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SOCST1-KIR Peptide in PEGDA Hydrogels Reduces
Pro-Inflammatory Macrophage Activation

Aakanksha Jha, Joseph Larkin 111, and Erika Moore*

Macrophages modulate the wound healing cascade by adopting different
phenotypes such as pro-inflammatory (M1) or pro-wound healing (M2). To
reduce M1 activation, the JAK/STAT pathway can be targeted by using
suppressors of cytokine signaling (SOCS1) proteins. Recently a peptide
mimicking the kinase inhibitory region (KIR) of SOCS1 has been utilized to
manipulate the adaptive immune response. However, the utilization of
SOCST1-KIR to reduce pro-inflammatory phenotype in macrophages is yet to
be investigated in a biomaterial formulation. This study introduces a PEGDA
hydrogel platform to investigate SOCS1-KIR as a macrophage phenotype
manipulating peptide. Immunocytochemistry, cytokine secretion assays, and
gene expression analysis for pro-inflammatory macrophage markers in 2D
and 3D experiments demonstrate a reduction in M1 activation due to
SOCS1-KIR treatment. The retention of SOCS1-KIR in the hydrogel through
release assays and diffusion tests is demonstrated. The swelling ratio of the

inflammation, which defends the body
against injurious stimuli such as dam-
aged cells or pathogens. During inflam-
mation, immune cells are recruited to the
site of injury by spatiotemporal cues.!?! De-
pending on the cues, cytokines direct the
immune response during wound healing
through propagation of inflammation or
regeneration.’! If the immune response
stalls in the stages of inflammation, a
healthy wound can transition to a non-
healing chronic wound.

Macrophage immune cells are recruited
to wound beds or sites of injury to expunge
foreign pathogens via phagocytosis.[*l Once
recruited, macrophages can exist on a
spectrum exhibiting different phenotypes

hydrogel also remains unaffected with the entrapment of SOCS1-KIR. This
study elucidates how SOCS1-KIR peptide in PEGDA hydrogels can be utilized

as an effective therapeutic for macrophage manipulation.

1. Introduction

Wound healing is critical for the restoration of tissue function-
ality and integrity.'! An essential stage in wound healing is
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which are dictated by extracellular cues
such as cytokines. Macrophages can adopt
a pro-inflammatory (M1) or classically ac-
tivated phenotype.[®! Macrophages can also
adopt an inflammation resolution pheno-
type called M2 or alternatively activated.!>®]
The phenotypes can exist concurrently in vivo, although for in
vitro studies, we bin phenotypes as M1 or M2.” The ratio of
macrophages from M1 to M2 changes as wounds progress. For
example, in a regular dermal wound 85% macrophages are of
the M1 phenotype during inflammation while the number of M1
macrophages reduces to about 15% during regeneration.®! How-
ever, in chronic wounds, macrophages remain predominantly
M1 (~80%),°! thereby preventing healing and regeneration of
such chronic wounds. Exorbitant productions of inflammatory
cytokines can lead to the over-population of M1 macrophages.!°!
By targeting pathways to reduce inflammatory cytokine expres-
sion, M1 macrophage activation can be reduced which could pave
the way for therapeutic interventions in chronic wounds.
Activation of janus kinases (JAK), and signal transducers and
activators of transcription (STAT) are involved in the produc-
tion of inflammatory cytokines.'!] The JAK/STAT pathway can
be modulated by regulatory proteins that control the intensity
and duration of cytokine responses.!'213] Suppressor of cytokine
signaling (SOCS) proteins are negative feedback regulators that
directly interact with JAKs by binding to the cytokine receptor
or JAK. The bind between a segment of SOCS and cytokine re-
ceptor/JAK creates an obstruction by inhibiting phosphorylation,
which prevents recruitment and activation of STATs to the sig-
naling cascade, thereby inhibiting translocation of the inflamma-
tory signal to the cell.' SOCS1, one of the 8 members of the
SOCS family, has been shown to play a key role in the molecular
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recognition of cytokine signaling.!'>1¢) SOCS1 regulates immune
homeostasis and has been shown to prevent inflammation.
SOCS1 can promote degradation of intracellular proteins that
are imperative to propagate cytokine-mediated inflammatory cas-
cades. Previous studies have utilized the SOCS1 protein to un-
derstand its role in the regulation of activation states of murine
monocyte-derived macrophages.['”!8] Downregulation of SOCS1
expression was shown to upregulate the JAK/STAT pathway
and alter macrophage activation by promoting pro-inflammatory
macrophages. Although changes in SOCS1 expression were con-
ducive to manipulating macrophage polarization, there has been
no clear understanding of its mechanism. SOCS1 protects the
host from the lethal lipopolysaccharide (LPS) response and this
has been verified in a model of SOCS1-deficient mice.!]

The kinase inhibitory region (KIR) possessed by SOCS1 in-
hibits kinase activity of JAK members, particularly JAK2.[2021]
Among other regions of the SOCS protein chain, the KIR region
was preferentially isolated after studies suggested its direct role in
inflammatory disease modulation. Recent studies have utilized a
peptide mimic of the KIR region of SOCS1 to ameliorate inflam-
matory diseases such as multiple sclerosis and systemic lupus
erythematosus.?223] The SOCS1-KIR peptide mimics active lig-
ands of cytokines and other biomolecules and was initially de-
signed complementarily to the JAK2 activation loop.[?) SOCS1-
KIR mimetics have successfully inhibited inflammatory cytokine
signaling by targeting the JAK/STAT pathway in two-dimensional
(2D) environments.[2*?°] An advantage of using SOCS1-KIR pep-
tide mimetics over whole SOCS1 proteins is that these mimetics
can easily be absorbed by the body, and readily cross the blood
brain barrier due to their smaller structure.l'¥l SOCS1-KIR pep-
tides are being considered in the clinic..'] A useful and unex-
plored tool for the utilization of SOCS1-KIR peptide would be
in a three-dimensional (3D) hydrogel environment. The entrap-
ment of SOCS1-KIR to validate it as a macrophage manipulator
in a 3D system is novel to this work. Sequestering the JAK/STAT
pathway by using SOCS1-KIR peptide to manipulate the innate
and adaptive immune response is beneficial to exploring treat-
ments for chronic inflammatory diseases.

In this work, we aim to reduce pro-inflammatory M1
macrophage activation by utilizing a SOCS1-KIR peptide dimer
entrapped within a poly(ethylene glycol) diacrylate (PEGDA)
hydrogel. To our knowledge, no prior work has incorporated
SOCS1-KIR peptide in a PEG-based hydrogel for local inhibition
of inflammatory macrophages. We hypothesize that SOCS1-KIR
in a PEGDA hydrogel will reduce activation of pro-inflammatory
(M1) macrophages. SOCS1-KIR can be used as a soluble treat-
ment for M1 inhibition or while being entrapped amidst the
meshes of the branched polymer network of PEGDA and PEG-
Arg-Gly—Asp-Ser (RGDS).[?] Soluble treatment of SOCS1-KIR
on murine and human macrophages displays a robust reduction
in pro-inflammatory markers via gene expression and immuno-
cytochemistry. In the hydrogel we graft RGDS, a fibronectin de-
rived peptide for cell adhesion.[?282] The hydrogel is evaluated
for its efficiency in entrapping the SOCS1-KIR peptide via struc-
tural and mechanical characterization assays. The characteriza-
tion assays prove that SOCS1-KIR is being retained in the hydro-
gel, which is beneficial for the macrophages encapsulated within
the hydrogel. Our work demonstrates that the use of SOCS1-KIR
in a PEGDA hydrogel reduces M1 macrophage activation via im-
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munocytochemistry, gene expression analyses, and soluble pro-
tein quantification. These results display a functional hydrogel
design that can be used to modulate macrophage function. Uti-
lizing this design enables harnessing the properties of SOCS1-
KIR to reduce M1 macrophage activation in murine and human
macrophages.

2. Experimental Section

2.1. Cell Culture and Maintenance

Raw 264.7 macrophages (ATCC) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Corning, Corning, NY) sup-
plemented with 10% fetal bovine serum (FBS) (Atlanta Biolog-
icals, Lawrenceville, GA), 100 IU penicillin, and 100 pg mL~!
streptomycin (Corning). For the purposes of this article, this
was labeled MO media. Macrophages in the presence of MO
media were referred to as MO macrophages. To stimulate the
macrophages toward the M1 phenotype, 10 ng mL™" of inter-
feron gamma (IFNy) (Prospec, East Brunswick, NJ) along with
100 ng mL~! of lipopolysaccharide (LPS) (Santa Cruz Biotechnol-
ogy, Dallas, TX) was added to MO media. This is referred to as M1
media. Macrophages stimulated by M1 media were referred to
as M1. Macrophages were stimulated to the M1 phenotype 24 h
post-seeding on a 24-well tissue culture polystyrene (TCP) plate
and 2 h post-peptide treatment. MO macrophages were also cul-
tured over the same time periods, resulting in two groups across
24,48, and 72 h (M0 and M1 with and without SOCS1-KIR pep-
tide). All macrophages were maintained at 37 °C in 5% CO,.
Human peripheral blood derived monocytes (PBMCs) from
a healthy 30-year-old Caucasian female were purchased from
Hemacare, Charles River Laboratory (#IRB202101975). Cryopre-
served monocytes allowed the production of more homogeneous
macrophage cultures while also reducing dependency on donor
variability. The monocytes were thawed in Hanks’ Balanced Salt
Solution (HBSS) without calcium or magnesium, 10% heat in-
activated human (AB) serum (Millipore Sigma, Burlington, MA),
and Roswell Park Memorial Institute (RPMI) 1640 (Fisher Scien-
tific, Hampton, NH) (according to manufacturer’s protocol). The
culture media for differentiating monocytes to macrophages con-
sisted of RPMI 1640, 10% heat inactivated human (AB) serum,
100 1U penicillin, and 100 pg mL™! streptomycin. Macrophage
colony-stimulating factor (M-CSF) (20 ng mL™") was added for
the differentiation of monocytes to macrophages. Cells were
plated at a density of 0.1 x 10° cells mL~! in two tissue culture
(TC) treated 24-well plates for 2D experiments and one 12-well
plate for 3D experiments. Monocytes were incubated at 37 °C
with 5% CO, for 5 days with a media change on day 3. In the
presence of M-CSF, monocyte derived macrophages were polar-
ized to the M1 phenotype on day 5. The M1 or classically acti-
vated macrophages were stimulated with 100 ng mL~! of LPS
and 10 ng mL™" of IFNy with the culture media. For stimulation
to the M2 phenotype, 20 ng mL™! of interleukin (IL)-4 (Prospec,
East Brunswick, NJ) was added the media and these macrophages
were referred to as M2. Macrophages were stimulated for 2 days
in 37 °C with 5% CO, and processed for further data generation
on day 7. All macrophages were either lysed in the wells to ob-
tain RNA or fixed with 4% paraformaldehyde for immunostain-
ing. The supernatant was collected to perform a human cytokine
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array ELISA. Macrophages were gently scraped to lift them off
the plates for encapsulations or rinsing steps.

2.2. 2D Experiments of SOCS1-KIR

For 2D experiments in murine macrophages, cells were plated
on top of glass coverslips in 24-well plates at 0.1 X 10 cells mL~.
After seeding, macrophages were allowed to adhere overnight in
37°Cwith 5% CO, Cells were pre-treated with 33 um SOCS1-KIR
peptide for 2 h to allow penetration of the peptide into cells and
left in the incubator. After peptide treatment, the macrophages
were stimulated to the M1 phenotype as discussed in prior sec-
tions. MO and M1 macrophages with and without SOCS1-KIR
treatment were processed at 24, 48, and 72 h for further analysis.
The 2D experiments for human macrophages followed the
same method as for murine macrophages. Samples were only
processed at 48 h post M1 stimulation and peptide treatment.
The timepoint of 48 h was selected because of previous studies
demonstrating successful inhibition of pro-inflammatory medi-
ators with 48 h SOCS1-KIR treatment.[?*] Supernatant was col-
lected to assess pro-inflammatory cytokines through a human cy-
tokine array enzyme linked immunosorbent assay (ELISA).

2.3. Fabrication of PEGDA-SOCS Hydrogels

PEGDA (MW = 10 kDa) was obtained from Laysan Bio
Inc.,, Arab, AL (#20861). The cell-adhesive component
RGDS (MW = 43342 Da) was conjugated to acrylate-
poly (ethylene glycol) (PEG)-succinimidyl valerate (SVA)
(MW = 3400 Da) (Laysan Bio Inc., Arab, AL) to obtain
acryl-PEG-RGDS (MW = 3833.42 Da) via amine substitu-
tion chemistry. The crosslinking chemistry has been previously
described.[23-2427:283032] The hydrophobic acryl groups self-
assembled to form micelle-like centers in the presence of
(N-(2-Hydroxyethyl)  piperazine-N-(4-butanesulfonic  acid))
(HEPBS) buffer. With constant agitation and titrations (pH = 8)
by adding 0.1 M NaOH, a covalently linked PEG-peptide reaction
was obtained. Dialysis occurred over night with a 3.5 kDa MWCO
cellulose membrane (Spectrum Laboratories) for purification
of PEG-RDGS. The SOCS1-KIR peptide (MW = 4752 Da) was
obtained from our collaborator (J.L. III)*2,%] in the depart-
ment of Microbiology and Cell Science at the University of
Florida. The SOCS1-KIR peptide was generated by the Larkin
group using Applied Biosystems 431a automated peptide syn-
thesizer (Applied Biosystems, Carlsbad, CA) by conventional
fluorenylmethylcarbonyl chemical methods. A palmitoyl-lysine
(a lipophilic group) was added to the N-terminus of the peptides
during the final step to assist in cell penetration.[??l A working
concentration of 33 pm was determined to be biologically relevant
for cell instruction as previously defined.[?*) SOCS1-KIR dimer
sequence is > DTHFRTFRSHSDYRRI, where 53 represents the
beginning of the amino acid sequence for the KIR region on the
endogenous SOCS1 protein.

The “control” hydrogel (PEGDA+PEG-RGDS) was formed
with 10% PEGDA, 3.5 mmM PEG-RGDS, 10 pm eosin Y, and 0.35%
N-vinyl pyrrolidone (NVP) in HEPES and 1.5% triethanolamine
(TEOA). Using the control hydrogel design as the foundation,
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33 um SOCS1-KIR was added to the polymer solution to obtain
the “experimental” or PEGDA-SOCS hydrogel. Therefore, the
PEGDA-SOCS hydrogel or in short PEG-SOCS was formed with
10% PEGDA, 3.5 mm PEG-RGDS, 10 um eosin Y, 0.35% NVP,
and 33 um SOCS1-KIR. In the experimental PEG-SOCS hydro-
gel, SOCS1-KIR peptide was not covalently conjugated to PEG
but rather interspersed in a network of PEG-RGDS and PEGDA,
the entirety of which was crosslinked into a hydrogel. A 5 uL
volume of macrophages and polymer solution was pipetted onto
PDMS slabs with two 385 um thick PDMS spacers. The droplet
was exposed to white light for 60 s underneath a methacrylated
cover slip which allowed for attachment of the PEG hydrogel to
the coverslip. White light exposure activated eosin Y (photoini-
tiator) which led to free radical generation allowing crosslinking
and thus, rapid polymerization of the hydrogel. The hydrogel was
then placed in 24-well plates and macrophage media was gently
pipetted in the wells.

2.4. 3D Experiments of SOCS1-KIR

All 3D experiments with murine macrophages encapsulated in
control or PEG-SOCS (or SOCS) hydrogels continued for 5 days
and 10 days post encapsulation. Macrophages were encapsulated
in control and SOCS hydrogels at 1 x 107 cells mL™! (=50 000
cells per gel). Encapsulation was performed on day 1 in both hy-
drogel groups. M1 stimulation occurred 24 h later (day 2) to allow
macrophage acclimatization in the hydrogel. The M1 stimulated
and unstimulated macrophages in gels were fixed 72 h (day 5)
post-M1 stimulation for further analyses. The 10-day experiment
followed the same timeline but with M0 media for all groups after
day 5. The macrophages were then fixed on day 10 for immunos-
taining.

The 3D experiments for human macrophages were performed
in a similar manner to murine macrophages, i.e., for 5 days with
the timeline described above. Supernatant was collected for fur-
ther analysis or aspirated.

2.5. Immunofluorescence Staining

For immunofluorescence staining, both murine and human
macrophages in 2D and 3D cultures were fixed with 4%
paraformaldehyde for 25 min (2D) or 45 min (3D) followed by
rinses with tris-buffered saline (TBS) at room temperature (RT).
Permeabilization of the cell membrane occurred by treating with
0.125% Triton-X for 10 min (2D) or 0.25% Triton-X for 45 min
(3D) at RT, followed by TBS rinses. Samples were then blocked
with 5% donkey serum (DS) for 3 h (2D) or overnight (3D) at 4 °C,
followed by TBS rinses. Then, 2D and 3D samples were incu-
bated overnight with primary antibody iNOS (Rabbit Anti-Mouse
Polyclonal Antibody, Invitrogen, Waltham, MA) at 1:400 dilution
with 0.5% DS. In addition to iNOS, for the human macrophage
samples in 2D, the primary antibody used was CD206 (Goat Anti-
Mouse Polyclonal Antibody, Invitrogen, Waltham, MA; 1:400).
The samples were rinsed 6 times for 20 min (2D) or 90-120 min
(3D) each; the first five rinses were with 0.01% Tween diluted
in TBS, and the last rinse was TBS only. The samples were then
incubated with secondary antibody-Alexa Fluor 555 Donkey Anti-
Rabbit for iNOS (1:200; Thermo Fisher Scientific, Waltham, MA),
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Table 1. Primer sequences for genes used in RT-PCR experiment.

www.mbs-journal.de

RpLpO Forward
Reverse
PpiA Forward
Reverse
iNOS Forward
Reverse
TNFa Forward
Reverse

AGATTCGGGATATGCTGTTGGC
TCGGGTCCTAGACCAGTGTTC
GAGCTGTTTGCAGACAAAGTTC
CCCTGGCACATGAATCCTGG
TTTGCTTCCATGCTAATGCGAAAG
GCTCTGTTGAGGTCTAAAGGCTCCG
CCTGTAGCCCACGTCGTAGC
AGCAATGACTCCAAAGTAGACC

and Alexa Fluor 488 Donkey Anti-Goat for CD206 (1:200; Thermo
Fisher Scientific, Waltham, MA) overnight at 4 °C. Secondary
staining was followed by an hour-long TBS rinse. Cell nuclei were
stained with 2 pm 4’,6-diamidino-2-phenylindole (DAPI; Thermo
Fisher Scientific, Waltham, MA) followed by two rinses with TBS
for 5mins each.

2.6. Imaging and Image Analysis

The post-stimulation and polarization effects of SOCS1-KIR pep-
tide inhibiting iNOS expression in M1 macrophages were evalu-
ated by imaging on the Keyence BZ-X800 microscope. Images
were quantified based on the number of cells that showed a pos-
itive stain for iNOS (iNOS*), normalized to the total cell count
as confirmed by a positive stain for DAPI (DAPI*). For 2D ex-
periments, five images were taken per well. For 3D hydrogel ex-
periments, five images were taken per hydrogel and the images
were captured as single frames across various areas in the hydro-
gel. The overlay of iNOS and DAPI images were imported into
Image]. The image was split into its respective channels using
the “Color>Split channels” function. The split channels function
automatically converts the DAPI (blue) and iNOS (red) channels
into 8-bit grayscale monochrome images. Images were thresh-
olded and cells were counted using Image]’s “automated cell
counting of single color image” feature. The normalized counts
of iINOS*/DAPI* cells were exported to GraphPad Prism for fur-
ther statistical analyses. The representative immunofluorescent
images were overlays of DAPI (blue) and iNOS (red) stained
macrophages. Same steps were followed for CD206% /DAPI* ex-
pression analysis when needed.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Human monocyte derived macrophages, pre-treated with 33 um
SOCS1-KIR peptide and stimulated to M1, were assessed for
pro-inflammatory cytokine secretion. The conditioned media or
cell supernatant was collected at 48 h to assess differences in
pro-inflammatory cytokine. Protocol was followed according to
the manufacturer’s instructions as provided in the human cy-
tokine array ELISA kit (Anogen, Yes Biotech Laboratories Ltd.,
Canada). The cytokines assessed were IFNy, tumor necrosis fac-
tor alpha (INFa), monocyte chemotactic and activating factor
(MCAF), and granulocyte macrophage colony stimulating factor
(GM-CSF). The concentrations of listed cytokines were measured
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at 450 nm using a BioTek Synergy HT Plate reader. Histogram
plots for observing trends were created by comparing the con-
centrations of each cytokine for M1 versus M1+SOCS.

2.8. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated using a TRIzol (Invitrogen) extrac-
tion method and quantified using NanoDrop spectrophotometer
(Thermo Scientific). Reverse transcription was performed with
1 ug of total RNA using the iScript cDNA Synthesis Kit (BioRAD).
Complementary DNA was amplified using the SYBR Green PCR
Master Mix (BioRAD). The primer sequences (IDT) used for PCR
analysis are listed in Table 1. The cycling parameters were as fol-
lows: 95 °C for 15 s, 60 °C for 30 s, and then 72 °C for 30 s for a
total of 40 cycles. The expressions of iNOS and TNFa mRNA were
normalized to Ribosomal Protein Large PO (RpLp0) and Peptidyl-
prolyl Isomerase A (PpiA) with the M1 groups used as a control.
Both endogenous reference genes RpLp0 and PpiA had compa-
rable standard deviations, thus RpLp0 was chosen as the house-
keeper gene for all analyses. Expression levels of genes of interest
were calculated using the comparative delta—delta cycle threshold
(Cr) method.

The delta—delta Ct method, also known as the 222 method,
was used to calculate the relative fold gene expression of samples
when performing RT-PCR.

2.9. NanoString Gene Expression Analysis

RNA was lysed directly in the wells and isolated by adding to
the Qiagen RNeasy Plus Micro Kit (following the manufacturer’s
protocol). The isolated RNA was stored at —80 °C until use. The
quality and concentration of RNA was accepted between 1.9 and
2.1 (260/280) as quantified by a BioTek Synergy HT plate reader.
RNA was diluted to a concentration of 5 ng pL™" for a total in-
put of 25 ng per sample as recommended by the Nanostring
protocol. The nCounter Myeloid Innate Immunity V2 Panel was
utilized for gene expression analysis of samples. Diluted RNA
(25 ng input, 5 pL volume) was added to a combination of re-
porter probe set (8 pL diluted with hybridization buffer) and cap-
ture set (2 uL) reagent per sample. The 15 pL total mixture of
probes and samples were hybridized for 16-20 h at 65 °C with
the lid of thermal cycler at 70 °C. Post hybridization, the sam-
ples were brought up to a total volume of 30 uL by adding hy-
bridization buffer. The nSolver 4.0 software kit was utilized for
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data processing. The Myeloid Innate Immunity V2 panel has
770 genes including 40 internal reference genes—housekeepers;
positive controls (spiked in during manufacturing codesets); neg-
ative controls (not spiked in, no targets present for these probes)
for data normalization. Pathways were analyzed from the anno-
tated gene set global significance score, calculated as the square
root of the mean squared t-statistics of genes. These data are
used to evaluate the gene expression profile of human mono-
cyte derived macrophages polarized to different phenotypes and
treated with the SOCS1-KIR peptide to reduce pro-inflammatory
(M1) activation. Heatmaps were created for genes related to M1
pro-inflammatory macrophages, SOCS or JAK/STAT pathway re-
lated genes as well as the genes encoded for cytokines assessed in
the ELISA for pro-inflammatory cytokines. Heatmaps were gen-
erated by plotting log2 fold change values to highlight the gene
expression differences between M0 and M1 macrophages with
and without SOCS1-KIR treatment.

2.10. FITC-Dextran Experiment

To create hydrogels embedded with Fluorescein isothiocyanate—
dextran (FITC-Dextran), (3—5 kDa) (Sigma Aldrich St. Louis,
MO, USA), the “control” or PEGDA+PEG-RGDS hydrogels were
loaded with 33 pm FITC-Dextran. The two hydrogel groups were
“control” and “FITC-Dextran” (n = 8). Herein, FITC-Dextran
acted as a surrogate for SOCS1-KIR peptide. The concentration
of SOCS1-KIR at 33 um was 0.156.8 ug mL~!. Therefore, the
same concentration of FITC-Dextran was loaded in the hydro-
gel. All gels were placed in 24-well plates immersed in 1 mL
PBS, wrapped in foil, and incubated at 37 °C overnight. After
24 h of encapsulation, the PBS (supernatant) was replaced with
fresh PBS. The supernatant was carefully placed in a 96-well plate
with triplicates (from the same well) of 100 pL for quantification
of mean fluorescence intensity (MFI). The FITC-Dextran exper-
iment mimicked the 5-day encapsulation experiments wherein
M1 stimulation occurred at 24 h, and samples were fixed at 72 h
post-stimulation. For the FITC-Dextran experiment, complete re-
placement of diluent took place at 24 h with no further changes or
dilutions until supernatant was collected at 72 h. Release of FITC-
Dextran was assessed at 24 and 72 h by measuring MFI. As an
additional control MFI of eosin Y/NVP and FITC-Dextran in so-
lution was also measured. The FITC-Dextran content in samples
was quantified using a BioTek Synergy HT plate reader at excita-
tion and emission wavelengths of 490 and 520 nm, respectively.

2.11. Protein Release Assay

Release or retention of SOCS1-KIR protein was assessed by a
bicinchoninic acid assay (BCA; Pierce BCA Protein Assay Kit
#23227; Thermo Fisher Scientific, Waltham, MA). The hydro-
gel groups were PEGDA, PEGDA+PEG-RGDS (PEG-RGDS),
and PEGDA+PEG-RGDS+SOCS1-KIR (PEG-SOCS) (n = 3 for
each group). The hydrogels were incubated in 1 mL phosphate
buffered saline (PBS) for 7 days. Supernatant PBS (500 uL) was
collected and replaced with fresh 500 uL PBS every day until day
7 to generate a cumulative release curve. Retention was quanti-
fied iteratively with partial replacement of diluent every day. PBS
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solution was used as a calibration standard. Collected PBS sam-
ples were frozen in —20 °C until BCA could be conducted. Fol-
lowing manufacturer’s instructions, the absorbance from the 96
well plate was read at 562 nm using a BioTek Synergy HT plate
reader.

2.12. PEGDA-SOCS Hydrogel Swelling Experiment

For swelling studies, control and PEGDA-SOCS hydrogels
(n = 12) were weighed immediately after polymerization to deter-
mine the initial weight (Wi). The hydrogels were then immersed
in 1 mL PBS in 24-well plates and incubated at 37 °C for 24 h.
Post-absorption, hydrogels were blotted to remove extra liquid
and weighed for final swollen weight (Ws). Swelling ratio (SR)
of the hydrogels was calculated according to Equation (1):

Swelling ratio = Ws — Wi/ Wi (1)

2.13. Statistical Analyses

Images were quantified as iNOS™* cells normalized to total cell
countrepresented by DAPI* cells. Imaging analysis was recorded
in Microsoft excel, and then exported to GraphPad Prism for
further quantification. To obtain statistical significance, one-way
ANOVA with Tukey’s post hoc comparison tests were performed
for all 2D and 3D experiments. A Student’s t-test was also per-
formed to compare DAPI cell counts per view field between
the M1 groups with and without SOCS1-KIR (*p < 0.05) across
all time points. Cohen’s d value was used to quantify effect
size of SOCS1-KIR in reducing iNOS* cells over 24, 48, and
72 h. The means and pooled standard deviations of iNOS* M1
macrophages were compared to SOCS1-KIR treated iNOS* M1
macrophages. The swelling experiment and FITC-Dextran exper-
iment were analyzed via Student’s t-test to evaluate statistical sig-
nificance. The BCA assay was evaluated with a one-way ANOVA
with Tukey’s multiple comparison tests. Nanostring gene expres-
sion data were evaluated by forming a volcano plot and heatmaps
for better visualization. The volcano plot was generated by con-
ducting a pathway analysis from the annotated gene set global
significance score, calculated as the square root of the mean
squared t-statistics of genes. Adjusted p-values were obtained
from post-hoc corrections using Benjamini-Yekutieli method.
The log2 fold change values were plotted against —log10 of the p-
values. The volcano plot indicated trends and not statistical signif-
icance. Heatmaps were created by plotting the normalized log2
counts of M1 groups with and without SOCS1-KIR treatment.

3. Results and Discussion

Macrophages are highly plastic immune cells that can direct
the immune response toward inflammation resolution or to-
ward chronic inflammation.l*3?] Engineering biomaterials that
can guide macrophage function are beneficial therapeutics to
direct wound healing. SOCS has been shown to be critical to lym-
phocyte activation and differentiation.*}! Controlling inflamma-
tory responses by targeting the JAK/STAT pathway using neg-
ative regulators such as proteins from the SOCS family is an
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advantageous strategy for the manipulation of the innate im-
mune response.[1*233] For example, there are clinically approved
JAK/STAT inhibitors like tofacitinib (JAK3 inhibitor) to treat con-
ditions such as alopecia areata and rheumatoid arthritis.>*l There
is still much exploration due around SOCS1 mimicking peptides,
thus in vitro models are a great platform to investigate and lever-
age its benefits toward modulating the innate immune system.
Additionally, evaluating the effects of SOCS1-KIR peptide treat-
ment on the genetic profile of macrophages is the first of its
kind. In this work, we introduce a biomaterial utilizing PEGDA
for entrapping SOCS1-KIR peptide to reduce activation of pro-
inflammatory M1 macrophages.

3.1. SOCS1-KIR Peptide Reduces Pro-Inflammatory Markers in
2D Cultures of Murine Macrophages

To investigate the effects of SOCS1-KIR on macrophage acti-
vation, we first analyzed its effects in 2D by exposing murine
Raw 264.7 macrophages to the peptide and subsequently stim-
ulating the macrophages to different phenotypes. MO or un-
stimulated macrophages were used as the control group. M1
macrophages were obtained by stimulating MO macrophages
using LPS, component of gram-negative bacterial wall, and
IENy, a soluble pro-inflammatory cytokine. Macrophages were
seeded on TCP and allowed to adhere overnight. Macrophage
cultures were treated with palmitated SOCS1-KIR for 2 h to al-
low for plasma membrane penetration.[**] A study by Jager et al.
demonstrated SOCS1-KIR to be most effective in inhibiting pro-
inflammatory cytokine response using splenocytes as well as Raw
264.7 macrophages at 33 pm.[** To maintain the therapeutic ef-
ficacy of SOCS1-KIR and leverage it for inhibiting macrophage
activation, the concentration of 33 um was deemed appropriate.
Post-peptide treatment, macrophages were stimulated toward
M1 for 24, 48, and 72 h (Figure 1a,b).

To quantify macrophage response, we utilized iNOS, an en-
zyme used as a canonical M1 macrophage marker. iNOS is
released in abundance under oxidative stress or in response to cy-
tokines, and contributes to killing pathogens.3®] Particularly, in-
flammatory cells express iNOS when activated in the later phases
of infection.3¢37] An overexpression of iNOS in chronic wounds
leads to impaired healing by preventing phenotypic switching of
macrophages thus stagnating the inflammatory environment.*®)
Hence, it is important to reduce pro-inflammatory factors like cy-
tokines and iNOS in the environment. Reduction in iNOS expres-
sion indicates reduced M1 activation. Macrophages were stained
for DAPI (nucleus marker) and iNOS (M1 marker) and then
quantified for iNOS*/DAPI* cells or in other words iNOS ex-
pression per total DAPI positive cells. Ratios of differences be-
tween iNOS expression in MO and M1 macrophages with and
without SOCS1-KIR treatment are represented for 24, 48, and
72 h (Figure 1a). iNOS*/DAPI* cell count of 1 implies that
100% of all the DAPI* cells are positive for iNOS expression.
M1 stimulated macrophages are expected to have a higher ratio
of iNOS*/DAPI* count. The difference between the M1 stimu-
lated groups with and without SOCS1-KIR treatment was dras-
tic. iNOS™ cells normalized to DAPI* cells were 0.86 + 0.09
in M1 compared to 0.14 + 0.04 in the M1+SOCS group over
24 h (Figure la). A one-way ANOVA revealed that the pres-
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ence of SOCS1-KIR significantly reduced iNOS expression in
M1 macrophages. At the 24 h stimulation timepoint, we found
that MO macrophages had negligible iNOS expression with the
MO group at 0.04 + 0.01 iNOS*/DAPI* cells, and MO+SOCS at
0.02 + 0.01 iNOS*/DAPI* cells (Figure 1a). MO macrophages
with minimal iNOS positivity was expected as there was no stim-
ulating factor present to induce iNOS expression. Therefore, at
24 h, SOCS1-KIR successfully reduced iNOS expression demon-
strating inhibition of pro-inflammatory M1 activation.

Similarly, at 48 h, iNOS* macrophages were significantly re-
duced in the M1+SOCS group. iNOS*/DAPI* cell count re-
duced from 0.86 + 0.04 in M1 to 0.51 + 0.12 in M1+SOCS
(Figure 1a). The MO versus M0+SOCS groups had comparable
results to the 24 h stimulation time point, with MO being at 0.08 +
0.07 iNOS*/DAPI* cells and SOCS1-KIR treatment marginally
increasing that count to 0.13 + 0.03 (Figure la). SOCS1-KIR
peptide treatment at the 72 h stimulation time point increased
iNOS*/DAPI* cell count in the MO macrophages from 0.12 +
0.06 to 0.31 + 0.06 (Figure 1a). The normalized iNOS™ cells re-
duced from 0.51 + 0.12 in M1 macrophages to 0.26 + 0.12 in
SOCS1-KIR treated M1 macrophages (Figure 1a). Statistical sig-
nificance was measured by performing a one-way ANOVA with
Tukey’s comparison tests (p < 0.05). At both 48 and 72 h, iNOS
expression was significantly reduced in SOCS1-KIR treated M1
stimulated macrophages.

Across each time point represented in Figure la, inhibition
of M1 activation, assumed as a consequence of iNOS reduction,
was significantly pronounced at 24 and 48 h. At 24 h the differ-
ence in MO groups with and without SOCS1-KIR treatment was
0.02 + 0.004 iNOS*/DAPI* cell count (Figure 1a). The same dif-
ference at 48 h was 0.05 + 0.03 and 0.19 = 0.04 at 72 h (Figure 1a),
with 72 h being significant. Although the differences are mini-
mal, we can speculate increase in iNOS expression in unstimu-
lated MO macrophages at 72 h to be due to the links between fo-
cal adhesion kinases (FAK) and iNOS. FAK acts a bridge between
iNOS and filamentous actin (F-actin). Under hypoxia, iNOS and
F-actin do not remain linked, therefore increase in FAK does not
affect iNOS expression.l FAK upregulation may have caused an
increase in iNOS expression. The KIR region of SOCS proteins
have also been shown to interact with FAK.[*! Figure S1 (Sup-
porting Information) displays changes in vinculin and FAK ex-
pression following SOCS1-KIR peptide treatment in M0, M1, and
M2 macrophages. Although a discernable difference can be ob-
served with SOCS treatment, the exact mechanism behind these
alterations is yet to be evaluated. Investigating the exact mecha-
nism of interactions between FAK and SOCS1-KIR as it pertains
to macrophage function may be conducive to exploring the pep-
tide’s effects further.

To understand the effects of SOCS1-KIR in M1 macrophages
across the time points investigated, we analyzed Cohen’s d-value
across each time point (Figure 1b). Cohen’s d-value measures
population shifts between groups, independent of the number
of data points.l**?] In this work, we have used effect size calcula-
tions to assess the response of iNOS* macrophages in the pres-
ence of SOCS1-KIR. The larger the Cohen’s d value, the larger
the effect size.[*?! Figure 1b shows that at 24 h SOCS1-KIR pep-
tide was most effective in reducing iNOS™ cells. The effect size
was 2.57 at 24 h. The effect of SOCS1-KIR on inhibition of M1
macrophages by reducing iNOS™ cells decreased over time. At
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Figure 1. SOCST-KIR peptide 2D treatment significantly reduces pro-inflammatory markers in murine macrophages. a) Image quantification of iNOS
(M1 marker) expression per total DAPI (nuclei marker) positive cells immunofluorescent stained macrophages with and without SOCS1-KIR treatment
at 24, 48, and 72 h. One-way ANOVA with Tukey’s post hoc tests revealed that SOCS1-KIR treatment significantly reduced iNOS expression (n = 5;
**p < 0.01; ****p < 0.0001). b) Effectivity of SOCS1-KIR in reducing iNOS expression at different time points assessed by Cohen’s d-value. Effect size
of SOCS reduces with time. c) SOCS1-KIR peptide treatment reduces iNOS and TNFa pro-inflammatory gene expression in M1 macrophages 48 h
post-stimulation. Expression values were calculated using the 2-AACt method in which groups with SOCS1-KIR treatment are compared to Ct values

obtained in M1 macrophages and normalized to the Ct values of RpLp0 housekeeping gene. One-way ANOVA with Tukey’s post hoc was performed for

statistical analysis. (n = 5; *p < 0.05; ****p < 0.0007).

48 h, the d-value was 1.16, followed by the d-value being 0.81
at 72 h. Although SOCS1-KIR reduces iNOS expression at each
time point, Figure 1b suggests that at 72 h in 2D, the differ-
ences in its effectivity become smaller. It is important to note
that total cell count denoted by DAPI count per view field was
not significantly different for any time point (Figure S2, Support-
ing Information). Additionally, an experiment was performed to
interrogate whether treating macrophages with SOCS1-KIR af-
ter M1 stimulation would bring any changes to the trends ob-
served (Figure S3, Supporting Information). Data indicate that
the same trends follow and that although pre-peptide treatment
is preferred, it may not always be necessary.

To corroborate the evidence of iNOS reduction by SOCS1-
KIR, we performed RT-PCR for iNOS and TNFa on murine M1
stimulated and unstimulated M0 macrophages. TNFa is one of
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the most prominent pro-inflammatory markers.[71943-] Addi-
tionally, TNFe is robustly expressed by M1 macrophages.[*+*]
Both iNOS and TNFa« (Figure 1c) were significantly reduced with
SOCS1-KIR treatment in M1 macrophages. Normalized to M1,
iNOS fold change was 1.01 + 0.11 in M1 macrophages compared
to 0.49 + 0.34 in SOCS1-KIR treated M1 macrophages. TNFa
fold change expression was reduced to 0.66 = 0.32 in SOCS1-
KIR treated M1 macrophages from 1.01 + 0.12 in untreated M1
macrophages. Because all Ct values were obtained by compar-
ing to the M1 untreated group, fold change expressions for iNOS
and TNFa were negligible for MO macrophages with and without
SOCS1-KIR. Overall, expression of both pro-inflammatory mark-
ers in the M1 groups were significantly reduced with addition
of 33 um SOCS1-KIR peptide dimer in 2D cultures of murine
macrophages.
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3.2. SOCS1-KIR Reduces Pro-Inflammatory Factors in 2D
Cultures of Human Monocyte-Derived Macrophages

To confirm translatability of our results to human, we conducted
experiments in human PBMC derived macrophages. Differen-
tiated macrophages were treated with SOCS1-KIR for 2 h after
which they were stimulated to the M1 phenotype with LPS and
IFNy. As with murine macrophages, similar analyses were per-
formed with the 2D human macrophage cultures. Since the sta-
tistical relevance of 24 and 48 h were comparable in 2D murine
cultures (Figure 1), 48 h was deemed an ideal time point for
SOCS1-KIR treatment in 2D human cultures.?*#6#’] The cell
supernatant or conditioned media was collected to perform a
cytokine array ELISA to assess cytokine secretions (Figure S4,
Supporting Information). A Nanostring gene expression assay
was performed to quantify mRNA expression of myeloid genes.
The Nanostring nCounter panel Myeloid Innate Immunity V2
was utilized to measure differentially expressed genes from iso-
lated RNA of human macrophages with and without SOCS1-KIR
treatment. This study is the first to profile genetic responses to
SOCS1-KIR peptide treatment on human macrophages. We com-
pared MO and M1 macrophages with and without SOCS treat-
ment at 48 h post-stimulation. Figure 2a represents the differen-
tially expressed genes in groups with no SOCS1-KIR treatment
compared to SOCS1-KIR treatment (SOCS groups are the base-
line). MO and M1 macrophages were coupled against SOCS1-KIR
treated MO and M1 macrophages. Endogenous SOCS1 proteins
have been shown to upregulate M2 markers.!'”#%] This is reflected
in the volcano plot (Figure 2a) as most genes upregulated with
SOCS1-KIR peptide treatment were M2 related genes. The gray
line is the adjusted p-value of 0.50. The data demonstrate trends
in downregulation of M1 genes and upregulation of M2 genes
with SOCS1-KIR treatment.

Among the differentially expressed or upregulated genes (rep-
resented in red dots) the mitogen-activated protein kinase 1
(MAP2K1) gene or the MEK1/2 pathway has been identified as a
key regulator in pro-inflammatory M1 macrophage inhibition.[*!
Alternatively, MAP2K1 inhibition increases expression of M2
macrophage markers. The Nanostring data showed that MAP2K1
was differentially expressed in groups containing SOCS, sug-
gesting that SOCS was reducing M1 activation. Further, a pro-
nounced higher expression of CD163 and FcyRIIIA encoded
gene FCGR3A (CD16a) signified an increase in M2 macrophage
markers.’%51 V-Set Immunoregulatory Receptor (VSIR) is in-
volved in the negative regulation of cytokine production. The
upregulation of VSIR indicates that SOCS1-KIR is enabling its
function in inhibiting the production of inflammatory cytokines.
Similarly, all other genes listed in the volcano plot such as
Mer receptor tyrosine kinase (MerTK),[*!] gluconeogenic enzyme
fructose 1,6-bisphosphatase 1 (FBP1),°?) etc. are indicators that
SOCS1-KIR treatment inhibits M1 activation. These data suggest
that not only does SOCS1-KIR peptide reduce pro-inflammatory
M1 activation, but it may also shift the macrophage population
to the anti-inflammatory M2 phenotype.

Prominent pro-inflammatory markers such as certain clus-
ters of differentiation and tumor necrosis factor related genes
are plotted in bar charts (Figure 2b). CD86 is involved in the
pathogenesis of inflammation,*] and CD38 has been found
to be upregulated in M1 macrophages.’* In that regard, both
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CD86 and CD38 gene expression were reduced with SOCS1-
KIR treatment (Figure 2b) as represented by the normalized
log2 fold change values. Genes encoding the TNF gene fam-
ily such as TNFa-induced protein (AIP)-3,6, TNFS4, and TNF
receptor superfamily (RSF)-8,1B,14 are also plotted in bars as
log2 fold change values. SOCS1-KIR treatment reduced previ-
ously listed TNF family genes. Heatmaps were created from
pathways such as IFN signaling, cytokine signaling, JAK/STAT
signaling, and chemokine signaling. The normalized log2 gene
expression values of MO and M1 with and without SOCS1-KIR
treatment were mapped for genes of interest (Figure 2c). SOCS1-
KIR peptide treatment reduced expression of pro-inflammatory
genes in M1 stimulated macrophages while the MO macrophages
acted as controls (Figure 2c). Figure 2c represents genes up-
regulated by LPS and IFNy stimulations for activating the M1
phenotype. Some examples of those genes are interleukin (IL)-
1B, IL-6, hypoxia inducible factor 1 alpha (HIF1A), toll-like re-
ceptor 4 (TLR4), IL-12A, nuclear factor kappa B (NF«B), etc.
The normalized log2 values displayed a downregulation in M1
related genes with SOCS1-KIR treatment as indicated by dark
purple for high expression and light yellow for low expression.
Arachidonate 5-lipoxygenase activating protein (ALOXS5AP) is ex-
pressed by M1 macrophages upon activation.®>] There was a
clear reduction in the expression of ALOXS5AP signifying a re-
duced state of M1 activation. Chemokine ligand 1 (CXCL1) and
CXCL9 have been shown to be downregulated with treatment
of steroids in chronic inflammatory disorders such as ulcera-
tive colitis.’®! A reduction in the mRNA expression of CXCL1
and CXCL9 suggests that SOCS1-KIR peptide has inhibitory ef-
fects in M1 macrophage activation. Figure 2c also represents a
heatmap of the normalized log2 counts for genes encoding the
JAK/STAT pathway such as SOCS1 and SOCS3. Interferon regu-
latory factors manage macrophage polarization by activation of
the JAK/STAT pathway.’’=>%! Particularly, interferon regulatory
factor (IRF) 4 and IRF 7 regulate IFN production.[*]

The mRNA expressions of genes encoding cytokines assessed
via ELISA (Figure S4, Supporting Information) are demon-
strated in the heatmap (Figure 2c). IFNGR1 is a receptor for
[FNy, TNFRSF1B and TNF encode TNFa, chemokine ligand
2 (CCL2), a primary ligand for CCR2 is the gene for MCAF,
and colony stimulating factor 2 (CSF2) encodes GM-CSF. All
gene expression values were downregulated with SOCS1-KIR
peptide treatment in M1 macrophages. This data corroborated
with the ELISA study (Figure S4, Supporting Information) indi-
cating that SOCS1-KIR reduced expression of both secreted pro-
teins and downstream mRNA expressions in M1 macrophages.
A reduction in the expression of these genes indicated that
pro-inflammatory markers were being reduced with SOCS1-
KIR treatment. The regulation of genes is well known in the
fate of T helper cells,’® but not much is known about the af-
fected pathways involving macrophages. The Nanostring data
provide insight into which genes, chemokine and cytokine re-
ceptors are up or downregulated with SOCS1-KIR peptide treat-
ment in human macrophages. Overall, the heatmaps demon-
strate that SOCS1-KIR peptide dimer can function effectively in
reducing M1 macrophage activation with human monocyte de-
rived macrophages and may even potentially increase M2 acti-
vation. Further, representations of the cellular signaling path-
ways with SOCS1-KIR treatment have also been demonstrated
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Figure 2. SOCST-KIR peptide treatment reduces pro-inflammatory profile of human macrophages 48 h post-stimulation in 2D. a) Volcano plot of dif-
ferentially expressed or upregulated genes (red dots) via Nanostring. Only differentially expressed genes (p < 0.50) were represented in the volcano
plot. The gray line represented a p-value of p < 0.50. b) Prominent pro-inflammatory genes such as CD86, CD38, and the TNF gene family (represented
in bar plots) are downregulated following SOCS1-KIR treatment. c) SOCS1-KIR treatment downregulated expression of pro-inflammatory genes in ad-
ditional M1 macrophage related genes, SOCS related genes, and genes encoding pro-inflammatory cytokines. The normalized log2 gene expression
values were plotted for MO and M1 macrophages with and without SOCS1-KIR treatment. d) Quantifying iNOS (M1 associated) expression per total
DAPI (nuclei marker) positive cells, and CD206 (M2 associated) expression per total DAPI positive cells via immunostaining in human macrophages
following SOCS1-KIR treatment for 48 h. SOCS treatment reduced iNOS* M1 macrophages and increased CD206" MO and M2 treated SOCS groups.
Statistical significance was measured by one-way ANOVA with Tukey’s post hoc tests (n = 3; *p < 0.05).

in Figures S5-S7 (Supporting Information). In the pathway anal-  sion and TNF related markers in the chemokine signaling path-
ysis charts, SOCS1-KIR peptide clearly displays a downregula-  way (Figure S6, Supporting Information), and the TNF signaling
tion of inflammatory signaling via inhibition of STAT recruit-  pathway (Figure S7, Supporting Information) respectively.

ment in the JAK-STAT signaling pathway (Figure S5, Supporting In addition to gene expression studies and assessing secreted
Information), downregulation of STAT signaling, NFxB expres-  cytokines with SOCS1-KIR treatment in human macrophages,
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immunostaining was also performed. Macrophages were fixed
and stained for iNOS, CD206, and DAPI after 48 h. CD206, a
mannose receptor is a prominent marker for M2 macrophages.
Since the upregulated genes in the volcano plot could be as-
sociated to M2-like macrophages, we investigated the effects
of SOCS1-KIR peptide on M2 activation via immunostain-
ing. CD206 expression per total DAPI positive cells was as-
sessed alongside iNOS expression. Immunofluorescent images
of macrophages treated with and without SOCS1-KIR were cap-
tured and quantified. A one-way ANOVA revealed that follow-
ing SOCS1-KIR treatment, iNOS expression was significantly
reduced in M1 stimulated macrophages (Figure 2d), and that
CD206 expression was increased in MO and M2 macrophages.
M1 macrophage count for iNOS* cells per total DAPI* cells,
was 0.87 = 0.03 without SOCS1-KIR. While SOCS1-KIR treated
M1 macrophages had a reduction to 0.41 + 0.06 iNOS* cells
per total DAPI* cells. The reduction in iNOS expression of M0
macrophages was not significantly different as it reduced from
0.35+ 0.17t0 0.31 + 0.12iNOS*/DAPI* cells. Similarly, the dif-
ferences in iNOS expression of M2 macrophages had a minimal
difference from 0.43 + 0.21 without SOCS to 0.29 + 0.15 with
SOCS treatment. On the other hand, SOCS1-KIR treatment had
no significant effects on CD206 expression for M1 macrophages.
The CD206 per total DAPI positive cells quantification was 0.36 +
0.05 for untreated M1 macrophages and 0.35 + 0.07 for SOCS
treated M1 macrophages. This was expected as M1 macrophages
do not express the CD206 mannose receptor.

MO and M2 macrophages were significantly upregulated for
CD206 expression with SOCS1-KIR treatment. The expression
for CD206 increased from 0.28 + 0.12 to 0.70 + 0.14 for SOCS
treated MO macrophages. M2 macrophages with SOCS1-KIR
treatment demonstrated almost a twofold increase of CD206*
cells with CD206 per total DAPI positive values being 0.42 + 0.26
with no SOCS1-KIR and 0.81 + 0.07 in the presence of SOCS1-
KIR. These results corroborate with the results obtained from
the gene expression analysis of a human macrophage panel. This
study is the first to enlist Nanostring gene expression to investi-
gate the alterations occurred by SOCS1-KIR peptide treatment on
human macrophages. It can be inferred that while SOCS1-KIR
reduces iNOS expression, it may also be shifting the macrophage
phenotype from pro-inflammatory M1 to an anti-inflammatory
M2-like macrophages.

Further, release of pro-inflammatory cytokines such as IFNy,
TNFa, monocyte chemotactic protein-1 (MCP-1 or MCAF) and
GM-CSF were analyzed through collection of cell supernatant
and quantification of soluble proteins (Figure S4, Support-
ing Information). IFNy is a cytokine well known for skewing
macrophages to the pro-inflammatory phenotype.l®!l We found
SOCS1-KIR treatment displayed a trend in reduction of IFNy se-
cretion from 27.54 to 11.63 pg mL~! in M1 macrophages (Figure
S4, Supporting Information). TNFa is another prominent in-
flammatory cytokine that plays a major role in initiating the
immune response by releasing a cytokine cascade thereby re-
cruiting macrophages to the site of infection.[®] SOCS1-KIR
treatment in M1 macrophages reduced TNFa secretion from
456.8 to 358.8 pg mL™'. A reduction in TNFa expression via RT-
PCR of murine macrophages (Figure 1c) and ELISA of human
macrophage supernatant (Figure S4, Supporting Information)
signifies that SOCS1-KIR reduced TNFa in both groups.
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Similarly, MCAF enhances phagocytosis and accelerates re-
cruitment of macrophages.[®*) MCAF secretion reduced from
1080.58 pg mL~! in M1 macrophages to 181.41 pg mL™! in
SOCS1-KIR treated M1 macrophages (Figure S4, Supporting In-
formation). A reduction in MCAF suggests that M1 macrophages
were not being activated in the presence of SOCS1-KIR. GM-CSF
plays a critical role in differentiation and proliferation of myeloid
cells such as neutrophils and macrophages.[** Along with re-
cruiting and activating macrophages, the production of GM-CSF
is critical to maintaining a balanced healing cascade. Inversely,
an imbalance in GM-CSF production can lead to chronic inflam-
matory conditions.[®] The trends in Figure S4 (Supporting Infor-
mation) demonstrated a reduction in the secretion of GM-CSF
in M1 macrophages treated with SOCS1-KIR from 1762.41 to
1496.58 pg mL~!. A reduced GM-CSF concentration signifies that
SOCS1-KIR caused a hindrance to M1 macrophage activation.
The ELISA study demonstrated trends that all pro-inflammatory
cytokines were reduced in M1 macrophages with SOCS1-KIR
treatment.

3.3. Determination of SOCS1-KIR Peptide’s Retention in
PEGDA-SOCS Hydrogel

PEG, a polyether with hydrophilic, bioinert, minimally immuno-
genic properties, has resulted in numerous applications for phar-
maceutical formulations.[¢”] Due to their high water content,
excellent solubility, and hydrophilicity, PEGDA hydrogels of-
fer note-worthy resemblance to natural living tissue, which is
highly beneficial for in vitro analyses and applications.[®] With
relatively simple chemistry, PEGDA hydrogels can incorporate
bioactive components to create a biomimetic environment for
cells.l®l PEG hydrogels or scaffolds for clinical applications can
be modified by altering the weight percentage of PEG to allow
some degree of protein adsorption and/or adding bioactive pep-
tides. Herein this work, we use PEGDA hydrogels to encapsulate
SOCS1-KIR for macrophage manipulation.

Figure 3a represents a schematic of the control or PEG-RGDS,
and the PEGDA-SOCS hydrogels wherein each componential de-
sign is enlisted to demonstrate how the hydrogels were formed.
Concentration of peptides, PEG molecular weight, and polymer
density can be altered to modulate mesh size and the rate of
protein release. Depending on the mesh size of a hydrogel net-
work, the protein may or may not be released in the exterior
environment.[”) We analyzed the hydrogel characteristics to de-
termine SOCS retention in the hydrogel formulation.

A BCA assay was conducted to assess retention or release of
SOCS1-KIR in the environment (Figure S8a, Supporting Infor-
mation). The three hydrogel groups compared were PEGDA only,
PEG-RGDS, and PEG-SOCS or SOCS hydrogel. The PEGDA
used in our hydrogel system was 10 kDa in size, PEG-RGDS was
nearly 3833 Da and the SOCS1-KIR peptide dimer was 4752 Da.
The concentrations of released proteins were quantified over an
iterative sample collection for 7 days (Figure S8b, Supporting In-
formation) and absorbance was measured at 562 nm. To negate
any perceived signal from residual eosin Y/NVP, its concentra-
tions were also measured separately. Over 7 days, concentration
of PEGDA was 121.6 + 17.42 uyg mL~!, PEG-RGDS was 134.6 +
18.87 pg mL™!, and PEG-SOCS was 143.2 + 28.61 pg mL™!
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Figure 3. SOCS1-KIR is retained in the hydrogel. a) Schematic of the control or “PEG-RGDS” hydrogel and the experimental or “PEG-SOCS” hydrogel. b)
To investigate SOCS1-KIR release or retention following encapsulation in the hydrogel, FITC-Dextran was used as a surrogate protein. Mean fluorescence
intensity was assessed via a FITC-Dextran diffusion test to measure release or retention of FITC-Dextran from the hydrogel (n = & hydrogels). Student’s
t-test indicated non-significant difference at 24 or 72 h following encapsulation (p < 0.05).

(Figure S8b, Supporting Information). Overall concentration of
eosin Y was 137 + 14.81 ug mL~!. On comparing differences
of concentrations of the hydrogel groups to eosin Y, only a
nominal amount of protein was being released from the SOCS
gels through 7 days (x6.2 ug mL™!). From days 1-4, the PEG-
SOCS hydrogel trended slightly higher in protein content, i.e.,
20.6 pgmL~!, when normalized to eosin Y, albeit not significantly
higher than other groups. PEG-RGDS concentration after eosin
Y normalization was 10.3 pg mL~' and PEGDA values were neg-
ative. After day 4, all trends seem to be similar. Due to extremely
low protein concentrations at the start of forming hydrogels, the
data present some variability. Since day 2 (24 h) and day 4 (72 h)
showed more variability amongst all groups (from Figure S8b,
Supporting Information) concentrations at 24 and 72 h were re-
ported in Figure S8a (Supporting Information). At 24 h, eosin Y
was 147.4 uyg mL~!, PEGDA was 145.7 pg mL™', PEG-RGDS was
151.2 uygmL~!, and PEG-SOCS was 183.2 uygmL~!. At 72 h, eosin
Y was 126.5 uyg mL~!, PEGDA was 115.7 ug mL~!, PEG-RGDS or
“control” was 111.3 uyg mL™!, and PEG-SOCS was 112.6 pg mL™".
A one-way ANOVA with Tukey’s post-hoc test was performed
to assess statistical significance (p < 0.05). No statistical signifi-
cance was found between the groups. Considering the variability
in profiles, and no statistical difference between each group, it
can be inferred that majority of the SOCS1-KIR peptide is being
retained in the hydrogel over 7 days. Any protein release from
PEGDA and PEG-RGDS hydrogels was also negligible when
compared to eosin Y/NVP. The retention of SOCS1-KIR in the hy-
drogel environment is beneficial to avail its macrophage inhibit-
ing properties for macrophages encapsulated within the PEGDA
hydrogel.

To ensure no changes to bulk properties of the hydrogel oc-
curred after incorporation of SOCS1-KIR in the hydrogel net-
work, a swelling test was performed. Swelling was determined
by calculating swelling ratio of the two groups. PEG-SOCS hy-
drogels demonstrated a higher swelling ratio of 1.13 + 0.39 com-
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pared to 0.92 + 0.34 for control hydrogels, although they were
not significantly different to each other (Figure S9a, Support-
ing Information). The swelling test confirmed that SOCS1-KIR
being entrapped in the hydrogel network does not significantly
influence the swelling ratio of the hydrogel. It can be inferred
that SOCS1-KIR peptide was not a hindrance to diffusion of pro-
teins through the hydrogel while macrophages were in culture.
If needed, ratios of PEGDA to SOCS1-KIR can be varied to ma-
nipulate porosity or permeability of the hydrogels.”"7% The gela-
tion chemistry and the composition of our hydrogels can also be
modified to allow for rapid release of the peptide in the external
environment, if release is desired. However, since macrophages
are encapsulated in the hydrogel along with SOCS1-KIR, the ex-
pectancy of SOCS1-KIR release is nominal.

To further probe if the PEG-SOCS hydrogel design can model
as a therapeutic allowing retention of other moieties in the gel,
a FITC-Dextran experiment was performed. Comparable molec-
ular weight of FITC conjugated Dextran (~4 kDa) was used
as a surrogate for the SOCS1-KIR peptide. Figure 3b demon-
strates that there was negligible release of FITC-Dextran out of
the hydrogel. Mean fluorescence intensity (MFI) for an addi-
tional control, i.e., eosin Y in solution, and FITC-Dextran in so-
lution was also measured (Figure S9b, Supporting Information).
MFI of FITC-Dextran at 24 h was 20703 + 733.5 compared to
19011 + 683.12 for control hydrogel. At 72 h, the MFI reduced
to 2412 + 75.75 for FITC loaded hydrogels versus 2264 + 116.5
for control hydrogels. Figure 3b demonstrates that the current hy-
drogel design can retain FITC-Dextran at the same concentration
that SOCS1-KIR was retained.

SOCS1-KIR peptide houses an N-terminal palmitoyl group
that allows passive diffusion through the cell membrane.
SOCS1-KIR retention in the hydrogel benefits our system as
macrophages that are encapsulated within the hydrogel envi-
ronment and can be directly exposed to the peptide. A non-
significant release may be observed due to a small mesh size
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Figure 4. SOCS1-KIR peptide in a PEG hydrogel reduces iNOS expression in murine macrophages. a) Schematic for the encapsulation of macrophages
in the PEGDA-SOCS (or PEG-SOCS) hydrogel. Immunofluorescent images of DAPI (blue, nuclei marker) and iNOS (red, M1 macrophage marker)
stained macrophages in control and SOCS hydrogels. Quantification of iINOS expression per total DAPI positive cells in macrophages encapsulated in
control and SOCS hydrogels. b) n =5 gels for 5 days post encapsulation. c) n = 4 gels for 10 days post encapsulation. One-way ANOVA demonstrated
a reduction in iNOS expression of murine macrophages encapsulated in SOCS hydrogels (Scale = 100 um; **p < 0.01; ***¥*p < 0.0001).

of the crosslinked network of the PEG-RGDS control hydrogel.
Utilizing the Flory Rehner equation, an estimate mesh size of
the PEGDA hydrogel was calculated to be 3.17 nm (refer to
Equations (S2) and (S3), Supporting Information for calcula-
tions). This mesh size was in accordance with values found from
literature.[”>7>7°1 The SOCS1-KIR peptide interspersed within
the hydrogel blocks JAK kinase activity via its KIR region. At the
same time, the cell membrane-penetrating palmitated group in
SOCS1-KIR is unobstructed as this region is not covalently con-
jugated to PEGDA.’%77I The N terminal palmitoyl-lysine group
is advantageous to our system as we hypothesize that encapsu-
lated macrophages can interact with the entrapped SOCS1-KIR
peptide in the hydrogel environment.

3.4. SOCS1-KIR in a PEG Hydrogel Reduces Pro-Inflammatory
Murine Macrophage Markers

To prevent pro-inflammatory macrophage activation, we encap-
sulated SOCS1-KIR peptide mimetic in a PEGDA hydrogel plat-
form. Our work focused on utilizing the SOCS1-KIR peptide to
create a biofunctional PEG-based hydrogel platform that can be
leveraged to reduce macrophage inflammation.

To create a hydrogel system for presenting SOCS1-KIR pep-
tide as an M1 inhibitor, PEGDA was crosslinked with conju-
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gated PEG-RGDS, and SOCS1-KIR peptide. Encapsulation of
macrophages occurred by mixing the cells with the macromers
and together, the cell-polymer solution was exposed to eosin Y
and white light (Figure 4a). Designing such hydrogels with bio-
logically derived peptides either covalently bound or entrapped in
synthetic polymer networks facilitates improvement in cell com-
patibility, protein release by tuning of network properties, and
exploiting the properties of one or more of the polymers in the
system.[78]

For the 3D encapsulation studies, there were two main groups
of hydrogels—*“control” (PEGDA+PEG-RGDS) hydrogels and
experimental (PEGDA+PEG-RGDS+SOCS1-KIR) or “PEGDA-
SOCS/PEG-SOCS” or SOCS hydrogels. Murine macrophages
were encapsulated in control and SOCS hydrogels (n =4 or 5) for
5 days (Figure 4b) and 10 days (Figure 4c). All samples were fixed
for staining and quantification of iNOS expression. Figure 4b,c
demonstrate iNOS*/DAPI* images of MO and M1 macrophages
encapsulated in control and PEG-SOCS gels at both the 5-day
and 10-day time point, respectively. A one-way ANOVA reveals
a significant reduction of iNOS expression per total DAPI cell
count for M1 macrophages encapsulated in the PEG-SOCS hy-
drogels. At 5 days (Figure 4b), iNOS*/DAPI* values decreased
from 0.73 + 0.13 for M1 macrophages in control hydrogels to
0.28 + 0.05 in SOCS hydrogels. iNOS expression was not sig-
nificantly different for MO macrophages, as the values reduced
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Figure 5. SOCS hydrogels reduce iNOS expression in human macrophages. a) Immunofluorescent images of iINOS expression per total DAPI positive
cells of human macrophages encapsulated in SOCS hydrogels (n = 3; Scale = 100 um). b) A one-way ANOVA confirmed significant reduction in iNOS

expression per total DAPI positive cells of human macrophages encapsulated in SOCS hydrogels (n =3, *

from 0.14 + 0.11 in control hydrogels to 0.07 + 0.03 follow-
ing encapsulation in SOCS hydrogels. At 10 days (Figure 4c),
the differences in iNOS*/DAPI* encapsulated MO macrophages
was minimal. MO macrophages encapsulated in control hydro-
gels had a value 0f 0.12 + 0.7 whereas values for SOCS hydrogel
encapsulated MO macrophages were 0.18 + 0.07. There is a sig-
nificant reduction of iNOS expression from 0.69 + 0.23 for M1
macrophages encapsulated in control hydrogels to 0.27 + 0.08
for M1 macrophages encapsulated in PEG-SOCS hydrogels. Re-
placing all M1 media with MO media on day 5 caused a change in
the environment of encapsulated macrophages. Hence, the 10-
day time point aided in observing the long-term inhibitory ef-
fects of SOCS1-KIR in the 3D hydrogel system. Encapsulation
in PEG-SOCS hydrogels did not affect total cell count (Figure
S10, Supporting Information). The reduction in iNOS expression
of macrophages encapsulated in SOCS hydrogels was compara-
ble to the change observed in 2D cultures of SOCS1-KIR treated
macrophages. At 5 days, the difference between the averages of
iNOS expression of M1 macrophages in PEG-SOCS versus con-
trol hydrogel was 0.45, and at 10 days that difference of aver-
ages was 0.42. The difference of averages in iNOS expression of
SOCS1-KIR treated 2D cultured murine macrophages was 0.71
at 24 h, 0.35 at 48 h, and 0.25 at 72 h. The experimental time-
line of the 5-day experiment in 3D is similar to 72 h in 2D, as
exposure to SOCS1-KIR is for 72 h for both experiments. Due to
similar timelines, it can be concluded that the overall efficacy of
SOCS1-KIR was doubled when presented in a hydrogel formula-
tion compared to 2D. Figure 4 exhibits the ability of SOCS1-KIR
to be used in a PEGDA hydrogel for reducing M1 macrophage
activation.
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~p < 0.0001).

3.5. PEG-SOCS Hydrogel Reduces iNOS Expression in Human
Monocyte Derived Macrophages

Validation of the results from the 2D encapsulation experiments
were also attempted in 3D cultures of human macrophages
encapsulated in SOCS hydrogels. Monocytes were differenti-
ated to macrophages as previously explained. Differentiated
macrophages were encapsulated in control hydrogels and SOCS
hydrogels. The experimental design was the same as it was for the
5-day time point of 3D experiments with murine macrophages.
The human macrophages were stimulated for 72 h in the hydro-
gel considering day 1 as the day of encapsulation, day 2 as the M1
stimulation time point, and day 5 as the day of fixing samples.
The encapsulated cells in gels were fixed for immunofluorescent
staining analyses 5 days post encapsulation. Figure 5 represents
MO and M1 macrophages encapsulated in control and SOCS hy-
drogels (n = 3). The overlay of DAPI (blue) and iNOS (red) chan-
nels are demonstrated in Figure 5a. Quantification of iNOS ex-
pression denoted an insignificant change in MO macrophages.
Encapsulation of untreated MO macrophages reduced iNOS ex-
pression from 0.25 = 0.02 to 0.14 + 0.05 iNOS™ cells per to-
tal DAPI* cell count (Figure 5b). SOCS hydrogels significantly
reduced iNOS expression in M1 stimulated macrophages. The
entrapped SOCS1-KIR peptide decreased iNOS*/DAPI™ cells in
M1 macrophages from 0.89 + 0.01 to 0.25 + 0.07 (Figure 5b).
Additionally, cell count assessed by DAPI* cells across all con-
ditions remained unaffected (Figure S11, Supporting Informa-
tion). The hydrogel platform containing SOCS1-KIR peptide in a
PEGDA network promises to be an effective strategy for reduc-
ing M1 activation in human macrophages. CD206 staining (not
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represented) was also performed for human macrophages encap-
sulated in SOCS hydrogels. CD206 staining was inconclusive and
no significant differences were found between any group in re-
sponse to being exposed by the entrapped SOCS1-KIR peptide.

4. Conclusion

This is the first effort to utilize a hydrogel platform incorporating
the SOCS1-KIR peptide to modulate macrophage function.
Through our work, we successfully demonstrated the anti-
inflammatory abilities of SOCS1-KIR peptide mimic on murine
and human pro-inflammatory M1 macrophages. This work
was the first to introduce a functionalized PEG-based hydrogel
platform that incorporated the SOCS1-KIR peptide dimer. The
system can successfully retain SOCS1-KIR for exposure to encap-
sulated macrophages as assessed via hydrogel characterization
assays. Through 2D and 3D experiments, we demonstrated
that the SOCS hydrogel reduced M1 macrophage activation via
immunostaining, soluble cytokine secretion assays and gene
expression assays. Our system elucidates how SOCS1-KIR in
PEGDA hydrogels can be utilized as an effective therapeutic for
macrophage manipulation.
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