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Abstract: Delayed healing of traumatic wounds often stems from a dysregulated immune response
initiated or exacerbated by existing comorbidities, multiple tissue injury or wound contamination.
Over decades, approaches towards alleviating wound inflammation have been centered on interven-
tions capable of a collective dampening of various inflammatory factors and/or cells. However, a
progressive understanding of immune physiology has rendered deeper knowledge on the dynamic
interplay of secreted factors and effector cells following an acute injury. There is a wide body of
literature, both in vitro and in vivo, abstracted on the immunomodulatory approaches to control in-
flammation. Recently, targeted modulation of the immune response via biotechnological approaches
and biomaterials has gained attention as a means to restore the pro-healing phenotype and promote
tissue regeneration. In order to fully realize the potential of these approaches in traumatic wounds, a
critical and nuanced understanding of the relationships between immune dysregulation and healing
outcomes is needed. This review provides an insight on paradigm shift towards interventional
approaches to control exacerbated immune response following a traumatic injury from an agonistic to
a targeted path. We address such a need by (1) providing a targeted discussion of the wound healing
processes to assist in the identification of novel therapeutic targets and (2) highlighting emerging
technologies and interventions that utilize an immunoengineering-based approach. In addition, we
have underscored the importance of immune engineering as an emerging tool to provide precision
medicine as an option to modulate acute immune response following a traumatic injury. Finally, an
overview is provided on how an intervention can follow through a successful clinical application and
regulatory pathway following laboratory and animal model evaluation.

Keywords: injury; wounds; trauma; inflammation; bioengineering; immunoengineering

1. Introduction

Open wound injuries are common in trauma patients. The skin relies on its natural
defense mechanisms to regulate healing of minor injuries such as scrapes, cuts, insect bites
and ulcers [1]. However, in traumatic extremity injuries, particularly those involving man-
gled skeletal musculature, healing can be severely impaired and requires highly effective
treatment regimens [2]. Deep open wounds are remarkably complex as a result of several
often aberrant healing cascades operating concurrently, hindering each process’ ability to
function normally [3]. During the early hours post injury, several inflammatory cascades,
clotting factors and immune cells are activated and directed to restore homeostasis and
proper tissue/organ function [4–6]. In a normal healing scenario, these inflammatory
cascades are regulated, allowing the ensuing regenerative cascades to proceed towards
full recovery. However, in the case of delayed or impaired wound healing, the sequence
of inflammatory and regenerative cascades are dysregulated, thereby skewing hemostasis
and disrupting the local and systemic immune cells’ phenotype along with their functional
states [5]. Such events alter the time course of the normal wound healing process, making it
challenging to determine effective wound healing technologies such as effective biomaterial
application and immunomodulatory molecule delivery.
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Successful wound healing requires the coordinated activities of multiple cell types that
constitute the inflammatory and regenerative response following tissue injury. While mes-
enchymal stem cells (MSCs), endothelial cells, keratinocytes and fibroblasts have a central
role in the regenerative phase, immune cells such as neutrophils, monocytes, macrophages,
mast cells, T and B lymphocytes, myeloid-derived suppressor cells (MDSCs) and dendritic
cells (DCs) respond to inflammatory triggers transmitted from the wound site, become
activated and undergo cell proliferation, differentiation and migration [7,8]. Identifying
cytokines, essential growth factors, matrix components and diverse cellular populations
present at the wound site during normal and impaired healing promotes the development
of promising therapeutic intervention for clinical applications. Principally, the wound
healing process starts immediately after an injury, with a surge of inflammatory cells,
clotting factors and cytokines, responding to external stimuli. There are many approaches
to improving the healing process; however, tuning the inflammatory phase to an appro-
priate response, which is not found in aberrant healing scenarios, will almost certainly
set the stage for optimal regeneration of the injured tissue [9]. This review outlines the
immunological processes occurring during healing of cutaneous wounds following trau-
matic extremity injury and aims to discuss the current immunomodulatory approaches to
regulate inflammation following an acute injury. Further, it enunciates the advancements
in the emerging immune-targeting and immune engineering approaches applied in several
wound healing and regeneration studies.

2. Cutaneous Wound Healing

Wounds are often defined as peripheral or extensive (deeper) disruptions of the
epithelial integrity of the skin, which extends to subcutaneous tissue with damage to un-
derlying structures such as tendons, muscles, vessels, nerves and parenchymal organs [10].
Functional wound healing is a well-orchestrated sequence of overlapping phases, such as
coagulation, inflammation, proliferation and remodeling. Figure 1 illustrates the sequence
of wound healing events following an acute injury.

2.1. Inflammatory Phase

Soon after the injury, platelets and neutrophils infiltrate the injury site and create
contact with exposed collagen and extracellular matrix (ECM) components to form a
fibrin clot. This contact triggers platelets to release tumor necrosis factor α (TNFα) (a
pro-inflammatory cytokine), thromboxane (platelet-activating factor), clotting factors, as
well as platelet-derived growth factor (PDGF) and transforming growth factor-beta (TGF-β)
(essential growth factors) to initiate healing cascades that mark the beginning of hemostasis.
Platelets also release vasoactive amines, such as serotonin, which signals vasodilation
and increases vascular permeability, leading to fluid extravasation and edema. As the
blood components spill into the injury site, platelets release vasodilators and chemo-
attractants and initiate the release of complement anaphylatoxins, most importantly C3a
and C5a [11]. While platelets attract neutrophils and contribute to the local inflammatory
milieu from the initial insult, they are also responsible for laying the groundwork for
healing. Platelets act as promoters in the wound healing cascade to attract and activate
macrophages, endothelial cells and fibroblasts [12]. The platelet derived factors PDGF and
TGF-ß promote chemotaxis of neutrophils, fibroblasts and smooth muscle cells [13], recruits
and activates naïve monocytes and macrophages and maintains an immunological balance
through the inhibition of differentiation and survival of lymphocytes [14].
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Figure 1. Illustration of the cutaneous wound healing process. The three phases of open wound
healing are inflammatory phase: 0–~48 h (yellow area); proliferative phase: 2–10 days (blue area); and
remodeling phase: 10 days–12 months (green area). Overlap of the inflammatory and proliferative
phases (dark blue area) is also referred to the late inflammatory phase. The time scale starts at the
time of injury and extends through 12 months post injury. The upward arrows indicate increased
expression and the downward arrows indicate decreased expression of the molecules. This figure
was created with BioRender.com (accessed in June 2020).

Mast cells, a myeloid granulocyte, have a pivotal role in the regulation of wound
healing and fibrosis [15]. Increased densities of mast cells are observed at the wound site
and they interact with and activate the present fibroblasts [16]. Mast cells release granules
filled with enzymes, histamine and other active amines; these mediators are responsible
for the characteristic signs of inflammation around the wound site [17]. The active amines
released from mast cells induce endothelial permeability, resulting in the extravasation
of mononuclear cells and edema at the site of injury, contributing to the development of
characteristic signs of inflammation. Neutrophils release chemical signals such as cytokines
and growth factors needed to recruit other immune and connective tissue cells to promote
neovascularization [18]. Neutrophils also release significant amounts of soluble factors
such as cathepsin G, lipoxins and enzymes such as collagenase (matrix metalloproteinase-
8/MMPs) responsible for the remodeling of the provisional connective tissue matrix during
the healing process [19]. Cellular release of specialized pro-resolving modifiers such as
lipoxins derived from arachidonic acid and the production of resolvins, mareisins and
protectins from omega-3 fatty acids help drive resolution of inflammation and clearance of
cellular debris [20,21]. Typically, neutrophils will engorge themselves with foreign bacteria
and host cell debris at the wound site until they are filled and constitute “laudable pus”
in the wound [22,23]. The neutrophil extracellular traps (NETs) aid in clearing damage-
associated molecular patterns (DAMPs) as well as necrotic cellular debris [24]. During
uneventful wound healing, neutrophils are cleared from the wound area by β2 integrin
signaling and macrophage phagocytosis [25,26].

Approximately 48 h post-injury (hpi), resident monocytes receive signals to polarize to-
wards a wound macrophage phenotype. Wound macrophages display a unique phenotype
that partly retains functional aspects of the originator monocytes, sharing characteristics
of pro- and anti-inflammatory macrophages [27]. These specialized wound macrophages
are perhaps the essential early pro-inflammatory cells involved in the normal healing
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response [28]. Once activated, these wound macrophages release additional PDGF and
TGF-ß to promote migration of fibroblasts and smooth muscle cells to the wound site [29].
Neutrophils promote circulatory monocyte infiltration [30] by upregulation of monocyte
chemoattractant protein-1 (MCP-1) and help to reprogram M1 macrophages to their M2
phenotype [31]. M1 macrophages are responsible for phagocytosing necrotic and apoptotic
cells (a concept known as efferocytosis) [32], bacteria-filled neutrophils, damaged matrix,
foreign debris and any remaining bacteria from the wound site. Ideally, the presence of M1
macrophages indicates that the inflammatory phase is nearing its end and the proliferative
phase is beginning.

Macrophages, platelets, keratinocytes, lymphocytes and fibroblasts release additional
PDGF, fibroblast growth factor (FGF), TNFα and IL-1 (interleukin-1) induced by TGF-β
signals. TGFβ, FGF and TNFα released by platelets and inflammatory cells play an essential
role in both the initiation of inflammation and regulation of fibroblast activating signals [33].
TGFβ released from macrophages stimulates differentiation of myofibroblasts and increases
the synthesis of matrix proteins such as collagen, proteoglycan and fibronectin. During the
later phase of wound healing, neutrophils assist in recruiting T cells by upregulation of
chemokine ligand 3 (CCL3) [34]. Additionally, circulating T and B lymphocytes infiltrate
into the wound site during the late inflammatory phase and remain there throughout the
healing process in moderate to low numbers [35].

2.2. Proliferative Phase

Once the wound site is debrided, the proliferative phase begins and lasts for approxi-
mately 5 days, depending on the depth of the wound. During this phase, fibroblasts, which
are cells of mesenchymal stem cell (MSC) origin, migrate towards the wound area, deposit
new ECM [36,37] and restore functionality of the injured tissue. Appropriate fibroblast
activity is crucial to initiate tissue injury repair while the collagen laid down by fibroblasts
provides structural integrity as it later becomes crosslinked and organized during scar
formation [38]. Within a few days, fibrin fills in the defect which is characteristic of a scab
formation. At this time epithelial regeneration occurs beneath the scab and is accompanied
by the formation of granulation tissue and angiogenesis (new blood supply).

During the late proliferation phase, several other biological processes that drive ep-
ithelization become activated. The epithelization process is stimulated by the presence
of epidermal growth factor (EGF) and TGFα, which are produced by activated wound
macrophages, platelets and keratinocytes [13]. Upon completion of the initial epithelial
bridge, systemic proteolytic enzymes dissolve the attachment at the base of the scab re-
sulting in its removal. During this phase, the wound site is deprived of oxygen (hypoxia)
and nutrients mainly due to the high enzymatic-metabolic activity of the healing tissue.
The wound microenvironment potentiates angiogenesis, mediated by factors such as low
pH, reduced oxygen tension and increased lactate [39]. Additionally, angiogenesis or neo-
vascularization, is also stimulated by vascular endothelial cell growth factor (VEGF) [40],
FGF [41] and TGFß [42], all secreted by epidermal cells, fibroblasts, macrophages and
vascular endothelial cells. Another important factor released by the vascular endothelial
cells under the influence of hypoxia is hypoxia-inducible factor (HIF), a nuclear transcrip-
tion factor [43], which regulates the expression of VEGF and stimulates angiogenesis.
As new blood vessels enter the wound repair area, normoxia is achieved, and oxygen
binds to HIF and blocks its activity leading to a decreased synthesis of VEGF, creating a
feedback mechanism.

2.3. Remodeling Phase

This phase includes wound contraction and collagen crosslinking, making up the final
steps in wound healing, i.e., remodeling. This process is orchestrated by cytokines and
growth factors released by local and infiltrating cells. TGFβ plays a vital role in the early
stages of remodeling. It inhibits collagen degradation and promotes wound contracture by
inducing the expression of tissue inhibitor metalloprotease (TIMP) [44] and other protease
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inhibitors, limiting the enzymatic activity of proteases that target collagen. For a successful
remodeling phase, secretion of important healing factors such as PDGF and TGFβ must be
dampened so that the activity of these proteases is restored. To accomplish this, elastase,
an enzyme secreted by neutrophils, cleaves PDGF, TGF-β and other cytokines [45]. The
terminal stage of collagen remodeling is usually accompanied by collagen degradation [46].
Collagenases produced by fibroblasts, neutrophils and macrophages are responsible for the
enzymatic degradation of the collagen matrix. Gradual decline in the overall T cells and
increase in CD8+ suppressor T cells and B cells occur during later stages of wound healing.
The rise in CD8+ suppressor T cells has a role in stopping the healing process, which is vital
during wound closure [35].

3. Delayed Cutaneous Wound Healing

In the case of severe traumatic injuries, the stringent processes of inflammation
and resolution can become dysregulated. A delay in the macrophage polarization steps
(i.e., M0→M1→M2) post-injury via therapeutics, stress, disease or trauma will also delay
the healing response [47]. One of the hallmarks of chronic wounds is the upregulation
of anti-apoptotic genes [34] which increases circulating half-life and rolling speed of neu-
trophils (transform from physiologic phenotype to pathologic phenotype) to the injury site
and thus releasing proteolytic enzymes such as neutrophil elastase, whose function is to
destroy growth factors and anti-inflammatory cytokines in the milieu [45]. Additionally,
in their pathologic phase, overactive neutrophils undergo high NETosis and display a
dysfunctional phenotype characterized by increased infiltration, altered cytokine profile
and increased reactive oxygen species (ROS) production, as well as impaired antimicro-
bial defense and phagocytic activity. This persistent presence of neutrophils is one of the
leading factors of delayed resolution of inflammation [48]. The perpetuated inflammatory
state increases leukocyte recruitment to the wound; their presence leads to a greater local
release of ROS [49]. ROS degrade growth factors involved in healing and decrease the
availability of these molecules [50]. The overproduction of ROS causes cellular damage
via the oxidative modification of most biological macromolecules limiting or eliminating
their biological activity [51]. More specifically this interference affects the differentiation
and proliferation of fibroblasts and keratinocytes, cells essential for wound remodeling,
often resulting in apoptosis [52,53]. Similarly, the out-of-control infiltration of neutrophils
results in the lack of appropriate signaling cues for cell–cell interactions and delays the
healing process until the persistent chronic inflammation is regulated. Like the myeloid
populations, the lymphoid populations are also modulated during wound healing [54].
Additionally, the persistent release of DAMPs from necrotic tissue and cytokine synthesis
in the wound site can dysregulate the inflammatory response, thereby causing damage to
the surrounding healthy ECM inhibiting efficient wound healing [55].

Pro-inflammatory cytokines increase matrix metalloproteinase (MMP) and other
protease production, impairing cell proliferation and migration, and consequently de-
creasing the accumulation of ECM components [56–58]. Tissue inhibitors of metallopro-
teinases (TIMPs) are also reduced [59] contributing to protease deregulation in cutaneous
injuries [60,61]. This results in degradation of the important ECM components colla-
gen, elastin and fibronectin, among others. In addition, the imbalance of pro- and anti-
angiogenic factors also inhibits neovascularization and blood flow in the area [62], delaying
the subsequent mechanisms for proliferative and remodeling phases. Fibrosis and chronic
non-healing wounds are grouped under impaired wound healing. Collagen provides
strength, integrity and structure and is needed to repair the wound defect and restore
anatomic structures and functions. Deleterious deposition of collagen in the wound site
leads to fibrosis, reduced remodeling and tissue architecture and loss of function. Fibrosis
is typically characterized by excessive matrix deposition and fibrotic lesions are often
associated with increased densities of mast cells [16]. Conversely, if an insufficient amount
of collagen is deposited, the structural integrity of the wound is compromised and may
lead to dehiscence. Collagen deposition and degradation are controlled by the secretion
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of growth factors such as PDGF and TGFβ from platelets, inflammatory cells and other
vascular epithelial cells (Table 1). A lack of re-epithelialization is an ensuing outcome of
delayed or non-healing wounds. As a consequence of chronic inflammation and reduced
vascularization, keratinocytes from wound edges acquire a hyper-proliferative state due to
the overexpression of the ß-catenin and c-myc pathway [63], ultimately leading to scarring.
Poor migratory potential of keratinocytes is also related to the proteolytic degradation of
growth factors and ECM proteins that are required for migration [64].

Table 1. A compilation of the essential growth factors, their cell source and functions during the
wound healing process.

Growth Factors Cell Source Functions Ref.

Fibroblast growth factor
2 (FGF2)

• Keratinocytes
• Mast cells
• Fibroblasts
• Endothelial cell
• Smooth muscle cells
• Chondrocytes
• Macrophages
• T cells

Chemotactic for fibroblasts;
Mitogenic for fibroblasts and keratinocytes;
Stimulates keratinocyte migration, angiogenesis
wound contraction and matrix production.

[65,66]

Epidermal growth
factor (EGF)

• Platelets
• Activated macrophages
• Fibroblasts

Mitogenic for keratinocytes and fibroblasts;
Stimulates re-epithelialization and granulation
tissue formation.

[65]

Platelet derived growth
factor (PDGF)

• Platelets
• Keratinocytes
• Macrophages
• Endothelial cells
• Fibroblasts

Chemotactic for neutrophils macrophages,
fibroblasts and smooth muscle cells;
Stimulates production of matrix
metalloproteinases, fibronectin and
hyaluronic acid;
Stimulates angiogenesis.

[65,67–70]

Transforming growth factor
β (TGFβ)

• Platelets
• Keratinocytes
• Macrophages
• Lymphocytes
• Fibroblasts

Most important factor in wound healing;
Maintains monocyte chemotaxis, fibroblast
migration and differentiation;
Angiogenesis and fibronectin synthesis;
Regulates increased synthesis of collagen and
extracellular matrix and decreased degradation by
matrix metalloproteinase.

[65,71–74]

Vascular Endothelial growth
factor (VEGF)

• Platelets
• Neutrophils
• Macrophages
• Endothelial cells
• Smooth muscle cells
• Fibroblasts
• Mesenchymal cells

Increases vascular permeability;
Mitogenic for endothelial cells. [65,75,76]

4. Deep Soft Tissue Injuries

Traumatic extremity soft tissue injury may occasionally extend beyond skin involving
underlying muscle layer. In such an event, regeneration of skeletal muscle after traumatic
injury begins with partitioning healthy from damaged and unrecoverable tissue. Damaged
muscle fibers with an intact basal lamina are often salvageable; however, severe crushing
or lacerations resulting in mangled tissue may disrupt the basal lamina enough to induce
necrosis [77]. Subsequent activation of the complement pathway (C3a and C5a) has been
shown to lead to muscle cell lysis as well as activation of chemotactic factors and leukocyte
infiltration [78]. Extravasation into the wound site by these cells leads to the critical step
of phagocytosing cellular debris. Ideally, once the wound is effectively cleared of necrotic
wound debris, revascularization becomes key as insufficient muscle regeneration is often
linked to incomplete or insufficient tissue vascularization. For example, after wound de-
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bridement and graft transplantation for significant muscle trauma it has been found that
the central region of the graft is most likely to fail or become fibrous due to neurovascular
connections being unable to penetrate the depth of the tissue [79]. Neovascularization is
heavily supported by FGF and VEGF, among other pro-regenerative factors [80]. After
creating the vascular groundwork to support nutrient and waste transport, activation of
satellite cells and muscle precursor cells further the regeneration phase. Muscle precur-
sor cells and fibroblasts support the synthesis of ECM components required for muscle
innervation and function, including laminin, collagen and fibronectin [81]. The formation
of these key ECM structural components leads to improved cell motility and proliferation,
supporting the re-growth of healthy skeletal muscle.

In aberrant cases of healing, neutrophils and other inflammatory cells recruited in
excess produce greater levels of MMPs such as MMP-9 which, as previously discussed,
inhibits ECM formation that is critical to myofiber organization and function [82,83]. The
recruited neutrophils also release chemoattractant cytokines, which promote further infil-
tration of monocytes and macrophages. Metabolic imbalances and a pro-inflammatory state
disrupt the balance of M1 and M2 macrophages, subsequently increasing the expression
of fibrosis-promoting growth factors such as epidermal growth factor (EGF), VEGF and
TGFβ [84–86]. TGFβ activates resident fibroblasts and inhibits fibro-adipogenic progeni-
tors (FAPs) apoptosis, as well as induces their later differentiation to a fibrogenic lineage,
leading to excessive ECM deposition and fibrosis. In addition, PDGF receptor-beta positive
(PDGFRβ+) cells, which are mesenchymal pro-fibrotic cells, proliferate and differentiate
to myofibroblasts post-injury via the activation of αv integrins [87,88]. Fibrosis deterio-
rates both structural and functional properties of skeletal muscle and affects muscle fiber
regeneration after injury. In addition, fibrosis increases muscle susceptibility to re-injury.

Apart from myofiber formation, restored skeletal muscle function is dependent on
sufficient vascular and axonal recovery. After injury, activated endothelial cells detach from
their neighboring cells, through disruption of vascular endothelial cadherin junctions [89],
resulting in increased vascular permeability. The endothelial basement membrane is
degraded by proteolytic enzymes such as MMPs, releasing matrix-bound angiogenic factors
that, in turn, stimulate endothelial cell migration and proliferation [90]. Capillary tube
formation, deposition of a new basement membrane and anastomosis lead to blood flow.
An interesting balance between angiogenesis and inflammation has been noted in some
cases. Increased permeability of newly formed [91,92] leading to a prolonged inflammatory
state [93] and delayed skeletal muscle healing [94].

Regardless of the extent of soft tissue injury, inflammation plays a pivotal role in
directing the healing progress. Therefore, resolving inflammation impels considerable
focus to allow positive healing and regeneration of an extremity trauma injury. Further,
this review continues to delineate the established immunotherapies that are currently
used; under investigation and the potential advanced treatment modalities for future
consideration. Most of the existing and currently investigated immunotherapies are applied
to treat a group of targets within the inflammatory milieu and we categorize them as
‘immunomodulatory therapies’. The newer generation of therapeutic approaches aim at
regulating immune response through specific targets or a family of molecules, and hence
are tailored to address specific inflammatory conditions at a precise magnitude, time and
spatial domain. Therefore, the newer generation treatment approaches are categorized as
‘immune engineered therapies’.

5. Current Immunomodulatory Approaches

Regulation of the immune response to a desired level through modulation of immune
response determinant factors has been widely investigated through pharmacological agents
such as glucocorticoids or related agents, non-steroidal drugs, antibodies, cytokines, im-
munoglobulins and cellular therapies (Figure 2) [95,96]. A summary of select immunomod-
ulatory approaches and their applications can be found in Table 2.
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Figure 2. Overview of the current and emerging immunomodulatory (generic) and immune engineer-
ing (targeted) approaches for wound healing. Vascular endothelial growth factor (VEGF); Platelet
derived growth factor (PDGF); Fibroblast growth factor (FGF); Interleukin (IL)-10; Transforming
growth factor β (TGFβ); PGE2; Toll-like receptor 4 (TLR-4); Thromboxane A2 synthase (TXAS); Cy-
clooxygenases 1 and 2 (COX-1 and COX-2); Inducible nitric oxide synthase (iNOS); Reactive oxygen
species (ROS); and Superoxide dismutase (SOD). The red T shaped symbols indicate inhibition or
blocking of that particular molecule/process.

Table 2. Summary of selected immunomodulatory approaches to promote wound healing.

Approach Injury Type Outcomes Limitations Ref.

Pharmacological agents

NSAIDs Debrided combat-related
extremity wounds

• Nonsteroidal anti-inflammatory drug
treated group had significantly decreased
concentrations of inflammatory cytokines,
interleukin-2 (IL-2), interleukin-6 (IL-6),
interleukin-8 (IL-8) and monocyte
chemoattractant protein-1 (MCP-1).

• Patients represented a very
specific cohort of injuries
(blast injury).

• Frequency of debridement
operations may have skewed
some results.

[97]

COX-2 Inhibitor (Celecoxib) Sciatic Nerve Crush

• In comparison with control group, celecoxib
treatment had significant beneficial effects
on sciatic functional index (SFI), with a
significantly better score on day 7.

• Small sample size and large data
variability. [98]

Skeletal muscle
ischemia/reperfusion
(I/R) injury

Inducible nitric oxide
synthase (iNOS)
inhibitor (1400W)

• 1400 W markedly improved the recovery
speed of vessel diameter and blood flow. [99]

Manganese superoxide
dismutase (MnSOD) mimetic
molecule, MnE

Dermal full-thickness
excision injury

• MnE significantly advanced wound closure
by two days.

• MnE regulated antioxidant defense systems.
[100]

Injectable curcumin-loaded
Zn-Al layer double hydroxide
nanocomposites

Intramuscular
implantation

• Curcumin and Curcumin Nano hybrid
revealed good tissue repair in acute and
chronic wounds with good bio-compatibility
and healing activity with collagen formation.

[101]
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Table 2. Cont.

Approach Injury Type Outcomes Limitations Ref.

Biological and synthetic platforms

Modification to surface
topography and
hydrophilicity

In vitro, neutrophil
activation and
macrophage polarization

• Hierarchy of least-to-greatest
pro-inflammatory cytokine secretion: Rough
Hydrophilic surfaces→ Rough surfaces
→ Smooth surfaces

• Hierarchy of least-to-greatest
anti-inflammatory cytokine secretion:
Smooth surfaces→ Rough surfaces
→ Rough Hydrophilic surfaces

• Hierarchy of least- to-greatest inflammatory
cell secreted factors (CXCL-10, MCP-1):
Rough Hydrophilic surfaces→ Rough
surfaces→ Smooth surfaces.

• In vitro work may have
provided a limited example to
determine actual mechanisms of
action compared to
in vivo studies.

[102]

Heparin-immobilized
copolymers of L–lactide (LA)
and 5-methyl-5-benzyloxycar-
bonate-1,3-dioxan-2-one
(MBC) on metal stents

Porcine coronary artery
injury model

• Heparinized copolymers effectively reduced
platelet adhesion and protein adsorption
while increasing the plasma recalcification
time and thromboplastin time in vitro.

• No in-stent thrombosis was
observed in any stenting groups.

• The efficacy of heparinized
copolymers in reducing the rate
of thrombosis was not tested.

[103]

Biologically derived surgical
mesh materials

In situ polarization of
macrophages responding
to implanted
mesh materials

• There was a strong correlation between the
early macrophage response to implanted
materials and the outcome of
tissue remodeling.

• Increased numbers of M2 macrophages and
higher ratios of M2:M1 macrophages within
the site of remodeling at 14 days were
associated with more positive
remodeling outcomes.

• Limited and potentially
non-specific surface markers for
macrophage characterization
were employed.

• No efforts to quantify M1 and
M2 macrophages concurrently.

[104]

Dermal ECM (D-ECM) or
Urinary bladder matrix ECM
(UBM-ECM) coating
polypropylene mesh

In vivo macrophage
polarization following
mesh implantation in a
rodent model

• Uncoated polypropylene mesh elicited a
greater M1 response at the mesh fiber
surface, which was decreased by each ECM
coating type beginning at 7 days.

• Diminished M1 response was accompanied
by a reduction in the number of foreign
body giant cells at 14 and 35 days.

• M1 and M2 macrophages were
identified by single surface
markers, markers of other
macrophage subtypes were not
considered.

[105]

Keratin and Collagen
coatings (films)

In vitro macrophage
polarization

• Exposure of macrophage cell line to keratin
biomaterial substrates prompted a shift
toward M2 phenotype

• Collagen control surfaces produced both M1
and M2 macrophage populations.

[106]

Cell and cytokine therapies

Macrophage polarization

In vitro
model—monocytes
embedded in modified
hydrogel

• Increased number of M2 macrophages.
• M2 macrophages released large

amounts of
pro-inflammatory cytokines.

[107]

Mesenchymal stem
cells (MSCs)

Mouse lethal
radiation injury

• MSC influenced macrophages showed a
distinct gene expression profile that
positively correlated with pathways that
promote tissue repair.

• MSC influenced macrophages enhance
survival of mice experiencing
radiation injuries.

[108]

Human bone maow stromal
cells (BM-SC)

Specialized in vitro
culture for modulating
cell phenotype

• Adipose tissue-derived stromal cell protein
expression phenotype was similar to that of
human bone marrow stromal cells.

• Cells cultured under adipogenic or
osteogenic conditions promoted differential
expression of growth stimuli.

[109]

Cell secretome and extracellular vesicles

Mesenchymal Stem Cells
(MSC) Extracellular
vesicles (EVs)

Bone marrow-derived
macrophage polarization,
Cardiotoxin-induced
skeletal muscle injury

• MSC EVs elicited a significant switch from a
M1 to a M2 macrophage phenotype.

• MSC EVs in vivo contributed to decreased
IL-6 and NOS2 with increased myogenic
markers (Pax7, MyoD and Myhc).

[110]

Amniotic fluid stem
cell-derived
extracellular vesicle

Cardiotoxin induced
tibialis anterior mouse
muscle injury

• Secretomes were capable of promoting cell
proliferation, migration and protection from
senescence in vitro.

• Secretomes promoted muscle regeneration
in vivo.

[111]
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5.1. Pharmacological Agents

Synthetic or semisynthetic drug-based therapies to combat inflammation post-trauma
are often the most practical when considering the logistics of their application. The time
and resource expenditure of cellular-based therapies and protein-based therapies, for ex-
ample, are significantly greater compared to that of pharmacological agents with regards
to synthesis, isolation, storage considerations and cost. The current standard for clini-
cal care is the use of non-steroidal anti-inflammatory drugs (NSAIDs). NSAIDs possess
anti-inflammatory, antipyretic, analgesic and thrombotic properties due to their inhibi-
tion of cyclooxygenases 1 and 2 (COX-1 and COX-2) [112,113]. From an inflammatory
standpoint, COX-1 and -2 initiate the formation of prostaglandins which induce the car-
dinal signals for acute inflammation [114]. Successful use of NSAIDs after traumatic
injury was found in a prospective review of clinical data collected from 73 adult combat
casualties, several of which received NSAIDs post-operatively after surgical wound de-
bridement [97]. The full range of NSAIDs used was not provided; however, the results,
supported by use of similar demographics and wound characteristics, suggested that
patients receiving NSAIDs had significantly decreased concentrations of inflammatory
cytokines IL-2, IL-6, IL-8 and monocyte chemoattractant protein-1 (MCP-1) [97]. On a
cautionary note, aspirin and non-aspirin NSAID use and subsequent inhibition of cy-
clooxygenase blocks the formation of thromboxane A2; the lack of thromboxane-dependent
platelet aggregation may consequently prolong bleeding time. Therefore, extremity trauma
involving hemorrhage may result in deleterious effects stemming from NSAID use, if incor-
porated too early. In addition, specific forms of non-aspirin NSAIDs used at high doses or
over prolonged periods have also displayed a higher incidence of myocardial infarction
and stroke [115,116].

General cyclooxygenase inhibitors are also prevalent within the clinic. COX-2 in-
hibitors are more common than COX-1 inhibitors as they have been found to adversely
affect the gastrointestinal mucosa [117]. COX inhibitors are routinely used post-operatively
to transiently relieve inflammation [118]. Recent studies have supported the use of COX-2
inhibitors not just for their analgesic properties; however, some studies have shown acceler-
ated limb functional recovery, in vivo and post-injury [98]. In the same vein as COX-1 and
COX-2, thromboxane A2 synthase (TXAS) produces arachidonic acid metabolites, specifi-
cally thromboxane A2 (TXA2), with implications in inflammation. TXA2, via its specific
thromboxane prostanoid (TP) receptor, stimulates platelet aggregation and vasoconstriction
after injury, often resulting in portal hypertension and further damage [119]. TXA2 acti-
vates TP to enhance protein kinase C (PKC) which, downstream, negatively affects nitric
oxide production as well as ROS production [120]. Targeting TXAS with inhibitors such as
prostaglandin H2 or Dazmegrel (UK-38,485), combined with TP receptor antagonists have
shown a greater anti-platelet and therefore a greater anti-inflammatory effect than even
some low-dose aspirin therapies [121].

As it pertains to deep tissue trauma, recent studies have delved into countering the ef-
fects of pro-inflammatory oxidizing radicals; ROS and reactive nitrogen species (RNS) being
the two prime examples specifically involved in inflammation stemming from cutaneous
and skeletal muscle injury. Inducible nitric oxide synthase (iNOS), for example, increases
acetylation and activation of p65, p53 and nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-κB) [122], central mediators of pro-inflammatory gene induction and
function for both innate and adaptive immune cells. Downstream, burn injuries induce
robust expression of iNOS in skeletal muscle, subsequently increasing apoptosis in my-
ofibers [123]. As a result, studies have attempted to inhibit the pro-inflammatory effects
of these radicals. Currently, iNOS inhibiting agents such as N-[3-(aminomethyl) benzyl]
acetamidine (1400 W) and heat shock protein 70 (HSP70) have successfully reduced the
impact of iNOS through different suggested mechanisms [99,124,125], showing improve-
ments in cutaneous and muscle injury outcomes [124,126]. A study using a rodent model
of volumetric muscle loss demonstrated that administration of retinoic acid receptor-γ
agonist (RAR-γ), an immunomodulator, adequately improved the neuromuscular function
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of the injured muscle, suggesting the therapeutic potential of RAR-γ for effective muscular
skeletal regeneration [127].

Superoxide therapies are also gaining traction as a potential therapeutic to directly
ameliorate the pro-inflammatory effects of ROS while supporting antioxidant effects. Su-
peroxide dismutase (SOD) specifically catalyzes the conversion of the superoxide anion
free radical (O2−) to hydrogen peroxide (H2O2) and molecular oxygen O2; H2O2 is sub-
sequently reduced to water by the catalase enzyme [128]. H2O2 is an essential indicator
of redox metabolism, with its elevation and decrease being directly associated with the
inflammatory response [129] post-injury. In conjunction with mechanical and physical
modalities of wound healing [100], manganese superoxide dismutase therapy has been
shown to support antioxidant capacity, while reducing pro-inflammatory angiopoietin-2
and increasing pro-regenerative VEGF in a rodent model of traumatic full-thickness cuta-
neous injury [100]. Statins can also inhibit inflammation through their demonstrated ability
to reduce the production of inflammatory markers such as the C-reactive protein or serum
amyloid A [130]. In addition, statins may decrease antigen presentation and T cell activa-
tion by restricting expression of the major histocompatibility complex class II (MHC-II) as
well as reducing the cell-surface expression of other immunoregulatory molecules such
as CD4, CD8, CD28, CD40, CD80 and CD54 [131]. Currently in vitro and in vivo studies
support statins’ ability to impair natural killer cells and T lymphocyte proliferation and
cytotoxicity, possibly through the inhibition of cellular adhesion molecules on leukocytes
and endothelial cells, thus limiting migration to the wound site. Although effective, there
is evidence that rare cases lead statins to induce myotoxicity and/or autoimmune myopa-
thy [132]. To date, several statins have been investigated with some, such as Food and Drug
Administration (FDA)-approved Atorvastatin, resulting in improved wound healing as
well as post-injury graft integration graft integration post-injury [133].

The use of topical insulin to manage wound inflammation is a practice dating back
to the 1970s [134]. It has been shown that the insulin receptor, IRS-1, IRS-2, ERK and Akt
pathways are all impacted by insulin and significantly dysregulated upon injury [135,136],
indicating a potential role of the insulin signaling pathway in wound repair. Insulin
has previously shown anti-inflammatory properties by increasing IL-4, IL-13 and Il-10
production and decreasing IFN-γ production in injuries [135], with no adverse events
or indications of hypoglycemia. Supporting the healing mechanisms of insulin, Rezvani
et al. [137], performed a randomized, double-blind, placebo-controlled trial to determine
the effect of topical insulin in 45 patients with non-infected acute and chronic extrem-
ity wounds. Subjects were randomly administered crystalline insulin sprays (10 U) or
saline solution twice daily. A significant increase in wound healing rate (46.09 mm2/day
vs. 32.24 mm2/day) was found in insulin treated patients independent of baseline wound
size, again with no signs or symptoms of hypoglycemia.

Naturally derived products are also currently being investigated with some suc-
cess. In aloe vera, the mucilaginous gel present in the leaves of the plant with the same
moniker, has been used from for centuries for its anti-inflammatory properties. The mecha-
nism of action for promotion in wound healing is based on inhibition of ROS production,
prostaglandins and cytokines [138]. Honey, similarly, has an extensive history of use. The
anti-inflammatory action of the honey is due to inhibition of several factors including
inhibiting ROS formation, complement pathway, leukocyte infiltration, COX- 2, iNOS and
matrix metalloproteinase-9 (MMP-9) [139]. More recently curcumin, a product of plants
from the Curcuma longa species and a derivative of turmeric, has gained more traction. Its
mechanism of action has been associated with decreased expression of pro-inflammatory
TNF-α, IL-1β and MMP-9, and increased levels of the anti-inflammatory cytokine IL-10,
as well as providing antioxidant enzymes to the wound site [140]. It should be noted that
these natural therapies are more closely associated with topical applications and have not
garnered widespread clinical use to this point.
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5.2. Biological and Synthetic Platforms

Scaffold-based strategies to improve wound healing have proven not only beneficial,
but possibly essential for severe traumatic injuries involving a significant loss of tissue, en-
ervation and vascularization. Prior clinical practices of delivering cell suspensions directly
into a wound defect site proved largely ineffective due to insufficient cellular retention
within the wound and payload flushing into the surrounding tissue [141]. Consequently,
the implementation of durable materials with advantageous mechanical, chemical and bio-
logically relevant properties, are an attractive option to circumvent the limitations of native
healing and direct cell-based therapies [142]. From this initial scaffold foundation, bioactive
additives such as proteins, carbohydrates, small molecules or peptides are incorporated to
further stimulate cell function and tissue development.

With the benefits provided by scaffolds come commensurate biocompatibility consid-
erations to ensure implants elicit no immune response of their own. Unexpected variables
in the implant material or its design can have significant negative impacts with relation to
the immune response [143,144]. Historically, the biocompatibility of these implants centers
around avoiding foreign body response (FBR) and fibrotic encapsulation, pro-inflammatory
cues stemming from mechanical or chemical incompatibilities and toxicity of degradation
products. Similar to most inflammatory responses, neutrophil recruitment is a first step
in FBR, as they attach themselves to the provisional matrix. Infiltration of neutrophils
is followed by the influx of monocytes and macrophages, with subsequent remodeling
via collagen deposition and capillary bed formation, mediated by fibroblasts [145,146].
Aberrant FBR is classically characterized by the arrival and fusion of macrophages around
the foreign body to form giant cells [147]. Introduction of foreign objects can amplify
inflammation as a result of the accumulated neutrophils and macrophages at the injury
site. The then markedly pro-inflammatory microenvironment consequently limits the
integration of biomaterials with surrounding native tissue.

The material basis of scaffolds is just as important as any bioactive payload as it
will likely comprise the largest and most sustainable portion of any implanted scaffold.
The focus of implantable biomaterials in its earliest stages began with bio-inert implants,
but has since shifted to bioactive designs, highlighting complex interactions between cell
physiologic systems and material properties. Since then, many novel strategies have been
developed to prevent the fibrous capsule formation by changing the polarity, hydrophobic-
ity, topography and surface chemistry of the implanted materials [147], with many studies
finding that, with regards to soft tissue injuries, biological scaffolds produce significantly
improved results. It has been noted that biological scaffolds do not induce an FBR response
as synthetic materials do [148,149].

Despite the early response of neutrophils to scaffold implantation and known inflam-
matory impact, recent evidence suggests that neutrophil activation does not directly alter
the fibrotic response to biomaterials [150], rather, neutrophils set the stage for a pro-fibrotic
response by macrophages by secreting a milieu of inflammatory cytokines. However,
depletion of neutrophils has proven to limit healing despite their pro-inflammatory com-
plications [151]. There is further evidence that early immune responses by neutrophils
are important for the downstream modulation of T helper type 2 cells (Th2) and M2
macrophages relevant to complete wound healing [152,153]. As an alternative, therapies
have aimed to limit neutrophil recruitment or activation. It has been shown previously that
pre-coating a modified CD47 on polyvinyl chloride surfaces was able to reduce recruitment
and adhesion to the biomaterial surface [154]. Abaricia et al. demonstrated that altering
material surface characteristics and topography also plays a critical role in modulating
neutrophil activity. Pro-inflammatory cytokine release as well as the production of NETs
was decreased upon in vitro culture of neutrophils on rough hydrophilic titanium sur-
faces. Conditioned media from the neutrophils was used to culture macrophages and also
produced a less pronounced pro-inflammatory state compared to macrophages treated
with media from neutrophils cultured on smooth hydrophobic titanium surfaces [102].
Results of these studies are also conflicting, however, as neutrophil adherence to roughened
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materials has also been reported to trigger a more rapid production of ROS compared to
smooth materials, suggesting that the inflammatory response can also be exacerbated [155].

Macrophages are considered essential to modulating an appropriate response to scaf-
fold implantation due to their plasticity, and can subsequently change their phenotype in
direct response to cytokine milieu present in the microenvironment. Inability to resolve
chronic inflammation triggers fusion of macrophages to form giant cells, fibroblast recruit-
ment, excessive collagen deposition and resolution through fibrous capsule formation.
Using a streptavidin-conjugation technique, Kim et al. showed that materials coated with
the endogenously expressed immunomodulatory molecule, CD200, effectively suppressed
the influx of macrophages, thus dampening the inflammatory response to foreign materials
in both in vitro and in vivo models [156]. It was later determined that the suppression
occurred via Toll-like receptor 4 (TLR-4) downregulation [157]. Heparin is another bioma-
terial coating that limits the ability to form a fibrous layer by binding anti-thrombin, thus
inhibiting the coagulation cascade [103]. IL-4 has been implicated in directing tissue repair,
regeneration, as well as fibrosis, providing conflicting benefits and detriments to reducing
inflammatory responses. It was shown that Th2 cells play a critical role in skeletal muscle
injury by promoting the M2 macrophage phenotype; mediated specifically by IL-4. IL-4
has been implicated in other studies as a pro-regenerative factor in volumetric muscle loss
(VML) after trauma [158,159]. In contrast to this idea, Schiechl et al. showed that basophils
promoted the hyperactivation of pro-fibrotic responses in fibroblasts, in a model of chronic
cardiac allograft rejection [160]. The effects of IL-4 and other potential therapeutics with
varying impacts demonstrate the need for a greater understanding of the implications of
therapies for pro- and anti-inflammatory mediators, as several are intertwined in both
positive and negative inflammatory responses.

The impact of biological scaffolds on the immune system is currently believed to be the
primary factor responsible for the positive regenerative outcomes [161]. Groups have previ-
ously found that biologically derived scaffolds can specifically polarize macrophages to the
M2 macrophage state in vitro as well as in vivo [104]. Several mechanisms for this response
have been proposed. For example, the breakdown of ECM when used as a scaffold material
can reveal multiple cryptic domains of ECM-associated macromolecules, which govern a
wide range of cell functionalities involving migration, invasion, adhesion and differentia-
tion [105,162]. The fibronectin sites found naturally in the ECM have also proven critical in
regulating cellular repair and wound homeostasis [162]. Several decellularized scaffolds
with FDA approval currently exist, including early successes with AlloDermTM [163]
and DermACELL™ [164]. In addition, by limiting the xenogenic complications of donor
cells, grafted ECM platforms can be re-supplied with healthy anti-inflammatory cellular
payloads. Several groups have had success isolating ECM components and transplanting
with cells for cutaneous [165] as well as deep tissue [166–168] immunomodulatory and
regenerative purposes. Some groups have specifically been able to modulate macrophages
to an M2 state upon implantation [167], with anti-inflammatory improvements observed
from both the ECM scaffold platform and the delivered MSC components. Naturally
derived scaffolds have inherent limitations with regard to supply and, at times, cost of
fabrication. Synthetic scaffolds may alternatively prove cost effective, but have yet to show
a true advantage in terms of mediating inflammation after implantation without further
altering the material properties with bioactive coatings.

Several naturally derived materials exist in large supply and are more cost effective
than transplanted ECM. Many have intrinsic biocompatibilities as well as biologic cues to
support wound healing [169]. Keratin proteins, for example, can be found within a broad
variety of animal tissues including: skin, hair, claws, horns, hooves, whale baleen and bird
feathers. In terms of biological cues, keratin contains intrinsic amino acid motifs in the form
of RGD, LDV and EDS amino acid–binding sites, which are integrin specific and support
cellular adhesion [170,171]. Keratin has also been previously exploited for its ability to
induce cell differentiation. Previously, human cardiac stem cells (hCSCs) have been shifted
to a smooth muscle cell lineage in vitro [172]. Other studies have displayed keratins ability
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to induce macrophage differentiation, suggesting that it may be exploited as a potential
wound healing therapy [106]. Collagen has predominantly been utilized in the form of thin
collagen hydrogels or dried into films that are rehydrated prior to use. Some of the earliest
FDA approved collagen hydrogels include ApligrafTM, one of the earliest bioengineered
skin substitutes consisting of a bilayered collagen hydrogel with keratinocytes on one
side and fibroblasts on the other [173]. Similar products were conceived with intrinsic
antimicrobial properties. Fibrin hydrogels have been used extensively in the last decade in a
variety of tissue engineering applications, including engineering of adipose, cardiovascular,
ocular, muscle, liver, skin, cartilage and bone tissues. In addition, they have been used
for promoting angiogenesis [174]. Clinical applications of hyaluronic acid (HA) and its
derivatives include protection of delicate tissues during surgical manipulations. In addition,
visco-augmentation involves filling tissue spaces such as skin, sphincter muscles, vocal
and pharyngeal tissues with HA to increase tissue volume. This process is often employed
in order to prevent adhesion as well as excessive scar formation. While not inherently
anti-inflammatory or immunomodulatory, these materials have proven to be sufficient
vehicles for immunomodulatory factors while providing beneficial mechanical properties
and physical substrates for wound regeneration.

5.3. Cell and Cytokine Therapies

Cells and cell-derived factors are considered an effective therapy to treat traumatic
inflammation. After an acute skin and muscle injury, numerous cells play dynamic roles
interacting within and to other cell types in an extracellular space within the span of
1–4 weeks [175,176]. In addition to cell–cell and cell–matrix interactions, a plethora of
pleiotropic factors are secreted in response to an acute injury [65,177,178]. While the im-
mune response is essential for a regulated normal healing, often host cells overcompensates
resulting in a surge in inflammatory levels than required. Consequently, there is a delay
in healing of the extremity wounds. Immune cell therapy was first indicated to address
chronic wounds. Several pre-clinical studies have shown implantation of immune cells by
direct application or local injection to promote healing [179–182].

A recent meta-analysis on the available cell therapies to treat skin wounds showed
progenitor cell-based grafts or direct injection of autologous stem cells to stimulate the
wound healing process [183]. Following an acute injury, endogenous progenitor cells recruit
to wound site and initiate the repair process. In particular, bone marrow derived stem cells
(BMSCs) home to the site of injury and influence macrophages, switching them to an anti-
inflammatory phenotype, resulting in release of cell surface mediators IL-10 and TGF-β.
These mediators augment proliferation of fibroblasts and suppress B and T cell prolifera-
tion [108,184]. BMSCs elicits anti-inflammatory properties by preventing the differentiation
of monocytes towards antigen presenting immunogenic dendritic cells. BMSCs elicits this
function by secreting secretes anti-inflammatory protein TNF-α stimulated gene/protein
6 (TSG-6). The TSG-6 then reduces NF-κB signaling in the resident macrophage. Discerning
the immunomodulatory potentials of BMSC’s, they were injected close to the wound and
were found to accumulate at the wound site in response to secondary lymphoid tissue
chemokines [185]. Another class of stem cells of interest are adipose derived stem cells
(ASCs), whose secretome profiles exhibit secretion of a variety of cytokines including an
array of pro-inflammatory factors such as IL-6, IL-8, IL-7, IL-11 and TNF-α [186]. However,
the major mechanism by which ADSCs modulate inflammation is through secretion of
prostaglandin E2 (PGE2). PGE2 influences macrophages to switch from M1 to M2 pheno-
type causing them to secrete an anti-inflammatory cytokine IL-10. In addition, PGE2 has an
inhibitory role over maturation of dendritic cells and a direct effect on the proliferation and
cytokine production of T lymphocytes [187,188]. In addition, ASCs are hypothesized to be
immune-privileged due to the lack of major histocompatibility complex II (MHC II) cell
surface antigen [109]. Due to these reasons, ASCs are considered suitable for clinical appli-
cation for treatment of a variety of diseases. In the case of associated acute extremity injury
involving muscle, the resident muscle progenitor cells, called satellite cells, respond to
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injury by accumulation of CD3+ T cells, and elicit their immunostimulatory effect through
the E-type prostanoid receptor 4 (EP4) receptor, similar to ASCs, by secreting PGE2 thus
augmenting muscle fiber regeneration and strength [189]. It is well known that T cells play
an indirect role in angiogenesis via the C-X-C motif Chemokine Receptor 4 (CXCR4), a
cognate receptor for stromal cell derived factor 1 (SDF-1), i.e., CXCR12, which is expressed
by immature and mature progenitor cells including hematopoietic cells, BMSCs, endothelial
progenitor cells (EPCs), ASCs and satellite cells [190,191]. Accumulating evidence show,
early expression of CXCR4-SDF1 complex sets the stage for active remodeling by providing
pro-angiogenic concoction. In our recent study, ASCs delivered to an acute volumetric
muscle loss in rats were found to home within the injured muscle and in the perivascular
space on the peri-luminal surface, suggesting early treatment of an acute muscle injury
with progenitor cells can modulate wound bed to its pro-regenerative phase [192].

Unequivocally, inflammatory site of an acute traumatic wound is a mileu of a mixture
of cells and secreted factors tangled in a nascent matrix. Physiological insights on the
dynamics of cytokines and the matrix interplay led to exploration of possible interventions
using secreted factors as a possible therapeutic option. In particular, pro-inflammatory
and mitogenic growth factors, play a pivotal role in signaling and promoting the healing
process [66]. In a rodent study, application of neutralizing antibody to IL-10 inhibited the
infiltration of neutrophils and macrophages toward the site of injury, providing evidence
for phase-specific control of cellular infiltration in acute wounds [193]. IL-6 and IL-1β
are predominant cytokines during early phases of healing, and antibodies targeting these
pro-inflammatory cytokines have been shown to positively modulate the inflammatory
process. In particular, elevated level of IL-6 following burn injury has been associated with
mortality [194]. Modulation of IL-6 to dampen its expression, but not completely stop it,
may be important for allowing repair of inflammation following polytraumatic burn in-
jury [195]. Further, we previously showed topical application of antibodies targeting TNF-α
or IL-6 could reduce the extension of necrosis by modulating inflammation locally in a
partial-thickness rat burn model [196]. IL-1 is another pro-inflammatory cytokine expressed
in a wide variety of diseases, ranging from systemic to local conditions. Anti-inflammatory
therapies targeting IL-1 in a broad spectrum of diseases has been comprehensively re-
viewed recently [197]. While several FDA-approved IL-1 inhibitors exist, none specifically
targets cutaneous wounds. However, there is lack of evidence for an effective anti-IL-1
treatment option for extremity skin and muscle injury. Another novel approach under
investigation to improve treatment of chemical burns is targeting the intracellular ser-
ine/threonine kinase substrate downstream from p38 mitogen-activated protein kinase
(MAPK). Treatment of cutaneous wounds with MAPK-activated protein kinase-2 inhibitor
(MAPKAPK2i or MK2i) has shown to markedly decrease the mRNA levels of a chemokine,
macrophage inflammatory protein-1 Alpha (MIP-1α) and pro-inflammatory cytokines IL-6
and IL-1β [198,199].

Clinically, topical treatments with macrophages [200], granulocyte-macrophage colony-
stimulating factor (rhGM-CSF) [201] and endothelial progenitor cells (EPCs) [202] have
shown success in diabetic wounds. However, there are very few clinical studies that
have been conducted using application of immune cells or cell-derived factors to treat
acute skin wounds. Of note, topical application of rhGM-CSF hydrogel on deep second
burn wounds was successfully evaluated and improvement in healing was observed for
4 weeks [203]. In another similar study, rhGM-CSF application showed higher healing rates
than those in the placebo group (p < 0.01). The wound healing time in the rhGM-CSF group
(18.8 ± 7.6 days) was significantly shorter than that in the placebo group (25.5 ± 4.6 days,
p < 0.01) [204]. In addition, clinical studies has shown treatment of burn wounds with rhGM-
SF has significantly affected the scores of periwound inflammation, wound purulence and
discharge [205].
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5.4. Cell Secretome and Extracellular Vesicles

The application of cellular therapies though exciting has posed hurdles in the FDA
approval-path to biologics. Though the cellular approach towards immune modulation
has proven beneficial in vivo, still, there is a demand to identify alternatives to the cellular
therapies. Of note, recent approaches have also attempted to remove the cell from cellular
therapies, focusing on secreted cell factors to modulate acute wound inflammation. This
process has the advantage of removing costly and/or time-consuming cell culture, limiting
xenogenic transplant complications and circumventing the need to introduce even small
populations of apoptotic cells which inevitably occurs during transplantation and may
further exacerbate the pro-inflammatory response. Deeper understanding of the complex
cellular interactions with the host, combined with the identification of more molecular
targets and secretomes from cells, has opened new avenues on how they benefit wound
healing [206]. Extracellular vesicles (EV), also known as secretomes or exosomes, are self-
contained vesicles characterized by the absence of a nucleus which are released by cells
into the extracellular space. EVs are characterized by their specific payloads which may be
composed of DNA, mRNA, microRNAs or a milieu of biologically active proteins [207,208].
This cargo is protected within a lipid bilayer, allowing for advantageous methods of storage
and transport.

EVs contribute to nucleic acid-based immunomodulation due to their payloads consist-
ing of DNA and RNA that is complementary to wound healing. Nakamura et al. showed
the presence of myogenic miRNAs miR-1, miR-133, miR-206 and miR-494 in MSC-EVs
as well as the conditioned media of the same cells [209]. Each of these miRNAs has been
shown to induce a protective effect against ischemia-induced muscle trauma [122,210].
Interestingly, it was reported that miRNA encapsulated in EVs appeared to have enhanced
functions when compared with miRNA released into the conditioned media. This observa-
tion has been noted elsewhere as well [211].

To date, clinical studies employing EVs are limited and scarcer still with regard to
application as a therapy for traumatic injuries; however, in vitro and in vivo studies have
produced promising results thus far. In a mouse model of cardiotoxin-induced (CTX) mus-
cle injury and wound homeostasis mediated by EVs from human amniotic fluid derived
mesenchymal stromal cells (AF-MSCs), the anti-inflammatory activity, ability to enhance
cellular proliferation, and the capacity to protect against cellular senescence were all found
to be increased in EV treated injuries. Mechanistically, these improvements were found
to be mediated, at least in part, through the repression of the NF-κB pathway [111]. In
another mouse model of CTX-induced muscle injury and angiogenic repair, matrigel plugs
containing EVs secreted from adipose tissue derived mesenchymal stromal cells (AT-MSCs)
were observed 3 weeks after injury and material implantation. Significantly increased
vasculature was observed at the periphery of the plug in EV treated mice. To support the
clinical use of EVs after severe trauma, LoSicco et al. observed under hypoxic conditions
EVs isolated from MSCs were able to upregulate the expression of several miRNA impli-
cated in muscle repair, in particular miR-223, miR-146b, miR-126 and miR-199a. The effects
were attributed to increased pro-angiogenic factors platelet and endothelial cell adhesion
molecule-1 (PECAM-1) and vascular endothelial growth factor-A (VEGFA) [110].

6. Immune Engineering Approaches to Modulate Inflammation

Immunoengineering represents the discipline of bioscience and technology that en-
hances antigen presentation, revive innate immunity, delivery of active therapeutic to
specifically modulate immune cells, ranging from synthetic drug to biologics-including
cells and cellular factors, and implementing engineered biocompatible materials to unravel
the immune system function and regulation in health and disease [212,213]. Recent advance
in immune biology, analytical and engineering tools has allowed deconvolution of complex
immune function discerning to a variety of diseases, resulting in the development of novel
therapies to specifically modulate and control dysregulated immune functions and restore
normal physiological state. Several therapeutic options have been researched, including,
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cellular engineering, cytokine therapy, nucleic acid-based immunotherapy, synthetic drug
delivery, and bio-engineered material based approaches (Figure 2). The following sections
shed light on the recent advancements on the current and emerging immune engineering
approaches developed to target acute immune responses following a traumatic insult to the
skin and the underlying muscle. Additionally, a summary of select immune engineering
approaches and their applications can be found in Table 3.

Table 3. Summary of selected immune engineering approaches to promote wound healing.

Approach Injury Type Outcomes Ref.

Nucleic acid and aptamers based immune targeting

Intra-arterial VEGF gene
delivery by magnetic DNA
nano spheres

Rabbit limb ischemia model

• VEGF delivery promoted angiogenesis
and arteriogenesis in ischemic limbs by
alleviating the high oxidative stress and
inflammatory micro-environment.

[214]

Nanoparticle-based
pcDNA3.1-CYP2J2 plasmid
DNA (pDNA) delivery system
(nanoparticle/pDNA complex)

Mouse limb ischemia model
• Improved inflammatory

micro-environment; angiogenesis and
muscle repair.

[215]

Hydrogel loading plasmid DNA
encoding VEGF Mouse burn wound model

• pDNA-VEGF accelerated excisional burn
wound healing by inhibiting
inflammatory response.

• Specifically, IL-1 β or TNF- α expression
were significantly reduced, thus
promoting microvascular formation.

[216]

Theranostics immune targeting

Smart flexible
electronics-integrated
wound dressing

Pig full thickness wound model
• Wound status in real time was monitored.
• Bacterial infection was detected and

wounds were effectively treated
[217]

6.1. Nucleic Acid and Aptamers Based Immune Targeting

The advent of DNA nanotechnology has paved the way for exploration of its bio-
logical application, including tissue regeneration, cancer therapy, inflammatory diseases,
imaging, diagnosis, drug delivery and therapeutics [218]. Due to non-immunogenic de-
oxyribonucleic basic component, DNA nanoparticles present low immunogenicity and their
internalization would not intensify immunoreaction. DNA nano particle have been widely
applied in tissue regeneration and immune stimulation. DNA-encoding VEGF were de-
signed to target inflammation in both chronic and acute wounds. A gene-activated bilayer
dermal equivalents (Ga-BDEs) developed by loading the nano-sized complexes of Lipo-
fectamine 2000/plasmid DNA-encoding VEGF into a collagen-chitosan scaffold/silicone
membrane bilayer dermal equivalent was shown to have a dual functions of immunomodu-
lation and pro-angiogenesis simultaneously [219]. Magnetic DNA nanospheres containing
expression plasmids DNA (pDNA) encoding VEGF was able to promote angiogenesis in
ischemic limb by alleviating the high oxidative stress and inflammatory micro-environment
in both mouse and rabbit models [214,215]. In another study, pDNA-VEGF accelerated
excisional burn wound healing, by inhibiting inflammation response; IL-1β or TNFα ex-
pression were significantly reduced, thus promoting microvascular formation [216]. The
advantage of DNA nanoparticle is it can be conveniently designed to desired shape, to
include single layer, wired frame and multilayer structures. This versatility has led to the
design of advanced DNA nano materials such as multifunctional and intelligent DNA
nano device, nano flowers (NFs), nano circuits and nano robots capable of targeting and
delivering payloads such as drugs, fluorescent optical labels and even aptamers [220–224].
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Single stranded DNA (ssDNA) or aptamers, are a special class of nucleic acid molecules
can form secondary and tertiary structures capable of specifically binding proteins or other
cellular targets [225,226]. Aptamers are selected by a process called systematic evolu-
tion of ligands by exponential enrichment (SELEX), in which DNA or RNA molecules
are selected by their ability to bind their targets with high affinity and specificity, com-
parable to those of antibodies [227,228]. Harnessing the selective binding ability with
specific target at high precision, aptamers are designed to interact with complementary
molecules targeting the immune system. Following an acute injury, exposure of wound
surface to any bacterial pathogens activates antigen-specific acquired immunity signal-
ing pathways such as MAPK and nuclear factor-kB (NF-kB) via the activation of Toll-
like receptors (TLRs) on neutrophils, monocytes, macrophages as well as B cells and T
cells [229] favoring the release of inflammatory cytokines. There are aptamers specifically
that bind to TLRs (2, 9) and cytokines such as IL-6 receptor (IL-6R), IL-10R to dampen
the severity of cytokine storms [230,231]. Thus, far most of the aptamers are designed to
address pathological conditions such as cancer, atherosclerosis, immunodeficiency and
autoimmunity [232–235]. In the arena of wounds and traumatic injuries, aptamers are used
as a potential molecular probes to examine bacterial infection, thus allowing the remote
detection of a pathogens [236,237]. Recently, a much more advanced point-of-care in situ
platform is developed to monitor wound status beyond detection of pathogenic bacteria.
This device comprises flexible multiplexed immunosensors integrated with aptamers sen-
sor array for measuring inflammatory mediators such a TNFα, IL-6, IL-8 and TGFβ1, and
Staphylococcus aureus. Additionally, the array can monitor vital parameters at the wound
site such as temperature and pH. The entire immune-platform is a microfluidic device
capable of monitoring each of the aforementioned analyte through wound exudate sample
collector. More importantly the entire platform is built on flexible electronics for wireless,
smartphone-based data readouts [238].

6.2. Theranostics Immune Targeting

A recent symposium conducted by the National Academy of Engineering on leading-
edge engineering technology identified immune theranostics as one the promising and
innovative technological advancements to harness the full potential of immunotherapy
in the treatment of a wide range of inflammatory disorders [239]. Theranostics is an engi-
neering approach that combines delivery of therapeutic and diagnostic agents. Theranostic
immunotherapy focuses on development of nanoscale biomaterials (NBMs) to modulate the
immune system [240,241]. Conceptually, theranostic NBMs are custom targeting nano-sized
materials tethered with antibodies, peptides, aptamers and other molecular recognition mo-
tifs [242]. The current theranostic NBMs are primarily used to target inflammation-driven
pathologies. These immune NBMs specifically directs the immune balance toward either a
pro- or anti-inflammatory state depending on the desired outcome for a given disease [243].
Theranostic hydrogel approach to improve acute wounds has been recently attempted. A
sophisticated hydrogel from chemically modified hyaluronic acid (HA), dextran (Dex) and
β-cyclodextrin (β-CD) was designed to deliver VEGF plasmid as the anti-inflammatory and
pro-angiogenic components. The hydrogel accelerated the splinted excisional burn wound
healing by inhibiting inflammation response and the pDNA-VEGF promoted new patent
blood vessel formation characterized by co-localized positively stained CD31 and α-SMA
cells within the wound bed [216]. While the theranostic approach to treat acute injury is
still in infancy, still underlying mechanistic of an NBM-ligand-mediated inflammatory
targets could be applied to design novel immune-theranostics to regulate inflammatory
status of an acute injury.

The rising need of personalized medicine to deliver on-demand drugs has led to devel-
opment of strategies to engineer materials that will respond to local changes in the wound
and release therapeutics. In a recent study, a smart flexible electronics-integrated hybrid
wound dressing was developed integrating a polydimethylsiloxane-encapsulated flexi-
ble electronics with a temperature sensor and ultraviolet (UV) light-emitting diodes, and
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polyethylene glycol diacrylate (PEGDA) hydrogel loaded with gentamycin responsive to
UV activation to treated infected 3 cm diameter full thickness model. The developed smart
dressing was capable of monitoring temperature and using a NIR sensor detects infection
induced hyperthermia. Subsequently, the integrated LED triggers antibiotic release upon
UV activation [217]. In another recent research study, a smart wound dressing features
glowing nano sensors with fluorescent magnesium hydroxide nano sheets (Mg(OH)2-NS)
was developed. Magnesium’s antimicrobial, anti-inflammatory and biocompatible proper-
ties are well known. The developed smart dressing with capability to mitigate medically
relevant bacterial and fungal infections were doped with pH probe to monitor wound
status in real time [244].

The next generation of theranostics will include a data-driven wound healing as-
sessment and management system by leveraging machine-learning and deep-learning
frameworks. Integrating immune engineering, smart materials, bioelectric technologies
will enable monitoring of temperature, moisture, pressure, pH and cytokine, and will
also enable precise, on-demand release of therapeutic for better wound management
and healing.

7. FDA Position Statement

For successful clinical translation, one should adopt standard operating procedures
designed to generate immunotherapeutics under current good manufacturing practice reg-
ulations. The FDA’s Center for Devices and Radiological Health (CDRH) classified wound
dressings combined with drugs as “wound dressings containing drugs”, under product
code “FRO.” These products include solid wound dressings, gels, creams, ointments and
liquid wound washes. Within this classification, wound dressings combined with a drug are
generally regulated as combination products. By definition, a combination product is com-
prised of two or more constituent parts (i.e., drug/device, biologic/device, drug/biologic
or drug/device/biologic) and should meet the requirements of a combination product
under FDA 21 Code of Federal Regulation (CFR) 3.2. There are several COX-2 selective
NSAIDs, and prescription or over-the-counter (OTC) non-selective NSAIDs for use to treat
a variety of general ailments. Some of the examples of COX-2 selective agents include
Celecoxib, Valdecoxib and Rofecoxib. However, after approval, the FDA made strongly
worded black-box warnings for each of the three COX-2 inhibitors currently approved in
the United States [245]. A quest to identify specific approved anti-inflammatory drug and
drug eluting dressing followed, and in 2016, under 21 CFR 3.2, the FDA recommended
ingredients that are contained within unclassified and cleared wound dressings. Within
the comprehensive list of drugs, both inorganic and organic chemical constituents are
included. The wound dressing Fortaderm®, for example, is a collagen-based polyhexam-
ethylene biguanide (PHMB) antimicrobial wound dressing that gained FDA approval in
2001. Other chemical drugs listed are magnesium-based inorganic compounds, for exam-
ple, magnesium oxide and sulfate. Owing to the antimicrobial efficiency of magnesium,
magnesium hydroxide-based compounds and magnesium doped dressings are considered
for smart dressings with the capability to mitigate medically relevant bacterial and fungal
infections [244].

The FDA has a Center for Biological Evaluation and Research (CBER), which regulates
human cells, tissues and cellular and tissue-based products (HCT/P). FDA code and the
definition of the use of cells as therapeutics under biologics are complex. Our recent
review provides a succinct mechanism of FDA approval mechanism of drugs, biologics and
medical devices for wound healing purposes [246]. Wherein, drugs and biologics (i.e., stem
cell therapies) take the longest time to receive an FDA approval, requiring both pre-clinical
animal studies followed by three phases of clinical trials. While there are a number of
clinical trials initiated to treat acute wounds with the primary aim of skin regeneration and
closure, curb-siding inflammation has been a secondary point of determination [246]. Still,
there is a long way to go for an exclusive cell therapy specifically addressing modulation of
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the inflammatory response of an acute injury. To date, stem cell-based therapies are the
most likely candidates to show promising result in clinical trials.

The FDA position also stands true for cell secretomes, due to hurdles in clinical transla-
tion of the complex EV populations. A true success of EV research relies on manufacturing
and successful application to treat human etiologies, while being in compliance with exist-
ing regulatory frameworks. Strategies for a methodical, safe and efficacious EV scale-up
manufacturing and pharmaceutical use have been laid out as positional statements by the
members of the International Society for Extracellular Vesicles (ISEV) and of the European
Cooperation in Science and Technology (COST) program of the European Union. As the
classification defines “subsequent requirements for manufacturing, quality control and clin-
ical investigation”, it is of major importance to define if EVs are considered the active drug
components or they primarily serve as drug delivery vehicles. Taking this into considera-
tion, this important FDA guideline requires that a product should be manufactured under
the current good tissue practice (CGTP) by establishments that perform a manufacturing
step under contract, agreement or other arrangement for another HCT/P establishment.
The core CGTP requirements include: facilities, environmental control, equipment, supplies
and reagents, recovery, processing and process controls, storage, receipts, pre-distribution
shipment and distribution of HCT/P, and donor eligibility determinations, screening and
testing. To qualify for clinical usage, EVs typically follow a sequential step, which are, EV-
based investigation medical product (IMP)/Investigation new drug (IND) filing, potency
evaluation in vitro and in vivo according to the CFR of the FDA, route of administration
(systemic versus local application), single versus multiple administration and dosage of
the IMP/IND per treatment, identification of personalized versus common (off-the-shelf)
use, source cells and their current good manufacturing practice (GMP) production docu-
mentation, naturally or endogenously loaded versus artificially or externally loaded EVs.
Normally, EV purification is performed using tangential flow filtration (TFF) combined with
a short ultracentrifugation (UC) step [247,248]. A thorough quality control (QC) and docu-
mentation of the final product testing, including characterization data, and batch-to batch
consistency records are pre-requisites to achieve the approval for clinical testing [249,250].
In addition, the GMP manufacturing method assures high exosome yield (>1013 particles)
and consistent removal (≥97%) of contaminating proteins [251]. To date, EVs are under clin-
ical investigation, and a comprehensive list of on-going trials are published recently in the
position statement article published by EVOLVE France, (Extracellular Vesicle translatiOn
to clinicaL perspectiVEs), created in 2020 [252,253].

In summary, cells and EVs are categorized as “biological medicinal products” and if
cells and EVs are delivered through a biomaterial, such a product will then be classified as
a Class III medical device. With committed regulatory guidelines, the future development
of the cell/EV-based medicinal products show promises to come closer to patients while
maintaining quality, safety and efficacy.

8. Conclusion and Future Directions

Physiological immune function is a complex phenomenon involving various elements
from a variety of cellular and nuclear factors. An external insult, such as traumatic acute
injury, causes changes to the finely balanced network of events leading to an alternation
of the normal immune function. The primary host-response is to resolve and restore this
imbalance to a normal physiological state. Due to the severity and acute exacerbation of in-
flammatory reaction, there is a race against time to regulate this sudden surge. In particular,
acute injury inflammation spans a short time, and if not restored may lead to an aberrant
healing response. It is well-recognized that inflammation is essential for host defense, but
prolongation or perturbation can be deleterious. The field of immune-modulation has
evolved over years to address various etiologies involving immune dysfunction. This
article provides a discussion of therapeutic approaches available to specifically address
acute soft tissue injury. The current therapeutic options—drugs, biologics and wound
dressings—modulate the inflammation by acting upon a group of inflammatory mediators
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and immune cell infiltrate to the injury site. With greater understanding of acute phase
inflammatory network, and the variety of pleiotropic factors involved, approach towards
treating an acute injury inflammation has shifted focus towards a more targeted approach.
With the advent of burgeoning immune engineering field several technologies are in the
horizon with a prospective to address the needs of precision medicine. Hybrid biomaterials
are a promising next step in regenerative medicine and will likely be able to combine the
benefits of different materials embedded with specific immune-targeting agents/molecules.
While the regulatory processes for these newer technologies are complex and perhaps not
completely defined by the FDA, there is still huge promise to revolutionize the treatment
strategies to treat acute and complex extremity injuries by tuning a fine balance to the
inflammatory phase to proceed towards a near normal healing process.

Author Contributions: Conceptualization and original draft, P.J.M.; Refining concept, writing, re-
viewing and editing, P.J.M., M.A.T. and S.N.; Project administration, R.J.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported in part by the Medical Research and Development Command.
The funding was provided by Combat Causality Care Research Program (Grant number: K_033 2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

DOD Disclaimer: The views expressed in this article are those of the author(s) and do not reflect the
official policy or position of the U.S. Army Medical Department, Department of the Army, DoD or
the U.S. Government.

References
1. Sun, B.K.; Siprashvili, Z.; Khavari, P.A. Advances in skin grafting and treatment of cutaneous wounds. Science 2014, 346, 941–945.

[CrossRef]
2. Champion, H.R.; Bellamy, R.F.; Roberts, C.P.; Leppaniemi, A. A profile of combat injury. J. Trauma Acute Care Surg. 2003, 54,

S13–S19.
3. Williams, D.T.; Harding, K. Healing responses of skin and muscle in critical illness. Crit. Care Med. 2003, 31, S547–S557. [CrossRef]
4. Angele, M.K.; Knöferl, M.W.; Ayala, A.; Albina, J.E.; Cioffi, W.G.; Bland, K.I.; Chaudry, I.H. Trauma-hemorrhage delays wound

healing potentially by increasing pro-inflammatory cytokines at the wound site. Surgery 1999, 126, 279–285. [CrossRef]
5. Muire, P.J.; Schwacha, M.G.; Wenke, J.C. Systemic T Cell Exhaustion Dynamics Is Linked to Early High Mobility Group Box

Protein 1 (HMGB1) Driven Hyper-Inflammation in a Polytrauma Rat Model. Cells 2021, 10, 1646. [CrossRef] [PubMed]
6. Johansson, P.I.; Sørensen, A.M.; Perner, A.; Welling, K.L.; Wanscher, M.; Larsen, C.F.; Ostrowski, S.R. Disseminated intravascular

coagulation or acute coagulopathy of trauma shock early after trauma? An observational study. Crit. Care 2011, 15, R272.
[CrossRef] [PubMed]

7. Gore, A.V.; Bible, L.E.; Song, K.; Livingston, D.H.; Mohr, A.M.; Sifri, Z.C. Mesenchymal stem cells increase T-regulatory cells and
improve healing following trauma and hemorrhagic shock (MSCs increase Tregs and improve healing After T/HS). J. Trauma
Acute Care Surg. 2015, 79, 48. [CrossRef] [PubMed]

8. Park, J.E.; Barbul, A. Understanding the role of immune regulation in wound healing. Am. J. Surg. 2004, 187, S11–S16. [CrossRef]
9. Landén, N.X.; Li, D.; Ståhle, M. Transition from inflammation to proliferation: A critical step during wound healing. Cell. Mol.

Life Sci. 2016, 73, 3861–3885. [CrossRef]
10. Nagle, S.M.; Waheed, A.; Wilbraham, S.C. Wound Assessment; StatPearls: Treasure Island, FL, USA, 2020.
11. Sinno, H.; Malhotra, M.; Lutfy, J.; Jardin, B.; Winocour, S.; Brimo, F.; Beckman, L.; Watters, K.; Philip, A.; Williams, B.; et al.

Complements C3 and C5 Individually and in Combination Increase Early Wound Strength in a Rat Model of Experimental
Wound Healing. Plast. Surg. Int. 2013, 2013, 243853. [CrossRef]

12. Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid.
Redox Signal. 2014, 20, 1126–1167. [CrossRef]

13. Diegelmann, R.F.; Evans, M.C. Wound healing: An overview of acute, fibrotic and delayed healing. Front. Biosci. 2004, 9, 283–289.
[CrossRef]

14. Li, M.O.; Wan, Y.Y.; Sanjabi, S.; Robertson, A.K.L.; Flavell, R.A. Transforming growth factor-beta regulation of immune responses.
Annu. Rev. Immunol. 2006, 24, 99–146. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1253836
http://doi.org/10.1097/01.CCM.0000081430.34066.1D
http://doi.org/10.1016/S0039-6060(99)70166-2
http://doi.org/10.3390/cells10071646
http://www.ncbi.nlm.nih.gov/pubmed/34209240
http://doi.org/10.1186/cc10553
http://www.ncbi.nlm.nih.gov/pubmed/22087841
http://doi.org/10.1097/TA.0000000000000681
http://www.ncbi.nlm.nih.gov/pubmed/26091313
http://doi.org/10.1016/S0002-9610(03)00296-4
http://doi.org/10.1007/s00018-016-2268-0
http://doi.org/10.1155/2013/243853
http://doi.org/10.1089/ars.2012.5149
http://doi.org/10.2741/1184
http://doi.org/10.1146/annurev.immunol.24.021605.090737
http://www.ncbi.nlm.nih.gov/pubmed/16551245


Int. J. Mol. Sci. 2022, 23, 4074 22 of 30

15. Berton, A.; Levi-Schaffer, F.; Emonard, H.; Garbuzenko, E.; Gillery, P.; Maquart, F.X. Activation of fibroblasts in collagen lattices
by mast cell extract: A model of fibrosis. Clin. Exp. Allergy 2000, 30, 485–492. [CrossRef]

16. Gruber, B.L. Mast cells in the pathogenesis of fibrosis. Curr. Rheumatol. Rep. 2003, 5, 147–153. [CrossRef] [PubMed]
17. Oskeritzian, C.A. Mast Cells and Wound Healing. Adv. Wound Care 2012, 1, 23–28. [CrossRef] [PubMed]
18. Wang, J.; Arase, H. Regulation of immune responses by neutrophils. Ann. N. Y. Acad. Sci. 2014, 1319, 66–81. [CrossRef]
19. Metzler, K.D.; Goosmann, C.; Lubojemska, A.; Zychlinsky, A.; Papayannopoulos, V. A Myeloperoxidase-Containing Complex

Regulates Neutrophil Elastase Release and Actin Dynamics during NETosis. Cell Rep. 2014, 8, 883–896. [CrossRef]
20. Serhan, C.N.; Chiang, N.; Dalli, J. The resolution code of acute inflammation: Novel pro-resolving lipid mediators in resolution.

Semin. Immunol. 2015, 27, 200–215. [CrossRef]
21. Serhan, C.N.; Levy, B.D. Resolvins in inflammation: Emergence of the pro-resolving superfamily of mediators. J. Clin. Investig.

2018, 128, 2657–2669. [CrossRef]
22. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2017, 18, 134–147. [CrossRef]
23. van Kessel, K.P.; Bestebroer, J.; van Strijp, J.A. Neutrophil-Mediated Phagocytosis of Staphylococcus aureus. Front. Immunol. 2014,

5, 467. [CrossRef] [PubMed]
24. Castanheira, F.V.S.; Kubes, P. Neutrophils and NETs in modulating acute and chronic inflammation. Blood 2019, 133, 2178–2185.

[CrossRef] [PubMed]
25. Chen, Z.-C.; Wu, S.-Y.S.; Su, W.-Y.; Lin, Y.-C.; Lee, Y.-H.; Wu, W.-H.; Chen, C.-H.; Wen, Z.-H. Anti-inflammatory and burn injury

wound healing properties of the shell of Haliotis diversicolor. BMC Complement. Altern. Med. 2016, 16, 487. [CrossRef]
26. de Oliveira, S.; Rosowski, E.E.; Huttenlocher, A. Neutrophil migration in infection and wound repair: Going forward in reverse.

Nat. Rev. Immunol. 2016, 16, 378–391. [CrossRef]
27. Daley, J.M.; Brancato, S.K.; Thomay, A.A.; Reichner, J.; Albina, J.E. The phenotype of murine wound macrophages. J. Leukoc. Biol.

2009, 87, 59–67. [CrossRef]
28. Das, A.; Sinha, M.; Datta, S.; Abas, M.; Chaffee, S.; Sen, C.K.; Roy, S. Monocyte and Macrophage Plasticity in Tissue Repair and

Regeneration. Am. J. Pathol. 2015, 185, 2596–2606. [CrossRef] [PubMed]
29. Rappolee, D.A.; Mark, D.; Banda, M.J.; Werb, Z. Wound macrophages express TGF-alpha and other growth factors in vivo:

Analysis by mRNA phenotyping. Science 1988, 241, 708–712. [CrossRef]
30. Soehnlein, O.; Lindbom, L.; Weber, C. Mechanisms underlying neutrophil-mediated monocyte recruitment. Blood 2009, 114,

4613–4623. [CrossRef]
31. Butterfield, T.A.; Best, T.M.; Merrick, M.A. The Dual Roles of Neutrophils and Macrophages in Inflammation: A Critical Balance

Between Tissue Damage and Repair. J. Athl. Train. 2006, 41, 457–465.
32. Gardai, S.J.; Bratton, N.L.; Ogden, C.A.; Henson, P.M. Recognition ligands on apoptotic cells: A perspective. J. Leukoc. Biol. 2006,

79, 896–903. [CrossRef] [PubMed]
33. Rahimi, F.; Hsu, K.; Endoh, Y.; Geczy, C.L. FGF-2, IL-1beta and TGF-beta regulate fibroblast expression of S100A8. FEBS J. 2005,

272, 2811–2827. [CrossRef] [PubMed]
34. Theilgaard-Mönch, K.; Knudsen, S.; Follin, P.; Borregaard, N. The Transcriptional Activation Program of Human Neutrophils in

Skin Lesions Supports Their Important Role in Wound Healing. J. Immunol. 2004, 172, 7684–7693. [CrossRef] [PubMed]
35. Boyce, D.E. The role of lymphocytes in human dermal wound healing. Br. J. Dermatol. 2000, 143, 59–65. [CrossRef]
36. Fry, C.S.; Kirby, T.J.; Kosmac, K.; McCarthy, J.J.; Peterson, C.A. Myogenic Progenitor Cells Control Extracellular Matrix Production

by Fibroblasts during Skeletal Muscle Hypertrophy. Cell Stem Cell 2017, 20, 56–69. [CrossRef]
37. Tracy, L.E.; Minasian, R.A.; Caterson, E. Extracellular Matrix and Dermal Fibroblast Function in the Healing Wound. Adv. Wound

Care 2016, 5, 119–136. [CrossRef]
38. Martin, P.; Leibovich, S.J. Inflammatory cells during wound repair: The good, the bad and the ugly. Trends Cell Biol. 2005, 15,

599–607. [CrossRef] [PubMed]
39. Haller, H.L.; Sander, F.; Popp, D.; Rapp, M.; Hartmann, B.; Demircan, M.; Kamolz, L.P. Oxygen, pH, Lactate, and Metabolism-How

Old Knowledge and New Insights Might Be Combined for New Wound Treatment. Medicina 2021, 57, 1190. [CrossRef]
40. Dvorak, H.F. Vascular Permeability Factor/Vascular Endothelial Growth Factor: A Critical Cytokine in Tumor Angiogenesis and

a Potential Target for Diagnosis and Therapy. J. Clin. Oncol. 2002, 20, 4368–4380. [CrossRef]
41. Rusnati, M.; Presta, M. Fibroblast growth factor/fibroblast growth factor receptor system in angiogenesis. Cytokine Growth Factor

Rev. 2005, 16, 159–178.
42. Yu, Q.; Stamenkovic, I. Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-beta and promotes tumor

invasion and angiogenesis. Genes Dev. 2000, 14, 163–176. [CrossRef] [PubMed]
43. Gerber, H.-P.; Condorelli, F.; Park, J.; Ferrara, N. Differential Transcriptional Regulation of the Two Vascular Endothelial Growth

Factor Receptor Genes: Flt-1, but not Flk-1/KDR, is up-regulated by hypoxia. J. Biol. Chem. 1997, 272, 23659–23667. [CrossRef]
[PubMed]

44. Qureshi, H.Y.; Sylvester, J.; Mabrouk, M.E.; Zafarullah, M. TGF-beta-induced expression of tissue inhibitor of metalloproteinases-3
gene in chondrocytes is mediated by extracellular signal-regulated kinase pathway and Sp1 transcription factor. J. Cell Physiol.
2005, 203, 345–352. [CrossRef] [PubMed]

45. Maquart, F.X.; Monboisse, J.C. Extracellular matrix and wound healing. Pathol. Biol. 2014, 62, 91–95. [CrossRef]

http://doi.org/10.1046/j.1365-2222.2000.00737.x
http://doi.org/10.1007/s11926-003-0043-3
http://www.ncbi.nlm.nih.gov/pubmed/12628046
http://doi.org/10.1089/wound.2011.0357
http://www.ncbi.nlm.nih.gov/pubmed/24527274
http://doi.org/10.1111/nyas.12445
http://doi.org/10.1016/j.celrep.2014.06.044
http://doi.org/10.1016/j.smim.2015.03.004
http://doi.org/10.1172/JCI97943
http://doi.org/10.1038/nri.2017.105
http://doi.org/10.3389/fimmu.2014.00467
http://www.ncbi.nlm.nih.gov/pubmed/25309547
http://doi.org/10.1182/blood-2018-11-844530
http://www.ncbi.nlm.nih.gov/pubmed/30898862
http://doi.org/10.1186/s12906-016-1473-6
http://doi.org/10.1038/nri.2016.49
http://doi.org/10.1189/jlb.0409236
http://doi.org/10.1016/j.ajpath.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26118749
http://doi.org/10.1126/science.3041594
http://doi.org/10.1182/blood-2009-06-221630
http://doi.org/10.1189/jlb.1005550
http://www.ncbi.nlm.nih.gov/pubmed/16641135
http://doi.org/10.1111/j.1742-4658.2005.04703.x
http://www.ncbi.nlm.nih.gov/pubmed/15943814
http://doi.org/10.4049/jimmunol.172.12.7684
http://www.ncbi.nlm.nih.gov/pubmed/15187151
http://doi.org/10.1046/j.1365-2133.2000.03591.x
http://doi.org/10.1016/j.stem.2016.09.010
http://doi.org/10.1089/wound.2014.0561
http://doi.org/10.1016/j.tcb.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16202600
http://doi.org/10.3390/medicina57111190
http://doi.org/10.1200/JCO.2002.10.088
http://doi.org/10.1101/gad.14.2.163
http://www.ncbi.nlm.nih.gov/pubmed/10652271
http://doi.org/10.1074/jbc.272.38.23659
http://www.ncbi.nlm.nih.gov/pubmed/9295307
http://doi.org/10.1002/jcp.20228
http://www.ncbi.nlm.nih.gov/pubmed/15468069
http://doi.org/10.1016/j.patbio.2014.02.007


Int. J. Mol. Sci. 2022, 23, 4074 23 of 30

46. Cate, A.R.; Deporter, D.A. The degradative role of the fibroblast in the remodelling and turnover of collagen in soft connective
tissue. Anat. Rec. 1975, 182, 1–13. [CrossRef]

47. Krzyszczyk, P.; Schloss, R.; Palmer, A.; Berthiaume, F. The Role of Macrophages in Acute and Chronic Wound Healing and
Interventions to Promote Pro-wound Healing Phenotypes. Front. Physiol. 2018, 9, 419. [CrossRef]

48. Kovtun, A.; Messerer, D.A.C.; Scharffetter-Kochanek, K.; Huber-Lang, M.; Ignatius, A. Neutrophils in Tissue Trauma of the Skin,
Bone, and Lung: Two Sides of the Same Coin. J. Immunol. Res. 2018, 2018, 1–12. [CrossRef]

49. Nguyen, H.X.; O’Barr, T.J.; Anderson, A.J. Polymorphonuclear leukocytes promote neurotoxicity through release of matrix
metalloproteinases, reactive oxygen species, and TNF-α. J. Neurochem. 2007, 102, 900–912. [CrossRef]

50. Behm, B.; Babilas, P.; Landthaler, M.; Schreml, S. Cytokines, chemokines and growth factors in wound healing. J. Eur. Acad.
Dermatol. Venereol. 2011, 26, 812–820. [CrossRef]

51. Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS Sources in Physiological and Pathological Conditions. Oxid.
Med. Cell. Longev. 2016, 2016, 1245049. [CrossRef]

52. Moseley, R.; Stewart, J.E.; Stephens, P.; Waddington, R.J.; Thomas, D.W. Extracellular matrix metabolites as potential biomarkers of
disease activity in wound fluid: Lessons learned from other inflammatory diseases? Br. J. Dermatol. 2004, 150, 401–413. [CrossRef]

53. San Miguel, S.M.; Opperman, L.A.; Allen, E.P.; Zielinski, J.; Svoboda, K.K. Bioactive polyphenol antioxidants protect oral
fibroblasts from ROS-inducing agents. Arch. Oral Biol. 2012, 57, 1657–1667. [CrossRef] [PubMed]

54. Strbo, N.; Yin, N.; Stojadinovic, O. Innate and Adaptive Immune Responses in Wound Epithelialization. Adv. Wound Care 2014, 3,
492–501. [CrossRef] [PubMed]

55. MacLeod, A.S.; Mansbridge, J.N. The Innate Immune System in Acute and Chronic Wounds. Adv. Wound Care 2016, 5, 65–78.
[CrossRef] [PubMed]

56. Bullard, K.M.; Lund, L.; Mudgett, J.S.; Mellin, T.N.; Hunt, T.K.; Murphy, B.; Ronan, J.; Werb, Z.; Banda, M.J. Impaired Wound
Contraction in Stromelysin-1–Deficient Mice. Ann. Surg. 1999, 230, 260–265. [CrossRef] [PubMed]

57. Pilcher, B.K.; Dumin, J.A.; Sudbeck, B.D.; Krane, S.M.; Welgus, H.G.; Parks, W.C. The Activity of Collagenase-1 Is Required for
Keratinocyte Migration on a Type I Collagen Matrix. J. Cell Biol. 1997, 137, 1445–1457. [CrossRef]

58. Reiss, M.J.; Han, Y.-P.; Garcia, E.; Goldberg, M.; Yu, H.; Garner, W.L. Matrix metalloproteinase-9 delays wound healing in a
murine wound model. Surgery 2010, 147, 295–302. [CrossRef]

59. Wang, Y.; Rosen, H.; Madtes, D.K.; Shao, B.; Martin, T.R.; Heinecke, J.W.; Fu, X. Myeloperoxidase inactivates TIMP-1 by oxidizing
its N-terminal cysteine residue: An oxidative mechanism for regulating proteolysis during inflammation. J. Biol. Chem. 2007, 282,
31826–31834. [CrossRef]

60. Gardner, J.; Ghorpade, A. Tissue inhibitor of metalloproteinase (TIMP)-1: The TIMPed balance of matrix metalloproteinases in
the central nervous system. J. Neurosci. Res. 2003, 74, 801–806. [CrossRef] [PubMed]

61. Watari, M.; Watari, H.; DiSanto, M.E.; Chacko, S.; Shi, G.-P.; Strauss, J.F. Pro-Inflammatory Cytokines Induce Expression of
Matrix-Metabolizing Enzymes in Human Cervical Smooth Muscle Cells. Am. J. Pathol. 1999, 154, 1755–1762. [CrossRef]

62. Huggenberger, R.; Detmar, M. The Cutaneous Vascular System in Chronic Skin Inflammation. J. Investig. Dermatol. Symp. Proc.
2011, 15, 24–32. [CrossRef] [PubMed]

63. Stojadinovic, O.; Brem, H.; Vouthounis, C.; Lee, B.; Fallon, J.; Stallcup, M.; Tomic-Canic, M. Molecular pathogenesis of chronic
wounds: The role of beta-catenin and c-myc in the inhibition of epithelialization and wound healing. Am. J. Pathol. 2005, 167,
59–69. [CrossRef]

64. Wong, V.W.; Garg, R.K.; Sorkin, M.; Rustad, K.C.; Akaishi, S.; Levi, K.; Nelson, E.R.; Tran, M.; Rennert, R.; Liu, W.; et al. Loss of
Keratinocyte Focal Adhesion Kinase Stimulates Dermal Proteolysis Through Upregulation of MMP9 in Wound Healing. Ann.
Surg. 2014, 260, 1138–1146. [CrossRef]

65. Barrientos, S.; Stojadinovic, O.; Golinko, M.S.; Brem, H.; Tomic-Canic, M. PERSPECTIVE ARTICLE: Growth factors and cytokines
in wound healing. Wound Repair Regen. 2008, 16, 585–601. [CrossRef]

66. Werner, S.; Grose, R. Regulation of Wound Healing by Growth Factors and Cytokines. Physiol. Rev. 2003, 83, 835–870. [CrossRef]
67. Lopatina, T.; Bruno, S.; Tetta, C.; Kalinina, N.; Porta, M.; Camussi, G. Platelet-derived growth factor regulates the secretion of

extracellular vesicles by adipose mesenchymal stem cells and enhances their angiogenic potential. Cell Commun. Signal. 2014,
12, 26. [CrossRef]

68. Schultz, G.S.; Wysocki, A. Interactions between extracellular matrix and growth factors in wound healing. Wound Repair Regen.
2009, 17, 153–162. [CrossRef]

69. Seppä, H.; Grotendorst, G.; Seppä, S.; Schiffmann, E.; Martin, G.R. Platelet-derived growth factor in chemotactic for fibroblasts.
J. Cell Biol. 1982, 92, 584–588. [CrossRef]

70. Weiner, O.D. Regulation of cell polarity during eukaryotic chemotaxis: The chemotactic compass. Curr. Opin. Cell Biol. 2002, 14,
196–202. [CrossRef]

71. Dayer, C.; Stamenkovic, I. Recruitment of Matrix Metalloproteinase-9 (MMP-9) to the Fibroblast Cell Surface by Lysyl Hydroxylase
3 (LH3) Triggers Transforming Growth Factor-beta (TGF-beta) Activation and Fibroblast Differentiation. J. Biol. Chem. 2015, 290,
13763–13778. [CrossRef] [PubMed]

72. Meng, X.M.; Nikolic-Paterson, D.J.; Lan, H.Y. TGF-beta: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016, 12, 325–338.
[CrossRef] [PubMed]

http://doi.org/10.1002/ar.1091820102
http://doi.org/10.3389/fphys.2018.00419
http://doi.org/10.1155/2018/8173983
http://doi.org/10.1111/j.1471-4159.2007.04643.x
http://doi.org/10.1111/j.1468-3083.2011.04415.x
http://doi.org/10.1155/2016/1245049
http://doi.org/10.1111/j.1365-2133.2004.05845.x
http://doi.org/10.1016/j.archoralbio.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22647424
http://doi.org/10.1089/wound.2012.0435
http://www.ncbi.nlm.nih.gov/pubmed/25032069
http://doi.org/10.1089/wound.2014.0608
http://www.ncbi.nlm.nih.gov/pubmed/26862464
http://doi.org/10.1097/00000658-199908000-00017
http://www.ncbi.nlm.nih.gov/pubmed/10450741
http://doi.org/10.1083/jcb.137.6.1445
http://doi.org/10.1016/j.surg.2009.10.016
http://doi.org/10.1074/jbc.M704894200
http://doi.org/10.1002/jnr.10835
http://www.ncbi.nlm.nih.gov/pubmed/14648584
http://doi.org/10.1016/S0002-9440(10)65431-4
http://doi.org/10.1038/jidsymp.2011.5
http://www.ncbi.nlm.nih.gov/pubmed/22076324
http://doi.org/10.1016/S0002-9440(10)62953-7
http://doi.org/10.1097/SLA.0000000000000219
http://doi.org/10.1111/j.1524-475X.2008.00410.x
http://doi.org/10.1152/physrev.2003.83.3.835
http://doi.org/10.1186/1478-811X-12-26
http://doi.org/10.1111/j.1524-475X.2009.00466.x
http://doi.org/10.1083/jcb.92.2.584
http://doi.org/10.1016/S0955-0674(02)00310-1
http://doi.org/10.1074/jbc.M114.622274
http://www.ncbi.nlm.nih.gov/pubmed/25825495
http://doi.org/10.1038/nrneph.2016.48
http://www.ncbi.nlm.nih.gov/pubmed/27108839


Int. J. Mol. Sci. 2022, 23, 4074 24 of 30

73. Chen, B.; Li, R.; Yan, N.; Chen, G.; Qian, W.; Jiang, H.L.; Bi, Z.G. Astragaloside IV controls collagen reduction in photoaging skin
by improving transforming growth factor-beta/Smad signaling suppression and inhibiting matrix metalloproteinase-1. Mol. Med.
Rep. 2015, 11, 3344–3348. [CrossRef] [PubMed]

74. Zhang, L.; Lim, S.L.; Du, H.; Zhang, M.; Kozak, I.; Hannum, G.; Zhang, K. High temperature requirement factor A1 (HTRA1)
gene regulates angiogenesis through transforming growth factor-beta family member growth differentiation factor 6. J. Biol.
Chem. 2012, 287, 1520–1526. [CrossRef]

75. Johnson, K.E.; Wilgus, T.A. Vascular Endothelial Growth Factor and Angiogenesis in the Regulation of Cutaneous Wound Repair.
Adv. Wound Care 2014, 3, 647–661. [CrossRef]

76. Yang, L.; Kwon, J.; Popov, Y.V.; Gajdos, G.B.; Ordog, T.; Brekken, R.A.; Mukhopadhyay, D.; Schuppan, D.; Bi, Y.;
Simonetto, D.; et al. Vascular Endothelial Growth Factor Promotes Fibrosis Resolution and Repair in Mice. Gastroenterology 2014,
146, 1339–1350.e1. [CrossRef] [PubMed]

77. Sanes, J.R. The Basement Membrane/Basal Lamina of Skeletal Muscle. J. Biol. Chem. 2003, 278, 12601–12604. [CrossRef] [PubMed]
78. Zhang, C.; Wang, C.; Li, Y.; Miwa, T.; Liu, C.; Cui, W.; Song, W.-C.; Du, J. Complement C3a signaling facilitates skeletal muscle

regeneration by regulating monocyte function and trafficking. Nat. Commun. 2017, 8, 2078. [CrossRef] [PubMed]
79. Koffler, J.; Kaufman-Francis, K.; Shandalov, Y.; Egozi, D.; Amiad Pavlov, D.; Landesberg, A.; Levenberg, S. Improved vascular

organization enhances functional integration of engineered skeletal muscle grafts. Proc. Natl. Acad. Sci. USA 2011, 108,
14789–14794. [CrossRef]

80. Syverud, B.C.; VanDusen, K.; Larkin, L.M. Growth Factors for Skeletal Muscle Tissue Engineering. Cells Tissues Organs 2016, 202,
169–179. [CrossRef]

81. Gillies, A.R.; Lieber, R.L. Structure and function of the skeletal muscle extracellular matrix. Muscle Nerve 2011, 44, 318–331.
[CrossRef] [PubMed]

82. Sass, F.A.; Sass, F.A.; Fuchs, M.; Pumberger, M.; Geissler, S.; Duda, G.N.; Perka, C.; Schmidt-Bleek, K. Immunology guides skeletal
muscle regeneration. Int. J. Mol. Sci. 2018, 19, 835. [CrossRef] [PubMed]

83. Turner, N.J.; Badylak, S.F. Regeneration of skeletal muscle. Cell Tissue Res. 2012, 347, 759–774. [CrossRef] [PubMed]
84. Garg, K.; Corona, B.T.; Walters, T.J. Therapeutic strategies for preventing skeletal muscle fibrosis after injury. Front. Pharmacol.

2015, 6, 87. [CrossRef] [PubMed]
85. Novak, M.L.; Weinheimer-Haus, E.M.; Koh, T.J. Macrophage activation and skeletal muscle healing following traumatic injury.

J. Pathol. 2013, 232, 344–355. [CrossRef] [PubMed]
86. Yang, W.; Hu, P. Skeletal muscle regeneration is modulated by inflammation. J. Orthop. Transl. 2018, 13, 25–32. [CrossRef]
87. Contreras, O.; Rebolledo, D.L.; Oyarzún, J.E.; Olguín, H.C.; Brandan, E. Connective tissue cells expressing fibro/adipogenic

progenitor markers increase under chronic damage: Relevance in fibroblast-myofibroblast differentiation and skeletal muscle
fibrosis. Cell Tissue Res. 2016, 364, 647–660. [CrossRef]

88. Uezumi, A.; Fukada, S.; Yamamoto, N.; Ikemoto-Uezumi, M.; Nakatani, M.; Morita, M.; Tsuchida, K. Identification and
characterization of PDGFR α+ mesenchymal progenitors in human skeletal muscle. Cell Death Dis. 2014, 5, e1186. [CrossRef]

89. Nemcovsky Amar, D.; Epshtein, M.; Korin, N. Endothelial cell activation in an embolic ischemia-reperfusion injury microfluidic
model. Micromachines 2019, 10, 857. [CrossRef]

90. Kim, W.J.; Lee, S.-W.; Jung, K.H.; Jeong, C.H.; Seo, J.H.; Yoon, D.; Suh, J.-K.; Kim, K.-W. Inhibition of endothelial cell migration
through the down-regulation of MMP-9 by A-kinase anchoring protein 12. Mol. Med. Rep. 2010, 4, 145–149. [CrossRef]

91. Dvorak, H.F.; Brown, L.F.; Detmar, M.; Dvorak, A.M. Vascular permeability factor/vascular endothelial growth factor, microvas-
cular hyperpermeability, and angiogenesis. Am. J. Pathol. 1995, 146, 1029–1039.

92. Nagy, J.A.; Dvorak, A.M.; Dvorak, H.F. Vascular hyperpermeability, angiogenesis, and stroma generation. Cold Spring Harb.
Perspect Med. 2012, 2, a006544. [CrossRef] [PubMed]

93. Kim, Y.-W.; West, X.Z.; Byzova, T.V. Inflammation and oxidative stress in angiogenesis and vascular disease. Klin. Wochenschr.
2013, 91, 323–328. [CrossRef] [PubMed]

94. Franz, S.; Rammelt, S.; Scharnweber, D.; Simon, J.C. Immune responses to implants–a review of the implications for the design of
immunomodulatory biomaterials. Biomaterials 2011, 32, 6692–6709. [CrossRef]

95. Saghazadeh, S.; Rinoldi, C.; Schot, M.; Kashaf, S.S.; Sharifi, F.; Jalilian, E.; Nuutila, K.; Giatsidis, G.; Mostafalu, P.;
Derakhshandeh, H.; et al. Drug delivery systems and materials for wound healing applications. Adv. Drug Deliv. Rev.
2018, 127, 138–166. [CrossRef] [PubMed]

96. Larouche, J.; Sheoran, S.; Maruyama, K.; Martino, M.M. Immune Regulation of Skin Wound Healing: Mechanisms and Novel
Therapeutic Targets. Adv. Wound Care 2018, 7, 209–231. [CrossRef] [PubMed]

97. Lisboa, F.A.; Bradley, M.J.; Hueman, M.T.; Schobel, S.A.; Gaucher, B.J.; Styrmisdottir, E.L.; Potter, B.K.; Forsberg, J.A.; Elster, E.A.
Nonsteroidal anti-inflammatory drugs may affect cytokine response and benefit healing of combat-related extremity wounds.
Surgery 2017, 161, 1164–1173. [CrossRef]

98. Cámara-Lemarroy, C.R.; La Garza, F.J.G.-D.; Barrera-Oranday, E.A.; Cabello-García, A.J.; García-Tamez, A.; Fernández-Garza, N.E.
Celecoxib accelerates functional recovery after sciatic nerve crush in the rat. J. Brachial Plex. Peripher. Nerve Inj. 2008, 3, e128–e131.
[CrossRef] [PubMed]

99. Park, J.W.; Qi, W.-N.; Liu, J.Q.; Urbaniak, J.R.; Folz, R.J.; Chen, L.-E. Inhibition of iNOS attenuates skeletal muscle reperfusion
injury in extracellular superoxide dismutase knockout mice. Microsurgery 2005, 25, 606–613. [CrossRef]

http://doi.org/10.3892/mmr.2015.3212
http://www.ncbi.nlm.nih.gov/pubmed/25591734
http://doi.org/10.1074/jbc.M111.275990
http://doi.org/10.1089/wound.2013.0517
http://doi.org/10.1053/j.gastro.2014.01.061
http://www.ncbi.nlm.nih.gov/pubmed/24503129
http://doi.org/10.1074/jbc.R200027200
http://www.ncbi.nlm.nih.gov/pubmed/12556454
http://doi.org/10.1038/s41467-017-01526-z
http://www.ncbi.nlm.nih.gov/pubmed/29233958
http://doi.org/10.1073/pnas.1017825108
http://doi.org/10.1159/000444671
http://doi.org/10.1002/mus.22094
http://www.ncbi.nlm.nih.gov/pubmed/21949456
http://doi.org/10.3390/ijms19030835
http://www.ncbi.nlm.nih.gov/pubmed/29534011
http://doi.org/10.1007/s00441-011-1185-7
http://www.ncbi.nlm.nih.gov/pubmed/21667167
http://doi.org/10.3389/fphar.2015.00087
http://www.ncbi.nlm.nih.gov/pubmed/25954202
http://doi.org/10.1002/path.4301
http://www.ncbi.nlm.nih.gov/pubmed/24255005
http://doi.org/10.1016/j.jot.2018.01.002
http://doi.org/10.1007/s00441-015-2343-0
http://doi.org/10.1038/cddis.2014.161
http://doi.org/10.3390/mi10120857
http://doi.org/10.3892/mmr.2010.389
http://doi.org/10.1101/cshperspect.a006544
http://www.ncbi.nlm.nih.gov/pubmed/22355795
http://doi.org/10.1007/s00109-013-1007-3
http://www.ncbi.nlm.nih.gov/pubmed/23430240
http://doi.org/10.1016/j.biomaterials.2011.05.078
http://doi.org/10.1016/j.addr.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29626550
http://doi.org/10.1089/wound.2017.0761
http://www.ncbi.nlm.nih.gov/pubmed/29984112
http://doi.org/10.1016/j.surg.2016.10.011
http://doi.org/10.1186/1749-7221-3-25
http://www.ncbi.nlm.nih.gov/pubmed/19036161
http://doi.org/10.1002/micr.20175


Int. J. Mol. Sci. 2022, 23, 4074 25 of 30

100. Bellot, G.L.; Dong, X.; Lahiri, A.; Sebastin, S.J.; Batinic-Haberle, I.; Pervaiz, S.; Puhaindran, M.E. MnSOD is implicated in
accelerated wound healing upon Negative Pressure Wound Therapy (NPWT): A case in point for MnSOD mimetics as adjuvants
for wound management. Redox Biol. 2018, 20, 307–320. [CrossRef]

101. Mahmoud, R.; Safwat, N.; Fathy, M.; Mohamed, N.; El-Dek, S.; El-Banna, H.A.; Farghali, A.; El-Ela, F.I.A. Novel Anti-Inflammatory
and Wound healing controlled released LDH-Curcumin nanocomposite via Intramuscular implantation, In-vivo Study. Arab. J.
Chem. 2022, 15, 103646. [CrossRef]

102. Abaricia, J.O.; Shah, A.H.; Musselman, R.M.; Olivares-Navarrete, R. Hydrophilic titanium surfaces reduce neutrophil inflamma-
tory response and NETosis. Biomater. Sci. 2020, 8, 2289–2299. [CrossRef] [PubMed]

103. Gong, F.; Cheng, X.; Wang, S.; Zhao, Y.; Gao, Y.; Cai, H. Heparin-immobilized polymers as non-inflammatory and non-
thrombogenic coating materials for arsenic trioxide eluting stents. Acta Biomater. 2010, 6, 534–546. [CrossRef] [PubMed]

104. Brown, B.N.; Londono, R.; Tottey, S.; Zhang, L.; Kukla, K.A.; Wolf, M.T.; Badylak, S.F. Macrophage phenotype as a predictor
of constructive remodeling following the implantation of biologically derived surgical mesh materials. Acta Biomater. 2012, 8,
978–987. [CrossRef] [PubMed]

105. Wolf, M.T.; Dearth, C.L.; Ranallo, C.A.; LoPresti, S.T.; Carey, L.E.; Daly, K.A.; Brown, B.N.; Badylak, S.F. Macrophage polarization
in response to ECM coated polypropylene mesh. Biomaterials 2014, 35, 6838–6849. [CrossRef] [PubMed]

106. Fearing, B.; Van Dyke, M.E. In vitro response of macrophage polarization to a keratin biomaterial. Acta Biomater. 2014, 10,
3136–3144. [CrossRef]

107. Bartneck, M.; Heffels, K.-H.; Pan, Y.; Bovi, M.; Zwadlo-Klarwasser, G.; Groll, J. Inducing healing-like human primary macrophage
phenotypes by 3D hydrogel coated nanofibres. Biomaterials 2012, 33, 4136–4146. [CrossRef]

108. Bouchlaka, M.N.; Moffitt, A.B.; Kim, J.; Kink, J.A.; Bloom, D.D.; Love, C.; Dave, S.; Hematti, P.; Capitini, C.M. Human
Mesenchymal Stem Cell–Educated Macrophages Are a Distinct High IL-6–Producing Subset that Confer Protection in Graft-
versus-Host-Disease and Radiation Injury Models. Biol. Blood Marrow Transplant. 2017, 23, 897–905. [CrossRef]

109. Gronthos, S.; Franklin, D.M.; Leddy, H.A.; Robey, P.; Storms, R.W.; Gimble, J.M. Surface protein characterization of human
adipose tissue-derived stromal cells. J. Cell. Physiol. 2001, 189, 54–63. [CrossRef]

110. Lo Sicco, C.; Reverberi, D.; Balbi, C.; Ulivi, V.; Principi, E.; Pascucci, L.; Tasso, R. Mesenchymal Stem Cell-Derived Extracellular
Vesicles as Mediators of Anti-Inflammatory Effects: Endorsement of Macrophage Polarization. Stem. Cells Transl. Med. 2017, 6,
1018–1028. [CrossRef]

111. Mellows, B.; Mitchell, R.; Antonioli, M.; Kretz, O.; Chambers, D.; Zeuner, M.-T.; Denecke, B.; Musante, L.; Ramachandra, D.L.;
Debacq-Chainiaux, F.; et al. Protein and Molecular Characterization of a Clinically Compliant Amniotic Fluid Stem Cell-Derived
Extracellular Vesicle Fraction Capable of Accelerating Muscle Regeneration Through Enhancement of Angiogenesis. Stem Cells
Dev. 2017, 26, 1316–1333. [CrossRef]

112. Duggan, K.C.; Walters, M.J.; Musee, J.; Harp, J.M.; Kiefer, J.; Oates, J.A.; Marnett, L.J. Molecular Basis for Cyclooxygenase
Inhibition by the Non-steroidal Anti-inflammatory Drug Naproxen. J. Biol. Chem. 2010, 285, 34950–34959. [CrossRef] [PubMed]

113. Orlando, B.J.; Lucido, M.; Malkowski, M.G. The structure of ibuprofen bound to cyclooxygenase-2. J. Struct. Biol. 2014, 189, 62–66.
[CrossRef] [PubMed]

114. Rouzer, C.A.; Marnett, L.J. Cyclooxygenases: Structural and functional insights. J. Lipid Res. 2009, 50, S29–S34. [CrossRef]
[PubMed]

115. Bombardier, C.; Laine, L.; Reicin, A.; Shapiro, D.; Burgos-Vargas, R.; Davis, B.; Day, R.; Ferraz, M.B.; Hawkey, C.J.;
Hochberg, M.C.; et al. Comparison of Upper Gastrointestinal Toxicity of Rofecoxib and Naproxen in Patients with Rheumatoid
Arthritis. N. Engl. J. Med. 2000, 343, 1520–1528. [CrossRef]

116. Mukherjee, D.; Nissen, S.E.; Topol, E.J. Risk of Cardiovascular Events Associated with Selective COX-2 Inhibitors. JAMA 2001,
286, 954–959. [CrossRef]

117. Radi, Z.A.; Khan, N.K. Effects of cyclooxygenase inhibition on the gastrointestinal tract. Exp. Toxicol. Pathol. 2006, 58, 163–173.
[CrossRef]

118. Chu, K.; Jeong, S.-W.; Jung, K.-H.; Han, S.-Y.; Lee, S.-T.; Kim, M.; Roh, J.-K. Celecoxib Induces Functional Recovery after
Intracerebral Hemorrhage with Reduction of Brain Edema and Perihematomal Cell Death. J. Cereb. Blood Flow Metab. 2004, 24,
926–933. [CrossRef]

119. Yokoyama, Y.; Toth, B.; Kitchens, W.C.; Schwacha, M.G.; Bland, K.I.; Chaudry, I.H. Role of thromboxane in producing portal
hypertension following trauma-hemorrhage. Am. J. Physiol. Liver Physiol. 2003, 285, G1293–G1299. [CrossRef]

120. Chueh, T.-H.; Cheng, Y.-H.; Chen, K.-H.; Chien, C.-T. Thromboxane A2 Synthase and Thromboxane Receptor Deletion Reduces
Ischaemia/Reperfusion-Evoked Inflammation, Apoptosis, Autophagy and Pyroptosis. Thromb. Haemost. 2019, 120, 329–343.
[CrossRef]

121. Patrono, C. Biosynthesis and pharmacological modulation of thromboxane in humans. Circulation 1990, 81, I12–I15.
122. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]

[PubMed]
123. Nakazawa, H.; Chang, K.; Shinozaki, S.; Yasukawa, T.; Ishimaru, K.; Yasuhara, S.; Kaneki, M. iNOS as a Driver of Inflammation

and Apoptosis in Mouse Skeletal Muscle after Burn Injury: Possible Involvement of Sirt1 S-Nitrosylation-Mediated Acetylation of
p65 NF-κB and p53. PLoS ONE 2017, 12, e0170391. [CrossRef]

http://doi.org/10.1016/j.redox.2018.10.014
http://doi.org/10.1016/j.arabjc.2021.103646
http://doi.org/10.1039/C9BM01474H
http://www.ncbi.nlm.nih.gov/pubmed/32163073
http://doi.org/10.1016/j.actbio.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19607942
http://doi.org/10.1016/j.actbio.2011.11.031
http://www.ncbi.nlm.nih.gov/pubmed/22166681
http://doi.org/10.1016/j.biomaterials.2014.04.115
http://www.ncbi.nlm.nih.gov/pubmed/24856104
http://doi.org/10.1016/j.actbio.2014.04.003
http://doi.org/10.1016/j.biomaterials.2012.02.050
http://doi.org/10.1016/j.bbmt.2017.02.018
http://doi.org/10.1002/jcp.1138
http://doi.org/10.1002/sctm.16-0363
http://doi.org/10.1089/scd.2017.0089
http://doi.org/10.1074/jbc.M110.162982
http://www.ncbi.nlm.nih.gov/pubmed/20810665
http://doi.org/10.1016/j.jsb.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25463020
http://doi.org/10.1194/jlr.R800042-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18952571
http://doi.org/10.1056/NEJM200011233432103
http://doi.org/10.1001/jama.286.8.954
http://doi.org/10.1016/j.etp.2006.06.004
http://doi.org/10.1097/01.WCB.0000130866.25040.7D
http://doi.org/10.1152/ajpgi.00268.2003
http://doi.org/10.1055/s-0039-3400304
http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.1371/journal.pone.0170391


Int. J. Mol. Sci. 2022, 23, 4074 26 of 30

124. Zhang, L.; Looney, C.G.; Qi, W.-N.; Chen, L.-E.; Seaber, A.V.; Stamler, J.S.; Urbaniak, J.R. Reperfusion injury is reduced in skeletal
muscle by inhibition of inducible nitric oxide synthase. J. Appl. Physiol. 2003, 94, 1473–1478. [CrossRef]

125. Kim, K. Interaction between HSP 70 and iNOS in skeletal muscle injury and repair. J. Exerc. Rehabilitation 2015, 11, 240–243.
[CrossRef]

126. Kitano, T.; Yamada, H.; Kida, M.; Okada, Y.; Saika, S.; Yoshida, M. Impaired Healing of a Cutaneous Wound in an Inducible Nitric
Oxide Synthase-Knockout Mouse. Dermatol. Res. Pract. 2017, 2017, 1–11. [CrossRef] [PubMed]

127. Whitely, M.E.; Collins, P.B.; Iwamoto, M.; Wenke, J.C. Administration of a selective retinoic acid receptor-γ agonist improves
neuromuscular strength in a rodent model of volumetric muscle loss. J. Exp. Orthop. 2021, 8, 58. [CrossRef] [PubMed]

128. Younus, H. Therapeutic potentials of superoxide dismutase. Int. J. Health Sci. 2018, 12, 88–93.
129. Wittmann, C.; Chockley, P.; Singh, S.K.; Pase, L.; Lieschke, G.; Grabher, C. Hydrogen Peroxide in Inflammation: Messenger, Guide,

and Assassin. Adv. Hematol. 2012, 2012, 1–6. [CrossRef]
130. Kang, D.O.; Park, Y.; Seo, J.H.; Jeong, M.H.; Chae, S.C.; Ahn, T.H.; KAMIR-NIH Registry Investigators. Time-dependent

prognostic effect of high sensitivity C-reactive protein with statin therapy in acute myocardial infarction. J. Cardiol. 2019, 74,
74–83. [CrossRef]

131. Owens, G.K.; Kumar, M.S.; Wamhoff, B.R. Molecular regulation of vascular smooth muscle cell differentiation in development
and disease. Physiol. Rev. 2004, 84, 767–801. [CrossRef]

132. Pinal-Fernandez, I.; Casal-Dominguez, M.; Mammen, A.L. Statins: Pros and cons. Med. Clin. 2018, 150, 398–402. [CrossRef]
[PubMed]

133. Akershoek, J.J.; Brouwer, K.M.; Vlig, M.; Boekema, B.K.H.L.; Beelen, R.H.J.; Middelkoop, E.; Ulrich, M.M.W. Differential effects of
Losartan and Atorvastatin in partial and full thickness burn wounds. PLoS ONE 2017, 12, e0179350. [CrossRef] [PubMed]

134. Van Ort, S.R.; Gerber, R.M. Topical application of insulin in the treatment of decubitus ulcers: A pilot study. Nurs. Res. 1976, 25,
9–12. [CrossRef] [PubMed]

135. Abdelkader, D.; Osman, M.A.; Elgizawy, S.A.; Faheem, A.M.; McCarron, P.A. The role of insulin in wound healing process:
Mechanism of action and pharmaceutical applications. J. Anal. Pharm. Res. 2016, 2, 7.

136. De Meyts, P. The Insulin Receptor and Its Signal Transduction Network. In Endotext; Feingold, K.R., Grunfeld, C., Anawalt, B.,
Boyce, A., Eds.; MDText.com, Inc.: South Dartmouth, MA, USA, 2016. Available online: https://www.ncbi.nlm.nih.gov/books/
NBK378978/ (accessed on 15 February 2022).

137. Rezvani, O.; Shabbak, E.; Aslani, A.; Bidar, R.; Jafari, M.; Safarnezhad, S. A randomized, double-blind, placebo-controlled trial to
determine the effects of topical insulin on wound healing. Ostomy/Wound Manag. 2009, 55, 22.

138. Teplicki, E.; Ma, Q.; Castillo, D.E.; Zarei, M.; Hustad, A.P.; Chen, J.; Li, J. The Effects of Aloe vera on Wound Healing in Cell
Proliferation, Migration, and Viability. Wounds Compend. Clin. Res. Pract. 2018, 30, 263–268.

139. Hadagali, M.D.; Chua, L.S. The anti-inflammatory and wound healing properties of honey. Eur. Food Res. Technol. 2014, 239,
1003–1014. [CrossRef]

140. Prasad, R.; Kumar, D.; Kant, V.; Tandan, S.K.; Kumar, D. Curcumin Enhanced Cutaneous Wound Healing by Modulating
Cytokines and Transforming Growth Factor in Excision Wound Model in Rats. Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 2263–2273.
[CrossRef]

141. Wang, X. Overview on biocompatibilities of implantable biomaterials. In Advances in Biomaterials Science and Biomedical Applications
in Biomedicine; Lazinica, R., Ed.; BoD–Books on Demand: Norderstedt, Germany, 2013; pp. 111–155.

142. Taraballi, F.; Sushnitha, M.; Tsao, C.; Bauza, G.; Liverani, C.; Shi, A.; Tasciotti, E. Biomimetic tissue engineering: Tuning the
immune and inflammatory response to implantable biomaterials. Adv. Healthc. Mater. 2018, 7, 1800490. [CrossRef]

143. Mehrali, M.; Thakur, A.; Pennisi, C.P.; Talebian, S.; Arpanaei, A.; Nikkhah, M.; Dolatshahi-Pirouz, A. Nanoreinforced Hydrogels
for Tissue Engineering: Biomaterials that are Compatible with Load-Bearing and Electroactive Tissues. Adv. Mater. 2016, 29,
1603612. [CrossRef]

144. Smoak, M.M.; Mikos, A.G. Advances in biomaterials for skeletal muscle engineering and obstacles still to overcome. Mater. Today
Bio. 2020, 7, 100069. [CrossRef] [PubMed]

145. Chandorkar, Y.; Basu, B. The foreign body response demystified. ACS Biomater. Sci. Eng. 2018, 5, 19–44. [CrossRef] [PubMed]
146. Morais, J.M.; Papadimitrakopoulos, F.; Burgess, D.J. Biomaterials/Tissue Interactions: Possible Solutions to Overcome Foreign

Body Response. AAPS J. 2010, 12, 188–196. [CrossRef] [PubMed]
147. Chung, L.; Maestas, D.R.; Housseau, F.; Elisseeff, J.H. Key players in the immune response to biomaterial scaffolds for regenerative

medicine. Adv. Drug Deliv. Rev. 2017, 114, 184–192. [CrossRef]
148. Cheung, H.-Y.; Lau, K.-T.; Lu, T.-P.; Hui, D. A critical review on polymer-based bio-engineered materials for scaffold development.

Compos. Part B Eng. 2006, 38, 291–300. [CrossRef]
149. Venkatraman, S.; Boey, F.; Lao, L.L. Implanted cardiovascular polymers: Natural, synthetic and bio-inspired. Prog. Polym. Sci.

2008, 33, 853–874. [CrossRef]
150. Doloff, J.; Veiseh, O.; Vegas, A.J.; Tam, H.H.; Farah, S.; Ma, M.; Li, J.; Bader, A.; Chiu, A.; Sadraei, A.; et al. Colony stimulating

factor-1 receptor is a central component of the foreign body response to biomaterial implants in rodents and non-human primates.
Nat. Mater. 2017, 16, 671–680. [CrossRef]

151. Boni, B.O.O.; Lamboni, L.; Souho, T.; Gauthier, M.; Yang, G. Immunomodulation and cellular response to biomaterials: The
overriding role of neutrophils in healing. Mater. Horizons 2019, 6, 1122–1137. [CrossRef]

http://doi.org/10.1152/japplphysiol.00789.2002
http://doi.org/10.12965/jer.150235
http://doi.org/10.1155/2017/2184040
http://www.ncbi.nlm.nih.gov/pubmed/28487726
http://doi.org/10.1186/s40634-021-00378-3
http://www.ncbi.nlm.nih.gov/pubmed/34383202
http://doi.org/10.1155/2012/541471
http://doi.org/10.1016/j.jjcc.2018.12.022
http://doi.org/10.1152/physrev.00041.2003
http://doi.org/10.1016/j.medcli.2017.11.030
http://www.ncbi.nlm.nih.gov/pubmed/29292104
http://doi.org/10.1371/journal.pone.0179350
http://www.ncbi.nlm.nih.gov/pubmed/28614412
http://doi.org/10.1097/00006199-197601000-00004
http://www.ncbi.nlm.nih.gov/pubmed/1107960
https://www.ncbi.nlm.nih.gov/books/NBK378978/
https://www.ncbi.nlm.nih.gov/books/NBK378978/
http://doi.org/10.1007/s00217-014-2297-6
http://doi.org/10.20546/ijcmas.2017.607.266
http://doi.org/10.1002/adhm.201800490
http://doi.org/10.1002/adma.201603612
http://doi.org/10.1016/j.mtbio.2020.100069
http://www.ncbi.nlm.nih.gov/pubmed/32695987
http://doi.org/10.1021/acsbiomaterials.8b00252
http://www.ncbi.nlm.nih.gov/pubmed/33405858
http://doi.org/10.1208/s12248-010-9175-3
http://www.ncbi.nlm.nih.gov/pubmed/20143194
http://doi.org/10.1016/j.addr.2017.07.006
http://doi.org/10.1016/j.compositesb.2006.06.014
http://doi.org/10.1016/j.progpolymsci.2008.07.001
http://doi.org/10.1038/nmat4866
http://doi.org/10.1039/C9MH00291J


Int. J. Mol. Sci. 2022, 23, 4074 27 of 30

152. Prame Kumar, K.; Nicholls, A.J.; Wong, C.H.Y. Partners in crime: Neutrophils and monocytes/macrophages in inflammation and
disease. Cell Tissue Res. 2018, 371, 551–565. [CrossRef]

153. Seif, F.; Khoshmirsafa, M.; Aazami, H.; Mohsenzadegan, M.; Sedighi, G.; Bahar, M. The role of JAK-STAT signaling pathway and
its regulators in the fate of T helper cells. Cell Commun. Signal. 2017, 15, 23. [CrossRef]

154. Finley, M.J.; Rauova, L.; Alferiev, I.S.; Weisel, J.W.; Levy, R.J.; Stachelek, S.J. Diminished adhesion and activation of platelets and
neutrophils with CD47 functionalized blood contacting surfaces. Biomaterials 2012, 33, 5803–5811. [CrossRef] [PubMed]

155. Chang, S.; Popowich, Y.; Greco, R.S.; Haimovich, B. Neutrophil survival on biomaterials is determined by surface topography.
J. Vasc. Surg. 2003, 37, 1082–1090. [CrossRef] [PubMed]

156. Kim, Y.K.; Que, R.; Wang, S.-W.; Liu, W.F. Modification of Biomaterials with a Self-Protein Inhibits the Macrophage Response.
Adv. Health Mater. 2014, 3, 989–994. [CrossRef]

157. Hayakawa, K.; Pham, L.D.D.; Seo, J.H.; Miyamoto, N.; Maki, T.; Terasaki, Y.; Lo, E.H. CD200 restrains macrophage attack on
oligodendrocyte precursors via toll-like receptor 4 downregulation. J. Cereb. Blood Flow Metab. 2016, 36, 781–793. [CrossRef]

158. Horsley, V.; Jansen, K.M.; Mills, S.T.; Pavlath, G.K. IL-4 Acts as a Myoblast Recruitment Factor during Mammalian Muscle Growth.
Cell 2003, 113, 483–494. [CrossRef]

159. Meng, J.; Zou, X.; Wu, R.; Zhong, R.; Zhu, D.; Zhang, Y. Accelerated regeneration of the skeletal muscle in RNF13-knockout mice
is mediated by macrophage-secreted IL-4/IL-6. Protein Cell 2014, 5, 235–247. [CrossRef]

160. Schiechl, G.; Hermann, F.J.; Gomez, M.R.; Kutzi, S.; Schmidbauer, K.; Talke, Y.; Neumayer, S.; Goebel, N.; Renner, K.; Brühl, H.;
et al. Basophils Trigger Fibroblast Activation in Cardiac Allograft Fibrosis Development. Am. J. Transplant. 2016, 16, 2574–2588.
[CrossRef]

161. Zhang, S.; Marini, D.M.; Hwang, W.; Santoso, S. Design of nanostructured biological materials through self-assembly of peptides
and proteins. Curr. Opin. Chem. Biol. 2002, 6, 865–871. [CrossRef]

162. Aamodt, J.M.; Grainger, D.W. Extracellular matrix-based biomaterial scaffolds and the host response. Biomaterials 2016, 86, 68–82.
[CrossRef]

163. Eweida, A.; Marei, M. Naturally occurring extracellular matrix scaffolds for dermal regeneration: Do they really need cells? Bio.
Med. Res. Int. 2015, 2015, 839694. [CrossRef]

164. Cazzell, S.; Moyer, P.M.; Samsell, B.; Dorsch, K.; McLean, J.; Moore, M.A. A Prospective, Multicenter, Single-Arm Clinical Trial for
Treatment of Complex Diabetic Foot Ulcers with Deep Exposure Using Acellular Dermal Matrix. Adv. Ski. Wound Care 2019, 32,
409–415. [CrossRef] [PubMed]

165. Lu, H.; Hoshiba, T.; Kawazoe, N.; Koda, I.; Song, M.; Chen, G. Cultured cell-derived extracellular matrix scaffolds for tissue
engineering. Biomaterials 2011, 32, 9658–9666. [CrossRef] [PubMed]

166. Gentile, N.E.; Stearns, K.M.; Brown, E.H.; Rubin, J.P.; Boninger, M.; Dearth, C.L.; Ambrosio, F.; Badylak, S. Targeted Rehabilitation
After Extracellular Matrix Scaffold Transplantation for the Treatment of Volumetric Muscle Loss. Am. J. Phys. Med. Rehabilitation
2014, 93, S79–S87. [CrossRef]

167. Qiu, X.; Liu, S.; Zhang, H.; Zhu, B.; Su, Y.; Zheng, C.; Tian, R.; Wang, M.; Kuang, H.; Zhao, X.; et al. Mesenchymal stem cells and
extracellular matrix scaffold promote muscle regeneration by synergistically regulating macrophage polarization toward the M2
phenotype. Stem Cell Res. Ther. 2018, 9, 88. [CrossRef] [PubMed]

168. Sarrafian, T.L.; Bodine, S.C.; Murphy, B.; Grayson, J.K.; Stover, S.M. Extracellular matrix scaffolds for treatment of large volume
muscle injuries: A review. Veter Surg. 2018, 47, 524–535. [CrossRef]

169. Thompson, M.; Van Dyke, M. Natural Materials for Cell-Based Therapies. In Biomaterials for Cell Delivery; CRC Press: Boca Raton,
FL, USA, 2018; pp. 1–24.

170. Hill, P.; Brantley, H.; Van Dyke, M. Some properties of keratin biomaterials: Kerateines. Biomaterials 2010, 31, 585–593. [CrossRef]
171. Thompson, M.; Giuffre, A.; McClenny, C.; Van Dyke, M. A keratin-based microparticle for cell delivery. J. Biomater. Appl. 2020, 35,

579–591. [CrossRef]
172. Ledford, B.T.; Simmons, J.; Chen, M.; Fan, H.; Barron, C.; Liu, Z.; Van Dyke, M.; He, J.-Q. Keratose Hydrogels Promote Vascular

Smooth Muscle Differentiation from C-kit-Positive Human Cardiac Stem Cells. Stem Cells Dev. 2017, 26, 888–900. [CrossRef]
173. Chattopadhyay, S.; Raines, R.T. Collagen-based biomaterials for wound healing. Biopolymers 2014, 101, 821–833. [CrossRef]
174. Janmey, P.A.; Winer, J.P.; Weisel, J.W. Fibrin gels and their clinical and bioengineering applications. J. R. Soc. Interface 2009, 6, 1–10.

[CrossRef]
175. Cañedo-Dorantes, L.; Cañedo-Ayala, M. Skin Acute Wound Healing: A Comprehensive Review. Int. J. Inflamm. 2019, 2019,

3706315. [CrossRef] [PubMed]
176. Chargé, S.B.; Rudnicki, M. Cellular and Molecular Regulation of Muscle Regeneration. Physiol. Rev. 2004, 84, 209–238. [CrossRef]

[PubMed]
177. Howard, E.E.; Pasiakos, S.M.; Blesso, C.N.; Fussell, M.A.; Rodriguez, N.R. Divergent Roles of Inflammation in Skeletal Muscle

Recovery from Injury. Front. Physiol. 2020, 11, 87. [CrossRef] [PubMed]
178. Singer, A. Healing Mechanisms in Cutaneous Wounds: Tipping the Balance. Tissue Eng. Part B Rev. 2021. [CrossRef]
179. Kado, M.; Tanaka, R.; Arita, K.; Okada, K.; Ito-Hirano, R.; Fujimura, S.; Mizuno, H. Human peripheral blood mononuclear cells

enriched in endothelial progenitor cells via quality and quantity controlled culture accelerate vascularization and wound healing
in a porcine wound model. Cell Transplant. 2018, 27, 1068–1079. [CrossRef]

http://doi.org/10.1007/s00441-017-2753-2
http://doi.org/10.1186/s12964-017-0177-y
http://doi.org/10.1016/j.biomaterials.2012.04.051
http://www.ncbi.nlm.nih.gov/pubmed/22613135
http://doi.org/10.1067/mva.2003.160
http://www.ncbi.nlm.nih.gov/pubmed/12756358
http://doi.org/10.1002/adhm.201300532
http://doi.org/10.1177/0271678X15606148
http://doi.org/10.1016/S0092-8674(03)00319-2
http://doi.org/10.1007/s13238-014-0025-4
http://doi.org/10.1111/ajt.13764
http://doi.org/10.1016/S1367-5931(02)00391-5
http://doi.org/10.1016/j.biomaterials.2016.02.003
http://doi.org/10.1155/2015/839694
http://doi.org/10.1097/01.ASW.0000569132.38449.c0
http://www.ncbi.nlm.nih.gov/pubmed/31361269
http://doi.org/10.1016/j.biomaterials.2011.08.091
http://www.ncbi.nlm.nih.gov/pubmed/21937104
http://doi.org/10.1097/PHM.0000000000000145
http://doi.org/10.1186/s13287-018-0821-5
http://www.ncbi.nlm.nih.gov/pubmed/29615126
http://doi.org/10.1111/vsu.12787
http://doi.org/10.1016/j.biomaterials.2009.09.076
http://doi.org/10.1177/0885328220951892
http://doi.org/10.1089/scd.2016.0351
http://doi.org/10.1002/bip.22486
http://doi.org/10.1098/rsif.2008.0327
http://doi.org/10.1155/2019/3706315
http://www.ncbi.nlm.nih.gov/pubmed/31275545
http://doi.org/10.1152/physrev.00019.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715915
http://doi.org/10.3389/fphys.2020.00087
http://www.ncbi.nlm.nih.gov/pubmed/32116792
http://doi.org/10.1089/ten.teb.2021.0114
http://doi.org/10.1177/0963689718780307


Int. J. Mol. Sci. 2022, 23, 4074 28 of 30

180. Mizoguchi, T.; Ueno, K.; Takeuchi, Y.; Samura, M.; Suzuki, R.; Murata, T.; Hosoyama, T.; Morikage, N.; Hamano, K. Treatment
of Cutaneous Ulcers with Multilayered Mixed Sheets of Autologous Fibroblasts and Peripheral Blood Mononuclear Cells. Cell.
Physiol. Biochem. 2018, 47, 201–211. [CrossRef]

181. Sîrbulescu, R.F.; Boehm, C.K.; Soon, E.; Wilks, M.Q.; Ilies, I.; Yuan, H.; Maxner, B.; Chronos, N.; Kaittanis, C.; Normandin, M.; et al.
Mature B cells accelerate wound healing after acute and chronic diabetic skin lesions. Wound Repair Regen. 2017, 25, 774–791.
[CrossRef]

182. Vågesjö, E.; Öhnstedt, E.; Mortier, A.; Lofton, H.; Huss, F.; Proost, P.; Roos, S.; Phillipson, M. Accelerated wound healing in mice
by on-site production and delivery of CXCL12 by transformed lactic acid bacteria. Proc. Natl. Acad. Sci. USA 2018, 115, 1895–1900.
[CrossRef]

183. Dong, Y.; Yang, Q.; Sun, X. Comprehensive Analysis of Cell Therapy on Chronic Skin Wound Healing: A Meta-Analysis. Hum.
Gene Ther. 2021, 32, 787–795. [CrossRef]

184. Corcione, A.; Benvenuto, F.; Ferretti, E.; Giunti, D.; Cappiello, V.; Cazzanti, F.; Risso, M.; Gualandi, F.; Mancardi, G.L.;
Pistoia, V.; et al. Human mesenchymal stem cells modulate B-cell functions. Blood 2006, 107, 367–372. [CrossRef]

185. Rea, S.; Giles, N.L.; Webb, S.; Adcroft, K.F.; Evill, L.M.; Strickland, D.H.; Wood, F.M.; Fear, M.W. Bone marrow-derived cells in the
healing burn wound—More than just inflammation. Burns 2009, 35, 356–364. [CrossRef] [PubMed]

186. Kilroy, G.E.; Foster, S.J.; Wu, X.; Ruiz, J.; Sherwood, S.; Heifetz, A.; Ludlow, J.W.; Stricker, D.M.; Potiny, S.; Green, P.; et al. Cytokine
profile of human adipose-derived stem cells: Expression of angiogenic, hematopoietic, and pro-inflammatory factors. J. Cell.
Physiol. 2007, 212, 702–709. [CrossRef] [PubMed]

187. Choudhry, M.A.; Ahmed, Z.; Sayeed, M.M. PGE(2)-mediated inhibition of T cell p59(fyn) is independent of cAMP. Am. J. Physiol.
1999, 277, C302–C309. [CrossRef] [PubMed]

188. Harris, S.G.; Padilla, J.; Koumas, L.; Ray, D.; Phipps, R.P. Prostaglandins as modulators of immunity. Trends Immunol. 2002, 23,
144–150. [CrossRef]

189. Ho, A.T.V.; Palla, A.R.; Blake, M.R.; Yucel, N.D.; Wang, Y.X.; Magnusson, K.E.G.; Holbrook, C.A.; Kraft, P.E.; Delp, S.L.; Blau, H.M.
Prostaglandin E2 is essential for efficacious skeletal muscle stem-cell function, augmenting regeneration and strength. Proc. Natl.
Acad. Sci. USA 2017, 114, 6675–6684. [CrossRef]

190. Jin, D.K.; Shido, K.; Kopp, H.G.; Petit, I.; Shmelkov, S.V.; Young, L.M.; Rafii, S. Cytokine-mediated deployment of SDF-1 induces
revascularization through recruitment of CXCR4+ hemangiocytes. Nat. Med. 2006, 12, 557–567. [CrossRef]

191. Petit, I.; Jin, D.; Rafii, S. The SDF-1–CXCR4 signaling pathway: A molecular hub modulating neo-angiogenesis. Trends Immunol.
2007, 28, 299–307. [CrossRef]

192. Aurora, A.; Wrice, N.; Walters, T.J.; Christy, R.J.; Natesan, S. A PEGylated platelet free plasma hydrogel based composite scaffold
enables stable vascularization and targeted cell delivery for volumetric muscle loss. Acta Biomater. 2018, 65, 150–162. [CrossRef]

193. Sato, Y.; Ohshima, T.; Kondo, T. Regulatory Role of Endogenous Interleukin-10 in Cutaneous Inflammatory Response of Murine
Wound Healing. Biochem. Biophys. Res. Commun. 1999, 265, 194–199. [CrossRef]

194. Gauglitz, G.G.; Finnerty, C.C.; Herndon, D.N.; Mlcak, R.P.; Jeschke, M.G. Are serum cytokines early predictors for the outcome of
burn patients with inhalation injuries who do not survive? Crit. Care 2008, 12, R81. [CrossRef]

195. Zahs, A.; Bird, M.D.; Ramirez, L.; Choudhry, M.A.; Kovacs, E.J. Anti-IL-6 antibody treatment but not IL-6 knockout improves
intestinal barrier function and reduces inflammation after binge ethanol exposure and burn injury. Shock 2013, 39, 373–379.
[CrossRef] [PubMed]

196. Sun, L.T.; Friedrich, E.; Heuslein, J.L.; Pferdehirt, R.E.; Dangelo, N.M.; Natesan, S.; Christy, R.J.; Washburn, N.R. Reduction of
burn progression with topical delivery of (antitumor necrosis factor-α)-hyaluronic acid conjugates. Wound Repair Regen. 2012, 20,
563–572. [CrossRef] [PubMed]

197. Dinarello, C.A.; Simon, A.; Van Der Meer, J.W. Treating inflammation by blocking interleukin-1 in a broad spectrum of diseases.
Nat. Rev. Drug Discov. 2012, 11, 633–652. [PubMed]

198. Chen, Y.; Yang, W.; Zhang, X.; Yang, S.; Peng, G.; Wu, T.; Zhou, Y.; Huang, C.; Reinach, P.S.; Li, W.; et al. MK2 inhibitor reduces
alkali burn-induced inflammation in rat cornea. Sci. Rep. 2016, 6, 28145. [CrossRef]

199. Thuraisingam, T.; Xu, Y.Z.; Eadie, K.; Heravi, M.; Guiot, M.-C.; Greemberg, R.; Gaestel, M.; Radzioch, D. MAPKAPK-2 Signaling
Is Critical for Cutaneous Wound Healing. J. Investig. Dermatol. 2010, 130, 278–286. [CrossRef]

200. Zuloff-Shani, A.; Kachel, E.; Frenkel, O.; Orenstein, A.; Shinar, E.; Danon, D. Macrophage suspensions prepared from a blood unit
for treatment of refractory human ulcers. Transfus. Apher. Sci. 2004, 30, 163–167. [CrossRef]

201. Huang, G.; Sun, T.; Zhang, L.; Wu, Q.; Zhang, K.; Tian, Q.; Huo, R. Combined application of alginate dressing and human
granulocyte-macrophage colony stimulating factor promotes healing in refractory chronic skin ulcers. Exp. Ther. Med. 2014, 7,
1772–1776. [CrossRef]

202. Tanaka, R.; Masuda, H.; Kato, S.; Imagawa, K.; Kanabuchi, K.; Nakashioya, C.; Yoshiba, F.; Fukui, T.; Ito, R.; Kobori, M.; et al.
Autologous G-CSF-Mobilized Peripheral Blood CD34+ Cell Therapy for Diabetic Patients with Chronic Nonhealing Ulcer. Cell
Transplant. 2014, 23, 167–179. [CrossRef]

203. NCT01785784. Available online: www.clincaltrial.gov (accessed on 15 February 2022).
204. Yan, D.; Liu, S.; Zhao, X.; Bian, H.; Yao, X.; Xing, J.; Sun, W.; Chen, X. Recombinant human granulocyte macrophage colony

stimulating factor in deep second-degree burn wound healing. Medicine 2017, 96, e6881. [CrossRef]

http://doi.org/10.1159/000489767
http://doi.org/10.1111/wrr.12584
http://doi.org/10.1073/pnas.1716580115
http://doi.org/10.1089/hum.2020.275
http://doi.org/10.1182/blood-2005-07-2657
http://doi.org/10.1016/j.burns.2008.07.011
http://www.ncbi.nlm.nih.gov/pubmed/18952376
http://doi.org/10.1002/jcp.21068
http://www.ncbi.nlm.nih.gov/pubmed/17477371
http://doi.org/10.1152/ajpcell.1999.277.2.C302
http://www.ncbi.nlm.nih.gov/pubmed/10444407
http://doi.org/10.1016/S1471-4906(01)02154-8
http://doi.org/10.1073/pnas.1705420114
http://doi.org/10.1038/nm1400
http://doi.org/10.1016/j.it.2007.05.007
http://doi.org/10.1016/j.actbio.2017.11.019
http://doi.org/10.1006/bbrc.1999.1455
http://doi.org/10.1186/cc6932
http://doi.org/10.1097/SHK.0b013e318289d6c6
http://www.ncbi.nlm.nih.gov/pubmed/23376955
http://doi.org/10.1111/j.1524-475X.2012.00813.x
http://www.ncbi.nlm.nih.gov/pubmed/22712482
http://www.ncbi.nlm.nih.gov/pubmed/22850787
http://doi.org/10.1038/srep28145
http://doi.org/10.1038/jid.2009.209
http://doi.org/10.1016/j.transci.2003.11.007
http://doi.org/10.3892/etm.2014.1652
http://doi.org/10.3727/096368912X658007
www.clincaltrial.gov
http://doi.org/10.1097/MD.0000000000006881


Int. J. Mol. Sci. 2022, 23, 4074 29 of 30

205. Yan, H.; Chen, J.; Peng, X. Recombinant human granulocyte-macrophage colony-stimulating factor hydrogel promotes healing of
deep partial thickness burn wounds. Burns 2012, 38, 877–881. [CrossRef]

206. Camões, S.P.; Bulut, O.; Yazar, V.; Gaspar, M.M.; Simões, S.; Ferreira, R.; Vitorino, R.; Santos, J.M.; Gursel, I.; Miranda, J.P. 3D-MSCs
A151 ODN-loaded exosomes are immunomodulatory and reveal a proteomic cargo that sustains wound resolution. J. Adv. Res.
2022; in press. [CrossRef]

207. Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [PubMed]

208. Yamashita, T.; Takahashi, Y.; Takakura, Y. Possibility of Exosome-Based Therapeutics and Challenges in Production of Exosomes
Eligible for Therapeutic Application. Biol. Pharm. Bull. 2018, 41, 835–842. [CrossRef] [PubMed]

209. Nakamura, Y.; Miyaki, S.; Ishitobi, H.; Matsuyama, S.; Nakasa, T.; Kamei, N.; Akimoto, T.; Higashi, Y.; Ochi, M. Mesenchymal-
stem-cell-derived exosomes accelerate skeletal muscle regeneration. FEBS Lett. 2015, 589, 1257–1265. [CrossRef]

210. Nakasa, T.; Ishikawa, M.; Shi, M.; Shibuya, H.; Adachi, N.; Ochi, M. Acceleration of muscle regeneration by local injection of
muscle-specific microRNAs in rat skeletal muscle injury model. J. Cell. Mol. Med. 2009, 14, 2495–2505. [CrossRef]

211. Sinha, A.; Principe, S.; Alfaro, J.; Ignatchenko, A.; Ignatchenko, V.; Kislinger, T. Proteomic Profiling of Secreted Proteins, Exosomes,
and Microvesicles in Cell Culture Conditioned Media. Methods Mol. Biol. 2017, 1722, 91–102.

212. Jiang, N. Immune engineering: From systems immunology to engineering immunity. Curr. Opin. Biomed. Eng. 2017, 1, 54–62.
[CrossRef]

213. Kim, S.; Shah, S.B.; Graney, P.L.; Singh, A. Multiscale engineering of immune cells and lymphoid organs. Nat. Rev. Mater. 2019, 4,
355–378. [CrossRef]

214. Jiang, H.; Zhang, T.; Sun, X. Vascular Endothelial Growth Factor Gene Delivery by Magnetic DNA Nanospheres Ameliorates
Limb Ischemia in Rabbits1. J. Surg. Res. 2005, 126, 48–54. [CrossRef]

215. Gui, L.; Chen, Y.; Diao, Y.; Chen, Z.; Duan, J.; Liang, X.; Li, Y. ROS-responsive nanoparticle-mediated delivery of CYP2J2 gene for
therapeutic angiogenesis in severe hindlimb ischemia. Mater Today Bio. 2022, 13, 100192. [CrossRef]

216. Wang, P.; Huang, S.; Hu, Z.; Yang, W.; Lan, Y.; Zhu, J.; Hancharou, A.; Guo, R.; Tang, B. In situ formed anti-inflammatory hydrogel
loading plasmid DNA encoding VEGF for burn wound healing. Acta Biomater. 2019, 100, 191–201. [CrossRef] [PubMed]

217. Pang, Q.; Lou, D.; Li, S.; Wang, G.; Qiao, B.; Dong, S.; Ma, L.; Gao, C.; Wu, Z. Smart Flexible Electronics-Integrated Wound
Dressing for Real-Time Monitoring and On-Demand Treatment of Infected Wounds. Adv. Sci. 2020, 7, 1902673. [CrossRef]
[PubMed]

218. Ma, W.; Zhan, Y.; Mao, C.; Xie, X.; Lin, Y. The biological applications of DNA nanomaterials: Current challenges and future
directions. Signal Transduct. Target. Ther. 2021, 6, 351.

219. Lou, D.; Luo, Y.; Pang, Q.; Tan, W.-Q.; Ma, L. Gene-activated dermal equivalents to accelerate healing of diabetic chronic wounds
by regulating inflammation and promoting angiogenesis. Bioact. Mater. 2020, 5, 667–679. [CrossRef] [PubMed]

220. Bi, S.; Xiu, B.; Ye, J.; Dong, Y. Target-Catalyzed DNA Four-Way Junctions for CRET Imaging of MicroRNA, Concatenated
Logic Operations, and Self-Assembly of DNA Nanohydrogels for Targeted Drug Delivery. ACS Appl. Mater. Interfaces 2015, 7,
23310–23319. [CrossRef] [PubMed]

221. Douglas, S.M.; Bachelet, I.; Church, G.M. A Logic-Gated Nanorobot for Targeted Transport of Molecular Payloads. Science 2012,
335, 831–834. [CrossRef] [PubMed]

222. Li, N.; Wang, M.; Gao, X.; Yu, Z.; Pan, W.; Wang, H.; Tang, B. A DNA Tetrahedron Nanoprobe with Controlled Distance of Dyes
for Multiple Detection in Living Cells and in Vivo. Anal. Chem. 2017, 89, 6670–6677. [CrossRef]

223. Lv, Y.; Hu, R.; Zhu, G.; Zhang, X.; Mei, L.; Liu, Q.; Qiu, L.; Wu, C.; Tan, W. Preparation and biomedical applications of
programmable and multifunctional DNA nanoflowers. Nat. Protoc. 2015, 10, 1508–1524. [CrossRef]

224. Wu, C.; Han, D.; Chen, T.; Peng, L.; Zhu, G.; You, M.; Qiu, L.; Sefah, K.; Zhang, X.; Tan, W. Building a Multifunctional
Aptamer-Based DNA Nanoassembly for Targeted Cancer Therapy. J. Am. Chem. Soc. 2013, 135, 18644–18650. [CrossRef]

225. Bock, L.C.; Griffin, L.C.; Latham, J.A.; Vermaas, E.H.; Toole, J.J. Selection of single-stranded DNA molecules that bind and inhibit
human thrombin. Nature 1992, 355, 564–566. [CrossRef]

226. Wang, K.Y.; McCurdy, S.; Shea, R.G.; Swaminathan, S.; Bolton, P.H. A DNA aptamer which binds to and inhibits thrombin exhibits
a new structural motif for DNA. Biochemistry 1993, 32, 1899–1904. [CrossRef] [PubMed]

227. Stoltenburg, R.; Reinemann, C.; Strehlitz, B. SELEX—A (r)evolutionary method to generate high-affinity nucleic acid ligands.
Biomol. Eng. 2007, 24, 381–403. [PubMed]

228. Tuerk, C.; Gold, L. Systematic Evolution of Ligands by Exponential Enrichment: RNA Ligands to Bacteriophage T4 DNA
Polymerase. Science 1990, 249, 505–510. [CrossRef] [PubMed]

229. McGuire, V.A.; Arthur, J.S. Subverting Toll-Like Receptor Signaling by Bacterial Pathogens. Front. Immunol. 2015, 6, 607.
[CrossRef]

230. Berezhnoy, A.; Stewart, C.A.; Ii, J.O.M.; Thiel, W.; Giangrande, P.; Trinchieri, G.; Gilboa, E. Isolation and Optimization of
Murine IL-10 Receptor Blocking Oligonucleotide Aptamers Using High-throughput Sequencing. Mol. Ther. 2012, 20, 1242–1250.
[CrossRef] [PubMed]

231. Hirota, M.; Murakami, I.; Ishikawa, Y.; Suzuki, T.; Sumida, S.-I.; Ibaragi, S.; Kasai, H.; Horai, N.; Drolet, D.W.; Gupta, S.; et al.
Chemically Modified Interleukin-6 Aptamer Inhibits Development of Collagen-Induced Arthritis in Cynomolgus Monkeys.
Nucleic Acid Ther. 2016, 26, 10–19. [CrossRef]

http://doi.org/10.1016/j.burns.2012.02.001
http://doi.org/10.1016/j.jare.2022.01.013
http://www.ncbi.nlm.nih.gov/pubmed/29339798
http://doi.org/10.1248/bpb.b18-00133
http://www.ncbi.nlm.nih.gov/pubmed/29863072
http://doi.org/10.1016/j.febslet.2015.03.031
http://doi.org/10.1111/j.1582-4934.2009.00898.x
http://doi.org/10.1016/j.cobme.2017.03.002
http://doi.org/10.1038/s41578-019-0100-9
http://doi.org/10.1016/j.jss.2005.01.005
http://doi.org/10.1016/j.mtbio.2021.100192
http://doi.org/10.1016/j.actbio.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31586729
http://doi.org/10.1002/advs.201902673
http://www.ncbi.nlm.nih.gov/pubmed/32195091
http://doi.org/10.1016/j.bioactmat.2020.04.018
http://www.ncbi.nlm.nih.gov/pubmed/32420517
http://doi.org/10.1021/acsami.5b07827
http://www.ncbi.nlm.nih.gov/pubmed/26420675
http://doi.org/10.1126/science.1214081
http://www.ncbi.nlm.nih.gov/pubmed/22344439
http://doi.org/10.1021/acs.analchem.7b00889
http://doi.org/10.1038/nprot.2015.078
http://doi.org/10.1021/ja4094617
http://doi.org/10.1038/355564a0
http://doi.org/10.1021/bi00059a003
http://www.ncbi.nlm.nih.gov/pubmed/8448147
http://www.ncbi.nlm.nih.gov/pubmed/17627883
http://doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://doi.org/10.3389/fimmu.2015.00607
http://doi.org/10.1038/mt.2012.18
http://www.ncbi.nlm.nih.gov/pubmed/22434135
http://doi.org/10.1089/nat.2015.0567


Int. J. Mol. Sci. 2022, 23, 4074 30 of 30

232. Engelen, S.E.; Robinson, A.J.; Zurke, Y.X.; Monaco, C. Therapeutic strategies targeting inflammation and immunity in atheroscle-
rosis: How to proceed? Nat. Rev. Cardiol. 2022, 1–21.

233. Ford, M.L.; Adams, A.; Pearson, T.C. Targeting co-stimulatory pathways: Transplantation and autoimmunity. Nat. Rev. Nephrol.
2014, 10, 14–24. [CrossRef]

234. Hirsh, V.; Paz-Ares, L.; Boyer, M.; Rosell, R.; Middleton, G.; Eberhardt, W.E.; Szczesna, A.; Reiterer, P.; Saleh, M.; Arrieta, O.; et al.
Randomized Phase III Trial of Paclitaxel/Carboplatin with or Without PF-3512676 (Toll-Like Receptor 9 Agonist) As First-Line
Treatment for Advanced Non–Small-Cell Lung Cancer. J. Clin. Oncol. 2011, 29, 2667–2674. [CrossRef]

235. Hwang, B.; Han, K.; Lee, S.-W. Prevention of passively transferred experimental autoimmune myasthenia gravis by an in vitro
selected RNA aptamer. FEBS Lett. 2003, 548, 85–89. [CrossRef]

236. Cao, X.; Li, S.; Chen, L.; Ding, H.; Xu, H.; Huang, Y.; Li, J.; Liu, N.; Cao, W.; Zhu, Y.; et al. Combining use of a panel of ssDNA
aptamers in the detection of Staphylococcus aureus. Nucleic Acids Res. 2009, 37, 4621–4628. [CrossRef] [PubMed]

237. Ramlal, S.; Mondal, B.; Lavu, P.S.; Bhavanashri, N.; Kingston, J. Capture and detection of Staphylococcus aureus with dual labeled
aptamers to cell surface components. Int. J. Food Microbiol. 2018, 265, 74–83. [CrossRef] [PubMed]

238. Gao, Y.; Nguyen, D.T.; Yeo, T.; Bin Lim, S.; Tan, W.X.; Madden, L.E.; Jin, L.; Long, J.Y.K.; Aloweni, F.A.B.; Liew, Y.J.A.; et al. A
flexible multiplexed immunosensor for point-of-care in situ wound monitoring. Sci. Adv. 2021, 7, eabg9614. [CrossRef] [PubMed]

239. National Academy Press. Frontiers of Engineering: Reports on Leading-Edge Engineering from the 2017 Symposium; National Academy
of Engineering; National Academy Press: Washington, DC, USA, 2018. [CrossRef]

240. Dellacherie, M.O.; Seo, B.R.; Mooney, D.J. Macroscale biomaterials strategies for local immunomodulation. Nat. Rev. Mater. 2019,
4, 379–397. [CrossRef]

241. Scott, E.A.; Karabin, N.B.; Augsornworawat, P. Overcoming Immune Dysregulation with Immunoengineered Nanobiomaterials.
Annu. Rev. Biomed. Eng. 2017, 19, 57–84. [CrossRef]

242. Xie, J.; Lee, S.; Chen, X. Nanoparticle-based theranostic agents. Adv. Drug Deliv. Rev. 2010, 62, 1064–1079. [CrossRef]
243. Joyce, J.A.; Fearon, D.T. T cell exclusion, immune privilege, and the tumor microenvironment. Science 2015, 348, 74–80. [CrossRef]
244. Truskewycz, A.; Truong, V.K.; Ball, A.S.; Houshyar, S.; Nassar, N.; Yin, H.; Murdoch, B.J.; Cole, I. Fluorescent Magnesium

Hydroxide Nanosheet Bandages with Tailored Properties for Biocompatible Antimicrobial Wound Dressings and pH Monitoring.
ACS Appl. Mater. Interfaces 2021, 13, 27904–27919. [CrossRef]

245. Lenzer, J. FDA advisers warn: COX 2 inhibitors increase risk of heart attack and stroke. BMJ 2005, 330, 440. [CrossRef]
246. Stone Ii, R.; Natesan, S.; Kowalczewski, C.J.; Mangum, L.H.; Clay, N.E.; Clohessy, R.M.; Carlsson, A.H.; Tassin, D.H.; Chan, R.K.;

Rizzo, J.A.; et al. Advancements in Regenerative Strategies Through the Continuum of Burn Care. Front. Pharmacol. 2018, 9, 672.
247. Watson, D.C.; Yung, B.C.; Bergamaschi, C.; Chowdhury, B.; Bear, J.; Stellas, D.; Pavlakis, G.N. Scalable, cGMP-compatible

purification of extracellular vesicles carrying bioactive human heterodimeric IL-15/lactadherin complexes. J. Extracell. Vesicles
2018, 7, 1442088. [CrossRef] [PubMed]

248. Yoo, K.W.; Li, N.; Makani, V.; Singh, R.; Atala, A.; Lu, B. Large-Scale Preparation of Extracellular Vesicles Enriched with Specific
microRNA. Tissue Eng. Part C Methods 2018, 24, 637–644. [CrossRef] [PubMed]

249. Rohde, E.; Pachler, K.; Gimona, M. Manufacturing and characterization of extracellular vesicles from umbilical cord–derived
mesenchymal stromal cells for clinical testing. Cytotherapy 2019, 21, 581–592. [CrossRef] [PubMed]

250. Pachler, K.; Lener, T.; Streif, D.; Dunai, Z.A.; Desgeorges, A.; Feichtner, M.; Öller, M.; Schallmoser, K.; Rohde, E.; Gimona, M. A
Good Manufacturing Practice–grade standard protocol for exclusively human mesenchymal stromal cell–derived extracellular
vesicles. Cytotherapy 2017, 19, 458–472. [CrossRef] [PubMed]

251. Andriolo, G.; Provasi, E.; Cicero, V.L.; Brambilla, A.; Soncin, S.; Torre, T.; Milano, G.; Biemmi, V.; Vassalli, G.; Turchetto, L.; et al.
Exosomes from Human Cardiac Progenitor Cells for Therapeutic Applications: Development of a GMP-Grade Manufacturing
Method. Front. Physiol. 2018, 9, 1169. [CrossRef]

252. Silva, A.K.A.; Morille, M.; Piffoux, M.; Arumugam, S.; Mauduit, P.; Larghero, J.; Banzet, S. Development of extracellular vesicle-
based medicinal products: A position paper of the group “Extracellular Vesicle translatiOn to clinicaL perspectiVEs-EVOLVE
France”. Adv. Drug Deliv. Rev. 2021, 179, 114001. [CrossRef]

253. Zipkin, M. Exosome redux. Nat. Biotechnol. 2019, 37, 1395–1400. [CrossRef]

http://doi.org/10.1038/nrneph.2013.183
http://doi.org/10.1200/JCO.2010.32.8971
http://doi.org/10.1016/S0014-5793(03)00745-2
http://doi.org/10.1093/nar/gkp489
http://www.ncbi.nlm.nih.gov/pubmed/19498077
http://doi.org/10.1016/j.ijfoodmicro.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29132030
http://doi.org/10.1126/sciadv.abg9614
http://www.ncbi.nlm.nih.gov/pubmed/34020961
http://doi.org/10.17226/24906
http://doi.org/10.1038/s41578-019-0106-3
http://doi.org/10.1146/annurev-bioeng-071516-044603
http://doi.org/10.1016/j.addr.2010.07.009
http://doi.org/10.1126/science.aaa6204
http://doi.org/10.1021/acsami.1c05908
http://doi.org/10.1136/bmj.330.7489.440
http://doi.org/10.1080/20013078.2018.1442088
http://www.ncbi.nlm.nih.gov/pubmed/29535850
http://doi.org/10.1089/ten.tec.2018.0249
http://www.ncbi.nlm.nih.gov/pubmed/30306827
http://doi.org/10.1016/j.jcyt.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30979664
http://doi.org/10.1016/j.jcyt.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28188071
http://doi.org/10.3389/fphys.2018.01169
http://doi.org/10.1016/j.addr.2021.114001
http://doi.org/10.1038/s41587-019-0326-5

	Introduction 
	Cutaneous Wound Healing 
	Inflammatory Phase 
	Proliferative Phase 
	Remodeling Phase 

	Delayed Cutaneous Wound Healing 
	Deep Soft Tissue Injuries 
	Current Immunomodulatory Approaches 
	Pharmacological Agents 
	Biological and Synthetic Platforms 
	Cell and Cytokine Therapies 
	Cell Secretome and Extracellular Vesicles 

	Immune Engineering Approaches to Modulate Inflammation 
	Nucleic Acid and Aptamers Based Immune Targeting 
	Theranostics Immune Targeting 

	FDA Position Statement 
	Conclusion and Future Directions 
	References

