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Abstract

Human mesenchymal stromal cells (MSCs) are promising candidates for cell therapy

due to their ease of isolation and expansion and their ability to secrete antiapoptotic,

pro-angiogenic, and immunomodulatory factors. Three-dimensional (3D) aggregation

“self-activates” MSCs to augment their pro-angiogenic and immunomodulatory

potential, but the microenvironmental features and culture parameters that promote

optimal MSC immunomodulatory function in 3D aggregates are poorly understood.

Here, we generated MSC aggregates via three distinct methods and compared them

with regard to their (a) aggregate structure and (b) immunomodulatory phenotype

under resting conditions and in response to inflammatory stimulus. Methods associ-

ated with fast aggregation kinetics formed aggregates with higher cell packing den-

sity and reduced extracellular matrix (ECM) synthesis compared to those with slow

aggregation kinetics. While all three methods of 3D aggregation enhanced MSC

expression of immunomodulatory factors compared to two-dimensional culture, dif-

ferent aggregation methods modulated cells' temporal expression of these factors. A

Design of Experiments approach, in which aggregate size and aggregation kinetics

were systematically covaried, identified a significant effect of both parameters on

MSCs' ability to regulate immune cells. Compared to small aggregates formed with

fast kinetics, large aggregates with slow assembly kinetics were more effective at T-

cell suppression and macrophage polarization toward anti-inflammatory phenotypes.

Thus, culture parameters including aggregation method, kinetics, and aggregate size

influence both the structural properties of aggregates and their paracrine immuno-

modulatory function. These findings underscore the utility of engineering strategies

to control properties of 3D MSC aggregates, which may identify new avenues for

optimizing the immunomodulatory function of MSC-based cell therapies.
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1 | INTRODUCTION

Human mesenchymal stromal cells (hMSCs) are of significant interest

in regenerative medicine, as evidenced by their use in >600 clinical

trials for indications, including stroke, osteoarthritis, diabetes, graft-

vs-host disease (GvHD), and myocardial infarction.1,2 A subset of ther-

apeutic indications uses MSCs' multilineage differentiation potential

for tissue engineering applications, where MSC differentiation and

physical contribution to tissue repair are thought to be the primary

mechanism of action. However, following in vitro and in vivo studies

showing their unique capacity to suppress inflammation,3,4 MSCs

have been widely explored for their ability to enhance functional out-

comes in immune- and inflammatory-related diseases by regulating

excessive responses from innate and adaptive immune cells, and by

stimulating resident cells involved in tissue repair.5-9 In these contexts,

the mechanism-of-action of MSCs has been largely attributed to their

secretion of trophic and immunomodulatory factors, such as vascular

endothelial growth factor (VEGF), prostaglandin E2 (PGE2), tumor

necrosis factor-stimulated gene 6 (TSG-6), and indoleamine

dioxygenase (IDO).10,11 For example, MSC-secreted PGE2 inhibits

natural killer cell cytotoxicity and cytokine production,12 pushes resi-

dent pro-inflammatory (M1-like phenotype) macrophages toward an

anti-inflammatory (M2-like) phenotype,8,13 and inhibits T-cell activa-

tion and proliferation.14 Similarly, TSG-6 inhibits macrophage intracel-

lular signaling to limit their secretion of inflammatory mediators,15 and

IDO mediates MSC suppression of T-cell proliferation.16

While a multitude of animal studies have established the benefits

of MSC paracrine activity in inflammation- and immune-related dis-

eases, clinical outcomes of MSC administration have been less clear.

The safety of MSC administration in humans is well established, yet

clear demonstrations of clinical efficacy in well-designed trials have

been limited. These discrepancies in treatment efficacy between ani-

mal and clinical trials may be ascribed to differences in dosing, as MSC

dosing per weight is more than an order of magnitude higher in mouse

models (typically 50 × 106 cells/kg) compared to what has been deliv-

ered intravenously in human trials (typically 2 × 106 cells/kg).17

Irrespective of the dose dependency for a specific application, clini-

cal experience to date indicates that the required MSC doses for

beneficial effect in humans are considerable. In recent phase III

clinical trials that met their primary endpoints, Remestemcel-L

(GvHD, Mesoblast) dosed MSCs at 2 million cells/kg twice a week

for 4 weeks (NCT02336230), while Alofisel (Crohn's disease-

associated treatment-refractory complex perianal fistulas, TiGenix)

delivered 120 million cells in a single treatment (NCT01541579). How-

ever, the cost of a cell therapy product is proportional to the number of

cells per dose. Therefore, from the standpoint of biomanufacturing fea-

sibility and accessibility of the therapy to patients, there is a strong case

for minimizing the number of cells per dose by increasing the effective

potency of the cells delivered.18

The goal of providing functionally potent MSCs for clinical use

has led to the investigation of in vitro conditioning or “activation” reg-
imens to enhance MSC paracrine function immediately before deliv-

ery. For instance, stimulation of MSCs with interferon-gamma (IFN-γ),

an inflammatory cytokine that is produced by neutrophils and T cells

and is abundant in injury sites, increases MSC immunosuppressive

function in vitro19-22 and appears to be required for maximal MSC

effect in some animal models.23 Interestingly, three-dimensional

(3D) aggregation of MSCs has been proposed to independently “self-
activate” MSCs' paracrine function, leading to enhanced secretion of

molecules associated with immune cell regulation and tissue regenera-

tion, compared to two-dimensional (2D) monolayer MSCs24-26—even

in the absence of inflammatory cytokine activation. Complementary

advantages of MSC aggregates have been proposed as well. These

include the ability of 3D aggregates to survive and persist longer

in vivo compared to dissociated cells27-30 and the potential for aggre-

gation to promote more sustained enhancements to MSC function

compared to cytokine activation,31 for which the effects of activation

are transient. While studies to date have consistently shown that

assembly into 3D aggregates primes MSCs to upregulate their secre-

tion of specific paracrine factors, a limited understanding of how the

aggregate microenvironment influences the MSC secretome has hin-

dered efforts to optimize MSC aggregates for enhanced immunomod-

ulatory functions. In particular, hanging drops (HDs) and forced

aggregation via centrifugation—two commonly published methods for

generating size-controlled cell aggregates—promote 3D aggregation

of MSCs with relatively rapid kinetics (<12 hours) based on gravity-

driven sedimentation and centrifugation force, which are not readily

tunable. Novel approaches that enable MSC aggregation to be sys-

tematically controlled may broaden the experimental space for identi-

fying aggregation parameters that maximize MSC immunomodulatory

function.

We previously described the development of a bioengineered

platform encompassing patterned labile cell culture substrates that

enable control over the size and aggregation kinetics of self-

assembled (SA) pluripotent stem cell aggregates. Using this platform,

we showed that aggregation method and kinetics impact 3D aggre-

gate structure and lineage bias during differentiation of human embry-

oid bodies.32 In the current study, we used a similar approach to
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evaluate the effects of aggregation method on MSC immunomodula-

tory phenotype and function. We demonstrated that different kinetics

of aggregation induced distinct temporal profiles of MSC paracrine

factor secretion that correlated with changes in aggregate structural

features including cell packing density, extracellular matrix (ECM) syn-

thesis, and differential expression of mechanotransduction-related

genes. We then used a multifactorial Design of Experiments (DOE)

approach to identify a combination of culture conditions that signifi-

cantly enhanced the anti-inflammatory and immunomodulatory

potential of MSC aggregates. By tuning aggregate size and aggrega-

tion kinetics, we co-optimized the paracrine immunomodulatory func-

tion of MSC aggregates to suppress T-cell proliferation and polarize

macrophages toward an M2 anti-inflammatory phenotype.

2 | MATERIALS AND METHODS

2.1 | Cell culture

2.1.1 | Mesenchymal stromal cells

hMSCs were purchased from Lonza and maintained in adherent cul-

ture in MSC growth medium (alpha-MEM with 10% fetal bovine

serum [FBS; Gibco] and 1x penicillin/streptomycin [Hyclone]). hMSCs

were passaged at 70% confluence and used for all experiments

between passages 4 and 7.

2.1.2 | Macrophages

THP-1 monocytes (ATCC) were thawed and maintained in RPMI1640

supplemented with 10% heat-inactivated FBS and pen/strep. Cells were

propagated by centrifugation and resuspension in fresh media every

3 days, maintained at a density of 105 to 106 cells/mL, and used for

experiments between passages 6 and 20. A macrophage differentiation

protocol was adapted from previously published work.33,34 Briefly, THP-1

cells were seeded into 24-well plates at a density of 1.5 × 105 cells/well

and differentiated into macrophages with 500 nM phorbol myristate

acetate (PMA) for 72 hours followed by a 24 hours resting period in

serum-free RPMI. Macrophages were then polarized toward an M1-like

phenotype by treating with THP-1 growth medium containing 20 ng/mL

IFN-γ for an additional 24 hours. Following an additional 24 hours rest

period in serum-free RPMI, macrophages were treated with MSC-

conditioned media (MSC-CM) or control media for 36 hours prior to col-

lecting macrophage-conditioned media (Mϕ-CM). Control media treat-

ments included peripheral blood mononuclear cell (PBMC) media alone or

containing 2 ng/mL PGE2 (Cayman Chemical).

2.1.3 | PBMCs

Human peripheral blood mononuclear cells were purchased frozen

(ZenBio) or isolated fresh by density gradient centrifugation from

whole blood (Interstate Blood Bank) using SepMate-50 (IVD) tubes

with Lymphoprep (STEMCELL Technologies) following manufacturer's

instructions. PBMCs were thawed and maintained in PBMC medium

(RPMI1640 supplemented with 10% heat-inactivated FBS, pen/strep,

nonessential amino acids [Hyclone], and sodium pyruvate [Gibco]),

and used within 96 hours following thaw.

2.2 | Generation of SA MSC aggregates

Engineered labile substrates were fabricated by patterning self-

assembled monolayer (SAM) arrays presenting cycRGDfC peptide, fol-

lowing methods previously published by our group.32 Briefly, alkanethiol

solutions were prepared by combining 1 mM ethanolic solutions of car-

boxylic acid-terminated hexa(ethylene glycol) undecanethiol

(EG6COOH) and 11-tri(ethylene glycol)-undecane-1-thiol (EG3OH) at

varying molar ratios based on the desired cycRGDfC peptide concentra-

tion. For example, for a desired 1% cycRGDfC substrate, 1 mol equiva-

lent EG6COOH was combined with 99 mol equivalents EG3OH. SAM

arrays were patterned onto gold-coated glass slides (100 Å Au ‹111›,
20 Å Ti adhesion layer; Platypus Technologies) by filling microfabricated

polydimethylsiloxane (PDMS) wells with alkanethiol solutions and incu-

bating for 10 minutes for local SAM formation. After rinsing with

deionized water, carboxylate groups were converted to active ester

groups by incubating PDMS wells in a solution of 100 mM N-

hydroxysuccinimide and 250 mM n-(3-dimethylaminopropyl)-N0-

ethylcarbodiimide hydrochloride for 15 minutes. After an additional rinse

with deionized water, cycRGDfC peptide (Peptides International) was

covalently coupled to patterned SAMs via incubation of the peptide solu-

tion (0.3 mM) in PDMS wells for 1 hour. After peptide coupling, PDMS

wells were rinsed with deionized water, and regions surrounding array

spots were backfilled with 0.1 mM EG3OH. Following removal of the

PDMS wells from the gold slide, substrates were rinsed with 0.1% sodium

dodecyl sulfate, deionized water, and EtOH, and dried with N2 gas. Sub-

strates were incubated in 70% EtOH for 20 minutes and rinsed with

sterile-filtered deionized water before placing into cell culture media.

For single-cell seeding of MSCs onto labile and nonlabile sub-

strates, cells were washed with phosphate buffered saline and incu-

bated with 0.05% trypsin/EDTA at 37�C for 5 minutes to singularize

cells. Following singularization, trypsin was quenched and cells pel-

leted by centrifugation at 200g for 5 minutes. Cell pellets were

resuspended in MSC growth medium before seeding at desired densi-

ties. After 1 hour incubation in a humidified incubator at 37�C and 5%

CO2 to allow cell adhesion, seeded SAM arrays were immersed in

basal medium to remove nonspecifically adhered cells. SAM arrays

were then placed into new wells containing MSC growth medium and

maintained in this medium unless otherwise indicated. High seeding

densities were used to ensure confluence shortly after seeding. Unless

otherwise stated, MSCs were seeded onto SAMs at a density of

9 × 104 cells/cm2.

As formation of compact and morphologically defined SA aggre-

gates from 5% cycRGDfC substrates occurred within 72 hours after

seeding, we denoted this time point “day 0.” This nomenclature is
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used throughout to describe 2D and 3D MSCs at 72 hours postseed.

Unless otherwise stated, “SA MSC aggregates” referred to throughout

Figures 1 to 3 were generated from 5% cycRGDfC substrates.

2.3 | Generation of HD and forced centrifugation
aggregates

2.3.1 | Hanging drop

MSCs were trypsinized as described above and resuspended at

desired densities in MSC growth medium. Aggregates were formed

using the hanging drop technique35 with 20 000 cells per 25 μL drop-

let (size-matched to 2.4 mm SA aggregates) unless otherwise stated.

2.3.2 | Forced centrifugation

Agarose microwells were fabricated based on previously published

methods.32 MSCs were trypsinized as described above and seeded into

agarose molds for a final seeding density of 25 000 cells per aggregate

(size-matched to 2.4 mm SA aggregates) unless stated otherwise. Plates

were centrifuged at 300g for 5 minutes and incubated at 37�C, 5% CO2.

2.4 | Quantification of aggregation kinetics and
aggregate size distribution

All time-lapse images were acquired using a Nikon Ti Eclipse inverted

microscope (×10 PhL objective) equipped with a TIZ Tokai Hit incubated

F IGURE 1 Generation of self-assembled (SA) MSC aggregates with controllable size and kinetics from labile substrates. A, Time-lapse images
of MSCs on substrates presenting cyclic RGD (cycRGD) via a labile (top) or nonlabile (bottom) linkage. Labile substrates promote MSC self-
assembly into 3D cell aggregates, while nonlabile substrates promote continued MSC culture in 2D. Scale bars = 250 μm. B, (left) MSC aggregate
self-assembly kinetics (measured as percentage of original population area over time) as a function of initial peptide density on labile substrates.
Error bars represent 95% CI (right). Mean t50 values of self-assembly for MSC aggregates generated from labile substrates of varying cycRGDfC
density. “t50” refers to the time required for the cell population to reach 50% of the original population area, previously established as a metric of
aggregation kinetics.32 Error bars represent 95% CI, **P < .01. C, Histogram of projected aggregate area for SA MSC aggregates generated from
labile substrates (1.2 or 2.4 mm diameter circular patterns). Size distributions of HD and FC aggregates are overlaid for comparison (black and

gray bars, respectively). D, Measurement of average size for day 0 MSC aggregates generated by SA from 1.2 and 2.4 mm diameter circular
patterns, vs size-matched HD and FC aggregates. E, Representative bright-field image of day 0 SA MSC aggregates generated from 2.4 mm
diameter circular patterns. Scale bar = 250 μm. FC, forced centrifugation; HD, hanging drop; MSC, mesenchymal stromal cell
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stage that was humidified and maintained at 37�C and 5% CO2. Image

analysis was performed using NIS Elements as previously described.32

2.5 | Maintenance of MSCs for gene expression
and immune cell assays

2D MSCs were maintained in tissue culture-treated polystyrene plates,

while 3D MSC aggregates were maintained in ultra-low adhesion plates

(Corning) in MSC growth medium unless otherwise specified. IFN-γ

stimulation of MSCs was performed for 24 hours in alpha-MEM con-

taining 0.5% FBS and 20 ng/mL human IFN-γ (R&D Systems, 285-IF-

100). For MSC-CM experiments, treatment media were removed and

replaced with PBMC media for conditioning for 24 hours. For media

conditioning and PBMC coculture experiments, total MSC number was

matched across all SA aggregates conditions based on scaling by the

pattern area of labile substrates. In comparisons between SA and forced

centrifugation (FC) aggregates, total MSC number was matched based

on quantification of DNA per SA aggregate that was converted to cell

number per aggregate using a MSC DNA standard curve; total cell num-

ber in FC conditions was then adjusted to match based on the cell num-

ber per aggregate and number of aggregates used in each assay.

2.5.1 | Trilineage differentiation

2D MSCs (7.5 × 103 cells/cm2) or 3D MSC aggregates formed by SA,

HD, or FC were plated on collagen I-coated plates (Corning) in MSC

growth medium. At 72 hours after plating, growth medium was

exchanged with differentiation media. Media were changed every

3 to 4 days, and cells were fixed in 10% neutral buffered formalin for

analysis after 21 days of differentiation.

Adipogenic medium: High-glucose Dulbecco's Modified Eagle's

Medium (DMEM) supplemented with 10% FBS, 1 μM dexametha-

sone, 1 μg/mL insulin, 500 μM isobutylmethylxanthine, and pen/-

strep. Chondrogenic medium: High-glucose DMEM supplemented

with 10% FBS, ITS Premix, 0.9 mM sodium pyruvate, 50 μg/mL L-

ascorbic acid 2-phosphate, 40 μg/mL L-proline, 0.1 μM dexametha-

sone, and 10 ng/mL transforming growth factor-β1, and pen/strep.

Osteogenic medium: alpha-MEM supplemented with 10% FBS,

0.1 μM dexamethasone, 10 mM β-glycerophosphate, 50 μM L-

ascorbic acid 2-phosphate, and pen/strep.

2.5.2 | Histology

MSC aggregates were fixed in 10% neutral buffered formalin for 1 to

2 hours at room temperature, washed with PBS, and incubated in

10% sucrose solution overnight at 4�C before embedding in either

Histogel for processing into paraffin blocks or O.C.T. compound at

−80�C for cryosectioning.

Frozen samples were sectioned into 5 to 7 μm slices on Sup-

erFrost slides using a Leica CM1900 cryostat. Slides were equili-

brated to room temperature, fixed/permeabilized in ice-cold

acetone for 10 minutes, and blocked with 10% bovine serum albu-

min for 1 hour at room temperature. For quantification of cell

F IGURE 2 Method of cell aggregation influences cell density and extracellular matrix synthesis in MSC aggregates. A, Quantification of cell
density in cryosectioned day 0 MSC aggregates formed by SA, HD, or FC. Size-matched aggregates between all three methods (see Figure 1D)
were used for analysis. Values represent the mean ± SD (**P < .01, ****P < .0001, one-way analysis of variance with Tukey's post hoc test). Scale
bars = 100 μm. B, Representative H&E stains of day 0 SA, HD, and FC aggregates showing differences in aggregate structure and nuclear shape
based on aggregation method. Cell nuclei within SA aggregates demonstrated elongated morphology (black arrows), whereas nuclei in HD and FC
aggregates were rounded and compact. Scale bars = 100 μm. C, Expression of extracellular matrix- and proliferation-associated genes in day 0
MSC aggregates compared to 2D MSCs. Asterisks denote a significant difference relative to 2D MSCs (*P < .05, ***P < .001, ****P < .0001; one-
way analysis of variance with Tukey's post hoc test). D, Histological sections of day 10 SA and FC MSC aggregates, stained with Masson's
Trichrome, showing differences in aggregate structure and collagen deposition between aggregation methods. Scale bars = 100 μm. FC, forced
centrifugation; HD, hanging drop; MSC, mesenchymal stromal cell; SA, self-assembled
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density in aggregates, slides were stained with 40 ,6-diamidino-2-

phenylindole (DAPI) and mounted in ProLong Gold Antifade

Reagent before imaging on a Nikon Ti Eclipse microscope. Counts

were analyzed from histological sections of n = 10 distinct aggre-

gates per condition, from two independent experimental

replicates.

F IGURE 3 Culture format and aggregation method influences MSC immunomodulatory phenotype and temporal response to pro-
inflammatory environments. Gene expression profiles for MSCs cultured in 2D monolayer (2D) or in 3D aggregates (SA, HD, or FC aggregation
methods), in the presence (+) or absence (−) of IFN-γ. The assessed genes were associated with cell proliferation and extracellular matrix
synthesis (gray), or pro-angiogenic and immunomodulatory paracrine factors (blue). Gene expression heatmaps are displayed as (A) Expression
relative to TBP, (B) Fold expression relative to resting (ie, without IFN-γ), and (C) Fold expression relative to day 0 resting conditions. D, Time
course of PGE2 production by IFN-γ-primed MSC aggregates formed via SA, HD, and FC approaches. PGE2 was measured from media
conditioned for 24 hours following IFN-γ priming. Asterisks indicate statistically significant difference between denoted aggregation methods
(*P < .05, **P < .01; two-way analysis of variance with Tukey's post hoc test). (inset) Comparison of PGE2 secretion by day 7 aggregates. E, Fold
change in PGE2 production by IFN-γ-primed MSC aggregates over 7 days, relative to day 0. FC, forced centrifugation; HD, hanging drop; IFN-γ,
interferon-gamma; MSC, mesenchymal stromal cell; PGE2, prostaglandin E2; SA, self-assembled
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Paraffin-embedded aggregates were sectioned at a thickness of

5 μm, deparaffinized in xylene, and stained with hematoxylin and

eosin.

2.5.3 | Quantitative reverse transcription
polymerase chain reaction (RT-PCR)

2D MSCs or aggregates were washed with PBS and total RNA was

isolated using the RNeasy mini kit (Qiagen) according to manufac-

turer's instructions. RNA was reverse transcribed into cDNA using the

QuantiTect Reverse Transcription Kit or RT2 First Strand Synthesis Kit

(Qiagen). For 384-well format RT2 MSC Profiler Array, cDNA samples

were run on a Roche LightCycler 4800 system according to the manu-

facturer's protocol. Results were analyzed using Qiagen's GeneGlobe

Data Analysis Center.

2.5.4 | Cytokine production analysis

Enzyme-linked immunosorbent assays (ELISAs) for PGE-2, IL-10, and

TNF-α (R&D Systems) and cytokine analysis using Inflammatory Cyto-

kine Arrays (Raybiotech) were performed following the manufacturer's

recommendations. Where indicated, cytokine production was normal-

ized to total DNA measured by Quant-iT PicoGreen dsDNA Assay Kit

(Thermo Fisher Scientific).

2.5.5 | T-cell proliferation assay

Unless otherwise stated, T-cell proliferation assays were carried out in

24-well tissue culture plates (2D adherent MSCs) or ultra-low adhe-

sion plates (3D suspension MSC aggregates) with a total media vol-

ume of 550 μL PBMC media per well, following protocols adapted

from previously published work.36,37 MSCs, PBMCs, and anti-CD2/

CD3/CD28 antibody-functionalized beads (MSC Suppression

Inspector; Miltenyi Biotec) were all prepared in PBMC culture media

as described above. Indirect MSC and PBMC cocultures were per-

formed in a Transwell setup (1.0 μm pore size), where PBMCs were

cultivated in the top chamber for 96 hours in the presence of anti-

CD2/CD3/CD28 activating beads, separated from MSCs in the bot-

tom chamber.

2.5.6 | Flow cytometry

Unless otherwise stated, flow cytometry preparations were carried out in

96-well V-bottom polypropylene plates. Briefly, PBMCs were collected,

centrifuged at 300g/5 minutes, washed with PBS to remove traces of

serum, and incubated in suspension with Ghost Dye Red 780 viability

dye (2 μL dye per mL PBS; Tonbo Biosciences) for 30 minutes on ice.

Samples were centrifuged to pellet, decanted, and incubated with Human

TruStain FcX (BioLegend; 5 μL/100 μL cell suspension in 2% FBS in PBS)

for 10 minutes at room temperature to block FcR-mediated antibody

binding. After centrifugation and decanting, cells were stained for CD3

for 30 minutes at room temperature, fixed with 1% paraformaldehyde for

20 minutes at room temperature, permeabilized with ice-cold 90% meth-

anol for 15 minutes at 4�C, and stored at −20�C. Samples were washed

twice with Flow Buffer 1 (PBS containing 0.5% BSA) to remove residual

methanol and incubated for 1 hour at room temperature with primary

antibody in Flow Buffer 2 (PBS containing 0.5% BSA and 0.1% Triton X-

100). Samples were washed with Flow Buffer 2, resuspended in Flow

Buffer 1, and stored on ice prior to data collection. Data were collected

on a MACSQUANT flow cytometer (Miltenyi Biotec) and analyzed using

FlowJo software.

Primary antibodies and dilutions used: AlexaFluor488 mouse

IgG1 anti-human Ki67 primary conjugate, Clone B56 (BD Biosciences;

1:80), APC mouse IgG2a anti-human CD3 primary conjugate, Clone

HIT3a (BD Biosciences; 1:10).

2.5.7 | Western blotting

Day 0 MSC aggregates were collected, washed with PBS, and

resuspended in ice-cold RIPA buffer containing 1X Halt Protease/

Phosphatase Inhibitor Cocktail. Aggregates were homogenized in

buffer using a polypropylene pestle, agitated for 15 minutes at 4�C

and centrifugation at 12 000g for 15 minutes at 4�C. The superna-

tants from samples were collected and total protein was quantified by

microBCA assay. Protein samples were combined with Laemmli buffer

containing beta-mercaptoethanol, denatured for 5 minutes at 100�C,

loaded in 10% polyacrylamide gels and separated by sodium dodecyl-

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were

transferred to polyvinylidene difluoride (PVDF) membranes and incu-

bated in 5% nonfat dry milk in TBST for 1 hour at room temp. Mem-

branes were incubated in rabbit anti-human phosphoYAP Ser127

primary antibody (Cell Signaling Technology, 4911S, 1:1000) in Anti-

body Diluent (Thermo Fisher, 00-3118) overnight at 4�C, washed with

Tris-buffered saline with 0.1% Tween® 20 (TBST), and incubated in

horseradish-peroxidase (HRP)-conjugated goat anti-rabbit IgG second-

ary antibodies in blocking buffer (Abcam, 1:10 000) for 1 hour at RT.

Membranes were washed with TBST and incubated with ECL™ West-

ern Blotting substrate (Pierce) for 1 minute. Chemiluminescence was

detected using a LAS4000 Mini imager and analyzed by densitometry

using ImageJ's gel plug-in. β-actin was used as a load control.

2.5.8 | DOE design and modeling

JMP software (SAS) was used to create a full-factorial DOE design

encompassing two factors (aggregate size and %cycRGD) at three

levels. The DOE was carried out in triplicate and quadruplicate for

T cell and macrophage assays, respectively. Based on the considerable

variability in Mϕ IL-10 and TNF-α secretion that we observed

between experimental replicates, normalized “scores” for immune cell

assays were used as the response variables in the DOE analysis. Within
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a given experiment, scores from 0 to 1 were assigned to each experi-

mental condition, corresponding to its performance in each immune cell

assay. The lowest and highest conditions within each assay were

assigned scores of 0 and 1, respectively, and the scores of the remaining

conditions were calculated based on their distribution within this range.

The DOE model was generated with least squares fitting of linear

dependences for aggregate size and %cycRGD and included a first-

order interaction term (aggregate size*%cycRGD). The Factor Profiler in

JMP was used to maximize desirability, which was defined as minimiza-

tion of T-cell proliferation (%Ki67+ CD3+ PBMCs) and maximization of

macrophage polarization toward an M2-like phenotype (maximize

IL-10, minimize TNF-α secretion; equally weighted).

2.5.9 | Figure generation and statistical analysis

With the exception of statistics related to the DOE model (ie, Figure 5),

all statistical analyses were performed using GraphPad Prism. Unless oth-

erwise indicated, gene expression data were analyzed by one-way analy-

sis of variance with multiple comparisons and Tukey's post hoc test. The

method of statistical analysis and degree of significance for all other sta-

tistically significant comparisons is denoted in each figure/caption. The

DOE models, graphs, and statistics were generated in JMP while all other

graphs were generated in GraphPad Prism.

3 | RESULTS

3.1 | Labile substrates supported self-assembly of
MSC aggregates with tunable size and aggregation
kinetics

We previously demonstrated that engineered substrates pre-

senting patterns of the cyclized cell adhesion peptide RGD

(cycRGDfC) via a labile bond could control pluripotent stem cell

aggregation kinetics based on initial substrate cycRGDfC den-

sity.32 Controllable aggregation from these substrates occurred

via a mechanism whereby chemical lability of a thioester bond

between the substrate and RGD moieties allowed for short-term

two-dimensional cell adhesion, followed by subsequent self-assembly

of patterned cell collectives into three-dimensional aggregates. In the

current study, we verified that MSC self-assembly (SA) into aggregates

on these substrates was controllable in a similar manner, dependent on

both lability of the substrate and cycRGDfC density. MSCs seeded on

0.05% cycRGDfC labile substrates formed aggregates within <16 hours

(t50 of self-assembly = 8.3 ± 1.9 hours) while those on 5% cycRGDfC

aggregated significantly more slowly (t50 = 41.1 ± 11.3 hours), and cells

failed to aggregate at all on nonlabile substrates, as expected

(Figure 1A,B). The size of SA MSC aggregates depended on 2D pattern

geometry, with SA aggregates from 1.2 and 2.4 mm diameter patterns

generating aggregates of significantly different diameters (217 ± 18 μm

and 400 ± 28 μm, respectively) (Figure 1C,D).

We directly compared MSC aggregates generated by our SA

approach to those formed by two conventional methodologies—HD

and forced aggregation (FC)—to determine characteristic aggrega-

tion kinetics and the degree of control over aggregate size distribu-

tion offered by each method. Consistent with prior studies, HD and

FC MSCs aggregated on rapid time scales, with loose, clearly three-

dimensional structures formed by 6 hours after seeding, and com-

pact spheroids arising by 24 hours (Figure S1). The size of aggre-

gates generated by HD and FC could be varied by controlling cell

number per droplet or per microwell, respectively (Figure S1). HD

and FC aggregation methods demonstrated slightly broader distri-

butions of MSC aggregate diameter (424 ± 58 μm and 428 ± 51 μm,

respectively) compared to SA aggregates of similar size (Figure 1C-

E). We chose SA MSCs formed on 5% cycRGDfC substrates for fur-

ther characterization, as this slowly aggregating condition provided

the largest disparity in aggregation kinetics, compared to HD and

FC methods.

3.2 | Aggregation method affected structural
properties and trilineage differentiation of MSC
aggregates

The method used to generate MSC aggregates had a significant effect

on 3D cell packing density. Analysis of DAPI-stained sections of size-

matched aggregates revealed that FC and HD aggregates had higher

numbers of nuclei per cross-sectional area (11.06 ± 3.35 and

6.99 ± 1.11 × 103 nuclei/mm−2, respectively) compared to SA aggre-

gates (4.48 ± 0.78 × 103 per mm2) (Figure 2A). Interestingly, aggrega-

tion method also appeared to affect MSC nuclear shape. Cell nuclei in

HD and FC aggregates were smaller and more rounded in morphol-

ogy, compared to nuclei within SA aggregates which were more elon-

gated and associated with a spindle-like cell morphology (Figure 2B).

3D culture and aggregation method also influenced MSC synthesis of

ECM- and proliferation-related genes. Day 0 aggregates, particularly

those formed by HD and FC methods, exhibited significantly lower

expression of CTGF, COL1A1, and MKI67 compared to 2D MSCs

(Figure 2C). SA aggregates expressed these genes at higher levels than

HD or FC aggregates, although these differences were not statistically

significant. In accordance with the gene expression results, we also

observed more collagen deposition in SA aggregates compared to FC

aggregates (Figure 2D).

To investigate whether 3D aggregation affected trilineage differ-

entiation potential, we plated aggregates or 2D MSCs on collagen-

coated dishes in the presence of appropriate induction media.

Aggregates attached within 24 hours of plating and individual cells

migrated out to varying degrees depending on the type of outgrowth

and the media environment. All three methods of aggregation pro-

duced MSCs capable of differentiating toward adipogenic and

chondrogenic fates. We observed high densities of Oil Red O-positive

cells in HD and FC aggregates, whereas intermediate and low densi-

ties were observed in SA aggregates and 2D MSCs, respectively

(Figure S2A). 3D aggregates in chondrogenic medium stained posi-

tively for Alcian Blue, with the strongest staining in regions within or

in close proximity to the original aggregate (Figure S2B). In contrast,
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all three aggregation methods exhibited poor osteogenic differentia-

tion. Following 3 weeks of osteogenic induction, weak Alizarin Red

staining was observed in plated SA aggregates, while no areas of posi-

tive staining were seen in HD or FC aggregates. 2D MSCs retained

osteogenic differentiation potential as evidenced by strong Alizarin

Red staining after the 3-week differentiation (Figure S2C).

3.3 | Culture format and aggregation method
influenced MSC immunomodulatory phenotype and
temporal response to pro-inflammatory environments

Previous work indicated that exposure to pro-inflammatory stim-

uli20,38-40 (eg, IFN-γ) and three-dimensional culture of MSCs24,25,41,42

can independently enhance aspects of MSC immunomodulatory phe-

notype. To better understand the influence of 3D culture geometry and

aggregation method on the sustained immunomodulatory properties of

MSCs, we performed gene expression analysis for IFN-γ-stimulated vs

unstimulated (resting) MSCs cultured in 2D monolayers or 3D cell

aggregates, over a 7-day time course. Irrespective of the method used

to aggregate the cells and the presence of IFN-γ, 3D MSC aggregates

demonstrated higher expression of VEGFA, a gene associated with

angiogenesis and wound healing, as well as increased expression of

genes associated with paracrine induction of tolerogenic immune cell

phenotypes (TNFAIP6, PTGS2, and IDO1), relative to the corresponding

2D MSC conditions across all time points assessed (Figure 3A). On the

other hand, 2DMSCs exhibited elevated expression of genes associated

with cell proliferation (MKI67) and ECM synthesis (COL1A1, CTGF), rela-

tive to 3DMSC aggregates.

Treatment with IFN-γ had a significant influence on MSC expres-

sion of a subset of immunomodulatory genes. Specifically, IDO1

expression was undetectable in resting MSCs in 2D and 3D culture

but was induced at high levels upon IFN-γ stimulation (Figure 3A).

Expression of TNFAIP6 was also significantly affected by IFN-γ treat-

ment; at day 0, IFN-γ induced a 2.4-fold downregulation of TNFAIP6

in 2D MSCs but upregulated TNFAIP6 expression >3.1-fold in all three

3D aggregate conditions (Figures 3B and S3). This IFN-γ-dependent

inducibility of TNFAIP6 expression persisted at days 3 and 7 in all 3D

MSC aggregates irrespective of aggregation method (3.0- to 7.1-fold

upregulation relative to resting MSC), while IFN-γ had only a marginal

effect on expression in 2D MSCs (<1.6-fold upregulation; Figure S3).

Additionally, IFN-γ treatment decreased the expression of MKI67,

COL1A1, and CTGF in MSCs across all time points and culture formats,

with the exception of COL1A1 which was marginally upregulated in

2D MSCs in response to IFN-γ (Figure 3B).

Immunomodulatory gene expression profiles were dynamic over

the course of 7 days in culture, and MSC secretion of paracrine factors

depended on the method of 3D aggregation. HD and FC aggregates

expressed high levels of VEGFA, TNFAIP6, and PTGS2 at day 0 but sig-

nificantly downregulated their expression at days 3 and 7, whereas

expression of these genes gradually increased over time in SA aggre-

gates (Figures 3C and S3). In agreement with trends observed in the

gene expression profiles, production of PGE2 by SA aggregates steadily

increased over time (0.50 ± 0.49 pg PGE2/ng DNA at day 0, vs

7.68 ± 2.85 pg PGE2/ng at day 7). This trend of increasing

PGE2 secretion over time was in stark contrast to PGE2 production by

HD and FC aggregates, which dramatically decreased between day 0

(134.30 ± 83.81 pg PGE2/ng DNA for HD, 30.56 ± 25.26 pg PGE2/ng

DNA for FC) and day 7 (3.46 ± 2.00 and 5.20 ± 3.11 pg PGE2/ng DNA,

respectively) (Figure 3D). Strikingly, the amount of PGE2 secreted by

MSCs in 2D monolayer was 40-fold lower than that of the lowest 3D

aggregate condition (Figure S4). Taken together, culturing MSCs in 3D

aggregates enhanced their secretion of paracrine factors involved in

immune cell modulation, under both resting conditions and following

inflammatory stimulus. Furthermore, 3D aggregation not only

influenced MSC response to pro-inflammatory environmental cues but

also affected temporal regulation of MSC immunomodulatory pheno-

type depending on the method of aggregation used.

3.4 | Multifactorial DOE identified the size and
aggregation kinetics of MSC aggregates as parameters
that influence immunomodulatory function

Prior studies have implicated aggregate size26,43-47 and kinetics of

aggregation32,48 as factors that independently instructed cell pheno-

type in 3D. We hypothesized that each of these factors may have

both distinct and interacting effects on MSC capacity to regulate spe-

cific immune cell types, and that a combination of these factors could

be identified to promote the overall anti-inflammatory and immune-

suppressive functions of MSCs. To address this hypothesis, we used a

DOE approach to systematically investigate the influence of aggregate

size and aggregation kinetics on the immunomodulatory function

of IFN-γ-treated SA MSC aggregates. As before, size of SA aggre-

gates was controlled by varying pattern size of labile substrates

(Figure 1C,D), while aggregation kinetics were controlled by varying %

cycRGD, where higher %cycRGD corresponded to slower aggregation

rates (Figure 1B).

We constructed a two-factor, three-level full factorial design

that resulted in nine unique conditions that we tested for their

capacity to suppress T-cell proliferation (ie, minimize %Ki67+ CD3

+ PBMCs) and polarize macrophages toward an M2-like phenotype

(ie, maximize IL-10 and minimize TNF-α secretion by Mϕ)

(Figures 4, S5, and S6). Multivariate analysis of immune cell

responses as a function of MSC aggregation parameters identified

independent and interacting effects of aggregate size and aggrega-

tion kinetics on MSC immunomodulatory function (Figure 5). Spe-

cifically, the model identified a negative linear relationship

between %cycRGD and T-cell proliferation (P < .0001, Figure 5A)

and a positive linear relationship between %cycRGD and Mϕ

secretion of IL-10 (P < .05, Figure 5B), suggesting that slower

aggregation kinetics promote both T-cell suppression and M2 Mϕ

polarization by SA MSC aggregates. Aggregate size alone had no

significant effect on T-cell suppression (P = .14) or Mϕ IL-10 secre-

tion (P = .23) (Figure 5A,B). In contrast, the model identified a neg-

ative linear relationship between aggregate size and Mϕ TNF-α

secretion (P < .01), but no significant effect of %cycRGD on TNF-α

secretion (Figure 5C).
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3.5 | Validation of DOE-identified conditions to
optimize T-cell suppression and macrophage
polarization by MSC aggregates

We tested the DOE model by generating SA MSC aggregates from

two additional MSC donors (Table 1), specifically comparing aggre-

gates that were predicted by the DOE model to perform well (5.0 mm

pattern/10% cycRGD, ie, “large/slow”) vs poorly (1.2 mm

pattern/0.1% cycRGD, ie, “small/fast”) in assays of immunomodula-

tory function. To determine whether the effects identified by the

model were specific to MSC aggregates generated by the SA

approach, we also compared FC MSC aggregates of different sizes

(“small” = �800 cells per aggregate; “large” = �13 500 cells per

aggregate). In T-cell suppression assays, DOE-optimized SA MSC

aggregates outperformed all other aggregate conditions tested for

both MSC donors. Large/slow-assembling SA aggregates from donors

F IGURE 4 Experimental approach to assessing the role of aggregate size and aggregation kinetics on MSC immunomodulatory function. A,
Schematic representation of T-cell proliferation assay. MSC aggregates are cultured on a low-adhesion surface in the bottom chamber of a
Transwell setup. Peripheral blood mononuclear cells (PBMCs) are added to the top chamber, separated by a porous membrane (1.0 μm pore size),
and cocultured with MSC aggregates for 96 hours in the presence of anti-CD2/CD3/CD28 activating beads. MSCs are cultured in the lower
chamber and produce paracrine factors that suppress T-cell proliferation. B, Schematic representation of macrophage polarization. THP-1
monocytes are differentiated into macrophages (Mϕ) by PMA treatment and further polarized toward M1 Mϕ phenotype with IFN-γ treatment.
MSC immunomodulatory function in this assay is determined by the ability of MSC-CM to polarize Mϕ toward M2 (high IL-10-, low TNF-
α-secreting) phenotype. C, Schematic of Design of Experiments (DOE) approach and tested conditions. Varying SA aggregate sizes (1.2, 2.4, and
5.0 mm patterns) and aggregation kinetics (0.1%, 1%, and 10% cycRGDfC) were tested in a two-factor, three-level full factorial design in which all
conditions included IFN-γ stimulation of MSCs. A subset of additional experiments included a comparison of resting and IFN-γ-treated MSC
aggregates. IFN-γ, interferon-gamma; Mϕ-CM, macrophage-conditioned media; MSC-CM, mesenchymal stromal cell-conditioned media; PMA,
phorbol myristate acetate; SA, self-assembled
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2 and 3 reduced the percentage of proliferating T cells to 76.0% and

69.5%, respectively, while small/fast-assembling SA aggregates

resulted in 90.2% and 84.7% proliferating T cells following coculture

(Figure 6A[i]). DOE-optimized SA MSC aggregates also exhibited the

highest capacity for M2 macrophage polarization. Secreted IL-10:

TNF-α ratio was higher for macrophages cultured in conditioned

media from large/slow-assembling SA aggregates (2.73 ± 0.10 and

10.31 ± 5.29) compared to those in media conditioned by small/fast-

F IGURE 5 Results of DOE-generated models to optimize MSC aggregate immunomodulatory function. Model predictions for, A, T-cell
suppression, B, Mϕ IL-10 production, and, C, Mϕ TNF-α production. The fits of the models were visualized by plotting predicted vs actual scores
in immune cell assays upon quantifying (i) %Ki67+ fraction of CD3+ PBMCs following indirect coculture with MSC aggregates and (ii) Mϕ
secretion of IL-10 and TNF-α (ELISA) following culture in media conditioned by MSC aggregates. Results of effect tests for each response variable
are shown below the model fit. D, Overall desirability in the DOE model was defined as minimization of T-cell proliferation (%Ki67+ CD3+
peripheral blood mononuclear cells) and maximization of macrophage polarization toward an M2-like phenotype (maximize IL-10, minimize TNF-α
secretion). E, Overall effect summary for factors influencing desirability in the model. F, Maximizing desirability within the experimental space
identifies optimal aggregate size (5.0 mm) and aggregation kinetics (10% cycRGD) for T-cell suppression and macrophage polarization. DOE,
Design of Experiments; MSC, mesenchymal stromal cell

TABLE 1 Donor information for
MSCs used in the study

ID Source Supplier Sex Donor age Passage # at use

Donor 1 Bone marrow Lonza (commercial) F 26 5-7

Donor 2 Bone marrow Wan-Ju Li lab (UW-Madison) F 25 5-7

Donor 3 Bone marrow Lonza (commercial) F 21 5-7

Note: Donor 1 MSCs were used for all experiments characterizing differences between 2D monolayer

and 3D MSC aggregates, as well as for experiments informing the DOE model. Validation of the DOE

model was performed using MSCs from donors 2 and 3.

Abbreviations: DOE, Design of Experiments; MSCs, mesenchymal stromal cells.
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F IGURE 6 Validation of DOE model in two different MSC donors. Immunomodulatory function of DOE-optimized SA MSC aggregates was

tested in two additional MSC donors. A, T-cell suppression: Flow cytometry histograms of %Ki67+ CD3 T cells following indirect coculture with
(i) SA MSC aggregates predicted by DOE to perform well (large/slow*) or poorly (small/fast), and (ii) large or small FC MSC aggregates, from two
additional MSC donors. Gray histogram corresponding to stimulated PBMC control is shown in all plots for comparison. y-axis displays cell
counts, normalized to mode. At least 8000 CD3+ cells were counted per experimental condition. B,C, Macrophage polarization: Representative
IL-10 and TNF-α concentrations measured in Mϕ-CM from macrophages treated with MSC-CM from (B) SA MSC and (C) FC MSC aggregates.
Data shown for MSC donor 3. D, IL-10:TNF-α ratio in Mϕ-CM from macrophages treated with media conditioned by MSC aggregates described
in (A). Asterisks denote statistically significant differences relative to control (no treatment). **P < .01, ***P < .001; one-way analysis of variance
with multiple comparisons. DOE, Design of Experiments; FC, forced centrifugation; Mϕ-CM, macrophage-conditioned media; MSC, mesenchymal
stromal cell; MSC-CM, mesenchymal stromal cell-conditioned media; SA, self-assembled

CONTROLLED AGGREGATION TO OPTIMIZE MSC AGGREGATES 1195



assembling SA aggregates (1.05 ± 0.02 and 2.48 ± 0.70) from donors

2 and 3, respectively (Figure 6B,D).

Although FC aggregates generally performed worse than SA

aggregates in immune cell assays, we nevertheless still observed a

positive effect of increasing aggregate size in the FC conditions.

Coculture with large FC aggregates resulted in 92.7% and 85.5% pro-

liferating cells (donors 2 and 3), while small FC aggregates had only

marginal effects on T-cell proliferation (97.7% and 97.6%, vs 95.8%

Ki67+ in controls without MSCs) (Figure 6A[ii]). Similarly, media condi-

tioned by large FC aggregates induced a higher macrophage IL-10:

TNF-α ratio compared to that of small aggregates (1.55 ± 0.49 vs

0.79 ± 0.42, 2.48 ± 0.65 vs 0.91 ± 0.37 for donors 2 and 3, respec-

tively) (Figure 6C,D).

4 | DISCUSSION

Recent efforts have demonstrated the utility of biomaterials to

“engineer” the MSC aggregate microenvironment by incorporating

loaded microparticles that sustain release of MSC-activating cyto-

kines within the aggregate interior.49 Such strategies show promise

for controlling the soluble environment of MSCs but have yet to be

matched with approaches to systematically control the aggregation

process (eg, aggregation kinetics), which has been shown to influ-

ence aggregate structural characteristics and resulting cell pheno-

type.48,50 In this study, we sought to characterize the influence of

different 3D aggregation methods on the structure and function of

MSC aggregates. We previously reported that the method and

kinetics of aggregation had striking effects on cell density, porosity,

and growth factor signaling in human embryoid bodies, which

influenced loss of pluripotency and lineage bias during their spontane-

ous differentiation.32 Thus, we hypothesized here that the same param-

eters could affect the structure and immunomodulatory function of

MSC aggregates.

We first characterized the structure of MSC aggregates generated

via three approaches associated with distinct aggregation kinetics,

where aggregates were matched in approximate diameter across con-

ditions. While the size of cell aggregates is commonly reported as a

basis for comparison across studies, recent reports suggest that this

metric alone is a poor indicator of phenotypic equivalence—even

within aggregates generated from the same cell line/source—without

also accounting for processing parameters such as the method of

aggregation.32,48,50,51 Indeed, in comparisons of size-matched SA, HD,

and FC aggregates, we observed differences in cell packing density,

nuclear morphology, and ECM synthesis within MSC aggregates

based on the aggregation method used. Cells within SA aggregates

were present at a significantly lower density (Figure 2A), had more

elongated nuclear morphologies (Figure 2B), and deposited greater

quantities of collagen (Figure 2D) compared to cells from HD or FC

aggregates. These marked differences in cell packing density and cell

morphologies in SA vs HD and FC aggregates led us to investigate

whether genes associated with known cell mechanosensing pathways,

specifically yes-associated protein (YAP)/transcriptional coactivator

with PDZ-binding motif (TAZ) signaling, were affected by the method

of aggregation.

YAP and its homolog, TAZ, have been implicated as key effectors

of the Hippo pathway in the regulation of cell-ECM interactions.

YAP/TAZ are involved in the mechanotransduction of biophysical

cues such as cell shape,52 substrate stiffness,53,54 and cell density55 in

2D culture in vitro, and in organ size control56 and fibrosis57 in vivo.

In 2D MSCs, elevated YAP activity—manifested by high levels of

nuclear YAP—has been associated with low cell density,58 spread cell

morphologies,59 production of type I collagen,60 and increased prolif-

eration.58,61 On the other hand, mechanotransduction of high cell

density and rounded cell morphologies is thought to occur through

decreases in YAP activity, which are mediated by phosphorylation of

YAP that marks it for cytoplasmic retention, ubiquitination, and

proteosomal degradation.52,62 We observed that while 3D aggrega-

tion markedly downregulated expression of YAP target genes (CTGF,

CYR61) and genes associated with proliferation (MKI67) and ECM syn-

thesis (COL1A1) relative to 2D conditions, day 0 SA aggregates still

expressed all three of these genes—as well as collagen I protein—at

higher levels compared to HD or FC aggregates (Figures 2C,D and

S7). Furthermore, Western blots for phosphoYAP revealed higher

YAP phosphorylation in FC aggregates compared to SA aggregates,

indicative of higher YAP activity in SA conditions (Figure S8). While

the current understanding of MSC mechanosensing in 3D environ-

ments is limited, our data are line with general observations from 2D

culture that environments of low cell density—which tend to coincide

with decreased cell-cell contact, increased cell area/spreading, and

increased actin cytoskeletal tension—are associated with increased

YAP/TAZ nuclear localization and, in turn, correlate with increased

cell proliferation, synthesis of collagen I, and other hallmarks of fibro-

sis in cell types of mesenchymal character.57 These results support

the hypothesis that differences in aggregate structure as a function of

aggregation method may be interpreted on the cellular level through a

YAP-mediated pathway.

Our observations of trilineage differentiation capacity for 3D

MSC aggregates further supported the possibility of differential YAP

involvement. In prior studies investigating MSCs in simplified 2D cul-

ture models, differential YAP signaling in MSCs instructed trilineage

differentiation bias; RhoA-mediated YAP activation was required for

osteogenic differentiation while YAP inhibition led to increased

adipogenic differentiation at the expense of osteogenic fates. In our

study, although aggregates generated by all three methods demon-

strated poor osteogenic differentiation, SA aggregates exhibited

stronger Alizarin Red staining (Figure S2C), a lower density of Oil Red

O-positive clusters (Figure S2A), and higher RHOA expression

(Figure S7) compared to HD and FC aggregates, mirroring the

reported RhoA-mediated effects of YAP activity on lineage bias during

MSC differentiation.63 While it remains unclear to what degree these

changes in YAP-associated genes are elicited by differences in aggre-

gation kinetics, our data indicate that faster rates of SA aggregation

further downregulate expression of CTGF, COL1A1, MKI67

(Figure S9), indicating that the described effects are not simply arti-

facts of particular aggregation methods. Together, these results
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support a potential role for YAP signaling in 3D MSC aggregates and

suggest that differences in aggregation kinetics may be linked to phe-

notypic changes via mechanosensitive signaling pathways. Deeper

investigation around MSC mechanosensing in 3D is required to

understand the relationships between cell packing density, ECM syn-

thesis, and therapeutic function of MSC aggregates.

Based on clear structural differences between aggregates gener-

ated via SA vs HD and FC methods, we were interested in whether

these differences correlated with distinct changes in MSC production

of trophic and immunomodulatory paracrine factors. We chose to

additionally compare effects of treatment with the pro-inflammatory

cytokine IFN-γ on 2D vs 3D MSCs. While IFN-γ treatment has been

widely proposed as a means of priming MSCs' immunomodulatory

functions,64 its effects have not been thoroughly explored in MSC

aggregates, partly because 3D aggregation alone was proposed to

“self-activate” MSC immunomodulatory potential even in the absence

of exogenous inflammatory signals.31,41 Thus, we were also interested

in whether the method of aggregation influenced responsiveness to

IFN-γ, or if 3D “self-activation” alone was an adequate substitute for

cytokine-based priming of MSCs.

We evaluated paracrine factors previously reported to be strongly

induced by 3D aggregation of MSCs (VEGF,28,65 PGE2,66,67 TSG-

624,41). VEGF, a potent pro-angiogenic factor, was chosen based on its

known roles in tissue repair68 and suggested involvement in M2 mac-

rophage polarization.69 PGE2 and the enzyme responsible for its syn-

thesis, COX-2 (PTGS2), have been widely implicated in MSCs' capacity

to attenuate pro-inflammatory M1 macrophage phenotypes13 and

suppress other inflammatory immune cells during injury.14 TSG-6

(TNFAIP6) has been shown to reproduce many of the benefits of MSC

administration in animal models of corneal inflammation,70

peritonitis,71 and myocardial infarction.72 We also assessed expres-

sion of IDO, a molecule proposed to be a major regulator of MSCs'

immunosuppressive effects on T cells.73 Profiling genes associated

with these factors revealed stark differences in expression between

2D and 3D MSCs, irrespective of aggregation method (Figure 3A).

Under both resting and IFN-γ-treated conditions, expression of

VEGFA, PTGS2, and TNFAIP6 was markedly upregulated at early time

points in SA, HD, and FC aggregates relative to their 2D counterpart

(Figure S3). These differences were reflected by measurements of

secreted factors in the media, where the amount of PGE2 secreted by

aggregates was at least 40-fold higher than in 2D MSCs (Figure S4).

Notably, day 0 in our studies—72 hours following initial seeding—

corresponds to a time point around which HD and FC aggregates are

reported to undergo a “compaction” process. MSC aggregate compac-

tion is associated with changes in expression of integrins and

cadherins, alterations in cytoskeletal arrangement, and increased acti-

vation of genes for cytokines and immune mediators.24,41,67,74,75 Tsai

et al demonstrated that robust compaction was associated with

upregulation of caspase 3/7 signaling, and that inhibition via the pan-

caspase inhibitor Q-VD-OPh not only reduced compaction but also

knocked down functional enhancements (CXCR-4, PGE2 expression)

in MSC aggregates. Thus, we surmised that the time of compaction

might represent a “burst” in the expression of many genes previously

reported to be induced by 3D aggregation of MSCs. This premise

would suggest that aggregates forming via different kinetics exhibit

distinct temporal profiles of immunomodulatory factor production,

depending on the timing and duration of the compaction process. By

carrying cultures out to day 7, we identified highly dynamic expres-

sion of key genes in HD and FC aggregates. In particular, expression

of both VEGFA and PTGS2—as well as secreted PGE2—was high at

day 0 and decreased dramatically at days 3 and 7 in HD and FC aggre-

gates, but markedly increased over time in SA aggregates (Figures 3C-

E and S3).

To our knowledge, there have been few reports, if any, that have

characterized the duration over which 3D aggregation promotes

sustained enhancements in MSC paracrine function. Our findings indi-

cate that—for certain secreted factors like PGE2—conventional aggre-

gation by HD or FC methods induces a short-lived “burst” of

enhanced paracrine function in MSCs, whereas different methods and

kinetics of aggregation may change the magnitude and duration of

those enhancements. Based on recent reports linking cell-cell contact-

mediated signaling pathways to improved MSC immunomodulatory

function,76,77 future extensions of the current work should investigate

whether structural remodeling and alterations in the cytoskeletal

network—which are reported to be extensive in conventional MSC

aggregates74,78,79—are directly linked to the duration of MSC “self-
activation.” Such studies may inspire development of new strategies

to tailor MSC aggregate structure for prolonged paracrine functions in

clinical applications.

Our comparison of resting and IFN-γ-treated MSCs revealed

effects of culture geometry (2D vs 3D) on MSC response to inflamma-

tory stimulus. IDO1—in line with prior studies—was not detectable

under resting conditions and, following IFN-γ treatment, was not sig-

nificantly affected by 3D culture geometry (Figure S3). TNFAIP6, on

the other hand, was not only more highly expressed but also displayed

greater induction in response to IFN-γ in 3D aggregates (Figure 3B).

This is notable in the context of overwhelming evidence that immuno-

modulatory functions of MSCs are not constitutive but rather depend

on appropriate licensing by the inflammatory microenvironment.7,40

Indeed, responsiveness to inflammatory cues such as IFN-γ, TNF-α,

and danger signals in the disease/injury environment are likely to be

an important determinant of MSCs' beneficial effects in vivo.23 It is

worth considering that the response of a 3D aggregate to external

stimuli is potentially modulated by autocrine signaling from factors

produced within the aggregate. For example, multiple studies have

found that FC and HD MSC aggregates produce detectable levels of

cytokines commonly used to license MSC immunomodulatory func-

tion (IFN-γ, TNF-α, IL-1α, IL-1β), and chemical inhibition of endoge-

nous IL-1 and TNF-α signaling in MSC aggregates was shown to

abrogate production of PGE2 and other immune mediators.26,41 Our

own preliminary work indicates that production of endogenous IFN-

γ and TNF-α depends on aggregation method (Figure S10); thus,

future approaches to engineer the aggregate microenvironment may

consider manipulating endogenous cytokine signaling to control

MSC phenotype following in vivo delivery. Overall, 3D culture

geometries appear to enhance specific MSC paracrine responses to
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inflammation, which could be an attractive feature for therapeutic

applications.

Although our results established a correlation between MSC

aggregation kinetics and distinct temporal profiles of paracrine factor

production, our initial characterizations of MSC immunomodulatory

phenotype were conducted using �400 μm diameter aggregates

across SA, HD, and FC methods (Figure 1D), which restricted our

observations to a narrow experimental space. Thus, we next sought to

explore whether differences in aggregation kinetics and aggregate size

ultimately affected MSCs' capacity to regulate immune cell pheno-

type. Specifically, we used a DOE approach (Figure 4C) that would

enable us to identify not only main effects of each parameter on a

multivariate output but also interacting effects between parameters.

To avoid potential confounding effects specific to particular aggrega-

tion methods, we varied both parameters in SA aggregates, for which

we could control aggregation kinetics by varying cycRGDfC density

(0.1%, 1%, 10%) and aggregate size by patterning different labile sub-

strate geometries (1.2 mm, 2.4 mm, 5.0 mm circles).

We chose to focus on MSC effects on T cells and macrophages,

based on the key roles and complex crosstalk between these cell

types in resolving inflammation and determining clinical outcomes of

injury and disease.80-82 Specifically, we quantified MSC aggregates'

performance in T-cell suppression and M2 macrophage polarization

assays (Figure 4A,B) to build the DOE model. The model identified sig-

nificant individual effects of aggregation kinetics and aggregate size

on MSC function, where slower aggregation kinetics and larger aggre-

gates correlated with improved immune cell suppression/polarization

(Figures 5 and S11). These effects were recapitulated in preliminary

studies with MSCs from two additional donors, as large SA aggregates

with slow aggregation kinetics were more effective at suppressing

T cells and polarizing macrophages toward M2 phenotypes, compared

to small SA aggregates that aggregated quickly (Figure 6). Similarly,

large FC aggregates outperformed small FC aggregates, and although

we could not tune aggregation kinetics via this method, FC aggregates

displayed inferior immunomodulatory function compared to their SA

counterparts overall (Figure 6). Taken together, the data from two

additional donors and across two different aggregation methods cor-

roborated the model prediction that MSC immunomodulatory func-

tion can be enhanced by increasing aggregate size and decreasing the

rate of aggregation.

The effect of aggregation kinetics identified by the DOE model

was somewhat surprising based on our initial findings that IDO1 and

PGE2 production—implicated heavily in T-cell suppression and M2

macrophage polarization, respectively—were either unchanged or sig-

nificantly lower in SA aggregates compared to FC aggregates

(Figures 3D and S3). However, it is likely that the overall effect of

MSCs on immune cell function is not fully represented by the limited

subset of paracrine mediators that we assessed. In addition, the initial

characterization studies were conducted using different aggregation

parameters (5% cycRGDfC, 2.4 mm SA aggregates) than the DOE-

selected conditions and represented measurements that were normal-

ized to cell number. As we only controlled for input MSC number in

the DOE studies, it is feasible that the identified effects are due to

differences in MSC proliferation or viability/apoptosis between aggre-

gate conditions that performed well vs poorly. While we did not

explicitly explore the effects of aggregation method and aggregate

size on MSC viability in the current study, it is established in the litera-

ture that hypoxic cores form in the center of large cell aggregates due

to oxygen diffusion limitations at distances of greater than 200 μm,83

and we have previously shown that aggregation method affects viabil-

ity in other cell types. For example, embryoid bodies formed by FC

showed rapid core necrosis within 4 days of aggregation while no

necrosis was observed in size-matched embryoid bodies formed by SA,

which also displayed a lower cell packing density.32 Reports from other

groups have demonstrated increased apoptosis and elevated caspase

3/7 signaling in larger (60 000- to 100 000-cell) MSC aggregates com-

pared to smaller (10 000- to 15 000-cell) aggregates.24,79 Interestingly,

recent studies have suggested that the oxygen tension at which necro-

sis occurs may vary between cell types, and that MSCs appear compara-

tively resistant to cell death under hypoxic conditions.79,84 As the same

pathways proposed to contribute to the paracrine immunomodulatory

phenotype of MSCs have been linked to hypoxia, caspase signaling, and

the NFκB stress response pathway,41,74,85-87 activation of these

pathways may transiently promote MSCs' functional effects but

could also compromise cell viability and function long term. These

possibilities, as well as the potential role of differences in structure

and cytoarchitecture of optimal vs suboptimal MSC aggregates,

should be tested in future experiments.

Taken together, our approach for using labile substrates to gener-

ate MSC aggregates offers possibilities for regulating aspects of cell

aggregation that are not accessible by conventional methods. With

HD and FC approaches, cell aggregation is a product of cell-cell inter-

actions that are driven by gravitational sedimentation or centrifuga-

tion, and aggregate size is entirely dependent on starting cell number.

Thus, these and other conventional methods offer minimal control

over aggregation kinetics and spatiotemporal dynamics of aggrega-

tion, and are also limited in their ability to dictate structural features

of resulting aggregates such as cell packing density. We have shown

here that labile substrates enabling control over spatiotemporal ele-

ments of aggregation can identify aggregation parameters with dra-

matic effects on cell therapeutic potential. Importantly, while we

focused on varying only two parameters in the current study, labile

substrates offer additional versatility inherent in their capacity to con-

trol the assembly of cell populations from 2D to 3D. One can envision

using this technology to combine features such as spatial patterning,

multiple cell types, and soluble factor presentation—all of which are

easier to control in 2D culture—with tunable aggregation and control

over the 3D cell aggregate microenvironment. Future work will focus

on leveraging this broad parameter space offered by our approach to

improve the rational design of therapeutic cell aggregates.

5 | CONCLUSIONS

In the current study, we characterized MSC aggregates generated via

three distinct methods, specifically assessing their typical aggregation
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kinetics, structure, and trophic and immunomodulatory phenotype.

From this analysis, we identified general enhancements to MSC

immunomodulatory phenotype resulting from 3D aggregation as well

as a potential link between aggregation kinetics, resulting aggregate

structure and cell density-associated mechanotransduction path-

ways. Exploiting an engineered platform capable of controlling

aggregate size and aggregation kinetics, we discovered significant

effects of both variables on MSC immunomodulatory function and

optimized these variables to generate large, slow-assembling MSC

aggregates with enhanced capacity to suppress T-cell proliferation

and polarize macrophages toward an anti-inflammatory phenotype.

Together, these findings underscore the utility of engineering

approaches to control the formation of cell aggregates, and establish

aggregation kinetics as a culture parameter that may be manipulated

to instruct the structure, phenotype, and therapeutic function of 3D

MSC aggregates.
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