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Abstract

Because of their immunomodulatory activities, human mesenchymal stem cells (hMSCs) are being
explored to treat a variety of chronic conditions such as inflammatory bowel disorders and graft-
vs-host disease. Treating hMSCs with IFN-y prior to administration augments these
immunomodulatory properties; however, this ex vivo treatment limits the broad applicability of
this therapy due to technical and regulatory issues. In this study, we engineered an injectable
synthetic hydrogel with tethered recombinant IFN-vy that activates encapsulated hMSCs to
increase their immunomodulatory functions and avoids the need for ex vivo manipulation.
Tethering IFN-y to the hydrogel increases retention of IFN-y within the biomaterial while
preserving its biological activity. hMSCs encapsulated within hydrogels with tethered IFN-y
exhibited significant differences in cytokine secretion and showed a potent ability to halt activated
T-cell proliferation and monocyte-derived dendritic cell differentiation compared to hMSCs that
were pre-treated with IFN-y and untreated hMSCs. Importantly, hMSCs encapsulated within
hydrogels with tethered IFN-y accelerated healing of colonic mucosal wounds in both
immunocompromised and immunocompetent mice. This novel approach for licensing hMSCs
with IFN-y may enhance the clinical translation and efficacy of hMSC-based therapies.
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Introduction

Human mesenchymal stem cells (hMSCs) are multipotent stromal cells that, in addition to
having the ability to differentiate into cell types that produce distinct tissues (e.g., bone,
cartilage and fat), exhibit potent immunomodulatory activities and are being evaluated in a
myriad of clinical trials for treating autoimmune and chronic inflammatory diseases [1-5].
Co-culturing hMSCs with activated T-cells or monocytes leads to reduced proliferation of T-
cells and inhibition of monocyte-derived dendritic cell differentiation, respectively [6, 7].
hMSCs also have powerful inhibitory effects on other immune cell types ranging from
natural killer cells to B-cells [8, 9]. Importantly, h(MSC delivery ameliorates the effects of
diverse autoimmune diseases in pre-clinical models of graft-vs-host disease (GvHD), colitis,
and autoimmune encephalomyelitis [10-13]. Based on promising results in pre-clinical
models, hMSCs have been evaluated in clinical trials for treating Crohn’s disease as well as
steroid-refractory acute GvHD, but with varying levels of success. In a phase Il clinical
study of refractory Crohn’s disease, although the overall disease score was significantly
reduced with administration of hMSCs, patient improvement was only noted in 7 of 15
patients [14]. Le Blanc and colleagues found that out of 55 patients having severe acute
GVHD that received an infusion of hMSCs, 30 (55%) had a complete response while the
other 25 had either a partial or no response to hMSC therapy [15]. Overall, these studies
support the notion that hMSC therapy ameliorates autoimmune diseases, but the effect is
only seen in approximately half of patients, leaving vast room for improvement [16, 17].

In order to fully elicit their immunomodulatory effects, hMSCs must be activated with pro-
inflammatory stimuli, specifically interferon-gamma (IFN-vy), in a process termed
‘licensing’ [18, 19]. Either co-culturing hMSCs with IFN--y-deficient immune cells or using
antibodies to neutralize IFN-vy results in loss of hMSC immunomodulatory actions [20, 21].
Once licensed with IFN-y, hMSCs elicit their immunomodulatory effects by the
upregulation of immunoactive factors including indoleamine 2,3-dixygenase (IDO),
programmed death ligand-1 (PD-L1), prostaglandin E2 (PGE2), CCL8, CXCL9 and
CXCL10 among many others [22, 23]. Importantly, the timing and duration of licensing are
crucial, and licensing hMSCs prior to co-culture or use /7 vivo enhances their
immunomodulatory capabilities [24]. Licensing hMSCs with IFN--y prior to co-culture with
activated T-cells results in both inhibited T-cell proliferation and T-cell effector functions,
whereas hMSCs that were not licensed prior to co-culture only inhibited T-cell proliferation
[25]. Furthermore, licensing hMSCs prior to infusion into mice with GvHD results in
enhanced hMSC-based suppression of GvHD compared to that of control un-licensed
hMSCs [20]. Duijvestein et al also showed that delivering pre-licensed hMSCs significantly
reduced the severity of experimental colitis in mice compared to un-licensed hMSCs [26].

Although ex vivo licensing of hMSCs is therapeutically effective, significant technical,
regulatory, and economic issues limit the translational potential of this cell processing
approach. Ex vivo manipulation, including extraction and isolation of hMSCs, plating onto
culture supports, extended culturing conditions, and harvesting the licensed hMSCs, requires
an efficient manufacturing process that complies with GMP and regulatory standards [27,
28]. Furthermore, the increased cost necessary with manual or even automated processing
presents a major burden that has contributed to the insolvency of many companies offering
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cell therapies [29]. Therefore, generating a solution that bypasses the need for such
processing would enhance the translatability and efficacy of this stem cell therapy.

Engineered biomaterials offer a potential solution for the need of ex v/ivo manipulation
through scaffolds that provide necessary cues to encapsulated cells. Whereas biomaterials
have been engineered to deliver factors that promote tissue healing and vascularization [30—
33], relatively little research has been done in engineering a scaffold to license and enhance
the immunomodulatory activities of encapsulated hMSCs. In this study, we engineered a
fully synthetic and injectable scaffold to present a covalently-bound form of IFN--y for
providing a persistent licensing cue for activation of hMSCs. We demonstrate that hMSCs
encapsulated within this scaffold elicit enhanced immunomodulatory properties and repair of
colonic wounds in both immunocompromised and immunocompetent mouse models. This
study establishes a simple, translatable, biomaterials-based strategy to enhance the
immunomodulatory activities of hMSCs.

Materials and Methods

Cell culture

All human cell isolation and culture procedures were performed following IRB-approved
protocols. Human mesenchymal stem cells were acquired from the NIH Resource Center at
Texas A&M University and confirmed as hMSCs [34]. Briefly, cells were obtained from
healthy donors via bone marrow aspirate, followed by density centrifugation for
mononuclear cells and selected for adherent culture. Cells were screened for colony forming
units, cell growth, and differentiation into fat and bone using standard assays. Flow
cytometry analyses confirmed that cells were positive for CD90, CD105, CD73a and
negative for CD34, CD11b, CD45, CD19. Received frozen stocks were thawed and grown in
a-MEM containing 16% fetal bovine serum (FBS), 2 mM L-glutamine and 100 U/mL
penicillin/streptomycin (ThermoFisher, MA). Human CD4+ T-cells were purified from
frozen leukapheresis samples from Emory University through negative selection with a CD4
T-cell isolation kit according to the manufacturer’s instructions (Biolegend, CA). Human
monocytes were purified from peripheral blood mononuclear cells (PBMCs). Briefly,
peripheral blood was diluted 1:1 with PBS containing 2% FBS after which the peripheral
blood mononuclear cells (PBMCs) were separated via density gradient centrifugation
(specific gravity: 1.077 g/mL, Stemcell Technologies, Canada). The isolated PBMCs were
washed and subjected to monocyte purification using the EasySep human monocyte
isolation kit (Stemcell Technologies, Canada) according to the manufacturer’s instructions.
All cell culture was conducted at 37 °C in a 5% CO, atmosphere.

PEG hydrogel synthesis and IFN-y functionalization

Recombinant IFN-y engineered to express a surface-exposed cysteine at amino acid position
103 (cys-1FN- ), provided by Bolder Biotechnology, was expressed in £. coliand purified
by ion exchanged chromatography using a S-Sepharose column as previously described
[35]. Four-arm maleimide-end functionalized PEG macromer (PEG-4MAL 20kDa MW,
Laysan Bio, AL, >95% purity, >95% end-functionalization) was functionalized with cys-
IFN-+y for 1 hr at room temperature in phosphate buffered saline at pH=7.4. The macromer
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was further functionalized with RGD peptide (GRGDSPC, final concentration 1.0 mM)
(Genscript, NJ). The functionalized macromers were crosslinked using a mixture of the bi-
cysteine peptide VPM (GCRDVPMSMRGGDRCG) (Genscript, NJ) and dithiothreitol
(Sigma-Aldrich, MO). The concentration of cross-linker used for the synthesis of each
hydrogel was calculated by matching the number of cysteines in the crosslinking solution to
the number of residual maleimides following complete macromer functionalization. In
certain experiments, cys-IFN-y was substituted with the non-cysteine-containing, wild-type
human recombinant IFN-y (Biolegend, CA). Cys-IFN-y functionalized into the
PEG-4MAL hydrogel is termed ‘cys-IFN-y hydrogels’ whereas non-cysteine-expressing
IFN-y mixed into the PEG-4MAL hydrogel precursor is termed ‘IFN-y hydrogels’. In
experiments where cells were encapsulated in hydrogels, a pre-determined number of cells
were mixed with the functionalized macromer followed by crosslinking. Hydrogels were
allowed to gel at 37 °C for 10 minutes before swelling in either PBS or complete cell culture
media if cells were encapsulated in the hydrogel. Tethering of cys-IFN-y onto PEG-4MAL
was determined through protein gel electrophoresis on an SDS-PAGE gel followed by
protein visualization with Sypro Ruby according to manufacturer’s instructions
(ThermoFisher, MA). For Western blotting, cys-IFN-y or native IFN-y was reacted with
PEG-4MAL at room temperature for 30 min. Samples were mixed in SDS-PAGE reducing
sample loading buffer and denatured at 100°C for 5 min. 100 ng of Cys-IFN-vy, Cys-IFN-y
+ PEG-4MAL, native IFN-y, and native IFN-y + PEG-4MAL were loaded per lane of
BoltTM 4-12% Bis-Tris Plus Gels, separated by electrophoresis, and transferred onto a
nitrocellulose membrane. Blotted membrane was blocked at room temperature for 1 hr using
Odyssey Blocking Buffer in TBS (Li-Cor). Primary anti-IFN-y (1:1,000 in blocking buffer,
ab25101, Abcam) was incubated on an orbital shaker at 4°C overnight. Secondary anti-
rabbit (1:10,000 in blocking buffer, IRDye 680RD goat anti-rabbit 1gG, Li-Cor) was
incubated on an orbital shaker at room temperature for 1 hr. Fluorescent bands were detected
using the Odyssey CLx imaging system (Li-Cor).

IFN-y release kinetics

To assess IFN-y release kinetics from hydrogels, hydrogels were synthesized with either
cys-IFN-y or IFN-y. Hydrogels were incubated in PBS for 4 days with supernatant collected
at specified time points, snap-frozen and stored at —80°C. At day 4, the PBS from all wells
was removed and replaced with fresh PBS with a subset of wells having hydrogels having
cys-IFN-+y, receiving PBS with 50 pg/mL collagenase (Worthington Biochemical, NJ).
Supernatants were collected at specified time points for an additional 3 days, snap-frozen
and stored at —80°C. At the end of the experiment, samples were thawed and the
concentration of IFN-y assessed via ELISA (Biolegend, CA).

Bioactivity of cys-IFN-y

hMSCs were plated onto 24-well tissue culture plastic plates at a density of 10,000 cells/
cm?. Four hr after seeding, various forms of IFN-y were added to the cultures at a
concentration of 50 ng/mL [36]. After 4 days in culture, the conditioned media was collected
and frozen at —80°C. hMSCs were trypsinized, fixed, permeabilized and subjected to flow
cytometric analysis on a BD Accuri C6 flow cytometer for expression of IDO and PD-L1.
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Conditioned media was analyzed for secreted proteins using a custom Luminex kit (R&D
Systems, MN).

Cys-IFN-y in hydrogel-encapsulated hMSC culture

hMSCs were encapsulated in hydrogels containing cys-IFN-y, IFN-y or no IFN-y as
described above at a concentration of 5 x 10° cells/mL. After 4 days in culture, conditioned
media was collected and frozen at —80°C. Hydrogels were then degraded by incubation in 1
mg/mL collagenase in PBS for 30 min at 37 °C. Cells were collected and subjected to flow
cytometric analysis for expression of IDO and PD-L1. Conditioned media was analyzed for
various proteins using a custom Luminex kit (R&D Systems, MN).

IDO activity assay

Tryptophan is converted to kynurenine through IDO activity [37]. Kynurenine was
quantified using a protocol previously described [38]. Briefly, 150 uL of conditioned media
after 4 days of culture in specified conditions was collected and mixed with 50 uL of 30%
trichloroacetic acid. This solution was then heated to 50 °C for 10 min. Solutions were then
vortexed and centrifuged at 10,0009 for 5 min. 75 L of supernatant samples were mixed
with75 pL of Ehrlich’s reagent and incubated for 10 min. Absorbance was then read at 492
nm.

T-cell proliferation assay

hMSCs (1 x 108 cells/mL) were encapsulated in hydrogels (20 puL) with cys-IFN-y, IFN-y,
or no IFN-vy. For the pre-licensed group, hMSCs on tissue culture plastic were stimulated
with IFN-y for 48 hr prior to encapsulation in no IFN-y hydrogels. To simulate /n vivo
applications in which a sink environment is present, cys-IFN-y and IFN-y hydrogels were
washed two times over the course the first 24 hr following hydrogel synthesis. Following 48
hr of hMSC-hydrogel culture, CD4+ T-cells purified from PBMCs were resuspended in
RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 10 mM cell-culture grade
HEPES and 100 U/mL penicillin/streptomycin. CD4+ T-cells (100,000) were added to each
well in a 96 well plate and stimulated with 2 uL of Dynabeads (ThermoFisher, MA). hMSC-
encapsulated hydrogels were then transferred to wells containing the CD4+ T-cells and co-
cultured for an additional 4 days. Eight hr prior to the end of culture, EAU was added to the
media. At the end of 4 days, hydrogels were removed from the co-culture, T-cells were
collected, fixed and permeabilized. T-cells were stained for DAPI and EdU that was
incorporated into the T-cells upon proliferation was stained by using a Click-iT EdU kit
(ThermoFisher, MA) according to manufacturer’s instructions. Stained T-cells were imaged
using a Nikon C2 confocal microscope and the proliferation of T-cells as quantified by
taking the ratio of EdU+/total cells was performed using a custom ImageJ macro. In certain
experiments, 1-methyl-L-tryptophan (1-MT) (Sigma-Aldrich, MO) was used to inhibit IDO
activity. In these experiments, 1-MT was added to the media at the start of co-culture at a
concentration of 1.0 mM 1-MT. T-cells were subjected to the same EdU staining protocol as
described above.
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Monocyte-derived dendritic cell differentiation assay

hMSCs were encapsulated in cys-IFN-vy, IFN-y or no IFN-y hydrogels (20 uL) at a
concentration of 2.5 x 108 cells/mL. For the pre-licensed group, hMSCs on TCP were
stimulated with IFN-y for 48 hr prior to encapsulation in no IFN-y hydrogels. To simulate
in vivo applications in which a sink environment is present, cys-IFN-y and IFN-y hydrogels
were washed two times over the course the first 24 hr following hydrogel synthesis.
Hydrogels were cultured in this manner for 48 hr. Following 48 hr of hMSC-encapsulated
hydrogel culture, purified human monocytes isolated from peripheral blood and monocytes
(500,000) were added into wells of a 24-well plate. Monocytes were cultured in RPMI 1640
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin, 50
ng/mL GM-CSF (Biolegend, CA) and 20 ng/mL IL-4 (Biolgend, CA). hMSC-encapsulated
hydrogels were then transferred to wells containing monocytes and co-cultured for 5 days
with media changes every 2-3 days. At day 5, 100 ng/mL lipopolysaccharide (LPS) (Sigma-
Aldrich, MO) was added to each well to induce maturation of dendritic cells. Cells were
cultured for an additional 48 hr after which the monocytes were gathered and subjected to
flow cytometric analysis for CD1a, CD14, CD80 and CD86 on a BD Accuri C6 flow
cytometer. In certain experiments, 1-methyl-L-tryptophan (1-MT) (Sigma-Aldrich, MO) was
utilized to inhibit IDO activity. In these experiments, 1-MT was added to the media at the
start of co-culture at a concentration of 1.0 mM 1-MT. The differentiated monocytes were
subjected to the same flow cytometric analysis as described above.

Colonic wound surgery and injections

All animal experiments were performed with the approval of the University of Michigan
Animal Care and Use Committee within the guidelines of the Guide for the Care and Use of
Laboratory Animals and in accordance with the US Department of Agriculture (USDA)
Animal and Plant Health Inspection Service (APHIS) regulations and the National Institutes
of Health (NIH) Office of Laboratory Animal Welfare (OLAW) regulations governing the
use of vertebrate animals. Colonic wounds were induced in a method similar to previously
published protocols [39]. Briefly, male (8 weeks old) NOD-SCID IL2Rg-null (NSG) or
C57/B6 mice (Jackson Laboratory) were anaesthetized by intraperitoneal injection of a
ketamine (100 mg/kg)/xylazine (10 mg/kg) solution. A high-resolution miniaturized
colonoscope system equipped with biopsy forceps (Coloview Veterinary Endoscope, Karl
Stortz) was used to biopsy-injure the colonic mucosa at 5 sites along the dorsal artery.
Wound size averaged approximately 1 mm2. 50 uL hydrogel injections were performed 1
day following wounding with the aid of a custom-made device comprising a 29-gauge
needle connected to a small tube. Endoscopic procedures were viewed with high-resolution
(1,024 x 768 pixels) live video on a flat-panel color monitor. Each wound region was
digitally photographed at day 1 and day 5 and resulting wound images for which the wound
area was calculated by a blinded observer using ImageJ. Results for one mouse were
averaged through quantification of the five colonic wounds/injections per mouse. To identify
transplanted hMSC, tissue sections were immunostained with an antibody specific to human
nuclear antigen (MAB1281, EMD Millipore).
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All experiments were performed on biological replicates. Sample size for each experimental
group is reported in the appropriate figure legend. Unless otherwise noted, error bars on
graphs represent SEM. Comparisons among multiple groups was performed by one-way
analysis of variance (ANOVA) with post-hoc Tukey tests if data did not have significant
differences in standard deviation. Data with significant differences in standard deviation
were subject to log transformation after which post-hoc Tukey test performed. All statistics
were performed in GraphPad Prism. A p-value of <0.05 was considered significant.

Synthetic hydrogels with controlled presentation of tethered IFN-y

We engineered hydrogels based on a maleimide-functionalized 4-armed poly(ethylene
glycol)-based PEG macromer (PEG-4MAL) which allows for facile covalent tethering of
peptides with a surface-accessible cysteine (Fig. 1A). In this system, IFN-y is covalently
tethered onto the macromer which is then incorporated into the hydrogel network. An
adhesive peptide (RGD) was incorporated in the hydrogel to support cell activities and tissue
integration. Cell-laden hydrogels were synthesized by mixing RGD peptide and hMSCs with
PEG-4MAL followed by further reaction with a protease-degradable bicysteine peptide,
which results in an insoluble and crosslinked PEG-based hydrogel sensitive to proteolytic
degradation. Native human IFN-y has no cysteines and thus no ability to conjugate onto the
PEG-4MAL macromer without the addition of other linking reagents. To circumvent this,
we utilized an IFN-y variant that is genetically engineered to express a surface-available
cysteine residue at amino acid position 103 [35]. To verify that this variant could be
functionalized onto the PEG-4MAL macromer, protein gel electrophoresis was performed
(Fig. 1B). Cysteine-presenting IFN-y (cys-IFN-y) that was not reacted with PEG-4MAL
and instead mixed with PBS exhibited a distinct single band at approximately 17 kDa as
expected (lane 3, ladder on lane 1). When cys-1FN-y was reacted with PEG-4MAL
macromer (20 kDa), a new band appears around 30 kDa, indicating successful conjugation
(lane 2). We also performed Western blot analysis to further verify the tethered nature of the
cys-IFN-y and found a similar band around 37 kDa for the cys-IFN-y reacted with
PEG-4MAL compared to the expected single band at 17 kDa for the cys-IFN-vy reacted with
PBS (Fig. S1). As expected, native IFN-y reacted with PEG-4MAL did not show a shift in
molecular weight indicative of PEGylation (Fig. S1). To further confirm the tethered nature
of cys-IFN-y on the PEG-4MAL macromer, we performed a release assay in which either
cys-IFN-y or IFN-y was reacted with PEG-4MAL macromer and crosslinked into hydrogels
using the protease-degradable peptide. We then placed the hydrogels in buffer and examined
release of IFN-y into the medium by ELISA (Fig. 1C). Hydrogels containing native IFN-y
exhibited >60% IFN-vy burst release after only 2 hr followed by complete release by 18 hr.
In contrast, hydrogels containing cys-1IFN-y released ~20% of the total incorporated IFN-y
after 2 hr and after 4 days still retained approximately 65% of total incorporated protein. We
attribute this initial release of cys-IFN-y to protein that was not tethered to the hydrogel
backbone. This is not unexpected as we have previously shown that a fraction (~20-30%) of
other proteins (e.g., VEGF) encapsulated within PEG-4MAL gels is not covalently tethered
to the hydrogel and passively released in PBS [40]. To show that the protein retained in
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hydrogel is related to cys-IFN-y tethering onto the hydrogel backbone, a subset of cys-1FN-
y-containing hydrogels were incubated for 4 days in 50 pg/mL collagenase in PBS. Addition
of collagenase caused degradation of the hydrogel over the course of the following three
days and resulted in complete cys-IFN-y release. Together, the protein electrophoresis and
release results confirm that the cys-IFN-y is chemically conjugated to the PEG-4MAL
macromer and subsequently tethered into the crosslinked hydrogel.

To assess whether its biological activity is affected by the chemical conjugation of the cys-
IFN-y onto PEG-4MAL macromer, hMSCs were plated on tissue-culture plastic wells and
incubated in cell culture media supplemented with either cys-1FN-y reacted with
PEG-4MAL (cys-IFN-y + PEG-4MAL), cys-IFN-vy, native IFN-y, PEG-4MAL without
IFN-+y or no treatment control for 4 days (Fig. S2, Fig. 2A). We then performed flow
cytometric analysis for IDO and PD-L1 expression and assessed cytokine secretion using a
Luminex Kkit. h(MSCs incubated with cys-IFN-y + PEG-4MAL, cys-IFN-vy, or native IFN-y
showed significantly increased levels of IDO and PD-L1 expression as assessed by median
fluorescence intensity (MFI) compared to hMSCs incubated with PEG-4MAL or cell culture
media alone (Fig. 2B,C). Importantly, there were no differences in IDO or PD-L1 expression
among hMSCs exposed to cys-IFN-y + PEG-4MAL, cys-IFN-y or native IFN-y,
demonstrating that cys-1FN-y has equivalent biological activity to the native protein and that
conjugation to PEG-4MAL macromer does not affect its activity. Moreover, the
concentrations of secreted IL-6, CXCL10, CCL2, CCL8, and M-CSF were all significantly
increased while VEGF was significantly decreased in hMSCs exposed to cys-IFN-y +
PEG-4MAL, the cys-IFN-vy or native IFN-y compared to groups not treated with IFN-y
(Fig. 2D-I). No significant differences were noted among cys-IFN-y + PEG-4MAL, cys-
IFN-y and native IFN-y for IL-6. However, cys-IFN-y + PEG-4MAL did show decreases in
CXCL10, CCL2, CCL8 and M-CSF concentrations compared to cys-IFN-y without
PEG-4MAL and native IFN-vy, reflecting a slight loss in activity resulting from PEGylation.
Nevertheless, the cys-IFN-y + PEG-4AMAL exhibits significantly higher activity than the
negative controls.

Enhanced hMSC immunoactivation in hydrogels with tethered IFN-y

We next examined whether hydrogels presenting cys-IFN-y modulate the
immunomodulatory phenotype of encapsulated-hMSCs (Fig. 3A). hMSCs were
encapsulated in hydrogels engineered with different doses of cys-IFN-y ranging from 0-500
ng in a 20 pL hydrogel (final concentration 0-25 pg/mL) to assess the dose response of
hMSCs to cys-IFN-y. No differences in cell viability or growth were observed after
encapsulation among hydrogel groups. Following 4 days in culture, hMSCs were subjected
to flow cytometric analysis for PDL1 (Fig. S3) and IDO (Fig. 3B). Expression of PD-L1
decreased as the concentration of cys-IFN-y increased from 0 to 80 ng but then increased
from 80 to 500 ng. While PD-L1 expression increased at doses of 80 ng of cys-IFN-y and
higher, PD-L1 expression was not significantly different at 500 ng, the highest dose tested,
compared to basal expression levels. Notably, IDO expression increased with cys-IFN-y
concentration in a dose-dependent fashion with doses greater than 10 ng showing a
significant increase in IDO compared to basal IDO levels (Fig. 3B). We also confirmed that
increased IDO expression correlated with increased IDO activity by measuring the
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concentration of kynurenine, the product of tryptophan after its catalysis by IDO (Fig. S4).
For subsequent studies, we used a concentration of 25 ug/mL of IFN-y within the hydrogel
because this dose yielded the highest IDO expression in encapsulated hMSC.

We next sought to understand how the polymer density of the hydrogel, which controls the
mechanical properties and diffusivity of the gel, influences the expression of IDO and PD-
L1 for encapsulated hMSCs as polymer density may affect the availability of biological
agents to encapsulated cells [41]. hMSC-laden hydrogels of differing polymer densities
ranging from 4% to 10% were synthesized with a constant 25 pg/mL concentration of cys-
IFN-vy. Following 4 days in culture, h(MSCs were subjected to flow cytometric analysis for
expression of IDO and PD-L1 (Fig. S5). Whereas no differences were noted for PD-L1
expression as a function of polymer density, hMSCs within 10% hydrogels exhibited
significantly lower levels of expression of IDO compared to those in 4%, 6% and 8%
hydrogels. Together, these results show that the expression of IDO is significantly influenced
by the dose of cys-IFN-y and the polymer density of the surrounding biomaterial
environment. Based on these results, we chose to focus on 6% hydrogels with 25 pg/mL
IFN-+y for subsequent /n vitro experiments as these conditions correlated with the highest
level of hMSC-based IDO expression.

cys-IFN-y hydrogels enhance hMSC immunomodulatory activities

A potential advantage of presenting IFN-vy tethered to the hydrogel microenvironment is
enhanced and sustained licensing compared to stimulation with soluble IFN-y. We therefore
examined whether IFN-+y tethering to the hydrogel increases licensing duration compared to
soluble IFN-y. hMSCs were encapsulated in hydrogels with either cys-IFN-y, IFN-y or no
IFN-v. Following encapsulation, hydrogels were washed throughout the first 24 hr to
simulate sink conditions present /in vivo. Hydrogels were then cultured for an additional 3
days after which the hydrogels were degraded, conditioned media collected for cytokine
analysis, and hMSCs stained for IDO and PD-L1 followed by flow cytometric analysis (Fig.
3C,D). hMSCs encapsulated in hydrogels containing soluble IFN-y exhibited increased IDO
and PD-L1 expression compared to control hMSCs. Importantly, hMSCs encapsulated in
hydrogels with tethered cys-1FN-y showed significantly increased IDO and PD-L1
expression compared to hMSCs encapsulated in hydrogels containing soluble IFN-y as well
as control unstimulated hMSCs. Furthermore, analysis of conditioned media showed that
hMSCs encapsulated in cys-1FN-y-tethered hydrogels secreted increased levels of MCP-1,
M-CSF, CXCL9, CXCL10 and CCL8 compared to hMSCs encapsulated in either IFN-y-
containing hydrogels or cells encapsulated in control hydrogels without IFN-y (Fig. 3E-I).
In addition, hMSCs encapsulated in cys-IFN-y-tethered hydrogels had equivalent levels of
IL-6, CXCL8, and VEGEF as cells encapsulated in IFN-y-containing hydrogels, and these
levels were suppressed compared to control hMSC not exposed to IFN-y (Fig. S6).
Collectively, these results show that cys-IFN-y-tethered hydrogels significantly alter h(MSC
phenotype by augmenting the expression and release of immunomodulatory factors.

IFN-y-stimulated hMSCs reduce the proliferation of activated T-cells when co-cultured [7].
We next assessed whether cys-1FN-y-tethered hydrogels augment the inhibitory effect of
hMSCs on T-cell proliferation (Fig 4A). hMSCs were encapsulated in hydrogels presenting
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either cys-IFN-y or IFN-y and gels with no IFN-y. Hydrogels were washed twice within 24
hr following encapsulation to simulate a sink effect /n vivo. To compare with hMSCs
licensed with soluble IFN-+y as routinely done in the literature, we included a group of
hMSCs encapsulated in hydrogels without IFN-y and incubated in media containing 500
ng/mL IFN-y (pre-licensed hMSCs). hMSC-laden hydrogels were co-cultured with
activated CD4+ human T-cells for 4 days after which the T-cells were stained for EAU and
CD3 to examine proliferation and verify their T-cell phenotype, respectively (Fig. 4B-G).
Activated T-cells cultured solely with Dynabeads (to activate T-cells) showed a similar high
degree of proliferation compared to activated T-cells cultured with cys-1FN-y-tethered
hydrogel without hMSCs indicating that the presence of the cys-IFN-y hydrogel by itself
has no effect on T-cell proliferation (Fig. 4H). Furthermore, these two groups showed
significantly greater levels of T-cell proliferation compared to all groups having IFN-y.
Importantly, T-cells incubated with hMSCs in cys-IFN-y-tethered hydrogels exhibited
significantly lower levels of proliferation compared to T-cells cultured with hMSCs in
hydrogels containing IFN-y, demonstrating augmented immunomodulatory properties for
hMSCs encapsulated in gels with tethered IFN-y compared to gels with soluble IFN-y.
There were no differences in T-cell proliferation for T-cells incubated with hMSCs in cys-
IFN-y-tethered hydrogels and hydrogels with pre-licensed hMSCs.

We next examined the role of IDO produced by hMSCs in this inhibitory effect. h(MSCs
were encapsulated in cys-1FN-y-tethered hydrogels and co-cultured with human T-cells in
the presence or absence of the IDO inhibitor, 1-methyl-tryptophan (1-MT)(Fig. 41). After 4
days, T-cells incubated with hMSCs encapsulated in cys-IFN-y-tethered hydrogels in the
absence of 1-MT exhibited significantly reduced proliferation compared to T-cells cultured
in the same conditions in the presence of 1-MT. Importantly, T-cells cultured with 1-MT
either with or without hMSCs showed no difference in proliferation. Together, these results
show that addition of 1-MT completely inhibited the anti-proliferative effect of licensed
hMSCs in the co-culture. This complete abrogation of anti-proliferative effect indicates that
IDO is a key regulator of the anti-proliferative activities of hydrogel-encapsulated hMSCs.

In addition to inhibiting T-cell proliferation, IFN-y-licensed hMSCs inhibit the
differentiation of monocytes into dendritic cells /n vitro [6]. We thus assessed whether cys-
IFN-y-tethered hydrogels augment the inhibition of dendritic cell differentiation. Untreated
or pre-licensed hMSCs were encapsulated within hydrogels containing cys-1FN-y or IFN-y
and hydrogels containing no IFN-y and co-cultured with peripheral blood purified CD14+
human monocytes. These cells were co-cultured in dendritic cell differentiation conditions
for 5 days. Monocyte differentiation was performed by addition of 100 ng/mL LPS for an
additional 2 days. Following complete differentiation, monocytes were stained for the
monocyte marker CD14, the dendritic cell marker CD1a and maturation markers CD80 and
CD86. Monocytes cultured in the absence of hMSCs exhibited significantly greater dendritic
cell differentiation compared to monocytes co-cultured with hMSCs as quantified by the
percentage of CD1a+/CD14- cells (Fig. 4J). Monocytes cultured with hydrogels
encapsulating untreated hMSCs, hMSCs exposed to soluble IFN-y (pre-licensed), or
hMSCs encapsulated in hydrogels containing IFN-y showed lower dendritic cell
differentiation than monocytes differentiated in the absence of hMSCs, and there were no
differences in dendritic cell differentiation among these hMSC-containing groups.
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Remarkably, monocytes cultured with hMSCs encapsulated in cys-1FN-y-tethered hydrogels
showed a significant reduction in their dendritic cell differentiation compared to monocytes
cultured with all other IFN-y-treated hMSC conditions. Furthermore, monocytes cultured
with hMSCs encapsulated in cys-IFN-y-tethered hydrogels displayed lower expression of
maturation markers CD80 and CD86 compared to monocytes cultured in all other conditions
tested (Fig. 4K,L). These results show that hMSCs in cys-IFN-y-tethered hydrogels exhibit
significantly upregulated ability to inhibit monocyte-derived dendritic cell differentiation
compared to either hMSCs not exposed to IFN-y or hMSCs in IFN-y hydrogels.

We next investigated the mechanism of action for this effect by co-culturing human
monocytes with hMSCs encapsulated in cys-IFN-y-tethered hydrogels in the absence or
presence of either an IDO inhibitor (1-MT), a PGE2 inhibitor (NS-398), or both. Following
7 days in dendritic cell differentiation conditions, monocytes were collected, stained for
CD1a and CD14 and subjected to flow cytometric analysis (Fig. S7). Without the addition of
IDO or PGEZ2 inhibitor, monocytes co-cultured with hMSCs in cys-IFN-y-tethered
hydrogels showed lower dendritic cell differentiation compared to monocytes that were not
co-cultured with hMSCs. Monocytes co-cultured with encapsulated hMSC and exposed to
the IDO or PGE2 inhibitor exhibited higher dendritic cell differentiation compared to
vehicle only controls. The IDO inhibitor had a more pronounced effect than the PGE2
inhibitor, demonstrating that IDO is the dominant mechanism inhibiting dendritic cell
differentiation for hMSCs encapsulated in cys-1FN-y-tethered hydrogels.

hMSCs in cys-IFN-y-tethered hydrogels accelerate healing of mucosal wounds

The use of hMSCs for treating inflammatory diseases in clinical trials has rapidly grown in
recent years with Crohn’s and other inflammatory bowel diseases consisting a large portion
of the conditions being treated [42]. In addition, previous literature suggests that licensing
hMSCs with IFN-y can significantly augment the regenerative effects of cell therapy in pre-
clinical colitis models [43]. We thus tested whether hMSCs encapsulated within cys-1FN-y-
tethered hydrogels enhance repair of intestinal mucosal wounds. A major advantage of the
hydrogel platform is the ability to formulate the scaffold as an injectable delivery vehicle.
Because the degradation profile of the hydrogel is an important parameter influencing
healing responses, we used hydrogels crosslinked with a protease-degradable crosslinking
peptide (VPM) that previously supported /n vivo delivery of therapeutic proteins and
excellent tissue healing [44-47]. We first investigated the effects on wound regeneration of
hMSCs delivered within cys-IFN-y-tethered hydrogels compared to either untreated control
wounds, wounds injected with hMSCs in saline, and wounds treated with control hydrogels
containing hMSCs. Wounds were mechanically induced within the colon of
immunocompromised NSG mice using a veterinary colonoscope as described previously
[39]. Twenty-four hr following injury, the prescribed treatments were injected at the site of
injury and videos of the wounds taken. Five days following treatment, progression of wound
repair was recorded and healing was assessed by comparing the wound area on day 5 to the
wound area on day 1. Remarkably, wounds treated with hMSCs delivered within cys-1FN-y-
tethered hydrogels enhanced wound healing compared to control untreated wounds (Fig.
S8). Importantly, no other groups tested displayed differences compared to the control
untreated wounds.

Biomaterials. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garcia et al.

Page 12

We conducted a follow-up experiment where colonic mucosal wounds in immunocompetent
C57/B6 mice were treated with hMSCs delivered within cys-1FN-y-tethered hydrogels or
cys-IFN-y-tethered hydrogels without hMSCs. The use of C57/B6 mice ensures an active
immune system that is more physiologically relevant to clinical cases. Other groups tested
included colonic wounds injected with hMSCs in saline and wounds injected with un-
crosslinked hydrogel components. Five days post-injury, wound closure was assessed as
previously described. No differences in wound closure were noted between mice receiving
un-crosslinked hydrogel components and mice injected with either hMSCs in saline or
hydrogel-encapsulated hMSCs without cys-IFN-vy. In contrast, h(MSCs delivered within cys-
IFN-y-tethered hydrogels exhibited significantly increased wound closure at day 5 post-
injury compared to control mice receiving un-crosslinked hydrogel components and mice
receiving cys-IFN-vy gels without hMSCs (Fig. 5A). Histological sections confirm this
finding showing that mice treated with cys-1FN-y-tethered hydrogels with hMSCs had
smaller wounds compared to the other groups tested (Fig. 5B—E). Notably, wounds treated
with cys-IFN-y-tethered hydrogels with hMSCs showed the presence of crypts re-forming
within the repair tissue, indicating healing at a more advanced stage compared other groups.
Additionally, wounds examined at 4 weeks post-injection showed the presence of implanted
hMSCs, demonstrating persistence of cells that correlates with enhanced wound closure
(Fig. S9).

Discussion

With the impetus for cell therapies to be translated into the clinic, hMSCs have been
evaluated in nearly 500 clinical trials [48]. While these cells were initially pursued for their
differentiation potential, recent evidence, including their effects in treating inflammatory
diseases such as GvHD and Crohn’s disease, support their use for their immunomodulatory
properties [49, 50]. Nonetheless, the success of these clinical trials in treating inflammatory
diseases has been mixed with approximately half of patients treated with hMSCs showing
little to no improvement [14-17]. Therefore, there is significant need for increasing the
efficacy of these stem cell-based therapies and specifically, increasing the
immunomodulatory properties of hMSCs. Licensing hMSCs with IFN-vy increases their
immunomodulatory properties in /n vitroand in vivo systems [51]. However, the need for ex
vivo manipulation of hMSCs with IFN-vy raises considerable barriers including increased
costs, clearing regulatory hurdles, and establishing rigorous and reliable cell handling
practices that impact clinical translation [27]. Engineering a biomaterial that can license
hMSCs without the need for ex vivo manipulation can significantly enhance the translation
of hMSC-based stem cell therapies.

Previous research has described the conjugation of bioactive proteins to biomaterials
scaffolds to boost stem cell activities [52-55]. In this study, we engineered a novel strategy
for licensing hMSCs by functionalizing a PEG-based hydrogel with a biologically active
form of IFN--y. To assess the functionality and efficacy of our platform, we tested two
general concepts: 1) whether the scaffold modification elicited a response in scaffold-
encapsulated hMSCs, and 2) whether the effect imparted onto the hMSCs generated
secondary effects on immune cells. hMSCs encapsulated within IFN-y-presenting hydrogels
exhibited similar or increased expression of both cell-licensing markers IDO and PD-L1
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compared to hMSCs that were pre-licensed with soluble IFN-y. Furthermore, hMSCs
encapsulated within IFN-y-presenting hydrogels showed a potent ability to inhibit both
activated human T-cell proliferation and monocyte-derived dendritic cell differentiation.
Importantly, the inhibition of dendritic cell differentiation imparted by hMSCs encapsulated
within IFN-y-tethered hydrogels was greater than that of encapsulated hMSCs that were
licensed with soluble IFN-+y prior to co-culture. This increased effect for the tethered IFN-y
is likely due to the increased duration of licensing as the tethered form is present throughout
the co-culture period while the unbound IFN-y will be washed away. In addition to the
increased duration, the tethered form of IFN-y may also result in higher local concentrations
of IFN-+y surrounding the encapsulated hMSCs compared to the unbound form. Future
studies will examine whether lower doses of cys-IFN-y could be utilized thus furthering the
applicability of clinical use.

Within a functional model, hMSCs encapsulated in IFN-y-presenting hydrogels exhibited
significantly higher levels of mucosal wound closure compared to untreated controls as well
as wounds treated with hMSCs in hydrogels. This finding supports the notion that the effects
imparted by licensing hMSCs elicits a functional response /7 vivo. Further studies are
necessary to elucidate how such licensing influences the cellular and molecular cascades
within the affected area in order to further increase the efficacy of the therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tethering of cys-IFN-y onto PEG-4AMAL hydrogels and degradation-dependent release. (A)

Schematic representing cytokine functionalization with adhesive ligand, hMSC and
protease-degradable cross-linker incorporation. (B) Protein gel electrophoresis for cys-IFN-
v reacted with PEG-4MAL. Lane 1) protein ladder, lane 2) cys-IFN-y reacted with PEG-4-
MAL, lane 3) cys-IFN-y. (C) Cys-IFN-vy release kinetics as measured by ELISA. All groups
were incubated in PBS until 4 days at which point collagenase (50 pg/mL) was added to the
respective group. N=5. Error bars + SEM.
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Figure 2.
hMSCs on tissue culture plastic exhibit significant changes in marker expression and

secreteome when incubated with IFN-y compared to hMSCs without IFN-y. A) Schematic
of experimental outline. h(MSCs were incubated with either cys-IFN-y + PEG-4MAL, cys-
IFN-y, native IFN-y, PEG-4MAL or no treatment. Following 4 days, hMSCs were stained
for B) IDO and C) PD-L1 and subjected to flow cytometry. Conditioned media was analyzed
for concentrations of various proteins including D) IL-6, E) CXCL10, F) MCP-1, G) VEGF,
H) CCL8 and I) M-CSF. Dotted lines signify limit of detection for specific protein. N=6.
Error bars + SEM. One-way ANOVA **** p< 0.0001.

Biomaterials. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Garcia et al. Page 19
A)
C U P Add hydrogel Incubate
- - @ to media 4 days :
e . ® Analysis
<
{ . ® - - = m R—
B) C) D)
= 8x10% 6x105+4 l T 5<10% . *
- T = = .
S T = 5105 o o b 1
w @ =10°4 @ A4%105 ° .
g 50 : & 5= g —
H # T 404 T 3108 ?— =
g 4105 'E 3105 ® |+| ,g %- v
= . g § 241054 s 4
5 2<108 o & 2105 a S ¥
2 5 1x10% e 2 1x10%
e o ; ; ; g Fr—" <
1 10 100 1000 & 0 ’ . g E = .
Cys-IFN-y (ng) Cys-IFN- IFN No IFN-, CysIFN-y IFN No IFN-y
E) F) G) -
8000 - — 6000~  — 1 25000+ ]
. —
7000 4 —~ 5000 . o M
= 60004 ol
E J E % ——
S, 5000+ E - e % - S 15000
2 40004 fsoom 9 £ ' i °
v ] ° — E = 10000 » T J————
é ::z: i e 8 20004 =l- %
v _ié_ e e o Jp—— 5000
e —
T T T 0 T T T T T T
Cys-IFN- IFN-; No IFN- Cys-IFN-; IFN-y No IFN-y Cys-IFN- IFN- No IFN-y
H) rers )} axas
5 e r o 1
10000 4000+ —
= 80004 o 3500 °®
E I = 3000+ E
-4 E
& 6000+ 32500- ~
= 4000 S £ 20004
» o«
B dem
2000+ o -
U - 500 5
Cys-IFN-, IFN No IFN-, Cys-IFN- IFN- No IFN-
Figure 3.

Licensing of hMSCs encapsulated in cys-1FN-y-tethered hydrogels. A) Schematic of
experimental outline. hMSCs were encapsulated within hydrogels of different conditions and
immunomodulatory properties analyzed. B) hMSCs were encapsulated in 6% PEG wt %, 20
pL hydrogels with differing doses of cys-IFN-y. Following 4 days of culture, cells were
subjected to flow cytometric analysis for IDO expression. Dotted line indicates level of IDO
expression of 0 ng dose. N=3-5. & p<0.0001 vs all conditions tested except 0 ng dose. #
p<0.05 vs 32 ng and 80 ng doses, p<0.001 vs 200 ng dose, p<0.0001 vs 0, 5, and 500 ng
dose. $ p<0.001 vs 500 ng dose, p<0.0001 vs 0 ng dose. @ p<0.05 vs 500 ng dose, p<0.0001
vs 0 ng dose. T p<0.0001 vs 0 ng dose. C,D) IDO and PD-L1 expression of hMSCs in
hydrogels with cys-IFN-y and IFN-vy. Following 4 days of culture, hMSCs in hydrogels
with either cys-IFN-y, IFN-y or no IFN-y were stained for C) IDO and D) PD-L1 and
subjected to flow cytometric analysis. N=6. E-1) Cytokine analysis of conditioned media.
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Conditioned media of hMSCs encapsulated in hydrogels with either cys-IFN-y, IFN-y or no
IFN-y was analyzed for E) MCP-1, F) MCSF, G) CXCLS9, H) CXCL10, I) CCL8. N=6.
Error bars + SEM. One-way ANOVA * p<0.05, ** p<0.01, *** p<0.001, **** p< 0.0001.
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Figure 4.
hMSCs encapsulated in cys-IFN-y hydrogels modulate immune cells. A) Schematic of

experimental outline. hMSCs were encapsulated within hydrogels of different conditions and
the effect on T-cells or monocytes analyzed. B-H) hMSCs encapsulated within cys-1FN-y
hydrogels significantly reduce activated CD4+ T-cell proliferation. B-G) Representative
images of fluorescence microscopy images of proliferating T-cells stained for EdU, scale bar
100 pm. H) Untreated or pre-licensed hMSCs were encapsulated within cys-IFN-y, IFN-y
or no IFN-y hydrogels and co-cultured with activated CD4+ T-cells for 4 days. T-cell
proliferation was assessed via EdU incorporation. Graph shows samples from two
independent experiments. N= 5-8 separate wells with quantification of >100 T-cells per
well. 1) Quantification of proliferating T-cells with IDO inhibitor. N= 6-7 separate wells
with quantification of >100 T-cells per well. J-L) hMSCs in cys-IFN-y hydrogels inhibit
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dendritic cell differentiation. J) Percentage of dendritic cells in monocyte culture after 7 days
differentiation as defined by CD1a+/CD14- by means of FMO controls. Median
fluorescence intensity for markers K) CD80 and L) CD86. N=3-4 separate wells with
20,000 cells analyzed per well. Error bars = SEM. One-way ANOVA * p<0.05, ** p<0.01,
*** n<0.001, **** p<0.0001.
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Figure 5.

hMSCs in cys-IFN-y hydrogels repair colonic wounds in immunocompetent mice. A)
Quantification of colonic wound closure at day 5 post-injury. B-E) H&E staining of colonic
wounds at day 5 post-injury. Hashed line delineates tissue border to indicate wound. Arrow
points to crypts reforming within repaired tissue. N=5-9 mice. Error bars = SEM. One-way
ANOVA ** p<0.01, *** p<0.001.
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