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SUMMARY

Lipids have emerged as potent regulators of immune cell function. In the skin, adipocyte 

lipolysis increases the local pool of free fatty acids and is essential for coordinating early 

macrophage inflammation following injury. Here, we investigate G-protein-coupled receptor 

84 (GPR84), a medium-chain fatty acid (MCFA) receptor, for its potential to propagate pro-

inflammatory signaling after skin injury. GPR84 signaling was identified as a key component of 

regulating myeloid cell numbers and subsequent tissue repair through in vivo administration of a 

pharmacological antagonist and the MCFA decanoic acid. We found that impaired injury-induced 

dermal adipocyte lipolysis is a hallmark of diabetes, and lipidomic analysis demonstrated that 

MCFAs are significantly reduced in diabetic murine wounds. Furthermore, local administration 

of decanoic acid rescued myeloid cell numbers and tissue repair during diabetic wound healing. 

Thus, GPR84 is a readily targetable lipid signaling pathway for manipulating injury-induced tissue 

inflammation with beneficial effects on acute diabetic healing.
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Graphical abstract

In brief

Using pharmacological approaches during mouse skin wound healing, Cooper et al. show that 

GPR84 signaling contributes to myeloid cell numbers during inflammation. While inhibiting 

GPR84 signaling delays wound healing in lean, young mice, the administration of a GPR84 

agonist rescues impaired myeloid cell recruitment and subsequent wound healing in diabetic mice.

INTRODUCTION

The injury response is an intricate process that must proceed rapidly and efficiently to 

restore tissue function. Robust early inflammation recruits and supports pro-inflammatory 

neutrophils and macrophages to clear cellular debris and pathogens.1,2 Then, a complex 

multicellular response changes the local environment from pro-inflammatory to a pro-

healing cellular state, initiating reparative processes during the proliferation phase of wound 

healing.1–3 During the proliferation phase, epithelial cell migration and division close the 

wound, while fibroblasts and endothelial cells produce new dermal tissue that is later 

matured.4–6 Activation and recruitment of the innate immune system are essential for 

efficient progression through the wound-healing process,7–9 and fluctuations in the immune 

response are associated with impaired wound healing that is observed with diabetes and 

aging.10–15

Robust pro-inflammatory signals promote the rapid accumulation of neutrophils, monocytes, 

and pro-inflammatory macrophages during early wound healing.2,16,17 Ample numbers of 
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macrophages must be recruited to the site of injury during inflammation, as models with 

reduced inflammation-phase macrophage numbers result in delayed wound healing.18–21 

As the inflammation phase progresses, macrophage numbers are maintained, while their 

gene expression profile changes from the production of pro-inflammatory to pro-healing 

factors that are essential for efficient tissue repair.16,22–25 While macrophage recruitment 

and polarization are regulated by numerous tissue-resident cells including keratinocytes 

and adipocytes, the complete underpinning mechanisms are not clearly defined. Given that 

altered macrophage responses are central to delayed healing associated with numerous 

pathologies,1,26 there is a critical need to identify targetable mechanisms that influence 

macrophages under pathological conditions.

Recently, we have shown that dermal adipocytes break down their stored triglycerides (TGs) 

into free fatty acids (FFAs) following injury.27 While blocking injury-induced adipocyte 

lipolysis results in decreased inflammation-phase macrophages and delays revascularization, 

the molecular mechanism connecting lipid breakdown to macrophage infiltration is 

poorly understood. When adipocyte lipolysis is blocked during skin wound healing, the 

abundance of medium-chain fatty acids (MCFAs) is significantly reduced.27 Interestingly, 

MCFAs bind to the G-protein-coupled receptor 84 (GPR84) to promote myeloid cell 

migration, phagocytosis, and expression of pro-inflammatory factors such as tumor necrosis 

factor alpha (TNF-α), interleukin (IL)-8, and IL-12.28–31 Increased myeloid cell GPR84 

expression and signaling during inflammation supports macrophage cell numbers in the liver 

and further promotes pro-inflammatory processes such as NLRP3 inflammasome activation 

in the large intestine, alveolar macrophage activation in the lungs, and microglial motility 

in the brain.32–38 Additionally, GPR84 RNA and protein levels are elevated in multiple 

organs in murine models of diabetes and fibrosis36,37 and contribute to inflammatory 

diseases such as gastroesophageal reflux disease, ulcerative colitis, and acute respiratory 

distress syndrome.39–42 Not only is GPR84 conserved across mammalian species to promote 

inflammation,31 but silencing of the GPR84 homolog in Drosophila prevents hemocytes 

from extravasating from vessels to wounds.43 While the inhibition of GPR84 signaling 

reduces fibrosis in murine models in the lung, heart, kidney, liver, pancreas, and skin,32,37,38 

whether GPR84 plays a role in skin wound inflammation remains unknown.

Herein, we explored GPR84 signaling in the context of acute inflammation following injury 

by manipulating GPR84 signaling in vivo with systemic administration of a selective 

functional antagonist (GLPG1205) and local injections of an agonist (decanoic acid 

[DA]).30,44 We found that GPR84 inhibition reduced myeloid cell numbers during the 

inflammation phase of skin wound healing. When we assessed subsequent tissue repair, 

we observed defects in revascularization, re-epithelialization, and fibroblast repopulation 

7 days post-wounding (DPW). Since these features are characteristic of delayed diabetic 

wound healing,16,45,46 we examined diabetic mouse (db/db) skin wounds for their capacity 

to activate GPR84. We detected impaired injury-stimulated adipocyte lipolysis, reduced 

wound-associated MCFAs, and reduced macrophage numbers in diabetic mice. Interestingly, 

the administration of DA rescued pro-inflammatory myeloid cell numbers in diabetic mouse 

wounds 2 DPW and improved revascularization and wound closure 7 DPW. These findings 

reveal a vital role for GPR84 signaling in myeloid cell inflammation during the early stages 
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of skin wound inflammation and demonstrate that activating this pathway can improve repair 

in diabetic mice.

RESULTS

GPR84 is expressed by myeloid and stromal cells during the inflammation phase of skin 
wound healing

GPR84 signaling contributes to tissue inflammation in the brain, lungs, kidney, and digestive 

system30,38,40; however, its expression patterns and involvement in cutaneous inflammation 

have not been explored. To investigate GPR84 expression in uninjured skin and during the 

inflammation phase following injury, we isolated multiple cell populations and performed 

gene expression analysis (Figures S1A and S1B). Macrophages isolated from uninjured skin 

were enriched for Gpr84 expression compared to the total stromal vascular fraction (SVF) 

of uninjured skin (Figure 1A). Myeloid cells (macrophages, monocytes, and neutrophils) 

isolated from skin 1.5 DPW showed a greater expression of Gpr84 (Figure 1A), consistent 

with other reports demonstrating increased Gpr84 expression in pro-inflammatory myeloid 

cells.30,36,47 Since increased expression or signaling through GPR84 has been demonstrated 

in adipocytes, fibroblasts/mesenchymal cells, and epithelial cells, we extended our analysis 

to include these cellular subsets in the skin (Figure 1A). While these cell populations 

did not have enriched expression of Gpr84 when isolated from uninjured skin, Gpr84 
expression was increased 40-fold in adipocytes and 20-fold in total mesenchymal cells 

(CD45, CD31, and EpCAM lineage negative [Lin–]) (Figure 1A). We confirmed that our 

adipocyte isolations were not contaminated with immune cells by demonstrating a lack 

of Ptprc (CD45) expression in our adipocyte samples compared to the uninjured skin 

SVF (Figure S1C) and fluorescence-activated cell sorting-isolated Lin– cells isolated from 

1.5 DPW tissue (Figure S1D). While keratinocytes from 1.5 DPW tissue showed greater 

expression of Gpr84 than keratinocytes from uninjured skin, the level of expression was 

still lower than Gpr84 expression of the SVF from uninjured skin (Figure 1A). These data 

indicate that tissue-resident stromal cells express Gpr84 after injury and are consistent with 

evidence that non-immune cells contribute to the tightly coordinated immune response 

during skin wound healing.5,48,49 Taken together, these data reveal that Gpr84 levels 

increase in various cutaneous cell populations following acute injury, implicating GPR84 

signaling as a potential contributor to the skin injury response.

GPR84 signaling regulates myeloid cell numbers during the inflammation phase of skin 
wound healing

Since multiple cell types express Gpr84 during the inflammatory phase of skin wound 

healing, we sought to determine whether GPR84 signaling contributes to the inflammation 

phase of repair. Selective agonists and antagonists have been developed to manipulate 

GPR84 signaling. In particular, 6-(octylamino)-2,4(1H,3H)-pyrimidinedione is a synthetic 

selective agonist, and DA is a naturally occurring MCFA that activates GPR84.28,29,31,35 

These agonists can increase myeloid cell migration, pro-inflammatory gene expression 

(Figure S1E), and phagocytosis in vitro.36,50,51 Furthermore, the GPR84-mediated effect of 

these agonists can be blocked with the selective functional antagonist GLPG1205 (Figure 

S1F).42,52 To determine whether GPR84 has a functional role during skin wound healing, 
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mice were fed 30 mg/kg GLPG1205 twice daily, from 1 day prior to wounding until 

2 days after injury, to inhibit GPR84 signaling (Figure 1B).52 We then examined the 

effect of GLPG1205 on the composition of myeloid cells using flow cytometry to identify 

total immune cells (CD45+), monocytes (CD45+, CD11b+, F4/80−), macrophages (CD45+, 

CD11b+, F4/80+), and neutrophils (CD45+, Ly6G+) (Figure S1A).23,27 Additionally, 

macrophage polarization was assessed using Ly6C and CD206 to identify pro-inflammatory 

and pro-healing macrophages, respectively.23,24,53–57 While GLPG1205 caused no reduction 

in the abundance of myeloid cell subsets in non-wounded (NW) skin, bone marrow, blood, 

spleen, liver, or visceral white adipose tissue (Figures S2A–S2F), we observed a 30% 

reduction in CD45+ cells 2.5 DPW in the wounds of GLPG1205-fed mice compared to 

vehicle-fed (methyl cellulose [MC]) control mice (Figure 1C). Total macrophage numbers 

were reduced by ~60% (Figure 1D), while wound-bed monocytes and neutrophils were only 

modestly decreased in GLPG1205-treated animals (Figures 1C and 1E). Notably, there was 

a ~50% reduction in unpolarized macrophages (Ly6Clow, CD206−) with a ~60% reduction in 

CD206+ macrophages (Figure S2G). These data demonstrate that GPR84 signaling supports 

macrophage numbers in the skin following injury.

Since macrophage numbers were not impacted in NW skin (Figure S2A), and monocyte 

numbers were not significantly reduced by GLPG1205 (Figure 1E), it is possible that 

myeloid cell chemotaxis to the site of inflammation was impacted, similar to studies in 

the liver.32 Therefore, we speculated that providing a ligand for GPR84 would increase 

macrophage numbers in the wound. GPR84 is activated by FFAs 9–14 carbons in length, 

and the strongest activation is by DA.30 Therefore, we injected DA intradermally at the 

periphery of the wound to determine if GPR84 activation can increase myeloid cell numbers 

after injury. DA was injected 24 h after injury (Figure 2A), when adipocyte lipolysis 

naturally contributes to MCFA levels.27 Interestingly, 2 DPW, DA-treated wounds contained 

nearly double the number of CD45+ cells compared to wounds from vehicle-treated animals 

(Figure 2B). DA treatment increased the number of total wound macrophages and Ly6Chi 

macrophages by 2-fold (Figure 2C), while CD206+ macrophages increased modestly (Figure 

S2H). Additionally, the total number of monocytes was increased, as Ly6Chi monocytes and 

total neutrophils doubled (Figures 2D and 2E). These data support that local injection of a 

GPR84 agonist increases immune cell numbers after injury, promoting wound inflammation. 

Surprisingly, while GPR84 inhibition had little effect on pro-inflammatory macrophages, 

DA increased Ly6Chi macrophage numbers. Spatial analysis of sections immunostained for 

F4/80 revealed that DA injections mainly increased macrophage numbers in the wound 

periphery, with the most significant increases being 1.3–1.5 mm away from the wound edge 

(Figure 2F).

To confirm that the effect of DA on immune cell numbers was dependent on GPR84 

signaling, we next treated mice with GLPG1205 or MC starting 1 day before injury and 

injected DA or vehicle (BSA) 1 DPW. Flow cytometry analysis revealed that in the presence 

of MC, DA injections still nearly doubled the CD45+ population in the wounds, and this 

effect was abrogated by GLPG1205 administration (Figure 2G). Additionally, DA and 

GLPG co-treatment had no impact on wound size (Figure S2I). These findings indicate that 

GPR84 signaling contributes to myeloid cell infiltration of skin wounds, consistent with in 

Cooper et al. Page 5

Cell Rep. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vitro findings that the activation of GPR84 can promote chemotaxis and pro-inflammatory 

activity in macrophages.32,39,58

Inhibition of GPR84 during the inflammation phase impairs epidermal repair

Proper regulation of the inflammatory phase is required to support efficient progression 

into the proliferation phase of tissue repair.20,21,23,59 Since GLPG1205 treatment reduced 

macrophage numbers during the inflammation phase, we hypothesized that the inhibition of 

GPR84 signaling during this time would impair reparative processes during the proliferation 

phase of repair, similar to other studies that experimentally reduced inflammatory 

macrophage numbers during acute wound healing.20,21,23,59,60 We examined epithelial 

repair by harvesting skin wounds 7 DPW and immunostaining sections from the center 

of wound beds to assess multiple cellular processes that support wound closure, including 

re-epithelialization (Figure 3A).61 ITGA6 immunostaining revealed that re-epithelialization 

was reduced by over 25% by GLPG1205 treatment (59.54% ± 9.89%) compared to 

controls (98.70% ± 1.30%) (Figures 3B and 3C), with only 25% of the wounds closed 

in GLPG1205-treated mice compared to 80% of wounds being closed in the vehicle-fed 

control group (Figure 3D, p = 0.10). This decrease in wound closure was not associated 

with a change in wound width or size, suggesting that wound contraction was unaltered 

in response to GLPG1205 treatment during the inflammation phase (Figure 3E).54,62,63 We 

next examined properties of the wound epithelium that would determine if alterations in 

epithelial cell migration and proliferation in vivo contributed to impaired wound closure. 

Quantification of the wound epithelium length and area revealed no change in GLPG1205-

treated mice (Figures 3F and 3G), suggesting that GPR84 does not contribute to epithelial 

cell migratory abilities. In line with this premise, the epithelial angle of migration was 

steeper in GLPG1205-treated animals, indicating vertical migration into the wound as 

opposed to horizontal migration across the wound bed surface (Figure 3H). This altered 

angle of epithelial migration suggests that defects in the underlying dermal composition 

and function contribute to impaired wound closure. To assess epithelial cell proliferation, 

we quantified the number of mitotic phospho-histone H3+ (PH3+) cells in the wound 

epidermis 7 DPW. We detected no change in PH3+ cells in the wound epithelium of 

GLPG1205-treated animals (Figures 3I and 3J), suggesting that GPR84 inhibition does not 

affect epithelial proliferation.64,65 Taken together, these results indicate that early GPR84 

signaling is required to support wound closure in the skin during acute wound healing.

Dermal repair is delayed by GPR84 inhibition during the inflammation phase

Our analysis of epidermal repair implicated that alterations in the dermal compartment 

contribute to impaired wound closure. To analyze parameters of tissue repair that would 

contribute to wound resolution, we assessed wound beds for fibroblast repopulation 

(ER-TR7), re-vascularization (CD31), and global proliferation (PH3) (Figure 4A).22,27,66 

GLPG1205 treatment reduced fibroblast infiltration to the wound by 20% (Figures 4B 

and 4C), while the total wound area was similar to vehicle-treated mice (Figure 4D). 

Since macrophage numbers are known to affect wound revascularization,23,56,67 we 

quantified the area of the wound bed occupied by vascular endothelial cells through CD31 

immunostaining. Interestingly, the total revascularized area was not significantly impacted 

at 7 DPW; however, CD31 staining was biased toward the wound edges in GLPG1205-
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treated animals (Figures 4E–4H). This contrasted with a greater distribution of CD31 

staining in the middle of wound beds from vehicle-treated control animals, suggesting that 

wound-bed revascularization was delayed in GLPG1205-fed mice. PH3 staining revealed 

similar numbers of dividing cells between the two conditions, suggesting that dermal cell 

proliferation was not significantly altered due to GPR84 inhibition (Figures 4I and 4J). 

Taken together, these data indicate that a GPR84-mediated reduction in infiltrating myeloid 

cells early during inflammation results in delayed wound repair, which in turn impacts the 

epithelium’s ability to close the wound. Future in-depth mechanistic studies are needed to 

dissect whether these changes occur through direct GPR84 signaling to multiple cell types or 

if GPR84-dependent changes in the function of one cell type indirectly result in downstream 

delays in other cellular processes.

Stimulated lipolysis and MCFA abundance are reduced during early inflammation in 
murine diabetic skin wounds

Our results implicate GPR84 signaling as a targetable mechanism for influencing myeloid 

cell numbers during inflammation. Since reduced numbers of infiltrating macrophages 

during the early stages of repair are associated with impaired type 2 diabetic wound healing 

(Figures S3A–S3E),11,16,68 we investigated if GPR84 signaling components are altered in 

diabetic mouse skin. Consistent with other reports, we observed a 4-fold expansion of the 

dermal white adipose tissue (DWAT) in obese db/db mice compared to lean db/+ controls 

(Figures S4A–S4C).69 This obesity-associated expansion of the DWAT resulted from a 

30% increase in adipocyte numbers (Figure S4C) and a 3-fold increase in the average cross-

sectional area of dermal adipocytes (Figure S4C). With type 2 diabetes, subcutaneous and 

visceral white adipocytes that have a large cross-sectional area exhibit impaired stimulated 

lipolysis.69–71 To explore whether injury-induced (stimulated) dermal adipocyte lipolysis 

was impaired in diabetic obese mice, we analyzed changes in adipocyte size in the DWAT 

adjacent to the wound edge (Figure 5A). Similar to our previous report, the adipocyte 

cross-sectional area increased early after injury, followed by a dramatic decrease between 

16 h post-wounding (HPW) and 1.5 DPW in db/+ control mice (Figure 5B).27 Interestingly, 

the average cross-sectional area of dermal adipocytes did not change significantly over 

this time period in db/db mice (Figure 5B). We further interrogated this diabetes-related 

reduction in lipid dynamics by examining molecular markers of stimulated lipolysis. Upon 

stimulation, Perilipin 1 is phosphorylated to allow enzymatic cleavage of non-esterified 

fatty acids (NEFAs) from stored TGs.72–74 At 16 HPW, many dermal adipocytes at the 

wound edges were phospho-Perilipin 1+ (pPLIN1+) in db/+ mice but not in db/db mice 

(Figure 5C). To explore how impaired adipocyte lipolysis contributes to changes in local 

NEFAs, we performed quantitative lipid mass spectrometry with gas chromatography mass 

spectrometry (GC/MS) on tissue samples from uninjured skin and the wound edge of lean 

and diabetic mice 1 DPW. While uninjured db/db skin contains significantly more TGs 

than lean controls with an altered TG and NEFA composition (Figure S4D), we observed a 

significant reduction in the quantity of multiple NEFA species at the wound edge 1 DPW 

(Figure 5D). The diabetic murine wound periphery skin contained reduced quantities of the 

MCFAs octanoic acid (8:0) and DA (10:0). Instead, NEFAs in diabetic tissue contained 

greater amounts of hexadecenoic acid (16:0), and palmitoleic acid (16:1) at the wound edge 
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1 DPW (Figure 5D). Taken together, these data reveal a reduced presence of MCFAs in 

db/db wounds that could function as ligands for GPR84.

While decreased amounts of MCFAs would significantly reduce GPR84 signaling during 

diabetic wound healing, changes in GPR84 expression could also contribute to altered 

signaling. To assess diabetes-related changes in GPR84 expression during injury-induced 

inflammation, we compared Gpr84 expression between different cellular subsets in NW 

and 1.5 DPW skin from db/db mice and db/+ lean controls. Similar to C57 mice (Figure 

1A), Gpr84 expression in db/+ and db/db NW skin is predominantly found in macrophages 

(Figure 5E). Strikingly, 1.5 DPW immune and stromal cells from db/db mice possessed over 

2-fold greater levels of Gpr84 than their lean controls (Figure 5F). These data suggest that 

diabetic skin possesses the ability to receive GPR84 signals after injury but contains reduced 

MCFA levels compared to lean counterparts.

DA increases myeloid cell numbers in murine diabetic skin wounds

Since diabetic mice have similar Gpr84 expression profiles but lower ligand levels after 

injury, we speculated that the administration of MCFAs may rescue the reduced myeloid 

cell numbers during the inflammation phase in db/db mice. To test this, we intradermally 

injected DA or a vehicle control into db/db mice 1 DPW, when pro-inflammatory signaling 

is essential to recruit macrophages.1 Wounds were harvested 2 DPW for flow cytometry 

analysis of myeloid cell populations and compared to db/+ mice receiving local vehicle 

injections (Figure 6A). In db/db mice, DA injections improved CD45+ cell numbers to 

nearly match those of db/+ lean vehicle controls (Figure 6B). Interestingly, neutrophils 

increased above db/db and db/+ vehicle-injected wounds (Figure 6B), with macrophage 

and monocyte numbers rescued to nearly match the numbers in db/+ mice (Figures 6C 

and 6D). Notably, DA injection increased the number of Ly6Chi macrophages by 4-fold 

over vehicle-injected db/db wounds and increased unpolarized macrophages 3-fold (Figure 

6C). While Ly6Chi monocytes increased modestly compared to vehicle controls, unpolarized 

monocyte numbers increased significantly (Figure 6D). To assess the location with increased 

immune cell numbers, wound beds were manually dissected from the wound periphery 

and analyzed using flow cytometry (Figure 6E). DA injections increased immune cells in 

db/+ mice at the wound periphery (Figures S5A and S5B), similar to C57 mice (Figure 

2F). Interestingly, DA injections caused a significant increase in nearly all populations of 

immune cells in the wound bed and wound periphery; however, the increased numbers 

of cells in the wound beds were markedly greater than those at the wound periphery 

(Figures 6F–6H). Notably, total macrophages increased nearly 4-fold in db/db wound beds 

(Figure 6G). Though increased neutrophil infiltration is associated with poor healing in 

diabetic wounds,16,75 GPR84 signaling has been shown to improve neutrophil function.76 

Thus, future lines of investigation are needed to determine how the DA-induced increase 

in myeloid cell numbers improves the pro-inflammatory environment necessary for proper 

wound resolution.
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Local injection of DA during the inflammation phase improves closure and 
revascularization of murine diabetic wounds

To test the impact of DA-induced myeloid cell recruitment on diabetic wound healing, 

DA- and vehicle-injected db/db mice were allowed to heal until 7 DPW. At this 

point, db/db skin wounds are characteristically not fully re-epithelialized and lack 

proper revascularization45,77; however, due to the increased presence of pro-inflammatory 

macrophages 2 DPW (Figure 6C), we speculated that DA injection could improve tissue 

repair.19 Indeed, ITGA6 staining showed an improvement in wound closure (Figures 7A–

7C). Notably, ~80% of DA-treated diabetic wounds were fully closed, compared to ~33% of 

vehicle-treated wounds (Figure 7B), while wound width remained unchanged (Figure 7D). 

DA treatment also reduced PH3+ cells in the wound epithelium, without impacting the area 

of the wound epithelium or the length of the epidermis (Figures 7E–7H). This reduction in 

proliferative epithelial cells is consistent with more fully closed wounds (Figure 7B). The 

improvement in wound closure can be attributed to the angle of migration being closer to 

180° (horizontal), allowing the leading edges to merge rather than descend into the wound 

bed (Figure 7I), implicating improved healing in the underlying dermal compartment of 

DA-treated diabetic mice.

Since the wound epithelium requires a substrate to direct its migration, we speculated that 

the DA-treated db/db wounds may have improved dermal reconstitution. Thus, we assessed 

revascularization and fibroblast repopulation. Consistent with previous characterizations of 

db/db wounds, vehicle-treated mice had poor revascularization of the wounds based on 

CD31 immunostaining. DA treatment significantly increased blood vessels 7 DPW (Figures 

7J–7L). Additionally, ER-TR7 and total wound area remained similar (Figures 7M–7O), 

while PH3+ cells per mm2 slightly decreased (Figures 7P and 7Q). This confirms that 

injection of DA at a single time point increases myeloid cell numbers early during diabetic 

wound healing and can produce a long-term improvement in skin wound healing.

DISCUSSION

The innate immune response is influenced by a plethora of factors that are concentrated 

at the site of injury.78,79 We detected greater expression of Gpr84 in multiple cell types 

during the inflammation phase of repair. This expression profile is in line with studies 

demonstrating that GPR84 levels increase in response to pro-inflammatory molecules 

such as IL-1β, interferon γ, lipopolysaccharide, or TNF-α.35–37,80 Gpr84 was detected 

in numerous cutaneous immune and stromal cell subsets. This suggests the potential for 

MCFA/GPR84 signaling to be directly received by both infiltrating myeloid cells and 

tissue-resident non-immune cells. While we observed Gpr84 expression in multiple cell 

types in the skin (Figure 1A), consistent with findings in the kidney, adipose tissue, skeletal 

muscle, and stomach,36,37,81–83 the function of GPR84 signaling in non-immune cells is not 

well characterized. Given that tissue-resident non-immune cells act as first responders to 

skin wounding, helping to initiate the pro-inflammatory cascade,27,48,49,84–87 future studies 

aimed at targeting GPR84 in a cell-specific manner will further our understanding of the 

cellular and molecular components that coordinate injury-induced inflammation.
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Fatty acids have the potential to regulate multiple facets of macrophage, B cell, dendritic 

cell, and T cell function.88–93 Specifically, lipid signaling can directly regulate inflammation 

through various FFA receptors, including GPR120, GPR43, GPR41, and GPR40.94–97 To 

date, GPR84 is the only recognized MCFA receptor with an immediate influence on innate 

immune cell function.28–30,35,98 While there are contradicting reports of whether GPR84 

activation induces changes in myeloid cell pro-inflammatory gene expression, GPR84 

signaling directly increases macrophage phagocytic function and migration.29,33,34,36,37,76 

Interestingly, the pro-migratory nature of GPR84 signaling is conserved in Drosophila, 

mouse, and human cells.31,33,43,76 Consistent with a role for MCFA signaling supporting 

myeloid cell numbers during inflammation, local injections of DA to murine skin 

wounds increased pro-inflammatory Ly6Chi macrophage and monocyte numbers and 

systemic administration of the selective functional GPR84 antagonist GLPG1205 reduced 

macrophage numbers in wound beds. A similar reduction in myeloid cell numbers has 

been observed during inflammation of the liver and large intestine as a result of GPR84 

inhibition.32,39,52

Following tissue damage, robust inflammation is required to recruit sufficient numbers 

of immune cells to initiate downstream reparative processes.43,59 Specifically, a complete 

or partial myeloid cell depletion results in delayed revascularization and wound 

healing.20,21,23,54 In line with this premise, treatment with GLPG1205 resulted in altered 

CD31 distribution, decreased wound closure, and reduced fibroblast infiltration at 7 

DPW. Therefore, GPR84-mediated signaling during inflammation is necessary to support 

the subsequent proliferation phase of tissue repair. Some, but not all, clinical trials 

support the use of GPR84 antagonists to treat diseases associated with inflammation and 

fibrosis.37,42,99,100 Since the transition to the proliferation phase requires a reduction in pro-

inflammatory macrophages and the promotion of pro-healing macrophages,23,24,54 it will be 

important to determine whether the timing of GPR84 manipulation during different stages of 

wound healing promotes tissue repair in conditions associated with chronic inflammation.

Despite higher baseline inflammation, diabetic wounds fail to mount a robust early pro-

inflammatory myeloid cell response.7,11,12,16,68 In diabetic mice and humans, adipocytes 

undergo higher baseline lipolysis, but stimulated lipolysis is significantly impaired.69–71,101 

Intriguingly, it was reported that GPR84 expression and activation are higher in type 2 

diabetics.50 We observed greater GPR84 expression with severely reduced levels of MCFAs 

in diabetic mouse skin wounds relative to lean controls. These features suggest that GPR84 

activation could have therapeutic potential in diseases with reduced acute inflammatory 

responses. Indeed, DA injections at the wound periphery during early inflammation 

increased myeloid cell numbers in both C57 and db/db mice. Concordantly, DA injections 

improved downstream revascularization and wound closure at 7 DPW in db/db mice. While 

local DA injections increased neutrophil numbers, it is possible that DA reduced their 

detrimental effects on wound healing by enhancing neutrophil function or resolution.18,76,102 

Future lines of investigation should be aimed at determining whether the manipulation of 

GPR84 signaling has a similar beneficial effect in chronic wounds or diseases with impaired 

acute inflammatory responses in humans.
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In summary, our data reveal a critical role for GPR84 signaling in promoting the pro-

inflammatory myeloid response early during acute wound healing. Its manipulation has 

immediate effects on macrophage and monocyte numbers at the wound site, with substantial 

impacts downstream during the proliferation phase. Lipid signaling also contributes to the 

resolution of inflammation,92,103 and the promotion of pro-healing macrophages during the 

transition to the proliferation phase accelerates healing.22,23 These findings are consistent 

with GPR84 signaling as a component of stromal-mediated control of pro- and anti-

inflammatory cues in cutaneous wounds. Further exploration of lipid signaling axes during 

injury-induced inflammation may lead to therapies to accelerate cutaneous wound healing or 

reduce cutaneous scarring associated with chronic inflammation.

Limitations of the study

These findings implicate GPR84 in propagating lipid-mediated inflammation at the wound 

site; however, the systemic application of GLPG1205 and the non-specific activity of 

DA leave questions regarding which cells are the direct mediators of GPR84 signaling. 

Considering that multiple cell subsets express Gpr84 after injury, it remains likely that 

GPR84 signaling, and the phenotypes associated with altered GPR84 signaling, are not 

restricted to a singular cell type. Since this work did not utilize mouse models with a 

targeted genetic mutation or knockout of Gpr84, further lines of investigation using genetic 

mouse models are required to explore mechanisms that connect GPR84 signaling to the 

function of myeloid cells, adipocytes, and fibroblasts during wound healing. Additionally, 

while local administration of DA results in an increased number of myeloid cells, which 

is abrogated by systemic application of GLPG1205, the potential off-target effects of 

DA and its metabolites cannot be entirely ruled out. Lastly, the time points observed 

encompass acute wound healing. It will be important to continue investigations during 

the remodeling phase to elucidate the long-term impacts of GPR84 manipulation on 

scarring and extracellular matrix components that may be impacted by changes in acute 

inflammation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild-type C57BL/6/J (Stock #000664) and B6.BKS(D)-Leprdb/J mice (Stock #000697; 

db/db) were purchased from The Jackson Laboratory. Animals were bred and maintained 

in an Association for Assessment and Accreditation of Laboratory Animal Care (AALAC)-

accredited facility at the George Washington University. Male mice were used in all studies, 

with female mice used in key experiments to determine if major phenotypes were sex-

specific. Tail vein blood was collected to determine the diabetic status of mice using a 

Contour Next blood glucose monitoring system. Animals were maintained in a 12-h light/

dark cycling, environment with standard chow (Teklad 2018SX) provided ad libidum. Two 

to three mice were housed per cage post-wounding. All procedures were approved and in 

accordance with the Institutional Animal Care and Use Committee (IACUC).

METHOD DETAILS

Dorsal skin excision—8-12-week-old mice were shaved to ensure they were in the 

telogen phase of the hair cycle prior to wounding. Mice were anesthetized using isoflurane 

before 2 or 4 full-thickness excision wounds were produced by a 4 mm biopsy punch 

(Miltex). Animals were sacrificed at the indicated time points post-wounding, and skin 

samples were processed for further analysis.

GLPG1205 treatment—GLPG1205 (Galapagos Pharmaceuticals) was suspended as a 

slurry with constant stirring in 0.5% methyl cellulose (Sigma) dissolved in ultrapure water 

to a final dilution of 3 mg/mL. The slurry was administered every 12 h by oral gavage at 30 

mg/kg (10 μL/g mouse), using 1.5-inch feeding needles (Fisher Scientific).

Decanoic acid treatment—Decanoic acid (DA; Sigma) was suspended in 0.5% BSA in 

1X phosphate buffered saline (PBS) to a dilution of 5 mg/mL. DA suspension was warmed 

to 37°C for 15 min and vortexed thoroughly before use to ensure an emulsion was formed. 

Mice were anesthetized with isoflurane, and 20 μL of the DA solution or 0.5% BSA (Sigma, 

vehicle) was injected intradermally at four equidistant points around each wound on either 

side of the mouse.

Flow cytometry—To assess myeloid cells, wounded and uninjured skin was collected and 

minced by scissors into ~1 mm2 pieces before transferring to a solution of 0.25 mg/mL 

Liberase in RPMI1640. All wounds from each animal were pooled together as one sample 

unless local injections were performed. Samples were shaken at 150 RPM at a 45° angle for 

1.5 h with periodic inversions. Digestion was neutralized by the addition of 0.5M EDTA and 

placed on ice before trituration and straining through 70 and 40 μm strainers. Each sample 

was stained in 500 μL total volume with the specified antibodies: CD45 (30-F1) APC-Cy7 

(1:1000, Biolegend 103116), CD11b (M1/70) Alexa Fluor 700 (1:500, Biolegend 101222), 

F4/80 (BM8) e450 (1:100, eBioscience 48-4801-82), CD206 (C068C2) BV650 or PE-Cy5 

(1:500, Biolegend 141723 or 1:1000, 141740), Ly6C (HK1.4) BV570 (1:500, Biolegend 

128030), and Ly6G (1A8) BV785 or PE-Cy7 (1:500, Biolegend 127645 or 1:1000, 127618). 

SYTOX green (FITC; Invitrogen S34860) or Zombie Aqua (Biolegend 423102) was used as 

a live/dead stain per the manufacturer’s protocols. Samples were analyzed on a BD FACS 

Celesta at the GWU flow cytometry core facility or Beckman CytoFLEX S.
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Cell isolation—To isolate myeloid cells and fibroblasts, tissues were digested as described 

above for analysis. Each sample was then stained in 500 μL total volume with the following 

antibodies: CD31 (390) APC-Fire 750 (1:500, Biolegend 102434), EpCAM (G8.8) APC-

Fire 750 (1:500, Biolegend 118230), CD45 (30-F11) FITC (1:1000, Biolegend 103108), 

CD11b (M1/70) Alexa Fluor 700 (1:500, Biolegend 101222), Ly6G (1A8) PE-Cy7 (1:1000, 

Biolegend 127618), F4/80 (BM8) e450 (1:200, eBioscience 48-4801-82), SYTOX orange 

(Invitrogen S34861) was used as a live/dead stain.

Epithelial cells, DWAT, and SVF were isolated concurrently. Fascia and DWAT were scraped 

from wounded and uninjured skin to expose the dermis and epidermis to digestion in 

0.25% Trypsin-EDTA for 1 h at 37°C. Epithelium was then scraped from the surface, 

triturated, and strained through 70 and 40 μm strainers before staining with: CD45 (30-F1) 

APC-Cy7 (1:1000, Biolegend 103116), EpCAM/CD326 (G8.8) APC (1:100, Biolegend 

118214), CD49f (ITGA6, GoH3) BV650 (1:500, BD Biosciences 563707), and SYTOX 

green. Concurrently, the scraped fascia and DWAT was digested as described above. After 

centrifugation, both the floating dermal adipocytes and pelleted stromal vascular fraction 

(SVF) were immediately lysed in TRIzol. Sorted samples were obtained on a BD Influx at 

the GWU flow cytometry core facility.

Immunofluorescence and imaging—Mouse skin and wounds were embedded in 

Optimal Cutting Temperature (O.C.T.; Sakura) and quickly frozen on dry ice. Wounds were 

sectioned in their entirety at 16 μm thickness to identify sections at the center of the wound 

bed.104 Oblong or oval-shaped wounds were not included in our analysis, as the kinetics 

of assessing tissue repair from the central sections of the wounds will differ from the 

expected circular-shaped wounds. Tissue was briefly fixed in 4% formaldehyde and blocked 

in 10% normal donkey serum (NDS) before staining with the following primary antibodies 

at 4°C overnight: CD31 (1:50, BD Pharmigen 550274), CD68 (1:500, Abcam ab155212), 

ER-TR7 (1:500, Abcam ab51824), F4/80 (1:200, Abcam ab6640), Integrin alpha6 (1:500, 

R&D Systems MAB 13501), Keratin17 (1:1000, Biolegend 697202), Perilipin 1 (1:500, 

Abcam ab61682), phospho-Perilipin 1 (1:100, Vala Sciences 4855), phospho-Histone H3 

(1:500, Abcam ab5176). Alexa Fluor conjugated secondary antibodies were applied for 1 h 

at 1:500 concentration. All slides were counterstained with DAPI in ProLong Gold Antifade 

reagent (Invitrogen). For DWAT analysis, tissues were fixed in 4% paraformaldehyde in 

PBS followed by 30% sucrose before embedding in O.C.T. Wound centers were identified 

by microscopy, and the two most central sections per slide were imaged. Two wound beds 

were analyzed from each mouse. Tissue sections were imaged as single fields of view or 

tilescans using a Zeiss AxioImager M2 with ApoTome equipped with an Orca-Flash4.0 

LT Plus camera (Hamamatsu, C11440). Images were acquired using a 10× Zeiss EC 

Plan NEOFLUAR objective (0.3 numerical aperture) at a 0.65μm/pixel scale or 20× Zeiss 

Plan-APOCHROMAT objective (0.8 numerical aperture) at a 0.325μm/pixel scale. Identical 

parameters (objective, exposure time, and brightness and contrast adjustments) were utilized 

for all images compared during image analysis.

Image analysis—Quantification of key parameters was performed on the 2 most central 

sections of the wound, and wound results were averaged per mouse as previously 
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described.22,27,66 To quantify re-epithelialization (the percentage of the wound covered 

by ITGA6), area of wound epithelium, and adipocyte size (PLIN1), ImageJ was used to 

delineate and measure the regions of interest as previously described.61,105 The angle tool 

in ImageJ was used to measure the angle of epithelial migration on ITGA6 immunostained 

tissue sections, by setting the baseline on the epithelium adjacent to the wound edge and 

extending the second line halfway through the migrating tongue of epithelium.61 To examine 

revascularization and fibroblast repopulation, the CD31+ or ER-TR7+ pixels were identified 

using Color Range selection in Adobe Photoshop. Identical Color Range criteria were 

utilized for all samples in each experiment to determine the number of CD31+ or ER-TR7+ 

pixels, which was divided by the total number of pixels per wound bed. To plot the spatial 

distribution of CD31, the wound bed was cropped images were normalized to 500 pixels 

wide, then ImageJ (FIJI 2) was used to determine the average pixel intensity for each vertical 

line of pixels. To determine the spatial location of macrophages in tissue sections, images 

were adjusted in Photoshop to remove background fluorescence using the levels tool. All 

images were adjusted with the same values to avoid bias. Regions of interest were outlined, 

and the remainder was filled black. Wound edges were cropped to a width of 1.5mm from 

the wound edge. Automated quantification of F4/80+ cells in the wound center and periphery 

was performed in MATLAB R2023b. Images were divided into 100 μm bins along the 

horizontal axis. The vertical axes were normalized to 4000 pixels and divided into 15 bins. 

The nuclear and F4/80 signals were first made into binary images, and the “regionprops” 

command was used to identify areas of nuclear or F4/80 staining. These objects were 

counted as F4/80+ cells if there was at least 75% overlap of the nuclear and F4/80 stains. 

The script reported the total number of F4/80+ cells in each image as well as the number 

in each bin, which were used for subsequent spatial analysis along the superficial-deep and 

proximal-distal axes at the wound periphery.

Lipidomic analysis—Flash-frozen skin punches were pulverized, and 10 mg of the frozen 

pulverized tissue was used for Folch extraction. The total lipid extract was then spotted 

and run on a 1D-TLC for the separation of phospholipids, triglycerides, and free fatty acids 

(FFAs). The TLC regions containing phospholipids and triglycerides were saponified and 

converted into Fatty Acid Methyl Esters that were then run on a GC/MS for analysis. The 

FFA region from the TLC plates was extracted with 100 μL 1:1 chloroform:methanol, and 

the silicon solid phase was pelleted at 12,000 x g for 3 min. The FFA extracts were mixed 

with 20 ng blended stable isotope internal standard, taken to dryness under gaseous N2, 

and resuspended in 25 μL of 1% pentafluorobenzyl bromide in acetonitrile to which 25 

μL of 1% diisopropylethylamine in acetonitrile was added, and samples were derivatized at 

room temperature for 30 min. Pentafluorbenzyl-fatty acid derivatives were taken to dryness 

under gaseous N2 and resuspended in 80 μL hexanes. 1 μL of pentafluorbenzyl-fatty acid 

derivatives was injected and data were collected by GC-MS running in NCI mode (8890 

GC, 5977B MSD, Agilent) using the DB-FatWax column (G3903-63008, Agilent) with the 

following run program: injector temp was 250°C, 80°C hold for 1 min, 30 °C/min ramp to 

125°C, no hold, 50°C ramp to 250°C and hold for 20 min. The flow for the methane carrier 

gas was set at 1.5 mL/min.

Cooper et al. Page 14

Cell Rep. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell culture and pharmacologic agents—Bone marrow-derived macrophages 

(BMDMs) were obtained from the femur and tibia of adult wild-type mice. After ACK 

lysis, cells were seeded at 4×106 into 10 cm petri dishes and cultured at 37°C and 5% 

CO2 in RPMI with 10% FBS, 1% antibiotic-antimycotic, and 30% L929 conditioned media, 

with replenishment 4 days post-plating. After 7 days, cells were passaged the day before 

stimulation. 10,000 cells were seeded per well of a 96-well plate in 100 μL of serum-free 

RPMI with 1% antibiotic-antimycotic. The BMDMs were stimulated with 10 ng/mL of LPS 

for 2 h before the addition of GPR84 agonists or antagonists suspended in DMSO. Cells 

were treated with 50 μM of GLPG1205 for 30 min before the addition of 500 nM 6-OAU or 

25 μM DA for 2 h prior to harvesting.

RNA isolation and quantitative real-time PCR—Samples were digested in TRIzol 

(Invitrogen), and RNA was purified by phase separation followed by the use of the 

RNeasy Plus Micro Kit (Qiagen). cDNA was produced from the purified RNA using 

Invitrogen’s Superscript IV First-Strand Synthesis Kit. Gene targets were assessed with 

SYBR PowerTrack Green master mix (Applied Biosystems) and gene-specific primers 

(IDT) using a CFX384 detection system with a C1000 thermocycler (Bio-Rad). Results were 

normalized to corresponding Actnb and fold changes in gene expression were generated 

based on specified cell populations.

STATISTICS

To determine the significance between two groups, a comparison was made using the two-

tailed Student’s t-test. To compare the percentage of open versus closed wounds a Fisher’s 

exact test was used. Analyses across multiple groups were made using a one-way analysis 

of variance (ANOVA) with Bonferroni’s post hoc test, one-way ANOVA corrected for 

multiple comparisons using two-stage setup method of Benjamini, Krieger, and Yekutieli, 

Brown-Forsythe and Welch ANOVA test or a two-way ANOVA with Šidák correction using 

GraphPad Prism for Mac (GraphPad Software, La Jolla, CA) with significance set at p < 

0.05.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cutaneous Gpr84 expression increases post-wounding

• Manipulation of GPR84 signaling alters myeloid cell numbers during injury-

induced inflammation

• Inhibition of GPR84 signaling delays wound closure and revascularization

• Treating diabetic mouse wounds with decanoic acid rescues defects in 

inflammation and repair
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Figure 1. Inhibition of GPR84 reduces myeloid cell numbers during early inflammation
(A) Comparison of Gpr84 expression in immune, stromal, and keratinocyte cells from NW 

and 1.5 DPW skin relative to NW stromal vascular fraction (SVF) (n ≥ 3 male mice per 

condition). Significance was determined by one-way ANOVA prior to two-tailed Student’s t 

test between the cell type of interest and the NW SVF.

(B) Schematic of the timeline of GLPG1205 treatment.

(C–E) Quantification from flow cytometry analysis of SYTOX− (C) immune cells (CD45+) 

and neutrophils, (D) total wound macrophages and Ly6Chi macrophages, and (E) total 

monocytes and Ly6Chi monocytes in wound beds (WBs) 2.5 DPW (n ≥ 9 mice, circles 

denote males and triangles denote females). Significance was determined by a two-tailed 

Student’s t test.
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Error bars indicate mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. FC, fold 

change; M4, macrophage; Mo, monocyte; Neutro, neutrophil; Adip, adipocyte; Lin–, 

lineage-negative cells; NW, non-wounded; DPW, days post-wounding.
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Figure 2. Injection of DA increases myeloid cell numbers during the inflammation phase of acute 
skin wound healing
(A) Schematic of decanoic acid (DA) treatment paradigm.

(B–E) Quantification from flow cytometry analysis of Zombie− (B) CD45+ cells, (C) total 

wound macrophages and Ly6Chi macrophages, (D) total monocytes and Ly6Chi monocytes, 

and (E) neutrophils 2 DPW (n = 10 wounds from 5 male mice per condition).

(F) Spatial analysis of tissues immunostained for F4/80 to determine macrophage numbers 

in the wound bed (WB) and wound periphery (WP) of vehicle- and DA-treated animals. 

Dashed white lines delineate wound edges. Scale bars, 500 μm.

(G) Quantification from flow cytometry analysis of SYTOX− CD45+ immune cells in 

methyl cellulose- (MC; top) or GLPG1205 (bottom)-treated mice injected intradermally 

at the WP with vehicle (BSA) or DA (n ≥ 11 wounds for each condition in males).

Error bars indicate mean ± SEM. Significance was determined using a two-tailed Student’s t 

test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. M4, macrophage; DPW, days 

post-wounding; Epi, epidermis; RD, reticular dermis; DWAT, dermal white adipose tissue.
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Figure 3. Inhibition of GPR84 signaling delays epidermal repair during skin wound healing
(A) Schematic of measurements used to assess the epithelium of wounds 7 DPW.

(B) ITGA6 immunostained tissue sections from the center of wounds obtained from vehicle- 

and GLPG1205-treated mice. Asterisks indicate scab.

(C–H) Quantification of parameters that assess epithelial repair including (C) WB re-

epithelialization, (D) percentage of open versus closed wounds, (E) wound width and wound 

size, (F) length of wound epidermis, (G) wound epithelium area, and (H) the angle of 

epithelial migration. The angle of epithelial migration was measured on both sides of each 

section analyzed.

(I) Tissue immunostained for KRT17 and PH3. High-magnification images show PH3 in the 

epithelium. Arrows point to PH3+ nuclei.

(J) Quantification of PH3+ cells per area of wound epithelium (n ≥ 5 wounds from ≥3 

male mice per condition). Dashed white lines delineate wound edges, and dashed blue 

lines delineate epithelium. Scale bars, 250 μm in composite images and 25 μm in high-

magnification images. Error bars indicate mean ± SEM. Significance was determined using 

a two-tailed Student’s t test for all analyses except (D), where a Fisher’s exact test was used. 

*p < 0.05 and **p < 0.01. KRT17, keratin 17; PH3, phospho-histone H3.
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Figure 4. GPR84 contributes to dermal repair
(A) Schematic of the area analyzed to quantify the WB (outlined in green) 7 DPW.

(B) Images of 7 day wounds immunostained for ER-TR7 (fibroblasts) and quantification 

of (C) the percentage of ER-TR7+ area and (D) total WB area. (E–H) 7 day wounds 

immunostained for CD31 (revascularization) (E) and corresponding quantification of the 

spatial distribution of CD31 mean fluorescence intensity from the wound edge to the center 

of the WB (F), the area under the curve for CD31 intensity in the edge and central regions of 

WBs (G), and the percentage of CD31+ area (H) from vehicle- and GLPG1205-treated mice. 

The solid line and outer shading in (F) indicates mean ± SEM.

(I) Tissue sections from the center of wounds immunostained for KRT17 and PH3. High-

magnification images (green boxes) show PH3 in WBs. Arrows indicate PH3+ nuclei.

(J) Quantification of PH3+ cells per area of WB (n ≥ 3 male mice per condition). White lines 

delineate wound edges. Scale bars, 250 μm in composites and 50 μm for high-magnification 
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images. Error bars indicate mean ± SEM. Significance was determined by a two-tailed 

Student’s t test. *p < 0.05 and ****p < 0.0001. DWAT, dermal white adipose tissue; 

PC, panniculus carnosus; A.U., arbitrary units of fluorescence; KRT17, keratin 17; PH3, 

phospho-histone H3.

Cooper et al. Page 29

Cell Rep. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Changes in GPR84 signaling components in diabetic mouse skin wounds
(A) Schematic showing delineated DWAT and tissue components assessed by lipid GC/MS.

(B) Quantification of lean (db/+) and diabetic (db/db) adipocyte cross-sectional area 

between NW, 16 HPW, and 1.5 DPW time points.

(C) Images of db/+ and db/db and adipocytes from 16 HPW sections immunostained for 

PLIN1 and pPLIN1 (n ≥ 3 male mice per condition). Scale bars, 250 μm.

(D) Lipid MS/MS quantification of total NEFAs detected in 1 DPW WP of lean control and 

diabetic mice (n ≥ 5 male mice per condition).

(E and F) Quantitative RT-PCR analysis of Gpr84 expression in cells isolated from NW (E) 

and 1.5 DPW (F) db/+ and db/db skin by fluorescence-activated cell sorting (n ≥ 3 mice, 

circles denote males and triangles denote females).

Error bars indicate mean ± SEM. Significance was determined for (B) using a one-way 

ANOVA followed by a two-tailed Student’s t test, for (D) using two-way ANOVA with 

Šidák correction, and for (E) using a two-tailed Student’s t test. *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001. DWAT, dermal white adipose tissue; NW, non-wounded; 

HPW, hours post-wounding; DPW, days post-wounding; PLIN1, Perilipin 1; NEFA, non-

esterified fatty acids; PC, panniculus carnosus; FC, fold change; SVF, stromal vascular 

fraction.
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Figure 6. DA increases myeloid cell numbers 2 DPW in diabetic mice
(A) Schematic showing the timeline for DA treatment and myeloid cell analysis.

(B–D) Quantification of flow cytometry for SYTOX− (B) CD45+ cells and neutrophils, 

(C) macrophages (total, Ly6Chi, and unpolarized), and (D) monocytes (total, Ly6Chi, and 

unpolarized) 2 DPW in db/+ mice treated with vehicle and db/db mice treated with vehicle 

or DA (n = 4 mice, circles denote males and triangles denote females). Significance was 

determined in (B)–(D) by one-way ANOVA corrected for multiple comparisons using the 

two-stage setup method of Benjamini, Krieger, and Yekutieli.

(E–H) Schematic showing the procedure for separation of WB from WP, for flow cytometry 

analysis of SYTOX− (F) CD45+ cells, myeloid cells (CD11b+), and neutrophils, (G) 

macrophage subsets, and (H) monocytes (n ≥ 9 wounds per condition, circles denote males 

and triangles denote females). Significance was determined by a two-tailed Student’s t test.
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Error bars indicate mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. M4, macrophage; 

DPW, days post-wounding; DA, decanoic acid.
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Figure 7. DA treatment improves diabetic wound healing
(A) Composite images of 7 DPW tissue sections from vehicle- and DA-treated db/db mouse 

wounds immunostained for ITGA6 and PH3. Boxes indicating high-magnification areas 

shown in (E) and (P), and blue and green boxes indicate regions in epithelial and WB 

images, respectively.

(B–D) Corresponding quantification of (B) the percentage of open versus closed wounds, 

(C) percentage of re-epithelialization, and (D) wound width.

(E) High-magnification images from (A) showing PH3 in the wound epithelium. Arrows 

indicate PH3+ nuclei.

(F) Quantification of PH3+ cells per area of wound epithelium.

(G–I) Quantitative comparison of (G) wound epithelium area, (H) length of wound 

epidermis, and (I) angle of epithelial migration at the center of WBs. The angle of epithelial 

migration was measured on both sides of each section analyzed.

(J–M) Images of 7 DPW sections immunostained for CD31 (J) and quantifications of 

percentage of CD31+ area (K), CD31 average spatial intensity from wound edge to center 

(L), and wound area (M). The solid line and outer shading in (L) indicates mean ± SEM.

(N and O) Images from immunostained tissue sections for ER-TR7 (N) and quantification of 

the percentage of ER-TR7+ area (O).

(P and Q) High-magnification area showing PH3+ cells in the WB (arrows indicate PH3+ 

nuclei) (P) and PH3+ cells per area of WB (Q) (n ≥ 5 mice per condition, circles denote 

males and triangles denote females).

Blue dotted lines delineate wound epithelium, and white lines delineate wound edges. Scale 

bars, 250 μm for low-magnification composite images and 25 μm for high-magnification 
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images. Error bars indicate mean ± SEM. Significance was determined using a two-tailed 

Student’s t test for all analyses except (B), where a Fisher’s exact test was used. *p < 0.05 

and **p < 0.01. DPW, days post-wounding; A.U., arbitrary units of fluorescence; ITGA6, 

integrin 6a; PH3, phospho-histone H3; DA, decanoic acid; A.U., arbitrary units.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC/Cy7 anti-mouse CD45 rat monoclonal (Clone 30-F11) Biolegend Cat# 103116; RRID: AB_312981

Alexa Fluor 700 anti-mouse CD11b rat monoclonal (Clone 
M1/70)

Biolegend Cat# 101222; RRID: AB_493705

eFluor 450 anti-mouse F4/80 rat monoclonal (Clone BM8) eBioscience Cat# 48-4801-82; RRID: AB_1548747

BV785 anti-mouse Ly6G rat monoclonal (clone 1A8) Biolegend Cat# 127645; RRID: AB_2566317

BV570 anti-mouse Ly6C rat monoclonal (clone HK1.4) Biolegend Cat# 128030; RRID: AB_2562617

Alexa Fluor BV650 anti-mouse CD206 rat monoclonal (clone 
C068C2)

Biolegend Cat# 141723; RRID: AB_2562445

APC-Fire750 anti-mouse CD31 rat monoclonal (clone 390) Biolegend Cat# 102434; RRID: AB_2629683

APC anti-mouse EpCAM (clone G8.8) Biolegend Cat# 118214; RRID: AB_1134102

BV650 anti-mouse CD49f (clone GoH3) BD Biosciences Cat# 563707; RRID: AB_2744415
https://www.antibodyregistry.org/AB_2744415

Anti-CD31 rat monoclonal (clone MEC13.3) BD Biosciences Cat# 550274; RRID: AB_393571

Anti-CD68 rabbit polyclonal Abcam Cat# ab125212; RRID: AB_10975465

Anti-ER-TR7 rat monoclonal Abcam Cat# ab51824; RRID: AB_881651

Anti-F4/80 rat monoclonal (clone CI:A3-1) Abcam Cat# ab6640; RRID: AB_1140040

Anti-ITGA6 rat monoclonal (clone GoH3) R&D Systems Cat# MAB13501; RRID: AB_2128311

Anti-Keratin 17 rat monoclonal (clone W1613A) Biolegend Cat# 697202; RRID: AB_2687136

Anti-Perilipin1 goat polyclonal Abcam Cat# ab61682; RRID: AB_944751

Anti-phospho-Histone H3 Abcam Cat# ab5176; RRID: AB_304763

Anti-phospho-Perilipin1 (S497) Vala Sciences Cat# 4855

Chemicals, peptides, and recombinant proteins

Decanoic Acid Sigma C1875

Liberase TM Roche 05401127001

SYTOX Green and Orange Invitrogen S34860, S34861

Zombie Aqua Biolegend 423102

GLPG1205 Galapagos Pharmaceuticals GLPG1205

6-(octylamino)-2,4(1H,3H)-pyrimidinedione (6-OAU) Cayman Chemical 17687

Lipopolysaccharides from E. coli (LPS) Sigma L4391

TRIzol Invitrogen 15596018

Critical commercial assays

RNeasy Plus Micro Kit Qiagen 74034

SuperScript IV First-Strand Synthesis System Invitrogen 180901050

Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory 000664

Mouse: B6.BKS(D)-Leprdb/J The Jackson Laboratory 000697
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

PCR primers, see Table S1 This study N/A

Software and algorithms

Fiji (ImageJ) NIH https://fiji.sc

Adobe Photoshop Adobe https://www.adobe.com/products/
photoshop.html

FlowJo FlowJo, LLC https://www.flowjo.com

MATLAB MathWorks https://www.mathworks.com

GraphPad Prism GraphPad Software, Inc https://www.graphpad.com
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