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Keratinocyte-derived microvesicle particles
mediate ultraviolet B radiation-induced systemic
immunosuppression
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and Jeffrey B. Travers'?#

'Department of Pharmacology and Toxicology, “Department of Dermatology, and *Department of Plastic Surgery, Wright State University, Dayton, Ohio, USA. “Dayton VA Medical Center, Dayton, Ghio, USA.

A complete carcinogen, ultraviolet B (UVB) radiation (290-320 nm), is the major cause of skin cancer. UVB-induced systemic
immunosuppression that contributes to photocarcinogenesis is due to the glycerophosphocholine-derived lipid mediator
platelet-activating factor (PAF). A major question in photabiology is how UVB radiation, which only absorbs appreciably in the
epidermal layers of skin, can generate systemic effects. UVB exposure and PAF receptor (PAFR) activation in keratinocytes
induce the release of large numbers of microvesicle particles (MVPs; extracellular vesicles ranging from 100 to 1000 nm in
size). MVPs released from skin keratinocytes in vitro in response to UVB (UVB-MVPs) are dependent on the keratinocyte
PAFR. Here, we used both pharmacologic and genetic approaches in cells and mice to show that both the PAFR and enzyme
acid sphingomyelinase (aSMase) were necessary for UVB-MVP generation. Our discovery that the calcium-sensing receptor

is a keratinocyte-selective MVP marker allowed us to determine that UVB-MVPs leaving the keratinocyte can be found
systemically in mice and humans following UVB exposure. Moreover, we found that UVB-MVPs contained bioactive contents

systemic immunosuppression.

Introduction

Ultraviolet B (UVB) radiation (290-320 nm) is both a mutagen
and an immunosuppressant and is a primary cause of skin cancer
(1, 2). UVB-induced systemic immunosuppression is due to the
glycerophosphocholine-derived lipid mediator platelet-activat-
ing factor (PAF) in a process involving cyclooxygenase-2-derived
prostaglandins and histamine/chemokine-regulated cell chemo-
taxis that promotes mast cell migration to draining lymph nodes,
where they activate Tregs and potentially regulatory B cells and
thereby contribute to photocarcinogenesis (3-7). Although this
UVB-mediated systemic immunosuppressive pathway has been
characterized, a major question that remains is how metabolically
labile PAF agonists leave the epidermis.

Formed in response to diverse stressors, subcellular microve-
sicle particles (MVPs), which form from the plasma membrane,
have been demonstrated to transport various bioactive substances
(8, 9). Recent studies have implicated MVPs as potential effectors
for UVB. In particular, UVB irradiation of the keratinocyte-derived
human cell line HaCaT as well as human skin explants results in
PAF receptor (PAFR) signaling-dependent MVP release (10, 11).
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including PAFR agonists that allowed them to serve as effectors for UVB downstream effects, in particular UVB-mediated

Although increased MVPs have been described in inflammato-
ry disorders such as lupus erythematosus and psoriasis, the source
of MVPs and overall pathologic significance are as yet unclear (12,
13). The present studies sought to define the metabolic pathway by
which MVPs are generated by keratinocytes in response to UVB
(UVB-MVPs) and their significance in UVB-mediated effects. We
also report here that MVPs derived from keratinocytes express the
calcium-sensing receptor (CaSR) (14, 15), which allowed us to test
complex mixtures for keratinocyte-derived MVPs.

Results

To further confirm PAFR involvement in UVB-MVP release, we
treated HaCaT keratinocytes with UVB or the metabolically stable
PAFR agonist carbamoyl-PAF (CPAF), which resulted in increased
MVP levels in cellular supernatants as soon as 2 hours after treat-
ment (Figure 1A). Similar findings were noted in immortalized N/
TERT and primary human keratinocytes (Supplemental Figure 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI144963DS1). The highest fluences of UVB
used resulted in only approximately 20% cell death (Supplemen-
tal Figure 2). As signal transduction pathways that regulate MVP
release, including p38 MAPK, ERK, NF-kB, are downstream of
PAFRactivation (16-18), we next tested pharmacologic inhibitors of
these pathways for their abilities to modulate UVB- and CPAF-me-
diated MVP release in HaCaT keratinocytes. Inhibitors of the p38
MAPK, ERK, and NF-«B pathways all attenuated the stimulation
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Figure 1. UVB-induced MVP release in HaCaT keratinocytes and human skin explant tissue. For the in vitro studies, (A) HaCaT keratinocytes were treated
with 0.1% ethanol vehicle control, 100 nM CPAF, or 3600 J/m? UVB, and the levels of MVPs released into the supernatants were measured at various time
points. (B) HaCaT keratinocytes were treated with CPAF or UVB and an inhibitor (i) of aSMase (imipramine, 50 uM), P38 MAPK (SB 203580, 10 uM), ERK
1/2 (PD 98,059, 10 uM), NF-«xB (PDTC, 10 puM), or pan-caspase (Z-VAD-FMK, 24 uM) 1 hour before CPAF or UVB treatment or immediately after UVB (imip-
ramine) treatment. The levels of MVPs released into the supernatants were measured 4 hours later. (C) For the ex vivo studies, human skin explants were
either untreated or treated with vehicle (VEH) (90% ethanol plus 10% DMSO0), the aSMase inhibitor imipramine (500 uM), UVB (2500 J/m?), or imipramine
or vehicle 30 minutes before or immediately following UVB irradiation. Four hours later, MVPs were quantified in skin biopsies. The data in A-C are pre-
sented as the mean + SD of 3 (B) or 4 (A and C) independent experiments. *P < 0.05; *P < 0.05 versus control (A), vehicle (B), or sham (C), by 1-way ANOVA.

of MVP release (Figure 1B), supporting the concept that PAFR sig-
naling mediates UVB-MVP release. Yet the pan-caspase inhibitor
Z-VAD-FMK exerted no effect on stimulated MVP release, sug-
gesting that apoptosis may not be involved. Ex vivo studies demon-
strated that UVB elicited similar MVP release responses in human
skin explant tissue (Figure 1C). Dosage- and time-response stud-
ies in WT C57BL/6 mice further revealed that UVB induced MVP
release in a dosage- and time-dependent manner, with the maxi-
mal numbers of skin UVB-MVPs released approximately 4-8 hours
after UVB exposure (Figure 2, A and B).

Stimulus-mediated translocation of the enzyme acid sphin-
gomyelinase (aSMase) from lysosomes to plasma membranes is
a common lipid pathway mediating MVP release (19, 20). Inter-
estingly, PAFR activation has been reported to induce mem-
brane translocation of aSMase and increase its enzymatic activity
(21, 22). Several lines of evidence link aSMase as the effector for
PAFR-mediated MVP release. First, HaCaT keratinocytes respond-
ed to CPAF and UVB with increased aSMase enzymatic activi-
ty (Supplemental Figure 3). Second, treatment with the aSMase
inhibitor imipramine (23) after UVB irradiation blocked stimulated
MVP release in HaCaT cells (Figure 1B), human skin explants (Fig-
ure 1C), and murine skin (Figure 2C). Finally, use of PAFR-KO (Pta-
fr”") and aSMase-KO (Spmd1”") mice confirmed the roles of PAFR
and aSMase in UVB-MVP release in skin tissue (Figure 2C). Topical
application of the aSMase product C2 ceramide, but not biological-
ly inactive dihydroceramide (24), resulted in increased MVPs in
Spmdl”- mice (Figure 2C). These studies indicate that UVB gener-
ates MVPs in a process involving PAFR signaling and aSMase.

Animportant knowledge gap in photobiology is how keratino-
cytes transmit UVB-generated signals systemically. To determine
whether UVB-MVPs can potentially serve this role, we tested if
keratinocyte-derived MVPs could be measured in plasma fol-
lowing UVB irradiation of skin. As shown in Figure 2, D and E,
UVB irradiation of the back skin of WT mice resulted in increased
levels of plasma MVPs. Kinetics of plasma UVB-MVPs closely

resembled that of skin-derived UVB-MVPs (compare Figure 2, A
and B, with Figure 2, D and E). To confirm the keratinocyte ori-
gin of the increased plasma MVPs, we tested the expression of
the membrane protein CaSR, which has been demonstrated to
be expressed in keratinocytes and other epithelial tissues (25).
Immunocytochemical studies (Supplemental Figure 4) con-
firmed that HaCaT and epithelial PFAR-expressing KB (KBP)
cells, but not fibroblasts, were CaSR positive. Flow cytometric
analysis revealed that MVPs released from HaCaT and N/TERT
cells were positive but that fibroblasts and endothelial cells were
negative for the CaSR (Supplemental Figure 5). Ex vivo studies
using vacuum-generated blisters on human skin explants treated
with UVB or topical CPAF (11) generated increased numbers of
CaSR-positive MVPs in blister fluid compared with the control
(Supplemental Figure 6), suggesting that epidermal keratinocytes
were a significant source of the increased MVPs in the blister flu-
id. These studies indicate that the CaSR can be used as a marker
to track keratinocyte-derived MVPs. Murine plasma MVPs mea-
sured after UVB exposure expressed CaSR protein in a dose-
dependent pattern similar to that observed with cutaneous MVP
release (Supplemental Figure 7), consistent with the notion that
some of these blood MVPs were derived from epidermal kerati-
nocytes following UVB irradiation.

We next confirmed the UVB effects on systemic MVP release
in humans. As shown in Figure 3A and Supplemental Table 1, pilot
studies testing the effect of acute UVB irradiation on human skin
in vivo demonstrated a 2-fold increase in MVPs in skin biopsies 4
hours after treatment following a clinically relevant (1000 J/m?
UVB, which is approximately 2.5 times the minimal erythema dose
for patients with Fitzpatrick types I and II phototypes) UVB flu-
ence. To determine whether UVB irradiation of large surface areas
of human skin results in systemic UVB-MVPs, we enrolled partic-
ipants undergoing medical phototherapy with a narrow-band (311
nm) UVB source in our dermatology clinic. Blood plasma MVPs
were quantified before and 2 and 4 hours after treatment. As
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Figure 2. UVB-induced MVP release requires PAFR activation and aSMase. Groups of 7-10 WT mice were treated with sham or 7500 J/m? UVB for various
durations, and MVPs were quantified in (A) skin tissue and (D) blood plasma. Groups of 8-10 WT mice were treated with various UVB fluences, and 4 hours
later, MVPs were quantified in (B) skin tissue and (E) blood plasma. (C) Groups of 8-12 WT and PAFR- and aSMase-deficient mice were treated with sham,
UVB (7500 J/m?), vehicle (30% ethanol plus 10% DMSOQ), CPAF (100 uM), TPA (100 uM), C2 ceramide (C2-CER) (20 uM), or inactive dihydroceramide (DEH-
CER) (20 puM). Four hours later, duplicate skin biopsies were obtained and weighed, and MVPs were quantitated. Data are presented as the mean + SD.

#P < 0.05 versus sham (A, B, D, and E) or vehicle (C), by 1-way ANOVA.

depicted in Figure 3B and Supplemental Table 2, patients undergo-
ing high-dose UVB treatments exhibited an almost 3-fold increase
in MVP levels in plasma 4 hours after treatment. Flow cytometric
analysis of plasma MVPs revealed that these subcellular bodies
did not express appreciable levels of the CaSR at baseline, yet after
UVB radiation, we detected a population of CaSR-positive MVPs
(see Figure 3C). These studies using both preclinical and human
models indicate that UVB-MVPs derived from keratinocytes can
be found systemically.

Given that UVB irradiation stimulates the release of bioactive
lipids and protein cytokines (6, 7), we tested MVPs derived from
HaCaT keratinocytes treated with CPAF or UVB for the presence
of 27 cytokines. As shown in Figure 4A for a group of represen-
tative cytokines and in Supplemental Table 3 for all the cytokines
tested, most cytokine levels in UVB-MVPs were very low com-
pared with levels in unstimulated MVPs. Of note, we found that
levels of the IL-1 receptor antagonist, a cytokine with antiinflam-
matory properties (26), were elevated in UVB-MVDPs.

UVB also generates PAF and oxidized glycerophosphocho-
line PAFR agonists (27). To assess whether PAFR agonistic lipids
could also be found in keratinocyte-derived MVPs, we tested the
PAFR biochemical agonistic activity of UVB-treated HaCaT kera-
tinocytes. We measured PAFR agonist levels in the lipid extracts
derived from cells versus those in supernatants at various time
points after UVB treatment by exposing the lipid extracts to
PAFR-positive KBP cells and measuring IL-8 release as a surrogate
for PAFR activation, a validated biochemical assay that measures
total PAFR activity (28-31). As shown in Figure 4B, five and ten min-
utes after UVB irradiation, the majority of PAFR agonistic activity
(normalized to CPAF-induced IL-8 production in KBP cells) was

J Clin Invest. 2021;131(10):e144963 https://doi.org/10.1172/)C1144963

cell associated. However, by 120 minutes after irradiation, the
only appreciable PAFR agonistic activity was found in the super-
natants. To confirm whether the supernatant-associated PAFR
activity was due to MVPs, we separated MVPs from the superna-
tants and tested each sample. The majority of the PAFR agonistic
activity resided in MVPs, not MVP-depleted supernatants (Figure
4C). We measured the PAFR agonistic activity in UVB-MVP lipid
extracts at 120 minutes compared with various concentrations of
a major PAF species (1-hexadecyl 2-acetyl-GPC), which revealed
the equivalent of approximately 18 ng PAF in 5 x 10'® MVPs (Sup-
plemental Figure 8). To confirm the PAFR biological activity of
MVPs, we topically treated the dorsal ears of WT and PAFR-KO
mice with lipid extracts from UVB-irradiated HaCaT MVPs, which
resulted in increased ear thickness selectively in WT mice (Sup-
plemental Figure 9). Finally, we removed MVPs from plasma of
UVB-treated WT versus Spmdl7- mice and found that only UVB-
MVPs from WT mice showed PAFR activity (Supplemental Figure
10). These studies support the concept that UVB-MVPs contain
functional PAF agonists and fit with our hypothesized model in
Figure 4D showing that PAF agonists being generated in response
to UVB residing in the cellular membranes activate the PAFR,
which translocates aSMase, resulting in MVPs that then carry the
PAF lipids. We propose that PAFR agonistic lipids are preserved in
the MVPs, whereas acetylhydrolases remaining in the cell inacti-
vate cell-associated PAF.

Given our findings that UVB-MVPs carry PAFR agonists and
leave the epidermis, we next tested whether these novel effectors
mediate the systemic immunosuppressive response ascribed
to PAFR activation (3-7). To assess the UVB-MVP effects on
immune competence, WT, Ptafr/-, and Spmdl7- mice received
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Figure 3. UVB-MVPs are released in human skin and blood plasma. (A) A group of 8 participants (see Supplemental Table 1) were exposed to 1000 J/m?
UVB on the volar forearm. Four hours later, skin biopsies were collected from both the UVB-irradiated (see example of UVB skin reaction) and nonirradiat-
ed areas and then weighed, and MVPs were quantitated. (B) Blood samples were collected from 8 clinical patients receiving narrow-band UVB photothera-
py (see Supplemental Table 2) either before (0 h) or 2 or 4 hours after therapy. MVPs were isolated from blood plasma and quantified. (C) CaSR expression
on blood plasma MVPs (n = 8) was analyzed by flow cytometry. MVPs were stained with isotype control (blue line) or CaSR antibodies (red line). CaSR-
stained MVPs were identified using flow cytometry by exclusion of the isotype control-stained MVPs. Graph shows quantification of flow cytometric CaSR
expression on blood plasma MVPs. Data are presented as the mean + SD. Statistically significant differences were determined by 2-sided Student’s t test

(A) or 1-way ANOVA (B and C). *P < 0.05 versus sham (A) or 0 hours (B and C).

an immunosuppressive dose of UVB (7500 J/m?), an i.p. injec-
tion of CPAF, or control treatments and were then subjected to
a well-established delayed-type hypersensitivity protocol (5,
30, 31). As expected, both UVB irradiation of skin and system-
ic exposure to CPAF resulted in immunosuppressive responses
(as measured by inhibition of the ear thickness responses after
elicitation with the neoantigen dinitrofluorobenzene [DNFB])
in WT mice. However, UVB did not generate immunosuppres-
sive responses in Ptafr”~ or Spmdl”- mice (Figure 5A and Sup-
plemental Figure 11). The ability of i.p. injections of CPAF to
attenuate the DNFB elicitation responses in the Spmdl7- mice
indicates that these mice retained their ability to respond to
PAFR-mediated immunosuppressive effects. Inhibition of skin
MVP release by topical treatment with the aSMase inhibitor
imipramine on WT mouse skin showed inhibitory effects similar
to those seen in Spmd17- mice (Figure 5B and Supplemental Fig-
ure 12), suggesting that skin-released MVPs were involved in the
UVB-induced immunosuppression. Topical imipramine did not
attenuate CPAF-induced immunosuppressive effects. Systemic
immunosuppression from various pro-oxidative stressors such
as UVB involves upregulation of the cytokines IL-10 and TGF-B,
with decreased IL-12 and IFN-y and increased Treg differentia-
tion (4-7). Thus, to confirm the functional testing, we assayed
these critical cytokines and Treg levels in lymph nodes follow-
ing UVB treatment of Foxp3Z°' mice (31). As shown in Figure
5C, UVB generated increased mRNA levels of IL-10, TGF-f, and
the Treg-associated gene Foxp3 as well as the marker EGFP in
Foxp3F°f* mice. UVB similarly downregulated the Thl cytokines

IL-12A and IFN-y in draining lymph nodes. It should be not-
ed that the expression of all of these genes was normalized by
application of the topical aSMase inhibitor imipramine.

Discussion
The current report indicates that bioactive MVPs are released
from keratinocytes within hours of exposure to biologically rele-
vant UVB fluences. Discovery of the keratinocyte-selective MVP
marker CaSR revealed that UVB-MVPs can be found in the blood-
stream. The selectivity of the CaSR for the keratinocyte is modest,
as other epithelial cell types (e.g., renal epithelial) also express this
membrane protein (25). Yet in the present studies, the increased
levels of plasma MVP CaSR expression following UVB exposure in
mice (Supplemental Figure 7) and in humans (Figure 3C) under-
going UVB treatments of widespread areas of skin fit with the con-
cept that these MVPs are keratinocyte derived. Of interest, MVPs
derived from homogeneous cultures of keratinocytes did not
result in 100% expression of the CaSR (see Supplemental Figure
5), which could result in an underestimation of keratinocyte-de-
rived MVPs when assayed in biologic specimens. Hence, the CaSR
does have some limitations as a marker for keratinocyte MVDPs.
The present studies demonstrated that these subcellular par-
ticles carry both cytokines and bioactive lipid PAF. Of interest, one
of the cytokines that appeared to be upregulated in UVB-MVPs
was the IL-1 receptor antagonist, a cytokine with well-known anti-
inflammatory characteristics (26). The role of this cytokine in UVB
responses is at present unclear, although theoretically, it could be
involved in the therapeutic effects of phototherapy. With our dis-
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Figure 4. UVB-MVPs carry cytokines and PAF lipids. (A) HaCaT keratinocytes were treated with 100 nM CPAF or 3600 J/m? UVB. MVPs were isolated

from cell supernatants 4 hours after treatment and analyzed for cytokine expression using the Bio-Plex Pro Human Cytokine 27-Plex Assay kit. Data are
presented as the mean + SEM of representative cytokines from 3 separate experiments (see Supplemental Table 3 for all cytokine values). *P < 0.05 versus
control, by 1-way ANOVA. (B) Lipids extracted from UVB-treated HaCaT keratinocytes and culture medium were collected at various time points and tested
for PAFR agonistic activity. PAFR-positive KBP cell release of IL-8 in supernatant was compared with 1 nM CPAF-induced IL-8 production in KBP cells. (C)
HaCaT supernatants, 120 minutes after UVB treatment, were separated into MVP-positive and MVP-depleted supernatants, and lipids were extracted

and then added to PAFR-positive KBP cells to test the PAFR agonistic response. Data in B and C are representative of duplicate samples from 3 separate
experiments with similar results. (D) Hypothesized mechanism by which UVB generates PAFR agonists that activate the PAFR, resulting in aSMase activa-
tion and generation of MVP, which carry bioactive PAFR agonists, whereas cell-associated PAFR agonists are rapidly metabolized.

covery that UVB-MVPs have PAFR agonistic activity, the focus of
the current studies was to define the role of PAF transported by
these subcellular particles. Both the pharmacologic and genetic
strategies aimed at the critical MVP-generating enzyme aSMase
and the PAFR revealed that PAF carried in UVB-MVPs mediatef
delayed systemic immunosuppression responses. Details from
preclinical studies indicated that the relevant PAFR for this immu-
nosuppressive response is on the mast cell (4-6). Hence, a logical
interpretation of the present findings is that metabolically labile
PAF travels from the epidermal keratinocyte to the mast cell via
MVPs. As UVB-mediated systemic immunosuppression plays
a role in diverse areas, from carcinogenesis to the treatment of
proinflammatory disorders (4, 6, 7), we believe that the current
mechanistic studies have clinical relevance. In summary, these
studies offer insights into how keratinocytes transfer environmen-
tal signals systemically and provide potential therapeutic targets
for addressing the adverse effects of UVB radiation exposure.

Methods

Chemicals/UVB. All chemicals were obtained from MilliporeSigma
unless otherwise indicated. Phorbol ester 12-O-tetradecanoylphor-
bol-13 acetate (TPA) was used in cell lines, skin explants, and mice as
a PAFR-independent stimulus, as TPA does not generate PAF in our
model systems (28, 29, 31). For UVB treatment of cells, skin explants,
mice, and human arms, we used a Philips F20T12/UVB lamp source

J Clin Invest. 2021;131(10):e144963 https://doi.org/10.1172/)C1144963

with a Kodacel Filter (Kodak) to remove UVC (27, 28). The fluences
used were based on previous studies by our group and others. In par-
ticular, for keratinocyte lines in vitro, fluences above 1.8 kJ/m? were
needed to generate MVPs (10, 28). In addition, for human skin, fluenc-
es of 1.0 kJ/m? are needed to generate MVPs (11). This is an approxi-
mate fluence reported to generate immunosuppression on human skin
(32). Finally, using mice on a C57BL/6 background, UVB fluences of at
least 5 k]/m? are needed to induce systemic immunosuppression (3, 5).
Human phototherapy studies used a DaavlinnUVB UV 7 Series source.

Cell culture. Cell lines were grown as previously described (10, 17,
27). The HaCaT keratinocyte-derived cell line (provided by Petra Bou-
kamp, German Cancer Research Center, Heidelberg, Germany) and
the PAFR-positive KBP and control (PAFR-negative) KBM cells, gen-
erated as described previously (29), were grown in DMEM high-glu-
cose media with 10% FCS. N/TERT and primary keratinocytes were
grown in EpiLife medium with Human Keratinocyte Growth Supple-
ment (Thermo Fisher Scientific). KBP/KBM cells were grown to 40%
confluence, and HaCaT cells were grown to approximately 80%-90%
confluence in 10 cm dishes. The cells were washed 3 times with
HBSS and then incubated with HBSS plus 10 mg/mL fatty acid-free
BSA for UVB exposures. Cells were either not treated or were treated
with vehicle (0.1% ethanol), CPAF (100 nM), or imipramine (50 uM)
before and after UVB irradiation (3600 J/m? UVB if not specifically
mentioned). In some experiments, 100 nM TPA or 10 uM of the p38
MAPK inhibitor SB203580 (4-[4-(4-fluorophenyl)-2-(4-methylsulfin-
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ylphenyl)-1H-imidazol-5-yl] pyridine), the ERK1/2 (MAPK/ERK
kinase [MEK]) inhibitor PD98,059, the NF-kB inhibitor ammonium
pyrrolidine dithiocarbamate (PDTC), or 24 uM of the pan-caspase
inhibitor Z-VAD-FMK [carbobenzoxy-valyl-alanyl-aspartyl-(O-meth-
yD)-fluoromethylketone] was given 1 hour before CPAF treatment
(except for imipramine, which was given after UVB treatment). The
MAPK and NF-«B inhibitor doses were the same as those used in our
previous studies, as they have demonstrated select inhibition of the
respective pathways (17, 28). The concentration of Z-VAD-FMK used
was based on its ability to block UVB-mediated apoptosis in HaCaT
cells (ref. 28 and data not shown). None of the chemicals used, except
for imipramine, absorbed appreciably in the UVB spectrum.

Mice. Six- to 8-week-old female C57BL/6 WT mice (PAF-R-
expressing) were purchased from Charles River Laboratories, and
some male and female WT mice from our own colonies were also used.
The PAFR-KO (Ptafi’") mice on a C57BL/6 background were a gift
from Takao Shimizu (University of Tokyo, Tokyo, Japan). The Spmdl*/-
heterozygous mice, originally from Edward Schuchman’s laboratory
(19), were obtained from Irina Petrache’s group at the National Jewish
Medical Center (Denver, Colorado, USA). The aSMase KO (Spmd17")
mice were bred with their heterozygous littermates. Eight- to 12-week-
old Foxp3F¢™-knockin transgenic mice on a C57BL/6 background were
obtained from The Jackson Laboratory as previously reported (31). All
mouse lines were rederived every 2 years. All mice were housed under
specific pathogen-free conditions. Mice were i.p. injected with ket-
amine/xylazine (100 and 10 mg/kg, respectively), shaved, and were
then either not treated or given vehicle (90% DMSO plus 10% etha-
nol), imipramine (500 uM), UVB (7500 J/m?), and imipramine imme-

;

diately after UVB treatment. After treatment for 4 hours, the mice were
euthanized. Skin was collected by 6 mm punch biopsies. Tissues were
cut up finely in the microcentrifuge tube and digested in 0.5 mL of 5
mg/mL collagenase and dispase solution overnight at 37°C for MVP
isolation. Blood was collected from the heart in heparin-coated tubes
and the blood plasma prepared immediately for MVP isolation.

Human skin explants. Deidentified discarded skin was obtained
from human contouring (abdominoplasty and brachioplasty) surger-
ies (11, 28). Skin explants were washed, and the fat was trimmed, and
then placed in PBS warmed at 37°C. Next, the explants were treated
or not with 100 uL vehicle per 1 x 1 cm? area (90% DMSO plus 10%
ethanol), or 500 puM imipramine, 2500 J/m? UVB, and imipramine 1
hour before UVB or immediately after UVB treatment. After 4 hours,
skin was harvested by punch biopsies. Tissue samples were digested
with collagenase/dispase solution overnight for MVP isolation (11, 28).

Human skin and blood preparation. For skin MVP collection,
healthy donors were irradiated with 1000 J/m? UVB using the
Philips F20T12/UVB lamp source on arm skin. After 4 hours, skin
tissue were biopsied (5 mm punch biopsies) from irradiated and non-
irradiated areas for MVP isolation. For blood plasma MVPs, patients
who were on a stable dose of narrow-band UVB phototherapy (>20
treatments, with the last UVB treatment at least 4 days before the
current treatment) were enrolled in this study. Before treatment and
2 and 4 hours after treatment, blood from participants undergoing
phototherapy treatment of at least 80% of their body surface area
(using a Daavlin nUVB source on the entire body except the groin
area) was drawn into heparin-coated tubes and proceeded immedi-
ately for MVP isolation.
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MVPisolation and analysis. MVPs were isolated from culture medi-
um, skin biopsies, and blood plasma as previously reported (10, 11, 28).
In brief, cell culture medium, skin biopsy lysates, and blood plasma
were collected and centrifuged at 2000g for 20 minutes at 4°C to
remove cells and debris. Skin biopsy tissue and blood plasma were then
centrifuged at 20,000g for 10 minutes at 4°C to remove any remain-
ing tissue and subcellular components. MVPs were then pelleted after
20,000g centrifugation of the sample supernatant for 70 minutes at
4°C. In some experiments exosomes were collected following an addi-
tional 170,000g centrifugation for 90 minutes. The concentrations of
the MVPs and exosomes were determined using a NanoSight NS300
instrument (Malvern Panalytical). Three 30-second videos of each
sample were recorded and analyzed with NTA software, version 3.0,
to determine the concentration and size of the measured particles with
the corresponding standard error. As shown in Supplemental Figure
13, MVPs were characterized by Western blotting as expressing annex-
in V with only low levels of the exosome-specific markers CD63 and
TSG101. Moreover, transmission electron microscopy revealed MVPs
with appropriate dimensions (Supplemental Figure 13).

Flow cytometry. MVPs were aliquoted into microcentrifuge tubes
with similar concentrations. Each tube was stained with either 1 ngiso-
type control or 1 ng CaSR-FITC antibody (Novus Biologicals, catalog
NB100-1830F). The samples were cultured in the dark at 4°C for 45
minutes. CaSR expression in MVPs was analyzed using a BD Accuri C6
Flow Cytometer (BD Biosciences). The percentage of CaSR-positive
MVPs was derived by comparison of CaSR-stained MVPs with isotype
control-stained MVPs.

Measurement of cytokines and chemokines. HaCaT keratinocytes were
treated with vehicle (0.1% ethanol), CPAF (100 nM), or UVB (3600 J/
m?), and after 4 hours, the medium was collected for MVP isolation. MVPs
were resuspended with 100 pL filtered PBS and stored at-80°C before the
assay. Cytokine levels were measured with the Bio-Plex Pro Human Cyto-
kine 27-Plex Assay kit (Bio-Rad) as previously reported (28). Cytokine con-
centration (pg/mL) was normalized to MVP numbers for analysis.

Measurement of PAFR agonistic activity. The presence and quanti-
tation of PAFR agonists in lipid extracts derived from HaCaT keratino-
cytes and from MVPs isolated from murine plasma were assessed by
the ability of lipid extracts to induce IL-8 release in PAFR-expressing,
but not PAFR-deficient, KBM cells, as previously reported (28, 31).
KB cells were originally derived from a patient with a nasopharyngeal
carcinoma. These cells are a model for human keratinocytes yet lack
PAFRs. The KB cells (obtained from American Type Culture Collec-
tion [ATCC]) were transduced with the MSCV2.1 retrovirus containing
the PAFR (KBP). Control (KBM) cells were transduced with the empty
MSCV2.1 retrovirus (29). Lipid extracts (33) were isolated either from
UVB-treated HaCaT cells or total cell medium at various time points
and HaCa-induced MVP or MVP-depleted supernatant at 2 hours. Lip-
ids were added to PAFR-expressing KBP cells, and supernatants were
removed at 4 hours. The ratio of IL-8 released by treated KBP cells was
compared with 1 nM CPAF-treated KBP cells (positive control), which
were used to determine the PAFR agonistic activity level. Some experi-
ments tested these lipid extracts derived from MVPs on PAFR-negative
KBM cells using TPA =as a positive control for IL-8 release (10, 28, 30).

Contact hypersensitivity studies. The contact hypersensitivity
(CHS) study was performed according to the protocol previously pub-
lished (5, 30, 31). Briefly, on day O, WT, Ptafr”", and SpmdIl7- mice
either received no treatment or were given CPAF (250 ng i.p. injec-
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tion), histamine (1 pg s.c. for Ptafi”~ mice), or UVB (7500 J/m?) on a
2.5 x 2.5 cm shaved area of lower back skin (hair was removed using
clippers 24 hours beforehand), with surrounding skin blocked off
with heavy black paper. Five days later, nonirradiated upper back and
shoulder skin (that had been previously shielded from UVB radiation
using heavy opaque paper) was treated with 50 pL of 0.5% DNFB in
4:1 acetone/olive oil (v/v). Nine days after DNFB treatment, murine
ear thickness was measured, and then 1 ear was treated with 10 pL of
0.5% DNFB and the other ear with vehicle alone. Murine ear thickness
was measured again 24 hours later. The immunosuppressive effects
were determined by the changes in ear thickness between DNFB- and
vehicle-treated ears. Control animals that did not undergo the sensi-
tization step revealed less than a 5% change in ear thickness follow-
ing DNFB treatment. Histamine was used as a positive control in the
PAFR-KO mice, as described in our previous report (5, 31).

Real-time PCR. Expression of cytokines and Tregs in skin drain-
ing lymph nodes from Foxp3=°"" mice was analyzed by real-time PCR
(RT-PCR) exactly as previously described (31). Total mRNA from
murine skin draining lymph nodes was purified using the RNeasy
Micro kit (Invitrogen, Thermo Fisher Scientific). cDNA was synthe-
sized using iScript Supermix (Bio-Rad), and then RT-PCR analysis was
performed using Advanced SYBR Green Supermix (Bio-Rad) accord-
ing to the manufacturer’s protocol. mRNA expression was normalized
to Actb using the ACt method, and the amount of PCR product was
calculated using the 2724t method. See Supplemental Methods for the
list of PCR primer sequences used.

Statistics. All statistical calculations were performed using Graph-
Pad Prism, version 6.0 (GraphPad Software). Statistical significance
was determined by 2-sided Student’s ¢ test or 1-way ANOVA with the
Holm-S$id4k post hoc test (0 =5%). A Pvalue of less than 0.05 was con-
sidered significant.

Study approval. All studies involving mice were approved by the
IACUC of Wright State University. All studies involving humans were
approved by the IRB of Wright State University and followed Decla-
ration of Helsinki Principles. Volunteers provided written informed
consent before enrollment in the study.
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