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Abstract

Thermal burn injuries are an important environmental stressor which can result in considerable
morbidity and mortality. The exact mechanism by which an environmental stimulus to skin results
in local and systemic effects is an area of active research. One potential mechanism to allow skin
keratinocytes to disperse bioactive substances is via microvesicle particles, which are subcellular
bodies released directly from cellular membranes. Our previous studies have indicated that thermal
burn injury of the skin keratinocyte in vitro results in the production of the lipid mediator Platelet-
activating Factor (PAF). The present studies demonstrate that thermal burn injury to keratinocytes
in vitro and human skin explants ex vivo and mice in vivo generate microvesicle particles. Use of
pharmacologic and genetic tools indicates that the optimal release of microvesicles is dependent
upon the PAF receptor. Of note, burn injury-stimulated microvesicle particles do not carry
appreciable protein cytokines, yet contain high levels of PAF. These studies describe a novel
mechanism involving microvesicle particles by which a metabolically labile bioactive lipid can
travel from cells in response to environmental stimuli.

Introduction

Thermal burn injury causes significant morbidity and mortality. It is estimated that more
than 100,000 patients are hospitalized in the U.S. annually for severe burn injuries [1,2]. In
addition to local effects, systemic effects of thermal burn injury have been described,
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suggesting that keratinocytes can generate bioactive agents in response to damage [3-7]. Of
interest, studies have determined that thermal burn injury of keratinocytes and/or skin can
generate multiple protein cytokines and lipid mediators [8-10]. Yet the exact mechanism(s)
by which keratinocytes release bioactive agents are not clear.

Microvesicle particles (MVP) are defined as submicron vesicles generated from cellular
membranes via exocytosis. They are irregularly shaped and range from ~100-1000 nm in
size. The generation of MVP occurs in response to various stimuli, many involving
intracellular calcium mobilization [11,12]. Once released into the circulation (blood and
tissue), MVP can then exert functional effects on various cell types. MVP have different
functions which depend on the cell of origin and stimuli. Moreover, MVP are thought to be
able to target other cell types through surface membrane interactions that then allow fusion
of the MVP to the target cell membrane and subsequent delivery of the intravesicular
contents. The pathways by which MVP are released from cells have been studied, and are
cellular- and stimulus-dependent [13]. For example, in endothelial cells, MVP release in
response to agents like TNF-a are due to P38 MAPK signaling, whereas in THP-1
monocytes both Erk 1/2 (p42/44) and P38 MAPK pathways are involved [13-16].

The functions of various MVP in physiological and pathological processes depend on their
carried contents (proteins, lipids and nucleic acids) [12,13]. One advantage of this
arrangement is that metabolically unstable compounds inside MVP can be somewhat
protected from enzymatic degradation. Studies have reported that circulating MVP are
increased in inflammatory skin diseases such as psoriasis, in which many cytokines are also
elevated [17-19]. In translational studies, elevated levels of MVP have been documented in
vascular diseases and correlated with the severity of disease [16,18,19].

Platelet-activating factor (PAF) is the term coined by Jacques Benveniste and colleagues in
the early 1970s for the substance released by activated leukocytes which induced platelet
aggregation [20]. The structure of this activity was elucidated in 1979 and was found to
reside in sn-1 ether linked glycerophophocholines (GPC) with a short-chained fatty acid
(usually acetate) at the sn7-2 position [21]. PAF is synthesized enzymatically via two separate
pathways [22—24]. The remodeling pathway associated with cellular stimulation from a
variety of sources, consists of phospholipase A, (often cytosolic PLA,) followed by an
acetyl-CoA-dependent acetyltransferase (LPCAT) that acetylates a lyso-PAF intermediate to
form PAF. Once generated, PAF is quickly metabolized by acetylhydrolases (PAF-AH)
which remove the sn-2acetyl moiety resulting in the biologically inactive lyso-
glycerophosphocholine [25]. The half-life of PAF has been estimated to be only a few
minutes, due to both serum- and cell-associated PAF-AH [26,27]. Exerting its effects via a
single G-protein coupled receptor (the PAFR), PAF has been found to be involved in
multiple processes ranging from acute inflammatory and allergic responses to delayed
immunosuppression [22,24,28,29]. PAF has been demonstrated to be produced in response
to multiple environmental stressors including thermal injury [10,30,31]. The PAFR exerts its
effects via multiple down-stream signaling pathways including the mitogen kinase (both
ERK and P38), JNK, as well as can indirectly activate the EGFR [32].
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Recent studies by our group have demonstrated that activation of the keratinocyte PAFR
induces MVP release [33-35]. Of interest, UVB radiation, which also is a potent generator
of PAF agonists [28-31], induces MVP in a PAFR-dependent manner [33,34]. Burn injury
also generates PAF [10,36], raising the possibility that MVP could serve as effectors linking
environmental stressors that act upon the skin, with the PAF system playing an intermediary
role. The goal of the present studies is to assess if thermal burn injury generates MVP, what
are contained in these particles, and to define the role of PAFR signaling in this process.

Materials and Methods

Mice

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless indicated
otherwise. Primary murine fibroblasts from C57BL/6J mice skin and HaCaT keratinocyte-
derived cell line were grown in Dulbecco’s modified Eagle’s medium (DMEM) high glucose
media with 10% FCS, 6 mM L-glutamine and a 100 ug/mL mixture of penicillin and
streptomycin as described [10,33,38]. PAF-R-negative KB cells were rendered PAF-R-
positive (KBP) by transducing the MSCV2.1 retrovirus encoding the human leukocyte PAF-
R and PAF-R-deficient (KBM) by transducing with the MSCV2.1 vector alone and grown in
DMEM high glucose media with supplements as described previously [39]. Telomerase-
immortalized keratinocytes (N-Terts) from neonatal foreskins and primary human
keratinocytes from discarded human skin obtained as previously described [38] were grown
in EpiLife medium with 10% FBS, 100 pg/mL mixture of penicillin and streptomycin and
addition of Human Keratinocyte Growth Supplement (HKGS). Primary cells were
experimented in passage 3-6. HaCaT cells were used between passage 70-100, and N-Terts
between passages 40-60. Cell lines were regularly tested for mycoplasma. KBP and KBM
cells (passage 60-80) were grown to approximately 50% confluence with small colonies and
other keratinocyte derived cells were grown to approximately 80-90% confluence in 10 cm
dishes, washed three times with Hanks Balanced Salt Solution (HBSS) and then incubated
with pre-warmed (37°C) HBSS with 10 mg/ml fatty acid-free BSA. Thermal burn injury was
performed by placement of the cell culture dish onto a 90°C water bath for various times
[10,36]. In some experiments, CPAF or TPA or UVB irradiation with a Philips F20T12/UVB
lamp source were employed [30,31,33,35].

Female C57BL/6 wild type mice (PAFR expressing; age 6—8 week) were purchased from
The Charles River Laboratories. PAFR-KO (Pfafr—/-) mice on a C57BL/6 background,
generated as previously described [40], were a kind gift of professor Takao Shimizu
(Department of Biochemistry, University of Tokyo). All mice were used at approximately 7—
10 weeks of age for the experiments. All mice were housed under specific pathogen-free
conditions and kept on a 12-hour light/dark cycle with free access to standard animal chow
and water in the animal facility at the Wright State University. All procedures were approved
by the Institutional Animal Care and Use Committee of Wright State University.

Thermal burn injury in murine skin

Thermal burn injury was performed using our previously published methodology [36]. Wild-
type or Ptafr-/- C57BL/6J mice were anesthetized with ketamine/xylazine (100 and 10
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mg/kg, respectively) and fur removed from dorsal back skin. The dorsal skin of the mice was
treated with 8 second exposure of two 1 x 1 cm stainless steel metal blocks heated to 90 °C,
resulting in an ~12-15% body surface area burns. Mice were given 1 ml of normal saline i.p.
immediately afterwards. At 2h post-treatment, the mice were euthanized and exsanguinated.
Skin biopsies of the burned area were collected for MVP isolation. Blood was collected
from heart and allowed to clot for 30 min at room temperature, followed by centrifugation at
2,000 x g for 10 min at 4 °C. Blood serum was carefully transferred into a new tube and
immediately processed for MVP isolation.

explants

De-identified discarded skin was obtained from contouring surgeries (abdominoplasties and
brachioplasties) [31,33,35]. Skin was washed, fat trimmed and placed in PBS warmed at
37°C. Skin blisters were generated with a Vacuubrand® vacuum pump, 100 mbar, attached
to the barrel of a 20 ml syringe. Once blisters had formed (see Figure 2B), the barrels were
removed, and surface of blisters were treated. As shown histologically in Figure 2B, the
blisters were induced in such a fashion to separate epidermis from dermis. In the skin
experiments, skin was burned with 90 °C water using a funnel for various times exactly as
previously reported [36]. For other treatments, topical agents added or UVB irradiation was
performed on the skin/blister roofs [35,36]. After various times, either skin biopsies were
obtained or blister fluid was collected via a 25 ga syringe and weighed.

Isolation and measurement of MVPs

Microvesicle particles were collected from culture medium as previously described with
slight modifications [33,35]. In brief, cell culture medium, skin blister fluids, and mice blood
serum were collected and centrifuged at 2,000 x g for 20 min to remove cells and debris.
Supernatant then transferred to a new tube centrifuge at 20,000 x g for 70 min. The resulting
pellet contained the isolated MVPs.

For skin biopsies, tissue was cut up finely in the microcentrifuge tube and digested in 0.5 ml
of 5 mg/ml collagenase and dispase solution made in deionized filtered water shake
overnight at 37°C. After overnight digestion, samples were centrifuged at 2,000 x g for 20
minutes to remove tissues, then followed with 20,000 x g centrifugation for 10 min to
remove remaining tissue and subcellular component. MVP from the sample supernatants
were then pelleted at 20,000 x g by centrifugation for 70 min.

The concentration of the MVP was determined by using a NanoSight NS300 instrument
(NanoSight Ltd, Malvern Instruments, Malvern, UK) exactly as previously reported [33,35].
Three 30-second videos of each sample were recorded and analyzed with NTA software
version 3.0 to determine the concentration and size of measured particles with corresponding
standard error.

Measurement of cytokines and chemokines

HaCaT cells were treated with vehicle (0.1% ethanol), CPAF (100 nM) or burn (30 sec),
after 4 hours, medium was collected for MVP isolation. MVP was re-suspended with 100 pl
filtered PBS and stored in —80°C before assay. Cytokine levels were measured by Bio-Plex
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Pro™ Human Cytokine 27-plex Assay kit. Cytokine concentration (pg/ml) was normalized
to MVP number for analysis.

Measurement of PAFR agonistic activity

The presence of PAFR agonists in lipid extracts derived from HaCaT cells was assessed by
ELISA as the ability of lipid extracts to induce IL-8 release in PAFR-expressing KBP cells,
but not in PAFR-deficient KBM cells, as described [31,39]. Lipid extracts were isolated
either from burn treated HaCaT cells, total cell medium at various time points (using
water:methanol:methylene chloride [1:1:1 v/v] exactly as reported [30]), and HaCaT
induced MVP or MVP-depleted supernatant at 2 hrs. Lipids were added to PAF-R
overexpressed KBP cells. The ratio of IL-8 released by treated KBP cells compared to 1 nM
CPAF positive control treated KBP cells were used to determine the PAF-R agonistic
activity level.

Mice ear thickness measurements

Statistics

Results

WT and Ptafr-/- mice ears were treated with: vehicle (20 pl of acetone), CPAF (20 ng),
TPA, or control and burn-induced HaCaT MVP lipid extracts (from 1011 particles in 20 pl
acetone). Mouse ears were measured using a PEACOCK dial thickness gauge before and 2
hours after treatment. Ear swelling levels were used as a surrogate marker for skin
inflammation.

All statistical calculations were performed using GraphPad Prism 6. All experiments were
repeated at least three times in separate experiments. Statistical significance was determined
using one-way or two-way ANOVA and the post-hoc Holm-Sidak method, with alpha=5%.

Thermal burn injury results in increased MVP in keratinocytes.

Our previous /n vitroand in vivo studies demonstrated that thermal burn injury stimulates
enzymatic PAF biosynthesis [10,36]. As PAFR activation can generate MV/P, our first studies
tested if thermal burn injury could generate increased MVP release. For these studies, we
used the human keratinocyte-derived cell line HaCaT [37]. As shown in Figure 1, burn
injury resulted in the release of MVP in a concentration- and time-dependent manner in the
HaCaT keratinocyte cell line. Of note, MVP were generated rapidly in response to thermal
burn, with increased levels noted at 15 min post injury. Microvesicle particle levels appeared
maximal at 1 h (Figure 1A). Time-response studies indicated that MVP generated in
response to thermal burn injury (Burn-MVP) were elevated at similar levels from 4-8 hours
post-injury, then decreased to baseline levels by 24 hours (Supplemental Figure S1). Of note,
the viability of HaCaT cells following thermal burn injury at 4h was essentially 100% in
response to an 8 sec injury, yet decreased to 25-30% following 30 or 45 sec burn injuries
(Supplemental Figure S2). Thermal burn injury resulted in greater numbers of MVP release
in HaCaT cells compared to treatment with the PAFR agonist carbamoyl-PAF (CPAF) or
UVB. The amount of thermal burn injury as defined by time of exposure at 90 degrees also
resulted in a concentration-dependent response (Figure 1B). Similarly, thermal burn injury
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resulted in MVP production in primary cultures of human keratinocytes in vitro (Figure 1C)
and in immortalized N-tert keratinocytes (Supplemental Figure S3). Thermal burn injury
also induced increased levels of MVP in primary cultures of murine fibroblasts indicating
that other cell types residing in skin could respond to a burn injury (Figure 1D). CPAF did
not result in increased MVP release in PAF-R-negative skin fibroblasts [38], yet C-2
ceramide (but not control dihydroceramide) exerted this effect. To similarly assess if burn
injury can generate MVP in human skin, we treated discarded human skin tissue from body
contouring surgeries (e.g., abdominoplasties [35,36]) with an aqueous burn and 4 h later did
punch biopsies and tested them for MVP. As shown in Figure 2A, thermal burn injury was a
potent generator of MVP, with slight but not statistically significant increased MVP in
comparison to UVB radiation, but statistically significant increased MVP in comparison to
topical application of the PAFR agonist CPAF in human skin explants (p<0.05). As a punch
biopsy samples both epidermis and dermis, the exact source of the MVP generated and
where they resided in response to thermal burn injury was not able to be determined. To
assess if the MVP being generated were actually leaving the epidermis, we generated suction
blisters on the skin [35,36], followed by treatment of the induced blister roofs with thermal
burn injury, CPAF, TPA or UVB. As shown in Figure 2B, suction blisters result in the
formation of an epidermal roof, with dermis at the base. Treatment of blister roofs with
thermal burn injury, UVB, or topical application of CPAF or the phorbol ester TPA resulted
in increased levels of MVP in the subepidermal blister fluid at 4 h post treatment (Figure
2C). Thermal burn injury resulted in a statistically-significant increase in blister fluid MVPs
in comparison to the other stimuli employed (Figure 2C). These studies indicate that thermal
burn injury induces the production and release of MVP from human skin with the likely
major source being the epidermal keratinocyte.

Involvement of the PAFR in MVP generation.

Given that thermal injury generates PAF [10,36], PAFR activation generates MVP [33,35],
and the environmental PAF-inducing stimulus UVB generates MVP in a PAFR-dependent
manner [33], we sought to define if thermal burn injury-induced MVP also involve the
PAFR. Our first studies tested the ability of the PAFR antagonist WEB 2086 [41] to block
thermal burn injury-induced MVP generation. As shown in Figure 3A, pretreatment of WEB
2086 blocked the increased levels of MVP generated in response to the PAFR agonist CPAF
yet did not affect the PAFR-independent stimulus of the phorbol ester TPA. Pretreatment
with the PAFR antagonist also blocked the MVP generation in response to burn injury.
Similar findings were noted with treatment of HaCaT cells with 1 uM of the PAFR
antagonist CV-6209 (adata not shown). To confirm the pharmacologic studies, we tested
MVP generation in cell lines with/without the PAFR. To that end, we used the PAFR-
negative human epidermoid cell line KB transduced with PAFR (KBP) or control MSCV2.1
retrovirus (KBM) [39]. As shown in Figure 3B, treatment of KBM/KBP cells with CPAF or
UVB resulted in MVP generation solely in the PAFR-expressing KBP cells, yet TPA
generated equal levels of MV/P in both cell types. Thermal burn injury generated MVP in
both cell types, yet, MVP levels were much higher in KBP cells, especially in response to
the increased (45 sec) burn exposure.
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The next studies sought to define if thermal burn injury can generate MVP in vivo, and the
role of the PAFR in this process. Using our published protocol [36], thermal burn injury of
approximately 12-15% body surface area was performed on the back skin of anesthetized
wild-type or PAFR-deficient (Pfafr—/-) mice on a C57BL/6 background. At 2h post
treatment, the mice were euthanized, and MVP measured in skin biopsies of injured skin and
in blood. As shown in Figure 3C & 3D, increased levels of MVP were detected in both the
skin and blood in wild-type mice. However, increased levels of MVP were not found in
PAFR-deficient mice.

Pharmacologic strategies can also be useful adjuncts to provide mechanistic insights into
complex processes. Use of pharmacologic inhibitors of second-messenger systems revealed
that MVP generated in response to CPAF in HaCaT cells were blocked by preincubation
with the NF-kB inhibitor ammonium pyrrolidine dithiocarbamate (PDTC) [42],
MAPK/ERK kinase (MEK) inhibitor PD98,059 [32,43], INK inhibitor SP600125 (1,9-
pyrazoloanthrone) [32,44], P38 MAPK inhibitor SB203580 (4-[4-(4-fluorophenyl)-2-(4-
methylsulfinylphenyl)-1H-imidazol-5-ylI] pyridine) [32,45], and Rho Kinase-1 (ROCK1)
inhibitor Y27632 (4-[(1R)-1-aminoethyl]-N-pyridin-4-ylcyclohexane-1-carboxamide) [46].
Yet, the general caspase inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]-fluoromethylketone) [47,48] had no effect on PAFR-mediated MVP release,
suggesting that apoptosis was not involved in this process. Of importance, Z-VAD-FMK at
the concentration used (11.2 pg/ml [~24 uM]) was 2x the dose that we previously
demonstrated blocks UVB-induced apoptosis in KB cells [47]. Consistent with the concept
that PAFR signaling was involved in burn-mediated MVP generation, inhibitors of NF-kB,
MEK, JNK and P38 also inhibited MVP release from HaCaT cells (Figure 4B) and human
skin (Figure 4C). Yet, ROCK1 inhibition which effectively neutralized PAFR-mediated
(Figure 4A), did not appreciably block burn-generated MVP. Altogether, these studies
indicate that MVP can be generated systemically, and PAFR signaling appears to play an
important role in this process.

Bioactive agents in keratinocyte-derived MVP.

Microvesicles have been reported to contain a range of bioactive substances [12,13]. As
thermal burn injury generates cytokines in keratinocytes [49], the next studies were designed
to assess if MVP were used to carry cytokines. To that end, HaCaT cells were treated with
either thermal burn injury or sham treatment. Four hours post-treatment, MVP were isolated
and subjected to cytokine analysis using multiplex technology [36]. Surprisingly, cytokine
levels in the MVP generated from thermal burn injury contained lower levels of all protein
cytokines measured (see Figure 5 depicting a few representative cytokines and Table S-1
listing all cytokine values).

Given that thermal burn injury generates PAF [10,36], we tested whether this
glycerophosphocholine which remains in the lipid bilayer component of the cellular
membrane, could be using MVP to leave the cell. Our first studies tested PAFR agonist
activity in cell versus supernatant over time in response to thermal burn injury. PAFR agonist
levels in the lipid extracts derived from the cell vs supernatants at various times post-burn
treatment were measured by exposing them to KBM/KBP cells and measuring I1L-8 release
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as a surrogate for PAFR activation (see Figure 6 A). As shown in Figure 6 B, at 5- and 10-
min post thermal burn injury, the vast majority of PAFR agonistic activity (normalized to
CPAF-induced IL-8 production in KBP cells) was cell-associated. However, by 120 min post
treatment, the only appreciable PAFR agonistic activity was found in the supernatants. Of
interest, even at 4 h post-treatment, significant levels of PAFR agonistic activity were found
in the supernatants. To define whether the PAFR activity found in supernatants was
associated with MVP, we separated the MVP from the supernatants and tested both
components. As shown in Figure 6C, the PAFR agonistic activity resided in the MVP. Of
importance, treatment of PAFR-negative KBM cells with lipid extracts derived from burn
treated cells, supernatants or MVP did not result in IL-8 release, though positive control TPA
did generate IL-8 in these cells (data not showrn). The amounts of PAFR agonistic activity in
MVP from thermal burn injury treated HaCaT cells at 120 min was measured in comparison
to various concentrations of PAF (1-hexadecyl 2-acetyl GPC) which revealed approximately
30 ng PAF in 1011 MVP (Supplemental Figure S-4). These findings fit with the model
depicted in Figure 6D that PAF being generated in response to burn injury residing in the
cellular membranes then forms the MVP. The PAF lipids are preserved in the MVP, whereas
acetylhydrolases in the cell remove the cellular PAF. Finally, to confirm the PAFR biological
activity of MVP, we took advantage of the known ability of PAF to generate acute skin
inflammation, in a process due to PAFR-dependent mast cell degranulation [50,51]. To test
this, we topically treated the dorsal ears of wild-type and PAFR-deficient mice with lipid
extracts from MVP derived from either untreated or thermal burn injury treated HaCaT cells,
and measured ear thickness using calipers. As shown in Figure 7, lipid extracts derived from
burn injury-generated MVP resulted in increased ear thickness selectively in wild-type mice.
Topical treatment with CPAF also resulted in increased ear thickness in wild-type but not
Ptafr—/—mice, yet topical TPA resulted in increased responses in both genotypes. These
studies support the concept that MVP contain functional PAF agonists.

Discussion

The keratinocyte, due to its location, commonly encounters environmental stressors,
including UV radiation, thermal burn injury, and toxic chemicals. Thus, the mechanisms by
which keratinocytes release bioactive substances is an important area of investigation.
Though first thought to be unimportant debris, subcellular particles such as MVP have been
demonstrated to play an important role in cell to cell communication, in great part through
their abilities to transport bioactive compounds [9-11]. The types of bioactive agents known
to be carried by MVP include cytokines and microRNAs. The potential advantage of MVP
transport could be not only protection against degradation, but also the ability to traffic to
specific cell types based upon cellular receptors.

The current studies demonstrate that thermal burn injury results in the formation and release
of MVPs. Burn injury appears to be a potent MVP generator in comparison to other stimuli
such as PAFR agonist or UVB (Figure 1). Through use of both pharmacologic inhibitors and
genetic (cell lines and mice plus/minus PAFRS) approaches, optimal burn injury generated
MVP appears dependent upon PAFR activation. Use of pharmacologic inhibitors of ERK,
JUNK, MAPK kinase signaling pathways indicated that burn injury-generated MVP release
could be affected by various signaling pathways linked to PAFR activation [32]. Yet, burn-
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induced MVPs are not totally dependent upon PAF as some MVP can be generated in
PAFR-negative KBM as well as in murine fibroblasts (Figures 2B and 1D, respectively).
These findings suggested that PAFR is not necessary for MVP generation, but, is important
for optimal MVP production following a thermal burn injury.

Microvesicle particles have been reported to carry multiple bioactive agents including
protein cytokines [11-13]. The current studies also indicate that MVP derived from
unstimulated HaCaT cells can carry a wide range of protein cytokines. Surprisingly, MVP
which are generated in response to thermal burn injury carry lower amounts of most
cytokines in comparison to unstimulated MVPs (Figure 5 and Table S1). The exact
mechanism(s) by which lower levels of cytokines reside in Burn-MVPs is unclear, though it
is possible that this constitutes a protective response in that the host will not be subjected to
high levels of cytokine-laden MVPs leaving the epidermis in response to a skin thermal burn
injury. This appears to be of potential importance given our findings that thermal burn injury
to mice results in increased systemic MVP. Of interest, a recent report indicates that burn
injury in both murine models and in human patients resulted in increasing levels of systemic
MVP, which contained high levels of IL-1beta and HMGB [52]. However, these studies
examined 24 and 48 h post-injury, unlike our studies which focused on early time points
(2h). The exact source of increased systemic MVP following thermal burn injury is unclear.
Unfortunately, unlike other cell types, i.e., monocytes, endothelial cells and platelets, there is
not a validated keratinocyte-specific marker to detect keratinocyte MVP in blood.
Presumably, the increased systemic MVPs following a thermal burn injury are derived from
multiple sources.

As MVP contain cellular membranes which include the lipid bilayer, it would not be
surprising that these subcellular particles could also transport lipids, especially phospholipid
mediators. However, little is known about bioactive lipid content of MVPs. The current
studies demonstrate that not only does thermal burn injury generate MVP in keratinocytes,
but these MVP contain PAF agonists. These findings fit with our previously reported
findings that thermal burn injury generates PAF [10,36]. Mass spectrometric analysis of
individual glycerophosphocholines (GPC) with PAF-R agonistic activity produced in
response to thermal burn injury by our group has revealed that the major sn-2acetyl GPC
identified are 1-hexadecyl and 1-palmitoyl GPC species [10,36]. The current studies use a
biochemical rather than a structural assay to measure PAF activity for several reasons. First,
IL-8 release in KBP cells is more sensitive than the amounts needed for mass spectrometry.
As shown in Supplemental Figure S5, we can routinely measure concentrations of PAF of <1
nM (~0.5ng/ml), whereas we would need 5-10 times these amounts for our mass
spectrometric methodologies [10,30,36]. Second, the ability to use PAFR-negative KBM
cells provides specificity to this biochemical assay. Finally, this biochemical assay
measuring KBP IL-8 release measures all PAFR agonistic activity, which is important given
that PAF agonists consist of multiple sr-2acetyl GPC species [53-56]. It should be noted
that there is evidence that 1-acyl PAF species which serve as weak PAF-R agonists, might
serve as endogenous PAFR antagonists through PAFR desensitization [55,56]. Thus, the
ability to measure all PAFR biochemical activity can provide important insights into
biological activity.
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The mechanism by which thermal burn injury results in the production of PAF-filled MVP is
unclear. We hypothesize that PAF generated in response to the thermal burn injury is found
on the cellular membranes, which then act upon the PAFR resulting in augmented MVP
release. In as much as the membranes that constitute MVP contain PAF, this bioactive lipid
can then travel in the formed and released MVP (see Figure 6D for model). Over time, the
cell-associated PAF is degraded by PAF-acetylhydrolases. Of interest, we have tested PAF-
acetylhydrolase enzymatic activity associated with HaCaT-derived MVP and fail to find any
activity using our published methodology, though we can measure this activity in the cell
[36] (aata not shown). Areas of future study would be to test whether PAF associated with
MVP are susceptible to PAF-acetylhydrolases in comparison to “free PAF”, and if PAFR
agonists are more potent receptor agonists when traveling in a MVP vs free lipid in solution.

The exact role of MVP and PAF in thermal burn injury is at present unclear. In the context of
skin, multiple lines of evidence suggest that the PAF system serves as an acute sensor of
cutaneous damage. PAF agonists are not found in appreciable levels in normal skin but can
be measured in response to multiple stressors and pathologic states including UVB,

urticaria, psoriasis and blistering diseases [30,31,54,56-58]. Injection of PAF into skin of
rodents or humans results in an acute inflammatory response [50]. In the context of UVB-
induced sunburn responses, use of PAFR-deficient mice has demonstrated the hyperalgesia
is PAF dependent [59]. Thus, it is likely that a component of the clinical manifestations
thermal burn injury could involve the production of PAF, and the use of MVP as potential
transporters of this bioactive lipid mediator.

In summary, the present studies indicate that keratinocytes generate MVP in response to
thermal burn injury. Moreover, we provide evidence that these burn injury-induced MVP can
leave the epidermis and potentially travel systemically. The optimal formation of burn
injury-generated MVP involves PAFR activation. Finally, these MVP generated under
pathological conditions do not contain significant protein cytokines, yet contain PAF, which
could provide an important mechanism by which a metabolically labile lipid autacoid can
leave the skin.
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Key Points
Thermal burn injury is a potent generator of microvesicle particles

Optimal burn-generated microvesicle particles depends upon PAF receptor
signaling

Burn-generated microvesicles contain PAF lipids but not protein cytokines
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Figure 1. Thermal burn injury generatesMVP in HaCaT keratinocytes.
(A) Time-response studies. HaCaT cells were subjected to 90°C water bath x 30 sec, or

treatment with 3.6 KJ/m2 UVB, or 100 nM CPAF, or 0.1% ethanol vehicle control. At
various times, the supernatant was removed and MVP measured. (B) Corncentration-
response studies. HaCaT cells were treated with thermal burn injury for either 8, 30 or 45
sec, or 3.6 KJ/m2 UVB, 100 nM CPAF, or vehicle. At 4 h, the supernatant was removed and
MVP measured. Primary cultures of human keratinocytes (C) or murine fibroblasts (D) were
treated with CPAF, UVB (keratinocytes) or 30 sec Burn as in (A) or 2 uM c-2 ceramide or
the inactive dihydroceramide (D) and 4h later MVP measured in supernatants. The data for
A, B, C are the Mean + SE MVP levels normalized to 10° cells from at least four separate
experiments. The data for D are Mean £ SD MVP fold change from a representative
experiment with duplicate samples which is similar to three separate experiments. *Denotes
statistically significant (P<0.05) changes in MVP levels from control values. Please note for
A and B, that thermal burn injury at 30 sec or 45 sec generated statistically significant
(P<0.05) increased MVP in comparison to UVB/CPAF at all time points measured.

J Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Liuetal.

A

MVP (Particles x 10'7/g)

20

sl

Page 17

2]

*%

*%

[ w ES

MVP (Particles x 10'"/L)
*

SHAM VEH CPAF UVB BURN

04
SHAM VEH TPA CPAF UVB BURN

Figure 2. Thermal burn injury of human skin explantsresultsin MVP release.
(A) Human skin tissue explants underwent treatment with a 5 sec application of agueous 90

°C thermal burn injury, 2.5 KJ/m2 UVB, 50 pl topical CPAF (53ng), 0.1% DMSO vehicle, or
no treatment (SHAM). At 4 h post treatment, 5 mm skin biopsies were obtained and
weighed, then MVP were isolated and measured. (B) Suction-induced blisters were
generated on human skin tissue which results in a sub-epidermal blister. (C) Blister roofs
were treated with either 2.5 KJ/m2 UVB, a 5 sec thermal burn injury, topical application of
50 pl of the phorbol ester TPA (62 ng), CPAF (53 ng), 0.1% DMSO vehicle or Sham. At 4 h,
blister fluid was removed and weighed, and MVP isolated and measured. The data are Mean
+ SE MVP levels from at least five separate experiments. *Denotes statistically significant
(P<0.05) or ** (P <0.01) changes in levels of MVP from control (sham-treated) values.
Please note for A thermal burn injury generated statistically significant (P<0.05) increased
MVP in comparison to CPAF but not UVB treatment. For B, thermal burn injury generated
statistically significant (P<0.05) increased MVP in comparison to all other treatments.
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Figure 3. Thermal burn injury of epithelial cellsinduces MVP in a PAFR-dependent manner.
(A) HaCaT cells were treated with no treatment (sham), control (0.1% ethanol) vehicle, or

preincubated with 10 pM of the PAFR antagonist WEB 2086, or 100 nM CPAF, 100 nM
TPA, thermal burn injury (45 sec at 90 °C), or WEB 2086 followed 1 h later by the above
agents. Two hours post-treatment, supernatants were removed and MVP quantified. (B)
KBM and KBP cells were treated with control vehicle, 100 nM CPAF, 100 nM TPA, or
thermal burn injury of 8 or 45 sec. Four hours later MVP were isolated from supernatants.
The data are Mean + SE MVP levels from at least four separate experiments. (C, D) Wild-
type or PAFR KO mice (Ptafr—/-) mice were subjected to a thermal burn injury to
approximately 15-20% body surface area, and 2 h later (C) three 5 mm punch biopsies or
(D) serum was tested for MVP. The data are Mean £ SE MVP levels normalized to SHAM-
treated values from at least 6-8 mice in each group. Statistically significant (*: P<0.05; **: P
< 0.01) changes in levels of MVP from control (SHAM-treated) values. # Denotes
statistically significant (P<0.05) differences in vehicle vs WEB 2086 treatment. N.S., not
statistically significant.
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Figure 4. Effect of pharmacologic inhibitors of various signal transduction pathwayson MVP
generation.
HaCaT cells were pretreated with either no treatment (SHAM), 0.1% ethanol vehicle, or the

NF-xB inhibitor PDTC (1.64 pg/ml; NF-xBi) MEK inhibitor PD98,059 (2.67 pg/ml;
MEKi), INK inhibitor SP600125 (0.22 ug/ml; JNKi), P38MAPK inhibitor SB203580 (3.77
pg/ml; P38i); Rho Kinase inhibitor Y-27632 (0.32 ug/ml; ROCKIi), or the general caspase
inhibitor Z-VAD-FMK (11.2 pg/ml; CASPi). One hour later the cells were subjected to
treatment with (A) 100 nM CPAF or (B) 45 sec thermal burn injury. The data are Mean + SE
MVP levels normalized to SHAM-treated values from at least three separate experiments.
(C) Human skin explants were treated with no treatment (SHAM), 100 ul of 0.1% DMSO
vehicle, or application of above amounts of various inhibitors but in 100 ul DMSO (resulting
in 10x concentrations compared to in vitro studies). After one hour the tissue was treated
with a 5 sec aqueous thermal burn injury (BURN). At 4 h the tissue was harvested, weighed,
and MVP measured. The data are Mean = SE MVP levels normalized to SHAM-treated
values from at least three separate experiments. *Denotes statistically significant effect
compared to SHAM-treated. # Denotes statistically significant differences in vehicle vs
inhibitor treatment. ~ Denotes statistically significant effect compared to SHAM, but not
CPAF/BURN treatment (P<0.05).
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Figure 5. Burn-MVP contain only small amounts of protein cytokines.
HaCaT cells were subjected to a 30 sec thermal burn injury or sham treatment and MVP

isolated at 4 h. Cytokines were measured using a multiplex assay. The above depicts Mean +
SE% cytokine levels of representative ones compared to sham treatment from three separate
experiments. Please see Table S1 for data of all 27 cytokines assayed. * Denotes statistically
significant (P<0.01) changes in levels of cytokines in the Burn-MVP compared to untreated

values.
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Figure 6. Burn-MVP contain large amounts of PAF agonistic activity.
(A) Model of KBP-1L-8 assay where a complex mixture (lipid extracts) containing PAF

agonists are incubated with PAFR-positive KBP cells and IL-8 released used as surrogate of
PAFR activation, and compared to positive control CPAF. (B) HaCaT cells were treated with
thermal burn injury (45 sec at 90°C) and at various times cells and supernatants isolated and
lipids extracted, and PAFR agonistic activity assessed by measuring IL-8 release in KBP
cells and comparing to 1 nM CPAF-induced IL-8 release in KBP cells. (C). Supernatants
were removed at 2 h post thermal burn injury or Sham (Control) treatment, and subjected to
centrifugation to remove MVP. Lipids were extracted from MVP and MVP-free supernatants
and PAF-R agonistic activity measured in KBP cells and compared to 1 nM CPAF. The data
are Mean £ SE % CPAF responses from three separate experiments. (D) Hypothetical
model by which PAF lipids (YELLOW CIRCLEYS) are generated by thermal burn
injury resulting in Burn-M VP containing large amounts of PAF. Note that both cell
membrane and MVP contain PAF initially and over time cellular PAF-acetylhydrolases
remove the cell-associated PAF, but, large amounts of labile PAF agonists remain in MVP.

J Immunol. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Liuetal.

Page 22

I
*

WT PAFR-KO

-
N
1

>
*

(x 0.01 mm)
*

N.S.

Change in Ear Thickness

VEHICLE
CON-MVP
Burn-MVP

CPAF
TPA
CPAF
TPA

VEHICLE
Burn-MVP

Figure 7. Topical application of lipid extracts from Burn-M VP generates acute inflammation in a
PAFR-dependent manner.

Lipid extracts were obtained from 101 MVP derived from HaCaT cells 4 h post thermal
burn injury (Burn-MVP) or untreated (CON-MVP) HaCaT cells. These lipid extracts were
then applied topically to dorsal ears of wild-type or PAFR KO (Ptafr-/-) mice. Other mice
were treated with topical CPAF (100 ng), TPA (1 pg), or 100% ethanol vehicle. At 2 h post-
treatment, thickness of murine ears were measured and compared to pre-treatment values.
The data are Mean + SE change in ear thickness from at least six mice in each group.
*Denotes statistically significant (P<0.05) changes in comparison to vehicle control.
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