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Abstract

Biomaterial systems such as hydrogels enable localized delivery and post-injection modulation of
cellular therapies in a wide array of contexts. Biomaterials as adjuvants has been an active area
of investigation, but the study of functionalized biomaterials supporting immunosuppressive cell
therapies for tolerogenic applications is still nascent. Here, we developed a 4-arm poly(ethylene-
glycol)-maleimide (PEG-4MAL) hydrogel functionalized with interleukin-10 (IL-10) to improve
the local delivery and efficacy of a cell therapy against autoimmune disease. The biophysical and
biochemical properties of PEG-4MAL hydrogels were optimized to support dendritic cell (DC)
viability and an immature phenotype. IL-10-functionalized PEG-4MAL (PEG-IL10) hydrogels
exhibited controlled IL-10 release, extended the duration of DC support, and protected DCs

from inflammatory assault. After incorporation in PEG-IL10 hydrogels, these DCs induced
CD25+FoxP3+ regulatory T cells (Tregs) during /n vitro co-culture. These studies serve as

a proof-of-concept for improving the efficacy of immunosuppressive cell therapies through
biomaterial delivery. The flexible nature of this system enables its widespread application across a
breadth of other tolerogenic applications for future investigation.
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Introduction

Multiple Sclerosis (MS) is an autoimmune inflammatory disease that affects over 400,000
people in the United States and 1.2 million globally?, with annuals costs between $8,528 and
$54,244 per patient2. MS is characterized by axonal demyelination in the central nervous
system (CNS) and resultant neurological deficits3#. Neurodegeneration due to MS can

lead to loss of motor control, cognitive deficits, and eventual paralysis®. Currently, there

is no cure for MS, and present treatment strategies aim only to slow the progression of
neurodegeneration in patients through inhibition of neuroinflammation. The severity and
progression of MS have been shown to be dependent on the balance between the number
and functional capacity of inflammatory auto-reactive T cells (Teff) and regulatory T cells
(Tregs)®.

Dendritic cells (DCs) are professional antigen-presenting cells that are potent mediators

of immunity®. Dendritic cells bridge the innate and adaptive immune systems and direct
antigen-specific immune responses by educating T cells, B cells, and other lymphocytes’.
Many current pharmaceutical treatments target DCs due to their ability to control effector T
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cell responses®. Interleukin-10 (IL-10) treated DCs (DC10s) are regulatory 1L-10-secreting
DCs that have been shown to present self-antigens in a regulatory context and function to
induce Tregs®10. More recently, DCs have been targeted!! or employed as a cell therapy

to re-educate the immune system in an antigen-specific manner'2-13, However, a major
challenge cited by these clinical trials and other academic studies is the delivery of cells to
the target site1415, Some groups have shown that using very large numbers or multiple doses
of DCs can induce tolerance in mice with various autoimmune conditions1216.17 byt the
high cost of processing an inflated cell number limits the clinical translation of DCs as a cell
therapy.

Biomaterials have been utilized to improve the delivery of cells and biomolecules in diverse
applications!®-22, Delivery vehicles loaded with bioactive agents are also able to control cell
fate by providing sustained treatments to incorporated cells or by modulating endogenous
cells that may interact with the therapy23-25, Whereas much effort has been dedicated to the
development of adjuvant materials for immune activation, there has been much less focus
on the development of biomaterials supporting immunosuppressive or tolerogenic responses.
The therapeutic capacity of DCs in tolerogenic applications is dependent on the ability of
DCs to remain immunosuppressive26:27. It has been shown that DCs can be activated by
mechanical stress, adjuvanting epitopes, and inflammation28. Thus, the selected biomaterial
carrier must be mechanically tunable, non-adjuvanting, and biochemical-cue enabled to
support tolerogenic DC function and protect DCs from the heightened inflammation
characteristic to autoimmune patients.

Here, we developed an IL-10-functionalized PEG-4MAL hydrogel for the delivery of
DCs in immunosuppressive or tolerogenic applications. We utilize PEG-4AMAL hydrogels,
which are non-immunostimulatory, modular, protease-degradable, and injectable via /in-
situ crosslinking. The maleimide end groups also allow for functionalization with
bioactive agents (e.g., IL-10) to support tolerance or immunosuppression post-injection.
The biophysical and biochemical properties of PEG-4MAL hydrogels were optimized

to support DC viability and maintain an immature (and immunosuppressive) phenotype.
Hydrogels were covalently functionalized with 1L-10, and gels displayed controlled release
of bioactive IL-10 over 4 days with near complete release expected ~8 days. Hydrogels
consisting of IL-10-functionalized PEG-4MAL (PEG-IL10) extended the duration of DC
viability and immaturity and protected DCs from inflammatory stimuli. Further analysis
in vitro suggested extensive infiltration of endogenous lymphocytes into hydrogels and
CD25+FoxP3+ Treg induction by PEG-IL10 treated DCs. This study serves as a proof-
of-concept delivery strategy for DCs and the flexible design of these hydrogels enables
adaptation of this platform for other tolerogenic applications.

2. Experimental / Materials and methods

2.1 Animals.

All animal procedures were conducted under the approval of the Institutional Animal Care
and Use Committee (IACUC) of the Georgia Institute of Technology or Emory University.
Male and female C57BL/6J mice (8—12-week old, Jackson Laboratories) were housed and
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maintained in the Physiological Research Laboratory (PRL) at the Georgia Institute of
Technology.

2.2 Differentiation of Dendritic Cells.

Murine bone marrow derived DCs were processed using a method previously described

with minor modifications29:30, Bone marrow (BM) was harvested from 8-week-old male
C57BL/6J mice, red blood cells (RBCs) were lysed, and the remaining cells were washed
twice in phosphate-buffered saline (PBS) with 10% fetal bovine serum (FBS). Cells were
then cultured (1.5x10° cells/mL) in Dulbecco’s Modified Eagle Medium (DMEM) with
10% FBS supplemented with 20 ng/mL granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin-4 (IL-4), refreshed every three days, for six days. On Day 6,
non-adherent cells were removed, and differentiated adherent DCs were released from plates
using CellStripper (Corning) for 15 minutes at 37°C/5% CO». These DCs were then treated
with 50 ng/mL IL-10 (DC10), 10 nM vitamin D3 (VD3-DCs), 50 ng/mL TNF-a and 10
ng/mL IFN-vy (stimulated DCs, STIM-DC), 1 ug/mL lipopolysaccharide, LPS (mature DCs,
mDC) or no treatment (immature DC, iDC) and cultured (10° cells/mL) in 24-well plates for
24 hours at 37°C/5% CO,.

2.3 PEG-4MAL Hydrogel Synthesis.

To form hydrogels, PEG-4AMAL macromer (20 kDa; Laysan Bio) was dissolved in

PBS containing 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH
7.4)31.32 The cell adhesive peptide GRGDSPC (RGD; >95% purity; GenScript) was
dissolved (1.0 mM) in PBS containing 10 mM HEPES and added to the PEG-4MAL to
produce a solution of RGD-functionalized PEG-4MAL. After 10 minutes of incubation,

the protease-degradable crosslinking peptide GCRDVPMSMRGGDRCG (VPM; GenScript)
was added (4.0 mM) and hydrogels were polymerized at 37°C/5% CO5, for 5 min. For non-
degradable hydrogels, a non-degradable reducing agent dithiothreitol (DTT; ThermoFisher)
was used as a crosslinker in place of VPM. For hydrogels incorporating DCs, cells were
added to the RGD-functionalized PEG-4MAL solution prior to the addition of crosslinker.
DC-laden hydrogels were cultured in DMEM with 10% FBS supplemented with 20 ng/mL
GM-CSF and IL-4. Samples were maintained in 24-well plates at 37°C/5% CO,, refreshing
media every 2 days until needed for analysis.

2.4 Rheology.

Hydrogels (10 uL) were cast in cylinder-shaped, Sigmacote-treated (Sigma-Aldrich) silicone
molds. Once fully crosslinked, hydrogels were removed and swelled overnight in PBS (pH
7.4) at 4°C. Hydrogels were then removed and examined using a rheometer (MCR-302,
Anton Paar; CP10-2). Samples were maintained at 37°C while a frequency sweep (100

to 0.1 rad/s) was performed at a constant strain of 1%. Storage modulus (G’) and loss
modulus (G”) were determined by averaging values acquired within the linear range. These
PEG-4MAL hydrogels are viscoelastic materials that can be treated as linearly elastic solids
based on constant G’ values and lower G” values. Relative mesh sizes of hydrogels were
estimated using Rubber Elasticity Theory:
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(G’A)_l/S

RT
where G’ is the storage modulus in Pa,A is the Avogadro’s constant (mol™1) R is the gas
constant (cm3 Pa K=2 mol~1) and T is the temperature (K)

Mesh sizes are reported in nanometers, which theoretically represents the distance between
two junctions of polymers.

2.5 Hydrogel Digestion.

To recover cells from hydrogels, culture media was removed and 1 mL collagenase 11 (2
mg/mL; Gibco)31,33,34 was added to each well of PEG-4MAL hydrogels incorporating
DCs. Hydrogels were incubated at 37°C/5% CO2 for 15 minutes. Contents of wells were
then pipetted directly into fresh media with 25% FBS to quench collagenase Il activity. Cells
were collected by centrifugation at 300g and prepared for flow cytometry.

2.6 Flow Cytometry.

Dendritic cells were processed for flow cytometry using a method previously described with
minor modifications29,30. Cells were washed with PBS and then resuspended in 100 pL

of fluorescence-activated cell sorting (FACS) Buffer (Hank’s Buffered Salt Solution, HBSS;
1% bovine serum albumin, BSA; 1 mM ethylenediaminetetraacetic acid, EDTA). For DC
samples, TruStain FcX (anti-mouse CD16/32; BioLegend) was added at the manufacturer’s
recommended dose, and cells were incubated on ice for 10 minutes. Cells were then stained
with fluorescently-stained monoclonal antibodies against FITC anti-IAb (AF6-120.1; BD),
APC anti-CD86 (GL-1; BioLegend), BV785 anti-CD11c (N418; BioLegend), or PE anti-
PD-L1 (MIH7; BioLegend) at the manufacturer’s recommended dose for 30 minutes on

ice, protected from light. Cells were washed twice with FACS buffer and analyzed on a

BD FACSAria Il cytometer. Propidium iodide (P1) was added 5 minutes before analysis

to assess viability. DC samples were analyzed based on the gating strategy in Figure

S1. For co-culture samples of DCs with T cells, cells were stained with 1 uL/sample of
Zombie Violet Fixable Viability Kit (BioLegend) for 20 minutes. Cells were then washed
with FACS Buffer. TruStain FeX™ (anti-mouse CD16/32; BioLegend) was added, and cells
were incubated on ice for 10 minutes. Cells were then stained with fluorescently-labeled
monoclonal antibodies, APC/Fire750 anti-CD3 (17A2; BioLegend), APC anti-CD4 (GK1.5;
BioLegend), PerCP-Cy5.5 anti-CD8a (53-6.7; BioLegend), PE-Cy7 anti-CD25 (PC61;
BiolLegend), or PE-CF594 anti-CD279 (J43; BD), at the manufacturer’s recommended dose
for 30 minutes on ice, protected from light. Cells were then fixed and permeabilized using
True-Nuclear Transcription Factor Buffer Set (BioLegend) according to the manufacturer’s
protocol. Cells were stained with the fluorescent dye-labeled monoclonal antibody PE
anti-FoxP3 (MF23; BD) for 30 minutes and were then washed twice with Perm Buffer
(BioLegend) and once with FACS buffer before being analyzed on a BD LSRFortessa flow
cytometer. Co-culture samples were analyzed based on the gating strategy in Figure S2.
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2.7 Confocal Microscopy.

Cell viability was visualized by staining with Calcein-AM and ethidium homodimer-1
(EthD-1) and imaging on a confocal microscope (Nikon Eclipse Ti-E C2+). Media was
removed and PEG-4MAL hydrogels incorporating DCs were washed twice with 1X PBS by
gentle pipetting. Samples were then stained with 1 uM Calcein-AM and 1 uM EthD-1 in
media without FBS for 20 minutes, protected from light. Hydrogels were then washed two
more times with 1X PBS and media without FBS was added for imaging.

2.8 Cytokine Multiplexing.

Supernatants were collected from samples at the end of culture, cleared of cells by
centrifugation and stored at —800C until use. Samples were thawed to room temperature
and treated according to the manufacturer’s protocol for Bio-Plex Pro Mouse Cytokine
23-plex Assay (Bio-Rad). Samples were then analysed on a Luminex MAGPIX. A linear
range of cytokine concentrations was determined to optimal sample dilution according to
cytokines of interest. Cytokines tested are categorized in Table S1 based on their effects
being inflammatory, pleiotropic, tolerogenic, or unrelated to DCs.

2.9 Thiolation of IL-10.

Lysine residues, the expected sites for thiolation on IL-10, were targeted using Traut’s
reagent (Sigma Aldrich). Recombinant murine 1L-10 (Peprotech) was thiolated with 30
molar excess of Traut’s reagent in PBS with 5 mM EDTA (Gibco) at pH 8.0 for 1 hour,
according to manufacturer’s protocol. Protein samples were then washed twice by diluting
with PBS (pH 8.0) and passing through a 10 kDa cellulose filter (Amicon Ultra; Millipore)
at 14,000g. To quantify the extent of thiolation, samples were stained for free thiols

using the Measure-iT Thiol Quantification Kit (ThermoFisher). The fluorescence intensity
(EX/Em: 494/517nm) of thiolated I1L-10 (HS-IL-10), native 1L-10, blank wells, and reduced
glutathione standards were quantified on a spectrophotometer, according to manufacturer’s
protocol (Synergy H4; BioTek).

2.10 Conjugation to PEG-4MAL.

Conjugation of HS-IL-10 to PEG-4MAL was achieved by reacting both components at

a molar ratio of 1000:1 (PEG-4MAL:HS-IL-10) in PBS (pH 7.0) for 30 minutes35. To
visualize the PEGylated IL-10, reacted protein was immediately loaded onto polyacrylamide
gels (4-12% Bis-Tris; Invitrogen) and placed into a Novex Mini-Cell (Invitrogen) which was
run under non-denaturing conditions35. Separated proteins were stained with SyproRuby
(Invitrogen) and imaged on a Molecular Imager Gel Doc XR System (BioRad).

2.11 MC/9 Cell Bioactivity Assay.

A murine liver mast cell line responsive to soluble 1L-1036,37, MC/9 cells (ATCC), were
expanded in DMEM with 10% FBS, refreshing media every 2—-3 days. To assess the
bioactivity of PEG-IL10 compared to native IL-10, MC/9 cells were collected and plated

in DMEM with 3% FBS at 25,000 cells/well in a 96-well plate. Cells were treated with 5 ng/
well co-stimulatory IL-4 (Peprotech) and either 2.5 ng/well IL-10 (Peprotech) or PEG-IL10.
After 48 hours of incubation, either cell counting kit-8 (CCK-8) (absorbance 240 nm; Sigma
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Aldrich) or AlamarBlue (Ex/Em: 530/590 hm; ThermoFisher) was added to each well. The
proliferation of MC/9 cells in response to treatment was measured on a spectrophotometer
(Synergy H4; BioTek) based on cellular metabolic byproducts. The experiment was repeated
with titrated treatments to construct half-maximal effective concentration (EC50) curves for
native and PEGylated IL-10.

IL-10 Release Study.

Recombinant murine IL-10 (Peprotech) was first tagged with amine-reactive AlexaFluor-488
(AF488) according to the manufacturer’s protocol. Briefly, AF488 was dissolved in 10
mg/mL dimethyl sulfoxide and slowly added to IL-10 in 0.1 M sodium bicarbonate buffer.
After incubation at room temperature for 1 hour, 1.5 M hydroxylamine was added to stop
the reaction and tagged IL-10 was separated using a 10 kDa filter (Amicon Ultra; Millipore).
Fluorophore-tagged IL-10 was then thiolated and PEGylated, as described above. Hydrogels
consisting of PEG-IL10 were synthesized and swelled in PBS (pH 7.4). Hydrogels with
IL-10 tethered or 1L-10 entrapped were plated in PBS or PBS with collagenase 11 (2 mg/
mL). Supernatants were collected intermittently and stored at —800C until use. Once all
hydrogels had fully degraded, supernatants were collected and AF488 fluorescence (Ex495/
Emb519) was measured on a spectrophotometer (Synergy H4; BioTek).

2.13 DC Resistance to Re-Stimulation.

Immature DCs were incorporated in control PEG or PEG-IL10 hydrogels as described
above. After incubation for 24 hours, groups were treated with a moderate stimulus (150
ng/mL TNF-a and 30 ng/mL IFN-vy, “3X STIM”) or a severe stimulus (2 ug/mL LPS,
“2x LPS™). Both iDCs and DC10s with and without stimulus treatment served as controls.
After an additional 48 hours, hydrogels were digested and analysed via flow cytometry, as
described above.

2.14 Cell Infiltration into PEG-4MAL Hydrogels in vitro.

Cells were harvested from BM and differentiated into DCs, as described previously. On
Day 6, iDCs were stained with CellTracker Red CMTPX (Life Technologies) according

to the manufacturer’s protocol. Hydrogels with or without iDCs were cast into an 8-
chamber imaging slide (Ibidi). Silicone moulds were used to maintain a standard shape

and height for each hydrogel. Following lysis of red blood cells (RBC), splenocytes from
the same mouse were incubated for 6 days in T25 flasks with IL-2 (30 U/mL). On day 6,
splenocytes were stained with CellTracker Green CMFDA (Life Technologies) according to
the manufacturer’s protocol. Stained splenocytes were then seeded on top of hydrogels for 6
hours. The infiltration of splenocytes into hydrogels was evaluated by confocal microscopy.

2.15 Co-Incubation of Dendritic Cells with Autologous Splenocytes in vitro.

Cells were harvested from BM and differentiated into DCs, as described previously. After
lysing RBCs, splenocytes from the same mouse were plated at 5x106 cells/mL in 24-

well plates (2 mL/well) with IL-2 (30 U/mL), ovalbumin (OVA)257-264 (5 ug/mL), and
OVA323-339 (5 pug/mL) for 7 days. On Day 7, treated DCs were pulsed for 2—4 hours with
OVA257-264 (10 pg/mL), and OVA323-339 (10 pg/mL). Treated DCs were then collected
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and plated in U-bottom 96-well plates with 100 puL of OVA-primed autologous splenocytes
(1x106 cells/mL) for 3 days. Splenocytes were stained with carboxyfluorescein succinimidyl
ester (CFSE) prior to being incubated with DCs. On Day 10, DCs and splenocytes were
collected and processed for flow cytometry for detection of CFSE fluorescence.

2.16 Statistical Analysis.

Experimental values are reported as mean and standard deviation for all samples. Statistical
analyses for normally distributed data sets were done using one or two-way analysis of
variance (ANOVA) coupled with Sidak’s post-hoc pairwise tests using GraphPad (Prism).
If datasets failed the Brown-Forsythe test (due to significant differences in variances
among treatment groups), Welch’s correction and Dunnett’s post-hoc pairwise test were
used. Unless otherwise specified, DC10 groups served as the control for comparison tests.
p-values <0.05 were considered statistically significant. Error bars represent the standard
deviation.

3. Results
3.1 PEG-4MAL Hydrogels Support DC Viability and an Immature Phenotype.

Towards designing a biomaterial delivery system tuned specifically for DC delivery, it

was first necessary to identify the relationships between PEG-4MAL (Fig. 1A) polymer
characteristics and the biophysical properties of the hydrogels. Cell-laden hydrogels were
synthesized by functionalizing PEG-4MAL with RGD, mixing with cells, and then adding
VPM crosslinker (Fig. 1B). An expected increase in hydrogel stiffness is represented

by significantly higher values of G” and G” with increasing polymer weight percentage

(Fig. 1C and D). The mesh size for different hydrogel formulations was calculated using
storage modulus based on Rubber Elasticity Theory38:39. Hydrogel mesh size decreases with
increasing polymer weight percentage, as the hydrogel polymer network becomes denser
(Fig. 1E).

To develop a biomaterial delivery platform for DCs against autoimmune disease, it is

vital that incorporated DCs remain viable and immature so that they can be tailored in

their phenotype. Prior studies have shown that the stiffness of biological and synthetic
matrices can influence the viability, differentiation, phenotype, and function of incorporated
cells?0-42_ After 6 days of differentiation on tissue culture supports, immature DCs were
incorporated in PEG-4AMAL hydrogels with varying stiffnesses. Hydrogels with low polymer
densities (3.5-4.5%) supported high DC viability, while higher polymer density hydrogels
(6.0-10.0%) resulted in widespread cell death of incorporated cells (Fig. 2A and B). Cells
that survived incorporation in higher polymer density hydrogels had elongated morphology,
whereas DCs in lower polymer density gels exhibited typical round DC morphology of
immature cells (Fig. 2A). The number of live cells recovered after gel digestion was higher
in lower polymer density hydrogels (Fig. 2B). The cell death observed in higher polymer
density, stiff hydrogels (6.0-10.0%) is likely due to the smaller mesh size of these dense
hydrogels, resulting in inhibited diffusion of survival compounds or mechanical constriction
of DCs. Expression of a common co-stimulatory molecule, CD86, was similar to immature
DC controls after 24 hours of cell incorporation in lower polymer density hydrogels (Fig.
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2C), indicating no maturation effect of incorporation. Interestingly, the maturity of recovered
DCs, based on CD86 expression, was not varied among different PEG-4MAL hydrogel
formulations. Thus, we selected hydrogels with 4.5% polymer density for subsequent
experiments because of higher cell recovery and viability.

Integrin-mediated signaling resulting from cell-ECM interactions has been implicated in cell
morphology, differentiation, survival, and other cell processes#04143-45 The effect of RGD,
a ubiquitous cell adhesive peptide sequence, on DC viability and phenotype was explored.
Hydrogel functionalization with the adhesive ligand RGD or the scrambled peptide RDG

at concentrations 0.08 — 1.0 mM did not significantly influence the morphology, viability,
nor phenotype of DCs after 24 hours in vitro (Fig. S3). However, the presence of RGD

in synthetic matrices has been shown to promote ECM remodelling and vascularization
through interactions with endogenous immune cells and vasculogenic cells in vivot948,
Remodelling the ECM would favour our proposed design, such that endogenous cells could
migrate into the hydrogel to be conditioned by DCs and DCs could effectively migrate to
relevant tissues. Thus, RGD was incorporated at 1.0 mM, a concentration that has been
shown to support these activities /7 vivo without significantly impacting DC viability or
phenotype (as shown here in vitro).

Previous studies have demonstrated the benefit of degradable matrices on the cellular
processes of incorporated and infiltrating cells*14748 and DCs have been shown to secrete
matrix metalloproteinase (MMP)-1, MMP-2, MMP-3, and MMP-949. Hydrogels synthesized
with various ratios of degradable (VPM) and non-degradable (DTT) crosslinkers had no
effect on DCs viability or phenotype after 24 hours incorporation (Fig. S4). The VPM
crosslinking peptide is effectively cleaved by MMP-2 and MMP-933 at physiological pH
(7.4) at a relatively fast rate of 24,000 + 1000 and 51,000 + 3000 A/ Ky (M~1s71),
respectively34. Since DCs can secrete both MMP-2 and MMP-9, VVPM-crosslinked
hydrogels should be easily degradable by incorporated DCs. Fast-degrading hydrogels will
enable the migration of cells necessary for DCs to modulate endogenous immune cells.
Thus, VPM was selected as the crosslinker moving forward.

3.2 Thiolated IL-10 is Covalently Tethered to PEG-4MAL.

Maleimide functional groups on PEG-4MAL polymers allow a wide array of proteins and
peptides to be covalently linked to the polymer backbone through free thiols found in free
cysteine residues40,43,46. However, native IL-10 does not have any free cysteines and must
be thiolated before tethering to PEG-4MAL35,50. Investigation of the crystal structures for
IL-10 and its receptor revealed minimal overlap between IL-10/IL-10R binding sites and
lysine residues on 1L-1051,52. Thus, Traut’s reagent (2-iminothiolane) was used to thiolate
lysine residues on 1L-10. Thiolation of 1L-10 with Traut’s reagent resulted in 3.68 uM of
free thiols on HS-IL-10 samples whereas negligible values were detected for untreated IL-10
(Fig. 3A-C). This level of thiolation suggests that, on average, ~13 lysine residues were
thiolated on each 1L-10 molecule, representing numerous free thiols for reaction with the
maleimide group on PEG-4MAL.

A series of experiments were conducted to determine the best conditions for covalently
tethering IL-10 to PEG-4MAL, including the ratio of PEG-4MAL to IL-10, incubation time,
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thiolation chemistry, and IL-10 species (Fig. S5). Successful conjugation was achieved by
reacting both components at a molar ratio of 1000:1 PEG-4MAL:HS-IL-10. An increase in
molecular weight from ~19 kDa (IL-10; Lane 2; black arrow) to ~39 kDa (PEG-1L10; Lane
3; orange arrow) demonstrates successful PEGylation of some portion of the HS-IL-10 (Fig.
3D). The ~20 kDa shift in molecular weight for PEGylated I1L-10 suggests one PEG-4MAL
macromer was tethered to IL-10. For the reaction conditions tested, a faint band can be
observed at ~20 kDa for PEG-1L10 samples, suggesting that not all 1L-10 was PEGylated.
Owing to the quantification difficulty of SDS-PAGE images, a release study was conducted
to evaluate the release kinetics and PEGylation efficiency, or the fraction of 1L-10 that was
successfully PEGylated. Based on release studies discussed later, the PEGylation efficiency
was estimated to be 40-50%.

Using PEG-IL10, hydrogels were successfully synthesized and appeared macroscopically
identical to PEG-4MAL hydrogels. Incorporation of 1L-10 into PEG-4MAL hydrogels did
not alter the storage or loss moduli as shown by rheological studies (Fig. S6). It should

be noted that 50 ng of IL-10 was incorporated for direct comparison to controls of soluble
delivery, but up to ~2 mg (40,000X) of 1L-10 can be incorporated with this system.

3.3 PEG-IL10 Retains its Bioactivity and can be Released from PEG-IL10 Hydrogels.

The immunosuppressive cytokine IL-10 does not need to be internalized to promote
tolerogenic signalling35°0-52, but a potential concern is that the bioactivity of I1L-10 is
diminished due to thiolation and PEGylation modifications®3. The bioactivity of PEG-I1L10
was measured by the proliferation of MC/9 cells, a murine liver mast cell line commonly
used in IL-10 bioactivity assays36-37. Read-outs for proliferation were comparable for native
and PEGylated IL-10 at both 4 and 24 hours after stimulation (Fig. 3E), indicating that
PEGylation does not affect the bioactivity of IL-10. To further validate the bioactivity of
PEGylated 1L10, PEG-IL10 or IL-10 was added in titrated amounts to construct ECgq curves
for native and PEGylated IL-10. The observed ECgq values for PEG-IL10 and native 1L-10
were nearly identical at ~0.003 ng/well (Fig. 3F). These results indicate that PEG-IL10
bioactivity is equivalent to IL-10 in its native state. Furthermore, our results suggest that
thiolation is a superior method of PEGylation than acylation or reductive amination, both of
which dramatically reduce its bioactivity®3.

A key design parameter of these hydrogels is for IL-10 presentation to be sustained for a
significant duration to offset injected-related inflammation and the elevated inflammation
characteristic to subjects with autoimmune disease>*. To demonstrate the controlled release
of incorporated IL-10, PEG-4MAL hydrogels were synthesized with 50 ng of conjugated or
unbound but physically entrapped IL-10 tagged with a fluorophore and the release of IL-10
was characterized over 5 days. Hydrogels synthesized with IL-10 (unbound) or HS-IL-10
(tethered) were incubated in collagenase Il to cleave the VPM crosslinker and IL-10 release
was examined. These gel formulations exhibited equivalent release profiles over 96 hours,
with nearly 45 ng of protein released after just 5 hours (Fig. 3G, dashed lines). Hydrogels
containing 1L-10 incubated in PBS also exhibited rapid release of protein within the first 5
hours (~40 ng). In contrast, hydrogels incorporating HS-1L-10 released only ~30 ng after

5 hours (Fig. 3G, violet solid lines). For hydrogels in PBS with HS-IL-10, another ~10 ng
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of IL-10 was gradually released between 5-96 hours. Collagenase 1l was added to PBS
hydrogels at 96 hours to release I1L-10 still bound to hydrogels, after which another 6-8

ng of IL-10 was released from groups with bound IL-10 (Fig. 3G). At the rate of release
for tethered IL-10 in PBS, extrapolation of the release curve predicts that near complete
release will occur at ~8 days. Based on the mass of IL-10 released immediately, it is
estimated that the extent of incorporation into PEG-1L10 hydrogels is between 40-50%. The
remaining 50-60% of IL-10 is likely untethered and did not react to the maleimides within
the hydrogel. These hydrogels gel in under a minute at the pH utilized herein, and unused
maleimide groups are quickly quenched, likely limiting incorporation of the full dose of
IL-10. Competition from fluorescent tagging of IL-10 may also hinder IL-10 incorporation,
suggesting that untagged IL-10 may have a higher extent of incorporation.

3.4 PEG-IL10 Hydrogels Prolong DC Support and Protect DCs from Inflammatory Stimuli.

Because activation of tolerogenic DCs could render them therapeutically ineffective

and potentially exacerbate autoimmune disease, maintaining the capacity for
immunosuppression in DCs is crucial to their efficacy26,27. In multiple sclerosis, promoting
viability and phenotypic stability of tolerogenic DC therapies are significant challenges in
retaining their effectiveness14,15. A major advantage of biomaterial delivery is the ability to
modulate cell responses post-injection, which is employed here through sustained treatment
with 1L-10.

Whereas the optimized PEG-4MAL hydrogel without IL-10 was capable of maintaining
DC viability and an immature phenotype after 24 hours of incorporation (Fig. 2A-C), DCs
will likely persist in the biomaterial longer than 24 hours /n vive. Thus, we sought to
assess the potential benefit of functionalization with IL-10 at 48 hours post-incorporation.
Cells recovered from PEG-IL10 hydrogels exhibited significantly higher levels of viability
compared to DCs from control PEG-4MAL hydrogels after 48 hours (Fig. 4A). Dendritic
cells in PEG-4AMAL hydrogels were also activated to similar levels as mDCs, whereas
DCs from PEG-IL10 hydrogels remained immature based on the expression of CD86 (Fig.
4B). To determine if IL-10 conjugation impacts its ability to promote DC viability, iDCs
were incorporated in hydrogels with 50 ng of bound or unbound IL-10. To determine if
the effect on DC viability was dependent on IL-10 presentation, PEG-4MAL hydrogels
were synthesized with either unbound or tethered IL-10. The increased viability of DCs
was independent of whether 1L-10 was entrapped in hydrogels or covalently tethered to the
polymer backbone, as shown by the similar viability observed through confocal imaging
(Fig. 4C). Thus, the benefit of IL-10 on DC viability is not affected by tethering IL-10

to the polymer network, suggesting that IL-10 is bioactive when presented to DCs as PEG-
IL10. These results show that PEG-IL10 hydrogels support DC viability and an immature
phenotype longer than PEG-4MAL hydrogels without I1L-10.

Multiple sclerosis patients have increased levels of inflammatory cytokines and hyper-
activated immune systems that can lead to allergic inflammation and the development

of unrelated autoimmune disease®®. We next sought to assess the extent to which these
IL-10-presenting hydrogels could protect incorporated DCs from inflammation. Dendritic
cells either remained unincorporated and received control treatments or were incorporated in
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hydrogels for 24 hours before stimulation with either a moderate stimulus (150 ng/mL TNF-
a and 30 ng/mL IFN-y “STIM 3x”) or a severe stimulus (2 pg/mL LPS “LPS 2x™) to assess
their resistance to maturation, where “2x” and “3x” refer to the dose compared to standard
treatments. Remarkably, LPS-stimulated DCs incorporated in PEG-IL10 hydrogels had
CD86 expression levels that were not different from un-stimulated controls at 48 hours post-
stimulation (Fig. 4D). However, LPS-stimulated DCs incorporated in PEG-4MAL hydrogels
matured to levels of CD86 similar to TNF-a/IFN-y-treated DCs and unincorporated controls
(iDCs and DC10s) exhibited CD86 expression similar to mDCs (Fig. 4D) upon treatment
with LPS. This data indicates that both IL-10 treatment and PEG-4MAL incorporation
contribute to the ability of DCs to resist maturation in response to inflammatory stimuli.

It is likely that the protection provided by biomaterial incorporation is due to the inhibited
diffusion of inflammatory cytokines or survival signals provided by the synthetic ECM,
which is likely mediated by the presence of RGD. The contributions to maturation resistance
from 1L-10 and biomaterial incorporation combined are sufficient to protect incorporated
DCs from the moderate stimulus, whereas either treatment alone (DC10 and PEG-4MAL
groups) does not confer the same level of resistance as the combined approach. Taken
together, these studies illustrate that PEG-IL10 delivery systems improve the duration of
DC viability and immaturity /n vitro, suggesting that this system can improve the regulatory
capacity of these cells after delivery. While these modest effects are statistically significant,
the amplification of these impacts when escalating the dose of IL-10 will be investigated in
future experiments.

3.5 DCs Increase FoxP3+ Tregs and Reduce CD8+ T cells in vitro.

To gain insights into the immunomodulatory process by which DC10s ameliorate symptoms
of EAE /n vivo, we investigated the effects of these DCs on splenocytes in a co-culture
study using the model antigen ovalbumin (OVA). Dendritic cells were either treated with
soluble factors or incorporated in biomaterials for 24 hours before hydrogels were digested
and DCs were collected. Dendritic cells receiving were then co-incubated with autologous,
OVA-primed (OVA57_264 and OVA323_339) splenocytes for 72 hours to evaluate their effect
on T cells /n vitro. Co-cultures with iDCs, DC10s, and vitamin-D3 (VD3) DCs at a ratio of
1:1 (DCs:T cells) had significantly higher viability of CD3+ T cells compared to splenocytes
alone (Fig. 5A). For CD4+ T cells, we observed a significant increase in CD25+FoxP3+

T regulatory cells for iDCs (1:1), DC10s (1:1, 1:10), VD3 (1:1), PEG-4MAL (1:1, 1:10),
and PEG-IL10 (1:1) compared to splenocytes alone, which demonstrates the ability of these
DCs to induce Treg cells (Fig. 5B). Groups of CD4+ T cells with higher frequencies of
CD25+FoxP3+ T regulatory cells also exhibited lower frequencies of CD4+FoxP3- effectors
cells (data not shown). Given PD-1 expression on T cells inhibits T cell inflammatory
activity, cells were also analyzed for PD-1 as an indicator of immunosuppression. CD4+

T cells from co-cultures with iDCs or DC10s at higher DC concentrations (1:1 or 1:10)

also had a significant increase in the percentage of PD-1+ CD4+ T cells (Fig. 5C). As a
measure of proliferation, expression of CFSE on CD8+ T cells was measured and found to
be closely correlated to DC concentration across all treatment groups, indicating that DCs
had an impact on these T cells (Fig. 5D). Similar to CD4+ T cells, CD8+ T cells mixed
with iDCs (1:1) or DC10s (1:1 or 1:10) had a significant increase in PD-1+ CD8+ T cells
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(Fig. 5E). This data suggests that this tolerogenic DC therapy has the capacity to induce
CD25+FoxP3+ Tregs and suppress CD8+ T cells /n vitro.

To further profile the state of DC-treated splenocytes, supernatants from co-cultures were
collected and analyzed for cell-secreted cytokines (Table S1). We observed significantly
higher concentrations of IL-10 in supernatants from iDC (1:1), DC10 (1:1), VD3 (1:1), LPS
(1:1), PEG-4MAL (1:1), and PEG-IL10 (1:1) compared to splenocytes alone, demonstrating
these DCs ability to produce a key immunosuppressive cytokine involved in Treg induction
(Fig. 6A). With the current methodology, it is unclear how much of the cytokine measured in
PEG-IL10 samples were due to DC-secreted IL-10 versus biomaterial-released PEG-1L10,
or if modified PEG-IL10 is even recognized by the antibodies used herein, but IL-10
concentrations similar to iDC and DC10 controls were observed nonetheless. Concentrations
of IFN-y were significantly increased only in TNF-a/IFN-y (1:1) co-cultures (Fig. 6B).
Concentrations of 1L-17 were analyzed to identify the possibility of a shift to Ty17 cells, but
no significant differences were observed (Fig. 6C). Concentrations of IL-5 were significantly
increased across all treatment groups at high ratios (1:1) with the exception of PEG-4MAL,
highlighting another functional difference between PEG-4MAL and IL-10-functionalized
hydrogels (Fig. 6D). All treatment groups produced supernatants with increased levels of
CCLJ5, to varying degrees (Fig. 6E). Concentrations of CCL2 were notably increased for
iDC, DC10, mDC, and PEG-1L10 groups, while only mDC and PEG-1L10 co-cultures
exhibited increased levels of CCL3 and CXCL1 (Fig. 6E). Increases in chemokines such

as CCL2 and CCLS5 are not implicated in tolerogenicity, but instead illustrate the extent to
which these DCs can recruit other lymphocytes.

3.6 Extensive Infiltration of Endogenous Lymphocytes is Recapitulated in vitro.

The presence of endogenous cells in the hydrogel environment post-injection suggests that
the location of immunomodulation by DCs is within the delivered biomaterial niche, which
has been previously reported by our group using hydrogels without IL-106. We sought

to validate the /n vitro ability of endogenous immune cells to infiltrate a PEG-4MAL
hydrogel by synthesizing PEG-4MAL hydrogels with or without DCs and seeding RBC-
lysed splenocytes on top of the hydrogel. After 6 hours, we observed extensive infiltration
of splenocytes into hydrogels with iDCs, whereas splenocyte infiltration into DC-free
hydrogels was limited (Fig. 7A-C). The number of cells infiltrating hydrogels and their
depth is quantified in Figure 7B and C. This data suggests that DCs incorporated in
PEG-4MAL hydrogels effectively drives endogenous cell infiltration into the biomaterial.
Taken together, we hypothesize that the biomaterial delivery construct functions as an
immunomodulatory node, where DCs recruit and tolerize endogenous immune cells in an
antigen-dependent manner. Tolerized endogenous APCs and Tregs then migrate to sites of
therapeutic importance such as LNs and the CNS to mediate amelioration of autoimmune
disease.

4. Discussion

Whereas DCs have shown much promise as a cell therapy to treat various immune-
mediated diseases, their translation to the clinic has proven problematicl#41®. Poor
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biodistribution and post-delivery activation of cells remain significant challenges to
successful translation1216.17 Here, we developed a biomaterial towards improving the
stability and efficacy of immunosuppressive DCs post-injection for tolerogenic applications.
These hydrogels were engineered to support DC viability, maintain an immature DC
phenotype, and functionalized with the cytokine IL-10 to support therapeutic DCs post-
delivery. Our optimized vehicle resulted in an immunosuppressive biomaterial niche

that maintained DC viability, protected DCs from inflammatory stimuli, and promoted
infiltration of endogenous cells for conditioning. Co-culture experiments demonstrated that
these DCs have the capacity to induce Tregs and suppress endogenous immune cells.

The hydrogel parameter that most impacted DCs was hydrogel polymer density, while
RGD functionalization and degradability Kinetics had no significant effect on DCs in vitro.
Previous studies have shown that DCs seeded on 2D RGD-functionalized substrates are
activated differentially with RGD concentration#3, which contrasts our results. Presentation
of RGD by the 3D hydrogel systems engineered herein may not activate DCs due to the
functional differences between 2D and 3D substrates®’, but other possible explanations
include: (1) RGD concentrations studied are too low to induce DC maturation, or (2)
activation-related cell signaling in DCs is not actualized due to a lack of cell adhesion with
the 24 hour period of incubation. Evidently functionalization of hydrogels with adhesive
peptides is important for eventual cell infiltration /7 vivo, but the formulation used here
maintains an immature phenotype for incorporated DCs as would be desirable. With
hydrogel polymer density as the only biophysical constraint, other variables that do not
directly affect DC viability and immaturity enable the flexible design of our system to fit
other tolerogenic applications not explored here.

The functionalization of these hydrogels with IL-10 resulted in the improvement of

DC viability and phenotypic stability, protection from inflammatory stimuli, and a multi-
pronged mechanism of treatment that extends to nearby endogenous immune cells.

Three potential mechanistic features suggested by /7 vitro studies herein include: (1)
incorporated PEG-IL10 is directly presented to incorporated DCs; (2) unincorporated I1L-10
is immediately released and diffuses to incorporated DCs and nearby endogenous cells; and
(3) as hydrogels degrade, PEG-IL10 is released from the mesh network and treats DCs

and nearby endogenous cells. Utilizing thiolation to covalently tether IL-10 to PEG-4MAL
resulted in bioactivity at similar levels to native 1L-10, based on the commonly used

MC/9 cell proliferation study. The improved viability and resistance to maturation of DCs
incorporated in PEG-IL10 hydrogels were similar to native IL-10. Taken together, these
direct and indirect results suggest that the modified PEG-IL10 retains its bioactivity and its
ability to confer tolerance to DCs. Incorporation of IL-10 using these methods has an upper
limit that is dramatically higher than the 50 ng dose tested in these studies, providing a
substantial capacity for dose escalation in future studies.

In co-culture studies, the marked increase in the percentage of CD25+FoxP3+ Tregs for
iDCs, DC10s, PEG-4MAL, and PEG-IL10 groups highlights the primary mechanism of
immunomodulation postulated /in7 vivo. These co-culture groups also secreted significantly
higher levels of IL-10. DC10-based immunomodulation likely occurs through the antigen-
dependent induction of Tregs and suppression of CD8+ T cells, as was illustrated here /n

ACS Biomater Sci Eng. Author manuscript; available in PMC 2023 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beskid et al.

Page 15

vitro. This increase in Tregs is accompanied by an increase in PD-1 for the same groups

in vitro, suggesting that PD-1 may be involved in the downstream immunomodulation
observed /n vivo. In the CD8+ T cell compartment, the marked increase in PD-1

combined with dramatic proliferation indicates that these cells are approaching a state of
immunosuppression. Despite immunosuppression of CD8+ T cells in vitro, it is unclear
whether they become benign or retain their cytotoxic profile /n vivo, and further studies
are needed. Given that these DCs have limited migratory potential (as shown in Fig. 7),
the results herein suggest that DCs would condition endogenous cells in one of two ways
in vivo: (1) directly, where tolerogenic DCs interact with endogenous T cells and induce

a regulatory phenotype; or (2) indirectly, where tolerogenic DCs modulate endogenous
DCs and other APCs, which then induce Tregs. DCs with elevated levels of CCL2, CCL3,
CCL4, CCL5, and CXCL1 can recruit endogenous T cells, DCs, macrophages, monocytes,
and other immune cells to the hydrogel site for reconditioning. Although the recruited T
cell population might consist of naive T cells, memory T cells, and effector T cells, DCs
treated with IL-10 carry the capacity to induce Tregs or suppress autoreactive T cells®10.58,
Endogenous immune cells other than T cells might also be conditioned by DCs in the
presence of antigen and IL-10, driving a broader profile of immunosuppression.

Conclusions

The biomaterial system developed in these studies utilizes PEG-4MAL hydrogels
functionalized with an immunosuppressive cytokine to improve an immunosuppressive DC
therapy through targeted delivery and regulatory phenotype support post-injection. Our
immunosuppressive biomaterial niche is designed to protect DCs from inflammatory stimuli
and provide a site for immunomodulation of recruited lymphocytes. For DCs, hydrogel
polymer density was determined to be the primary parameter impacting DC viability,
making this platform amenable to cell therapies for other tolerogenic or immunosuppressive
applications. This hydrogel delivery system developed herein highlights the benefits of
immunosuppressive biomaterials for the delivery of tolerogenic cell therapies. Future studies
will investigate the immunomodulation provided by this PEG-1L10 hydrogel system to
deliver incorporated DCs to ameliorate MS in a murine model of Experimental Autoimmune
Encephalomyelitis (EAE).
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Schematic of A) PEG-4MAL chemical structure and B) process of hydrogel synthesis.
Hydrogel characterization of PEG-4MAL hydrogels using a cone-and-plate rheometer. C)
Storage modulus and D) loss modulus of PEG-4MAL hydrogels with varying polymer
weight percentages. E) Mesh sizes of hydrogels with varying polymer weight percentages,
calculated by Rubber Elastic Theory.
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Figure 2.

Viability and phenotype of DCs after 24 hours of incorporation in PEG-4MAL hydrogels
with various polymer weight percentages. Control groups either received no treatment
(iDCs), 50 ng/mL IL-10 (DC10s), 50 ng/mL TNF-a and 10 ng/mL IFN-y (TNF-a/IFN-v),
or 1 ug/mL LPS (mDCs). A) Calcein AM (green) and Ethidium homodimer-1 (red) assessed
by confocal microscopy (scale bar = 100 um). B) Propidium iodide (PI) negative cells
recovered after collagenase Il digestion and C) CD86 expression in DCs assessed by flow
cytometry. White bars denote unincorporated DCs in 24-well plates and gray bars denote
hydrogel-incorporated DCs. *p<0.05 via one-way ANOVA and Tukey’s comparison test for
B). ****p<0.0001 and *p<0.05 via one-way ANOVA with Welch’s correction and Dunnett’s
comparison test for C).
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Figure 3.

A) Schematic of functionalizing IL-10 onto the backbone of PEG-4MAL macromers.

Quantification of thiolation of IL-10 using Traut’s reagent and SDS-PAGE results of IL-10
PEGylation. B) Standard curve produced using glutathione. C) Concentration of free thiols

on modified IL-10 proteins. D) Validation of tethering thiolated IL-10 to PEG-4MAL as
shown by unmodified IL-10 at 20 kDa (black arrow) and PEGylated IL-10 at 40 kDa
(orange arrow). E) Bioactivity of PEG-4MAL-1L-10 based on MC/9 cell proliferation
measured by CCK-8 metabolic assay. F) Half-maximal effective concentration (ECsq)

curves produced by titration of treatments. G) Controlled release curve of IL-10 from PEG-
IL10 hydrogels. ****p<0.0001 versus IL-10 controls via one-way ANOVA and Dunnett’s

comparison test.
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Figure 4.

A) Propidium iodide (PI) negative cells and B) CD86 expression assessed by flow
cytometry after 48 hours of hydrogel incorporation. C) Calcein AM (green) and Ethidium
homodimer-1 (red) assessed by confocal microscopy (scale bar = 100 um). DCs were
stimulated 24 hours after receiving various treatments or after incorporation in PEG-4MAL
or PEG-4MAL-1L10 hydrogels. D) CD86 expression of DCs 48 hours after stimulation.
Control groups either received no treatment (iDCs), 50 ng/mL 1L-10 (DC10s), 10 nM VD3
(VD3), 50 ng/mL TNF-a and 10 ng/mL IFN-y (TNF-a/IFN-7), or 1 pyg/mL LPS (mDCs).
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White bars denote unincorporated DCs in 24-well plates and gray bars denote hydrogel-
incorporated DCs. ****p<0.0001 and **p<0.01 via one-way ANOVA and Dunnett’s
comparison test in comparison to DC10s for B) and PEG-4MAL(-/-) for D).
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Viability and phenotype of CD3+ T cells after 72 hours of incubation with various DCs

at various concentrations. A) Zombie Violet negative CD3+ cells, B) CD4+CD25+FoxP3+
T regulatory cells, C) CD4+PD-1+ T cells, D) CD8+ T cell CFSE expression, and E)
CD8+PD-1+ T cells assessed by flow cytometry. ****p<0.0001, ***p<0.001, **p<0.01, and
*p<0.05 via one-way ANOVA and Dunnett’s comparison test in comparison to samples with
no DCs.
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Figure6.

Fold changes of A) IL-10 (Tregs), B) IFN-y (Tyl), C) IL-17 (Tw17), and D) IL-5 (Tw2)
for co-culture groups at various treatments ratios. E) Heatmap representing the fold change
of selected chemokines for treated groups (1:1) over splenocyte-only controls. Data shown
is from 4 replicates across n=2 experiments. ****p<0.0001, ***p<0.001, **p<0.01, and
*p<0.05 via one-way ANOVA and Dunnett’s comparison test.
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