Report

v oo

TRANSPARENT OPEN
PROCESS ACCESS

EMBO

reports

FOXM1 network in association with TREM1
suppression regulates NET formation in diabetic

foot ulcers

Andrew P Sawaya'

Abstract

Diabetic foot ulcers (DFU) are a serious complication of diabetes
mellitus and associated with reduced quality of life and high
mortality rate. DFUs are characterized by a deregulated immune
response with decreased neutrophils due to loss of the transcrip-
tion factor, FOXM1. Diabetes primes neutrophils to form neutrophil
extracellular traps (NETs), contributing to tissue damage and
impaired healing. However, the role of FOXM1 in priming diabetic
neutrophils to undergo NET formation remains unknown. Here, we
found that FOXM1 regulates reactive oxygen species (ROS) levels in
neutrophils and inhibition of FOXM1 results in increased ROS lead-
ing to NET formation. Next generation sequencing revealed that
TREM1 promoted the recruitment of FOXM1* neutrophils and
reversed effects of diabetes and promoted wound healing in vivo.
Moreover, we found that TREM1 expression correlated with clinical
healing outcomes of DFUs, indicating TREM1 may serve as a useful
biomarker or a potential therapeutic target. Our findings highlight
the clinical relevance of TREM1, and indicates FOXM1 pathway as
a novel regulator of NET formation during diabetic wound healing,
revealing new therapeutic strategies to promote healing in DFUs.
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Introduction

Diabetes Mellitus is associated with numerous debilitating comor-
bidities including cardiovascular disease, stroke, chronic kidney
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disease, and peripheral neuropathy (Brem & Tomic-Canic, 2007;
Alavi et al, 2014; Eming et al, 2014). A major complication of
diabetes is the development of diabetic foot ulcers (DFUs), nonheal-
ing ulcerative wounds present on the lower extremities that incur
devastating clinical outcomes (Brem & Tomic-Canic, 2007; Alavi
et al, 2014; Eming et al, 2014). Approximately one in four diabetic
patients will develop a DFU in their lifetime (Armstrong
et al, 2017). Many DFUs necessitate lower limb amputation, which
has a 5-year survival rate of 40-50% (Armstrong et al, 2020; Soo
et al, 2020). Despite the critical need for effective therapies to heal
DFUs and reduce associated amputation rates, no new therapies
have been FDA approved for efficacy since 1998. The pathogenesis
of DFUs involves many intrinsic factors such as neuropathy, vascu-
lopathy, ischemia, infection, fibrosis, and immune dysfunction
(Alavi et al, 2014; Eming et al, 2014; Armstrong et al, 2017;
Ramirez et al, 2018). In particular, the immune response in DFUs is
permissive to a hyperproliferative and nonmigratory epidermis,
biofilm formation, and infection (Eming et al, 2014; Ramirez
et al, 2018).

Acute wound healing is a highly organized process that involves
the sequential yet overlapping action of multiple process including
hemostasis, inflammation, proliferation, and tissue remodeling (Pas-
tar et al, 2014; Stone et al, 2017, 2020; Sawaya et al, 2019). Kerati-
nocytes, macrophages, platelets, endothelial cells, fibroblasts, and
inflammatory immunocytes are key cellular effectors of cutaneous
healing and have stringently regulated roles in each healing stage
(Eming et al, 2007; Koh & DiPietro, 2011). Studies comparing
wounding in the oral mucosa, in which wound closure is rapid and
occurs without scarring, with cutaneous wounding emphasize the
importance of controlled inflammation to achieve optimal wound
closure (Chen et al, 2010; Turabelidze et al, 2014; Iglesias-
Bartolome et al, 2018; Uchiyama et al, 2019). The proinflammatory
cellular infiltrate of early stage acute wound healing is composed
primarily of neutrophils that kill invading microbes, and
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macrophages that clear apoptotic neutrophils and restore tissue
integrity for wound closure (Eming et al, 2007, 2014; Wilgus
et al, 2013; Sawaya et al, 2020; Williams et al, 2021). Neutrophils
use several antimicrobial mechanisms, including phagocytosis, reac-
tive oxygen species (ROS) generation, and exocytosis of antimicro-
bial peptides from membrane-bound granules (degranulation;
Kaplan & Radic, 2012; Ley et al, 2018). An additional mechanism,
the formation of neutrophil extracellular traps (NETs) is a distinct
cell death program in which neutrophils extrude web-like structures
composed of decondensed chromatin decorated with antimicrobial
peptides and enzymes (neutrophil elastase, cathepsin G, myeloper-
oxidase, and others; Brinkmann et al, 2004; Kaplan & Radic, 2012;
Sollberger et al, 2018). Deregulated NET formation has been
proposed to contribute to an array of inflammatory conditions
including autoimmunity, thrombosis, malignancy, and sepsis (Fuchs
et al, 2010; Amulic et al, 2012; Gupta & Kaplan, 2016; Jorch &
Kubes, 2017; Byrd et al, 2019). Enhanced NET release and impaired
NET clearance in the blood and tissues of systemic lupus erythe-
matosus (SLE) patients are implicated in the progression of vascular
damage and atherosclerosis as well as in lupus nephritis (Hakkim
et al, 2010; Mistry et al, 2019; O’Neil et al, 2019). Similarly, unreg-
ulated NET formation contributes to an impaired healing response
in diabetic wound healing (Wong et al, 2015; Fadini et al, 2016).
Upon wounding, diabetic mice produce higher levels of NETSs that is
rescued by treatment with DNAse-1 (Wong et al, 2015). An excess
of other NET components, including neutrophil elastase and
proteinase-3, were found to be predictive indicators of poor healing
outcome in patients with diabetes (Fadini et al, 2016). However,
the priming of neutrophils to enhance NET formation during
diabetic wound healing is poorly understood.

Forkhead Box M1 (FOXMI1) is a transcriptional activator of
proliferation in an array of cell types and is overexpressed in many
cancers (Liao et al, 2018). FOXM1 is also involved in the acute
wound resolution of hyperoxic lung injury (Xia et al, 2015), as well
as hepatocyte proliferation (Gieling et al, 2010) and leukocyte func-
tion (Ren et al, 2010; Gage et al, 2018) during toxic injury of the
liver. Transgenic mice with FOXM1 deletion in the myeloid cell
lineage also show significantly delayed liver repair (Kalin
et al, 2011). In addition, FOXM1 has been shown to regulate ROS
levels by inducing expression of ROS scavenger genes to control
oxidative stress (Park et al, 2009; Smirnov et al, 2016; Choi
et al, 2020). We previously showed that inhibition of FOXMI in
diabetic mouse models of cutaneous wounding resulted in delayed
wound closure and decreased recruitment of neutrophils and macro-
phages (Sawaya et al, 2020). Further, comparative transcriptomic
analysis of human DFUs with acute wounds of skin and oral mucosa
implicated FOXM1 as a regulator of the neutrophil response in
diabetic wound healing (Sawaya et al, 2020).

Here, we investigated the role of FOXMI1 in regulating NET
formation in acute wounds and DFUs. Comparisons of neutrophil-
associated transcriptional signatures between DFUs and acute skin
wounds showed partial or complete inhibition of transcripts
involved in neutrophil function and response in DFUs. In addition,
pharmacological inhibition of FOXM1 increased ROS levels and
induced NET formation in human neutrophils, suggesting that loss
of FOXM1 contributes to inhibition of healing in DFUs through
increased NETs. Furthermore, we identified triggering receptor
expressed on myeloid cell-1 (TREM1) as a neutrophil-specific
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regulator suppressed in DFUs. Activation of TREM1 promoted
FOXM1" neutrophil recruitment, decreased NETs, and enhanced
diabetic wound healing in vivo, demonstrating a novel pathway for
regulating NET formation in diabetic wounds. Moreover, TREM1
expression correlated with the clinical outcomes of healing in
patients with DFUs. Our data identified a novel pathway for regulat-
ing NET formation during diabetic wound healing through TREM1/
FOXM1. This regulatory pathway serves as a potential diagnostic
biomarker to predict clinical patient outcomes and as a target for
development of new therapies that can reprogram chronic, nonheal-
ing DFUs into healing-competent wounds.

Results and Discussion
Deregulated neutrophil response in DFUs

We have previously demonstrated that decreased neutrophils in
DFUs results in an overall poorly controlled inflammatory response
contributing to inhibition of healing (Sawaya et al, 2020). To further
investigate this, we assessed the transcriptomic differences by RNA-
seq of human DFU samples compared to human skin acute wounds
at the day 3 and focused on processes involved in neutrophil func-
tion. Enriched GO biological processes in skin acute day 3 wounds
included cell movement of neutrophils, infiltration by neutrophils,
chemotaxis of neutrophils, and response of neutrophils that were
either found absent or partially regulated in DFUs (Fig 1A). Several
transcripts associated with a neutrophil gene signature were found
to be either suppressed or partially regulated in DFUs compared to
skin acute day 3 wounds (Fig 1B). Among them are included the
cytokines CSF3, CSF3R, and IL6 and the chemokines CXCL2, CXCL3,
CXCL8, and CCL2. In addition, the STAT3 transcription factor and
TLR2 were found deregulated in DFUs compared to skin acute day 3
wounds. Next, we validated our findings by qPCR of several genes
related to the neutrophil gene signature and determined these were
induced in skin acute day 3 wounds, but inhibited in DFUs (Fig 1C).
Moreover, Ingenuity Pathway Analysis (IPA) revealed cell viability
of neutrophils’ pathway to be upregulated and cell death of neutro-
phils’ pathway to be inhibited in skin acute day 3 wounds, whereas
the opposite was observed in DFUs (Fig 1D). Neutrophils are the
first immune cells to arrive after injury and are involved in killing
microbes and activating other cell types involved in the repair
process (Brinkmann et al, 2004; Kaplan & Radic, 2012; Wilgus
et al, 2013; Ley et al, 2018). We previously demonstrated that the
immune landscape in DFUs is deficient in neutrophils due to lack of
the FOXM1 transcriptional regulator. IPA analysis of cell death and
viability pathways indicate that the absence of neutrophils in DFUs
is due to increased neutrophil death linked to loss of FOXM1. Taken
together, these results indicate that the neutrophil response present
in skin acute wounds that facilitates healthy-wound healing is
deregulated in chronic nonhealing DFUs.

FOXM1 inhibition promotes NET formation
We have previously shown that blocking the function of FOXM1
inhibits neutrophil responses in DFUs (Sawaya et al, 2020). Neutro-

phils from patients with DFUs are known to undergo NET formation
resulting in tissue damage and impaired healing (Fadini et al, 2016).

© 2022 The Authors
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Figure 1. Deregulated neutrophil response in human tissue samples obtained from diabetic foot ulcers.

A Enriched GO processes from human skin acute day 3 wounds compared to human DFU demonstrates processes involved in neutrophil function to be deregulated in

DFUs compared to acute wounds.

B Neutrophil gene signature comparing human skin acute day 3 wounds to human DFUs demonstrating decreased presence of neutrophils in human DFUs.
qPCR validations of neutrophil genes. n = 7 DFUs and n = 3 skin acute day 3 wounds. **P < 0.01 (two-tailed unpaired Student’s t-test). Data presented as

mean =+ SD.

D Ingenuity Pathway Analysis of predicted network shows activation of cell viability of neutrophils and inhibition of cell death of neutrophils in human skin wounds

compared to activation of cell death of neutrophils in human DFUs.

Although apoptosis is the primary form of neutrophil cell death, cell
death by NET formation does occur during acute wound healing as
a mechanism for eliminating pathogens (Wong et al, 2015), which
must be tightly regulated to ensure a proper immune response.
Diabetes primes neutrophils to undergo NETosis (Wong
et al, 2015); as a result, the balance between neutrophil apoptosis
and NETosis in diabetic wounds shifts in favor of NETosis, produc-
ing an improper neutrophil response and inhibition of wound heal-
ing in DFUs. Therefore, we investigated if inhibition of FOXM1
regulates NET formation and contributes to the decreased neutrophil
response. We isolated human peripheral blood neutrophils from
healthy donors and utilized a pharmacological approach using a
specific FOXM1 inhibitor, FDI-6. Specificity of FDI-6 inhibition of
FOXM1 was validated by qPCR and showed decreased expression of
FOXM1 and its target gene SOD2 (Fig EV1). Treatment with FDI-6
resulted in increased NET release compared to vehicle control,
implicating FOXM1 in the regulation of NET formation (Fig 2A).
NETs were visualized by immunofluorescence staining of citrulli-
nated histone-3 (citH3), a marker of neutrophils undergoing NET
formation (Wang et al, 2009), with the neutrophil marker elastase
(Fig EV2A). We further validated NET formation after FOXM1 inhi-
bition using the streptozoticin (STZ)-induced diabetic mouse model
and assessed citH3 by immunofluorescence staining. As expected,
we found increased citH3 in diabetic wounds. Topical treatment of
wounds with FDI-6 resulted in increased citH3 compared to vehicle-
treated nondiabetic wounds (Fig EV2B). These findings demonstrate
that inhibition of FOXM1 promotes NET formation.

To determine the mechanism by which FOXM1 regulates NET
formation, we assessed reactive oxygen species (ROS) levels after
FOXM1 inhibition. ROS generation is implicated in the pathways
leading to NET formation (Brinkmann et al, 2004; Lood
et al, 2016). Pathway analysis revealed suppression of FOXM1 in
DFUs results in increased ROS compared to acute skin wounds
(Fig EV3A). Therefore, we measured ROS levels and NET formation
in neutrophils treated with FDI-6 in the presence or absence of
N-acetylcysteine (NAC), a known inhibitor of ROS and NET forma-
tion (Fuchs et al, 2007; Lim et al, 2011). Neutrophils treated with
phorbol 12-myristate 13-acetate (PMA), a known inducer of NET

Figure 2. Inhibition of FOXM1 increases ROS and induces NET formation.

formation (Fuchs et al, 2007; Lim et al, 2011), in the presence or
absence of NAC were used as controls. Inhibition of FOXM1 induced
ROS and NET formation to levels comparable to PMA (Figs 2B and
C, and EV3B). Combination treatment of FDI-6 with NAC signifi-
cantly inhibited ROS levels and NET formation (Fig 2B and C).
Furthermore, IPA analysis identified FOXM1-regulated genes known
to be involved in ROS generation, including SOD2 and CAT that
function to inhibit ROS accumulation in acute skin acute day 3
wounds (Fig EV3A). They were found to be inhibited in DFUs
(Fig EV3A). These results support that inhibition of FOXM1 leads to
increased ROS levels resulting in NET formation in neutrophils.

TREM1, inhibited in DFUs, stimulates neutrophil healing
responses that are linked to FOXM1

Next, we performed IPA analysis to determine potential upstream
regulators responsible for regulating FOXM1 pathway in neutrophils
that could serve as a potential therapeutic target for patients with
DFUs. To further investigate this, we assessed the transcriptomic dif-
ferences in DFUs compared to skin acute day 3 wounds by RNA-seq
and performed IPA analysis to determine specific upstream regula-
tors involved in regulating neutrophil responses during wound heal-
ing. Among them, the cytokine-encoding transcripts included TNF,
IL6, IL1B, IFNy, and CSF2, which were found to be either suppressed
or incompletely activated in DFUs (Fig 3A). We also found the tran-
scription factors NFkB, STAT3, STAT1, and FOXM1 as well as P38
MAPK and ERK1/2 pathways to be suppressed or less activated in
DFUs, in contrast to being found highly upregulated in human skin
acute day 3 wounds. Moreover, we identified TREMI, a potent
amplifier of the inflammatory response known to be highly
expressed in neutrophils, to be significantly upregulated in skin
acute day 3 wounds, but suppressed in DFUs (Fig 3A). TREM1 is a
membrane-bound receptor expressed on myeloid lineage of cells and
is a potent stimulator of the inflammatory response (Bouchon
et al, 2000, 2001; Colonna, 2003). TREM1 activation triggers release
of pro-inflammatory molecules such as IL-8 and TNF
(Colonna, 2003; Carrasco et al, 2019) that we found were inhibited
in DFUs. We performed further IPA analysis to determine the role of

A Representative images of human neutrophils treated with the FOXM1 inhibitor, FDI-6. Vehicle (DMSO) served as a control. Neutrophils undergoing NET formation are
visualized in green and live neutrophils are visualized in red. Quantification was performed by normalizing the number of neutrophils undergoing NET formation to
the number of live neutrophils. Neutrophils from n = 3 different blood donors were isolated, pooled, and performed in triplicate. *P < 0.05 (two-way ANOVA followed

by Tukey’s post-hoc test). Data presented as mean =+ SD. (Scale bar: 100 pm).

B Quantification of ROS levels in human neutrophils treated with FDI-6 or in combination with N-acetylcysteine (NAC). Phorbol 12-myristate 13-acetate (PMA) treat-
ment served as a positive control. Data presented as mean =+ SD. Neutrophils from n = 3 different blood donors were isolated, pooled and performed in triplicate.

*P < 0.05 (two-way ANOVA followed by Tukey’s post-hoc test).

C Quantification of NET formation in human neutrophils treated with FDI-6 or in combination with NAC. PMA treatment served as a positive control. Neutrophils from
n = 3 different blood donors were isolated, pooled, and performed in triplicate. Data presented as mean + SD. *P < 0.05 (two-way ANOVA followed by Tukey’s post-

hoc test).
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Figure 3. TREM1 stimulates the neutrophil response and is linked to FOXM1, that is inhibited in DFUs.

A Upstream regulators found to be activated in human skin wounds that are suppressed or partially regulated in human DFUs involved in neutrophil response.
B TREML1 functions related to neutrophil response shows activation in human skin wounds compared to suppression in human DFUs.

C TREMZ1 predicted network connecting downstream target genes to their downstream biological processes leading to FOXM1 activation.

TREMI in neutrophil function during wound healing. We identified
several enriched processes that are involved in regulation of neutro-
phil functions that include cell movement of neutrophils, recruitment
of neutrophils, and immune response of cells (Fig 3B). These
processes were strongly activated in skin day 3 acute wounds and
suppressed in DFUs. To determine if TREM1 is linked to FOXM1, we
performed analysis connecting TREM1 pathway to FOXMI1 and
found several genes previously described to be regulated by TREM1
that could promote FOXM1 activation, including IL1B, IL6, CDKI,
AREG, SOD2, and CXCL8 (Fig 3C). Taken together, these results indi-
cate that TREM1 may stimulate the neutrophil response present in
skin acute wounds through FOXMI1 activation to facilitate healthy
wound healing. Furthermore, its downregulation in chronic DFUs
may be important contributor of nonhealing wounds.

TREM1 activation increases FOXM1" neutrophil recruitment,
decreases NETs, and enhances wound healing in diabetic mice

To corroborate the human data with an in vivo model, we investi-
gated the effect of TREM1 activation on wound healing using the
db/db diabetic mouse model of wound healing. We utilized a phar-
macological approach for the activation with the a-TREM1 activator
(Bouchon et al, 2000). a-TREM1 was topically applied to full-
thickness wounds created on dorsal skin of mice. We studied the
kinetics of wound healing in wounds treated with a-TREM1 when
compared to isotype-matched IgG treatment (vehicle). Treatment
with a-TREM1 significantly enhanced wound healing in diabetic
wounds compared to control IgG at days 2 and 4 postwounding
(Fig 4A), with day 4 being the time point of a peak inflammatory
response.

Next, we tested the effect of TREM1 activation on neutrophil
recruitment in vivo, by assessing the presence of FOXM1" neutro-
phils in day 4 wounds in mice treated with either vehicle or a-
TREM1. No significant differences were found in nondiabetic
wounds treated with a-TREM1 compared to vehicle (Fig EV4). We
found increased presence of FOXM1' neutrophils in a-TREMI-
treated diabetic wounds compared to vehicle-treated controls
(Fig 4B). Moreover, to assess the NET formation, we quantified
FOXM1" and citH3" neutrophils. We found FOXM1" neutrophils
inversely correlated with citH3" neutrophils in a-TREMI-treated
diabetic wounds, supporting that FOXM1 inhibits NET formation

(Fig 4B). These results indicate that TREM1 activation increases
FOXM1" neutrophil response in diabetic wounds by inhibiting NET
formation and stimulating healing (Fig 4B).

Although our data demonstrate TREM1 activation to be associ-
ated with increased wound healing in diabetic wounds by inhibiting
NET formation, other factors are also known to contribute to inhibi-
tion of healing in diabetic wounds. In this complex and mutlifacto-
rial disease, decreased angiogenesis and keratinocyte deregulation
are among the hallmarks of DFUs that contribute to impaired wound
healing (Eming et al, 2014). Reduced angiogenesis leads to
increased cell death due to loss of balance between pro- and anti-
angiogenic factors (Eming et al, 2014). Furthermore, keratinocytes
in DFUs lose their migratory capacity and fail to close the wound,
contributing to increased risk of infection and amputation (Eming
et al, 2014). TREM1 has been shown to be expressed on endothelial
cells and keratinocytes (Hyder et al, 2013), suggesting that TREM1
activation may exert broad pro-healing effects in diabetic wounds.
Future studies are needed to address the role of TREM1 in regulating
these processes during diabetic wound healing.

TREM1 expression and neutrophil recruitment contributes to the
clinical healing outcome of DFUs

We next determined if inhibition of TREM1 and its downstream
targets contribute to the nonhealing clinical outcome of patients
with DFUs. We obtained tissue samples from patients in which the
healing outcome was determined by a surrogate endpoint, the
percent reduction in wound size after 4 weeks of standard wound
care (Margolis et al, 2003; Stojadinovic et al, 2013). DFUs were
grouped into two categories as either healing, in which wound
reduction of wound size was greater than 50%; or nonhealing, in
which wound reduction was less than 50%. We performed qPCR to
quantify TREM1 and genes encoding for molecules involved in
neutrophil chemotaxis and recruitment, CXCL8, CXCR1, and CXCR2,
in healing and nonhealing. We found TREMI1, CXCL8, CXCRI, and
CXCR2 expression to be induced in healing, but suppressed in
nonhealing (Fig 5A). To further validate our findings, we performed
immunofluorescence staining for TREM1 the NET marker citH3. We
found increased presence of TREM1 in tissue obtained from healing
DFUs when compared to nonhealing DFUs (Fig 5B). Moreover,
citH3 was found decreased in healing DFUs compared to nonhealing

Figure 4. Activation of TREM1 enhances wound healing and increases FOXM1" neutrophils in the wounds of diabetic mice.

A Representative images of wounded skin after topical treatment with either vehicle (IgG isotype control) or a-TREM1 activator at 0, 2, 4, 6, and 8 days after wounding.
Percent of wound area at each time following vehicle or a-TREM1 activator treatment relative to the original wound area. Quantification of wound areas in n = 10
for vehicle diabetic and 12 wounds for a-TREM1-treated wounds were performed with Fiji software. Data presented as mean + SD. **P < 0.01, and ****P < 0.0001

(two-way ANOVA followed by Tukey’s post-hoc test).

B Representative pictures of vehicle (IgG isotype control) and a-TREM1-treated diabetic wounds at day 4 show basal keratin marker K5, and neutrophil marker Ly6G,
FOXM1, and citH3. Treatment of wounds with a-TREM1 resulted in increased FOXM1" and decreased citH3" neutrophils compared to vehicle-treated diabetic
wounds. (Scale bar: 50 um). Quantification of mean fluorescence intensity was performed with Fiji software. n = 7 diabetic vehicle wounds and 6 diabetic a-TREM1
wounds. Data presented as mean £ SD. *P < 0.05, *P < 0.05, and **P < 0.01 (two-tailed unpaired Student’s t-test).
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Figure 5. TREM1 expression is associated with the clinical outcome of healing in DFUs.

A gPCR of TREM1 and genes involved in neutrophil recruitment demonstrate increased expression in healing DFUs compared to nonhealing DFUs (n = 5 healing and
n = 6 nonhealing). Data presented as mean £ SD. *P < 0.05. **P < 0.01 (two-tailed unpaired Student’s t-test).

B Representative images of healing and nonhealing DFUs show basal keratin marker K5 and TREM1 and corresponding quantification from healing (n = 4) and
nonhealing (n = 4) is shown in the graph. Data presented as mean & SEM. *P < 0.05 (two-tailed unpaired Student’s t-test). (Scale bar: 50 um).

C Representative images of cit-H3 immunohistochemistry show increase staining in nonhealing DFUs when compared to healing DFUs, which was confirmed by corre-
sponding quantification from healing (n = 3) and nonhealing (n = 3), shown in the graph. Data presented as mean + SD. *P < 0.05 (two-tailed unpaired Student’s t-

test). (Scale bar: 50 pm).

DFUs (Fig 5C). Taken together, our data support that TREM1
expression and NET formation are associated with the clinical heal-
ing outcome of patients with DFUs.

In this study, we investigated the role of TREM1 and FOXM1
signaling in regulating NET formation during diabetic wound healing.
We performed a comprehensive comparative analysis between tissue
biopsies derived from patients with DFUs and human skin acute
wounds using next-generation sequencing. We identified FOXM1 as a
novel regulator of NET formation through modulation of ROS levels
to promote a healthy-neutrophil immune response during wound
healing. In addition, we identified TREM1 to be linked to the FOXM1
pathway in this context. Activation of TREM1 increased recruitment
of FOXM1" neutrophils and enhanced diabetic wound healing in vivo.
We previously found FOXM1 to be downregulated in DFUs, leading
to decreased neutrophil response, suggesting modulation of the
TREM1/FOXM1 network as a potential therapeutic target for restoring
a healthy neutrophil response in diabetic wounds. Moreover, TREM1
expression correlated with the healing outcome of DFUs, further
supporting TREM1 as an important regulator of promoting a proper
neutrophil immune response during wound healing. Our data demon-
strate that lack of TREM1/FOXMI1 network in the DFU leads to
increased NET formation of neutrophils contributing to inhibition of
wound healing. In addition, we identify a novel regulation of NET
formation during diabetic wound healing by the FOXM1 network,
underscoring its role in pathophysiology of DFUs. As such the
TREM1/FOXM1 regulatory network can serve as potential diagnostic
biomarkers and as therapeutic targets. Targeting this network may
achieve restoration of acute healing response in DFUs, reprogram-
ming them into healing competent wounds.

Materials and Methods
Mice

All animal studies were carried out according to the protocol
approved by the Animal and Care Committee at the National Insti-
tute of Arthritis and Musculoskeletal and Skin Diseases. Db/db mice
were purchased from Jackson Laboratory. Streptozotocin-induced
diabetic mice were generated as previously described (Sawaya
et al, 2020). Both male and female mice were used in the wound
healing studies. Treatments were performed at 7-9 weeks of age
and all experiments were conducted using littermate controls.

Wound healing assay in vivo
Full-thickness wounds were created as previously described

(Iglesias-Bartolome et al, 2018; Uchiyama et al, 2019; Sawaya
et al, 2020). Briefly, mice were anesthetized, and hair was shaved
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on dorsal skin and cleaned with 70% ethanol. Wounds were created
using 6 mm full-thickness excisional wounds with sterile punch
biopsies (Integra Miltex) and topically treated with either 10 pg/ml
anti-TREM1 antibody (R&D Systems; MAB1187) or isotype control
anti-IgG (Invitrogen; 31903) dissolved in 1x sterile PBS. Treatments
were applied every 2 days and digitally photographed at indicated
time points and wound areas were measured using Fiji. Changes in
wound area are expressed as percentages of initial wound area.

Patient demographics

Full-thickness DFU (n =13, mean age =+ standard devia-
tion = 56 £+ 13, 13 males) and DFS (n = 8, mean age + standard
deviation = 66 + 13, 7 males, 1 female) samples were obtained from
patients receiving standard care at the University of Miami Hospital
Wound Clinic, as previously described (Sawaya et al, 2020). The
protocols including written informed consent were approved by the
university Institutional Review Board (IRB #20140473; #20090709).
Inclusion criteria for DFU included (i) diabetes mellitus; (ii) an ulcer
on the plantar aspect of their foot that is larger than 0.5 cm?; (iii)
neuropathy; (iv) age 21 years or older; (v) wound duration
> 4 weeks; and (vi) hemoglobin Alc: < 13.0%. Ulcers with clinical
signs of infection were excluded. Exclusion criteria for DFU were (i)
active cellulitis; (ii) osteomyelitis; (iii) gangrene; (iv) vascular insuffi-
ciency (defined as an ankle-brachial index (ABI) < 0.7 and for those
with an ABI > 1.3; (v) revascularization to the ipsilateral lower
extremity in the last 6 weeks; and (vi) any experimental drugs taken
or applied topically to the wound for 4 weeks preceding the study.

Real-time reverse transcriptase PCR

Human skin, human DFU specimens, and human neutrophils were
lysed with TRIAzol and RNA was isolated using the Qiagen RNeasy
kit according to the manufacturer’s instructions (Sawaya et al, 2020).
RNA (1.0 pg) from human skin, human DFUs, or human neutrophils
was reverse transcribed using a gScript cDNA kit (QuantaBio) and
real-time PCR was performed in triplicates using the Bio-Rad CFX
Connect thermal cycler and detection system and a PerfeCTa SYBR
Green Supermix (QuantaBio). Relative expression was normalized
for levels of ARPC2 or Actin where indicated. The primer sequences
for ARPC2 are forward primer (5-TCCGGGACTACCTGCA
CTAC-3') and reverse primer (5-GGTTCAGCACCTTGAGGAAG-3');
CSF3 forward primer (5-AAGCTGGTGAGTGAGTGTG-3') and reverse
primer (5-GGGATGCCCAGAGAGTGTC-3’); CSF3R forward primer
(5-TTGCAGCCCCAACAGGAAG-3') and reverse primer (5-ATGATT
GTGGGCACCCAGG-3'); IL6 forward primer (5-CATCCTCGACG
GCATCTCAG-3') and reverse primer (5-ACCAGGCAAGTCTCCTC
ATTG-3'); TREM1 forward primer (5-TGCCCACTCTATACCAGCCC-
3/) and reverse primer (5-GTTGAACACCGGAACCCTGATG-3);
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CXCL8 forward primer (5-GAAGTTTTTGAAGAGGGCTGAGA-3') and
reverse primer (5-TTGCTTGAAGTTTCACTGGCATC-3'); CXCR1
forward primer (5-TGGCCGGTGCTTCAGTTAG-3’) and reverse
primer (5-AGGGGCTGTAATCTTCATCTGC-3); CXCR2 forward
primer (5-CTAAGTGGCACCTGTCCTGG-3') and reverse primer (5'-
TTCTGACCTGGGTTGCAAGG-3'); FOXM1 forward primer (5-CGTC
GGCCACTGATTCTCAAA-3') and reverse primer (5-GGCAGGGGAT
CTCTTAGGTTC-3'); SOD2 forward primer (5-GCACTAGCAGCA
TGTTGAGC-3’) and reverse (5-TTGATGTGAGGTTCCAGGGC-3');
Actin forward primer (5-CACCAACTGGGACGACAT-3’) and reverse
primer (5-ACAGCCTGGATAGCAACG-3').

Neutrophil isolation

Human peripheral blood from male and females was collected by
venipuncture in heparinized tubes from healthy control subjects
recruited at the Clinical Center, NIH, Bethesda, MD. Neutrophils
were isolated by layering 20 ml of blood on top of 20 ml of Poly-
morphPrep™ (Progen) and centrifuged at 500 g for 35 min. The
layer containing the neutrophil fraction was obtained and added to
equal volume of 1x Hanks Balanced Salt Solution (HBSS) diluted
with equal volumes of water to restore neutrophils to normal osmo-
lality. Neutrophil suspension was centrifuged for 5 min at 400 g and
resuspended with 0.2% NaCl for red blood cell lysis for 1 min.
Equal volumes of 1x HBSS was added and neutrophil suspension
was centrifuged for 5 min at 400 g and resuspended in RPMI media.
Neutrophils from three different blood donors were isolated, pooled,
and performed in triplicate per each condition.

Quantification of NET formation

Neutrophils were treated with either 5 uM of FDI-6 (Sigma Aldrich),
0.5 uM of PMA (Sigma Aldrich), in the presence or absence of 5 mM
of N-acetylcysteine (Sigma Aldrich). Vehicle (DMSO) served as a
control. Neutrophils were pretreated for 30 min with N-
acetylcysteine. For experiments involving TREM1, neutrophils were
treated with 10 pg/ml anti-TREM1 antibody (R&D Systems) in pres-
ence or absence of 5 uM of FDI-6. Isotype control anti-IgG (Bio-Rad)
served as a control. SYTOX green dye (Invitrogen) was added to a
final concentration of 0.2 uM. NUCLEAR-ID Red dye (Enzo Life
Sciences) was added at a dilution of 1 ul into 1.5 ml media and was
used for staining nuclei of live neutrophils. The IncuCyteS3 instru-
ment software (Essen BioScience) was used to measure NET forma-
tion using a previously described protocol (Gupta et al, 2018). Three
image sets from distinct regions per well using a 20x objective lens
were taken every 20 min and each condition was run in quadruplets.
The filters applied to the green channel excluded objects below the
radius of 10 pm, fluorescence threshold of 1.00 green corrected units,
and area of 100 um?*. This minimum area threshold for green was
used to recognize the decondensed chromatin of cells. NET formation
was quantified by normalizing the green object counts to the red
object counts to obtain a ratio of the number of neutrophils undergo-
ing NET formation to the total number of live neutrophils.

Immunofluorescence staining and visualization of NETs in vitro

Neutrophils were isolated from human blood and grown in either
normal glucose (5 mM glucose) or high glucose (25 mM glucose)
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media and treated with vehicle (DMSO) or 5 uM of FDI-6 for 3 h.
Neutrophils were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.1% TritonX-100 for 5 min. NETs were
detected by immunofluorescence staining using anti cit-Histone 3
antibody (Abcam, 1:300; ab5103) and anti Elastase (Novus Biologi-
cals, 1:300; NBP2-53193). NETs were visualized using a Leica TCS
SP8 confocal microscopy. Quantification of NETs was carried out
using the NETosis assay commercially available kit (Abcam) accord-
ing to manufacturer’s protocol.

Reactive oxygen species assay

Reactive oxygen species (ROS) was measured using ROS-ID Total
ROS/Superoxide Detection Kit (Enzo Life Sciences). Neutrophils
were isolated as described above and the ROS-ID Total ROS/Super-
oxide Detection Kit was used according the manufacturer’s instruc-
tions. ROS levels were measured using IncuCyteS3 instrument
software (Essen BioScience) and quantified by normalizing green
object counts to the total number of live neutrophils.

Immunohistochemistry

Paraffin embedded tissue sections of discarded DFUs were used for
staining with anti-Keratin 5 (1:750; LSBio; LS-C22715), and anti TREM1
(1:1,000; Abcam; ab225861). Murine wounds were excised at day 4
postwounding and fixed in 4% paraformaldehyde overnight at 4°C and
sections were used for anti Ly6G (1:500; BD Pharmingen; 551459), anti
FOXM1 (1:500; Cell Signaling; 20459S), and anti citH3 (1:1,000; Abcam;
ab5103) staining. Stainings were visualized with either Alexa Fluor 488-
conjugated goat anti-rabbit antibody (1:500; Invitrogen; A212006), Alexa
Fluor 555-conjugated goat anti-guinea pig antibody (1:500; Invitrogen;
A21435), Alexa Fluor 647-conjugated goat anti-mouse antibody (1:500;
Invitrogen; A21235) and mounted with VECTASHIELD antifade mount-
ing media with DAPI (Vectorlabs) to visualize cell nuclei. Specimens
were analyzed using a Leica TCS SP8 confocal microscope.

For peroxidase stainings, slides were deparaffinized and rehydrated
in xylene and decreasing ethanol solutions. Peroxidase was quenched
using 0.3% H,0, in methanol for 20 min. Antigen retrieval was
performed for 30 min in 95° water bath in 10 mM of TRIS, 1 mM of
EDTA, 0.1% tween pH = 9 buffer. Slides were washed in PBS and
blocked/permeabilized for 10 min with 10 mg/ml gelatin and 1.25%
Triton in PBS. Slides were blocked 10 min in 5% FBS, 5% Goat Serum,
and 7.5% Bockhen in 1x PBS. Slides were blocked for additional
10 min using 50% Background Sniper and 50% Background Punisher
solution. Slides were incubated overnight in anti citH3 (1:10,000;
Abcam; ab5103) in Background Enhancer at 4°C. Slides were washed
3x in PBST and then blocked with 5% goat serum for 10 min. Rabbit
on pharma polymer (secondary) was added for 20 min and washed 3x
with PBST. Immunoperoxidase reaction was stimulated with DAB
substrate. Slides were counterstained with Mayers Hemoxatylin and
washed/dehydrated with successive ethanol solutions and xylene
washes. Dermis peroxidase staining was quantified using deprecated,
positive pixel count function in QuPath software.

Statistical analysis

Pathway enrichment statistics were calculated within the Ingenuity
software package using Fisher’s exact test with Benjamini-Hochberg
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correction for multiple testing. Upstream regulators and gene ontol-
ogy enrichment P-values were similarly calculated within IPA
using Fisher’s exact test. Statistics for NET and ROS assays studies
were performed using one-way ANOVA followed by Tukey’s
posthoc test. Statistics for qPCR validations comparing DFU to
acute skin wounds were performed using Mann-Whitney U two-
tailed test. Statistics for qPCR comparing healing and nonhealing
DFUs were performed using two-tailed unpaired ¢ test. Statistics
for wound healing assay and NET formation assays were
performed using either a one-way ANOVA followed by Sidak post-
hoc test or a two-way ANOVA followed by Tukey’s post-hoc test
where indicated.

Data availability

Raw and analyzed RNA-Seq data regarding skin acute human
wounds and DFUs have been deposited in the Gene Expression
Omnibus (GEO) site (GSE97615, https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc = GSE97615; GSE134431, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?lacc = GSE134431 as  previously
described (Iglesias-Bartolome et al, 2018; Sawaya et al, 2020).

Expanded View for this article is available online.
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