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Abstract 

Macrophages play a crucial role in regeneration and consecutive phases of wound 

healing. In this review we summarize current knowledge on the ontogeny, origin, 

phenotypical heterogeneity and functional exchangeability of macrophages 

participating in these processes.  We also describe the genetic, pharmacologic and 

bioengineering methods for manipulation of macrophage phenotype and functions 

and their potential for development of the novel, clinically applicable, therapies. 

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fterm.2772&domain=pdf&date_stamp=2018-11-16


 

Introduction. 

Wound healing especially in the case of larger wounds produces debilitating and 

disfiguring scars. Scarring results from the prolonged inflammation and the failure to 

properly transit from the regenerative phase to the resolving phase of the wound 

healing process (Takeo et al., 2015). Because the excessive scarring often results in 

the loss of function, there is a great need for development of novel scarless healing 

strategies (Moore et al., 2018). In addition, certain chronic medical conditions such 

as diabetes mellitus, rheumatoid arthritis, vascular or arterial diseases and low HGH 

(human growth hormone) cause slow or delayed wound healing, which results from 

the failure to transit from the inflammatory phase to the regenerative phase 

(Frykberg and Banks, 2015; Guo and DiPietro, 2010; Nunan et al., 2014). This also 

necessitates development of novel wound healing therapies.  

Macrophages play a crucial role in the regeneration and wound healing processes. A 

constantly expanding research on macrophages paints an incredibly complicated 

picture of macrophage ontogeny and functions. As the scientists like to categorize, 

the macrophages, depending on the origin, function and the signature molecules 

produced, have been assigned into several distinct categories. However, it has 

recently become clear that such a typecasting is limiting and inadequate to describe 

macrophage heterogeneity and functional exchangeability. While keeping this in 

mind, in this review we describe different macrophage categories and their functions 

in regeneration and wound healing process. We retained the classical categories of 

M0, M1 and M2 macrophages because majority of existing scientific literature refers 

to these classical macrophage categories. 

1. Principle and phases of wound healing

The injury triggers a series of overlapping events:  1. Hemostasis, 

2. Defensive/inflammatory phase, 3. Tissue formation/proliferative phase, and

4. Tissue remodeling/resolution/maturation phase.

Hemostasis consists of the formation of the platelet plug/clot and the constriction of 

blood vessels. This limits blood loss and forms a supporting platform for newly 

migrating cells. The chemokines released during hemostasis attract inflammatory 

cells and stimulate resident immune cells, which together start the inflammatory 

phase of wound healing that mainly depends on the macrophages.  



 

The tissue formation/proliferative phase of wound healing depends mainly on 

function of fibroblasts and macrophages and consists of angiogenesis, deposition of 

collagens (fibroplasia) and formation of the granulation tissue. The final 

remodeling/resolution/maturation phase of wound healing restores more or less 

original architecture of the tissue and apoptotically removes unneeded blood 

vessels. This phase depends on variety of the cell types including macrophages that 

produce matrix metalloproteinases (MMPs) -a family of zinc-dependent proteases, 

which are involved in extracellular matrix digestion and remodeling. 

Many human diseases such as diabetes mellitus and venous stasis disease, lead to 

impaired/ delayed wound healing or persistent (chronic) wounds. Such wounds do 

not progress through the normal phases of healing, never enter the regenerative 

phase of healing but, instead, remain in a permanent stage of inflammation (Guo and 

DiPietro, 2010; Nunan et al., 2014). 

2. Ontogeny of macrophages and the origin of wound macrophages

Macrophages present in the adult mammal derive from two different sources: the 

extraembryonic yolk sac and the monocytes. Cell fate map and macrophage 

depletion studies showed that in mice, during early gestation (embryonic day 6.5 -

8.5) the yolk sac produces a subset of erythro-myeloid progenitor cells (EMPs) that 

subsequently colonize developing fetal organs to become the tissue resident 

macrophages (Gomez et al., 2015; Ginhou et al, 2010; Hoeffel et al., 2012; 

Samokhvalov, 2014; Schulz et al., 2012).  The resident macrophages are self-

renewing, and the population of resident macrophages in the given adult organ is 

self-sustaining without the input from the monocytes (Hashimoto et al., 2013). In the 

steady state conditions the resident macrophages are the sentinels maintaining 

organ homeostasis, but upon infection or injury they may become additionally 

stimulated to mount an appropriate immune response (Davies et al., 2013; Epelman 

et al. 2014). Another source of macrophages present in the adult mammal are the 

blood-circulating monocytes. The monocytes derive from the hematopoietic stem 

cells (HSCs) located during embryogenesis in the fetal liver, and in the bone marrow 

of the adult (Epelman et al. 2014; Orkin and Zon, 2008). Upon injury, the blood/bone 

marrow derived monocytes are recruited into the wound where they transform into 

the mature macrophages.  The macrophages present in the wound comprise of both 

monocyte-derived and tissue resident macrophages (Brancato and Albina, 2011). 



 

Although the degree of co-operation between these two macrophage groups and 

their relative input to the wound healing are still vague, it has been shown that 

certain processes, such as fibrotic response during liver injury, depend mainly on the 

macrophages derived from the blood-circulating monocytes (Seki et al., 2009). 

2. Monocytes and macrophages

There are at least two different types of monocytes differing in the signature molecules 

and the timing/sequence of arrival to the wound site. First type are the inflammatory 

monocytes: CX3CR1low, CCR2high, Ly6Chigh (in mice), CD14++ CD16− (in humans), and 

the second type: CX3CR1high, CCR2low, Ly6Clow  (in mice), CD14low CD16+ (in humans). 

The first to arrive to the injury site are the inflammatory monocytes CX3CR1low, CCR2high, 

Ly6Chigh, followed by the CX3CR1high, CCR2low, Ly6Clow monocytes (Fig. 1; Brancato and 

Albina; 2011; Daley et al., 2010; Nahrendorf et al., 2007;). The CX3CR1 is a receptor for 

fractalkine ligand CX3CL1, a transmembrane protein and chemokine involved in 

migration of immune cells. The CCR2 is a receptor for monocyte chemo attractant 

protein-1 (CCL2), a chemokine mediating monocyte chemotaxis; and the Ly6C is a 14kD 

cell surface phosphatidylinositol-anchored glycoprotein expressed on macrophage 

precursors. Both CX3CR1 and CCR2 are necessary for the recruitment of blood 

monocytes to the wound. Studies in the mouse model of excisional skin wound healing 

showed that CX3CR1 knockout mice and the wild-type mice infused with anti-CX3CR1-

neutralizing antibody had impaired wound healing, which was caused by the reduction of 

macrophage number, reduced collagen deposition and impaired neovascularization of 

the wound (Ishida et al., 2008). Studies in the liver injury mouse model showed that the 

CCR2 knockout causes impairment in the recruitment of monocytes and collagen 

production/injury-related fibrosis (Seki et al., 2009). Studies from our laboratory showed 

that the macrophage specific knockout of small GTPase RhoA inhibited expression and 

recycling of CX3CR1 receptors in the macrophages, which in turn prevented their 

movement to the transplanted heart and inhibited chronic rejection in mouse 

transplantation model (Liu et al., 2017a). These findings suggest that targeting of 

CX3CR1/fractalkine via RhoA pathway inhibition may be also useful for the manipulation 

of macrophage recruitment into the wound site.  

Classically, mouse macrophages are divided into three phenotypically and functionally 

distinct categories; M0 naïve/unstimulated macrophages, pro-inflammatory/ 

antimicrobial M1, and anti-inflammatory/prohealing/alternatively activated M2 



 

macrophages.  The M1 and M2 phenotype can be created in vitro by an exposure of 

M0 macrophages to IFNγ/LPS or IL-4/IL-13, respectively. In rodents, M1 macrophages 

produce signature bactericidal molecule the inducible nitric oxide synthase (iNos), while 

the M2 macrophages produce arginase enzyme (Arg-1; Wu et al., 2016). Because 

arginase degrades arginine to ornithine, which is a precursor of collagen component 

proline, mouse M2 macrophages were always believed to be responsible for collagen 

deposition/fibrosis and tissue repair/wound healing. However, the studies on 

macrophages isolated from the wounds (Brancato and Albina, 2011; Daley et al. 

2010,), and the fact that human M2 macrophages do not produce arginase (Munder et 

al. 2005; Raes et al, 2005) indicate that the in vivo reality is much more complex.  

Study in sponge mouse wound model showed that murine wound does not contain IL-4 

and IL-13, the cytokines considered necessary for differentiation of M2 macrophages 

and that wound macrophages exhibit a complex phenotype, which includes M1 and M2 

traits and changes as the wound matures (Daley et al. 2010). Table 1 summarizes the 

difference between molecules produced by mouse, rat and human macrophages. 

Macrophages play many roles in the defensive/inflammatory and 

remodeling/resolution/maturation phases of wound healing process. Depending on 

their function in the wound healing process macrophages can be divided into three 

different categories: pro-inflammatory, tissue repair and anti-inflammatory/resolving 

macrophages (Wynn and Vanella, 2016; Table 2). These macrophages: 

1. Phagocyte and destroy bacteria,

2. Produce enzymes that digest necrotic tissue,

3. Phagocyte and remove cell debris, dead cells and necrotic tissue,

4. Produce chemokines/growth factors such as PDGF, TGF-β1, IGF-1, and VEGF-α

that promote cell proliferation and blood vessel development, and promote cell 

immigration, proliferation and survival,  

5. Attract endothelial cells and promote angiogenesis,

6. Attract fibroblasts that produce collagen and extracellular matrix, which form the

structural scaffold (stroma) for the newly build tissue, 

7. Synthesize many components of extracellular matrix, and

8. Synthesize matrix-remodeling enzymes.

Below we describe recent discoveries on these functions of macrophages and their 

potential application in development of novel wound healing strategies. 



 

4. Role of macrophage phagocytosis in tissue remodeling and wound healing

Madsen et al. (2013) developed an assay to visualize collagen turnover in situ and to 

identify cell types and molecules involved in degradation and phagocytosis of debris. 

They found that the collagen introduced into the mice dermis was phagocytosed 

(endocytosed) by M2-like macrophages, and degraded by lysosomal pathway, and 

that a deletion of the collagen receptors, such as urokinase plasminogen activator 

receptor-associated protein (Endo180), or the mannose receptors (Mrc1 and Mrc2), 

inhibited collagen degradation. This study indicates that collagen is internalized by 

M2-like macrophages via the receptor-mediated pathway. Because the collagen 

removal and turnover are crucial for tissue remodeling during wound healing this 

information can potentially be applied for development of novel wound healing 

strategies. Wang et al. (2017) studied macrophage functions in diabetic wound 

healing.  Diabetic wound accumulates high levels of Advanced Glycosylation End 

Products (AGEs). Macrophages express high level of AGEs receptor RAGE. Authors 

showed that topical application of anti-RAGE antibody to diabetic mice wounds 

improved wound healing. Blocking AGE-RAGE signaling induced phenotypic switch 

of macrophages from M1 (pro-inflammatory) to M2  (pro-healing) and increased 

quantity of neutrophils phagocytized by macrophages. This study indicates that 

inhibition of AGE-RAGE signaling pathway improves macrophages 

function/phagocytosis in the early inflammatory phase and improves wound healing. 

Magatti et al, (2017) studied the effect human amniotic mesenchymal cells 

(hAMTCs) that are used in regenerative medicine applications on the monocytes and 

macrophages in the rodent model of wound healing. They found that hAMTCs and 

their condition medium (CM) induce differentiation of myeloid cells and monocytes 

into macrophages. In addition hAMTCs or CMs treatment of monocytes under M1 

polarization conditions shifted them from M1 towards M2-like phenotype. These M2-

like macrophages expressed CD14, CD209, CD23, CD163 and PM-2 K, had higher 

phagocytic activity, increased production of IL-10, and lower production of pro-

inflammatory cytokines. In contrast, the monocytes under M2 polarization condition 

treated with hAMTCs or CM remained as the M2. However these M2 had enhanced 

anti-inflammatory profile. They had lower expression of the co-stimulatory molecule 

CD80, decreased phagocytosis and secretion of inflammatory chemokines. In 

addition this study showed that macrophages exposed to CM improve tissue 

regeneration/repair in wound-healing models. This study indicates that amniotic 



 

mesenchymal cells and factors released by these cells have a potential to be used to 

manipulate macrophage phenotype and function in wound healing. 

5. Production of chemokines/growth factors

He et al. (2018) investigated the effect of conditioning media derived from M0, M1 

and M2 macrophages on bone marrow mesenchymal stem cells (BMMSCs). They 

found that medium derived from naïve M0 macrophages induced differentiation of 

BMMSCs into osteogenic cells, while medium derived from M1 macrophages 

supported proliferation and adipogenic differentiation of BMMSCs, increased 

production of extracellular matrix components, such as fibronectin, COL-1 and 

integrin β1 and promoted formation of the cell sheets. The medium derived from M2 

macrophages supported osteogenesis differentiation and also enhanced capacity of 

stem cells to form cell sheets. These data indicate that each macrophage subtype 

has a unique effect on stem cells and that modulation of macrophage phenotype 

following the injury may serve as an effective method to stimulate stem cells during 

wound healing process. Quiros et al. (2017) studied the role of macrophages in the 

wound healing following intestinal mucosal injury. Using conditional deletion of IL-10 

in mouse model they found that macrophage-derived interleukin 10 (IL-10) was 

rapidly induced after injury, and was necessary for the wound closure. In addition, 

macrophage-derived IL-10 activated epithelial cAMP response element-binding 

protein (CREB) and subsequent synthesis and secretion of the pro-repair WNT1-

inducible signaling protein 1 (WISP-1), which induces epithelial cell proliferation and 

promotes wound closure. These findings define macrophage–derived IL-10 as a 

major factor in regulating cell proliferation via CREB/WISP-1 signaling pathway 

during wound healing. 

6. Promotion of cell proliferation, angiogenesis and production of extracellular

matrix  

Gindele et al. (2017) developed an in vitro mechanical scratch injury model in 

primary human small airway epithelial cells that recapitulates epithelial wound 

healing, and investigated the role of macrophages sub-types in this process. They 

found that M1 macrophages promoted focal adhesion kinase (FAK, which is a part of 

multi-protein structures (focal adhesions) that link the extracellular matrix (ECM) to 

the cell cytoskeleton) expression and that M1 and M2 macrophages induced 

epithelial de-differentiation. They also found that there were different subtypes of M2 



 

macrophages with different expression profile: M2a macrophages inhibited cell 

proliferation and expression of fibronectin (possibly via the retinoic acid pathway). 

The M2b and M2c macrophages inhibited deposition of fibronectin (possibly via 

MMP expression. These data indicate that different macrophage subtypes have 

different impact on wound healing. Recently Yeh et al. (2017) studied the effect of 

Artocarpin (ARTO), a prenylated flavonoid purified from the plant Artocarpus 

communis, on the wound healing in mouse model. Using immmunostaining and 

microarray analysis of cytokine production in neutrophils and macrophages, they 

showed that ARTO increases collagen synthesis, re-epithelialization, angiogenesis 

and enhances wound healing. This study indicates that ARTO has a potential to be 

used as a novel therapeutic for the enhancement of wound healing. In another study 

Yu et al. (2017) investigated the role of macrophages and retinoic acid (RA) in the 

wound healing after laser resection of the prostate. They found that treatment with 

retinoic acid enhanced function of anti-inflammatory M2 macrophages and promoted 

stromal cell activation and angiogenesis. They also found increased production of 

arginase 1 (Arg1), which is the marker of anti-inflammatory M2 macrophages. This 

study indicates that retinoic acid improves healing process through its stimulatory 

effect on macrophages. Chaqour et al. (2018) studied the effect of Abscisic acid 

(ABA)- a plant hormone, (involved in plant stress response and plant buds 

dormancy) on the retinal and fetal angiogenesis, using a 3D sprouting assay 

methodology in retinal vasculature mice model. They showed that ABA inhibits 

development and regeneration of blood vessels and speeds up macrophage-induced 

programmed regression of fetal blood vessels. They also showed that ABA affects 

macrophage phenotypes and promotes development of pro-inflammatory M1 

macrophages that express anti-angiogenic molecules. The fact that ABA inhibits 

angiogenesis and changes macrophage phenotype can be useful in managing the 

vasoproliferation during the wound healing process.  

8. Macrophages’ matrix remodeling enzymes

The production and secretion of matrix metalloproteinases (MMP) by different 

macrophage subtypes plays a major role in wound healing processes. Roch et al. 

(2014) studied the MMPs expression pattern in different subtypes of human 

macrophages:  naïve, unpolarized M0 macrophages, M1 pro-inflammatory and M2 

ant-inflammatory macrophages. They showed that all three types of macrophages 

expressed various MMPs, but the M1 showed the highest expression of MMP-1, 



 

MMP-3, and MMP-10, and the M2 showed the highest expression of MMP-12. They 

also compared the enzymatic activity of MMPs in different macrophage subtypes and 

found that MMPs from the M2 macrophages had the highest enzymatic activity.  

In another study Duffield et al. (2005) showed, using a model of reversible liver injury 

induced by carbon tetrachloride, that selective depletion of CD11b+ macrophages 

impairs matrix degradation and prevents restoration of normal liver tissue 

architecture. These data indicate that macrophage subtype composition of the 

wound influences the outcome of extracellular matrix remodeling. In recent studies 

Parasa et al. (2017) used newly developed experimental human lung tissue model 

containing human monocytes and differentiated macrophages to study how MMPs 

inhibition influences tuberculosis granuloma formation, which is similar to the 

granulation tissue formed during proliferative phase of wound healing   To inhibit 

MMP activity they used a global MMP inhibitor, 200 nM Marimastat (Merck Millipore). 

Results from this study suggest that macrophage-derived MMP activity contribute to 

granuloma formation. The study of the role of Metaloproteinase 9 (MMP-9) in mouse 

heart wound healing caused by myocardial infraction (MI) showed that macrophage-

derived MMP-9 enhanced collagen accumulation and tissue remodeling and 

improved healing of the cardiac wound (Meschiari et al., 2017). These studies 

indicate that targeted intervention with macrophages’ MMPs may change the 

outcome of the wound healing process. 

Table 2 shows the summary of the molecules produced by inflammatory, tissue 

repair and anti-inflammatory/resolving macrophages, which, on the basis of 

extensive literature search, could be a potential targets for therapeutic intervention in 

delayed/ chronic wound healing and excessive scarring. 

9. Macrophage mitochondria, respiration and accelerated wound healing

Macrophages are not only very heterogeneous phenotypically and functionally, but 

also differ in the mode of respiration/energy production by mitochondria. The 

classical understanding had been that M1 macrophages rely mainly on aerobic 

glycolysis, while M2 macrophages use oxidative phosphorylation (OXPHOS). This 

was supported by the studies showing that inhibition of oxidative metabolism 

reverses M2 to the M1 phenotype (Rodríguez-Prados et al., 2010; Vats et al., 2017). 

However, recent observations and experiments indicate that both glycolysis, and 

OXPHOS shape M1 and M2 phenotypes (Huang et al., 2016; Galván-Peña et al., 

2014; Mehta et al., 2017). It is known that M1 and M2 macrophages differ in shape, 



 

the M1 are round and M2 are elongated. It has been shown that cell elongation and 

migration depends on the translocation of mitochondria to the most energy-

demanding regions of the cell, where the actin cytoskeleton undergoes the most 

intense reorganization (Boldogh and Pon, 2006; Cunniff et al., 2016; Schuler et al., 

2017), and that a disruption of macrophage mitochondria and ATP/ADP homeostasis 

reverses M2 to the M1 phenotype (Chen et al., 2018c). Mitochondria, besides 

producing energy also produce the reactive oxygen species (ROS), which are the 

source of oxidative stress and bactericidal activities of M1 macrophages (Hall et al., 

2013; Mills and O’Neill. 2016). There is also evidence that a dysregulation of 

macrophage functions involves elevated production of ROS, and disruption of 

Protein-S-glutathionylation signaling pathway (Short et al., 2016). Recently, 

Demyanenko et al. (2017) showed that the excessive production of ROS is 

responsible for the inferior healing of diabetic wounds, and that oral administration of 

mitochondria-targeted antioxidant 10-(6-plastoquinonyl) decyltriphenylphosphonium 

(SkQ1), increased macrophage infiltration and improved inflammatory and 

regenerative phases of wound healing in the diabetes II mouse model. These data 

indicate that reprogramming of macrophage metabolism may be useful in 

manipulating the outcome of the wound-healing process. 

10. Molecular mechanisms of macrophage polarization and cytoskeleton

reorganization as a key to understand and potentially modify macrophages 

functions in regeneration/wound healing 

All eukaryotic cells, including immune cells such as macrophages, contain actin 

filament cytoskeleton, which is responsible for cell shape, movement, interaction 

with, and the attachment to, the substrate, matrix degradation and receptor recycling. 

In addition, actin filaments participate in the structural organization and functions of 

cellular organelles, such as Golgi complex, matrix degradation organelles, the 

podosomes, and the formation and transport of phagocytic and exocytic/endocytic 

vesicles. The master regulator of actin cytoskeleton is the small GTPase RhoA and 

its downstream effector ROCK p160 kinase. The RhoA pathway is activated by the 

guanine exchange factors GEFs and is reciprocally regulated by GTPase Rac1 and 

mTOR pathways (Chen et al.2017; Gulhati et al., 2011; Gordon et al., 2014; Linder 

et al., 2015). Recent studies from our laboratories showed that interference with 

RhoA pathway modifies macrophage phenotype and function in rodent cardiac 



 

transplantation model. We showed that macrophage specific deletion of RhoA, 

inhibition of ROCK or inhibition of RhoA activator GEFs (Chen et al., 2017), 

elongates macrophages (they switch into M2 pro-healing phenotype), disrupts their 

Golgi complex and receptor recycling pathway, and influences extracellular matrix 

degradation. All these changes prevented macrophages from entering the 

transplanted hearts and inhibited chronic (long term) rejection (Chen et al., 

2018a,b,d; Liu et al, 2016a-d, Liu et al. 2017a,b; Wu et al., 2016). We also showed 

that interference with the RhoA pathway disrupted recycling and expression of 

CX3CR1 (fractalkine) receptor in monocytes and macrophages and prevented their 

movement into the graft (Fig. 2; Liu et al., 2017a). Because CX3CR1 plays an 

indispensable role in the recruitment of monocytes/macrophages into the wound, 

these results suggest that RhoA pathway inhibition has a potential to be used for the 

manipulation of macrophage content/function also in the wound-healing process. 

We also showed recently that macrophage phenotype could be manipulated 

mechanically by the application of magnetic field/gradient (Wosik et al., 2018). This 

study showed that macrophage exposed to the strong magnet become extremely 

elongated M2-like mimicking the RhoA-interference phenotype. This suggests that 

application of magnetic field to the wound can potentially also influence the 

immunological response in the wound and change the outcome of the wound healing 

process. 

11. The limitations of wound healing research and therapies, potential future

directions, and the novel methods promoting the pro-wound healing activity of 

macrophages. 

Various animal models, including rodents and pigs, are used to study the wound-

healing process. Unfortunately, because of their anatomical, physiological, cellular, 

immunological and molecular interspecific differences, the results from these models 

are difficult to translate into human wound healing. For example, rodent skin has 

dense fur, which accelerates healing because the stem cells derived from the hair 

follicles participate in wound re-epithelialization (Dorsett-Martin, 2004). Although the 

skin of pigs is furless and anatomically more similar to human skin, it does not have 

eccrine sweat glands, which participate in wound repair in humans (Rittié et al., 

2013). In addition, the wound healing therapies developed in animal models are 

often inapplicable for humans because the drugs that are used are not approved for 

human use. Thus, there is an urgent need to study the wound healing process 



 

directly in humans. Until recently, this was, with the exception of a very limited 

number of clinical trials, nearly impossible. Fortunately, the development of novel, 

highly sensitive molecular technologies and wide-scale analytic platforms, such as 

RNA-sequencing (RNA-seq), microarrays and quantitative reverse-transcription PCR 

(qRT-PCR), allows the study of the molecular events during different phases of the 

wound healing process directly in humans using  very small biopsies of patient skin 

(Nuutila et al., 2012, 2014). For novel therapeutic approaches, one emerging 

strategy is to locally change the wound healing balance from the scarring to 

regeneration phase using transforming growth factor (TGF)-beta, which induces 

embryonic-like healing processes in adult mammals (Reth et al., 2008). The phase II 

efficacy trial using local administration of recombinant TGF-beta3 polypeptide called 

Juvista (from Renovo Ltd.) to treat human wounds showed significant improvement 

in healing and scar reduction in the majority of the patients in the trial (Occleston et 

al., 2018; Reth et al., 2008;). Another drug-free approach is to use locally applied 

devices that produce static or gradient magnetic fields to accelerate wound healing. 

Several clinical studies have shown that magnetic resonance therapy significantly 

accelerates wound healing (Brizhik et al., 2016). In addition, our recent study 

showing that the magnetic field gradient induces macrophage changes similar to 

those induced by RhoA interference (Wosik et al., 2018) suggests that the 

application of a magnetic field to the wound has the potential to change the wound-

healing outcome without pharmacological treatment or genetic manipulation. This 

would be a very important innovation because the experimental pharmaceutical 

interference with the RhoA pathway that is effective in rodent models is not 

applicable for human clinical use. Thus, the physical induction of a RhoA-

interference-mimicking phenotype could resolve this problem. Another approach to 

accelerate wound healing lies in the improvement (speeding up) the proliferative 

phase of healing. This can be experimentally achieved by ectopic activation of cell 

cycle-regulating enzymes (e.g. ERK1/2 MAP kinases; Escuin-Ordinas et al. 2016) or 

by the use of mesenchymal stem cells (Balaji et al. 2012). Both treatments may, 

theoretically, stimulate wound macrophages, but so far there is no experimental data 

on this subject. 

Below we describe several emerging novel therapeutic approaches, which promote 

pro-wound healing activity of macrophages. These methods rely either on the 

stimulation of the pro-healing M2 phenotype of the wound macrophages using 



 

environmental changes, anti-apoptotic factors, growth factors or supporting cells 

(fibroblasts or mesenchymal stem cells) or on the depletion, silencing or switching 

the phenotype of the pro-inflammatory M1 macrophages present in the wound 

(Goren et al., 2007; Guo et al., 2016; Ferrer et al. 2017; Ishida et al., 2008; 

Krzyszczyk et al., 2018). 

For example, the suppression/silencing of the pro-inflammatory M1 macrophages 

and the improvement of wound healing in diabetic mouse was achieved through the 

co-administration of neutralizing monoclonal (anti-F4/80 and anti-TNF-α) antibodies 

(Goren et al., 2007; Krzyszczyk et al., 2018). Another study showed that the 

inhibition of apoptosis through the blocking of Interferon Regulatory Factor 8 (IRF8) 

abrogates macrophage polarization into pro-inflammatory M1 phenotype and 

improves cutaneous wound healing in diabetic mice (Guo et al., 2016). Another 

approach is to silence the wound macrophages through the increased whole body 

oxygenation in the hyperbaric chambers (Benson et al.,2003; Krzyszczyk et al., 

2018). 

The injection of mesenchymal stem cells (Lu et al; 2011; Zhang et al. 2010; 

Krzyszczyk et al., 2018) or mesenchymal stem cell-conditioned media (Chen et al., 

2008) increased the number of macrophages and endothelial progenitor cells in the 

wound and improved mouse and human wound healing. The injection of the in vitro 

produced pro-healing M2 macrophages or the blood-derived macrophages from the 

young healthy humans into the wound, accelerated mouse and human wound 

healing (Jetten et al., 2014; Krzyszczyk et al., 2018; Zuloff-Shani et al., 2010). Ferrer 

et al., (2016) showed that human dermal fibroblasts (dFb) promote macrophage 

polarization into pro-healing M2 phenotype and accelerate wound healing in mice.  

Another, biomaterial supplementation, approach is to improve macrophage 

infiltration and promotion of M2 phenotype through the implantation of the hydrogels 

(Blakney et al.,2012; ; Krzyszczyk et al., 2018) or the microdelivery of extracellular 

matrix components to the wound (McWhorter  et  al.,  2013;  Cha  et  al.,  2017; 

Krzyszczyk et al., 2018).  

Because the macrophages are crucial players in all phases of wound healing, a full 

understanding of their roles and mechanisms involved, may lead in the future to a 

completely new approaches in wound healing therapies. 



 

Acknowledgments 

We are grateful for the support from William Stamps Farish Fund; Polish Ministry of 

National Defense project “Kościuszko" # 571/2016/DA to JZK and Polish Ministry of 

National Defense project “Kościuszko" # 5508/2017/DA to JZK. 

References 

Ashcroft GS, Jeong M-J, Ashworth JJ, Hardman M, Jin W, Moutsopoulos N, Wild T, 
McCartney-Francis N, Sim D, McGrady G, Song X, Wahl SH (2012). TNFα is a 
therapeutic target for impaired cutaneous wound healing. Wound Repair Regen. 20, 
38–49. 

Balaji S, Keswani SG, Crombleholme TM. (2012). The role of mesenchymal stem 
cells in the regenerative wound healing phenotype. Adv Wound Care (New 
Rochelle). 1: 159-165.  

Balaji S, LeSaint M, Bhattacharya SS, Moles C, Dhamija Y, Kidd M, Le LD, King A, 
Shaaban , Crombleholme T M, Bollyky P, Keswani SG. (2014). Adenoviral mediated 
gene transfer of IGF-1 enhances wound healing and induces angiogenesis. J Surg 
Res. 190, 367–377. 

Balaji S, Watson CL, Ranjan R, King A, Bollyky PL, Keswani SG (2015). Chemokine 
involvement in fetal and adult wound healing. Adv Wound Care (New Rochelle). 4, 
660–672.   

Bamberger C, Schärer , Antsiferova M, Tychsen B, Pankow S, Müller M, Rülicke T, 
Paus R, Werner A (2005). Activin controls skin morphogenesis and wound repair 
predominantly via stromal cells and in a concentration-dependent manner via 
keratinocytes. Am J Pathol. 167, 733–747. 

Benson, R.  M., Minter, L.  M., Osborne, B.  A.,  and Granowitz, E.  V.  (2003). 
Hyperbaric  oxygen   inhibits   stimulus-induced  proinflammatory  cytokine synthesis 
by human blood-derived monocyte-macrophages. Clin. Exp. Immunol. 134, 57–62. 

Blakney, A. K., Swartzlander, M. D., and Bryant, S. J. (2012). The effects of 
substrate stiffness on the in vitro activation of macrophages and in vivo host 
response to poly(ethylene glycol)-based hydrogels. J. Biomed. Mater. Res. A 100, 
1375–1386. doi: 10.1002/jbm.a.34104  

Boldogh IR, Pon LA. (2006) Interactions of mitochondria with the actin cytoskeleton. 
Biochimica et Biophysica Acta. 1763,450-462  

Brancato SK and Albina JE. (2011) Wound macrophages as key regulators of repair. 
The American Journal of Pathology. 178,19–25. 



 

Brizhik L, Ferroni L, Gardin C, Fermi E. (2016). On the mechanisms of wound 
healing by magnetic therapy: the working principle of therapeutic magnetic 
resonance. International Journal of Biophysics. 6, 27-43 

Campbell L, Saville CR, Murray PJ, Cruickshank SM, Hardman MJ (2013). Local 
Arginase 1 Activity Is Required for Cutaneous Wound Healing. J Invest Dermatol. 
133(10): 2461–2470. 
Cash JL, Bass MD, Campbell J, Barnes M, Kubes P, Martin P. (2014). Resolution 
mediator chemerin15 reprograms the wound microenvironment to promote repair 
and reduce scarring. Curr Biol. 24, 1406-1414. 

Cha, B. H., Shin, S. R., Leijten, J., Li, Y. C., Singh, S., Liu, J. C., et al. (2017). 
Integrin- mediated interactions control macrophage polarization in 3D hydrogels. 
Adv. Healthc. Mater. 6, 1–12.  

Chaqour J, Lee S1, Ravichandra A, Chaqour B. (2018). Abscisic acid: an 
antiangiogenic phytohormone that modulates the phenotypical plasticity of 
endothelial cells and macrophages. J Cell Sci. Jan 3. pii: jcs.210492. doi: 
10.1242/jcs.210492. [Epub ahead of print] 

Chen W, Chen S, Chen W, Li XC, Ghobrial RM, Kloc M. (2018a). Screening 
RhoA/ROCK inhibitors for the ability to prevent chronic rejection of mouse cardiac 
allografts. Transpl Immunol. Jun 6. pii: S0966-3274(18)30029-7. doi: 
10.1016/j.trim.2018.06.002. [Epub ahead of print] 

Chen W, Ghobrial RM, Li XC, Kloc M. (2018b). Inhibition of RhoA and 
mTORC2/Rictor by Fingolimod (FTY720) induces p21-activated kinase 1, PAK-1 and 
amplifies podosomes in mouse peritoneal macrophages.Immunobiology. Jul 7. pii: 
S0171-2985(18)30046-9. doi: 10.1016/j.imbio.2018.07.009. [Epub ahead of print] 

Chen W, Li XC, Kubiak JZ, Ghobrial RM, Kloc M. (2017). Rho-specific Guanine 
nucleotide exchange factors (Rho-GEFs) inhibition affects macrophage phenotype 
and disrupts Golgi complex. Int. J. Biochem. Cell Biol. 93,12-24 

Chen W, Sandoval H, Kubiak JZ, Li XC, Ghobrial RM, Kloc M. (2018c). The 
phenotype of peritoneal mouse macrophages depends on the mitochondria and 
ATP/ADP homeostasis. Cell Immunol. 324,1-7. 

Chen W, Chen W, Li XC, Ghobrial RM, Kloc M (2018d). Coinhibition of 
mTORC1/mTORC2 and RhoA /ROCK pathways prevents chronic rejection of rat 
cardiac allografts. Transplantation Reports. DOI: 10.1016/j.tpr.2018.09.002. 

Chen, L., Tredget, E. E., Wu, P. Y., and Wu, Y. (2008). Paracrine factors of 
mesenchymal stem cells recruit macrophages and endothelial lineage cells and 
enhance wound healing. PLoS ONE 3:e1886   

Chiarini A, Freddi G, Liu D, Armato U, Dal Prà I. (2016). Biocompatible Silk Noil-
Based Three-Dimensional Carded-Needled Nonwoven Scaffolds Guide the 
Engineering of Novel Skin Connective Tissue. Tissue Eng Part A. 22,1047-60.  



 

Cunniff B, McKenzie AJ, Heintz NH, Howe AK. (2016). AMPK activity regulates 
trafficking of mitochondria to the leading edge during cell migration and matrix 
invasion. Mol Biol Cell. 27, 2662-2674.  
Daley JM, Brancato SK, Thomay AA, Reichner JS, Albina JE (2010). The phenotype 
of murine wound macrophages. J Leukoc Biol. 87,59–67 

Davies LC, Jenkins SJ, Allen JE, Taylor PR.(2013). Tissue-resident macrophages 
Nature Immunology14, 986–995  

Dorsett-Martin WA (2004). Rat models of skin wound healing: a review. Wound 
Repair Regen. 12:591. 

DeLeon-Pennell KY, Mouton AJ, Ero OK, Ma Y, Iyer RP, Flynn ER, et al. (2018). 
LXR/RXR signaling and neutrophil phenotype following myocardial infarction classify 
sex differences in remodeling. Basic Res Cardiol. 2018; 113(5): 40. 

Demyanenko IA, Zakharova VV, Ilyinskaya OP, Vasilieva TV, Fedorov AV, Manskikh 
VN, Zinovkin RA, Pletjushkina OY, Chernyak BV, Skulachev VP, Popova EN. (2017). 
Mitochondria-Targeted Antioxidant SkQ1 Improves Dermal Wound Healing in 
Genetically Diabetic Mice. Oxid Med Cell Longev. 2017:6408278. doi: 
10.1155/2017/6408278. Epub 2017 Jul 6. 

Dings RPM, Miller MC, Griffin RJ, Mayo KH (2018). Galectins as Molecular Targets 
for Therapeutic Intervention. Int J Mol Sci. 19, 905. 

Duffield JS, Forbes SJ, Constandinou CM, Clay S, Partolina M, Vuthoori S, Wu S, 
Lang R, Iredale JP. (2005). Selective depletion of macrophages reveals distinct, 
opposing roles during liver injury and repair. J Clin Invest.115,56–65. 

Eming SA, Martin P, Tomic-Canic M (2014). Wound repair and regeneration: 
Mechanisms, signaling, and translation. Sci Transl Med. 6(265): 265sr6.  

Epelman S, Lavine KJ, Randolph GJ. (2014). Origin and functions of tissue 
macrophages. Immunity. 41, 21-35.  

Escuin-Ordinas H, Li S, Xie MW, Sun L, Hugo W, Huang RR, Jiao J, de-Faria FM, 
Realegeno S, Krystofinski P, Azhdam A, Komenan SM, Atefi M, Comin-Anduix B, 
Pellegrini M, Cochran AJ, Modlin RL, Herschman HR, Lo RS, McBride WH, Segura 
T, Ribas A. (2016). Cutaneous wound healing through paradoxical MAPK activation 
by BRAF inhibitors. Nat Commun. 7:12348.  

Feng Y, Sanders AJ, Ruge F, Morris C-A, Harding KG, Jiang WG (2016). Expression 
of the SOCS family in human chronic wound tissues: Potential implications for SOCS 
in chronic wound healing. Int J Mol Med. 38,1349–1358. 

Ferrer RA, Saalbach A, Grünwedel M, Lohmann N, Forstreuter I, Saupe S, Wandel 
E, Simon JC, Franz S. (2017). Dermal Fibroblasts Promote Alternative Macrophage 
Activation Improving Impaired Wound Healing. J Invest Dermatol. 137,941-950. 
Fumagalli M, Musso T, Vermi W, Scutera S, Daniele R, Alotto D, Cambieri I, 
Ostorero A, Gentili F, Caposio P, Zucca M, Sozzani S, Stella M, Castagnoli C. 



 

(2007). Imbalance between activin A and follistatin drives postburn hypertrophic scar 
formation in human skin. Exp Dermatol. 2007 16, 600-610.   

Frykberg RG, Banks J. (2015). Challenges in the treatment of chronic wounds. Adv 
Wound Care (New Rochelle). 4, 560-82.  

Galván-Peña S, O'Neill LA. (2014) Metabolic reprograming in macrophage 
polarization. Front Immunol. 5, 420-426.  

Gindele JA, Mang S, Pairet N, Christ I, Gantner F, Schymeinsky J, Lamb DJ. 
Opposing effects of in vitro differentiated macrophages sub-type on epithelial wound 
healing. PLoS One. 2017 12:e0184386. doi: 10.1371/journal.pone.0184386. 
eCollection 2017. 

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway 
SJ, Ng LG, Stanley ER, Samokhvalov IM, Merad M.  (2010). Fate mapping analysis 
reveals that adult microglia derive from primitive macrophages. Science. 330, 841–
845. 

Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, Garner 
H, Trouillet C, de Bruijn MF, Geissmann F, Rodewald HR. (2015). Tissue-resident 
macrophages originate from yolk-sac-derived erythro-myeloid progenitors. Nature. 
518, 547-551.  

Gordon BS, Kazi AA, Coleman CS, Dennis MD, Chau V, Jefferson LS, Kimball SR. 
(2014). RhoA modulates signaling through the mechanistic target of rapamycin 
complex 1 (mTORC1) in mammalian cells. Cell Signal. 26, 461–467. 

Goren, I., Müller, E., Schiefelbein, D., Christen, U., Pfeilschifter, J., Muhl, H., et al. 
(2007). Systemic anti-TNFalpha treatment restores diabetes-impaired skin repair in 
ob/ob mice by inactivation of macrophages. J. Invest. Dermatol. 127, 
2259–2267.  

Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, Chen M, Lee EY, Weiss 
HL, O'Connor, Gao T, Evers BM. (2011). mTORC1 and mTORC2 regulate EMT, 
motility and metastasis of colorectal cancer via RhoA and Rac1 signaling pathways. 
Cancer Res. 71, 3246–3256 

Guo S and DiPietro L.A. (2010). Factors Affecting Wound Healing. Dent Res. 89, 
219–229. 

Guo Y, Lin C, Xu P, Wu S, Fu X, Xia W, Yao M.(2016). AGEs Induced Autophagy 
Impairs Cutaneous Wound Healing via Stimulating Macrophage Polarization to M1 in 
Diabetes.Sci Rep. 2016 Nov 2;6:36416. 

Hall, C. J., Boyle, R. H., Astin, J. W., Flores, M. V., Oehlers, S. H., Sanderson,L. E., 
Ellett, F. et al., (2013). Immunoresponsive gene 1 augments bactericidal activity of 
macrophage-lineage cells by regulating beta-oxidation dependent mitochondrial 
ROS production. Cell. Metab. 18, 265–278. 



 

Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, Becker CD, See P, 
Price J, Lucas D, Greter M, Mortha A, Boyer SW, Forsberg EC, Tanaka M, van 
Rooijen N, García-Sastre A, Stanley ER, Ginhoux F, Frenette PS, Merad M. 
(2013).Tissue resident macrophages self-maintain locally throughout adult life with 
minimal contribution from circulating monocytes Immunity Immunity. 8,792-804.  

He XT, Li X, Yin Y, Wu RX, Xu XY, Chen FM. (2018). The effects of conditioned 
media generated by polarized macrophages on the cellular behaviours of bone 
marrow mesenchymal stem cells. J Cell Mol Med. 22,1302-1315. 

Hoeffel G, Wang Y, Greter M, See P, Teo P, Malleret B, Leboeuf M, Low D, Oller G, 
Almeida F, Choy SH, Grisotto M, Renia L, Conway SJ, Stanley ER, Chan JK, Ng LG, 
Samokhvalov IM, Merad M, Ginhoux F.(2012). Adult Langerhans cells derive 
predominantly from embryonic fetal liver monocytes with a minor contribution of yolk 
sac-derived macrophages. J. Exp. Med. 209,1167–1181. 

Huang SC, Smith AM, Everts B, Colonna M, Pearce EL, Schilling JD, Pearce EJ. 
(2016). Metabolic Reprogramming Mediated by the mTORC2-IRF4 Signaling Axis Is 
Essential for Macrophage Alternative Activation. Immunity. 45, 817-830.  

Ishida Y, Gao JL, Murphy PM (2008). Chemokine receptor CX3CR1 mediates skin 
wound healing by promoting macrophage and fibroblast accumulation and function. J 
Immunol.180, 569–579 

Jetten, N., Roumans, N., Gijbels, M. J., Romano, A., Post, M. J., de Winther, M.  P., 
et  al.  (2014). Wound administration of  M2-polarized macrophages does not 
improve murine cutaneous healing responses. PLoS ONE 9:e102994. 

King A, Balaji S, Le LD, Crombleholme TM, Keswani SG (2014). Regenerative 
Wound Healing: The Role of Interleukin-10. Adv Wound Care (New Rochelle) 3, 
315–323. 

Krzyszczyk P, Schloss R, Palmer A, Berthiaume F (2018). The role of macrophages 
in the acute and chronic wound healing and interventions to promote pro-wound 
healing phenotypes. Front. Physiol. 9, 419 

Landén NX, Li D, Ståhle M. (2016). Transition from inflammation to proliferation: a 
critical step during wound healing. Cell Mol Life Sci. 73, 3861–3885. 

Liu Y, Chen W, Wu C, Minze LJ, Kubiak JZ, Li XC, Kloc M, Ghobrial RM (2017a) 
Macrophage/monocyte-specific deletion of RhoA down-regulates fractalkine receptor 
and inhibits chronic rejection of mouse cardiac allografts. J Heart Lung Transpl. 36, 
340-354.  

Liu Y, Kloc M, Li XC. (2016d) Macrophages as effectors of Acute and Chronic 
allograft injury. Current Transplantation Reports. 3, 303–312 

Liu Y, Chen W, Minze LJ, Kubiak JZ, Li XC, Ghobrial RM, Kloc M.(2016c) Dissonant 
response of M0/M2 and M1 bone marrow derived macrophages to RhoA pathway 
interference. Cell Tissue Res. 366, 707-720 



 

Liu Y, Kubiak JZ, Li XC, Ghobrial RM, Kloc M. (2017b). Macrophages and RhoA 
Pathway in Transplanted Organs. Results Probl Cell Differ. 62,365-376. 

Liu Y, Minze LJ, Mumma L, Li XC, Ghobrial RM, Kloc M. (2016a). Mouse 
macrophage polarity and ROCK1 activity depend on RhoA and non-apoptotic 
Caspase 3. Exp Cell Res. 341, 225-236 

Liu Y, Tejpal N, You J, Li XC, Ghobrial RM, Kloc M. (2016b). ROCK inhibition 
impedes macrophage polarity and functions. Cell Immunol. 300, 54-62.  

Linder S, Wiesner C. (2015). Tools of the trade: podosomes as multipurpose 
organelles of monocytic cells. Cell Mol Life Sci. 72,121-135. 

Lu, D., Chen, B., Liang, Z., Deng, W., Jiang, Y., Li, S., et al. (2011). Comparison of 
bone marrow mesenchymal stem cells with bone marrow-derived mononuclear cells 
for treatment of diabetic critical limb ischemia and foot ulcer: a double- blind,  
randomized,  controlled  trial.  Diabetes  Res.  Clin.  Pract.  92,  26–36.  

Madsen DH, Leonard D, Masedunskas A, Moyer A, Jurgensen HJ, Peters DE, 
Amornphimoltham P, Selvaraj A, Yamada SS et al. (2013). M2-like macrophages are 
responsible for collagen degradation through a mannose receptor-mediated 
pathway, J. Cell Biol. 202, 951–966 

Magatti M, Vertua E, De Munari S, Caro M2, Caruso M, Silini A, Delgado M, Parolini 
O. (2017). Human amnion favours tissue repair by inducing the M1-to-M2 switch and 
enhancing M2 macrophage features. J Tissue Eng Regen Med. 11,2895-2911 

McWhorter, F. Y., Wang, T., Nguyen, P., Chung, T., and Liu, W. F. (2013). 
Modulation of macrophage phenotype by cell shape. Proc. Natl. Acad. Sci. U.S.A. 
110, 17253–17258. 

Mehta MM, Weinberg SE, Chandel NS. (2017). Mitochondrial control of immunity: 
beyond ATP. Nat Rev Immunol. Jul 3. doi: 10.1038/nri.2017.66. [Epub ahead of 
print] Review. 

Meschiari CA, Jung M, Iyer RP, Yabluchanskiy A, Toba H, Garrett MR, Lindsey ML. 
(2017). Macrophage overexpression of matrix metalloproteinase-9 in aged mice 
improves diastolic physiology and cardiac wound healing following myocardial 
infarction. Am J Physiol Heart Circ Physiol. Oct 13:ajpheart004532017. doi: 
10.1152/ajpheart.00453.2017. [Epub ahead of print] 

Mills EL and O’Neill LA. (2016). Reprogramming mitochondrial metabolismin 
macrophages as an anti-inflammatory signal. Eur. J. Immunology, 46,13-21 

Moore AL, Marshall CD, Barnes LA, Murphy MP, Ransom RC, Longaker MT. (2018). 
Scarless wound healing: Transitioning from fetal research to regenerative healing. 
Wiley Interdiscip Rev Dev Biol. 2 Mar;7(2). doi: 10.1002/wdev.309. Epub 2018 Jan 9 



 

Munder M, Mollinedo F, Calafat J, Canchado J, Gil-Lamaignere C, Fuentes JM, 
Luckner C, Doschko G, Soler G, Eichmann K, Muller FM, Ho AD, Goerner M, 
Modolell M (2005). Arginase I is constitutively expressed in human granulocytes and 
participates in fungicidal activity. Blood 105, 2549–2556 

Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, 
Libby P, Weissleder R, Pittet MJ. (2007). The healing myocardium sequentially 
mobilizes two monocyte subsets with divergent and complementary functions. J Exp 
Med 204, 3037–304 

Nunan R, Harding KG, Martin P. (2014). Clinical challenges of chronic wounds: 
searching for an optimal animal model to recapitulate their complexity. Dis Model 
Mech. 7, 1205–1213.  

Nuutila K, Siltanen A, Peura M, Bizik J, Kaartinen I, Kuokkanen H, Nieminen T, 
Harjula A, Aarnio P, Vuola J, Kankuri E. (2012). Human skin transcriptome during 
superficial cutaneous wound healing. Wound Repair Regen. 20,830-839.  

Nuutila K, Katayama S, Vuola J, Kankuri E. (2014). Human wound-healing research: 
issues and perspectives for studies using wide-scale analytic platforms. Adv Wound 
Care (New Rochelle). 3, 264-271. 

Occleston NL, Laverty HG, O'Kane S, Ferguson MW. J. (2008).  Prevention and 
reduction of scarring in the skin by Transforming Growth Factor beta 3 (TGFbeta3): 
from laboratory discovery to clinical pharmaceutical. Biomater Sci Polym Ed. 19, 
1047-1063.  

Orkin SH, Zon LI. (2008). Hematopoiesis: an evolving paradigm for stem cell biology. 
Cell. 132,631–644. 

Pakyari M, Ali Farrokhi, Mohsen Khosravi Maharlooei, Aziz Ghahary (2013). Critical 
role of transforming growth factor beta in different phases of wound healing. Adv 
Wound Care (New Rochelle) 2, 215–224. 
Parasa VR, Muvva JR, Rose JF, Braian C, Brighenti S, Lerm M. (2017). Inhibition of 
Tissue Matrix Metalloproteinases Interferes with Mycobacterium tuberculosis-
Induced Granuloma Formation and Reduces Bacterial Load in a Human Lung Tissue 
Model. Front Microbiol. 8: 2370. 

Quiros M, Nishio H, Neumann PA, Siuda D, Brazil JC, Azcutia V, Hilgarth R, O'Leary 
MN, Garcia-Hernandez V, Leoni G, Feng M, Bernal G, Williams H, Dedhia PH, 
Gerner-Smidt C, Spence J, Parkos CA, Denning TL, Nusrat A. (2017). Macrophage-
derived IL-10 mediates mucosal repair by epithelial WISP-1 signaling. J Clin Invest. 
127,3510-3520. 

Raes G, Van den Bergh R, De Baetselier P, Ghassabeh GH, Scotton C, Locati M, 
Mantovani A, Sozzani S. (2005). Arginase-1 and Ym1 are markers for murine, but 
not human, alternatively activated myeloid cells. J Immunol 174,6561-6562 



 

Rhett JM, Ghatnekar GS, Palatinus JA, O'Quinn M, Yost MJ, Gourdie RG.(2008). 
Novel therapies for scar reduction and regenerative healing of skin wounds. Trends 
Biotechnol. 26:173-180.  

Rittié L, Sachs DL, Orringer JS, Voorhees JJ, and Fisher GJ (2013). Eccrine sweat 
glands are major contributors to reepithelialization of human wounds. Am J Pathol 
182:163-170 

Rodríguez-Prados JC, Través PG, Cuenca J, Rico D, Aragonés J, Martín-Sanz P, 
Cascante M, Boscá L. (2010). Substrate fate in activated macrophages: a 
comparison between innate, classic, and alternative activation. J Immunol. 185, 605-
614. 

Roch T, Akymenko O, Krüger A, Jung F, Ma N, Lendlein A. (2014). Expression 
pattern analysis and activity determination of matrix metalloproteinase derived from 
human macrophage subsets. Clin Hemorheol Microcirc. 58,147-58.   

Samokhvalov IM. (2014). Deconvoluting the ontogeny of hematopoietic stem cells. 
Cell. Mol. Life Sci. 71, 957–978.  

Seki E, de Minicis S, Inokuchi S, Taura K, Miyai K, van Rooijen N, Schwabe RF, 
Brenner DA (2009). CCR2 promotes hepatic fibrosis in mice. Hepatology 50, 185–
197 

Serra MB, Barroso WA, da Silva NN, Silva SN, Borges ACR, Abreu IC, da Rocha 
Borges MO. (2017). From inflammation to current and alternative therapies involved 
in wound healing. Int J Inflam. 2017: 3406215. 

Schuler MH, Lewandowska A, Caprio GD, Skillern W, Upadhyayula S, Kirchhausen 
T, Shaw JM, Cunniff B. (2017). Miro1-mediated mitochondrial positioning shapes 
intracellular energy gradients required for cell migration. Mol Biol Cell. 282, 159-
2169. 

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K, 
Prinz M, Wu B, Jacobsen SE, Pollard JW, Frampton J, Liu KJ, Geissmann F. (2012). 
A lineage of myeloid cells independent of Myb and hematopoietic stem cells. 
Science 336,86–90. 

Shi Y, Shu B, Yang R, Xu Y, Xing B, Liu J, Chen L, Qi S, Liu X, Wang P, Tang J, Xie 
J (2015).  Wnt and Notch signaling pathway involved in wound healing by targeting 
c-Myc and Hes1 separately. Stem Cell Res Ther. 6(1): 120. 

Short JD, Downs K, Tavakoli S, Asmis R. (2016).  Protein Thiol Redox Signaling in 
Monocytes and Macrophages. Antioxid Redox Signal. 25,816-835. 

Song Q, Yuxin Xie, Qiheng Gou, Xiaoqiang Guo, Qian Yao, Xiaojun Gou. (2017). 
JAK/STAT3 and Smad3 activities are required for the wound healing properties of 
Periplaneta americana extracts. Int J Mol Med. 40,465–473. 



 

Sun Q, Guo S, Wang CC, Sun X, Wang D, Xu N, Jin SF, Li KZ. (2015). Cross-talk 
between TGF-β/Smad pathway and Wnt/β-catenin pathway in pathological scar 
formation. Int J Clin Exp Pathol. 2015 Jun 1;8(6):7631-9. eCollection 2015.  

Takeo M, Lee W, Ito M. (2015). Wound Healing and Skin Regeneration. Cold Spring 
Harb Perspect Med. 5(1): a023267. 

Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR, Wagner RA, 
Greaves DR, Murray PJ, Chawla A. (2006). Oxidative metabolism and PGC-1beta 
attenuate macrophage-mediated inflammation. Cell Metab. 4,13-24. 

Wang Q, Zhu G, Cao X, Dong J, Song F, Niu Y. (2017). Blocking Age-Rage 
signaling improved functional disorders of macrophages in diabetic wound. J 
Diabetes Res. 2017:1428537.  

Wilgus TA, Ferreira AM, Oberyszyn TA, Bergdall VK, DiPietro LA (2008). Regulation 
of scar formation by vascular endothelial growth factor. Lab Invest. 88, 579–590. 

Wosik J, Chen W, Qin K, Ghobrial RM, Kubiak JZ, Kloc M. (2018). Magnetic field 
changes macrophage phenotype. Biophysical J. 114, 2001-2013. 

Wu C, Zhao Y, Xiao Z, Fan Y, Kloc M, Liu W, Rafik RM, Lan P, He X, Li XC. (2016). 
Graft infiltrating macrophages adopt a M2 phenotype and are inhibited by P2x7 
receptor antagonist in chronic rejection A. J Transplant. 16, 2563-2673. 

Wynn TA and Vannella KM. (2016). Macrophages in tissue repair, regeneration, and 
fibrosis. Immunity. 44, 450-462  

Yeh CJ, Chen CC, Leu YL, Lin MW, Chiu MM, Wang SH. (2017). The effects of 
artocarpin on wound healing: in vitro and in vivo studies. Sci Rep. 2017. 7:15599. 
Published online 2017 Nov 15. doi: 10.1038/s41598-017-15876-7 

Yu DJ, Wang XJ, Shi YF, Jiang CY, Zhao RZ, Zhu YP, Chen L, Yang YQ, Sun XW, 
Xia SJ. Macrophages are targets of retinoic acid signaling during the wound-healing 
process after thulium laser resection of the prostate. Oncotarget. 2017 8:71996-
72007. 

Yuan R, Geng S, Chen K, Diao N, Chu HW, Li L. (2016) Low-grade inflammatory 
polarization of monocytes impairs wound healing. J Pathol. 238, 571–583 

Zaiss DMW, Gause WC, Osborne LC, Artis D. (2015). Emerging functions of 
amphiregulin in orchestrating immunity, inflammation and tissue repair. Immunity. 42, 
216–226 

Zhang, Q. Z., Su, W. R., Shi, S. H., Wilder-Smith, P., Xiang, A. P., Wong, A., et al. 
(2010). Human gingiva-derived mesenchymal stem cells elicit polarization of m2 
macrophages and enhance cutaneous wound healing. Stem Cells 28, 
1856–1868. 



 

Zhu Z, Ding J, Tredget EE (2016). The molecular basis of hypertrophic scars.  Burns 
Trauma. 2016 4:2. 

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



 

Table 1. 
Molecules produced by rodent and human macrophages 

Molecule Mouse Rat Human 
Arginase-1      +   +        - 
IL-1      +  ND       + 
IL-6      +   +       + 
iNOS      +   +       + 
Mannose Rceptor-1      +  ND       + 

Relm- (Fizz1)      +  ND       - 

ROS      +   -      + 

TGF      +  ND      + 

TNF      +  +      + 

VEGF      + ND      + 
+ Confirmed expression; ND - no data available; - Confirmed lack of 
expression. IL- Interleukin; iNOs- inducible nitric oxide synthase; Relm- 
(Fizz1)- Resistin-like molecule alpha 1; ROS- Reactive oxygen species; 
TGF-transforming growth factor beta; TNF- Tumor necrosis factor 
alpha; VEGF-Vascular endothelial growth factor. 



 

Table 2. 

Molecules produced by macrophages involved in inflammation, tissue repair 
and 

regeneration (resolving) as possible targets for therapeutic interventions in 
delayed wound healing and excessive scarring 

Pro-inflammatory 
   macrophages 

Tissue repair 
macrophages 

  Resolving 
macrophages 

         STAT1       STAT6      STAT3 
         IRF5         IRF4       ATF3 
         iNOs         Arg-1       Arg-1 

         TNF         LXR         GR 

         IL1-       PPARg       IL-10 

         IL-6        TGF          TGF    
       CSF1R        TGF      SOCS3 

      CX3CR1        Gal-3      SOCS1 
      Activin 
        FGF 
      AREG 
      PDGF 
      IGF-1 

     VEGF 
      CCL1 
     CCL22 
       Wnt 

Activin (Bamberger et al. 2005; Fumagalli et al. 2007); AREG, Amphiregulin (Chiarini 
et al., 2016; Zaiss et al., 2025); Arg1, Arginase-1 (Campbell et al. 2013; Cash et al, 
2014); ATF3, Activating transcription factor 3 (Landen et al. 2016); CCL, Chemokine 
(C-C motif) ligand (Balaji et al., 2015); CSF1R, Macrophage colony-stimulating factor 
1 receptor (Balaji et al., 2015); CX3CR1, fractalkine receptor (Balaji et al., 2015); FGF, 
Fibroblast growth factor (Eming et al., 2014); Gal-3, Galectin 3 (Dings et al. 2018); GR, 
glucocorticoid receptor (Landen et al. 2016); IGF, Insulin-like growth factor 1 (Balaji et 
al., 2014); IL, Interleukin (Chiarini et al, 2016; King et al. 2014); IRF, Interferon 
regulatory factor (Serra et al., 2017); LXR, Liver X receptor (DeLeon-Pennell et al. 
2018); NOs, Nitric oxide synthase(Landen et al. 2016); PDGF, Platelet-derived growth 
factor (Eming et al., 2014); SOCS, Suppressor of cytokine signaling (Feng et al. 2016); 
STAT1-3, Signal transducer and activator of transcription 1-3 (Song et al.; 2017; Zhou 
et al., 2016); TGF, Transforming growth factor (Pakyari et al., 2013; Sun et al., 2015); 

TNF, Tumor necrosis factor  (Ashcroft et al., 2012); VEGF, Vascular endothelial 

growth factor (Eming et al.2014; Wilgus et al., 2008); Wnt, Wingless type proto-
oncogene (Shi et al.2015; Sun et al., 2015).  



 

Fig. 1. Markers of wound healing mouse macrophages 
In mouse there are two main types of wound healing macrophages, which differ in the 
timing of the arrival to the wound, and the receptors and cytokines they express. The 
early recruited macrophages express high level of CCR2 (monocyte chemoattractant 
protein-1 (CCL2) receptor and low level of CX3CR1 (fractalkine) receptor, high level 
of Ly6C (lymphocyte antigen 6 complex, locus C) and a moderate level of the mannose 
receptor (MR/CD206). The early macrophage produce high levels of TNF-α, IL-1, IL-
4, IL-6, arginase enzyme, and inducible nitric oxide synthase iNos. The late 
macrophages express high level of CX3CR1, low level of CCR2, low level of Ly6C and 
a high level of CD206, and produce high level of TGF-ß, VEGF and arginase (Brancato 
and Albina, 2011)  



 

Fig. 2. Receptor recycling in the macrophages depends on the actin and the 
RhoA pathway 
In eukaryotic cells, including mouse and human macrophages, the Golgi complex 
produces the exocytic vesicles, which bring the receptors from Golgi to the cell 
membrane and the endocytic vesicles, which recycle the used receptor from the 
membrane to the cell interior and back to the Golgi. The organization of the Golgi, the 
formation of exocytic/endocytic vesicles and the process of exo- and endocytosis 
depend on actin filaments. The actin filaments organization and polymerization is in 
turn, regulated by small GTPase RhoA and its downstream effector ROCK kinase. The 
upstream regulators of RhoA are the Guanine nucleotide exchange factors (GEFs). 
Our studies showed that a deletion of RhoA, inhibition of ROCK or RhoA specific GEFs 
disorganize actin, Golgi complex and disrupts receptor recycling in mouse 
macrophages (Chen et al. 2017a; Liu et al. 2016ab; Liu et al. 2017ab;). 


