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JMJD3 decreases STING and pathologic inflammation in
diabetic wound repair
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Macrophage plasticity is critical for normal tissue repair following injury. In pathologic states such as diabetes, macrophage

plasticity is impaired, and macrophages remain in a persistent proinflammatory state; however, the reasons for this are unknown.
Here, using single-cell RNA sequencing of human diabetic wounds, we identified increased JMJD3 in diabetic wound macrophages,
resulting in increased inflammatory gene expression. Mechanistically, we report that in wound healing, JMJD3 directs early
macrophage-mediated inflammation via JAK1,3/STAT3 signaling. However, in the diabetic state, we found that IL-6, a cytokine
increased in diabetic wound tissue at later time points post-injury, regulates JMJD3 expression in diabetic wound macrophages via
the JAK1,3/STAT3 pathway and that this late increase in JMJD3 induces NFkB-mediated inflammatory gene transcription in wound
macrophages via an H3K27me3 mechanism. Interestingly, RNA sequencing of wound macrophages isolated from mice with JMJD3-
deficient myeloid cells (Jmjd3”Lyz2®*) identified that the STING gene (Tmem173) is regulated by JMJD3 in wound macrophages.
STING limits inflammatory cytokine production by wound macrophages during healing. However, in diabetic mice, its role changes
to limit wound repair and enhance inflammation. This finding is important since STING is associated with chronic inflammation, and
we found STING to be elevated in human and murine diabetic wound macrophages at late time points. Finally, we demonstrate
that macrophage-specific, nanoparticle inhibition of JMJD3 in diabetic wounds significantly improves diabetic wound repair by
decreasing inflammatory cytokines and STING. Taken together, this work highlights the central role of JMJD3 in tissue repair and
identifies cell-specific targeting as a viable therapeutic strategy for nonhealing diabetic wounds.
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INTRODUCTION

Tissue repair after injury is a highly orchestrated process occurring in
overlapping stages of coagulation, inflammation, proliferation, and
remodeling [1, 2]. The inflammatory phase is further divided into an
early phase, wherein macrophages (M¢gs) promote inflammation and
pathogen destruction, and a late phase, where Mgs promote tissue
repair. We and others have identified that in the setting of type 2
diabetes (T2D), the inflammatory phase is significantly prolonged,
which retards progression through the remaining stages of repair. In
diabetes, during the inflammatory phase, inflammatory Mvs are
initially decreased, resulting in impaired early inflammation, followed
by a late, robust Mg transition to an inflammatory phenotype that

persists and does not allow wound healing to progress along
its normal course [3-5]. The reasons for this dysregulated inflamma-
tion are complex; however, we previously identified epigenetic
mechanisms that regulate gene expression in wound Megs during
normal tissue repair and are altered in pathologic states. Despite
an increased understanding of the role of epigenetic alterations
in wound repair, the precise enzymes involved and their kinetic
regulation during normal and diabetic wound repair remain
incompletely understood.

We recently identified that the histone demethylase Jumoniji
domain-containing protein D3 (JMJD3) controls inflammation in
vascular disease [6]. Specifically, JMJD3 demethylates the lysine
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27 site on histone 3 (H3K27), resulting in the opening of chromatin
that renders promoter sites accessible for transcription factor
binding [6-8], thus effectively increasing gene expression.
Demethylation by JMJD3 at the promoter sites reverses the
repressive effect of H3K27 trimethylation (H3K27me3) and results
in gene activation and active transcription. We previously found
that JMJD3 is increased in the presence of the fatty acid palmitate,
which is known to be elevated in obesity-induced diabetes and in
diabetic bone marrow progenitor cells [9]. Nevertheless, there
remains a dearth of information on JMJD3 in normal and diabetic
wound Megs and its role in inflammation and tissue repair. Given
that JMJD3 has been shown to regulate inflammation in other
tissues and be increased in diabetic bone marrow, we examined
the regulation and role of JMJD3 in wound Mgs during normal
and diabetic tissue repair.

Herein, using human wound single-cell RNA sequencing
(scRNAseq) and primary wound Meps isolated from diabetic and
control murine wounds, we show that Jmjd3 in Mes is necessary
for inducing early inflammation in normal wound repair but is
pathologically elevated in diabetic Mgs at later stages of repair.
Mechanistically, we found that IL-6, a cytokine present at high
levels in diabetic peripheral blood and wound tissues, drives the
Janus kinase 1,3/signal transducer and activator of transcription 3
(JAK1,3/STAT3) pathway to increase Jmjd3 expression in diabetic
wound Mgs and that abrogation of this pathway leads to
decreased M@-mediated inflammation in diabetic wounds. Inter-
estingly, wound M¢s from our mice with JMJD3-deficient myeloid
cells Umjd3”Lyz2*) analyzed by bulk RNA-seq showed that
JMJD3 regulates the STING gene (Tmem173), which, in addition to
NFkB-mediated inflammation, contributes to chronic inflammation
in diabetes. Finally, we demonstrated that local, Me-specific
inhibition of JMJD3 using nanoparticles dramatically improves
diabetic wound repair by decreasing NFkB and STING-mediated
inflammation. Together, these results suggest a central role for
JMJD3 in normal and diabetic wound repair and identify JMJD3 as
a viable therapeutic target for nonhealing diabetic wounds.

RESULTS

JMJD3 is increased early in wound Mes, increases NFKB
inflammatory cytokine gene expression via H3K27me3 and is
regulated by JAK1,3/STAT3 in wound Meos

Epigenetic-based histone modifications have been shown by our
group and others to regulate M@s phenotype and function during
wound repair [10-12]. JMJD3 plays a vital role in inflammation in
other vascular tissues, and given the importance of M@-mediated
inflammation in wound repair, we investigated JMJD3 in wound
Mas following injury. First, to establish the normal kinetics of JMJD3
following injury, we sorted wound Mes (CD3/CD19/NK1.17/Ly6G”/
CD11b™) daily for 10 days following wounding (6 mm punch
biopsy) and analyzed Jmjd3 expression. We identified a significant
increase in Jmjd3 on Day 3 post-injury, followed by a rapid decrease
over the course of repair (Fig. 1A). By Day 5 (following the acute
inflammatory phase), Jmjd3 expression in wound Mes had returned
to baseline levels. Next, to examine the relevance of JMJD3 in
wound Mes during repair, we generated a myeloid-specific, JMJD3-
deficient mouse strain using the Cre recombinase Lox-P system [13]
(Umjd3”yz2°*). Confirmation of reduced Jmjd3 specifically in
wound Megs isolated from the ijdi’f/fLyZZC’eJr mice was obtained
(Supplementary Fig. 1A).

Given that we and others have shown that NFkB-mediated
inflammation is important in wound Mgs and is often epigenetically
regulated, we specifically examined the expression of NFkB-mediated
genes previously identified to be important for wound repair (e.g.,
l11b, Tnfa) in isolated wound Mes from the Jmjd3”Lyz2“** mice and
littermate controls at Day 3 post-wounding. As expected, we
identified significant decreases in lITb and Tnfa as well as /l12 and
1123 expression in the wound Mgs from the Jmjd3"Lyz2®" mice
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(Fig. 1B, Supplementary Fig. 1B). This phenomenon reduced /I1b and
Tnfa expression in the ijdi"f/fLyzzc’e+ wound Mgs and was also
observed at the protein level by ELISAs (Fig. 1C). Since JMJD3 alters
gene expression through demethylation of H3K27me3, we examined
wound Mgs from the Jmjd3”Lyz2“®* mice by chromatin immuno-
precipitation (ChIP) for H3K27me3 at the NFkB binding sites of the
Il1b and Tnfa gene promoters. We found a significant increase in the
repressive H3K27me3 mark at these NFkB binding sites on the
promoters of ll1b and Tnfa (Fig. 1D, Supplemental Fig. 1C).

Our group previously showed that Type 1 interferons (IFN-I),
such as IFN-B, are increased in normal wound tissue early during
the inflammatory phase of wound repair [4, 11]. Although IFN-3
can activate numerous downstream pathways, one of the more
commonly studied pathways involves the activation of Janus
kinase (JAK) proteins, which leads to tyrosine phosphorylation
that, in turn, activates signal transducers and activators of
transcription (STAT) proteins and translocates dimerized, phos-
phorylated proteins to the nucleus [14-16]. Furthermore, IFN-3 has
been shown by our group and others to modulate epigenetic
enzyme expression in wounds and other vascular tissues, where
they function as transcriptional regulators [3, 12, 17]. Given the
known early spike of IFN-B in wound tissue undergoing normal
repair processes, we examined the effect of IFN-B stimulation on
Jmjd3 in wound Mgs. Wound Megs were sorted on Day 3 post-
injury, stimulated ex vivo with IFN-B (100 U/mL; 8.5 ng/mL) for
6h and analyzed for Jmjd3 expression. Jmjd3 expression was
significantly increased in wound Mes following IFN-f3 stimulation,
and this effect was abrogated in wound Mes sorted from the mice
deficient in the IFN-af} receptor (Ifnar~"") (Fig. 1E). To examine the
downstream effects of IFN-B stimulation on JMJD3 and H3K27me3
regulation of inflammatory cytokines, we isolated wound Meps
ex vivo, treated them with IFN-B and examined them by ChIP
analysis for H3K27me3 at NFkB binding sites on promoters of
inflammatory genes important for wound repair (e.g., /l1b, Tnfa).
We found that levels of H3K27me3 were significantly decreased at
NFkB binding sites on //1b and Tnfa gene promoters following IFN-
(3 stimulation of wound Meos (Fig. 1F). Next, to determine whether
IFN-B regulates Jmjd3 expression via JAK/STAT signaling, we
examined JAK1, JAK3 and STATS3 levels following IFN-@ stimulation
of wound Mgs ex vivo. We confirmed prior reports [18, 19] that
IFN-B increases JAK1 and 3 and STAT3 /phosphorylated protein
levels, and this effect is negated in Ifnar~’~ mice (Supplementary
Fig. 2). To study the effect of JAK1/3 on Jmjd3 expression in wound
Mes, we used tofacitinib, a commercially available competitive
inhibitor of JAK1/3, and treated isolated wound Megs ex vivo with
IFN-B and tofacitinib (100 uM) for 6 h. We found that inhibition of
JAK1/3 led to significantly decreased levels of Jmjd3 in the wound
Mes (Fig. 1G), and when we examined the //7b and Tnfa gene
promoters by ChIP, we found that JAK1/3 blockade resulted in
increased H3K27me3 at the NFkB binding sites of these genes,
resulting in decreased gene activation (Fig. TH). Next, we studied
the effects of STAT3 on Jmjd3 expression in wound Mes. We used
the Cre/LoxP system to generate myeloid-depleted STAT3 mice
(Stat3”Lyz2°**) as previously described [13]. Wound Megs (CD37/
CD197/NK1.17/Ly6G/CD11b™) isolated on Day 3 from myeloid-cell
STAT3-deficient mice were isolated by sorting and stimulated
ex vivo with IFN-B for 6 h. These Mgs exhibited significantly
decreased Jmjd3 expression (Fig. 11), and ChIP analysis of NFkB-
mediated inflammatory promoters showed that //7b and Tnfa had
increased H3K27me3 levels (Fig. 1J). Taken together, these data
suggest that the increased IFN-B observed in early wound
inflammation regulates early JMJD3 expression in normal wound
Mes via the JAK1/STAT3/STAT3 pathway.

JMJD3 is increased in diabetic wound Mes during the late
inflammatory phase

Given that NFkB-mediated inflammatory cytokines have been
shown to be elevated in diabetic wounds [3, 5, 20] and that JMJD3

Cellular & Molecular Immunology (2022) 19:1251 - 1262



C.O. Audu et al.

A B Tnfa b C e TNFa D H3K27me3 ChIP H3K27me3 ChIP
. d Mo Wound Mo
" (WO{"”"{;’; ' (Wound Mas) (Wound Mas) o (Wounde) - (Wound Mes) Fomnaansr THGuRERSS"
. g 12 15 E 15 O umjdaLyz2ee
<3 [ Umjd3Lyz2o" 25 CJmjd3Lyz2ee 3 * 4y [Olimmzze
z % 1.0 é o CJmjd3 " Lyz2oe+ S *p<0.05 3 % o . CJUmjd3"Lyzeee+
E 2 [ £ *%kp<0.01 £s 1o [k p<0.0001 E 5 % *p<0.05
3 g oe g g g 21 |
£ S s ok =05 §% 5 &1 N
0 H *ok E 1 Fdokk * we .
1 3 5 710 b o &0 0 H3K27me3 H3K27me3
Days post-injury
E Jmjd3
(Wound Mgs) H3K27me3 ChIP  H3K27me3 ChiP G H  H3K27me3 ChIP
111b Promoter. Tnfa Promoter (Wound Mgs) ”1‘;” P";mgéer H3K27me3 ChIP
0.49 (Wound Mds) (Wound Mbs) - (IF:"" ) Tnfa Promoter
O /fnar 0.4 FNB ;IFNﬂa (Wound Mgs)
" .
3 O ffnar*’* + IFNB =034 . 0 media == NG + Tofaotin I+ IFNB + Tofacitinib 159 sk %
fnar* 4 O +IFNS |0.3 e 08 -
. ] - ’ 5
% ) I /fnar”+ IFNB 2024 —1L 02 *k 10 < os . 2
[ e . 7 Sos ) £
8 * HR 2ol
3 ® ! g g
£y 01 19G 0.1 6 3, 8 — o
Yoz & 02
o 19G
0 H3K27me3 H3K27me3 ’ 0.0
H3K27me3 H3K27me3
! Jmjgz ~ J H3K27me3 ChiP H3K27me3 ChiP
(Wound Mas) 1I11b Promoter Tnfa Promoter
(Wound M¢s) 0.6 (Wound Mbs)
CIstata Lyzzo= | ] Statg"lyz2o ®
15 I Stat3"Lyz2° B Stat3"Lyz2¢%+ * %p<0.05
. a ** 04 *%p<0.01
< . 3
Z 101 £ 37
£ £
2 g 21 0.2
£054 s
S - o< B A --19G
o
ol i — 196 o
H3K27me3 H3K27me3
Fig. 1 Jmjd3 directs early inflammation in nondiabetic wound Mgs via the JAK1/3/STAT3 pathway. A Jmjd3 expression from wound Megs

(CD37CD197NK1.17Ly6G’CD11b™) harvested on Days 1-10 after wounding (6 mm punch biocpsy; N = 4/group, repeated two times). B Tnfa
and /I7b expression measured in wound Mgs isolated on Day 3 post-injury from Jmjd3”Lyz2* mice and littermate controls (N = 5/group,
pooled and repeated in triplicate). C Protein levels of TNF-a and IL-1B analyzed by ELISAs from Jmjd3”Lyz2°** wound Mgs and controls
isolated on Day 3 post-injury (N = 5/group, pooled and repeated in triplicate). D Wound Mgs from Imjd3”Lyz2* mice and littermate controls
were isolated on Day 3, and chromatin immunoprecipitation (ChIP) analysis for H3K7me3 on the Tnfa and //17b promoters was performed
compared to the IgG control (dotted line). (N = 4/group, pooled and repeated in triplicate). E Wound Mgs were isolated on Day 3 post-injury
from Ifnar~’~ mice and controls (Ifnar’*) and stimulated ex vivo with IFN-B (100 U; 8.5 ng/mL) for 6 h, and Jmjd3 expression was analyzed by
RT-PCR (N = 3-5/group, pooled, repeated in triplicate). F ChIP analysis of H3K27me3 at the //1b and Tnfa promoters from Day 3 isolated wound
Mes following ex vivo IFN-B stimulation (100 U; 8.5 ng/mL) for 6 h. G Jmjd3 expression in wound Mgs following ex vivo IFN-B stimulation (100
U; 8.5 ng/mL) with and without JAK1,3 inhibition with tofacitinib (100 pM; 6 hr incubation, N = 5/group, pooled, repeated in triplicate). H ChIP
analysis for H3K27me3 at the //7b and Tnfa promoters in wound Mgs following ex vivo IFN-B stimulation (100 U; 8.5 ng/mL) with and without
JAK1,3 inhibition with tofacitinib (100 pM; 6 hr incubation, N = 5/group, pooled, repeated in triplicate). | Jmjd3 expression in Stat3”Lyz2e*
mice and littermate control wound Mgs following ex vivo IFN-B stimulation (100 U; 8.5 ng/mL, N = 5/group, repeated in triplicate). H ChIP
analysis of H3K27me3 at the /b and Tnfa promoters in Stat3”yz2" wound Mgs following ex vivo IFN-B stimulation (100 U; 8.5 ng/mL) for
6 h (N=5/group, pooled, repeated in triplicate). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are presented as the mean + SEM. Data

were first analyzed for a normal distribution, and if the data passed the normality test, a two-tailed Student’s t test was used

regulates inflammatory cytokines in normal wound Mgs, we
examined whether JMJD3 was elevated in diabetic wound Mps.
We determined the translational relevance by first examining
human wound Mes analyzed previously by our group [10] using
single-cell RNA sequencing (scRNA-seq) from T2D and non-T2D
patients and found that JMJD3, along with IL-6, TNF-q, IL-1, and
IL23, was significantly increased in M@s from chronic wounds of
T2D patients (Fig. 2A, Supplementary Fig. 3). Similarly, we
generated a murine model of obesity and T2D by administering
a high-fat diet chow (60% carbohydrates versus 12% in normal
chow) for 12-20 weeks. These mice with diet-induced obesity
(DIO) exhibit insulin resistance and impaired glucose tolerance
[21]. Wound Mgs (CD3/CD19/NK1.1/Ly6G/CD11b™) were iso-
lated every 48 h post-wounding from the mice with DIO and
demonstrated increased Jmjd3 expression on Days 5-10 during
the late stages of wound repair, when wound Mgs should have
transitioned from a pro- to an anti-inflammatory phenotype
(Fig. 2B). Furthermore, we noted a sustained elevation of the
inflammatory genes 16, Il1b, and Tnfa in diabetic wound Mgs,
while Ifnb was significantly reduced on Day 1 in diabetic wound
Mes and remained unchanged or decreased relative to that of

Cellular & Molecular Immunology (2022) 19:1251 - 1262

nondiabetic wounds throughout the time course (Supplementary
Fig. 4A-D), suggesting that early IFN-B production in wounds
suppresses inflammatory cytokine production and is necessary for
healthy wound repair.

Since we and others have previously shown that diabetic
wounds fail to upregulate IFN-B post-injury and during wound
repair [11, 22-24], we examined our previously published human
wound bulk RNA-seq dataset for other potential cytokines/
chemokines that are elevated in diabetic wound tissue and may
regulate the JAK/STAT pathway and JMJD3 in diabetic wound Mes
[10]. As others have previously identified [25, 26], we found
increased IL-6 in human T2D wounds (Fig. 2C). Mechanistically, IL-
6 binds to the IL-6 receptor (IL-6R), which is common on Mg cell
surfaces, and this complex then couples with the transmembrane
spanning IL-6R subunit-b gp-130. Binding with gp-130 facilitates
homodimerization that leads to stimulation of the JAK/STAT3
pathway downstream [18, 27]. Importantly, IL-6 has been shown
to specifically upregulate STAT3 compared to other STAT proteins
[28-30]. To directly examine the effects of IL-6 on JMID3 in
diabetic wound Megs, we isolated wound Mes from the mice with
DIO and treated them ex vivo with recombinant IL-6 (rlL-6; 20 nM).

SPRINGER NATURE
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Fig. 2 Jmjd3 increases late in diabetic wound Mgs. A Cluster analysis UMAP of single-cell RNA sequencing from human T2D and non-T2D
wounds showed 10 unique cell clusters (representative). Dot plot demonstrating JMJD3 expression within the Mg population in human T2D
and non-T2D wound samples (N = 42). The dot size corresponds to the proportion of cells within the group expressing each transcript, while
the dot color corresponds to the expression level. B DIO and ND wound Mgs (CD3/CD197/NK1.1/Ly6G/CD11b™) were harvested on Days
1-10 and analyzed for Jmjd3 expression by RT-PCR (N = 4/group, repeated once). C Human bulk RNA sequencing heatmap reflecting the
expression profiles for selective genes (rows) across different samples (columns; stratified by T2D status) from acute inflammatory response
Gene Ontology pathway analysis with upregulation of IL-6 in T2D wounds compared to control wounds (N = 42). D DIO wound Mgs were
isolated on Day 5, treated ex vivo for 6 h with recombinant IL-6 (rIL-6; 20 nM) with and without IL-6 receptor inhibition (LMT-28; 200 nM) and
analyzed for Jmjd3 expression (N = 3-5/group, pooled, repeated in triplicate). E ChIP analysis for H3K27me3 on the Tnfa and //1b promoters
from diabetic wound Mgs with and without IL-6 receptor inhibition (LMT-28; 200 nM; N = 3-5/group, pooled and repeated in triplicate).
F Human single-cell RNA sequencing dot plot demonstrating Jak/Stat gene expression within the Mg population in human T2D and non-T2D
wound samples. (Cluster analysis UMAP shown above in (A)). The dot size corresponds to the proportion of cells within the group expressing
each transcript, while the dot color corresponds to the expression level. G Jmjd3 expression following rlL-6 stimulation (20 nM) and Jak1/3
inhibition (tofacitinib; 100 pM) in diabetic wound Mgs isolated from Day 5 wounds and treated ex vivo for 4 h. (N = 5/group, pooled and
repeated in triplicate). H ChIP analysis for H3K27me3 on the Tnfa and I/1b promoters from diabetic wound Mgs following ex vivo rlL-6
stimulation (20 nM) with and without JAK1/3 inhibition (tofacitinib; 100 uM) for 4 h (N = 5/group, pooled, repeated in triplicate). | Jmjd3
expression in DIO Stat3’WLy22C’e+ and DIO littermate control wound Mgs following ex vivo rlL-6 stimulation (20 nM) for 6 h. (N = 3/group,
pooled, repeated in triplicate). J ChIP analysis for H3K27me3 on Tnfa and I/17b promoters from DIO Stat3WLy22C"3+ and DIO littermate control
wound Mgs following rlL-6 stimulation (20 nM) for 6 h (N = 4/group, pooled, repeated in triplicate). Data are presented as the mean + SEM. All
data are representative of 2-4 independent experiments

We observed a significant increase in Jmjd3 expression in DIO treated ex vivo with rlLl-6 and the JAK1/3 inhibitor tofacitinib
wound Meos after treatment with rlL-6, and this effect was (100 uM); Jmjd3 expression increased with rIL-6 treatment of DIO
abrogated with an IL-6 receptor inhibitor (200 nM), LMT-28, a small wound Megs, and this effect was reversed after treatment with
molecule that competitively blocks phosphorylation of the IL-6 tofacitinib in the presence of rIL-6 (Fig. 2G). A concomitant increase in
receptor beta subunit glycoprotein-130 [31] (Fig. 2D). To identify H3K27me3 at the /I7b and Tnfa promoters when examined by ChiP
whether IL-6 could upregulate inflammatory genes via a JMJD3/ (Fig. 2H) was noted with tofacitinib treatment. We also examined the
H3K27me3 mechanism, we examined DIO wound Megs isolated role of STAT3 by isolating wound Megs from Sz‘az‘.?f/’fLyzzc’e+ miceona
and treated them ex vivo with rlL-6, with or without LMT-28. We high-fat diet for 12-20 weeks (DIO Stat3”Lyz2“**) on Day 5 post-

observed increased H3K27me3 repressive marks at inflammatory injury and treating them ex vivo with rIL-6. In these cells, we
cytokine promoters (e.g., ll1b, Tnfa) with IL-6R inhibition using observed a decrease in Jmjd3 expression (Fig. 2I) and an increase in
LMT-28 (Fig. 2E). H3K27me3 at the /ll1b and Tnfa promoter binding sites when

We then examined whether downstream IL-6 receptor signaling examined by ChIP (Fig. 2J). Together, these data suggest that in
activated JAK/STAT3 to increase Jmjd3 in diabetic wounds. First, we diabetic wound tissue, JMJD3 increases in the later stages of wound
analyzed our human wound scRNA-seq data [10] and found healing, is regulated by IL-6 through a JAK1/3/STAT3 pathway, and,
that JAKT and STAT3 were strongly elevated in T2D wound Mes as such, may be partially responsible for the persistent inflammatory
compared to non-T2D wounds (Fig. 2F). DIO wound Mgs were phenotype seen in diabetic wound Mes.
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JMJD3 regulates STING in pathologic wound Meos

To identify additional relevant genes that Jmjd3 may regulate in
wound repair, we isolated wound Megs (CD3/CD19/NK1.17/Ly6G”/
CD11b™) from myeloid-depleted JMJD3 mice Umjd3”Lyz2¢**) and
littermate controls and performed bulk RNA sequencing analysis.
We then examined this dataset for differentially regulated genes
that were previously associated with inflammation and/or wound
repair. This analysis revealed that in JMJD3-deficient mice, in
addition to other inflammatory genes, Tmem173, a gene involved in
the cytosolic GMP-AMP synthase - stimulator of interferon genes
(cGAS-STING) inflammatory pathway, was significantly decreased
(Fig. 3A). cGAS-STING has been shown to sustain chronic
inflammation in pathologic conditions such as obesity-induced
diabetes [32-35], myocardial infarction [17], and chronic inflamma-
tory diseases [36-39]. Although the downstream effects of STING-
mediated inflammation in cancer and other chronic inflammatory
conditions have been extensively studied, the upstream regulation
of Tmem173 gene expression is unknown.

To further investigate our findings from the RNA-seq data, we
isolated wound Mes from our Jmjd3” fLyzZC""+ mice and littermate
controls and found decreased Tmem173 in the JMJD3-deficient
wound Megs, consistent with our RNA-seq data (Fig. 3B). Further-
more, ChIP analysis at the GATA1 binding site on the Tmem173 gene
promoter revealed a concomitant increase in the H3K27me3 mark
at the Tmem173 promoter in wound Mes (Fig. 3C). Additionally,
when we examined scRNA-seq data from human T2D and non-T2D
wounds [10], we observed elevated Tmem173 in the human T2D
wound Megs (Fig. 3D). We studied the kinetics of Tmem173
expression in diabetes by isolating wound Mgs from the mice with
DIO and their ND controls up to 10 days after wounding and
analyzed them for Tmem173 expression. We observed that in DIO
wound Megs, Tmem173 increased late in the wound healing process
(Fig. 3E) compared to that of the littermate controls. Notably, the
slight increase observed in Tmem173 at Day 10 in the ND wound
Mes did not translate to the protein level (Supplementary Fig. 5A).
Wound Mes obtained on Day 5 post-wounding revealed that the
mice with DIO had significantly increased phosphorylated STING
protein levels (p-STING), as shown by immunofluorescence (Fig. 3F,
G), and STING levels, as shown by Western blots (SupplementARY
Fig. 5B).

Diabetic STING knockout mice, Tmem173”~ (DIO STING™/™),
were generated by subjecting Tmem173™~ mice to a high-fat diet
for 12-20 weeks, and a wound healing curve was obtained against
age-matched littermate controls. The Tmem173~/~ mice with DIO
exhibited improved wound healing at Days 4-7 (Fig. 3H),
correlating with the days of greatest Tmem173 expression.
Histologic examination of Day 5 wounds from the DIO STING”
mice and the control mice revealed higher collagen deposition by
trichrome staining and improved wound contraction (Fig. 31). Next,
we examined the role of STING in promoting downstream
inflammation in wound Mgs and noted that in DIO Tmem173~/~
wound Megs isolated on Day 5 post-injury, there was a significant
decrease in the inflammatory cytokines 116, Il1b, and Tnfa, with a
concomitant increase in the reparative gene mannose receptor
complex 1 (Mrc1) (Fig. 3J-M). Examination of nondiabetic wound
Megs revealed that in the Tmem173~’~ mice, there was a
significant increase in the inflammatory cytokines /I, 16, and
Tnfa (Supplementary Fig. 6A-C) with nonsignificant changes in
Mrc1, suggesting a context-specific, dichotomous role for STING in
regulating M@-mediated inflammatory cytokines and wound
repair (Supplementary Fig. 6D, E).

To explore this issue further, we examined downstream STING
pathway signaling by western blotting for the levels of p-IRF3,
p-TBK1 and p-NFkB (p65) in wound Megs from the nondiabetic
Tmem173~'~ mice and their littermate controls. We noted that
wound Mgs from the Tmem173~'~ mice displayed decreased p-
IRF3, p-TBK1 and p-NFkB levels (Supplementary Fig. 7A-D),
suggesting that in the nondiabetic state, STING may regulate
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the early production of IFN-I and signals primarily through a TBK1/
IRF3 axis, contributing to normal wound repair. As expected, a
wound healing curve of the Tmem173~/~ mice showed impaired
wound healing compared to that of the littermate controls, further
suggesting that a baseline level of STING activity is necessary for
normal wound repair (Supplementary Fig. 6E).

We then examined the downstream STING pathway in the setting
of diabetes. In addition to the decreased inflammatory markers
noted in DIO Tmem173~'~ wound Mes (Fig. 3J-M), Western blotting
revealed that DIO Tmem173” wound Mgs, at baseline and with rlL-6
stimulation, exhibited increased p-IRF3, p-TBK1 and p-NFkB
expression (Supplementary Fig. 7E-H) compared to the controls.
These data suggest that in the diabetic state, STING may have
reduced effects on the TBK1/IRF3/IFN-I pathway.

Subsequently, we explored the role of JMJD3 in the upstream
regulation of Tmem173 expression in diabetic wound Mes. We
observed significantly decreased levels of the transcriptionally
repressive H3K27me3 mark at the Tmem173 promoter in diabetic
wound Mgs compared to the normal diet controls (Fig. 3N).
Examination of other histone methylation and acetylation marks
at the Tmem173 promoter did not show other transcriptionally
activating modifications (Supplementary Fig. 5C, D). To simulate
diabetic wound inflammatory cytokine expression conditions in
our mouse model, we stimulated Day 5 wound Mgs from normal
diet-fed mice ex vivo with rlL-6 (20 nM), and increased Tmem173
expression was observed (Fig. 30). When these Megs were
examined by immunofluorescence, there was significantly
increased phospho-STING staining that was abrogated in the
Jmjd3”Lyz2¢* ‘wound Megs (Fig. 3P, Q). We then investigated
whether upstream blockade of JMJD3 production affects
Tmem173 transcription. Wound M@s were isolated at 5 days
post-wounding and stimulated with rIL-6 agent for 6 h with and
without the JAK1/3 inhibitor tofacitinib (100 uM). Quantitative PCR
analysis revealed decreased Tmem173 expression (Fig. 3R) and a
concomitant increase in the H3K27me3 mark at the Tmem173
promoter binding site when wound Mgs were treated with rlL-6
and tofacitinib (Fig. 3S). Furthermore, when wound Mes from
myeloid-depleted STAT3 mice (Stat3”Lyz2**) were isolated and
treated ex vivo with rlL-6, they exhibited decreased Tmem173
expression (Fig. 3T) and increased H3K27me3 marks at the
Tmem173 promoter binding site (Fig. 3U) compared to those of
their littermate controls. Finally, we observed that myeloid
depletion of Jmjd3 in diabetes results in increased production of
the anti-inflammatory cytokine IL10 (Supplementary Fig. 8A),
which results in elevated levels of reparative, anti-inflammatory
Ly6C-® CD11b" Meps critical for tissue repair (Supplementary
Fig. 8B, analyzed by flow cytometry as previously described by our
laboratory [4]). Taken together, these results suggest that JMJD3
regulates STING expression and thereby influences the Me-
mediated inflammatory phenotype in wound healing.

Macrophage-specific JMJD3 inhibition improves tissue repair
in diabetic wounds

Given the central role of JMJD3 activity in M@-mediated
inflammation in tissue repair and its pathologic role in sustaining
inflammation in diabetic wounds, we theorized that cell-specific
targeting of JMJD3 would be a viable therapeutic target. To
examine this, we synthesized M¢-targeting nanoparticles [10, 40]
by linking dextran-laden nanoparticles with a known JMJD3
covalent inhibitor, GSK-J1 [41] (Fig. 4A). Dextran is known to be
efficiently taken up by tissue M@s due to binding of the mannose
receptor (CD206) and is used as a standard label for M@s in animal
models [40, 42-44]. First, we verified their Mo specificity
(Supplementary Fig. 9) and then performed subcutaneous
injections (1 mg/kg) into the wounds of the mice with DIO daily
following wounding for 7 days. Wound healing, compared to that
of the placebo-treated mice and the DIO Jmjd3"'Lyz2* mice
(phenotypic control), was monitored and analyzed by Image)
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wound Megs (N =4/group, pooled, repeated in triplicate). D Human single-cell RNA sequencing dot plot demonstrating Tmem173 gene
expression within the Mg population in human T2D and non-T2D wound samples. Cluster analysis UMAP shown above in (2 A). The dot size
corresponds to the proportion of cells within the group expressing each transcript, while the dot color corresponds to the expression level.
E Tmem173 gene expression from murine diabetic wound Mgs harvested on Days 1-10 compared with that of the nondiabetic controls
(N =4/group, repeated once). F Immunofluorescence against phospho-STING antibody (FITC) in ND and DIO wound Mgs. G Quantification
of the immunofluorescence intensity of phospho-STING (N=3-5 cells/group). H Wound healing curve for DIO STING knockout
(DIO Tmem173~/~) mice and littermate controls (DIO Tmem173™"), with representative healing images on Days 0 and 5 post-injury (6 mm
punch wounds; 3-4 mice/group; repeated once). Wounds were harvested on Day 5, paraffin embedded, and stained with Masson’s trichrome
stain (N = 3 mice/group). Representative images are shown at x2 magnification. The black horizontal bar above the wound represents the
entire wound distance, the epithelial tongues are denoted by arrowheads, and the asterisk (¥*) denotes wound debris. The scale bar represents
500 pm. I Collagen quantification of trichrome staining in DIO Tmem173'* and DIO Tmem173~/~ mice (N = 4 wounds/strain; repeated once).
J Il6 mRNA expression in Day 5 wound Mgs from DIO Tmem173"'* and DIO Tmem173”" mice. (N =4 mice/group, pooled, repeated in
triplicate). K /16 mRNA expression in Day 5 wound Mgs from DIO Tmem173** and DIO Tmem173~/~ mice. (N=4 mice/group, pooled,
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pooled, repeated in triplicate). 0 Tmem173 expression in wound Mgs following rIL-6 stimulation (20 nM) for 4 h (N = 5/group, pooled, repeated
in triplicate). P Immunofluorescence against phospho-STING antibody (FITC) in ND wound Mgs * rlL-6 stimulation (20 nM; 1 hr) and in
Imjd3”1yz2* wound Mgs treated with rlL-6 (20 nM; 1 h). Q Quantification of the immunofluorescence intensity of phospho-STING (FITC) by
ImageJ (NIH) (N = 3-5 cells/group). R Tmem173 expression in wound Mes following rIL-6 stimulation (20 nM) for 6 h with and without JAK1/3
inhibition (tofacitinib; 100 uM; N = 3/group, pooled, repeated in triplicate). S ChIP analysis of H3K27me3 on the Tmem173 promoter in wound
Mes following rlL-6 stimulation (20 nM) for 4 h with and without Jak1/3 inhibition (tofacitinib; 100 pM, N = 4/group, pooled, repeated in
triplicate). T Tmem173 expression from Stat3f”Ly22C’e+ and littermate control wound Mg following rIL-6 stimulation (20 nM) for 4h (N =3/
group, pooled, repeated in triplicate). U ChIP analysis of H3K27me3 on the Tmem173 gene promoter from Stat3”Lyz2<* and littermate control

wound Mgs following rlL-6 stimulation (20 nM) for 4 h (N = 6/group, pooled, repeated in triplicate). *p < 0.05, **p < 0.01, ***p < 0.001. Data are
presented as the mean + SEM

software and histology. We observed that Meg-specific nanopar-

Imjd3”Lyz2®* mice exhibited improved wound healing similar to
ticle inhibition of JMJD3 resulted in significantly improved wound

the nanoparticle-treated cohort. Histologically, wounds harvested

healing in the GSK-J1 nanoparticle-treated group and was most
pronounced in the later days of wound healing. This period is
consistent with the days of highest Jmjd3 and Tmemi73
expression in diabetic wound Mgs. For comparison, the DIO
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on Day 5 of nanoparticle treatment had increased epithelialization
compared to the placebo controls, signifying advancement
through the normal stages of tissue repair in the treated wounds
(Fig. 4B). To confirm that the observed effects were mediated by
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Fig. 4 Mq-specific nanotherapy against JMJD3 improves diabetic tissue repair. A Schematic of Mg specific, GSK-J1-laden, dextran core
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tailed Student’s t test was used

Jmjd3 inhibition in Mgs, we isolated wound Megs (CD3/CD197/
NK1.1/Ly6G/CD11b™) from the nanoparticle-treated mice and
their controls on Day 5 after wounding and analyzed them. These
assays revealed significantly decreased Tmem173, Ill1b and Tnfa
expression in the wound Mgs from treated wounds compared to
the placebo-treated wound Megs by gene expression and protein
levels (Fig. 4C; Supplementary Fig. 10). Taken together, these data
suggest that Mo-specific targeting of JMJD3 in diabetic wounds
ameliorates persistent inflammation resulting from the NFkB and
STING pathways and results in improved diabetic wound repair,
making this a viable therapeutic strategy.

DISCUSSION

Nonhealing diabetic wounds are highly prevalent, with limited
therapeutic options [45, 46]. Here, we showed that JMJD3 is critical
for regulating Me-mediated inflammation in normal wound repair.
We also identified that persistent, pathologic inflammation, as
seen in T2D, is mediated by the expression of JMJD3 in M@s past
the initial inflammatory phase of wound repair. Upregulation of

Cellular & Molecular Immunology (2022) 19:1251 - 1262

JMID3 in diabetic wound Mes led to decreased repressive H3K27
trimethylation at NFkB binding sites at the promoters of
inflammatory genes, resulting in increased inflammatory gene
transcription. Herein, using human wound Mgs from chronic
diabetic wounds and wound Mgs from DIO murine models, we
show that JMJD3 is regulated by the JAK1,3/STAT3 pathway,
whereas in diabetic wounds, IL-6 is the primary driver of JAK1,3/
STAT3 signaling in Mgs (Fig. 5). Furthermore, RNA sequencing
analysis of Mgs from myeloid cell-deficient JMJD3 mice showed
that JMJD3 regulates Tmem173, which is known to perpetuate
chronic inflammation in T2D [32, 36, 37]. We found that Tmem173
is elevated in diabetic wound Megs and contributes to impaired
wound healing by decreasing TBK1/IRF3/IFN-I signaling. Finally,
we found that Me-specific nanoparticle inhibition of JMJD3 in
diabetic wounds led to decreased inflammatory cytokine produc-
tion and improved tissue repair. Together, this work highlights the
central role of JMJD3 in normal and pathologic wound healing.
Initial investigations into the role of JMJD3 in wound healing have
revealed that global JMJD3 inhibition leads to impaired keratinocyte
migration and decreased epithelial maturation, resulting in poor
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impaired diabetic wound healing

wound healing [47-49]. These studies examined JMJD3 in
keratinocyte functions and identified that JMJD3 played a role in
wound repair via Notch activation in keratinocytes. A more recent
report examined the role of microRNA regulation of JMJD3 in
human keratinocytes and fibroblasts during the early phase of
wound healing [48]. This study showed that JMJD3 is necessary for
keratinocyte function in early wound healing, which correlates with
our findings on the importance of JMJD3 in Mgs in the acute
inflammatory phase of wound healing. Finally, a number of studies
have examined the role of JMJD3 in regulating fibrosis, a key
component of the tissue repair cascade, following myocardial
infarction [50], in hepatocytes [51] and in diabetic renal tissue [52].
In these studies, JMJD3 was shown to facilitate fibrotic events in
the organ beds, signifying the central role this enzyme plays
in tissue repair processes. Despite these findings, the role of
JMJD3 specifically in wound Mgs and in diabetic wound repair was
undefined. Furthermore, the upstream regulation of JMJD3, either
in keratinocytes or other cells, in tissue repair has not been explored.
We identified a key role for JMJD3 in Megs in regulating
early inflammatory gene expression in normal wounds and that
pathologic expression of JMJD3 in late wound Megs, as seen in
diabetes, results in increased late inflammatory gene expression. In
both normal and diabetic Mes, Jmjd3 expression was regulated by
JAK1/3/STAT3, although the ligands regulating this signaling
pathway differed. In normal wounds, our group found that IFN-$
is elevated at early time points, and this does not occur in diabetic
wounds [11]. In this work, we found that this early IFN-3 drives Jmjd3
expression in normal wound Mes, but in diabetic wounds that have
decreased IFN-B after injury, IL-6 acts to drive the JAK1,3/
STAT3 signaling pathway.

STING is an endoplasmic reticulum protein that promotes
persistent inflammation in malignancy and infection [53, 54l.
A recent report detailed the role that STING plays in potentiating
lipotoxicity-induced inflammation within pancreatic beta-cells and
therefore facilitating the insulin resistance characteristic of diabetes
in a murine model [55]. While this and other studies provide a direct
link between STING, inflammation, and diabetes/obesity [34, 35],
there remains limited information on the role of STING in promoting
the chronic inflammatory state observed in diabetic wound repair.
Furthermore, STING has not been examined in normal or pathologic
wound repair. In particular, wounds, especially nonhealing diabetic
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wounds, are often a milieu of various pathogens in addition to
cellular debris [5] that can serve as ligands for the STING
inflammatory pathway. Our study attempts to fill this gap by
examining STING in Mes in wound repair.

STING signaling can proceed by activation of TANK-binding
kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3), resulting in
the transcription of genes encoding type 1 interferons (IFN-I). [56]
The TBK1/IRF3 signaling pathway often counteracts the NFkB
pathway, which is responsible for increased proinflammatory
cytokine production, such as that of IL-6 and TNF-a. [57, 58] By
modulating TBK1/IRF3/IFN-I signaling, STING can act in a dichot-
omous manner to promote or inhibit inflammation depending on
the disease context—a phenomenon that has been previously
reported in oncology where chronic STING activation is linked to
inflammation-induced carcinogenesis and metastasis via noncano-
nical NFkB signaling. [59-61]

Our studies indicate that in nondiabetic wound Mgs, Ifnb is
elevated by Day 1 and gradually diminishes over the wound
healing course. This pattern correlates with Tmem173 expression
kinetics in nondiabetic wounds and the increased TBK1/
IRF3 signaling observed. Together, these findings confirm the
importance of IFN-I in healthy wound healing, as previously
reported [11, 62], and suggest that STING is partially responsible
for the early increase in IFN-I in nondiabetic wounds, is important
for suppressing late inflammatory cytokine production and
promotes tissue repair in nondiabetic wounds. However, late
and sustained expression of STING in diabetes does not lead to
increased STING activation and its downstream IFN-I cytokines.
Rather, sustained STING expression in diabetes is detrimental to
wound healing due to decreased M@-mediated IFN-I production
and increased IL-1B, TNF-q, and IL-6 production, all of which act in
concert to sustain a proinflammatory M¢ phenotype. We further
show that STING is modulated by JMJD3 in diabetic wound Mes
and that blockade of STING in the diabetic setting can lead to
decreased inflammation, an increased reparative M phenotype,
and improved diabetic wound repair.

Although this study provides valuable insight into the mechan-
isms behind dysregulated Mg inflammation in diabetic wounds,
some limitations must be addressed. First, within our myeloid-
specific JMJD3 murine model, we used the Lyz2Cre system. We
acknowledge that there is no Cre-specific transgenic line perfect
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for M@s given that there is overlap between monocytes/Mes,
neutrophils, and dendritic cells due to their close lineage
relationship. Second, we recognize that other epigenetic enzymes
may regulate Mg function in diabetic wounds and that these
enzymes do not work in isolation but rather contribute at different
phases of wound repair to the cell phenotype [63-65]. Third, we
realize that IL-6 is unlikely to be the only driver of JAK1,3/
STAT3 signaling in wounds, although IL-6 elevation in diabetic
wounds is well documented [66, 67], and we show that it is
persistently elevated in diabetic wound Megs. Finally, we have not
directly examined the interplay between Megs and other structural
cells, such as smooth muscle cells or fibroblasts, that exist within
the wound. These local interactions clearly impact M¢ signaling
and phenotype and likely influence the overall epigenetic
program of these cells in wound repair. We acknowledge that
studies examining these interactions are necessary to fully
understand the factors responsible for impaired diabetic wound
healing. We also acknowledge that JMJD3-mediated modulation
of M¢ inflammatory activity may affect other cell types involved
in the wound healing cascade and that this requires further
exploration.

To conclude, our study provides important mechanistic
information that JMJD3 regulates inflammation in wound Mes
by decreasing H3K27me3 on inflammatory gene promoters via a
JAK1/JAK3/STAT3 pathway. Targeting JMJD3 in a local, M-specific
manner is a viable therapeutic strategy that decreases STING-
mediated inflammation and other NFkB inflammatory cytokines
and improves diabetic tissue repair.

MATERIALS AND METHODS

Mice

Mice were maintained in the University of Michigan Biomedical Sciences
and Research Building in the Unit for Laboratory and Animal Medicine
(ULAM), which is a pathogen-free animal facility. Mouse experiments were
conducted with approval from our Institutional Animal Care and Use
Committee (IACUC), and all regulatory and safety standards were strictly
adhered to. Male C57BL/6 mice (RRID: IMSR_JAX:000664) were delivered at
6-7 weeks of age from the Jackson Laboratory (Bar Harbor, ME) and were
maintained in breeding pairs in the ULAM facilities and were fed a normal
chow diet (13.5% kcal fat; LabDiet). ijd3"°"e°' mice were created as
previously reported by our Iaborator}l. [12] Jmjd3"°*¢ mice were then bred
with B6.129P2-Lyz2tm1(CreNfor) (Lyz2Cre) ica from the Jackson Laboratory to
obtain mice deficient in Jmjd3 monocytes, M¢s and granulocytes [68].
Floxed-cre mice were genotyped regularly after birth with custom primers.
STING ™/~ mice were obtained from the Jackson Laboratory (MPYS”"; RRID
IMSR_JAX:025805; B6(Cg)-Sting1™™"-2<amby)),

For induction of a diabetic phenotype, male C57BL/6 mice were
maintained on a standard high-fat diet (60% kcal saturated fat, 20%
proteins, 20% carbohydrate; Research Diets, Inc.) for 12-18 weeks to yield
the diet-induced obesity (DIO) model of type 2 diabetes mellitus [69, 70].
After the appropriate time period, HFD-fed (DIO) mice developed obesity
and insulin resistance with fasting blood sugars in the mid-200s and
elevated insulin levels. All DIO/control animals underwent procedures at
20-32 weeks of age with IACUC approval. For these experiments, only male
mice were used, as female mice do not develop DIO.

Human wound isolation. All experiments using human samples were
approved by the IRB at the University of Michigan (IRB #: HUM00098915)
and were conducted in accordance with the principles in the Declaration
of Helsinki. Biopsies from human diabetic wounds (n = 4) versus normal
skin samples (n = 38) were collected. The diabetic samples for scRNA-seq
were from patients with an average age of 60 years, who all had diabetes
(A1c>7), hypertension, hyperlipidemia, and coronary artery disease. In the
nondiabetic patient group, the average age was 70 years, with half the
patients having hypertension, hyperlipidemia, and coronary artery disease.
Wounds were obtained from the specimens using an 8 mm punch biopsy
tool and processed for reverse transcription PCR (RT-PCR) as described for
the murine wounds. RNA with RNA integrity number scores greater than 8
were used, and all values were compared to 28S/18 S ratios and other
housekeeping genes.
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Wound healing

Mice were anesthetized, dorsal hair was removed with Veet (Reckitt
Benckiser) and rinsed with sterile water, and two full-thickness back
wounds were created by 6-mm punch biopsy with or without wound
splinting. The initial wound surface area was recorded, and digital
photographs were obtained daily using an 8 mp iPad camera as previously
described [71]. Photographs contained an internal scale to allow for
standard calibration. The wound area was quantified using Image)
software (National Institute of Health, Bethesda, MD) and calculated as a
percentage of initial wound area. In all pharmacologic dosing experiments,
local injection with the drug or vehicle control was performed at four
points along the wound edge [20].

Wound cell digestion

Wounds were harvested from the dorsum of mice postmortem following
CO, asphyxiation. Wounds were then minced finely with sharp scissors,
and suspensions were placed in a Liberase™ (50 mg/mL; Sigma-Aldrich, St
Louis, MO, cat. no. 5101020001) and DNase | (20 U/mL; Sigma-Aldrich, St.
Louis, MO, cat. no. 9003-98-9) solution at 37 °C for 30 min for enzymatic
digestion. RPMI + FBS was then added to stop the reaction, and the wound
cells were then gently plunged and filtered through a 100 uM filter to
result in a single cell suspension. Cells were then magnetically sorted for
CD3’, CD19, NK1.1,, Ly6G and CD11b™ cells and cultured ex vivo for RNA,
cDNA, or protein studies.

Magnetic-activated cell sorting (MAC) of murine wounds
MAC sorting of wound cell isolates was performed [72]. Briefly, wound cell
isolates were incubated with fluorescein isothiocyanate (FITC)-labeled anti-
mouse anti-CD3 (RRID: AB_312660), anti-CD19, and anti-Ly6G (BioLegend)
followed by Anti-FITC MicroBeads (Miltenyi Biotec). The resulting
flowthrough was then incubated with anti-CD11b MicroBeads to isolate
the non-neutrophils, nonlymphocytes, and CD11b™ cells. Cells were saved
in TRIzol (Invitrogen) for quantitative RT-PCR analyses.

Immunofluorescence studies

Isolated wound CD11b* M@s were incubated on 1.5 mm cover slips under
various stimuli by relevant cytokines for 1 h at 37 °C. A 4% paraformalde-
hyde solution in media was made, and the cells were allowed to fix for
30min at room temperature. The media solution was aspirated and
washed 3x with PBS, and the cover slips were blocked in blocking buffer
(1x PBS, 5% fetal bovine serum, 0.3% Triton X-100) for 1h at room
temperature. The primary p-STING antibody (phospho-STING (Ser365)
(D1C4T), Cell Signaling Technology) was prepared at a 1:400 concentration
in Antibody Dilution Buffer (1x PBS, 1% bovine serum albumin, 0.3% Triton-
X100) and applied to the fixed cells overnight at 4 °C. The primary antibody
solution was aspirated, and the cells were washed 3 times with PBS and
treated with FITC-conjugated anti-rabbit IgG (1:200 v/v; Thermo Fisher)
secondary antibody diluted in Antibody Dilution Buffer for 2 h at RT in the
dark. Cells were washed and mounted onto microscope slides with
Prolong Gold Antifade Reagent with DAPI (Cell Signaling). Slides were
allowed to incubate in the dark at RT for 24 h prior to visualization by
confocal microscopy (Nikon A1 inverted confocal; 10x magnification).
FITC immunofluorescence intensity was analyzed by Image) (NIH), and
statistical significance was obtained using Student’s t test.

RNA extraction

Total RNA extraction was performed with TRIzol (Invitrogen) using the
manufacturer’s directions. RNA was extracted using chloroform, isopropa-
nol and ethanol. Superscript Ill Reverse Transcriptase (Thermo Fisher
Scientific) kits were used to synthesize cDNA from extracted RNA. cDNA
primers for Jmjd3, Ifnb, and Tmem173 were purchased from Applied
Biosciences. RT-PCR was conducted with 2x TagMan Fast PCR mix and run
on a 7500 Real-Time PCR system (Applied Biosciences), and data were then
reviewed in a relative quantification analysis to the 18 S ribosomal RNA. All
samples were assayed in triplicate. Data were then compiled in Excel
(Microsoft) and presented using Prism software (GraphPad v9).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assays were performed as described
previously [9]. Briefly, following ex vivo studies, wound M¢s (CD3/CD197/
NK1.1/Ly6G /CD11b") were crosslinked in 1% formaldehyde for 10 min at
RT, and pellets were stored at -80 °C until analysis. Cells were lysed for
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10 min on ice in SDS lysis buffer with a protease inhibitor cocktail (Sigma-
Aldrich), syringe passaged and sonicated to generate 100-300 base pair
fragments. Five percent of the total chromatin volume was used as the
input control. The rest of the chromatin was subsequently incubated with
antibodies against trimethylated H3K4, trimethylated H3K9, trimethylated
H3K27, or rabbit polyclonal IgG (Millipore Sigma) as a nonspecific antibody
control overnight at 4 °C. This step was followed by the addition of Protein
A Sepharose beads (Thermo Fisher Scientific) for 1 h at 4 °C. The pellet was
washed, and bound DNA eluted 2x for 15 min at room temperature with
5 min at 65 °C at the end of the second elution. The combined eluates were
reverse cross-linked for 5h at 65°C. Samples were stored at -20°C,
followed by proteinase K digestion for 1 h at 45 °C. DNA was purified using
phenol/chloroform/isoamyl alcohol solution. The precipitated DNA was
analyzed by quantitative real-time PCR on a TagMan 7500 sequence
detection system. The following primers were used to amplify DNA in
samples: I1b: (forward) 5" GCAGGAGTGGGTGGGTGAGT 3’ and (reverse)
5’ CAGTCTGATAATGCCAGGGTGC 3/, Tnfa: (forward) 5 TCCTGATTGGCCC
CAGATTG 3’ and (reverse) 5 TAGTGGCCCTACACCTCTGT 3/, Il12: (forward)
5’AGTTAATTCGAAAGCGCCAC 3’ and (reverse) 5’ CTTTCCCAGGACTGTG
TCTC 3/, 1123: (forward) 5 GGCTCTCCAAAGAGGGAGAT 3’and (reverse) 5" CC
ACCTCCTTTGGTTCTGAG 3', Nos2a: (forward) 5° CCAACTATTGAGGCCACA
CAC 3’and (reverse) 5' GCTTCCAATAAAGCATTCACA 3’, Tmem173: (forward)
5’AGAAGCCTTTGGCTATCTGG 3" and (reverse) 5" GAGAGATTGAGATGA
ACAGC 3",

Western blot

MAC sorted, CD11b™ wound Mg cells were subjected to cell lysis buffer
and protease inhibitor cocktail. Protein suspensions were then standar-
dized for protein concentrations using a Bradford protein assay (Bio-Rad).
Equal amounts of protein were mixed with loading buffer and subjected
to 4-18% Tris-glycine gel electrophoresis under reducing conditions.
Proteins were then wet-transferred at 100V for 1 hour in Tris-glycine
transfer buffer (Invitrogen) to nitrocellulose membranes and probed with
primary antibodies (all Cell Signaling; p-JAK1 (D7N4Z), JAK1 (6G4), p-JAK3
(D44E3), JAK3 (D7B12), p-STAT3 (D3A7), STAT3 (D3Z2G), STING (D2P2F), IL-
18 (3A6), B—actin (8H10D10), p-NFkB p65 (Ser536; 93H1), NFKB p65
(D14E12), p-TBK1 (D52C2), TBK1 (E8I3G), p-IRF3 (D601M), IRF3 (D83B9)
and GAPDH (D16H11)) diluted to 1:500 v/v in 5% bovine serum albumin in
Tris buffered saline with Tween buffer overnight at 4 °C with agitation.
Nitrocellulose membranes were then washed and incubated with anti-
rabbit 1gG or anti-mouse IgG HRP-conjugated secondary antibody (Cell
Signaling, Inc.) for 1 h at RT with shaking and visualized with timed
chemiluminescence (Thermo Fisher Scientific). Densitometry was calcu-
lated using ImageJ (NIH), and statistical significance was obtained using
unpaired Student’s t test.

Enzyme-linked immunosorbent assay (ELISA)

Wound Mes were MACS isolated and stimulated in culture for 4 h in RPML.
After stimulation, the cell-free supernatant was collected and analyzed by
specific enzyme immunoassay kits for IL10, IFN-B, IL-1(3, and TNF-a (all ELISAs
from Cayman Chemical) according to the manufacturer’s instructions.

Nanoparticle synthesis and application

Nanocarriers containing either dextran-only or dextran-conjugated
GSK-J1 (Sigma-Aldrich) Jmjd3 inhibitor were synthesized. Briefly, in a
reaction flask, GSK-J1 (0.2 mmol), dicyclohexylcarbodiimide (0.22 mmol),
4-dimethylaminopyridine (0.05 mmol) and 2-azidoethanol (0.2 mmol) were
dissolved in 10 mL of dichloromethane. The mixture was reacted at
room temperature for 8 h. The solution was filtered, washed with water
(3 times), dried with MgSO,, and concentrated for purification via a gel
chromatography column with dichloromethane and methanol (0% to
10%) to generate a white or light-yellow solid. Dextran-BCN and the
above product (with 3wt% feeding) were dissolved in DMSO and
reacted for 12 h, after which they were precipitated into cold ethanol to
obtain the white solid product. Drug loading was determined to be
2.5 wt% via UV-Vis.

For mouse experiments, the dextran or dextran GSK-J1 conjugated solid
was reconstituted in phosphate buffered saline (1 mg/kg) and injected
subcutaneously at 4 points along the punch biopsy wounds daily. An
8-megapixel iPad camera with an internal scale was used to record wound
size daily. Wound closure was then measured as a percentage of the initial
wound area. Images were evaluated by 2 independent, blinded observers.
Wound area was calculated using ImageJ software (NIH).
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Histology

Whole wounds were excised from mice or humans using a 6-8 mm punch
biopsy. Wound sections were fixed in 10% formalin overnight before
embedding in paraffin. Sections (5um) were stained with Masson's
trichrome for evaluation of re-epithelialization, granulation and collagen
deposition. Images were quantified on ImageScope software and Image)J
at 20X magnification. Percent re-epithelialization was calculated by
measuring the distance traveled by epithelial tongues on both sides of
the wound divided by the total distance [73].

Bulk RNA sequencing and scRNA-seq analyses

Generation of single-cell suspensions for scRNA-seq was performed in the
following manner: Following informed consent from patients and in
accordance with University of Michigan IRB Study # HUM00098915, skin
was harvested via punch biopsy from diabetic and nondiabetic control
wounds. Samples were incubated overnight in 0.4% Dispase (Life
Technologies, Thermo Fisher Scientific) in HBSS (Gibco, Thermo Fisher
Scientific) at 4 °C. The epidermal and dermal layers were separated. The
epidermis was digested in 0.25% Trypsin-EDTA (Gibco, Thermo Fisher
Scientific) with 10 units/mL DNase | (Thermo Fisher Scientific) for 1h at
37°C and subsequently quenched with FBS (Atlanta Biologicals) and
strained through a 100 uM mesh. The dermis was minced, digested in 0.2%
Collagenase |l (Life Technologies, Thermo Fisher Scientific) and 0.2%
Collagenase V (Millipore Sigma) in plain RPMI medium for 1.5h at 37°C,
and strained through a 100 uyM mesh. Epidermal and dermal cells were
combined in a 1:1 ratio for scRNA-seq by the University of Michigan
Advanced Genomics Core on the 10x Genomics Chromium System.
Libraries were sequenced on the Illumina NovaSeq 6000 sequencer.
NovaSeq was used as the sequencing platform to generate 151 bp paired-
end reads. We conducted adapter trimming and quality control procedures
as described previously [74]. The reads were then mapped using STAR [75]
to build human GRCh37, and gene expression levels were quantified and
normalized by HTSeq [76] and DESeq2 [77]. Negative binomial models in
DESeq2 were used to conduct differential expression analysis. To increase
the sample size of the control samples, we used skin biopsies obtained
from our previous study [78]. For bulk RNA sequencing and scRNA-seq
data accession, the numbers include GSE154556 and GSE154557 (Gene
Expression Omnibus). For scRNA-seq data, data processing, including
quality control, read alignment, and gene quantification, was conducted
using 10X Genomics Cell Ranger software. Seurat was then used for
normalization, data integration, and clustering analysis [79]. All clustered
cells were mapped to corresponding cell types by matching cell cluster
gene signatures with putative cell type-specific markers.

Statistical analysis

GraphPad Prism software (RRID:SCR_002798) version 9.2.0 was used to
analyze the data. Data were analyzed for a normal distribution, and significant
differences among multiple groups were obtained using Student’s t tests.
All p values less than or equal to 0.05 were considered significant.
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