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It is well established that macrophages are key regulators of
wound healing, displaying impressive plasticity and an evolving
phenotype, from an aggressive pro-inflammatory or “M1”
phenotype to a pro-healing or “M2” phenotype, depending on
the wound healing stage, to ensure proper healing. Because dys-
regulated macrophage responses have been linked to impaired
healing of diabetic wounds, macrophages are being considered
as a therapeutic target for improved wound healing. In this re-
view, we first discuss the role of macrophages in a normal skin
wound healing process and discuss the aberrations that occur
in macrophages under diabetic conditions. Next we provide
an overview of recent macrophage-based therapeutic ap-
proaches, including delivery of ex-vivo-activated macrophages
and delivery of pharmacological strategies aimed at eliminating
or re-educating local skin macrophages. In particular, we focus
on strategies to silence key regulator genes to repolarize wound
macrophages to theM2 phenotype, and we provide a discussion
of their potential future clinical translation.
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OVERVIEW OF WOUND REPAIR
The skin is the first line of protection against chemical and physical
assault, pathogen invasion, and prevention of unregulated dehydra-
tion. At the same time, it is involved in the transmission of sensory
information and has a significant role in maintaining homeostasis.1

When the integrity of the skin is compromised, it can affect the
normal function of many cells, including endothelial cells, fibroblasts,
and keratinocytes in each layer of the skin.2 Therefore, proper recov-
ery of the skin by wound healing is one of the most complex and
tightly regulated processes involving evolutionarily developed ge-
netic, epigenetic, and molecular processes to accomplish the goal of
reorganizing different cells in space and time.3 This process occurs
in four overlapping phases: hemostasis, inflammation, proliferation,
and remodeling.4,5 A considerable amount of evidence has positioned
macrophages as key regulators of these steps, playing an essential role
during the different healing phases by readily adapting their pheno-
type according to spatiotemporal cues they receive during each
phase.6 In general, these phenotypes have been differentiated into
pro-inflammatory M1-like macrophages (M1) on the one hand and
pro-healing/anti-inflammatory M2-like macrophages (M2) on the
other hand.7
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An overview of the healing process is presented in Figure 1. Upon
injury, the accumulated blood plug at the site of skin injury promotes
the initial invasion of immune cells, specifically polymorphonuclear
leukocytes (PMNs).3,8 The arrival of these cells characterizes the
beginning of the inflammatory phase.9 This rapid, initial influx of
PMNs is followed by successive waves of infiltrating monocytes
that, in response to woundmicroenvironmental cues (e.g., low oxygen
levels, microbial products, damaged cells, and activated lymphocytes),
differentiate intoM1-type macrophages for scavenging, phagocytosis,
and antigen presentation during the inflammatory phase of healing.10

When the acute injury is under control, macrophage gene expression
gradually shifts from M1 (pro-inflammatory) macrophages to an M2
(pro-healing) phenotype with the capability for recruitment of stem
cells and secretion of cytokines and growth factors that stimulate ker-
atinocytes, fibroblasts, and endothelial cells to proliferate, differen-
tiate, and migrate.11 Through this plasticity, a positive feedback
loop is established in which increasing normalization of the tissue
microenvironment drives a progressively more pro-healing role for
macrophages, which, in turn, promotes tissue repair.12–14 This pro-
cess also involves massive angiogenesis, which is needed for the
supply of oxygen and nutrients necessary for fibroblasts and other
cells to reconstitute the tissue matrix in the remodeling phase.15–19

The importance of macrophages in coordination of the wound heal-
ing response becomes apparent when their activation is disturbed. A
study using genetically modified LysMCre/DTR mice, which allow
inducible depletion of macrophages by diphtheria toxin (DT) admin-
istration, provided strong evidence that these cells are required for
normal wound healing, including promoting angiogenesis, collagen
deposition, and wound closure.20 Other studies have found that prop-
erly regulated numbers and phenotypes of macrophages are crucial
for efficient wound repair and that dysregulation of either of these
may lead to chronic skin inflammation and impaired wound
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Figure 1. The role of macrophage cells in wound healing processes

(1) a–c: hemostasis phase. An initial influx of polymorphonuclear leukocytes (PMNs) in the blood clot is followed by successive waves of infiltratingmonocytes that differentiate

into macrophages in the wound. Infiltration of immune cells characterizes the beginning of the inflammatory phase. (2) d and e: during this phase, the differentiated M1

macrophages clear pathogens and cell debris, like pathogen-associatedmodifying proteins (PAMPs) and damage-associatedmodifying proteins (DAMPs), and release nitric

oxide (NO), reactive oxygen species (ROS), and pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), interleukin-1a (IL-1a, IL-1b, IL-6, IL-12, CXCL9,

and CXCL10, to prepare the wound bed for the next stage. (3) f–h: during the proliferation phase, the macrophage phenotype changes from an inflammatory to a healing

state, releasing healing cytokines, such as transforming growth factor b (TGF-b), IL-10, IL-1 receptor antagonist (IL-1ra), platelet-derived growth factor (PDGF), epidermal

growth factor (EGF), and vascular endothelial growth factor (Vegf). Proliferation, differentiation, and migration of keratinocytes, fibroblasts, and endothelial cells also take

place. (4) i: the remodeling phase is the last stage of wound healing, in whichmacrophages still play a key role by releasingmatrix metalloproteinases (MMPs) to the deposited

ECM to restore tissue strength with minimal scar formation. Created with BioRender.

www.moleculartherapy.org

Review
healing.21,22 A particular case is chronic wounds, which are defined as
wounds stalled in a constant and excessive inflammatory state with
increased numbers of M1 macrophages, inactivated growth factors,
increased oxidative damage, and deficient local angiogenesis, which
prevents the normal tissue repair program to be executed.23,24 For
example, the hyperglycemic environment in diabetic wounds leads
to high reactive oxygen species (ROS) levels and stimulation of the
macrophages to secrete pro-inflammatory cytokines, such as tumor
necrosis factor alpha (TNF-a), interleukin-1b (IL-1b), and IL-6,
which encourages the vicious cycle of maintaining M1 macrophage
polarization and chronic inflammation.

Because of a better understanding of the crucial role of macrophages
in the different phases of the wound healing process, shifting the
macrophage phenotype from the pro-inflammatory M1 to the pro-
healing M2 phenotype has become an active area of research to pro-
mote wound healing25 and diabetic wound healing in particular.26,27

The objective of this review is to discuss the current macrophage-
based therapeutic strategies in diabetic wound healing. We first go
more deeply into the origin of skin macrophages and their plasticity,
flexibility, and heterogeneity under physiological and diabetic wound
conditions. Then we provide an overview of current developments of
wound healing strategies controlling macrophage function or pheno-
type to accelerate wound healing.

ORIGIN AND ROLE OF MACROPHAGES IN SKIN
WOUNDS
Macrophages in skin wounds originate from two primary sources:
tissue-resident macrophages (Langerhans cells and dermal macro-
2892 Molecular Therapy Vol. 30 No 9 September 2022
phages), stemming from yolk sac hematopoietic tissue in the uterus,28

and macrophages that are generated from blood monocytes (re-
cruited macrophages).29 The major function of resident macrophages
is maintenance of skin homeostasis and integrity.30 The development
of resident macrophages requires colony-stimulating factor 1
(CSF1; also known as macrophage colony-stimulating factor
[M-CSF]).31,32 After an injury, these cells are likely early responders,
leading to subsequent recruitment of CCR2+Ly6CHi blood monocytes
into the wound.33–35 These recruited monocytes differentiate into
Ly6CHiF4/80+ macrophages in the inflammatory phase of wound
healing and later switch to Ly6CLoF4/80+ macrophages to accelerate
wound healing.33,36,37

The first phase after injury is hemostasis, in which platelets accumu-
late at the site of tissue injury to form a blood plug.8 The initial plug,
which is stabilized by fibrin fibers, can act as a matrix for the various
infiltrating cells.3 The interactions of coagulant factors, along with
activation of the endothelium, promote the initial invasion of im-
mune cells, specifically PMNs. The arrival of these cells characterizes
the beginning of the inflammatory phase (Figures 1A–1C).9

As mentioned previously, this rapid, initial influx of PMNs is followed
by successive waves of infiltrating monocytes that differentiate within
the wound into macrophages. During this step, to accommodate
recruitment of a significant number of monocyte cells from the blood,
there is an increase in myeloid-lineage-committed multipotent pro-
genitors and monocytes in the bone marrow that results in a 70% in-
crease in monocytes in the blood circulation on day 2.38 After recruit-
ment in the wound, these monocytes differentiate into activated M1
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macrophages with an inflammatory phenotype.39 These macrophages
can recognize pathogen-associated modifying proteins (PAMPs) on
the surfaces of bacteria or fungi and damage-associated modifying
proteins (DAMPs), like extracellular DNA, RNA, and ATP, which
are released because of cell death.40,41 M1macrophages produce nitric
oxide (NO), ROS,42 and pro-inflammatory cytokines, such as TNF-a,
IL-1b, IL-6, IL-12 (Figures 1D and 1E), C-X-C motif chemokine
ligand 9 (CXCL9), and CXCL10,40 to clear pathogens and cell debris
and stimulate proliferation of wound cells, such as fibroblasts and ker-
atinocytes, to be able to regulate the next stage in the repair process.43

In vitro studies have shown that, after activation by lipopolysaccha-
ride (LPS) and cytokines, like interferon gamma (IFN-g) and
TNF-a, macrophages become polarized into M1 macrophages, as
characterized by Toll-like receptor (TLR)-2, TLR-4, CD80, CD86,
inducible nitric oxide synthase (iNOS), and major histocompatibility
complex (MHC) class II surface phenotypes. M1macrophages release
various cytokines and chemokines (such as TNF-a, IL-1a, IL-1b,
IL-6, IL-12, CXCL9, and CXCL10) that exert positive feedback on un-
polarized macrophages to change to the M1 state. Key transcription
factors, such as nuclear factor kB (NF-kB), STAT1, STAT5, IRF3,
and IRF5, have been shown to regulate expression of M1 genes.42,44

Transition from the inflammation phase to the proliferation phase is
characterized by repolarization of M1macrophages to the M2 pheno-
type.3,45,46 The M2 phenotype is known to be a healing-associated
macrophage with downregulated inflammatory factors and ROS
levels and upregulated anti-inflammatory cytokines (e.g., TGF-b,
IL-10, IL-1 receptor antagonist [IL-1ra], and the IL-1 type II decoy re-
ceptor), growth factors (e.g., platelet-derived growth factor [PDGF],
epidermal growth factor, and vascular endothelial growth factor
[Vegf]). The M2 phenotype promotes angiogenesis as well as prolif-
eration, migration, and differentiation of fibroblasts, as required for
tissue repair47–49 (Figures 1F–1H). M2macrophages are also involved
in recruitment of stem cells to wounds, an important driving force in
tissue repair.50 M2 polarization occurs in response to downstream
signals of cytokines, such as IL-4, IL-13, IL-10, IL-33, and TGF-b.51

M2 macrophages can be identified by their expression of surface
markers, such as the mannitol receptor, CD206, CD163, CD209,
FIZZ1, and Ym1/2, and up-regulation of cytokines and chemokines,
such as IL-10, TGF-b, CCL1, CCL17, CCL18, CCL22, and
CCL24.42,44,52

During the final remodeling phase, fibroblasts and other cells recon-
stitute the tissue matrix via deposition of collagen type III and, later
on, collagen type I,16 and the number of macrophages starts to
decline, but the remaining macrophages still play a role by releasing
matrix metalloproteinases (MMPs) (Figure 1I).53–55 MMPs are major
proteolytic enzymes involved in turnover of the extracellular matrix
(ECM) during cutaneous wound repair and restoration of skin
functionality with minimal scar formation.56 Impaired ECM turnover
results in an abnormal remodeling phase that leads to unregulated cell
proliferation as well as impaired apoptosis, cell differentiation, and
physiological functions of the skin with excessive scar formation.57–59
MACROPHAGE DYSREGULATION IN DIABETIC
WOUNDS
In the early stages of repair, around 85% of macrophages in the
wound have the M1 pro-inflammatory phenotype, which switches
to around 80%–85% anti-inflammatory M2 macrophages by days
5–7.60 Studies have shown that pre-injury depletion of macrophages
in mouse models causes defects in re-epithelization, formation of
granulation tissue, angiogenesis, wound cytokine production, and
myofibroblast-associated wound contraction.20,61,62 Macrophage
depletion during formation of granulation tissue, about 3 days after
injury, is also associated with vascularization defects, delay in wound
closure, and granulation tissue maturation.62 Another study of iso-
lated macrophages during the wound healing process on days 5, 10,
and 20 after injury in wild-type mice indicated that pro-inflammatory
macrophages were detectable until day 5. These macrophages ex-
pressed high levels of IL-1b, MMP-9, and NO synthase (NOS). By
day 10, the expression of these pro-inflammatory factors decreased,
concurrent with an increase in expression of the anti-inflammatory
markers CD206 and CD36 and growth factors insulin growth factor
(IGF)-1, TGF-b, and Vegf with efficient wound repair. Wound
closure was completed after 20 days, when elevated expression for
CD206, CD36, and TGF-b was still detectable, but not of IGF-1 or
Vegf.63

More and more evidence is accumulating, and the pivotal role of
macrophage phenotype switching is emerging as a key process to
achieve successful wound healing. Any perturbation of this process
could result in stalling of the repair process in the inflammatory
phase, leading to a delay in wound closure and increased risk of
infection.23 Pathological conditions that can induce such perturba-
tions include aging, obesity, infection, and diabetes.

Diabetes is a major and increasing health problem that leads to
hyperglycemia as a consequence of cellular insulin resistance and in-
sulin deficiency.64 An elevated blood glucose level has a significant
effect on the immune system and could lead to alterations in the
number and phenotype of wound-associated macrophages. It has
been reported that the diabetic microenvironment leads to
increased myelopoiesis in hematopoietic stem cells, which results
in elevated levels of circulating blood monocytes (Ly6CHi), which
enter wounds and differentiate into macrophages with characteristic
M1-like signatures (IL-1b, TNF-a).65 This finding was supported by
a recent study reporting that the number of infiltrating monocytes is
higher in wounds of type 2 diabetic (T2D) mice compared with
healthy mice22 (Figure 2A). In addition, it was found that wound-
derived macrophages in diabetic mice showed a lack of phenotypic
switching to the M2 phenotype. The hyperglycemic condition in
diabetic wounds decreases the inflammation-resolving functions
of macrophages, such as their phagocytic activity (Figure 2B).
Phagocytosis plays a role in the switch of the wound macrophage
phenotype from M1 to pro-healing M2 (Figure 2C) and in
release of IL-10, TGF-b, and all pro-healing factors.60,63 Increased
pro-inflammatory signals in diabetic wounds amplify the pro-in-
flammatory effect of M1 macrophages, which continue to release
Molecular Therapy Vol. 30 No 9 September 2022 2893
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Figure 2. Macrophage dysregulation in diabetic wounds leads to delayed wound healing

Compared with normal wounds, increased numbers of infiltrated BM-produced monocytes are present in diabetic wounds, which, in turn, leads to a higher number of

macrophages (a). The capability of M1macrophages to phagocytose pathogens is decreased in diabetic wounds (b). Macrophage transition fromM1- toM2-like phenotypes

is impaired in diabetic wounds, leading to an accumulation of inflammatory M1macrophages (c). M1,macrophagewith a pro-inflammatory phenotype; M2,macrophagewith

a pro-healing phenotype. Created with BioRender.
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inflammatory cytokines, proteases, and ROS, leading to degradation
of the ECM. This phenotypic imbalance of macrophages causes a
persistent state of inflammation in the diabetic wound that hinders
the pro-healing activity of endothelial cells, keratinocytes, and
fibroblasts.60

Diabetic foot ulcers (DFUs) are a very severe and common complica-
tion in diabetic patients and are the reason for approximately 80% of
lower limb amputations.66 In spite of many advances in wound heal-
ing, such as using growth factors in wound dressings, hyperbaric ox-
ygen therapy, and negative pressure, complete healing of DFUs re-
mains challenging. The growing number of amputations because of
DFUs underscores the importance of continued investigation in
this field.67,68 Strategies that target macrophages as key regulators
of wound inflammation and healing are considered promising new
therapeutic approaches. In the next sections, we discuss these
different approaches in the context of wounds, in particular diabetic
wounds.
2894 Molecular Therapy Vol. 30 No 9 September 2022
MACROPHAGE-BASED THERAPIES
Given the role of macrophages in the progression of wound repair,
macrophage-based therapies aim to inhibit inflammation or enhance
pro-healing anti-inflammatory activities. The therapeutic strategies
can be divided into 2 main categories: pharmacological approaches
to influence macrophage phenotype or products directly in the
wound, and transplantation of ex-vivo-activated macrophages. Both
therapeutic strategies are discussed below.
Pharmacological approaches to influence macrophage

phenotype or products

Pharmacological strategies to modulate the macrophage phenotype
or products in wounds can be divided into the following general
categories: inhibition of the activity or effects of inflammatory
M1-like macrophages, M2 phenotype promoting strategies, and
manipulation of macrophage phenotype. They are discussed below
(Figure 3).
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Figure 3. Pharmacological approaches to influence macrophage phenotype or activity

(1) Inhibition of the activity or effects of inflammatory M1-like macrophages can be achieved by administration of therapeutic antibodies that inhibit effects of inflammatory

mediators like TNF-a, IL-1b, IL-17, advanced glycosylation end products (AGEs), and the monocyte chemoattractant protein 1 (MCP-1) or Nod-like receptor protein 3

(NLRP3) inflammasome. (2) M2 phenotype-promoting strategies include use of mesenchymal stromal cells (MSCs) to induce anti-inflammatory M2 like characteristics in

macrophages or administration of drugs like IL-33, ROS-scavenging compounds, and agonist of peroxisome proliferator-activated receptors (PPARs) to promote the M2

phenotype. (3) Manipulation of macrophage phenotype can be achieved by delivery of siRNA against interferon regulatory factor 5 (IRF5), which enforces phenotype alter-

ation. Created with BioRender.
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Inhibition of the activity or effects of inflammatory M1-like

macrophages

In all chronic wounds, despite their different etiologies, macrophages
tend to get stuck in an M1-like phenotype, leading to increased levels
of pro-inflammatory mediators like TNF-a.69,70 This, in turn, leads to
recruitment of more immune cells and also affects MMPs, leading to
destruction of the ECM scaffold cells require to repopulate and close
the wound.71 It has been demonstrated that administration of thera-
peutic antibodies that inhibit TNF-a (e.g., infliximab topically or ada-
limumab subcutaneously) accelerates wound closure in a diabetic
mouse model64 and considerably improved wound repair in chronic
venous ulcers (CVUs) of individuals whose wounds failed to respond
to any previous conventional treatment.69,72 In addition, using a
secretory leukocyte protease inhibitor (SLPI)-deficient null mouse
model with an imbalanced M1/M2 macrophage phenotype, it was
found that neutralizing TNF-a at wound sites could accelerate the
rate of healing macroscopically (Figure S1A, i and ii) and microscop-
ically (Figure S1A, iii) by altering the balance between M1 and M2
macrophages on day 3 in a dose-dependent manner.69

There is compelling evidence that accumulation of advanced glycosyl-
ation end products (AGEs) in diabetic wounds, a common conse-
quence of persistently elevated blood glucose, contribute significantly
to the pathology associated with impaired wound healing.73 It has
been shown that M1 macrophages express high numbers of the
receptor for AGEs (RAGE) under the diabetic condition and that
AGE-RAGE signaling underlies the impaired phagocytosis of macro-
phages. As mentioned before, there is evidence to suggest that the
switch fromM1 to M2 phenotype may in part be regulated by phago-
cytosis of apoptotic cells.25 In vitro work has shown that dysregulated
phagocytosis by macrophages is followed by a decrease in expression
of pro-healing factors, such as TGF-b1, which is believed to
contribute to the observed subsequent disruption of macrophage
phenotype switching.74 The disrupted phenotype transition
negatively affects wound repair through development of chronic
inflammation.75 Topical administration of anti-RAGE antibodies to
full-thickness excisional wounds in diabetic mice results in an in-
crease in phagocytosis of M1macrophages, which has been associated
with a gradual transition to the M2 phenotype and improved wound
healing.76

In diabetic wounds, in which IL-1b, an inflammatory cytokine, is up-
regulated, it was found that inhibiting the IL-1b pathway with a
neutralizing antibody induced the switch from pro-inflammatory to
healing-associated macrophages and improved healing of these
wounds.77 Figure S1B, i, shows hematoxylin-and-eosin-stained cryo-
sections of skin tissue on day 10 after injury. The wounds treated with
antibodies against IL-1b significantly increased re-epithelialization
and granulation tissue (gt) in IL-1b antibody (IL1ab)-treated samples
compared with control immunoglobulin G (IgG)-treated samples
Molecular Therapy Vol. 30 No 9 September 2022 2895
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Figure 4. The influx of CD11b+Ly6CHi monocytes/macrophages during wound healing under normal and diabetic conditions

During normal wound healing, monocyte-derived Ly6CHi macrophages are present within 48 h of injury and rapidly transition to Ly6CLo macrophages, releasing pro-healing

mediators at the wound site. In diabetic wounds, transition of Ly6CHi to Ly6CLo macrophages is delayed, leading to a second influx of Ly6CHi monocyte/macrophages during

the reparative phase. Created with BioRender.

www.moleculartherapy.org

Review
(Figure S1B, ii and iii). Similarly, local administration of a blocking
antibody against IL-17 on days 0, 1, and 2 upon wounding inhibited
M1-like macrophage activity and significantly accelerated wound
closure compared with the untreated group during 10 days of moni-
toring of diabetic mice.78

It has also been shown that overactivation of the Nod-like receptor
protein 3 (NLRP3) inflammasome pathway in macrophages con-
tributes to development of diabetic complications,79 including de-
layed diabetic wound healing and severe cardiac dysfunction.80,81

Therefore, inhibition of the NLRP3 inflammasome pathway was
explored by local application of calcitriol (1,25-dihydroxyvitamin
D3), which was proven to promote diabetic skin wound healing.82,83

A later study indicated that topical application of calcitriol promotes
corneal wound healing and reinnervation in diabetic mice by inhib-
iting activation of the NLRP3 inflammasome.84 These data suggest
that use of specific molecules that can inhibit the activity or effects
of the pro-inflammatory M1 phenotype could be a rational
2896 Molecular Therapy Vol. 30 No 9 September 2022
approach to reduce excessive inflammation and expedite wound
healing.

As explained earlier, infiltrating blood monocyte-derived M1 macro-
phages (Ly6CHi) are critical for the initial inflammatory phase and,
under normal wound conditions, switch to Ly6CLo M2 cells. It was
shown that, in diabetic wounds, not only is the Ly6CHi-to-Ly6CLo

phenotype transition is delayed, but there is also a second influx of
Ly6CHi monocytes/macrophages during the reparative phase that re-
sults in significantly higher numbers of M1 inflammatory macro-
phages and elevated levels of pro-inflammatory factors (Figure 4).60

It was also found that the second wave of Ly6CHi cells in diabetic
wounds corresponded to a spike in MCP-1 (monocyte chemoattrac-
tant protein-1). Intraperitoneal injection of anti-MCP-1 to block the
second influx of Ly6CHi monocyte/macrophages in diabetic mice 24 h
before the observed second wave of Ly6CHi monocyte/macrophages
resulted in a significant improvement in wound healing compared
with normal rabbit-serum-injected controls.60 This study suggests
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Figure 5. MSC-educated M2 macrophages

Prostaglandin E-2 (PGE-2), secreted fromMSCs, can bind to EP4 receptors on M1macrophages at the wound site and repolarize them to pro-healing M2 macrophages via

two independent pathways: (1) the phosphatidylinositol 3-kinase (PI3K) pathway, which inhibits TNF-a and IL-12, and (2) the cyclic adenosine monophosphate (cAMP)

pathway, which leads to activation of transcription of genes associated with the M2 macrophage phenotype. Created with BioRender.
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that time-dependent inhibition ofM1macrophage accumulationmay
be a novel therapeutic strategy for impaired diabetic wound healing.

M2-promoting strategies

Besides inhibiting the consequences of M1 macrophage activity, it is
also possible to induce a shift toward the M2 phenotype by adminis-
tration of M2-promoting cells or effector molecules to enhance tissue
repair. This approach is discussed next.

MSC-educated M2 macrophages. M2-promoting effector mole-
cules can be secreted by other cell types that act as “M2 educators.”
Evidence has shown that mesenchymal stromal cells (MSCs), fibro-
blast-like cells originally isolated from bonemarrow (BM), can secrete
many growth factors with powerful modulating effects on macro-
phages with a direct effect on wound healing.85 One in vitro study
showed that, when cocultured with MSCs, macrophages acquired
anti-inflammatory M2-like characteristics (low production of pro-in-
flammatory cytokines, such as IL-12 and TNF-a, and high production
of pro-healing cytokines, such as IL-10).86 It was found that MSCs
secrete an important regulator, prostaglandin E-2 (PGE-2),87,88 which
is able to bind to the EP4 receptor on M1 macrophages and activate
two independent pathways: (1) the phosphatidylinositol 3-kinase
(PI3K) pathway, which inhibits pro-inflammatory cytokines such as
TNF-a and IL12, and (2) the cyclic adenosine monophosphate
(cAMP) pathway, which leads to transcription of genes that can
induce up-regulation of M2-like markers (Figure 5).89 These results
were confirmed in vivo in a cutaneous wound model, showing that
MSCs injected systemically into mice 1 day after full-thickness skin
excision could concentrate at the wound site and promote the shift
of M1 toward M2, resulting in better wound healing.90

Induction of M2 macrophages by the administration of drugs. ILs are
a first example of therapeutic molecules that can be used to repolarize
M1 macrophages into M2. For example, administration of IL-33, a
member of the IL-1 family that potently drives production of T helper
2-associated cytokines, has shown beneficial effects in treatment of
liver ischemia91 and atherosclerosis.92 It has been shown that intra-
peritoneal injection of murine recombinant IL-33 into mice subjected
to incisional skin wounds once a day from day 0–3 can shift macro-
phages fromM1 to M2, leading to accelerated collagen accumulation,
wound re-epithelialization, and wound healing.93

IL-25, an IL-17 cytokine family member, has been shown to have an
inhibitory effect on diabetic wounds, inhibiting the inflammatory
Molecular Therapy Vol. 30 No 9 September 2022 2897

http://BioRender.com
http://www.moleculartherapy.org


www.moleculartherapy.org

Review
response and promoting tissue remodeling.94 It has been reported
that local intracutaneous injection of IL-25 into a full-thickness
wound of diabetic mice can promote polarization of wound
macrophages to M2 through the PI3K/Akt (Ak strain
transforming) and mammalian target of rapamycin (mTOR)
signaling pathways with a subsequent release of pro-healing cytokines
at the wound site. The study showed that M2-polarized macrophages
can accelerate the proliferation and migration behavior of fibroblasts
in a paracrine manner.95

Another example of drug molecules used for macrophage repolariza-
tion are ROS-scavenging compounds. It has been shown that ROS
production in the wound is usually associated with activation of
M1 rather than M2 macrophages.96 Therefore, administration of
ROS-scavenging compounds, like natural or chemical antioxidants,
at the wound site can promote wound closure by repolarizing macro-
phages to the M2 phenotype.97 In another study, a type of ROS-scav-
enging hydrogel was developed, consisting of polyvinyl alcohol
(PVA) cross-linked by a ROS-responsive linker.98 The hydrogel acted
as an effective ROS scavenger, promoting wound closure by
decreasing ROS levels and up-regulating M2-phenotype
macrophages.98

A final example of M2 promoting drug molecules are the natural ag-
onists (e.g., omega-3 fatty acids) or synthetic agonists (e.g., clofibrate,
fenofibrate, and bezafibrate) of the peroxisome proliferator-activated
receptors (PPARs), consisting of three different isotypes: PPAR-a,
PPAR-d (PPAR-b), and PPAR-g. They are interesting tools for phar-
macological intervention to treat inflammatory conditions. PPAR-g
is a member of the superfamily of nuclear receptors,99 and it functions
as a ligand-activated transcription factor with pleiotropic effects on
inflammation.100 A study clarified the relationship between PPAR-
g activation and innate immune cells, such as macrophages.101 The
study suggested that macrophages are one of the main cellular targets
for PPAR-g activation and that its anti-inflammatory features are
related to macrophage M2 polarization, reducing inflammation and
promoting a return to homeostasis.101 Previous work has shown
that activated M2 macrophages express significant PPAR-g levels102

and that reducing its levels could result in overactivation of the im-
mune system and elevated inflammatory responses.103 Figure S2A
shows delayed wound closing in PPARg knockout (KO)mice in com-
parison with control wild-type (WT) mice during 12 days of moni-
toring after wounding.104 Local administration of PPAR agonists
reduced the oxidative wound microenvironment105 and promoted a
healing-associated macrophage phenotype, leading to improved
wound healing.106,107 Other studies support PPARb/d as a valuable
pharmacologic wound healing target in macrophages. Figures S2B–
S2F show the results of topical application of the polymer-encapsu-
lated PPARb/d agonist GW501516 (GW) to full-thickness excisional
splint wounds on the dorsal skin of diabetic mice.105 Providing an
earlier and sustained dose of GW to the wound by encapsulating
GW in core-shell poly(L-lactide) and poly(D,L-lactide-co-glycolide)
(PLLA:PLGA:GW) microparticles significantly reduced ROS levels
close to those of WT wounds, whereas ROS levels were significantly
2898 Molecular Therapy Vol. 30 No 9 September 2022
higher in the control group treated with microparticles without
encapsulated GW (PLLA:PLGA:veh [vehicle]) (Figure S2B). Treat-
ment with PLLA:PLGA:GW accelerated diabetic wound closure
(closed within 7 days) (Figures S2C and S2D), with longer and thicker
wound epithelium formation (Figures S2E and S2F), suggesting that it
is an appealing strategy for down-regulating inflammation and
improving healing of chronic wounds.

Manipulation of macrophage phenotype

Analysis of the differential gene expression of M1 and M2 macro-
phages yielded a list of genes with mRNA levels differing greatly
between both phenotypes.108 A summary of molecular pathways
involved in M1 and M2 macrophages is depicted in Figure 6. Of
particular interest is the PI3K/AKT pathway, which mediates an
inflammatory M1 type signal through tuberous sclerosis complex
(TSC)/mTOR (tuberous sclerosis/mTOR) mediators.109 Another
frequent signaling pathway involved in the M1 phenotype is
NOTCH1.110 In response to inflammatory cues such as LPS, IFN-g,
or IL-1b, macrophages increase expression of NOTCH receptors
that promotes M1 gene expression via complexation of intracellular
domain (ICD) and recombination signal binding protein for immu-
noglobulin kappa J region (RBP-J) complex and recruitment of the
mastermind-like (MAML) coactivator.111,112 Pathogen recognition
receptors (PRR) such as TLR are another signaling pathway that
promotes inflammatory gene expression in macrophages via Janus-
activated kinase 2 (Jak2) and NF-kB activation.113 It was discovered
that IFN regulatory factors (IRFs) are the intracellular signaling ele-
ments that determine gene transcription of macrophage cells in
response to initial signal sensing by PRRs.114 IRFs are responsible
for mediating PRR signals to chromatin and for finally determining
macrophage phenotype.115 There are nine IRF family members:
IRF1, IRF2, IRF3, IRF4, IRF5, IRF6, IRF7, IRF8/ICSBP (interferon
consensus sequence binding protein), and IRF9.116 Studies so far
have shown that IRF5 and IRF8 are involved in promotion of M1
macrophage activation (M1), whereas IRF4 promotes inflammatory
M2 phenotype activation.116

These identified genes form potential targets for alteration by gene
editing tools. Arguably the most attractive approach to modify
macrophage polarization is to reduce inflammatory gene expression
through RNA interference (RNAi) because multiple genes can be
downregulated simultaneously. Small interfering RNAs (siRNAs)
are a class of short double-stranded RNA molecules (21–25 nt in
length) that induce gene silencing by targeting complementary
mRNA strands for degradation.117 Unlike conventional drugs or
small molecules, which have a limited range of protein targets, siRNA
may be used to interfere with the expression of nearly any gene tran-
script in a specific manner. Despite the fact that siRNAs are capable of
knocking down targets in various diseases, clinical use is hampered by
the need for safe and effective delivery systems.118,119 Naked siRNA
double strands are relatively unstable in blood and serum, being
prone to rapid degradation by endo- and exonucleases. Because of
to its large molecular weight (13 kDa) and polyanionic nature (nega-
tive charges), a naked siRNA double strand does not freely cross the
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cell plasma membrane.120 In this regard, specific formulations, such
as non-viral delivery vectors, can contribute to enhanced siRNA de-
livery to target cells and improve siRNA stability.121 For example,
siRNA silencing of the genes responsible for production of TNF-a
in macrophages was investigated to improve diabetic wound
healing.122–124 Chronic upregulation of TNF-a in DFUs leads to
overproduced MCP-1/CCL2 in fibroblast cells, which helps with
recruitment of additional macrophages to the wound bed and con-
tributes to the positive feedback cycle of inflammation.125It has
been demonstrated that in vitro silencing of TNF-a in macrophages
co-cultured with fibroblasts (using lipidoid nanoparticles [LNPs]
loaded with siTNF-a) leads to downregulation of MCP-1, putting
an end to the paracrine feedback loop between TNF-a and
MCP-1.122 Later, it was shown that in vivo application of siTNF-
a-loaded LNPs to diabetic wounds also reduces TNF-a expression
to a similar level as in normoglycemic mice, reduces the inflammatory
response, and reduces the wound area and healing time.124 In addi-
tion, siRNA silencing of MMP-9 was tried, another secreted factor
that leads to breakdown of the local ECM and delayed wound heal-
ing.126–132 A recent study used a collagen/glycosaminoglycan scaffold
to deliver siMMP-9 in a DFU wound model.132 MMP-9 gene
expression levels in M1 macrophages could be efficiently reduced
by 50% in the siMMP-9-treated group compared with the non-trans-
fected group.132Topical administration of siMMP-9-loaded nanopar-
ticles (NPs) around the wound bed of diabetic rats was investigated,
showing a significant reduction in expression of MMP-9 and
Molecular Therapy Vol. 30 No 9 September 2022 2899
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Table 1. Reported studies on diabetic wound healing with siRNA targeted against mediators like; Keap1,MMP2,MMP9, TNF alpha, GM3s, PHD2, HIF-1, and

IRF5

Target
mRNA Wound Study model Delivery system Results Reference

MMP-2

9-mm full-thickness
skin wound on the
dorsal area of STZ-
induced diabetic mice

d in vitro
d in vivo
Female C57BL/6 mice

MMP-2 siRNA was chemically
tethered to the end of multi-armed
PEG and subsequently clustered to
submicron particles complexed with
linear PEI. MMP-cleavable peptide
was used as a linker between PEG
and siRNA for stimulus-responsive
release of siRNA depending on local
MMP concentration.

d downregulated MMP-2 gene expression
d long-term MMP-2 gene silencing
d Accelerated wound closure

133

MMP-9

10-mm full-thickness
skin wound on the
dorsal area of STZ-induced
diabetic rats

d in vitro
d in vivo
Sprague-Dawley (SD)
rats (6 weeks, male)

siMMP-9 complexed with
Gly-triethylenetetramine
(GT) and then loaded into a
thermosensitive hydrogel dressing

d downregulated MMP-9 gene expression
d biocompatible hydrogel dressing
d long-term release of GT/siMMP-9
for up to 7 days
d enhanced diabetic wound healing

127

10-mm full-thickness
skin wound on the
dorsal area of STZ-
induced diabetic rats

d in vitro
d in vivo
Sprague-Dawley (SD)
rats (5–6 weeks, male)

MMP-9 siRNA loaded in wound dressing
contains hyperbranched cationic
polysaccharide (HCP) derivatives.

d downregulated MMP-9 gene expression
d biocompatible dressing
d enhanced diabetic wound healing

131

10-mm full-thickness
skin wound on the
dorsal area of STZ-
induced diabetic rats

d in vitro
d in vivo
SD rats (male)

MMP-9 siRNA encapsulated in a
dressing containing bacterial
cellulose (BCP)-HCP

d downregulated MMP-9 gene expression
d long-term release of MMP-9 siRNA
d enhanced diabetic wound healing

130

full-thickness skin
wound on the
dorsal area of STZ-
induced diabetic rats

d in vitro
d in vivo
SD rats

Star-branched cationic polymer
b-CD-(D3)7, which consists of
b-cyclodextrin and third-generation
poly(amidoamine) (PAMAM) was
used as a carrier to take MMP-9
siRNA.

d downregulated MMP-9 gene expression
d enhanced diabetic wound healing
d decreased infiltration of inflammatory
cells around the local wound

128

DFU-mimicking
conditions

d in vitro
MMP-9 siRNA loaded in
collagen/glycosaminoglycan (Col/GAG)
scaffolds.

d downregulated MMP-9 gene expression
in fibroblast and macrophage cells

132

Keap1

10-mm full-thickness
skin wound on the
dorsal area of diabetic
mice from
The Jackson Laboratory (Bar
Harbor, ME).

d in vitro
d in vivo
male diabetic Lepr db/db

mice, aged 12 weeks

liposome and protein hybrid
NP delivery system

d downregulated Keap1 gene expression
d increased transfection efficacy Keap1 siRNA
d accelerated diabetic tissue regeneration

134

TNF-a

co-culture model of
fibroblast and
macrophage cells

d in vitro LNPs to deliver TNF-a siRNA

d downregulated TNF-a gene expression
d decreased production of monocyte
chemotactant protein 1 (MCP-1/CCL2)
to inhibit the recruitment of additional
macrophages to the wound site

122

8-mm full-thickness
skin wound on the
right and left flanks

d in vitro
d in vivo
genetically diabetic
BKS.Cg-Dock7m +/+
Lepr db/J mice

siTNF-a-loaded LNPs prepared as a
potential wound treatment to combat
an overzealous immune response and
facilitate wound closure in a diabetic
mouse model

d downregulated TNF-a gene expression
d accelerated diabetic wound healing

124

PHD2

8 mm full-thickness
skin wound on the
dorsal area of STZ-
induced diabetic rats

d in vitro
d in vivo
SD rats

PHD2 siRNA loaded in a porous
poly(thioketal-urethane) scaffold

d downregulated PHD2 gene expression
d accelerated diabetic wound healing
d growth of thicker layer of skin tissue

135

GM3S

6-mm full-thickness
skin wound on the
dorsal area of STZ-
induced diabetic mice

d in vitro
d in vivo
male C57BL/6 mice

GM3S siRNA loaded on gold NPs

d downregulated GM3S gene expression
d accelerated diabetic wound healing
d increased keratinocyte migration and
proliferation

136

(Continued on next page)
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Table 1. Continued

Target
mRNA Wound Study model Delivery system Results Reference

HIF-1 d scratch test d in vitro

HIF-1 siRNA loaded in layer-by-layer
(LBL) self-assembled loaded gold NPs
with poly L-arginine (AuNP@PLA)
in the outer layer

d downregulated HIF-1 gene expression
d upregulated pro-angiogenic pathways
d accelerated wound healing in an in vitro
scratch assay

137

IRF5

d scratch test
simulated
inflammatory
condition

d in vitro
IRF5 siRNA loaded in selenium-based
LBL NCs with polyethyleneimine (PEI)
as the final polymer layer

d downregulated IRF5 gene expression.
d decreased expression level of
pro-inflammatory NOS-2 and
TNF-a mRNA
d increased expression
level of the
healing mediator Arg-1
d accelerated wound healing
in an in vitro scratch assay

138

siRNA, small interfering RNA; STZ, streptozotocin or streptozocin; MMP, matrix metalloproteinase; PEG, polyethylene glycol; Keap1, kelch-like ECH-associated protein 1; TNF-a,
tumor necrosis factor alpha; MCP-1, monocyte chemoattractant protein 1; CCL2, chemokine (C-C motif) ligand 2; PHD2, prolyl hydroxylase domain protein 2; GM3S, ganglioside-
monosialic acid 3 synthase; HIF-1, hypoxia-inducible factor 1; IRF5, interferon regulatory factor 5.
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improved wound healing.126,128 However, because repeated
injections were required to sustain long-term silencing of MMP-9,
in a follow-up study, siMMP-9 was loaded in a wound dressing for
sustained siRNA release.130 A hybrid hydrogel dressing was devel-
oped for localized prolonged delivery of siMMP-9, achieving 65%
release over 7 days.127 A summary of the main studies of diabetic
wound healing by siRNA silencing can be found in Table 1, from
which it is apparent that NPs and scaffolds have mostly been used
as delivery systems.

Recently, efforts to establish a more complete picture of the signaling
pathways that define the final macrophage phenotype have uncovered
the importance of the transcriptional regulator IRF5, which appears
to have a central role in M1/M2 macrophage polarization.139

Abnormal levels of IRF5 have been linked to several inflammatory
diseases, such as rheumatoid arthritis, inflammatory bowel disease,
and systemic lupus erythematosus.140–142 This is because IRF5 is a
transcription factor that can bind to the regulatory regions of inflam-
matory genes to modulate their expression and, therefore, regulate
macrophage polarization. Krausgruber et al.139 were the first to sug-
gest that activation of IRF5 drives M1 macrophage polarization in
such a way that IRF5 induces expression of 20 M1-specific genes
and inhibits 19 M2-specific genes encoding cytokines, chemokines,
costimulatory molecules, and surface receptors. This study indicated
that IRF5 was indeed a major factor in defining macrophage polariza-
tion.139 These insights led to exploration of RNAi silencing of IRF5 in
macrophages as a therapeutic strategy to promote resolution of
inflammation and improving healing after myocardial infarction.143

siRNA targeting IRF5 (siIRF5) was formulated in LNPs and injected
intravenously into atherosclerotic mice with myocardial infarction.
The mice were injected daily for 4 days with 0.5 mg/kg siIRF5 or con-
trol siRNA (siCON). Treatment with siIRF5 resulted in efficient
knockdown of IRF5 expression in macrophages and a subsequent
decrease in expression of proinflammatory M1 markers, including
TNF-a and IL-1b, without reducing M2 gene expression. Investiga-
tion of tissue biomarkers for infarct healing 7 days after myocardial
infarction revealed a reduction in the number of neutrophils and
macrophages, whereas neovascularization, the number of fibroblasts,
and collagen deposition did not decline inmice treated with siIRF5.143

There are also reports demonstrating that increasing M2 macro-
phages through IRF siRNA treatment attenuates neural injury and
neuropathic pain after spinal cord injury (SCI).144–146

The effect of IRF5 silencing on skin wound healing was first
demonstrated in excisional skin wounds.143 Four days after creation
of full-thickness skin wounds (6 mm in diameter), C57BL/6 mice
intravenously received siIRF5 encapsulated in LNPs. The results
indicated that injection of siIRF5 LNPs reduced IRF5 gene expression
in macrophages isolated from the skin wounds in comparison with
siCON. Wound closure was accelerated with decreased monocyte
and neutrophil content accompanied by overall lower protease
activity (Figures S3A–S3D). In addition, mRNA levels of TNF-a,
IL-1b, and IL-6, of pro-inflammatory genes had decreased (Fig-
ure S3E). Another study found similar results in diabetic wounds,
with a transition to the M2 phenotype after siIRF5 treatment. Thus,
as expected, these changes in macrophage polarization were accom-
panied by increased expression of anti-inflammatory (CD206,
CD163, IL-4, and IL-10) and reduced expression of inflammatory
(CD11c, IL-1b, and TNF-a) markers.147

Recently, we explored M1-to-M2 macrophage repolarization using
siIRF5 loaded in polyethyleneimine (PEI) layer-by-layer (LBL)
nanocomplexes (NCs) (Figure 7A).138 Reprogramming of M1macro-
phages to the M2 phenotype was confirmed by a shift in CD206 (M2)
and CD86 (M1) expression with a decrease in the M1 macrophage
population to 3%, whereas the percentage of M2 cells increased
from 1% to 54% after treatment (Figure 7B), consistent with the
work performed by other groups showing that IRF5 ablation inhibits
M1 macrophage polarization and suppresses progression of inflam-
mation.139,148,149 We demonstrated that the shift from the M1 to
Molecular Therapy Vol. 30 No 9 September 2022 2901
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M2 phenotype accelerated wound healing in an in vitro scratch assay
on fibroblast cells that were incubated with conditioned cell medium
isolated from transfected macrophages (CD206+) (Figure 7C).138

In a recent study,150 siIRF5 was encapsulated in fusogenic porous
silicon NPs functionalized with the activated macrophage-targeting
peptide CRV (F-siIRF5-CRV). It showed that effective depletion of
the IRF5 gene in M1 macrophages (Figure S4A) could improve the
therapeutic outcome of infected mice regardless of the bacterial strain
and type. Mice with a methicillin-resistant Staphylococcus aureus
(MRSA) muscle infection were used as a model for deep skin wound
injuries. Although all treated groups had large abscess formations
(purple) within the muscle tissue (pink), treatment with F-siIRF5-
CRV resulted in only light and mild abscess formation on the right
side of the tissue (Figure S4B). The majority of the section maintained
a pink fibrous structure similar to that seen in the healthy control. The
number of colony-forming units (CFUs) in the F-siIRF5-CRV treat-
ment group was not statistically different from healthy controls (Fig-
ure S4C). The outcome of this study demonstrated that effective
depletion of the IRF5 gene helped the immune system to focus on
clearing of bacteria and minimizing auto-immune damage caused
by excessive inflammation from M1 macrophages, improving the
therapeutic outcome.150,151 The versatility of this approach was also
demonstrated using mice with antibiotic-resistant Gram-positive
(MRSA) and Gram-negative (Pseudomonas aeruginosa) skin/muscle
infections, both of which are major contributors to the morbidity
and mortality of hospital-acquired infection after wounding.152,153

Delivery of ex-vivo-activated macrophages

Ex-vivo-activated macrophages as a cell therapy for treatment of can-
cers has been investigated extensively since the 1980s.154 Isaiah Fidler
is considered the founder of this approach because of his discovery of
the anti-tumor effect of administration of ex-vivo-stimulated macro-
phages in a lung cancer mouse model,155,156 which he later expanded
to non-cancerous applications.157 For example, one study that
focused on local injection of polarized macrophages (M1) reported
that, after administration, the cells promoted reperfusion recovery af-
ter femoral artery ligation in a mouse model because exogenous M1
macrophages decreased fibrosis and enhanced regeneration in lacer-
ated muscles.158

It has been demonstrated in animal models that administration of
ex-vivo-activated macrophages has anti-inflammatory functions
and protect against Adriamycin-induced nephropathy in a murine
model of chronic kidney injury.159 In the case of bone regeneration,
Figure 7. Enforced M1-to-M2 macrophage repolarization using siIRF5-loaded

(A) i: M1macrophage treated by IRF5 siRNA loaded in PEI LBL (NCs. ii: reprogramming in

macrophage phenotype change from the M1 to the M2 phenotype leads to faster wo

showing the CD206+ (M2 marker) and CD86+ (M1 marker) populations in LPS-activated

(control) siRNA. (C) For the in vitro wound healing assay, the proliferation of NIH-3T3 fibr

cell culture medium (C-CCM) containing secreted factors frommacrophage cells (RAW 2

Ctrl siRNA. Transmission microscopy images showNIH 3T3cells before (0 h) and 24 h aft

RAW 264.7 cells treated with PEI LBL NCs loaded with IRF5 siRNA or Ctrl siRNA, NTC
it has also been shown that local injection of in-vitro-activated mac-
rophages can improve vascularization and healing in bone-related
injury160 and, in particular, that a combination of BM mononuclear
cells (MNCs) and basic fibroblast growth factor (bFGF) gelatin hy-
drogel enhanced neovascularization and osteoinductive ability, re-
sulting in bone regeneration. Delivery of activated M1 macrophages
has also been reported for tissue healing applications. For example,
it has been shown previously that administration of macrophages
activated by hypo-osmotic shock promoted healing of pressure
ulcers,154 and positive effects were also reported for accelerated
vascularization, tissue repair, and cardiac remodeling early after
myocardial infarction.161 The activated macrophages showed
enhanced phagocytosis and augmented secretion of cytokines such
as IL-1 and IL-6.162

A study has indicated that administration of autologous macrophages
activated by TNF-a and IFN-g (M1 phenotype) on day 1 after injury
(non-chronic wound) can promote wound healing and normalize the
defect in Vegf regulation associated with diabetes-induced skin repair
disorders.163 On the other hand, administration of ex-vivo-activated
murine macrophages to M2-like phenotypes with IL-4 or IL-10
during the early inflammatory phase after wounding resulted in
impaired skin healing and delayed re-epithelialization in a diabetic
mouse model, pointing out the importance of the delicate balance
in macrophage phenotypes that should be present in the different
phases of the wound healing process.164

There are clear indications that delivery of activated M1 macro-
phages during the early inflammation phase allows positive
therapeutic outcomes for tissue regeneration under normal condi-
tions (non-chronic wounds). However, topical administration of
ex-vivo-activated macrophages (M1 or M2) for treatment of mice
with long-term dermal wounds (chronic wounds) is associated
with increased wound inflammation.165 This effect was tackled
in a study that evaluated the influence of two murine macrophage
subtypes on progression of chronic dermal wound healing. Macro-
phages were differentiated from embryonic stem cell-derived
macrophages (ESDMs) and analyzed for their ability to function
as non-inflammatory M2-like macrophages. ESDMs were
compared with BM-derived macrophages (BMDM), which repre-
sented a more pro-inflammatory M1 macrophage subtype. The re-
sults of this study showed that ESDM- and BMDM-treated
wounds displayed prolonged inflammation after administration
instead of accelerating wound healing.165 These results are also
in line with the delayed wound closure observed in the genetically
polyethyleneimine (PEI) layer-by-layer (LBL) nanocomplexes (NCs)

to a pro-healing phenotype by successful release of IRF5 siRNA in the cytoplasm. iii:

und healing in an in vitro scratch assay. (B) Representative flow cytometry results

RAW 264.7 cells after treatment with PEI LBL NCs loaded with IFR5 siRNA or Ctrl

oblasts was monitored by transmission microscopy after treatment with conditioned

64.7) stimulated with LPS and treated with PEI LBL NCs loaded with IRF5-siRNA or

er treatment with C-CCM from LPS-stimulated RAW264.7 cells and LPS-stimulated

, non-treated control. Adapted from Sharifiaghdam et al.138
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diabetic mice, which was attributed to prolonged persistence of
neutrophils and macrophages during the late phase of repair.166

Research and exploration with careful strategies that induce on-de-
mand transitions of the local population of macrophage in the wound
to generate the desired macrophage phenotype (less-inflammatory,
pro-healing profile) could be more promising therapeutic approaches
than administration of polarized macrophages, which can induce
drastic perturbations in the wound microenvironment.
CONCLUSIONS AND OUTLOOK
Macrophages play a decisive role in the skin wound healing process.
They do so through their plasticity, which allows them to shift their
phenotype and, thus, their role according to environmental cues dur-
ing the various stages of the healing process. Dysregulation of macro-
phage function in any of the wound healing steps, such as a reduced
ability to switch from the inflammation-relatedM1 to the pro-healing
M2 phenotype, leads to a delay in wound closure. This can even lead
to severe consequences; for instance, in the case of DFUs with
increased risk of amputation. A gradual better understanding of the
factors that regulate macrophage phenotypes has led to new therapeu-
tic interventions attempting to normalize macrophage responses in
chronic inflamed wounds. In this review, macrophage-based thera-
peutic strategies were divided into two main categories:

1 pharmacological approaches to influence macrophages directly at
the wound site.

2 transplantation of ex-vivo-activated macrophages.

Regarding the latter, transplantation of ex-vivo-activated M1 macro-
phages directly into wounds has been highlighted for acceleration of
wound healing under normal conditions, but in the context of dia-
betic wounds, administration of polarized macrophages can induce
drastic perturbations in the wound microenvironment and delay
wound closure. The functional stability of transferred macrophages
in vivo it is not guaranteed, and it has been reported that their pheno-
type can change after administration.167 Therefore, although it is an
intriguing new treatment modality, more in-depth studies of trans-
ferred macrophages over time are needed to better assess the feasi-
bility of this approach.

Use of therapeutic molecules that can interfere with macrophage
functionality directly at the wound site has certainly progressed.
These molecules inhibit the activity of inflammatory M1-like macro-
phages and their effects or promote their transition to the M2 pheno-
type. Although administration of drug molecules leads to a reduction
in inflammation and pro-healing wound conditions, their effect on
the macrophage cell is not specific and could influence cells other
than macrophages.168 Recent advances in the field of macrophage-
based therapy at the wound site have shown that genetically
manipulating macrophage phenotype by siRNA delivery allows pre-
cise control of key mediators inducing switches in the phenotype of
macrophages in a highly sequence-specific manner. Genetic modifi-
cation of macrophages is challenging, particularly under chronic
2904 Molecular Therapy Vol. 30 No 9 September 2022
wound conditions like diabetic wounds, but the advent of siRNA de-
livery by novel nanotechnology-based strategies provides a solution
for these delivery obstacles. Despite the increasing volume of studies
that support this strategy and the demonstrated improvements in
chronic wounds, clinical translation of the research performed so
far will require development of wound dressings that allow sustained
release and delivery of siRNA that have so far been successful in guid-
ing wound macrophages to the pre -healing phenotype, increasing
healing mediators and growth factors in addition to preventing and
treating any infection that might occur in the wound.
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Figure S1. Inhibition of effects induced by inflammatory M1-like macrophages in the wound bed. (a) Accelerated 
wound healing by neutralization of tumor necrosis factor alpha (TNFα) in an SLPI null mice model, lacking anti-
inflammatory and anti-proteolytic activity. i) Single administration of Anti-TNFα antibodies (10µg/mL) at the time of 
wounding significantly reduces cross-sectional wound areas compared to control (PBS treated) wounds at day 3 
post-wounding. Data represent mean values and error bars the SEM. *p < 0.05. n = 6. null: secretory leukocyte 
protease inhibitor null mouse, WT: Wild-type. ii) The macroscopic images show accelerated healing after TNFα 
antibody treatment (Anti-TNFα) compared to control (PBS). iii) Masson’s trichrome staining at day 3 post-wounding 
illustrates a marked reduction of wound size after treatment with anti-TNFα antibodies (10 µg/mL) compared to the 
PBS treated group. Arrows demarcate wound margins. Scale bar = 300 µm. Adopted from Ashcroft, G. S. et al.1 
Copyright (2011), with permission from Wiley. (b) Accelerated wound healing by Interleukin-1 beta (IL-1β) 
neutralization in diabetic mice. i) Accelerated re-epithelialization and granulation tissue formation is observed in the 
group treated by IL-1β antibody (IL1ab) in comparison to IgG-treated mice. Scale bar = 0.5 mm. Arrows indicate the 
ends of migrating epithelial tongues. gt, granulation tissue; mm, deep muscle. ii) Quantification of re-epithelization 
and iii) granulation tissue thickness of wounds in nondiabetic mice (db/+), untreated diabetic mice (db/db), IgG-
treated diabetic mice (IgG), and IL1ab-treated diabetic mice (IL1ab), on day 10 postinjury. Adopted from Mirza, R. E. 
et al.2 



Figure S2. Diabetic wound  interventions by application of peroxisome proliferator-activated receptors (PPARs) 
agonist. (a) Representative macroscopic images and statistical analysis of delayed wound healing in PPARγ-knock 
out (KO) mice versus PPARγ-wild type (WT) mice. Adapted from Chen, H. et al.3 (b) Relative ROS levels of wounds 
treated with PPARβ/δ agonist GW501516 (GW) encapsulated in core-shell of Poly(L-lactide) and poly(D,L-lactide–co-
glycolide) (PLLA:PLGA:GW) microparticles, and vehicle control microparticles without encapsulated GW 
(PLLA:PLGA:veh). (c) Representative macroscopic images (left) and H&E (right) sections of diabetic wounds (day 7) 
treated with PLLA:PLGA:veh, PLLA:PLGA:GW, PLLA:veh, PLLA:GW and PLGA:veh, PLGA:GW. Ruler units are in mm 
and red arrows show the epithelial wound edge. (d) statistical analysis of wound surface area expressed as 
percentage of the initial (day 0) wound size. Wound epithelial tongue length (e) and epithelial area (f) determined 
by histomorphometric analyses of wound biopsies treated with PLLA:PLGA:veh, PLLA:PLGA:GW, PLLA:veh, PLLA:GW 
and PLGA:veh, PLGA:GW at day 7 post-wounding. Data shown are mean values ± SD, P values are based on 



comparisons between PLLA:PLGA:GW treatment and control PLLA:PLGA:veh. Reprinted from Wang, X. et al.4 
Copyright (2015), with permission from Elsevier. 
 

 

 

Figure S3. The effect of IRF5 silencing in skin wound healing. (a) IRF5 silencing in monocytes/macrophages isolated 
from excisional wounds of mice injected 4 days after wounding with siIRF5 or siCON (0.5 mg/kg) (n = 9 per 
group). (b) Wounds were imaged, and the open wound areas were measured daily in mice injected with siIRF5 and 
siCON (n = 7 to 8 per group). (c) Flowcytometry graph and analysis of wound leukocyte content on day 4 (n = 5 per 
group). (d) Wound protease activity on day 4, in mice treated i.v. with siIRF5 or siCON (0.5 mg/kg) by fluorescence 
molecular tomography–computed tomography (FMT-CT) and FRI (fluorescence reflectance imaging)  (n = 8 per 
group) (e) Expression level of M1 and M2 mRNA in wound macrophages on day 4 (n = 10 to 12 per group). ∗p < 0.05. 
∗∗p < 0.01. ∗∗∗p < 0.001. Reprinted from ourties, G. et al.5 Copyright (2014), with permission from Elsevier. 
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Figure S4. In vivo therapeutic efficacy of siIRF5 in MRSA muscle infection. (a) Schematic figure depicting the CRV 
peptide-targeted, fusogenic porous silicon nanoparticles (F-pSiNPs-CRV) for delivering and silencing the IRF5 gene 
in macrophages. (b) Stained infected muscle tissues (H&E and Gram) 7 days after treatment with different groups 
including: PBS, vancomycin, non-fusogenic, targeted pSiNPs containing siIRF5 (NF-siIRF5-CRV), fusogenic, CRV-
targeted pSiNPs containing siRNA against luciferase, as a negative control for siIRF5 (F-siLuc-CRV), and fusogenic, 
CRV-targeted pSiNPs containing siIRF5 (F-siIRF5-CRV); scale bar represents 1 mm (top row) and 100 mm (bottom 
row); (c) Bacterial titer counts (CFU per mass of tissue) at days 3, 7, and 14 post-intravenous injection in healthy and 
methicillin-resistant Staphylococcus aureus (MRSA)-infected mice. Mice were infected on day 0 and injections were 
given on day 1. Bars indicate standard deviation with n = 6. N.S. represents no significance and ***represents p < 
0.01 relative to the PBS group from one-way ANOVA with Tukey’s HSD post hoc analyses. Reproduced from Ref.6, 
with permission from the Royal Society of Chemistry.  
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