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Abstract

Inflammation after traumatic injury or surgical intervention is both a protective tissue response
leading to regeneration and a potential cause of wound complications. One potentially successful
strategy to harness to pro- regenerative roles of host inflammation is the localized delivery of
bioactive materials to induce immune suppressive cellular responses by cells responding to injury.
In this study, we designed a fully synthetic poly (ethylene) glycol (PEG)-based hydrogel to
release the specialized pro-resolving lipid mediator aspirin-triggered resolvin-D1 (AT-RvD1) and
recombinant human interleukin 10 (IL-10). We utilized a unique side-by-side internally controlled
implant design wherein bioactive hydrogels were implanted adjacent to control hydrogels devoid
of immune modulatory factors in the dorsal skinfold window chamber. We also explored single-
immune cell data with unsupervised approaches such as SPADE. First, we show that RGD-
presenting hydrogel delivery results in enhanced immune cell recruitment to the site of injury.
We then use intra-vital imaging to assess cellular recruitment and microvascular remodeling

to show an increase in the caliber and density of local microvessels. Finally, we show that
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the recruitment and re-education of mononuclear phagocytes by combined delivery IL-10 and
AT-RvD1 localizes immune suppressive subsets to the hydrogel, including CD206* macrophages
(M2a/c) and 1L-10 expressing dendritic cells in the context of chronic inflammation following
surgical tissue disruption. These data demonstrate the potential of combined delivery on the
recruitment of regenerative cell subsets involved in wound healing complications.
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1. Introduction

The immune response to injury is a complex process that involves the functional
orchestration of many different cell populations that work in coordination to restore tissue
homeostasis [1]. In healthy individuals or in the case of small wounds, tissue regeneration
and the return to normal function proceed without any necessary outside intervention.
However, in the case of aging, large wounds, or in disease states such as diabetes or after
organ transplant, the process of the immune response to wound healing is dysregulated and
may prevent normal tissue regeneration, leading to failure of wound closure or a chronic
inflammatory state [2, 3]. In order to mitigate the immune dysregulation present during
these states, there is a rapidly expanding body of research dedicated to the targeting and
manipulation of the immune response to injury and inflammation. Studies have shown the
roles of single immune populations during the process of tissue regulation. For example,
depletion of neutrophils delays wound closure in aged mice, and clinical observations

note that neutropenic individuals often have difficulty healing wounds [4,5]. Additionally,
ablation of monocyte and macrophage pools in zebrafish and salamanders has resulted

in failure of limb or tail regeneration, indicating their indispensability to the regenerative
process [6,7]. These studies demonstrate the extensive crosstalk and interplay between

cell types during wound healing — that no one cell is the master orchestrator of tissue
regeneration. Thus, we aimed to develop a therapeutic to target multiple immune populations
involved in inflammation and wound healing.

Within the monocyte and macrophage families, subsets have been identified in both mice
and humans that have disparate functions and roles during inflammation. Monocytes may
exist as classical inflammatory monocytes (CD11b+Ly6Chi in mice and CD14*CD16~ in
humans) that exhibit largely pro-inflammatory characteristics — or as patrolling non-classical
anti-inflammatory monocytes (CD11b+ Ly6Clow in mice and CD14low CD16+ in humans)
[8]. After injury they infiltrate into tissue and secrete various bioactive factors including
vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF-g), and
interleukin-10 (IL-10) to promote angiogenesis and matrix deposition [9-12]. We have
shown that targeted recruitment of this specific monocyte subset enhances microvascular
network expansion after sterile injury, and that they are able to preferentially expand

the population of “anti-inflammatory” wound-healing macrophages [13-16]. By extension,
macrophages exist /7 vivo on a spectrum from M1 “pro-inflammatory” to M2 “anti-
inflammatory” [17]. M2 anti-inflammatory macrophages are identified by their expression
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of canonical macrophage markers MerTK and CD64, and can also express high or low
Ly6C [14,18,19]. These M2 macrophages can be further divided into M2a-c subsets, and
the M2a (CD206+) and M2c (CD163+) subsets have, in particular, been shown to exhibit
pro-regenerative, anti-inflammatory characteristics, such as the ability to release I1L-10 and
support angiogenesis [20-24].

In addition to the mononuclear phagocyte system, other cells in the innate and adaptive
immune systems also positively influence regeneration. Dendritic cells (DCs) are antigen
presenting cells that release cytokines and are responsible for influencing both innate and
adaptive immune responses after microbial infection or tissue injury [25]. Traditionally, their
function is to detect and capture foreign antigen and present those antigens to T lymphocytes
to induce their activation, differentiation, and subsequent action [26]. Additionally, DCs are
involved in promoting tolerance to self-antigens and can induce regulatory T cell (Treg)
expansion under the correct conditions [27]. Thus, therapeutic strategies for promoting

the anti-inflammatory roles of DCs aim to increase expression of inhibitory molecules

and tolerogenic mediators [28, 29]. One strategy for modulating the local immune cell
population after injury is through local delivery of biomolecules via implanted biomaterials.
Although other groups have loaded bioactive hydrogels with various compounds such as
black phosphorus to encourage angiogenesis and reduce inflammation to encourage healing
[30], delivery of one single biomolecule to sufficiently modulate the recruitment of diverse
immune cell subsets remains a significant challenge. Therefore, we have identified two
bioactive factors capable of eliciting this response: aspirin-triggered resolvin D1 (AT-RvD1)
and IL-10. AT-RvD1 is part of a class of “specialized pro-resolving mediators” (SPMs)
capable of redirecting the immune response towards resolution [31]. SPMs have broad
effects over a variety of myeloid cells, including the limitation of neutrophil transendothelial
migration, the modulation of cytokine release from monocytes and macrophages, and

the prevention of DC maturation [32—34]. We have previously shown that AT-RvD1
delivered from a PLGA film can increase local populations of Ly6Clow monocytes and
CD206+ macrophages after injury [16] IL-10, a cytokine which plays a critical role in the
control of immune responses, is also expressed by both innate and adaptive immune cells
including monocytes, macrophages, dendritic cells, and T cell subsets [35]. IL-10 treatment
promotes the transition from an M1 to M2 fate, and prevents DC maturation, resulting in
decreased MHC-II surface receptor expression and subsequent increased release of I1L-10
[36,37]. Additionally, IL-10 can act on T helper subsets to prevent their co-stimulation

and proliferation [35]. Thiolated I1L-10 has previously been conjugated to PEG-diacrylate
UV-photocrosslinkable hydrogels and was shown to modulate /n vitro dendritic cell activity
[38]. These qualities of AT-RvD1 and IL-10 make an attractive combination therapy for

the promotion of wound healing due to their synergistic ability to direct anti-inflammatory
effector functions of lymphoid cell subsets.

Using the murine dorsal skinfold window chamber as a test bed to measure the response

to immunomodulatory hydrogels, we demonstrate that not only is the recruitment of anti-
inflammatory myeloid cells enhanced by AT-RvD1 delivery, but combination IL-10+AT-
RvD1 treatment is able to concurrently increase populations of macrophages, dendritic cells,
and T cells involved in wound healing. Unsupervised analysis strategies such as SPADE
were used to highlight novel immune modulations following therapeutic hydrogel treatment.
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These results indicate that an immunomodulatory strategy that coordinates activities of
pro-regenerative/anti-inflammatory cells of both the innate and adaptive immune system is a
promising method for enhanced tissue regeneration and healing.

2. Results

2.1. RGD-functionalization of PEG hydrogels supports enhanced migration of local
myeloid cells

To explore the activity of myeloid cells towards engineered hydrogels, we delivered
hydrogels based on 4-arm maleimide-functionalized macromer (PEG-4MAL) with

4.5% weight/volume for all hydrogel formulation as determined from previous work,
functionalized with RGD adhesive peptide or the inactive scrambled peptide control

RDG into the dorsal skinfold of mice that express GFP under the CX3CR1 promoter
(CX3CR1GFP*) (Fig. 1A and B). Hydrogel functionalization with RGD creates a
microenvironment that supports cell-material integration [39]. RGD (Fig. 1C) or RDG

(Fig. 1D) functionalized PEG gels were implanted on the exposed dermal layer on day

1 after injury. At day 3, we performed intravital laser scanning confocal microscopy and
acquired 25-30-min videos to visualize cells interacting with the hydrogel implants. We
then classified cells by their shortest distance from the hydrogel surface over the course of
the video and found more cells within 10 um of RGD-functionalized hydrogel than RDG
surfaces (not shown). Most cell migration tracks were within 30 um of the hydrogel surface.
We then tracked the mean and maximum velocity of CX3CR1+ cells around each hydrogel
and found that the mean velocity was greater around RGD hydrogels compared to RDG
hydrogels only if the cells were within 30 um of the hydrogel surface (Fig. 1E). Cells were
insensitive to RGD if they were at greater distances (30-50, 50 + pm). This indicates that

on average, hydrogels functionalized with RGD, aid in cell adherence, therefore encouraging
cell interactions with the hydrogel as compared to the control RDG-functionalized hydrogel.
Additionally, it suggests that RGD-functionalized hydrogels increase the velocity of myeloid
cells within their immediate vicinity.

2.2. PEG-4MAL hydrogels support loading and release of thiolated IL-10 and soluble

AT-RvD1

To modulate the activity of immune cells recruited to RGD hydrogels, we aimed to deliver
therapeutic factors, IL-10 and AT-RvD1, to the site of injury (Fig. 2A and B). First,

we optimized the release of fluorescently tagged unmodified IL-10 from the PEG-4MAL
hydrogel with the goal of slow, sustained release (Fig. 2C). After 24 h, the gels had released
227.40 £ 1.71 ng of the loaded IL-10, over 90% of the initial dose. By 5 days, 235 + 1.73
ng total IL-10 was released from the gel, and only 22.39 + 4.85 ng was recovered from

the digested gel. To modify the release kinetics to provide a more sustained delivery of
IL-10, we functionalized IL-10 to add free cysteines in order to allow interaction with the
PEG-MAL macromer during gel polymerization, which would then result in a more gradual
release as the gel degrades. We modified the protein with Traut’s reagent (2-iminothiolane),
a thioimidate compound that reacts with primary amines to form sulfhydryl groups. Using a
molar excess of Traut’s reagent (30:1), the concentration of thiol groups found on the IL-10
was 0.89 £+ 0.98 uM or approximately 3 free cysteine groups per IL-10 molecule. When
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thiolated-IL-10 was reacted with PEG-4MAL and polymerized into hydrogels, we found that
thiolation greatly slowed the release kinetics. In contrast to the unmodified IL-10, hydrogels
encapsulating thiolated IL-10 released 7.67 £+ 2.76 ng (3%) after 30 min, 26.91 + 2.91 ng
(11%) at 2 h, 32.39 £ 2.67 ng (13%) at 6 h, and 42.03 £ 2.45 ng (17%) by 24 h. After

5 days, hydrogels with thiolated IL-10 resulted in a cumulative release of 73.28 + 3.55 ng
(29%) at 5 days, with 176.72 + 5.42 ng (71%) remaining IL-10 recovered from the gel

after digestion (Fig. 2D). We then incorporated AT- RvD1 through bulk-encapsulation in the
protease cleavable gels. AT- RvD1 was released from the gels in a manner similar to that of
the unmodified IL-10, with 87.66 = 1.29 ng of the total loaded 100 ng dose released by 24
h. By day 5, only 4 more nanograms were released, and the total release was measured to be
91.24 + 1.11 ng (Fig. 2E). Release from dual-loaded gels showed there was no effect of dual
loading on either release profile (not shown).

IL-10 pretreatment of RAW264.7 macrophages prior to LPS stimulation has been previously
shown to reduce TNF- a release [40]. To test the bioactivity of thiolated IL-10 released

from PEG-4MAL gels, we employed similar /n vitro assay of IL-10-mediated suppression
of TNF-a release by LPS-stimulated RAW?264.7 macrophages, and utilized intracellular
cytokine staining and flow cytometric analysis to assess TNF-a levels in RAW?264.7
macrophages (Fig. 2F). First, we compared unmodified-1L-10, thiolated-IL-10 (t-IL-10), and
thiolated-IL-10 conjugated with PEG-4MAL (PEG-t-1L-10) and found that all three were
able to significantly reduce TNF-a expression after treatment with LPS compared to vehicle
control (Fig. 2G). We then compared thiolated-1L-10 to AT-RvD1 and co-treatment of AT-
RvD1 and IL-10. Again, we observed a significant reduction in TNF-a. expression across all
groups after LPS treatment compared to control (Fig. 2H). Altogether, this characterization
data indicates that thiolation with Traut’s reagent is able to support the loading and release
of IL-10 into PEG-MAL hydrogels while maintaining its bioactivity, and that dual-loaded
hydrogels containing thiolated-1L-10 and AT-RvD1 have temporally independent release
profiles. All subsequent experiments utilized thiolated-1L-10, and IL-10 in text and figures
will refer to thiolated-IL-10.

We have previously shown that AT-RvD1 recruits a subset of proangiogenic neutrophils
after injury [16]. Thus, we first aimed to test whether delivery of I1L-10, AT-RvD1, or dual
therapeutic treatment led to increased vascular length density and arteriolar diameter, two
measures of vascular remodeling. We delivered 1L-10 alone, AT-RvD1 alone, and combined
IL-10 and AT-RvD1 hydrogels each into the rostral side of the dorsal skin using the dorsal
skinfold window chamber model (DSWC), with unloaded hydrogel injected onto the caudal
end, taking measurements at day 1, 3, and 7 (Fig. 3A). In order to track changes in

the vasculature, we used longitudinal brightfield intravital microscopy in the dorsal skin
vascular networks after implantation. We took images on post-operative days 3 and 7 and
compared them to images from day 0 immediately following surgery. By day 7, there is

a marked increase in vascular tortuosity and vascularity of the dorsal skin compared to

day 0 in the AT-RvD1 and IL-10+AT-RvD1-treated skin (Fig. 3A). Furthermore, when we
quantified the changes in vasculature, we saw significant increases in vascular length density
in AT-RvD1 animals alone or combined with IL-10. We also observed significant increases
in arteriolar diameter in the same groups (Fig. 3B and C). Notably, the IL-10+AT-RvD1
group had significantly increased the arteriolar diameter by day 7 over 1L-10 alone. This
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data suggests that 1L-10/AT-RvD1-releasing hydrogels modulate vascular remodeling and
expansion after implantation.

2.3. Innate immune cell infiltration correlates with increased vasculature

Next, we characterized the immune cell subsets recruited to the injected hydrogels and to
nearby emergent vasculature (CD31*, gray) (Fig. 4A). We stained whole mount dorsal tissue
for the pan-monocyte/macrophage marker CD68 and M2 marker CD206 and used Imaris to
render and quantify the accumulation of M2 macrophages compared to the total monocyte
and macrophage population over time. Representative 20x confocal images demonstrate the
increase in the total CD68* population over time (Fig. 4B). Qualitatively, these images
show increased CD68"CD206+ cellular expression in the AT-RvD1 and IL-10+AT-RvD1
groups. We found that quantification of 3D renderings confirms the qualitative findings

and shows a steady increase over time from day one to day seven in the accumulation

of CD68* CD206+ macrophages following AT-RvD1-only or combination I1L-10+AT-RvD1
treatment (Fig. 4C). Treatment with IL-10 only did not significantly increase the population
of CD206+ macrophages over time.

Given the increasing knowledge of the roles immune system and plays in promoting wound
healing and tissue regeneration, we quantified the temporal response of dendritic cells to
immunomodulatory PEG-MAL hydrogels. Imaris renderings of dorsal tissue were used

to measure CD11c and IL-10 co-expression levels (Fig. 4D). The number of CD11c +

cells also co-expressing 1L-10 was significantly higher after IL-10+AT- RvD1 treatment
compared to control at all time points (Fig. 4E). At day 7, there were significantly more
IL-10 expressing CD11c DCs following treatment with 1L-10. AT-RvD1 treatment increased
IL-10 DC populations compared to control, but not to the level of IL-10 or IL-10+AT- RvD1
treatments.

2.4. Anti-inflammatory macrophages and dendritic cells accumulate after local hydrogel

delivery

After profiling the recruitment of circulating immune cell subsets in response to hydrogels,
we investigated changes in single-cell immune subpopulations using flow cytometry. We
examined dynamic changes in macrophage recruitment to the hydrogel at days 1, 3, and

7 after tissue injury and implantation of PEG-4AMAL hydrogels. M1 classically activated
macrophages were characterized by their expression of the co- stimulatory molecule CD86
and did not express the mannose receptor CD206. We observed an increase in the M1
population at day 3 when they comprised on average 15% of the total macrophage
population. The M1 population then decreased by day 7 and, with a significant reduction
following AT-RvD1 or combination IL-10+AT-RvD1 treatment compared to control (Fig.
5A). Conversely, M2-like alternatively activated macrophages were characterized as CD86~
CD206+. At day 1, these macrophages made up a higher proportion of the total macrophage
population, possibly due to pre-existing populations of tissue resident macrophages that
express CD206 [41]. We found large increases in the M2 macrophage population at day

1 in the AT-RvD1-treated and IL-10+AT-RvD1 treated animals compared to unloaded
hydrogel control. At days 3 and 7, the average proportion of M2 macrophages had increased
compared to the previous timepoint. We did not observe any change between IL-10 treated
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dorsal tissue when compared to its respective control. At these time points, we did observe
significant increases in the M2 population after AT-RvD1 and dual delivery of IL-10 and AT-
RvD1 compared to control at days 3 and 7 (Fig. 5B). This accumulation of M2 macrophages
occurred at a faster rate with dual delivery hydrogels, as the population of M2 macrophages
was significantly increased in IL-10+AT-RvD1 treated animals compared to AT-RvD1-only
delivery at day 3, indicating a modulation in recruitment or differentiation kinetics driven by
co-delivery of these two factors.

In addition to changes in the macrophage populations, we observed significant increases

in IL-10+ dendritic cells after one week across all groups and found that IL-10 + DCs
were significantly increased in combination IL-10+AT-RvD1 treatment compared to IL-10
only and AT- RvD1 only treatments (Fig. 5C). Consistent with our hypothesis that IL-10
and AT-RvD1 delivery are able to reduce the activation of pro- inflammatory pathways, we
also observed decreased intracellular TNF-a expression in CD11c + dendritic cells at day
3 inthe IL-10 alone and IL-10+AT-RvD1 hydrogel treatment groups, and reduced TNF- a
expression across all groups at day 7 (Fig. 5D).

Flow cytometry and IMARIS imaging identified increased populations of pro-regenerative
innate immune cells, so to better elucidate cellular heterogeneity within these populations
at day 7, we used SPADE, a dimensionality reduction technique that hierarchically clusters
phenotypically similar cells into “nodes” [42]. Each SPADE node is made up of a unique
profile of surface marker expression, from which we were able to identify the change in
immune cell frequency in response to immunomodulatory hydrogel treatment. We created
SPADE representations using CD11b + cells as indicative of myeloid cells, and then

used MerTK + CD64* markers to create a base SPADE dendrogram, or “tree”, indicative

of macrophages. By overlaying individual immune cell markers onto this base SPADE
dendrogram, we were able to identify nodes that were specific for CD86*, which indicated
an M1 phenotype (Fig. 6A), or CD206+, indicating an M2-like phenotype (Fig. 6B). For the
M2 population, we further identified CD206+ nodes as either Ly6C + high or low or Ly6C-,
as well as MHC-I1+/-, to elucidate the cellular heterogeneity in that population. In order

to characterize changes in immune cell frequency over pseudotime, a quantitative measure
of biological processes, we assigned each node an immune phenotype and calculated the
percent frequency of each cell population relative to the total number of events in each node.
We then subtracted the percent cell frequency of each treatment group in each node from
the cell frequency in the control group to create a “tornado plot”, which indicate whether
the abundance of that cell phenotype is dominated by control or treatment groups. This
analysis shows that, in IL-10 and AT-RvD1 alone, when comparing the treatment group
against the control, there does not seem to be a shift in M1 macrophage cell frequencies

in any of the nodes. However, in the dual hydrogel group, there is a shift in cell frequency
towards control groups in M1 macrophages (Fig. 6C). In M2 macrophage dominated nodes,
there is a slight shift towards the treatment group, indicating the immune microenvironment
transitioning towards a pro-regenerative phenotype by day 7 (Fig. 6D). This shift can be
further characterized by Ly6Chi and low cells, with CD206+ Ly6Clo MHC-11 + macrophage
nodes dominated by the treatment groups, and CD206+ LyC- or LyChi nodes dominated by
control groups.
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We next created a CD11c + SPADE dendrogram to identify IL-10+ DCs (Fig. 7A). We
identified 32 nodes that co-expressed markers CD11c+ and IL-10+. From the dendritic cell
tree, we observed higher numbers of nodes dominated by IL-10+ DCs in all three treatment
groups when compared to control (Fig. 7B). In particular, the IL-10+AT- RvD1 combined
group was completely dominated by IL-10+ DC nodes in the treatment when compared to
control.

We next hypothesized that the immunomodulatory effects of our hydrogel treatment would
likely modulate the adaptive immune system. We performed flow cytometry on isolated
tissue from the window chamber, adding CD3*, CD4*, CD25*, and CD8* markers for
adaptive immunity. We aimed to identify T-cell involvement by using a base CD3* SPADE
dendrogram. We first identified CD4* CD25* T-regulatory cells using SPADE (Fig. 7C).
We then created tornado plots to observe the difference in cell frequency in the treatment
from control samples to identify shifts in cellular heterogeneity. Unfortunately, we did not
observe any CD4* CD25* nodes that had increased cell frequency per node in either control
or treatment. (Fig. 7D). Notably, we observed an increased number of nodes in AT-RvD1
treatment alone compared to treatment, mirroring a similar result which was observed in
IL-10+ DCs. Finally, we also identified the presence of a CD8" IL-10+ subpopulation of
cells, which was particularly abundant in the dual hydrogel group. This CD8* IL-10+ co-
expressing cell was most abundant in nodes in treatment group in the dual 1L-10+AT-RvD1
over control (Fig. 7E and F).

3. Discussion

The use of biomaterial implants to deliver cells or bioactive molecules capable of directing
the host immune response after injury can modulate processes critical to the restoration of
tissue homeostasis, such as cellular cytokine release, vascular remodeling, or deposition

of extracellular matrix [2]. It is becoming increasingly apparent that these processes

are regulated not only by cells of the innate immune system, such as monocytes and
macrophages, but that cells of the adaptive immune system play active and important roles
[43]. Here, we aimed to develop a material that can enrich the wound microenvironment
with anti-inflammatory cells of both the innate and adaptive immune system to enhance the
regenerative response.

Integrin signaling appears to play different roles in leukocyte migration, depending on the
environment in which the cell is migrating. For example, monocytes utilize the integrin
LFA-1 to crawl along the endothelium and extravasate into the tissue [9,44]. Conversely,
leukocyte migration through interstitial space is not integrin-dependent and instead involves
amoeboid-like flowing and squeezing motions [44]. The critical parameter appears to be
whether the cell comes in contact with a 2D barrier, such as the endothelium. Biomaterials
provide a unique context to migrating cells, where the surface serves as a 2D barrier, but
materials that are porous or have topographical features may be interpreted by cells as an
analogous environment to interstitial space. Here, we demonstrate that CX3CR1+ myeloid
cells move at greater speeds near hydrogels presenting integrin ligands. This effect appears
to be primarily localized to the material surface, as we observed increased mean velocity
around RGD hydrogels compared to RDG hydrogels only if the cells were within 30 pm
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of the hydrogel surface. There was no difference in migration speed between RGD- and
RDG-functionalized materials at distances greater than 30 pm.

To achieve a higher level of control over both innate and adaptive immune cell recruitment,
we developed a hydrogel-based system capable of the dual delivery of two factors critical
for the recruitment and activation of pro-regenerative cells of both the myeloid and lymphoid
lineages. PEG-4MAL hydrogels were used to achieve /n7 vivo release of both AT-RvD1

and IL-10. This dual-release profile will allow for fast release of AT-RvD1 after in situ
hydrogel gelation to target the myeloid first responders followed by a more gradual release
over time of thiolated IL-10 to influence the activity of cells involved in the later stages

of the inflammatory response, mimicking the natural progression of the immune response.
This PEG-4MAL system allows for the incorporation of adhesive peptides into the hydrogel
backbone, as well as control over gelling and degradation kinetics through the modification
of component pH and chosen peptide crosslinker [45]. Without the addition of thiol groups,
approximately 90% of the loaded unmodified IL-10 was released /in vitro after 24 h. After
thiolation, the release of IL-10 was much slower, with nearly 70% of the loaded IL-10
remaining in the gel at day 5. Of note, this was observed in the absence of proteases that
would degrade the gel. The thiolated IL-10 was also able to modulate the expression of
TNF-a in RAW264.7 macrophages following LPS treatment, indicating that thiolation does
not affect the ability of IL-10 to modulate pro-inflammatory responses after inflammatory
stimulus. The AT-RvD1, which was not tethered to the PEG-MAL backbone, was delivered
from the hydrogel primarily in a burst release over the first 24 h, consistent with our
previous release kinetics from AT-RvD1-loaded PLGA thin films [16].

Post-injury vascular remodeling is a crucial step in the tissue repair process that is necessary
to ensure the delivery of nutrients and recruited cells to the regenerating tissue. The vascular
network is expanded via formation of new vessels and by remodeling existing vasculature to
support increased blood flow. This vascular network expansion is carried out in coordination
with recruited leukocytes of many varieties, including monocytes, macrophages and T
lymphocytes [46-48]. Leukocytes are able to drive this process through the secretion of
growth factors and matrix-remodeling enzymes [46,49-54]. We have previously shown

that local delivery of the bioactive sphingolipid mimicking pro-drug FTY720, chemokine
stromal-derived factor 1a (SDF-1a), and AT-RvD1 are able to promote vascular remodeling
processes [55,56]. In this study, we show that immunomodulatory biomaterials loaded

with IL-10, AT-RvD1, or combination are able to affect vascular remodeling over time.
IL-10 single therapy is able to enhance arteriolar enlargement but is not able to promote
expansion of the vascular network. On the other hand, AT-RvD1 and dual IL-10+AT-RvD1
treatments significantly increased both arteriolar caliber and vascular network length density,
indicating a remodeling of existing vasculature as well as expansion of new vessels. While
we cannot definitively prescribe a mechanism underlying these findings, increased vascular
network expansion may be associated with non-classical monocyte and M2 macrophage
accumulation observed after AT-RvD1 therapy that was not seen following IL-10-only
therapy.

The accumulation of immune cells in injured tissue is important in the process of
restoring tissue homeostasis after injury, but perhaps more important is the cellular
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phenotype and effector functions [57]. For example, monocytes and macrophages exist on

a spectrum of activation ranging from pro-to anti-inflammatory, with the M1 CD86*CD206-
phenotype considered to be more pro-inflammatory, and the M2 CD86™ CD206+ phenotype
considered to be more anti-inflammatory [48]. Several studies have further characterized
macrophage MerTK + CD64* populations into Ly6C high (Ly6Chi) or low (Ly6Clo).

It has been suggested that after wounding, MerTK expression is higher on Ly6Clo

than Ly6Chi cells. MerTK + Ly6Clo populations resemble anti-inflammatory macrophage
populations, producing cytokines consistent with wound repair, and Ly6Chi populations
have more pro-inflammatory capabilities [14,19,58]. Persistent accumulation and activation
of M1 macrophages has been associated with disease states such as type 2 diabetes

and atherosclerosis [59], but complete blockage of M1 pathways has been associated

with impaired tissue repair and wound healing [60]. When designing immunomodulatory
materials with the overall goal of ameliorating inflammation and promoting tissue repair,

it is important to consider the necessary balance between allowing pro-inflammatory
signaling to occur and amplifying anti-inflammatory signals, as both are needed in the
regenerative process [61]. Indeed, allowing an unabated “M2-like” anti-inflammatory
response can result in excessive tissue remodeling and fibrosis [17]. We subcutaneously
injected immunomodulatory hydrogels containing I1L-10, AT-RVD1, or a combination of
these factors into excisional skin wounds and chronicled the immune response to these
hydrogels over time. We observed significant decreases in the recruitment of circulating
pro-inflammatory immune cells following delivery of immunomodulatory hydrogels —
namely, hydrogels containing AT-RvD1 dampened local neutrophil infiltration, while 1L-10
and AT-RvD1 treatment modulated Ly6Chi monocyte infiltration (Supplementary figure

2). However, these treatments were not able to completely block the recruitment of these
pro-inflammatory cells. Additionally, we saw a transient increase in M1 macrophages after
one day followed by a significant decrease in this population by day 7 in animals treated
with AT-RvD1 or the combination hydrogels. Taken together, these findings indicate that
while these immunomodulatory hydrogels are indeed capable of modulating the immune
system, they still allow for the necessary actions of “pro-inflammatory” cell subsets. On the
other hand, the recruitment of Ly6CLow monocytes and M2 macrophages was significantly
increased at days 3 and 7 following AT-RvD1 treatment. Interestingly, IL-10 only treatment
was not able to modulate the recruitment of these immune cell subsets, but dual delivery

of IL-10 and AT-RvD1 significantly increased these populations compared to AT-RvD1-
only hydrogels, indicating the existence of a synergistic feed-forward mechanism between
AT-RvD1 and IL-10 that is able to amplify the recruitment of differentiation of these anti-
inflammatory cells. Our finding of increased CD206+ M2 macrophages via flow cytometric
analysis was further supported using analysis of whole mount immunohistochemistry, where
we observed significantly more CD68*CD206+ cells in the peri-implant dorsal tissue by
day 7. In order to further elucidate the cellular heterogeneity of the macrophage populations
at day 7, we utilized SPADE, a dimensionality reduction technique that hierarchically
clusters phenotypically similar cells into “nodes”, which are then organized into a minimum
spanning tree, or “SPADE tree” [42,62—64]. Each SPADE node carries a unique profile of
surface marker expression, from which we were able to identify the change in immune cell
frequency in response to immunomodulatory hydrogel treatment. SPADE analysis indicated
three nodes out of a MerTK + CD64* SPADE dendrogram that were dominated by M1
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macrophages. We then created “tornado plots” to elucidate whether the cellular frequency
was more abundant in control or treatment groups by subtracting percent cellular frequency
in treatment groups from control groups. In the M1 macrophage identified nodes, we
observed a shift in cellular frequency towards control over treatment groups. Interesting,

we observed 26 nodes dominated by CD206+ cells, which we further subdivided into Ly6C
high or low and MHC-I1+/-. In the tornado plots, we notice mixed Ly6C expression in IL-10
alone and AT-RvD1 alone treatment and control groups. However, in IL-10+AT-RvD1, we
observed M2 nodes dominated by LyClo MHC-II + nodes in treatment groups, consistent
with wound repair phenotypes, whereas the control group was mixed between LyChi and
Ly6Clo expression. Notably, M2 populations exist in at least three polarization states,
deemed M2A, M2b, and M2c [65]. M2a and M2c have similar effector functions, but M2c
is polarized by IL-10, whereas M2a is polarized in the presence of IL-4 [66]. Dual delivery
of AT-RvD1 and IL-10 could increase the M2c pool, thereby expanding the overall CD206+
population. SPADE analysis confirms that the M2 population in response to injury is highly
heterogeneous, and future studies should include other surface, intracellular, and activation
markers to further elucidate M2 phenotypes.

It was then our goal to expand our inquiry into cell subsets involved in wound healing

that we have not explored previously, dendritic cells and lymphocytes. “Tolerogenic DCs”
or DC-10s, are polarized by IL-10, have the ability to signal to Treg populations and
promote their activity. Additionally, these tolerogenic DCs have been shown to improve
cardiac function and survival after myocardial infarction through the induction of Tregs
and promotion of neovascularization and amelioration of pathologic left ventricle wall
remodeling [67]. Due to these actions, IL-10+ DCs may serve as a cellular bridge

between the pro-regenerative arms of the innate and adaptive immune systems. We also
observed significant decreases in overall expression of TNF-a within the DC population
among all groups compared to control, indicating the ability of all treatments to diminish
the pro-inflammatory activity of immune cells. By day 7, flow cytometric and whole

mount immunohistochemistry analysis showed that IL-10+AT-RvD1 combination treatment
significantly expanded the population of IL-10+ DCs. When we measured IL-10 staining
via IHC, we saw additional IL-10 that was not colocalized with CD11c. This IL-10 staining
could be extracellular 1L-10 that has been released from cells and is in the interstitial tissue.
The IL-10 could also be intracellular IL-10 present within Tregs. Future analyses could
modify our IHC staining panels to include a T cell marker to visualize the contributions

of these cells. In addition, SPADE analysis showed an increase in IL-10 + DCs in

treatment over control groups in all treatment groups. In particular, we observed a complete
dominance of IL-10+ DC nodes by the dual hydrogel treatment group when compared to
control. Future studies should include additional cell surface and cellular expression markers
to further elucidate this result.

Because of the increase in IL-10+ DCs by flow cytometry and SPADE, we aimed to
identify the effects of immunomodulatory hydrogel treatment on adaptive immune cell
populations using SPADE. SPADE analysis of CD4* CD25" Tregs did not show any
changes in cellular frequency in response to IL-10 alone, AT-RvD1 alone, or dual hydrogel
treatment. Interestingly, however, SPADE revealed the surprising finding of CD8* IL-10+
T-cell subpopulations. This subset of cells was particularly abundant in nodes whose

Biomaterials. Author manuscript; available in PMC 2024 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sok et al.

Page 12

cellular frequency was increased in treatment IL-10+AT-RvD1 compared to control. This
subpopulation was not observed in either treatment alone. CD8* Tregs have been shown to
be induced via IL-4 and IL-10 and subsequently are able to produce IL-10 [68]. It has been
shown that CD8 Tregs are induced during mucosal tolerance, and allospecific CD8 Tregs
have be used as immunotherapy to block T-helper 2 cell (Th2) activation (65). Moreover,
manipulation of CD8 Tregs have been implicated for delayed donor T-cell transfusion in
GVHD [68,69]. In addition, CD8* Tregs have been suggested to play a role in regulating
acute or chronic inflammation [70]. These data suggest a unique role for the adaptive
immune system in response to biomaterials at the injury site.

Our data shows a synergistic interplay between AT-RvD1 and IL-10 that allows for
increased control of the recruitment of cells from the innate and adaptive immune system
compared to either treatment on its own. Moreover, this data indicates an interesting role
for CD8* Tregs in the process of wound healing. In large wounds, or in diseases states,
immune dysregulation prevents normal tissue regeneration, potentially leading to a chronic
inflammatory state. This study employs a novel therapeutic hydrogel for wound resolution,
as well as a novel method in which a dimensionality-reduction technique, SPADE, is used
to make cellular hierarchy inferences among subpopulations of macrophages, dendritic cells,
and T-cells. Our studies can be used to explore cellular hierarchies and thus, rationally
design future biomaterials for regenerative immunotherapies. This dual-delivery system has
the potential to improve therapeutic wound healing outcomes following trauma or tissue
transplantation via synergy of cellular recruitment and polarization processes to promote
anti-inflammatory cell recruitment and activity.

4. Materials and methods

4.1.

RGD and RDG poly(ethylene) glycol hydrogel synthesis

Four-arm poly (ethylene glycol) (PEG, 20 kDA molecular weight) end-functionalized with
maleimide (>95% purity, Laysan Bio) at 4.5% weight/volume was used for all hydrogel
formulations. PEG macromers were functionalized with RGD peptide (GRGDSPC), or
RDG scrambled peptide control (GRDGSPC), and crosslinked with the cysteine-flanked
peptide VPM (GCRDVPMSMRGGDRCG) (AAPPTec) in 0.5 M MES buffer, pH 5.5. The
final concentration of RGD was 1.0 mM. The cross-linker concentration was based on the
concentration of non-reacted maleimide groups remaining on PEG macromers. To generate
pre-formed hydrogels for intravital imaging, the hydrogel was cast in a 4 mm diameter
circular silicon mold. After crosslinking, hydrogels were incubated at 37 °C for 15 min and
then swelled in PBS for at least 30 min. For studies where hydrogels were fluorescently
tagged, RGD or RDG was dissolved in sodium bicarbonate and tagged with Alexa Fluor 405
NHS Ester (Life Technologies) according to the manufacturer’s recommendation. Tagged
RGD or RDG was combined with unlabeled peptide in a 1:3 ratio for conjugation to
PEG-MAL.

4.2. Thiolation of IL-10

Carrier-free recombinant human IL-10 was purchased from BioLegend. 1L-10 was thiolated
using 30 M excess of Traut’s reagent (Sigma) for 1 h in PBS containing 0.1 uL EDTA
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per uL buffer to chelate free metals. The thiolation reaction was shaken at RT for 1

h. Thiolated IL-10 was separated from unreacted Traut’s reagent using a Zeba desalting
column according to manufacturer’s instructions. Thiolation was detected using a Measure-
IT™ Thiol Assay Kit (Invitrogen) according to kit instructions. Number of thiol groups per
IL-10 was calculated using the concentration of detected thiols and the known concentration
of IL-10 in each measured sample.

4.3. Hydrogel loading of IL-10 and AT-RvD1

For hydrogels used in animal studies, all components were filtered through a spin column
after pH measurements and kept under sterile conditions until injection into the animals.

To generate pre-formed hydrogels for release studies, the hydrogel was formed on a
sterilized Petri dish. After crosslinking, hydrogels were incubated at 37 °C for 15 min and
then swelled in PBS for at least 30 min. Release of thiolated and unthiolated I1L-10 was
measured over time in 1% BSA solution using I1L-10 tagged with Alexa Fluor 405 NHS
Ester (Life Technologies) according to the manufacturer’s recommendation and quantified
using a standard curve of known fluorescent IL-10 concentrations. Release of AT-RvD1 was
measured with a Shimadzu UFLC High Performance Liquid Chromatograph (Columbia,
MD, USA) equipped with a Shimadzu Premier C18, 5 um (250 x 4.6 mm) column. AT-
RvD1 elution was measured at 8.6 min using a wavelength of 301 nm. Known quantities of
AT-RvD1 were used to generate a standard curve relating AT-RvD1 mass to total peak area.
Using serial dilutions, we determined that the limit of detection was below 0.5 pg/uL. The
total amount of AT-RvD1 in each release sample was calculated using the standard curve.

4.4. Macrophage TNF-a expression assay

4.5.

Expression of TNF-a by RAW264.7 murine macrophages after treatment with
Lipopolysaccharide (LPS) was used as an /n vitro functional metric for measuring
bioactivity of IL-10 and AT-RvD1. One million RAW264.7 cells were cultured in 6 well
plates with Dulbecco’s modified Eagle medium (Gibco) containing 1 mM sodium pyruvate
(Gibco) and 2 mM L-glutamine (Gibco) supplemented with 10% Fetal Bovine Serum (FBS,
Gibco). Cells were pretreated with 1L-10, thiolated IL-10, PEGylated thiolated IL-10, AT-
RvD1, AT-RvD1 and thiolated IL-10 combination, or control PBS for 1 h. Pretreatment
dosages were equal to dosages loaded into hydrogels. Pretreatment was removed and cells
were washed once with PBS. Cells were then stimulated with 50 ng/ mL LPS for 2 hin 2
mL media supplemented with 100 pL Brefeldin-A (manufacturer) per mL cell culture media.
Cells were removed from wells and fixed with 4% paraformaldehyde for 30 min at RT. Cells
were permeabilized through two washes of PBS containing 1% FBS and 0.1% Saponin.
Cells were stained for TNF- a (eBioscience) and TNF- a staining was detected using a
FACS-Arialllu flow cytometer (BD Biosciences).

Dorsal skinfold window chamber surgery

Animal experiments were performed using sterile techniques in accordance with an
approved protocol form the Georgia Institute of Technology Institutional Animal Care and
Use Committee. Male C57BL/ 6 mice (Jackson) aged 6-12 weeks were anesthetized by
inhaled isofluorane and surgically fitted with sterile dorsal skinfold window chambers (APJ
Trading Co.) as previously described [16]. Briefly, the dorsal skin was shaved, depilated,
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and sterilized via three washes with 70% ethanol and chlorhexidine. The dorsal skin

was drawn away from the back of the mouse and one side of the titanium frame was
attached to the underside of the skin. Sterile surgical micro scissors were then used to
expose the microvasculature through the removal of the epidermis and dermis in a 12 mm
diameter circle. 25 ul sterile hydrogels were then mixed, drawn into a syringe, and injected
underneath the exposed vascular bed. For internally controlled experiments, the unloaded
control hydrogel was injected on the caudal side of the window chamber, and the loaded
hydrogel was injected rostrally. Exposed tissue was then sealed with a sterile glass coverslip.
Mice were administered sustained-released buprenorphine i. p. (0.1-0.2 mg/kg) and allowed
to recover in heated cages. All mice received standard laboratory diet and water ad libitum
throughout the course of the experiment.

4.6. Vascular metrics

Mice were anesthetized with isofluorane, the glass window was removed, and dorsal tissue
was superfused with adenosine in Ringer’s solution (1 mM) to prevent desiccation and

to maximally dilate exposed vessels. The mouse was mounted on a microscope stage and
imaged non-invasively at 5x magnification on a Zeiss Imager. D2 microscope with AxioCam
MRC 5 color digital camera (Zeiss). Images were acquired on day 0 immediately following
film implantation and again on days 3 and 7. Microvascular length density measurements
were made within a 4000 x 4000 pixel square region of interest (ROI) around the film.
Vessels within these ROIs were traced and total vessel length per unit area was quantified
via ImageJ. Arteriolar diameter measurements were made within the ROIs by identifying
arteriolar-venular pairs at day 0. Internal diameter changes were measured via ImageJ and
days 3 and 7 diameters were normalized to day 0.

4.7. Tissue harvest and flow cytometry

To collect samples for flow cytometry analysis, mice were euthanized via CO2 asphyxiation.
The dorsal tissue was excised and digested with collagenase type 1-A (1 mg/mL, Sigma)
at 37 °C for 30 min and further separated with a cell strainer to create a single cell
suspension. Single cell suspensions of dorsal tissue were stained for flow cytometry
analysis using standard methods and analyzed on a FACS-Arialllu flow cytometer (BD
Biosciences). Dead cells were excluded through staining using Zombie Red fixable
viability stain (BioLegend). The antibodies used for identifying cell populations of interest
were: PE conjugated MerTK (Biolegend), PE-Cy7 conjugated MHC-I1 (BioLegend),
BV605 conjugated CD206 (BioLegend), BV510 conjugated Ly6C (BioLegend), APC-
Cy7 conjugated Ly6G (BioLegend), BV711 conjugated CD64 (BioLegend), BV785
conjugated CD19 (BioLegend), APC conjugated Cd11 b (BioLegend), BV421 conjugated
CD11c (Biolegend, FITC conjugated CD86 (BioLegend), PerCP-Cy5.5 conjugated CD3
(Biolegend), BV785 conjugated CD8 (BioLegend), BV605 conjugated CD4 (BioLegend),
and BV711 conjugated CD25 (BioLegend). Staining using BV dyes was performed in the
presence of Brilliant Stain Buffer (BD Biosciences). Cells were stained for intracellular
cytokines using PE conjugated IL-10 (BioLegend) and PE-Cy7 conjugated TNF- a
(eBiosciences). Positivity was determined by gating on fluorescence minus one controls.
Absolute quantification of cell numbers was performed by adding 25 pL of AccuCheck
counting beads to flow cytometry samples (Thermo Fisher Scientific).
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4.8. Intravital confocal microscopy

CX3CR1-GFP mice were anesthetized with vaporized isoflurane at 5% concentration for
induction and maintained under anesthesia at 1-3%. The glass cover slip was removed,

and sterile saline was administered to the exposed dorsal tissue to prevent desiccation. The
anesthetized mouse was secured to the microscope stage in a custom adapter placed on

top of a heating block to maintain body temperature. Intravital confocal microscopy was
performed using a 20x water immersion objective (NA = 1.0) fixed to an inverter on a Zeiss
LSM710 NLO microscope. Time-lapse z-stack images were acquired at each hydrogel edge.
A step size of 5 pm was used in the z-direction. Videos of 25-30 min were acquired at each
location, with a time step of 30 s and a total of 2—3 videos acquired for each hydrogel, and
one video acquired in distal tissue without a hydrogel.

4.9. Intravital imaging analysis

For 3D analysis in Imaris (Bitplane), time-lapse images were acquired adjacent to the
implant to visualize immune cell distribution in the close surrounding tissue. Cells
expressing CX3CR1-GFP were identified in Imaris using the surface tool. CX3CR1+
surfaces were identified by smoothing with a 2.77 um grain size and a threshold value

of 7.71 on absolute intensity. Touching objects were split using a seed points diameter

of 10.4 um with a quality threshold above 3.53. CX3CR1M versus CX3CR1!° cells were
discriminated by assigning half of all cells to each group based on maximum fluorescence
intensity in the CX3CR1- GFP channel. The hydrogel surface was identified using the
surface tool with a 10 um grain size and a manually selected threshold value on absolute
intensity. To calculate the distance between cells and the hydrogel surface, a distance
transformation was applied to the hydrogel surface and the minimum distance of each cell
was recorded. To track cell activity over time, cells were identified in Imaris using the spots
tool. Estimated diameter was set to 8.00 um with background subtraction enabled and an
automatic threshold on quality. Tracks were selected for analysis if they lasted at least 300
s. Tracks were set to a maximum distance of 10.0 um and a max gap size of 3 um. Because
statistical comparisons were made on a single-cell basis, an equal number of cells was used
for analysis of each video. The minimum number of detected tracks was 73. Therefore, for
videos with more than 73 tracks, we randomly selected 73 tracks for analysis.

4.10. Tissue whole mount immunohistochemistry and confocal imaging

Following euthanasia, mouse vasculature was perfused with warm saline and then with 4%
paraformaldehyde until tissues were fixed. The dorsal tissue was excised and permeabilized
overnight at 4 °C with 0.2% saponin. The tissues were blocked overnight in 10% mouse
serum at 4 °C. Tissues were incubated at 4 °C overnight in staining solution containing
0.1% saponin, 5% mouse serum, 0.5% fatty-acid free bovine serum albumin, and the
following fluorescently conjugated mouse antibodies: Alexa Fluor 594 anti-CD31 antibody
(1:100 dilution, BioLegend) for blood vessel visualization, Brilliant Violet 421 anti-CD68
(1:200 dilution, BioLegend) for visualization of macrophages, and Alexa Fluor 647 anti-
CD206 (1:200 dilution, Biolegend) for visualization of M2 macrophages. The following
unconjugated antibodies were also used: Biotin anti-CD11c (1:200 dilution, BioLegend) for
visualization of dendritic cells, and Rabbit polyclonal anti-1L-10 (1:200 dilution). Tissues
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were washed four times for 30 min with 0.2% saponin and stained with Streptavidin-
conjugated Alexafluor 430 (1:200 dilution, Invitrogen) and Goat anti-rabbit Alexa Fluor 488
(1:200 dilution, Abcam) secondary antibodies for 4 h at room temperature. Tissues were
washed twice for 30 min with 0.2% saponin and again overnight at 4 °C. Specimens were
then washed once in PBS for 30 min and mounted in 50/ 50 glycerol/phosphate buffered
saline. Mounted samples were imaged on a Zeiss LSM 710 NLO confocal.

4.11. SPADE analysis of flow cytometry data

Dimensionality reduction analysis was performed using MATLAB-based Spanning-tree
Progression Analysis of Density-normalized Events (SPADE). SPADE is a computational
technique that performs density-dependent down-sampling, agglomerative clustering,
linking clusters using minimum spanning-tree algorithm, and finally, up- samples based

on user input. The SPADE trees generated here were generated by exporting compensated
pre-gated single cells, CD11b + myeloid cells, MerTK + CD64" cells; single cells, CD3™,
CD11c + cells; or pre-gated single cells, CD3* cells. The markers used to build the SPADE
tree were SSC, FSC, CD11b, Ly6G, CD11c, CD64, CD86, CD206, CD8, CD4, CD25,
Ly6C, IL-10, TNF-a. The following SPADE parameters were used: Apply compensation
matrix in FCS header, Arcsinh transformation with cofactor 150, neighborhood size 5, local
density approximation factor 1.5, max allowable cells in pooled downsampled data 50000,
target density 20000 cells remaining, and number of desired clusters 100.

5. Statistical analysis

All statistical analyses were performed using Graphpad Prism version 6.0 (La Jolla, CA).
Results are presented as mean = standard error of the mean (SEM). For grouped analyses,
one-way ANOVA with Tukey’s post- test was used for multiple comparisons. For internally
controlled experiments, two-way ANOVA was used. Tukey’s post-hoc test was utilized
when comparing paired samples, and Bonferroni’s post hoc test was employed when
comparing between treatment groups. Unless otherwise noted, p <0.05 was considered
statistically significant.
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Fig. 1.
Protease-degradable PEG hydrogels functionalized with RGD recruit immune cells. (A)

4-arm PEG maleimide macromers were functionalized with RGD peptides and crosslinked
with a protease sensitive crosslinker (VPM) to form a hydrogel. (B) Dorsal skinfold
window chambers were performed in in CX3CR1gfp/+ mice. One RDG- (C) and one RGD-
functionalized (D) hydrogel were placed on the exposed layer at day 1. At day 3, intravital
confocal microscopy was performed. Z-stacks were acquired in each region. CX3CR1+
cells are shown in green, fluorescently tagged hydrogel is shown in blue. Scale bar, 100

pum. (D) Mean velocity of CX3CR1+ cells, classified by their minimum distance from the
hydrogel surface. *p < 0.05 compared to RDG hydrogel by Kruskal-Wallis. n = 3 mice. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 2. Hydrogel schematics, release profiles, and bioactivity.
(A)Hydrogel fabrication method (B) Resultant macroscopic image of preformed hydrogels

(C) Release of unthiolated and thiolated I1L-10 from 20kDA PEG-MAL hydrogels over the
course of 5 days (D) Amount of IL-10 or thiolated IL-10 remaining in the gels at the end

of the release study. (E) Release of AT-RvD1 from 20kDA PEG-MAL hydrogels over the
course of 5 days. (F) Schematic of bioactivity assay. (G) Bioactivity of IL-10 following
thiolation and PEG conjugation (H) Bioactivity of AT-RvD1 and IL-10 combinations.
Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc test, ***p
>0.001, n = 4. AT-RvD1 alone and dual IL-10+AT-RvD1 increase vascular remodeling.
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Fig. 3. Vascular remodeling following immunomodulatory hydrogel injection.
(A) Brightfield micrographs of dorsal tissue at day 0 and at day 7 following treatment with

immunomodulatory PEG-MAL hydrogels. Quantification of the vascular metrics (B) length
density and (C) arteriolar diameter. Data presented as mean = S.E.M. Statistical analyses
were performed two-way repeated measures ANOVA with Tukey’s and Bonferroni post hoc
tests. *p <0.05, **p < 0.01, ***p < 0.001 compared to internal control, *p < 0.05 compared
to treatment group. n = 4 animals per group. Scale bars, 1 mm.
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Fig. 4. 3D analysis of M2 and IL-10p DCs in dorsal tissue.
(A) Intravital imaging was performed on immunomodulatory hydrogels implanted into

the murine DSWC model. (B) Imaris renderings of CD68* macrophage and CD206+ M2
macrophage accumulation by day 7. (C) Quantification of total CD68* CD206+ double
positive cells found in Imaris renderings from day 1 to day 7. (D) Imaris renderings of
CD11c + dendritic cell and 1L-10 staining over time. (E) Quantification of total CD11*
IL-10+ double positive cells found in Imaris renderings from day 1 to day 7. Scale bars,

30 um. Data presented as mean + S.E.M. Statistical analyses were performed using Mann-
Whitney Test *p < 0.05, **p <0.01 ***p <0.001 compared to control by Kruskal-Wallis, n
> 100 cells, across 3—-4 animals per group.
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Fig. 5. Anti-inflammatory macrophages and dendritic cells accumulate after local
immunomodulatory hydrogel delivery.
Flow cytometric analysis of macrophages, (A) CD86* M1 Macrophage and (B) CD206+ M2

macrophage populations, and dendritic cells, IL-10 (C) and TNF-a (D) expression in the
dorsal skinfold window chamber following treatment with immunomodulatory PEG-MAL
Hydrogels. Open circles correspond to unloaded internal control; closed circles are treated
tissue. Statistical analysis was performed using two-way repeated measures ANOVA with
Tukey’s or Bonferroni post-hoc test. Data presented as internal control and treatment with
connecting lines. *p < 0.05, **p < 0.01 compared to internal control, *p < 0.05, p < 0.01,
AAp < 0.001 compared to other treatment group, n = 4. Dimensionality reduction analysis
reveals trends in innate immune cell heterogeneity by day 7.
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Innate immune response to immunomodulatory hydrogels. SPADE trees were developed
following flow cytometric analysis to identify cell subsets. Macrophage trees were
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developed after gating for CD11b + MerTK + CD64™ cells. SPADE analysis indicates nodes

positive for CD86™ M1 macrophages (A) and CD206+ M2 macrophages (C) and tornado

plots were used to identify shifts in cell frequency after IL-10 alone, AT-RvD1 alone, and
dual delivery (B, D). SPADE analysis reveals trends towards unexpected pro-regenerative
adaptive immune cell population at day 7 following dual treatment with IL-10+AT-RvD1.
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Fig. 7.

Dg: and adaptive immune response to immunomodulatory hydrogels. SPADE trees were
developed following flow cytometric analysis to identify cell subsets. (A) SPADE was used
to create a CD11c + tree to identify DCs, which was further analyzed to identify nodes that
indicate L-10+ DCs. (B) Individual node cell frequency distributions in each treatment group
were analyzed using tornado plots. (C) CD3™" base trees were developed after gating for
CD3" cells SPADE trees show nodes positive for CD4* CD25* T-cells. (D) Tornado plots
were utilized to identify shifts in cell frequency after IL-10 alone, AT-RvD1 alone, and dual
delivery (E). SPADE was used to create a CD8* tree to identify cytotoxic T-cells, which was
further analyzed to identify nodes that were positive for intracellular IL-10. (F) Individual
node cell frequency distributions in each treatment group were analyzed using tornado plots.
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