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Abstract

Monocytes and macrophages (Mo/MΦ) play critical roles in all phases of skin wound healing. The 

majority of these cells are thought to be recruited from blood Mo; however, the role local 

proliferation of Mo/MΦ in the wound has not been defined. Therefore, we tested the hypothesis 

that local proliferation of Mo and/or MΦ contributes to their accumulation during wound healing. 

Male C57Bl/6 mice (N=4–9/group) were subjected to excisional skin wounding. Proliferating Mo/

MΦ (F4/80+Ki67+) were observed in wound cryosections, peaking on day 5 post-wounding. Cell 

cycle analysis on cells isolated from skin tissue revealed that wounding increased both the number 

and percentage of inflammatory Ly6C+F4/80lo/- Mo/MΦ in the S/G2/M phases, peaking on day 6 

post-wounding. In contrast, more mature Ly6C-F4/80+ cells were found predominantly in the G0 

phase with less than 1% cells in S/G2/M phase following injury. In peripheral blood, Mo were 

very rarely found in the S/G2/M phase, suggesting that the wound environment triggered the Ly6C

+F4/80lo/- Mo proliferative response. Furthermore, injury induced several potential regulators of 

proliferation in wounds, including IL-1β and IL-6, and wound Mo/MΦ expressed surface 

receptors for these cytokines. However, wound Mo/MΦ proliferation was not altered in IL-1R1 

KO or IL-6 KO mice. In summary, our findings indicate that proliferation contributes to Mo/MΦ 
accumulation in wounds and, contrary to findings in other pathophysiological conditions, Ly6C

+/F4/80lo/- Mo/MΦ proliferate during skin wound healing whereas mature Ly6C-F4/80+ MΦ do 

not.
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Summary

Inflammatory monocytes/macrophages proliferate while mature macrophages do not in mouse 

skin wounds.

Keywords

Inflammation; Cell Cycle; IL-1; IL-6

Introduction

Skin wound healing is an evolutionarily conserved and tightly coordinated process 

composed of overlapping stages of inflammation, proliferation, and remodeling (1). 

Following injury, a variety of cells, including inflammatory cells, fibroblasts, endothelial 

cells, and keratinocytes, work together to heal the wound (1, 2). Among these cells, 

monocytes and macrophages (Mo/MΦ) rapidly accumulate in wounds and play critical roles 

in the repair process (3, 4). During the inflammatory phase of healing, Mo/MΦ kill 

pathogens, amplify the inflammatory response and help to clear debris and dead cells. 

During the proliferation phase, Mo/MΦ help to downregulate inflammation, promote 

angiogenesis, formation of granulation tissue and deposition of collagen. Later, Mo/MΦ also 

promote wound closure and collagen remodeling (2, 5, 6). In short, Mo/MΦ play a vital role 

in all stages of healing.

The majority of Mo/MΦ that accumulate in skin wounds are thought to derive from 

circulating blood Mo in mice (2, 7, 8). Mo are produced in bone marrow by sequential 

differentiation from hematopoietic stem cells, under the control of a variety of growth 

factors and transcription factors (9). Such differentiation produces Ly6Chi Mo that can 

eventually differentiate to Ly6Clo Mo in different tissues (10, 11). Ly6Chi Mo are mobilized 

into peripheral blood both during homeostasis and during inflammatory responses via 

CCL2/CCR2 signaling (9, 12). Following tissue injury, large numbers of blood-borne 

Ly6Chi Mo are recruited to the damaged tissue in response to a variety of damage and 

pathogen-associated molecular patterns (DAMPs/PAMPs), chemokines and cytokines 

(including CCL2) (7, 12). Tissue damage also results in increased bone marrow 
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monopoiesis, which helps to supply Mo for tissue repair and to repopulate bone marrow and 

blood stores (13). Although most Mo/MΦ in skin wounds are thought to be derived from 

bone marrow Mo, a small population of skin resident MΦ also likely act as first responders 

upon wounding, contributing to the initiation of inflammation (8).

In addition to the recruitment of blood Mo, cell proliferation may contribute to tissue Mo/

MΦ accumulation under certain conditions (14–18). For example, Jenkins et al. have 

demonstrated that both pleural resident MΦ and MΦ recruited to the peritoneal cavity can 

proliferate during TH2 related pathologies such as L. sigmodontis and Brugia malayi 
infection (17). Additional studies have indicated that resident MΦ can proliferate in lung, 

aorta, adipose tissue, and brain under inflammatory conditions (14–17, 19–21). In these 

studies, the microenvironment appears to be a major driver of proliferation (14–17, 20, 22). 

However, whether proliferation contributes to MΦ accumulation during skin wound healing 

remains to be determined.

The purpose of this study was to determine whether Mo/MΦ proliferate during wound 

healing, thus contributing to their accumulation in skin wounds of C57Bl/6 mice. We found 

that Ly6C+F4/80lo/- Mo/MΦ proliferate in the skin wounds but that Ly6C-F4/80+ MΦ do 

not. Additionally, Ly6C+ Mo/MΦ are found in S/G2/M phases of the cell cycle in skin 

wounds but not in peripheral blood, suggesting that changes in the environment of these 

cells may regulate their proliferation during the healing process. However, our data indicate 

that a variety of cytokines that have been shown to induce Mo/MΦ proliferation, either in 

cell culture or in other tissues, including M-CSF, IL-4, IL-6 and IL-1β, do not likely induce 

proliferation of Mo/MΦ in mouse skin wounds.

Materials and Methods

Animals and wound model

Male C57Bl/6 WT, IL-1R1 KO, and IL-6 KO mice (The Jackson Laboratory, Bar Harbor, 

ME) were housed in the animal facility of the University of Illinois at Chicago with free 

access to standard chow diet and water. Adult mice (age 10–12 weeks, N = 4–11/group) 

were subjected to excisional wounding with an 8mm biopsy punch as previously described 

(23). Wounds were covered with Tegaderm (3M,1626W) at all times until sacrifice to 

simulate clinical treatment in humans, and to provide a waterproof, sterile barrier to external 

contaminants.

Wounds were collected at day 1, 3, 6, and 10 post-injury along with non-injured skin 

samples. Prior to tissue collection, mice were anesthetized and perfused with ice cold PBS 

through the left ventricle of heart. After collection, tissues were either snap frozen in liquid 

nitrogen for protein measurements, frozen in tissue freezing medium for cryosectioning or 

dissociated into a single cell suspension using enzymatic digest as previously described for 

flow cytometry analysis (24). All animal studies were approved by the Animal care and Use 

Committee of the University of Illinois at Chicago.
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Wound closure

Wound closure was measured in digital images taken of the wound surface. Wound closure 

was determined by measuring wound areas using Fiji Image J and expressing the change in 

area at each time point as a percentage of the original wound area ((Day 0 area – Day X 

area)/Day 0 area) ×100.

Histology

Cryosections (8μm thick) were cut from wounds collected on day 3, 5, 7, and 9 post-

wounding. Haemotoxylin and Eosin (H&E) staining was performed in wound sections for 

evaluation of re-epithelialization. The percentage of re-epithelialization was calculated as 

[(distance traversed by epithelium from wound edges)/(distance between wound edges) 

×100].

For immunofluorescence staining, sections were first blocked with PBS containing 3% BSA 

then incubated with primary antibodies against F4/80 and Ki67 (BD Biosciences, clone 

T45–2342 and Abcam, ab15580). After incubating with Rhodamine anti-rat (Jackson 

Immunoresearch) and Alexa Fluor 488 anti-rabbit secondary antibodies (Abcam), sections 

were mounted with VECTASHIELD® Antifade Mounting Media with DAPI (Vector 

Laboratories). Negative control sections were incubated without primary antibodies. Five 

distinct images were obtained with a 20×/0.5 objective from selected areas of the granulation 

tissue (two on each side of wounds and center of wounds. Digital images were obtained 

using a Nikon Instruments Eclipse 80i microscope. Staining was evaluated using Fiji 

ImageJ: the same threshold was used for all images, connected cells were cleaned by 

watershed adjustment and then DAPI+F4/80+ and DAPI+F4/80+Ki67+ positive cells were 

counted.

Flow cytometry

Cells from skin wounds, bone marrow, and peripheral blood were isolated from non-injured 

and wounded mice at day 3, 6, and 10 post-wounding. Skin wound cells were first incubated 

with Zombie Violet dye (Biolegend) for cell viability analysis. Then all cells were pre-

incubated with anti-CD16/32 antibody (Biolegend, clone S17011E) to block the Fc receptor 

prior to further staining.

Cell surface antigens were labeled with anti-Ly6G-BV605 (clone 1A8), CD11b-APC/

Fire750 (clone CBRM1/5), F4/80-PE (clone BM8), and Ly6C-Percp/cy5.5 (clone AL-21) 

antibodies (skin wound cells; Biolegend or BD Biosciences) or anti-Ly6G-BV605, CD11b-

APC/Fire750, CD115-PE (clone AFS98), and Ly6C-BV421 (clone AL-21) antibodies (cells 

from bone marrow and peripheral blood; Biolegend or BD Biosciences). In skin, the 

inflammatory Mo/MΦ population was defined as Live Ly6G-CD11b+Ly6C+F4/80lo/-, 

while mature MΦ were gated as Live Ly6G-CD11b+ Ly6C- F4/80+. Mo were defined as 

Ly6G-cKit-CD11b+CD115+Ly6Chi/lo in bone marrow and Ly6G-CD11b

+CD115+Ly6Chi/lo in peripheral blood.

Next, cells were fixed and permeabilized (BD Biosciences) following the manufacturer’s 

instructions. Then, intracellular Ki67 was labeled with anti-Ki67 antibody (Abcam, 
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ab15580) and Alexa Fluor 488 anti-rabbit secondary antibody (Abcam, ab150077). Finally, 

30 minutes prior to reading, cells were stained with FxCycle™ Far Red (ThermoFisher 

Scientific).

For cytokine receptor analysis, skin wound cells were first incubated with Zombie Violet 

dye and anti-CD16/32 antibody as described above. Then in addition to all surface myeloid 

cell markers, anti-CD115-PE/Dazzle594 (M-CSF receptor,clone AFS98), CD121a-PE 

(IL-1β receptor,clone JAMA-147), CD130-PE (surface gp130,clone 4H1B35), and CD126-

APC (IL-6 receptor, clone D7715A7) antibodies (Biolegend) were added to cells in 

separated wells. IgG isotype control from the same clones of those antibodies were used as 

controls for evaluation of the surface receptors. All samples were analyzed on either LSR 

Fortessa with HTS (Becton Dickenson) or CytoFLEX S (Beckman Coulter) cytometers. 

Data were analyzed using FlowJo (FlowJo LLC).

Protein measurements

Whole wound tissues were homogenized in cold DPBS (10 μL DPBS/mg wound tissue) 

supplemented with 1% protease inhibitor cocktail (Sigma). Supernatants of wound 

homogenates were collected after centrifugation. Protein levels of M-CSF, IL-4, IL-1β, and 

IL-6 were determined using a custom BioLegend LEGENDplex™ kit. All samples were 

analyzed on CytoFLEX S (Beckman Coulter) cytometer.

Statistics

Data are expressed as mean ± SEM. Statistical significance of differences was evaluated by 

Mann-Whitney test or ANOVA. A value of P<0.05 was considered statistically significant.

Results

MΦ proliferate in skin wounds of C57Bl/6 mice

To establish the time course of healing in our wound model, wound closure was evaluated in 

digital images of the wound surface and re-epithelialization was assessed in H&E stained 

cryosections on days 3, 5, 7, and 9 post-injury. As shown in Fig 1A and 1B, wound closure 

and re-epithelialization progressed throughout this time period. On day 9 post-wounding, 

wounds still appeared open in digital images; however, H&E assessment indicated that 

wounds achieved complete re-epithelialization by this time point, which is consistent with 

previous findings that skin contraction contributes to wound closure (25). In addition, the 

H&E images showed that immature granulation tissue was deposited on days 5 and 7 post-

injury with more mature granulation tissue evident by day 9.

To determine whether Mo/MΦ proliferate during wound healing, we first performed 

immunofluorescent staining of wound cryosections. The common MΦ marker F4/80 was 

used to identify wound MΦ while nuclear staining of Ki67 was used to indicate proliferation 

status. We found that MΦ (F4/80+Ki67+) proliferated in skin wounds throughout the healing 

process (Supplementary Fig 1A). There were abundant F4/80+ MΦ in wounds by day 3 

post-injury, peaking on day 5, then declining as the wound closed (Supplementary Fig 1B). 

In a temporally similar pattern, MΦ (F4/80+Ki67+) were found to be proliferating on day 3, 
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peaked on day 5 post-injury and then declined (Supplementary Fig 1C). Thus, these data 

show that MΦ proliferate in mouse skin wounds.

Ly6C+ Mo/MΦ but not Ly6C- MΦ proliferate in skin wounds

To better understand the proliferation dynamics of MΦ in skin wounds, we evaluated the cell 

cycle in wound Mo/MΦ by flow cytometry. As shown in Fig 2A, the two dominant 

populations of interest were Ly6C+F4/80lo/- Mo/MΦ and Ly6C- F4/80+ MΦ. The Ly6C

+/F4/80-/lo population is likely comprised mostly of infiltrating inflammatory Ly6Chi blood 

monocytes (7, 12). In response to injury, these cells increased both as a percentage within 

the total wound cell population and in absolute numbers per mg tissue weight by day 3 post-

injury compared to non-injured skin. The percentage of these cells declined towards baseline 

during the resolution phase of healing (day 10), but cell number was maintained at a 

significantly higher level than non-injured skin (Fig 2B and supplementary Fig 2A).

Ki67 is present in all cell cycle phases (G1, S, G2, and M) except the resting phase (G0) 

(26). Therefore, by combining Ki67 labeling with the DNA dye FxCycle, we could identify 

cells at G0 (Ki67-FxCycle-), G1 (Ki67+FxCycle-) and S/G2/M phases (Ki67+FxCycle+). 

We found that injury induced increased percentages and numbers of Ly6C+F4/80lo/- Mo/

MΦ that were Ki67+FxCycle+ (DNA synthesis and dividing phases of the cell cycle; 

S/G2/M) by day 3 post-injury; the percentage of these cells peaked on day 6 and then 

decreased by day 10 (Fig 2F). Numbers of Ki67+FxCycle+ Mo/MΦ (S/G2/M phases) 

followed a similar pattern as their percentages (Supplementary Fig 2C). These data indicate 

that inflammatory Ly6C+F4/80lo/- Mo/MΦ proliferate during skin wound healing.

The Ly6C-/F4/80+ population is likely comprised both of infiltrating Ly6C+/F4/80lo/- cells 

that have differentiated to Ly6C-/F4/80+ cells along with resident cells that are 

Ly6C-/F4/80+ MΦ (7, 12). Similar to Ly6C+F4/80lo/- Mo/MΦ, mature Ly6C-/F4/80+ MΦ 
showed a significant increase in both percentage and number after wounding compared to 

non-injured skin. After reaching a peak on day 3, Ly6C-/F4/80+ MΦ percentage and number 

declined towards baseline as the wounds closed (Fig 2D and Supplementary Fig 2B). 

However, unlike inflammatory Ly6C+F4/80lo/- Mo/MΦ, mature Ly6C-/F4/80+ MΦ were 

mainly Ki67-FxCycle- (G0 phase) and fewer were Ki67+FxCycle- (G1 phase) following 

injury compared to non-injured skin (P=0.019), with less 1% cells Ki67+FxCycle+ (S/G2/M 

phases) (Fig 2E, 2F and Supplementary Fig 2C). Thus, in contrast to data from models of 

TH2 inflammation (17), the majority of mature Ly6C-F4/80+ MΦ maintained at the resting 

G0 phase following skin wounding.

Mo proliferate in bone marrow but not in peripheral blood both at steady state and during 
wound healing

During the inflammatory phase of wound healing, bone marrow-derived cells, including Mo, 

infiltrate wounds from the circulation (2). Since we found proliferating Ly6C+ Mo/MΦ in 

wounds, we examined the cell cycle kinetics of Ly6Chi and Ly6Clo Mo in bone marrow 

(Ly6G-cKit-CD11b+CD115+Ly6Chi/lo) and in peripheral blood (Ly6G-CD11b

+CD115+Ly6Chi/lo). Zombie dye was excluded from the staining panel due to consistently 

low percentages of dead cells in both bone marrow and blood samples in preliminary test 
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runs (<4%). Following skin wounding, numbers of Ly6Chi Mo (Ly6G-cKit-CD11b

+CD115+Ly6Chi) significantly increased in bone marrow on day 6 compared to the non-

injured state but Ly6Clo Mo (Ly6G-cKit-CD11b+CD115+Ly6Clo) remained at lower 

numbers (Fig 3B). At steady state, a proportion of both Ly6Chi and Ly6Clo Mo were 

Ki67+FxCycle+ (S/G2/M phases). Wounding did not change the percentage of 

Ki67+FxCycle+ Ly6Chi Mo (Fig 3C), but did reduce the percentage of Ki67+FxCycle+ 

Ly6Clo Mo and increase the percentage of Ki67-FxCycle- Ly6Clo Mo (Fig 3D), such that 

after injury, there were greater percentages of Ly6Chi Mo compared to Ly6Clo Mo that were 

Ki67+FxCycle+ on day 3 and 6 (P=0.029 and P=0.047, respectively).

In peripheral blood, Ly6Chi and Ly6Clo Mo numbers showed similar trends as in bone 

marrow (Fig 3F). When we analyzed the cell cycle in blood Mo populations, the majority of 

cells were Ki67+FxCycle- (G1 phase), with a minor fraction being Ki67-FxCycle- (G0 

phase). Less than 1% of cells were Ki67+FxCycle+ (S/G2/M phases) (Fig 3G and 3H). 

Taken together, these data indicate that although Ly6Chi Mo proliferate in bone marrow, 

after they mobilize to peripheral blood, they are maintained predominantly in the G1 phase. 

Then, following infiltration from the blood into skin wounds, Ly6Chi Mo are again induced 

to enter the dividing S/G2/M phases.

IL-1 and IL-6 do not induce proliferation of Mo/MΦ in skin wounds

Although blood Ly6Chi Mo were predominantly in the G1 phase, injury increased the 

percentage and number of Ly6C+ Mo/MΦ at the S/G2/M phases in skin wounds. Thus, we 

hypothesized that changes in the microenvironment of these cells as they infiltrate wounds 

drives Mo/MΦ into the proliferative phases of the cell cycle. Several cytokines can promote 

Mo/MΦ lineage cell proliferation in different tissues (18, 20, 27–30), thus we assessed the 

potential roles of M-CSF, IL-4, IL-1β, and IL-6 on Mo/MΦ proliferation in skin wounds.

First, we measured M-CSF, IL-4, IL-1β, and IL-6 protein levels in non-injured skin and 

wound homogenate on days 1, 3, 6, and 10 after injury. Wounding lead to a rapid increase of 

IL-1β and IL-6 levels in skin wounds early in the healing process, which declined towards 

baseline levels as healing progressed (Fig 4A, 4B). Opposite to these changes, M-CSF levels 

tended to decline in response to injury and were maintained at a low level throughout the 

period assessed (Fig 4C), while IL-4 levels remained at extremely low levels near the 

detection level of the assay throughout the time course of healing (Fig 4D).

Next, we assessed surface expression of receptors for M-CSF (CD115), IL-4 (CD124), 

IL-1β (CD121a), and IL-6 (CD130 and CD126) in Ly6C+F4/80lo/- Mo/MΦ and Ly6C- 

F4/80+ MΦ isolated from wounds on day 6 post-injury. As shown in Fig 4E, only ~ 2% of 

Ly6C+F4/80lo/- Mo/MΦ expressed CD115, a percentage significantly lower than that in 

mature Ly6C- F4/80+ MΦ. CD124 (IL-4 receptor) and CD121a (IL-1 receptor) were 

expressed on both Ly6C+F4/80lo/- and Ly6C-/F4/80+ Mo/MΦ, with a lower percentage on 

Ly6C+F4/80lo/- Mo/MΦ compared to Ly6C-F4/80+ cells. The two receptors that can bind 

IL-6, CD126 (IL-6R) and CD130 (surface gp130) showed different expression patterns. 

CD130 was highly expressed on Ly6C+F4/80lo/- Mo/MΦ with moderate expression on 

Ly6C- F4/80+ MΦ. However, CD126 was rarely detected on the cell surface in either Mo/

MΦ population. Finally, expression of a subset of those receptors (CD124, CD115, and 
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CD121a) was also evaluated on day 1 post-wounding and showed similar patterns of 

expression as on day 6 (Supplementary Fig 3A).

Since receptors of IL-1 and IL-6 were expressed on the cell surface of Ly6C+F4/80lo/- Mo/

MΦ (CD121a: 11.2 ± 2.8% and CD130: 29.0 ± 4.5%, respectively) and protein levels of the 

respective cytokines were significantly elevated in response to injury, we employed IL-1R1 

KO, IL-6 KO and age-matched C57Bl/6 WT control mice to study the effects of IL-1R1 and 

IL-6 on Mo/MΦ proliferation in skin wound healing. We assessed proliferation on day 6 

post-wounding, since proliferation peaked at this time point in WT C57Bl/6 mice. As shown 

in Fig 4F, percentages of Ly6C+F4/80lo/- Mo/MΦ and Ly6C-F4/80+ MΦ were comparable 

in the wounds of IL-1R1 KO, IL-6 KO mice and their WT counterparts. Moreover, absolute 

numbers of Mo/MΦ were also not significantly different between genotypes (Supplementary 

Fig 3B). In addition, the percentages of both Ly6C+F4/80lo/- Mo/MΦ and Ly6C-F4/80+ 

MΦ at different cell cycle phases were also similar between the three mouse genotypes, with 

no significant differences between genotypes in the percentage or number of Ki67+FxCycle

+ Ly6C+F4/80lo/- Mo/MΦ (S/G2/M phase) (Fig 4G, 4H, and Supplementary Fig 3C).

In summary, although we found that injury leads to increases in IL-1β and IL-6 levels in 

wounds, and Ly6C+F4/80lo/- cells expressed receptors of IL-1 and IL-6, neither the absence 

of IL-1R1 nor of IL-6 influenced Mo/MΦ proliferation in wounds.

Discussion

In this study, we sought to determine whether Mo and/or MΦ proliferate in skin wounds. 

Our findings show for the first time that skin wounding causes inflammatory Ly6C

+F4/80lo/- Mo/MΦ to enter the proliferative S/G2/M stages of the cell cycle. In addition, 

whereas in other tissues mature F4/80+ MΦ proliferate in response to inflammatory signals 

(17, 18), these cells show an opposite response to skin wounding, entering the resting G0 

phase of the cell cycle. Furthermore, whereas Ly6Chi Mo are frequently found in S/G2/M 

phases in bone marrow, these cells are predominantly in the G1 phase in peripheral blood. 

Together, these data suggest that the wound environment drives the proliferation of Ly6C+ 

F4/80lo/- Mo/MΦ after infiltration from the blood. Finally, although levels of IL-1β and 

IL-6 increase in skin after wounding and Ly6C+F4/80lo/- Mo/MΦ express receptors of IL-1 

and IL-6 on their cell surface, neither loss of IL-1R1 nor IL-6 affected proliferation of these 

cells in wounds.

In response to injury, Ly6Chi Mo are mobilized from bone marrow into peripheral blood and 

eventually infiltrate into wounds, where they differentiate into Ly6C+ MΦ and then Ly6C- 

MΦ. Prior studies suggest that this process provides the majority of MΦ involved in wound 

repair (1, 2, 5, 9). In agreement with previous studies (31, 32), we detected both Ly6C+ 

F4/80lo/- Mo/MΦ and mature Ly6C- F4/80+ MΦ accumulation in skin wounds. Whereas 

the numbers of Ly6C+F4/80lo/- Mo/MΦ were maintained at a relatively high level even 

during the later healing stages, the number of mature Ly6C-F4/80+ MΦ declined towards 

the non-injured skin baseline on day 10 post-wounding. Thus, the difference in the kinetics 

of these two Mo/MΦ populations suggests different mechanisms influencing their 

accumulation during the healing process. Surprisingly, we observed an Ly6C+ Mo/MΦ cell 
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population in non-injured skin. This population was composed of both F4/80hi/+ and 

F4/80lo/- cells, whereas in wounds Ly6C+ cells were almost solely F4/80lo/−. We plan on 

further investigating the identity of these cells in future studies.

Several studies have shown that numbers of MΦ (F4/80+ or Ly6B+) are influenced by 

proliferation in peritoneal cavity, lung, aorta, and adipose tissue (14–18, 20, 22). For 

example, pleural cavity F4/80+ MΦ proliferate in response to TH2 inflammation (17). In 

addition, aortic F4/80+ MΦ in atherosclerotic lesions proliferate, as indicated by a high 

proportion of cells in the S/G2/M phases of the cell cycle (20). Furthermore, in obese mice, 

a major fraction of the adipose tissue MΦ undergo cell division locally within the visceral 

fat pad (14, 15). In skin, Langerhans cells can proliferate while in their differentiated state 

under both homeostatic and inflammatory conditions (33). In agreement with these previous 

findings, we found proliferating MΦ (F4/80+Ki67+ cells) in skin wounds. In contrast to 

previous findings showing that mature MΦ proliferate, we found a significant percentage of 

inflammatory Ly6C+ F4/80lo/- Mo/MΦ in the DNA synthesis and dividing phases of the 

cell cycle (S/G2/M) in response to injury, whereas mature MΦ (Ly6C- F4/80+) showed the 

opposite trend, with an increased percentage of cells in the resting G0 phase. Therefore, 

proliferation contributes to accumulation of Ly6C+F4/80lo/- Mo/MΦ in skin wound healing, 

similar to a recent study using an infection model, which detected higher proliferation of 

Ly6C+ Mo compared to Ly6C- MΦ in mouse bladder (27). In addition to proliferation, other 

factors such as rates of cell infiltration, Mo differentiation, cell efflux and apoptosis may 

also contribute to Mo/MΦ accumulation in wounds. Future studies will be focused on the 

contributions of each of these processes to Mo/MΦ accumulation in wounds and the 

associated mechanisms.

We also assessed the influence of skin wounding on the cell cycle of Mo in bone marrow 

and blood, since these cells are considered to be precursors of wound Mo/MΦ (2, 9). 

Though about 20% of bone marrow Ly6Chi Mo were observed in S/G2/M phases both 

before and after skin injury, these cells were rarely in S/G2/M phases in peripheral blood. 

Because peripheral blood Ly6Chi Mo are likely the predominant precursors of Ly6C+ Mo/

MΦ in wounds, we hypothesized that the wound environment may trigger proliferation of 

Ly6C+F4/80lo/- Mo/MΦ. Overall, in the tissues examined in this study, we found that cells 

with high Ly6C surface expression proliferate more compared to those without, as only 

Ly6Chi/+ Mo and/or MΦ were found in S/G2/M phases, which suggests the inflammatory 

Ly6C+ cells may have greater proliferating potential compared to more mature Ly6C- cells.

Next, we attempted to identify potential regulator(s) of Ly6C+F4/80lo/- Mo/MΦ 
proliferation in skin wounds. Previous studies have shown that several cytokines promote 

Mo and MΦ proliferation in inflammation (14–16, 18, 22, 27, 29, 30). Therefore, we first 

investigated protein levels of those cytokines in wounds, including M-CSF, IL-4, IL-1β, and 

IL-6. First, M-CSF, which has been reported to be a key regulator of resident MΦ 
proliferation during inflammation (18, 22), showed a reduction in protein levels post-

wounding and its receptor (CD115) was expressed only at low levels on Ly6C+F4/80lo/- 

Mo/MΦ in wounds. Next, IL-4 protein levels were extremely low in skin wounds throughout 

the healing process, close to the detection limit of the assay. This is consistent with our 

previous data (24) and that of others (34), showing undetectable levels of IL-4 or IL-13 in 
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skin wounds. Therefore, it is not likely that either IL-4 or M-CSF promotes proliferation of 

Ly6C+F4/80lo/- Mo/MΦ in our model of skin wound healing.

In contrast, levels of pro-inflammatory cytokines IL-1β and IL-6 rapidly increased following 

skin wounding and cell surface receptors involved in their signaling pathways (CD121a and 

CD130, respectively) were expressed on Ly6C+F4/80lo/- Mo/MΦ. Thus, we hypothesized 

that IL-1 and/or IL-6 signaling might mediate Ly6C+F4/80lo/- Mo/MΦ proliferation. 

However, neither IL-1R1 nor IL-6 KO mice showed significant differences in Ly6C

+F4/80lo/- Mo/MΦ proliferation compared to their WT counterparts. Thus, when comparing 

to reports in the literature, our data indicate that the pathways involved in regulating Mo/MΦ 
proliferation are likely context-specific. Previous studies reported that osteopontin and 

MCP-1 play a key role in regulating adipose tissue MΦ proliferation (14, 28). Moreover, cell 

intrinsic pathways such as lysosomal lipolysis may affect bone-marrow derived MΦ 
activation and proliferation in response to infection in vitro (35, 36). Hence, we are planning 

future studies to determine the influence of these and other potential factors on Mo/MΦ 
proliferation during skin wound healing.

One limitation of our study is the use of KO mouse models as the life-long loss of either 

IL-1R1 or IL-6 may cause systemic changes which could affect inflammatory and healing 

responses and confound interpretation of our data. However, we and others have shown that 

the inflammatory response and wound healing of IL-1R KO mice are only subtly altered 

compared to WT controls (13, 37). Additionally, though previous studies have reported that 

IL-6 KO mice exhibit delayed healing (38, 39), we did not observe any significant difference 

in the Mo/MΦ response or in wound closure between IL-6 KO mice and their WT 

counterparts in our study. The differing results between previous studies and ours may be 

due to different injury models, wound sizes and mouse strains.

Our findings may have implications for chronic inflammation associated with impaired 

healing in diabetes and other wound healing disorders. Impaired wound healing is often 

associated with persistent accumulation of Mo/MΦ, although the mechanisms involved 

remain to be elucidated (1, 3, 23). Our data highlight the possibility that proliferation of 

Ly6C+F4/80lo/- Mo/MΦ contribute to their enhanced and persistent accumulation in 

chronic/non-healing wounds, contributing to impaired healing (4, 23). Future studies should 

focus on the potential role of Mo/MΦ proliferation in the establishment of chronic 

inflammation in wounds.

In summary, we demonstrate that inflammatory Ly6C+F4/80lo/- Mo proliferate, and that 

mature Ly6C-F4/80+ MΦ do not proliferate, in response to skin injury and that such 

proliferation may contribute to Mo/MΦ accumulation following injury. This injury-induced 

Mo/MΦ proliferation is likely regulated by the wound environment; however, cytokines 

previously reported to induce Mo/MΦ proliferation, including M-CSF, IL-4, IL-1β, and IL-6 

do not appear to promote wound Mo/MΦ proliferation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model of skin wound healing in C57Bl/6 mice.
(A) Representative images of wound closure by digital pictures (left) and H&E stained 

cryosections (right) on day 3, 5, 7, and 9 post-injury. ep, epithelium; gt, granulation tissue. 

Arrows indicate ends of epithelial tongues, scale bar = 0.5mm. (B) Wound closure was 

calculated as 100% minus percentage of open area to the initial wound size on day 0. Re-

epithelization was evaluated as percentage of epithelial tongues to the initial wound length in 

H&E stained cryosections. Data expressed as mean ± SEM for 4 mice per group and are 

representative of healing in all subsequent experiments of study; *P < 0.05 vs wound closure 

by digital pictures by ANOVA.
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Figure 2. Skin wounding increases proliferation of Ly6C+ Mo/MΦ but not mature Ly6C- MΦ.
(A) Representative flow cytometric images showing proliferative profiles of Ly6C+F4/80lo/- 

Mo/MΦ and Ly6C-F4/80+ MΦ in skin wounds on day 6 post-injury. (B) and (D) 

Percentages of Ly6C+F4/80lo/- Mo/MΦ and Ly6C-F4/80+ MΦ of total live cells in normal 

skin (n=4) and wounds on days 3 (n=6), 6 (n=9), and 10 (n=7) post-injury. (C) and (E) 

Percentages of Ki67-FxCycle- cells (G0 phase, black), Ki67+FxCycle- cells (G1 phase, 

grey), and Ki67+FxCycle+ cells (S/G2/M phases, empty) in Ly6C+F4/80lo/- Mo/MΦ and 

Ly6C-F4/80+ MΦ. (F) Comparison of Ki67+FxCycle+ cells (S/G2/M phases) in Ly6C

+F4/80lo/- Mo/MΦ (black bars) and Ly6C-F4/80+ MΦ (open bars) during wound healing. 

For each graph, data were pooled over three separate time course experiments; sample sizes 

given are pooled over experiments. Data expressed as mean ± SEM; *P < 0.05 or **P < 0.01 

vs non-injured skin group by ANOVA.
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Figure 3. Mo proliferate in bone marrow but not in peripheral blood during wound healing.
(A) and (E) Representative flow cytometric images showing proliferative profiles of Ly6Chi 

Mo and Ly6Clo MΦ in bone marrow (left) and peripheral blood (right). (B) and (F) 

Comparison of Ly6Chi vs Ly6Clo Mo in bone marrow (Representative flow cytometric 

images showing proliferative profiles of Ly6Chi Mo and Ly6Clo MΦ in bone marrow (left) 

and peripheral blood (right) during wound healing. (C), (D), (G) and (H) Percentage of 

Ly6Chi and Ly6Clo Mo in different phases of cell cycle in bone marrow (left) and peripheral 

blood (right). For each graph, data were pooled over two separate time course experiments; 

sample sizes given are pooled over experiments. Data expressed as mean ± SEM for 4 mice 

per group; *P < 0.05 or **P < 0.01 vs non-injured group by ANOVA.
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Figure 4. Injury-induced alteration of IL-1β and IL-6 levels does not induce proliferation of Mo/
MΦ in skin wounds.
(A) to (D) Protein levels of IL-1β, IL-6, M-CSF, and IL-4 were measured in tissue 

homogenates of non-injured skin and wounds on day 1 (n=3), 3 (n=4), 6 (n=4), and 10 (n=4) 

by a custom multiplex kit via flow cytometry. (E) Surface expression of CD124 (IL-4 

receptor), CD115 (M-CSF receptor), CD121a (IL-1 receptor), CD130, and CD126 (IL-6 

receptors) evaluated by flow cytometry in Ly6C+F4/80lo/- Mo/MΦ (black bars) and Ly6C-

F4/80+ MΦ (open bars) in skin wounds on day 6 post-injury (n=4). (F) Percentages of either 

Ly6C+F4/80lo/- Mo/MΦ or Ly6C-F4/80+ MΦ in WT (black bar, n=11), IL-1R1 KO (open 

bar, n=4), and IL-6 KO (grey bar, n=8) in skin wounds on day 6 post-wounding. (G) and (H) 

Cell cycle profiles of Ly6C+F4/80lo/- Mo/MΦ or Ly6C-F4/80+ MΦ in WT, IL-1R1 KO, and 

IL-6 KO mice. For each graph, data were pooled over two separate experiments; sample 

sizes given are pooled over experiments. Data expressed as mean ± SEM; *P < 0.05 or **P 

< 0.01 vs non-injured group by ANOVA.
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