium (110+£60um)

diameter (middle), and small (13+6um) diameter (right) microgel scaffolds for 72 hours.
Cells stained for nuclei (blue, DAPI) and cytoplasm (green, Calcien) and particles shown via
transmitted light. Scale bars = 100um. (B) Percent of cells in a cluster in each microgel
condition. Cell-cell interactions were quantified by measuring the average number of cells in
a cluster (3 or more cells physically touching) in each condition. (C) Average number of
cells in a cluster was also quantified for each condition. Average number of cells per cluster
between the medium and small microgel scaffolds was not significantly different.
Significance determined using a one-way ANOVA. All stars represent significance
compared to large microgel condition. ****p<0.0001, ** p<0.01, # p<0.001 (compared to
medium diameter).
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Figure 3: hMSC secretory properties vary with scaffold porosity.
(A) Heatmap of cytokine expression of encapsulated hMSCs in large (190+£100um), medium

(110+60um), and small (13+6um) diameter microgel networks. Red intensities represent
high expression while blue intensities represent low or undetectable expression levels
compared to control (cell media). Values were normalized to DNA content. (B) Cytokines
that were most elevated in large (left, red), medium (middle, blue), and small microgel
scaffolds (right, light blue). (C) List of regenerative factors that were most elevated in large
(left, red), medium (middle, blue), and small microgel scaffolds (right, light blue).
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Figure 4: N-cadherin interaction and expression increases with increased cell clustering.

(A) hMSCs in large (190+£100um) diameter microgel scaffolds (top, right) with highly
clustered cells show more intense staining for N-cadherin punctate compared with smaller
clusters in medium (110+60pm) diameter microgel scaffolds (middle, right) and largely
single cells in small (13+6pum) diameter microgel scaffolds (bottom, right) Cells stained for
nuclei (blue), N-cadherin (green), and F-actin (red). (B) Intensity quantification of the N-

cadherin punctate. Stars represent significance relative to large microgel scaffolds. **
p<0.01, * p<0.05, n.s. — non-significant
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Figure 5: Blocking N-cadherin interactions in microgel scaffolds decreases hMSC secretory
properties.
(A) Log-fold change in cytokine secretion from hMSCs in large (190+100um) diameter

(red), medium (110+£60um) diameter (blue), and small (13+6um) diameter (light blue)
microgel scaffolds when cultured in the presence of an anti-N-cadherin antibody compared
to their respective unmodified conditions. Negative fold change indicates a decreased in
cytokine expression in the presence of blocking. (B) Principal component analysis of hMSC
secretory profile of standard conditions (circles) and N-cadherin blocked conditions
(diamonds). Colors correspond to conditions in (A) PC1 and PC2 explained 39.9% and
31.4% of the variance, respectively.
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Figure 6 —. HAVDI inclusion in microgel scaffolds increases secretory phenotype of hMSCs.
(A) Heatmap of cytokine expression of encapsulated hMSCs in large (190+100um), medium

(110£60pm), and small (13+6um) diameter microgel scaffolds with and without inclusion of
the HAVDI peptide. (B) PCA analysis of hMSC secretory profile between large (red),
medium (blue), and small (light blue) microgel scaffolds without (circles) and with HAVDI
(X symbol). PC1 and PC2 explained 70.4% and 18.3% of the variance respectively. (C)
ELISA quantification of VEGF, (D) GDNF, and (E) IGF-1. HAVDI conditions are

represented by hashed bars. Stars represent significance relative to respective unmodified
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scaffolds. Overall significance (top bar) determined using a one-way ANOVA with multiple
comparisons. ****p<0.0001, ** p<0.01, n.s. — non-significant
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