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Abstract of Thesis 
 
 

Characterization of GPR84 During Injury-Induced Inflammation 
 
 

The expression, activation and function of G-Protein Coupled Receptor 84 

(GPR84) can modulate macrophage function during inflammation [27]. 

GPR84 ligands are known to direct inflammation [12, 31] and influence 

myeloid lineage infiltration and recruitment [25]. However, little is known 

about the mechanism by which these ligands signal through GPR84 to 

regulate inflammatory responses—especially during injury responses in the 

skin. Using immunofluorescence staining and flow cytometry, qualitative 

and quantitative information was attained on the receptor distribution and 

its ligand’s contribution to wound inflammation. Understanding and 

inducing robust and efficient early inflammation could be the key to 

promoting the proper downstream progression of the wound healing 

process. This study focuses on the mechanism by which immune and non-

immune cell receptor expression and ligand presence work to facilitate 

wound inflammation. Outcomes from this work serve to implicate GPR84 

directly to wound inflammation, and thus providing the foundation for 

future studies to develop GPR84-targeted therapies to enhance efficient 

wound healing and treat impaired wound healing.  
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Chapter 1: Introduction 

 

 

The skin is an organ that functions to provide protection, thermoregulation, and 

sensation to the body [14]. It is composed of the epidermis and dermis. Each of those layers 

is composed of a combination of cell types and structures. The epidermis acts as a physical 

barrier preventing external antigens and irritants from entering the body [21, 39]. It is 

composed of keratinocytes, melanocytes, Langerhans cells, and Merkel cells and structures 

such as sweat glands and hair follicles. The dermis is incredibly diverse and composed of 

fibroblasts, numerous immune cell populations, adipocytes, nerves, and blood vessels. It 

functions to cushion these structures, to provide tissue strength, and to provide nourishment 

to the epidermis [4], and its subcutaneous layer is a zone of interest for lymphatic drainage 

[37]. During skin injury, the dermis becomes a setting for cells that modulate wound 

healing by migrating, proliferating, and differentiating into mature cells to assist in wound 

closure as part of the wound healing strategy. 

Wound healing is a phenomenon initiated by injury/trauma to the tissue and cells 

of an organism’s body. Exogenous or endogenous cutaneous trauma to the skin can initiate 

this process. In mammals, the former is defined as trauma caused by skin burns, scrapes, 

and punctures; while the latter is trauma caused by genome instabilities and communication 

failures in the biophysical signaling pathways. Once cutaneous trauma occurs, the healing 

machinery’s main goal is to attempt to return the wounded tissue to its naïve/undamaged 

homeostatic state [4, 10]. Under normal wound healing conditions, the damaged site 

sequentially undertakes the following four stages to completion: hemostasis, inflammation, 
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proliferation, and remodeling.  Upon skin exposure to trauma, platelet activation permits 

the attachment of platelets to blood vessel walls initiating hemostasis. Hemostasis lasts for 

only a few hours after injury; it involves is rapid platelet aggregation, formation and 

activation of the coagulation cascade, and the introduction of thrombosis and fibrin mesh 

formation [11] to prevent and stop bleeding at the site of injury. It is followed by the 

inflammatory phase of wound healing, which lasts about 1 day to 3 days [11] and involves 

the polarization of macrophages and monocytes to a pro-inflammatory state [11, 28]. 

Additionally, potent defensive molecules and cells are introduced and activated to the site 

of injury to clear cellular debris and foreign pathogens. This is followed by the proliferative 

phase of wound healing, which lasts anywhere between 2 days to 21 days [11]. Wound 

proliferation prioritizes the closure of the lesion by forming an epithelial barrier and 

reconstituting the deeper dermis through activating keratinocytes, fibroblasts, and 

endothelial cells, and polarizing pro-inflammatory macrophages and monocytes to an anti-

inflammatory state [11, 28]. The remodeling phase of wound healing last anywhere 

between 21 days to 1 year [11]. Here, the clearance of cells that do not contribute to the 

maturation of the wound closure occurs [11, 28], it is marked by scar tissue formation and 

a return of elasticity and pigmentation to the former trauma site. However, even with the 

successful completion of the wound healing strategy, the healed site is unable to restore all 

the cells and structures that existed in the naïve/uninjured skin. 

In normal wound healing, the inflammatory response is important for regulating 

repair and the complications associated with irregular inflammation. During this phase, 

transcription-independent pathways are turned on to easily activate necessary genes and 

proteins [11]. Biomolecule fluctuations of agents that efficiently defend the trauma site 
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from invaders and rapidly remove the dead cells and tissue are permitted (i.e., Ca2+ waves 

[18, 28], ROS gradients [28]). Common cell types present during inflammation are 

inflammatory immune cells such as neutrophils, monocytes, and macrophages that kill 

invading microbes and clear cellular debris [11, 28, 40]. Additionally, innate immune cells 

[20], keratinocytes [7, 15, 17], dermal dendritic cells [28], Langerhans cells [6, 23] are 

present and work by relying on autoimmune mechanisms to protect the body against 

invading antigens. Significant events for the inflammatory phase are the recruitment of 

inflammatory myeloid cells (neutrophils, monocytes, and macrophages) and the 

transitioning of monocytes into activated macrophages [24]. The cells produce and express 

proteins such as matrix metalloproteinases (MMPs) [2], G-protein coupled receptors 

(GPRs) [27], interferons (IFs) [26], interleukins (ILs) [13, 42], tumor necrosis factors 

(TNFs) [13, 41, 42] and growth factors (GFs) [41, 42] to function as cytokines and 

chemokines, and chemo-attractants that regulate the inflammatory response of wound 

healing. These recruitment, infiltration and polarization events are also regulated by 

signaling from tissue-resident cells such as keratinocytes and adipocytes. Particularly, lipid 

breakdown from dermal adipocytes is critical for cellular energy and fatty acid-mediated 

signaling [34]. The conclusion of this phase is marked by a transition of immune cell 

polarization from pro-inflammatory into an anti-inflammatory/proliferative transcriptional 

state. However, if there is a deficiency in the recruitment of inflammatory cells, there can 

be a lack of robust inflammation which can contribute to impaired wound healing and 

prevent progression into the proliferative phase. 

In pathogenic conditions such as diabetes, wound healing is impaired. It can also 

lead to the development of debilitating conditions such as chronic wounds caused by delays 
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in the inflammatory cell recruitment, thus leading to entrapment in the inflammatory phase. 

Inflammatory dysregulation is broadly caused by low clearance of damaged ECM, 

vasculopathies, increased protein concentrations due to pseudo/apparent delays in the 

responses in the wound environment[43]. Chronic wounds have been cited as a result of 

the trauma site’s inability to complete the four stages of wound healing to reach relative 

homeostasis [16, 29]. Chronic wounds will impact 1 to 2 percent of the people in a 

population over their lifetime and have been found to total upwards of $50 billion in health 

care costs in the United States [8, 19]. This debilitating condition can impact the livelihood 

of its sufferers by progressing ulcers, infections, gangrene and hemorrhaging resulting in 

limb amputations. Furthermore, defective wound healing is associated with an inability to 

recruit macrophages to the site of injury robustly. This prevents the successful progression 

of the healing process [3, 29, 36]. Overall, there appears to be a low motivation for 

transitioning from the inflammatory phase into the proliferative phase of wound healing, 

likely due to insufficient immune cell numbers. Encouraging a robust and efficient early 

inflammatory response could be sufficient in preventing the damages that result in the 

wound healing phases that follow inflammation, resulting in sustained and efficient wound 

healing. Previous works have stated that adipocytes play a prominent role in wound healing 

because adipocyte lipolysis is required for robust macrophage recruitment. Adipocyte 

lipolysis is the breakdown of adipocytes into fatty acids. This enables adipocyte 

differentiation into other cell types needed for macrophage recruitment [34]. Inflammatory 

lipolysis generates medium chain fatty acids (MCFAs) because inhibition of this process 

leads to a reduction in MCFAs in wound beds [34]. MCFAs have been suspected as the 

contributors to the regression of the adipocyte cell identity by interacting with their 
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receptors to signal for further lipolysis of the cutaneous fat [34]. This process usually 

occurs shortly before and during the inflammatory phase of wound healing. 

Medium chain fatty acids are in abundance during peak inflammation [34]. These 

fatty acids are known to modulate inflammation [27], influence myeloid lineage 

differentiation, and recruitment [12, 31], and have been implicated injury-induced 

inflammation in other tissues [25]. MCFA’s observed abundance during inflammation 

encouraged the possibility that the receptors of this ligand could be contributing to wound 

healing in a normal context and to the variances observed between diabetes and healthy 

statuses. Among these receptors is the G-Protein coupled Receptor 84 (GPR84), a 

membrane surface receptor for medium chain fatty acids. The receptor is located 

throughout the body, and some of the biological interactions and pathways in which the 

gene is expressed have been well characterized. Receptor expression, activation and 

functionality, or lack thereof, has been cited to influence wound healing pathways in 

protective or damaging ways within the central dogma. Such as, the protective effect of 

GPR84 upregulation on mitochondrial function in skeletal tissue [22], and its adverse effect 

caused by its agonist-mediated functionality in the fibrotic pathway [9]. Though observed 

as present and actively contributing to inflammation by enhancing macrophage 

functionality [27], it is currently challenging to state if GPR84’s upregulation and its 

ligand’s signaling have an overall protective or deleterious effect on wound inflammation.   

In tissues, the receptor has been associated with wound healing and inflammatory 

pathways and is known to be expressed during inflammation; however, very little is known 

about the spatial-temporal distribution of the receptor during skin wound healing. Strong 

evidence for when and where the receptor is expressed during wound healing is valuable 
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because it would provide spatial context and time course on the location of the receptor 

and its expression and repression within the skin; thus, provoking ideas on its contribution 

to wound healing and insights about its potential upstream and downstream regulators 

during wound healing. In addition to this, examining the mechanism by which MCFA 

ligands signal through GPR84 to progress wound healing would be beneficial, because it 

would inform on the magnitude of the ligand’s influence on normal wound healing.  This 

knowledge can be harnessed to develop or enhance wound healing therapies. In this study, 

GPR84’s characterized during injury-induced inflammation using immunofluorescence 

staining and flow cytometry for qualitative and quantitative information on the receptor’s 

contribution to wound healing. We reveal that many immune and non-immune cells 

express the receptor. We also demonstrate that receptor expression resembles level of 

efficient wound inflammation, and that MFCA ligand treatment enhances immune cell and 

macrophage numbers in wounds undergoing efficient wound healing. Ligand treatment, 

additionally, proves capable of partially rescuing the number of neutrophils, monocytes, 

macrophages and pro-inflammatory macrophages in wounds undergoing impaired wound 

inflammation.  
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Chapter 2: Materials and Methods 
 
 
 Table 1: Key Resources Table 
Antibody Name Supplier Catalogue# and RRID 

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# 48480182; 
RRID: AB_1548747 

BV570 anti-mouse Ly6G rat 
monoclonal (clone 1A8) Biolegend 

Cat# 127645; 
RRID: AB_2566317 

BV785 anti-mouse Ly6C rat 
monoclonal (clone HK1.4) eBioscience 

Cat# 128030; 
RRID: AB_2562617 

BV650 anti-mouse CD206 rat 
monoclonal (clone C068C2) Biolegend 

Cat# 141723; 
RRID: AB_2562445 

PerCp/Cy5.5 anti-mouse CD64 rat 
monoclonal (clone X54-5/7.1) Biolegend 

Cat# 139308; 
RRID: AB_2561963 

eFluor 660 anti-mouse CD301b rat 
monoclonal (clone 11A10-B7) eBioscience 

Cat# 50301182; 
RRID: AB_2574197 

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

Anti-GPR84 rabbit polyclonal Alomone 
Cat# AGR-052; 
RRID: AB_2827311 

Anti-Myeloperoxidase goat 
polyclonal R&D Systems 

Cat# AF3667; 
RRID: AB_2250866 

Anti-F4/80 rat polyclonal Abcam 
Cat# ab6640; 
RRID: AB_1140040 
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Table 2: Chemicals, Proteins, and Reagents Table 
Name Supplier Catalogue Number 
Decanoic Acid Sigma C1875-100G 
Formaldehyde, 37% R.T. Baker 2106-01 
Triton X-100 Sigma T8787 
Liberase TM Roche 5401127001 
Xylenes Fisher X5-500 
Isoflurane Henry Schein NDC11645-0500-2 
PBS 1X Fisher BP2944 
Prolong Gold with DAPI Invitrogen P36935 
Ethanol, Absolute Fisher BP28184 
Sodium Citrate J.T. Baker 3646-01 
Normal Donkey Serum Jackson ImmunoResearch 017-000-121 

 
2.1 Animals 

Wild-type C57BL/6J mice and BKS.Cg-Dock7m+/+LeprdbJ mice were purchased from 

Jackson Laboratories. Mice were maintained through routine breeding in an Association 

for Assessment and Accreditation of Laboratory Animal Care (AALAC)-accredited animal 

facility at George Washington University. Both male and female mice were used in these 

studies, with no significant differences observed between the sexes. Animals were 

maintained on a standard chow diet ad libitum (Harlan Laboratories, 2019S) in 12-hour 

light/dark cycling. Three or four injured mice were housed per cage. All experimental 

procedures were approved and in accordance with the Institutional Animal Care and Use 

Committee (IACUC). 

 

2.2 Method Details 

2.2.1 Dorsal skin excision 

7-9-week-old mice were wounded during the telogen phase of hair cycling. Mice were 

anesthetized using isoflurane and four full-thickness wounds, at least 4mm apart, were 

made on shaved back skin using a 4mm biopsy punch (Accuderm). Mice were used for 
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experimentation unless otherwise noted. Animals were sacrificed at noted intervals after 

injury, and wound beds were processed for subsequent analysis. 

 

2.2.2 Decanoic Acid injections 

24 hours after wounding, Mice were anesthetized using isoflurane and dorsal wounds were 

locally inoculated with decanoic acid in four equidistant locations, each location receiving 

20μl of 5mg/ml decanoic acid diluted in sterile 0.5% BSA in PBS. Animals were sacrificed 

24 hours after injections and wound beds were processed for subsequent analysis. 

 

2.2.3 Immunofluorescence and imaging - mouse 

Mouse skin and wound beds were embedded in O.C.T. and wound beds were sectioned 

through their entirety to identify the center. 40 μm cryosections were processed as 

previously described [32] and immunostained as follows, tissues on slides were fixed in 

4% formaldehyde in PBS for 15 minutes, washed 3X with PBS 1X for 5 minutes, blocked 

in Normal Donkey Serum with Triton (NDS block) for 1 hour, washed 3X with PBS 1X, 

then were stained O/N with a combination of GPR84, PLIN, F4/80 or MPO diluted in NDS 

block, and the following day were washed 3X with PBS 1X for 5 minutes and stained with 

corresponding secondary antibody Alexa Flours diluted in NDS block for 1 hour, washed 

3X with PBS 1X for 5 minutes and stained with DAPI—all antibodies and reagents found 

in the Key Resources and Reagents Tables. Histological quantification for each wound bed 

was conducted on the 2 to 3 central-most sections and the averages from two wounds were 

averaged for each animal. Composite images were acquired using the tiles and Z stack 
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modules on a Zeiss Axio Imager M2 (Zeiss) equipped with AxioCam HRm and color MRc 

cameras. 

 

2.2.4 Immunofluorescence and imaging - human 

Human skin thigh tissue samples discarded from surgical procedures and paraffinized to 

microscope slides were obtained in accordance with George Washington University IRB 

guidelines and transported to the lab in sterile containers filled with ice. Samples were 

deparaffinized by washing and soaking them starting with 2X xylenes washes for 10 min, 

then soaked in 100% ETOH for 3 min, 100% ETOH for 3 min, 95% ETOH for 3 min, 85% 

ETOH for 3 min, 70% ETOH for 3 min, 50% ETOH for 3 min, and washed in PBS 1X. 

This was followed by antigen retrieval immediately via soaking the tissues on the slides in 

10 mM Na-citrate buffer, pH 6.0 (2.94g into 1L; optional: 5ml tritonX100) and placing Na-

citrate buffer-soaked slides in an oven for 30 minutes @ 95oC. After slides cooled down, 

they were washed with PBS 1X, blocked in NDS block for 1 hour, washed 3X with PBS 

1, then were stained O/N with GPR84 and MPO diluted in NDS block, and the following 

day were washed 3X with PBS 1X for 5 minutes and stained with corresponding secondary 

antibody Alexa Flours diluted in NDS block for 1 hour, washed 3X with PBS 1X for 5 

minutes and stained with DAPI—all antibodies and reagents found in the Key Resources 

and Reagents Tables. Composite images were acquired using the tiles and Z stack modules 

on a Zeiss Axio Imager M2 (Zeiss) equipped with AxioCam HRm and color MRc cameras. 
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2.2.5 Quantification of spatial distribution of GPR84 signal intensity in tissue sections. 

To quantify the distribution of GPR84 relative to the wound, first, the edge and midline of 

the wound bed was labeled. Then, for each wound periphery image, a red channel intensity 

measurement was done spanning left (wound edge region most distal to the wound bed) to 

the right (wound edge region most proximal to the edge of the wound bed), also from 

superficial (epidermis region) to deep (panniculus carnosus). The intensity measurements 

were repeated for the wound bed such that each wound bed image was bisected at the 

midline, and a red channel intensity measurement was done starting at the left (edge of the 

wound bed) then moving to the right (midline of the wound bed), also from superficial 

(upper wound bed region) to deep (lower wound bed region). The percentage of the wound 

environment covered by GPR84 staining (inflammation), and GPR84 corrected total 

fluorescence were calculated from the central most tissue sections using ImageJ software 

(National Institutes of Health, Bethesda, MD) as described in [30, 33] by measuring the 

GPR84 red signal intensity relative to the background signal. 

 

2.2.6 Flow cytometry 

Mouse back skin and wound beds were dissected and digested into single cells using 

Liberase TM (Roche), and cells were suspended in FACS staining buffer (1% BSA in PBS 

with 2mM EDTA). For immunostaining, digested tissue was filtered with a 70 μm and 

40 μm cell strainer prior to centrifugation. Cell suspensions were stained with antibodies 

purchased from Abcam, Alomone, eBioscience, and Biolegend in the Key Resources 

Table for 20-30 minutes on ice. For these experiments, wound monocytes were defined as 

CD45+; CD11b+; Ly6G-, F4/80- cells, macrophages were defined as CD45+; CD11b+; 
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CD64+; F4/80+ cells, and neutrophils as CD45+; CD11b+; F4/80-; Ly6G+ cells. Pro-

inflammatory monocytes and macrophages were identified based on high surface 

expression of Ly6chi. To exclude dead cells, samples were incubated for 30 minutes using 

Zombie AquaTM Fixable Viability Kit (Invitrogen, 1:500) before analysis using BD 

FACSCelestaTM Flow Cytometer software (BD Biosciences). Flow cytometry analysis was 

performed using FlowJo Software (FlowJo). 

 

2.2.7 Calculations 

Equation 1: Corrected Total Fluorescence (CTF) 

CTF=Integrated Density – (Area of the region of interest * Mean Fluorescence of 

background average) 

Region of interest is Epidermis or p.c. per wound periphery image. 

Integrated Density of GPR84 red signal within the area is measured. 

MF background average is Mean grey value of the background signal. 

 

 

2.2.8 Statistics 

To determine significance between two groups, comparisons were made using Student’s t 

test. Analyses across multiple groups were made using a one-way ANOVA with 

Bonferroni’s post hoc using GraphPad Prism for Windows (GraphPad Software, La 

Jolla, CA) with significance set at p < 0.05. 
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Chapter 3: Results 
 
 

3.1 GPR84 spatial-temporal distribution in efficient wound inflammation. 

Since reducing adipocyte-derived MCFAs is correlated with reduced macrophage 

numbers during inflammation [34], we sought to determine if MCFA-GPR84 signaling 

contributes to injury-induced macrophage recruitment. To identify the GPR84 tissue 

distribution and time course of signal expression, full thickness excision of dorsal skins 

were created in control Leprdb/+ mice. Wound beds and peripheral tissue were collected at 

16 hours, 1.5 days, and 3 days post wounding (PW) to respectively represent early 

inflammation, peak inflammation, and late inflammation of the inflammation stage of 

wound healing, and tissues were immunostained for GPR84 to detect GPR84 expression 

and counterstained with DAPI to detect nuclei (Fig 1A). The GPR84 signal intensity of the 

wound bed and local wound periphery was measured (Fig 1B). Of the three post-injury 

time points investigated, GPR84 tissue intensity is highest at 1.5 days PW in both the 

wound periphery and wound bed; indicating GPR84 is most expressed during the peak 

inflammatory response in the local wound tissue. The 3 days PW intensity is higher than 

the 16 hours PW intensity in both the wound periphery and wound bed; indicating the late 

inflammatory response has greater GPR84 expression than the early inflammatory 

response.  

In the wound periphery, GPR84 signal intensity is biased towards the epidermal 

region and the deep tissue panniculus carnosus in the superficial to deep orientation, but 

the intensity is relatively uniformly distributed when measured from the side to edge of 

wound orientation (Fig 1B). In the wound bed, GPR84 signal intensity is uniformly 

distributed in both the superficial to deep and side to wound midline orientation. These 
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observations indicate that during efficient wound healing, GPR84 may contribute to the 

peak inflammatory response 1.5 days PW. So, with this better understanding of where and 

when GPR84 is expressed during efficient wound inflammation, a follow up investigation 

on what cells it is signaling through would need to be performed. 
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FIGURE 1. Temporal expression and biased spatial distribution of GPR84 after 
injury. 
16hr, 1.5D and 3D Leprdb/+ wound sections immunostained and imaged for GPR84 and 
DAPI (A). Dashed lines delineate local wound periphery from wound bed (white), scab 
from wound bed (yellow), and local wound bed tissue from deep fascia (orange). Schematic 
of local wound regions, and quantification of the relative distance of the GPR84 
fluorescence intensity and total area in the wound periphery (B) delineated by orange block 
lines and the wound bed is delineated by pink block lines. hr = hours, D = days. Error bars 
indicate the mean ±SEM. ****P < 0.0001. 
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3.2 GPR84 is expressed by multiple cell types after injury. 

Since GPR84 has been shown to directly regulate myeloid cells [27] and is 

expressed in skin after injury, we wanted to perform an assessment on the cells it 

colocalizes with for information on the potential mechanism by which GPR84 is signaling 

through to contribute to wound inflammation. To do this, tissue sections of wounds 

undergoing efficient wound healing at the peak of inflammation were immunostained with 

GPR84 and counterstained with antibodies that detect well-known inflammatory and 

wound healing cell populations. Additionally, the intensity quantification in Figure 1 

implies that numerous unappreciated cell types may be involved in GPR84 signaling. To 

determine which cells, express the receptor, we immunostained tissue sections with 

antibodies that label specific cellular populations. We found that GPR84 colocalizes with 

multiple cells within the wound bed and the wound periphery (Fig 2A). The receptor is 

well expressed in the epidermis (Fig 2B), through the interfollicular epidermis epithelial 

cells and sebaceous gland cells (Fig 2C). Wound periphery GPR84 is also well expressed 

in the deep tissue region via the panniculus carnosus cells (Fig 2D). However, GPR84 does 

not colocalize with dermal adipocytes (Fig 2E) stained with PLIN1, but it is observed to 

colocalize with cells in between the dermal adipocytes. Post wounding immune cell 

colocalization with GPR84 is well characterized in the wound bed. GPR84 colocalizes with 

a few clusters of macrophages (Fig 2F) stained with F4/80 and neutrophils (Fig 2G) stained 

with myeloperoxidase (MPO).  

These observations show that multiple cells express GPR84. Insight on the potential 

mechanism by which GPR84 is signaling through to contribute to wound inflammation is 

valuable because it can direct ideas on how to enhance efficient wound healing that can be 
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purposed for shorter and faster recovery times after skin injury. The ligands of GPR84, 

medium-chain fatty acids, have been known to be in abundance in the wound bed during 

injury-induced inflammation [34]. An investigation to assess if the presence of the ligand 

enhances normal wound healing and GPR84 tissue expression by increasing the number of 

GPR84 positive cells is essential in determining the receptor’s involvement in injury-

induced inflammation. 

 

  



18 
 

 

 

FIGURE 2. GPR84 is expressed by numerous cell populations after injury. 
1.5D Leprdb/+ wound tissue immunostained for GPR84, PLIN1 (green, goat anti-PLIN1) 
and DAPI (A). Wound periphery close-up of epidermis (B), interfollicular epidermis and 
sebaceous glands (C), and p.c. (D) all immunostained for GPR84 and DAPI. High 
magnification image of wound periphery DWATs 9 (E) immunostained for GPR84, 
PLIN1, and DAPI. High magnification image of wound bed with macrophages (F) 
immunostained for GPR84, F4/80 (green, rat anti-F4/80) and DAPI, and high 
magnification image of wound bed with neutrophils (G) immunostained for GPR84, MPO 
(green, goat anti-MPO), DAPI. White arrows designate GPR84 colocalization with the 
counterstained antibody. p.c. = panniculus carnosus, DWAT = dermal white adipocyte. 
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3.3 Exogenous decanoic acid increases macrophages numbers post wounding. 

Since our findings suggest GPR84 is highly expressed during inflammation, and 

receptor-ligand interactions can influence the biological systems in which a receptor is 

expressed [1, 5], we wanted to know if MCFA treatment, via decanoic acid (DA), to 

wounds enhances inflammation by increasing immune cell recruitment. To do this, injured 

male and female C57 mice were locally injected with vehicle (PBS+ 0.5% BSA), or 

5mg/ml DA at multiple locations around the wound edge 24 hours post wounding, and 

mice were sacrificed 24 hours after this injection, at 48 hours post wounding. Wounds were 

harvested, and flow cytometry was performed on recovered cell pellets to measure immune 

cell and myeloid cell quantities in the treated wounds. While there was a slight increase for 

CD45+ immune cells (Fig 3A) and neutrophils (Fig 3B), the only statistically significant 

change is in the number of macrophages in males (Fig 3C) which nearly doubles. 

The male macrophage cell populations are the most sensitive to this treatment, with 

the DA treated group having nearly double the number of recruited cells compared to the 

vehicle group (Fig 3C). Discerning why the male baseline efficient wound healing response 

is more impaired than female, or if it is purposefully diminished, could be worthwhile in 

better defining treatment approaches for males and females with skin trauma injuries. 

Perhaps androgen signaling is playing an unnoticed role in this variation. Importantly, the 

GPR84 ligand treatment increased macrophage recruitment, and it is commonly known 

that macrophage numbers are diminished in diabetes, so we sought to understand the 

relative tissue distribution and expression of GPR84 expression in efficient and diabetic 

wound healing. 
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FIGURE 3. Exogenous DA increases macrophage numbers in male mice after 
injury. 
Flow cytometry quantification of CD45+ immune cells (A), Neutrophils (B), and 
macrophages (C) per wound after Veh or DA administration on dorsal wounds of male and 
female C57 mice. Veh = vehicle, DA = decanoic acid. Error bars indicate the mean ±SEM. 
** p < 0.01. 
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3.4 GPR84 spatial-temporal distribution in impaired & efficient inflammation. 

We have shown that administration of exogenous DA increases macrophages in 

males, so we aimed to understand the receptor-ligand dynamics in impaired in diabetics, 

but we first must understand that receptor’s spatial temporal distribution in normal and 

diabetic tissue. To compare the GPR84 tissue distribution and time course of signal 

expression in efficient wound healing versus impaired wound healing, full thickness 

excision of dorsal skins were created in control Leprdb/+ and experimental Leprdb/+ mice. 

Wound beds and peripheral tissue were collected at 16 hours, 1.5 days, and 3 days PW to 

respectively represent early inflammation, peak inflammation, and late inflammation of the 

inflammation stage of wound healing, and tissues were immunostained for GPR84 to detect 

GPR84 expression and counterstained with DAPI to detect nuclei. The GPR84 signal 

intensity of the wound bed and local wound periphery was measured. The efficient wound 

healing represented by the Leprdb/+ mice control group shows a similar trend to what was 

observed in Fig 1B, where GPR84 signal intensity and expression is highest during peak 

inflammation and subsides by late inflammation.  

The relative distance of GPR84 signal intensity is still biased towards the epidermal 

region and the deep tissue panniculus carnosus in the superficial to deep orientation in the 

wound periphery, and the intensity is relatively uniformly distributed when measured from 

the side to edge of wound orientation in the wound periphery, and in both the wound 

superficial to deep and side to wound midline orientations of the wound bed tissue (Fig 

4A-C). Interestingly, the impaired wound healing state represented by Leprdb/db group 

followed a similar trend, but it has significantly lower total intensity values compared to 

the control group at most time points of inflammation, except for the 16 hours PW wound 
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bed orientation. Comparing the images of Leprdb/+ and Leprdb/db tissue sections 1.5 days 

PW (Fig 5A), the GPR84 signal appears dimmer in the db/db tissue. Since diabetic tissue 

has more pronounce adipose tissue, we specifically examined GPR84 intensity in the 

epidermis and p.c. of diabetic and control mice. Quantification of the GPR84 corrected 

total fluorescence intensity of the epidermis and p.c. (Fig 5B), supports this observation 

because the Leprdb/+ has a greater GPR84 fluorescence intensity compared to the Leprdb/db 

tissue at 1.5 days and 3 days post wounding.   

From this experiment, GPR84 is expressed in greater amounts in the Leprdb/+ tissue 

compared to the Leprdb/db tissue. This trending decrease in GPR84 intensity found in the 

Leprdb/db tissue suggests that diabetes contributes to diminished expression of GPR84. 

Interestingly, diabetes is associated with reduced myeloid cell recruitment during the 

inflammatory phase of repair [3, 29, 36], so investigating the contribution of GPR84 to 

myeloid cell recruitment in efficient and impaired wound healing is crucial. This inquiry, 

along with the decanoic acid treatment’s ability to enhance immune cell recruitment of an 

already efficient post wounding inflammatory response seen in the Fig 3 results, prompted 

an investigation to assess if the presence of the ligand rescues impaired wound healing by 

increasing the number of myeloid cells.  
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FIGURE 4. GPR84 distribution is altered in diabetic wounds. 
Schematic of local wound regions, and quantification of the relative distance of GPR84 
fluorescence intensity and total area in Leprdb/+ and Leprdb/db tissues at (A) 16hr (B) 1.5D 
and (C) 3D post wounding in the wound periphery (orange block and lines), and the wound 
bed (pink block and lines). db/+ = Leprdb/+, db/db = Leprdb/db. hr = hours, D = days. Error 
bars indicate the mean ±SEM. *** P < 0.001, ****P < 0.0001. 
 

 

 

 

 

 

 

FIGURE 5. GPR84 levels are reduced at the periphery of diabetic mouse wounds. 
1.5D Leprdb/+ and Leprdb/db wound sections immunostained and imaged for GPR84 and 
DAPI (A). Quantification of the Corrected Total Fluorescence Intensity for GPR84 in 
Leprdb/+ and Leprdb/db tissues at 16hr, 1.5D and 3D post wounding in the epidermis and p.c. 
of the wound periphery (B). db/+ = Leprdb/+, db/db = Leprdb/db. PW = post wounding. hr = 
hours, D = days. p.c. = panniculus carnosus. Error bars indicate the mean ±SEM. ** p < 
0.01. 
 

 



25 
 

3.5 DA increases myeloid cell numbers during diabetic wound healing. 

 Since ligand treatment was able to enhance efficient wound healing in the C57 

control model by increasing the number of immune cells, we wanted to know if it can 

rescue impaired diabetic wound healing. Injured male and female Leprdb/+ and Leprdb/db 

mice were locally injected with vehicle (PBS + 0.5% BSA), and male and female Leprdb/db 

mice were locally injected 5mg/ml Decanoic Acid. The injections were at multiple 

locations around the wound edge 24 hours post wounding, and mice were sacrificed 24 

hours after this injection, at 48 hours post wounding. Wounds were harvested, and flow 

cytometry was performed on recovered cell pellets to measure immune cell and myeloid 

cell quantities in the treated wounds. The number of CD45+ immune cells per wound in the 

Leprdb/db vehicle control is nearly half that of the Leprdb/+ vehicle control (Fig 6A). This 

suggests that there is a difference in the number of immune cells present in efficient versus 

impaired diabetic wound healing. The presence of non-immune cells per wound marked 

by CD45- identity is nearly the same in control and treated groups (Fig 6B). This suggests 

that in the inflammatory wound environment, there is a biased composition in favor of 

immune cells. However, ligand treatment does not significantly bias in favor of this 

composition over non-immune cells. The number of neutrophils per wound in the DA 

treated Leprdb/db group nearly doubles compared to the untreated Leprdb/+ (Fig 6C). This 

suggests that DA ligand treatment enriches the wound environment with neutrophils. 

Interestingly, the number of neutrophils per wound in the untreated Leprdb/db group appears 

higher than the Leprdb/+ control (Fig 6C). This could be highlighting the delayed immune 

response often observed in impaired wound healing. The time point being observed is more 
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reflective of a pro-inflammatory state, so neutrophils numbers in the wound in an efficient 

healing state could be naturally decreasing, as is observed in the figure.  

 The number of monocytes and macrophages per wound in the untreated Leprdb/db 

group is about 25% of that in the Leprdb/+ vehicle control group (Fig 6D and 6E). Treatment 

with DA increases the number of monocytes and macrophages per wound in the Leprdb/db 

tissue close to that of the Leprdb/+ tissue (Fig 6D and 6E). These recruited monocyte and 

macrophage populations are most likely pro-inflammatory in nature as marked by Ly6chi. 

The composition of the increase in pro-inflammatory monocytes and macrophages after 

DA treatment in the Leprdb/db group trends like what is observed with the total monocyte 

and macrophage numbers present in the wound; the macrophage and monocyte cell 

populations per wound are significantly diminished in the untreated Leprdb/db group 

compared to the control Leprdb/+ group but are then enriched in the Leprdb/db wounds 

because of the DA treatment. Other subsided monocytes and macrophages in the impaired 

wound healing state are mostly likely unpolarized in nature. Even though significant, this 

manner of rescuing impaired wound healing via ligand treatment was not sufficient to reach 

an efficient wound healing level represented by the Leprdb/+ vehicle control group.  

Overall, this suggests that treating wounds with MCFA ligands results in a partially 

restorative effect of the impairment in wounds undergoing impaired diabetic wound 

healing. Findings from this investigation also hint at the presence of non-immune and 

immune GPR84+ cells in both Leprdb/+ and Leprdb/db wounds, which could be keratinocytes 

and other epithelial cells that were observed to colocalize with GPR84 in the Fig 2 results. 

Saturating wounds with medium-chain fatty acid ligands can partially rescue impaired 

wound healing associated with diabetes by increasing immune cells such as neutrophils 
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and pro-inflammatory cells such as monocytes and macrophages. We sought to understand 

the receptor’s expression and impact in human wound healing because it could add to the 

pertinence of the previously outlined experiments as potential resources for approaches on 

treating human skin injuries. 
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FIGURE 6. Decanoic acid increases myeloid cell numbers in diabetic wounds. 
Flow cytometry quantification of immune cells (A), non-immune cells (B), neutrophils (C), 
macrophages (D) and monocytes (E) per wound after local vehicle administration in dorsal 
wounds of Leprdb/+ and Leprdb/db mice and local decanoic acid administration in dorsal 
wounds of Leprdb/db mice. db/+ = Leprdb/+, db/db = Leprdb/db. Veh = vehicle, DA = decanoic 
acid. CD45+ = immune cells, CD45- = non-immune cells, Ly6chi = pro-inflammatory cells. 
Error bars indicate the mean ±SEM. * p < 0.05, ** p < 0.01, *** P < 0.001. 
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3.6 GPR84 colocalization in human skin cells post-trauma. 

To explore the expression pattern of GPR84 within the context of a human injury 

wound healing response, paraffinized human skin thigh tissue samples discarded from 

surgical procedures hours after injury immunostained with GPR84 and counterstained with 

myeloperoxidase (MPO) an antibody that is also reactive in human tissue to detect 

neutrophils—which are known to be present during wound inflammation. We found that 

in the human trauma sample, GPR84 colocalizes well with the epidermal cells (Fig 7A), 

and with the dermal cells such as neutrophils (Fig 7B), and non-neutrophils (Fig 7C). Like 

in the Fig 2 mice model results, these observations show that multiple cells express GPR84. 

So, resolutions from this acute wound inflammation study show potential for direct 

application to human based wound healing therapies and interventions. Therefore, 

assessments of potential mechanisms by which GPR84 is signaling through to contribute 

to wound inflammation need to be done to inform on how to use the receptor’s activity and 

function to enhance and restore efficient wound healing. 
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FIGURE 7. GPR84 is detected in human skin cells within hours after trauma. 
Human wound sample showing epidermis (A), neutrophils (B), and non-neutrophils (C) 
are GPR84+ hours after injury. The tissue was immunostained for GPR84, MPO and 
DAPI. White dashed line delineates epidermis from dermis. White arrows designate 
GPR84 colocalization with the counterstained antibody. Arrow heads designate no 
GPR84 colocalization with MPO. 
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Chapter 4: Discussion, Conclusion 
 
 
4.1 Discussion 

Here, we sought to expand on how GPR84 contributes to the inflammatory stage 

of wound healing. Using immunofluorescence staining and flow cytometry on wounds of 

lean C57 mice and diabetic Leprdb/+ and Leprdbdb mice models, we were able to investigate 

a broad range of queries that could expand on the receptor’s contribution to wound 

inflammation. GPR84 expression, activation, and function has been shown to enhance 

inflammation in macrophages [27]. Thus, it supports our findings on the receptor 

colocalizing with macrophages and being expressed during wound inflammation; however, 

our findings on the spatial-temporal distribution and its overall colocalization during the 

injury-induced inflammation are novel. In our work, receptor expression is low yet present 

during early and late inflammation and is highest during peak inflammation. This implies 

that molecules could be present shortly before and at the early inflammatory time, which 

are signaling upstream of the receptor, fating its overexpression and thus encouraging its 

active contribution to inflammation. In contrast, there could be molecules present prior to 

or at the late inflammatory time, signaling the receptor’s repression and reducing its active 

contribution to wound healing inflammation. The parallel between high GPR84 expression 

and peak inflammation is an important finding because studies centered on the receptor’s 

expression, activity, and functionality can now emphasize their attention on a specific 

period of the inflammatory response. Our work also informs that the receptor colocalizes 

with overlooked non-immune cells within the epidermis and panniculus carnosus. This 

indicates that GPR84 signaling might modulate inflammation through non-immune cells. 
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It also encourages studies focused on the regulatory aspects of the inflammatory 

chemotaxis to consider the contributions of non-immune cell signaling. 

In the context of diseases associated with GPR84, its absence in skeletal muscle has 

been reported to consequentially impact mitochondrial function [22]. Additionally, the 

antagonistic signaling of GPR84 via synthetic ligand PBI-4050 produces antifibrotic 

effects within the fibrosis pathway [9]. Our findings of the reduced expression of GPR84 

in diabetic skin during wound inflammation add to this discourse because they begin to 

directly implicate GPR84 to diabetes, while other works have mostly associated the 

receptor with diabetes. Suzuki et al, have shown that the targeting of GPR84 by its natural 

and surrogate/proxy ligands induces a pro-inflammatory response (35), so it does support 

our findings on the ligand’s involvement in inflammation. However, our findings on the 

DA ligand’s ability to enhance efficient wound healing and partially rescue impaired 

wound healing via increasing the recruitment of immune and myeloid cells are novel. 

These findings are useful for research studies focused on tissue and cellular level 

investigations of GPR84’s expression, activity, and function during inflammation, and the 

ligand’s impact on injury-induced inflammation in the skin. 

Further research will still need to be developed to effectively validate the 

observations in our work, such as repeating the experiment with a GPR84 antagonist 

because shutting down receptor should have deleterious/opposing consequences on 

currently observed trends—especially if the DA ligand was directly signaling through the 

receptor to recruit myeloid cells. Additionally, repeating and expanding on the experiment 

by using human skin samples undergoing efficient inflammation would be ideal because it 

would inform on the receptor’s behavior within human tissue and can set a realistic 
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threshold by which other parameters can be measured against. It can also lead to potential 

mechanisms for assessing and validating GPR84’s comprehensive contribution to wound 

inflammation and wound healing. Nominally measuring the difference in the magnitude of 

the natural and surrogate ligand’s ability to rescue impaired wound healing is crucial. This 

approach would assist in identifying the best ligand candidates to use in developing wound 

inflammation therapies. Characterizing the amount of heterogeneity of the GPR84+ cells 

would be a beneficial follow up to the work in outline here because it would help identify 

the best cell targets for GPR84 driven wound inflammation therapies. Mechanistic 

evidence on the chemotaxis by which GPR84 is signaling to influence wound inflammation 

would be an ideal follow up to the findings in this work because the approach would 

directly implicate GPR84’s functionality in the inflammatory wound healing process, the 

results would be a valuable resource for citing receptor driven wound healing therapies. 

Finally, our methods rely on probing acute wound healing and inflammation, so repeating 

this work using chronic wound samples and models would best implicate the receptor’s 

contribution to diabetes, since chronic wounds are one of the most debilitating and 

financially costly aspects of diabetes. 

 
 
4.2 Conclusion 

In this study, we aimed to understand where GPR84 is expressed, what cells express 

it, and to identify how GPR84 signaling progresses injury-induced inflammation. We 

resolved these issues by using immunofluorescence staining and flow cytometry. We found 

that many cells in the epidermis, p.c. and some clusters of macrophages and neutrophils 

express the receptor. Receptor expression parallels efficient wound inflammation. 
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Decanoic acid treatment enhances macrophage numbers in wounds undergoing efficient 

wound inflammation. Treatment with the ligand, also partially restores the number of 

neutrophils, monocytes, macrophages and pro-inflammatory macrophages in wounds 

undergoing impaired diabetic wound inflammation. Our work and observations in the mice 

models were reflected in the injured human tissue sample with positive receptor 

colocalization with the epidermis and myeloid cells. These findings suggest that MCFAs 

produced from adipocyte lipolysis and triglyceride de-esterification could be directly or 

indirectly signaling through GPR84 to activate epidermal cells to produce a robust 

inflammatory response. In addition to this, MCFAs could also be directly or indirectly 

signaling through GPR84 to active immune cells and increase immune cell and 

proinflammatory cell recruitment to stimulate a robust inflammatory response. In this 

work, GPR84’s upregulation and its ligand’s signaling appear to have a protective effect 

on progressing efficient wound inflammation. So, this optimistic outcome demonstrates 

the value of targeting this receptor and its ligand for the development of wound healing 

therapies.  



35 
 

References 

 

 

1. Attie, A. D., & Raines, R. T. Analysis of Receptor-Ligand Interactions. Journal of 

chemical education. 1995, 72 (2), 119-124. 

 

2. Ayuk, S. M., Abrahamse, H., & Houreld, N. N. The role of matrix metalloproteinases 

in diabetic wound healing in relation to photobiomodulation. Journal of Diabetes 

Research, 2016, 1-9. 

 

3. Bannon, P., Wood, S., Restivo, T., Campbell, L., Hardman, M. J., & Mace, K. A. 

Diabetes induces stable intrinsic changes to myeloid cells that contribute to chronic 

inflammation during wound healing in mice. Disease models & mechanisms. 2013, 6 

(6), 1434–1447. 

 

4. Brown T.M., & Krishnamurthy K. Histology, Dermis. [Updated 2020 Jul 3]. In: 

StatPearls [online]. Treasure Island (FL): StatPearls Publishing; 2020. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK535346/ 

 

5. Chen, J., Almo, S. C., & Wu, Y. General principles of binding between cell surface 

receptors and multi-specific ligands: A computational study. PLoS computational 

biology. 2017, 13 (10), 1005805. 

 



36 
 

6. Dieu-Nosjean M. C., Massacrier C., Homey B., Vanbervliet B., Pin J. J., Vicari A., 

Lebecque S., Dezutter-Dambuyant C., Schmitt D., Zlotnik A., & Caux C. Macrophage 

inflammatory protein 3 alpha is expressed at inflamed epithelial surfaces and is the 

most potent chemokine known in attracting Langerhans cell precursors. J Exp Med. 

2000, 192, 705–718. 

 

7. Elssner A., Duncan M., Gavrilin M., & Wewers M. D. A novel P2X7 receptor activator, 

the human cathelicidin-derived peptide LL37, induces IL-1 beta processing and release. 

J Immunol. 2004, 172 (8), 4987–94. 

 

8. Fife C. E., & Carter M. J. Wound Care Outcomes and Associated Cost Among Patients 

Treated in US Outpatient Wound Centers: Data From the US Wound Registry. Wounds. 

2012, 24, 10–17. 

 

9. Gagnon L., Leduc M., Thibodeau J. F., Zhang M. Z., Grouix B., Sarra-Bournet F., 

Gagnon W., Hince K., Tremblay M., Geerts L., Kennedy C. R. J., Hébert R. L., Gutsol 

A., Holterman C. E., Kamto E., Gervais L., Ouboudinar J., Richard J., Felton A., 

Laverdure A., Simard J. C., Létourneau S., Cloutier MP., Leblond F. A., Abbott S. D., 

Penney C., Duceppe J. S., Zacharie B., Dupuis J., Calderone A., Nguyen Q. T., Harris 

R. C., & Laurin P. A Newly Discovered Antifibrotic Pathway Regulated by Two Fatty 

Acid Receptors: GPR40 and GPR84. Am J Pathol. 2018,188 (5):1132-1148. 

 



37 
 

10. Gurtner G. C., Werner S., Barrandon Y., & Longaker MT. Wound repair and 

regeneration. Nature. 2008, 453, 314–321. 

 

11. Gonzalez A. C., Costa T. G., Andrade Z. A., & Medrado A. R. A. P. Wound healing - 

A literature review. An Bras Dermatol. 2016, 91 (5), 614-20. 

 

12. Hecker M., Sommer N., Voigtmann H., Pal O., Mor A., Wolf M., Vadasz I., Herold S., 

Weissmann N., Morty R. E. et al. Impact of short- and medium-chain fatty acids on 

mitochondrial function in severe inflammation. JPEN J. Parenter. Enteral Nutr. 2014, 

38, 587–594. 

 

13. Hübner G., Brauchle M., Smola H., Madlener M., Fässler R., & Werner S. Differential 

regulation of pro-inflammatory cytokines during wound healing in normal and 

glucocorticoid-treated mice. Cytokine. 1996, 8 (7), 548-56. 

 

14. Hughes E. Skin: its structure, function and related pathology. In: Hughes E, Van 

Onselen J (eds) Dermatology Nursing: A Practical Guide. Edinburgh: Churchill 

Livingstone. 2003. 

 

15. Juarez Antonio Simões Quaresma. Organization of the Skin Immune System and 

Compartmentalized Immune Responses in Infectious Diseases. Clinical Microbiology 

Reviews. 2019, 32 (4), e34-18. 

 



38 
 

16. Jung K., Covington S., Sen C. K., Januszyk M., Kirsner R. S., Gurtner G. C., & Shah 

N. H. Rapid identification of slow healing wounds. Wound Repair Regen. 2016. 24, 

181–188. 

 

17. Kupper T. S. 1990. The activated keratinocyte: a model for inducible cytokine 

production by non-bone marrow-derived cells in cutaneous inflammatory and immune 

responses. J Invest Dermatol. 1990, 94, 146–150. 

 

18. Lansdown A. B. Calcium: a potential central regulator in wound healing in the skin. 

Wound Repair Regen. 2002, 10, 271–285. 

 

19. Leavitt T., Hu M. S., Marshall C. D., Barnes L. A., Lorenz H. P., & Longaker M. T. 

Scarless wound healing: finding the right cells and signals. Cell Tissue Res. 2016, 365, 

483–493. 

 

20. Liang S. C., Tan X. Y., Luxenberg D. P., Karim R., Dunussi-Joannopoulos K., Collins 

M., & Fouser L. A. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and 

cooperatively enhance expression of antimicrobial peptides. J Exp Med. 2006, 203, 

2271–2279. 

 

21. Liu, S., Zhang, H., & Duan, E. Epidermal development in mammals: key regulators, 

signals from beneath, and stem cells. International journal of molecular sciences. 2013, 

14 (6), 10869–10895. 



39 
 

22. Montgomery, M.K., Osborne, B., Brandon, A.E., O'Reilly, L., Fiveash, C.E., Brown, 

S.H.J., Wilkins, B.P., Samsudeen, A., Yu, J., Devanapalli, B., Hertzog, A., Tolun, A.A., 

Kavanagh, T., Cooper, A.A., Mitchell, T.W., Biden, T.J., Smith, N.J., Cooney, G.J. & 

Turner, N. Regulation of mitochondrial metabolism in murine skeletal muscle by the 

medium‐chain fatty acid receptor Gpr84. The FASEB Journal. 2019, 33, 12264-12276. 

 

23. Otsuka, M., Egawa, G., & Kabashima, K. Uncovering the Mysteries of Langerhans 

Cells, Inflammatory Dendritic Epidermal Cells, and Monocyte-Derived Langerhans 

Cell-Like Cells in the Epidermis. Frontiers in immunology. 2018, 9, 1768. 

 

24. Park J. E., & Barbul A. Understanding the role of immune regulation in wound healing. 

Am J Surg. 2004, 187 (5), 11S–16S. 

 

25. Puengel T., De Vos S., Hundertmark J., Kohlhepp M., Guldiken N., Pujuguet P., 

Auberval M., Marsais F., Shoji K. F., Saniere L., Trautwein C., Luedde T., Strnad P., 

Brys R., Clément-Lacroix P., & Tacke F. The Medium-Chain Fatty Acid Receptor 

GPR84 Mediates Myeloid Cell Infiltration Promoting Steatohepatitis and Fibrosis. J 

Clin Med. 2020, 9 (4), 1140. 

 

26. Rauch, I., Müller, M., & Decker, T. (2013). The regulation of inflammation by 

interferons and their STATs. JAK-STAT. 2013, 2 (1), 23820. 

27. Recio C., Lucy D., Purvis G. S. D., Iveson P., Zeboudj L., Iqbal A. J., Lin D., 

O'Callaghan C., Davison L., Griesbach E., Russell A. J., Wynne G. M., Dib L., Monaco 



40 
 

C., & Greaves D. R. Activation of the Immune-Metabolic Receptor GPR84 Enhances 

Inflammation and Phagocytosis in Macrophages. Front Immunol. 2018, 9, 1419. 

 

28. Rodrigues M., Kosaric N., Bonham C.A, Gurtner G.C. Wound healing: a cellular 

perspective. Physiol. Rev. 2019, 99, 665-706. 

 

29. Sawaya, A.P., Stone, R.C., Brooks, S.R. et al. Deregulated immune cell recruitment 

orchestrated by FOXM1 impairs human diabetic wound healing. Nat Commun. 2020, 

11, 4678. 

 

30. Schmidt, B. A., & Horsley, V. (2013). Intradermal adipocytes mediate fibroblast 

recruitment during skin wound healing. Development (Cambridge, England). 2013, 

140 (7), 1517–1527. 

 

31. Schönfeld, P., & Wojtczak, L. Short- and medium-chain fatty acids in energy 

metabolism: the cellular perspective. Journal of lipid research. 2016, 57 (6), 943–954. 

 

32. Shook B., Xiao E., Kumamoto Y., Iwasaki A., & Horsley V. CD301b+ Macrophages 

Are Essential for Effective Skin Wound Healing. J Invest Dermatol. 2016, 136 

(9),1885-1891. 

33. Shook B. A., Wasko R. R., Rivera-Gonzalez G. C., Salazar-Gatzimas E., López-

Giráldez F., Dash B. C., Muñoz-Rojas A. R., Aultman K. D., Zwick R. K., Lei V., 

Arbiser J. L., Miller-Jensen K., Clark D. A., Hsia H. C., & Horsley V. Myofibroblast 



41 
 

proliferation and heterogeneity are supported by macrophages during skin repair. 

Science. 2018, 362 (6417), 2971. 

 

34. Shook, B. A., Wasko R.R., Mano O., Rutenberg-Schoenberg M., Rudolph M.C., Zirak 

B., Rivera-Gonzalez G.C., López-Giráldez F., Zarini S., Rezza A., Clark D.A., Rendl 

M., Rosenblum M.D., Gerstein M.B., & Horsley V.  Dermal Adipocyte Lipolysis and 

Myofibroblast Conversion Are Required for Efficient Skin Repair. Cell Stem Cell. 

2020, 26 (6), 880-895. 

 

35. Suzuki M., Takaishi S., Nagasaki M., Onozawa Y., Iino I., Maeda H., Komai T., & 

Oda T.. Medium-chain fatty acid-sensing receptor, GPR84, is a pro-inflammatory 

receptor. J Biol Chem. 2013, 288 (15), 10684-91. 

 

36. Torbica T., Wicks K., Umehara T., Gungordu L., Alrdahe S., Wemyss K. et al. Chronic 

Inflammation in Response to Injury: Retention of Myeloid Cells in Injured Tissue Is 

Driven by Myeloid Cell Intrinsic Factors. J Invest Dermatol. 2019, 139 (7),1583–92. 

 

37. Uren R. F. Lymphatic drainage of the skin. Ann Surg Oncol. 2004, 11 (3 Suppl):179S-

85S. 

38. Van Linthout S., Miteva K., & Tschöpe C. Crosstalk between fibroblasts and 

Inflammatory cells. Cardiovasc Res. 2014, 102, 258–269. 

 



42 
 

39. Watson A. J., Duckworth C. A., Guan Y., & Montrose M. H. Mechanisms of epithelial 

cell shedding in the Mammalian intestine and maintenance of barrier function. Ann N 

Y Acad Sci. 2009, 1165, 135-42. 

 

40. Wilgus T. A., Roy S., & McDaniel J. C. Neutrophils and Wound Repair: Positive 

Actions and Negative Reactions. Adv Wound Care (New Rochelle). 2013, 2, 379–388. 

 

41. Werner S., & Grose R. Regulation of wound healing by growth factors and cytokines. 

Physiol Rev. 2003, 83 (3), 835-70. 

 

42. Xiao, T., Yan, Z., Xiao, S. et al. Pro-inflammatory cytokines regulate epidermal stem 

cells in wound epithelialization. Stem Cell Res Ther. 2020, 11, 232. 

 

43. Zhao, R., Liang, H., Clarke, E., Jackson, C., & Xue, M. Inflammation in Chronic 

Wounds. International journal of molecular sciences. 2016, 17 (12), 2085 

 


