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

sequentially undertakes the following four stages to completion: hemostasis, inflammation,



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 naive/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



from invaders and rapidly remove the dead cells and tissue are permitted (i.e., Ca*>" 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



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



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



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.



Chapter 2: Materials and Methods

Table 1: Key Resources Table

Antibody Name Supplier Catalogue# and RRID
APC/Cy7 anti-mouse CD45 rat Cat# 103116;
monoclonal (Clone 30-F11) Biolegend RRID: AB 312981
Alexa Fluor 700 anti-mouse CD11b Cat# 101222;
rat monoclonal (Clone M1/70) Biolegend RRID: AB 493705
eFluor 450 anti-mouse F4/80 rat Cat# 48480182;
monoclonal (Clone BMS) eBioscience RRID: AB 1548747
BV570 anti-mouse Ly6G rat Cat# 127645;
monoclonal (clone 1AS) Biolegend RRID: AB 2566317
BV785 anti-mouse Ly6C rat Cat# 128030;
monoclonal (clone HK1.4) eBioscience RRID: AB 2562617
BV650 anti-mouse CD206 rat Cat# 141723;
monoclonal (clone C068C2) Biolegend RRID: AB 2562445
PerCp/Cy5.5 anti-mouse CD64 rat Cat# 139308;
monoclonal (clone X54-5/7.1) Biolegend RRID: AB 2561963
eFluor 660 anti-mouse CD301b rat Cat# 50301182;
monoclonal (clone 11A10-B7) eBioscience RRID: AB 2574197
Cat# ab61682;
Anti-Perilipinl goat polyclonal Abcam RRID: AB 944751
Cat# AGR-052;
Anti-GPR84 rabbit polyclonal Alomone RRID: AB 2827311

Anti-Myeloperoxidase goat
polyclonal

Anti-F4/80 rat polyclonal

R&D Systems

Abcam

Cat# AF3667;
RRID: AB 2250866

Cat# ab6640;
RRID: AB 1140040



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/6] mice and BKS.Cg-Dock7"+/+Lepr*] 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
20ul of 5Smg/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 um 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



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
deparaftinized 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 @ 95°C. 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 um and
40 pum 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+; CDI11b+; Ly6G-, F4/80- cells, macrophages were defined as CD45+; CD11b+;

11



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 Ly6c™. To exclude dead cells, samples were incubated for 30 minutes using
Zombie Aqua™ Fixable Viability Kit (Invitrogen, 1:500) before analysis using BD
FACSCelesta™ 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 Lepr®®*

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

13



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 Lepr®* 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 GPR&84
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 < (.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

16



purposed for shorter and faster recovery times after skin injury. The ligands of GPR&4,
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.
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FIGURE 2. GPR84 is expressed by numerous cell populations after injury.

1.5D Lepr®* 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,
PLINI1, 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), DAPIL. 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
Smg/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

db/+ db/+

excision of dorsal skins were created in control Lepr®™™ and experimental Lepr® ™ 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 Lepr®”*

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 Leprd®® 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

21



4 and Lepr®® tissue sections 1.5 days

bed orientation. Comparing the images of Lepr
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 Lepr® ™ has a greater GPR84 fluorescence intensity compared to the Leprd®®
tissue at 1.5 days and 3 days post wounding.

bt issue

From this experiment, GPR84 is expressed in greater amounts in the Lepr
compared to the Lepr®® tissue. This trending decrease in GPR84 intensity found in the
Lepr®® 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 Lepr®” and Lepr®® 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/+ = Lepr®”, db/db = Lepr®“. hr = hours, D = days. Error
bars indicate the mean £SEM. *** P < (.001, ****P <(0.0001.
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FIGURE 5. GPR84 levels are reduced at the periphery of diabetic mouse wounds.
1.5D Lepr®”* and Lepr®“ wound sections immunostained and imaged for GPR84 and
DAPI (A). Quantification of the Corrected Total Fluorescence Intensity for GPR84 in
Lepr®”" and Lepr®® tissues at 16hr, 1.5D and 3D post wounding in the epidermis and p.c.
of the wound periphery (B). db/+ = Lepr®*, db/db = Lepr®“. PW = post wounding. hr =
hours, D = days. p.c. = panniculus carnosus. Error bars indicate the mean £SEM. ** p <
0.01.
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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

db/H+ db/db

rescue impaired diabetic wound healing. Injured male and female Lepr®™ and Lepr’

mice were locally injected with vehicle (PBS + 0.5% BSA), and male and female Leprd®d®
mice were locally injected Smg/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

db/db yehicle control is nearly half that of the Lepr®” vehicle control (Fig 6A). This

Lepr
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

db/db

treated Lepr®® group nearly doubles compared to the untreated Lepr®* (Fig 6C). This

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

Interestingly, the number of neutrophils per wound in the untreated Lepr®“ group appears

db/+

higher than the Lepr®™™ 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 Leprd®®

group is about 25% of that in the Lepr®* vehicle control group (Fig 6D and 6E). Treatment

with DA increases the number of monocytes and macrophages per wound in the Leprd®®

tissue close to that of the Leprd®”

tissue (Fig 6D and 6E). These recruited monocyte and
macrophage populations are most likely pro-inflammatory in nature as marked by Ly6c™.
The composition of the increase in pro-inflammatory monocytes and macrophages after

db/db

DA treatment in the Lepr 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 Lepri®® group

db/+ db/db

compared to the control Lepr®™ group but are then enriched in the Lepr 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 Lepr®*

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 Lepr®”* and Lepr®®® 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 Lepr®* and Lepr?® mice and local decanoic acid administration in dorsal
wounds of Lepr®“® mice. db/+ = Lepr®*, db/db = Lepr®®. Veh = vehicle, DA = decanoic
acid. CD45" = immune cells, CD45 = non-immune cells, Ly6c™ = 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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DAPI GPR84 DAPI GPR84

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
GPR&84 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

db/+ dbdb

lean C57 mice and diabetic Lepr® ™ and Lepr®®® 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.
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