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Nicotinic acid— and monomethyl fumarate—
induced flushing involves GPR109A
expressed by keratinocytes and COX-2—
dependent prostanoid formation in mice
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The antidyslipidemic drug nicotinic acid and the antipsoriatic drug monomethyl fumarate induce cutaneous
flushing through activation of G protein—coupled receptor 109A (GPR109A). Flushing is a troublesome side
effect of nicotinic acid, but may be a direct reflection of the wanted effects of monomethyl fumarate. Here
we analyzed the mechanisms underlying GPR109A-mediated flushing and show that both Langerhans cells
and keratinocytes express GPR109A in mice. Using cell ablation approaches and transgenic cell type-specific
GPR109A expression in Gpr109a~/~ mice, we have provided evidence that the early phase of flushing depends
on GPR109A expressed on Langerhans cells, whereas the late phase is mediated by GPR109A expressed on
keratinocytes. Interestingly, the first phase of flushing was blocked by a selective cyclooxygenase-1 (COX-1)
inhibitor, and the late phase was sensitive to a selective COX-2 inhibitor. Both monomethyl fumarate and
nicotinic acid induced PGE; formation in isolated keratinocytes through activation of GPR109A and COX-2.
Thus, the early and late phases of the GPR109A-mediated cutaneous flushing reaction involve different epi-
dermal cell types and prostanoid-forming enzymes. These data will help to guide new efficient approaches
to mitigate nicotinic acid-induced flushing and may help to exploit the potential antipsoriatic effects of

GPR109A agonists in the skin.

Introduction

Nicotinic acid (also referred to as niacin) has been used for decades
to treat dyslipidemic conditions, and it was the first lipid-modify-
ing drug for which a beneficial effect on cardiovascular mortal-
ity was reported (1-4). There has recently been a renewed interest
in the pharmacological effects of nicotinic acid, since it is by far
the most efficacious drug to increase HDL-cholesterol plasma
levels (5, 6). Unfortunately, the beneficial effects of nicotinic acid
are accompanied by unwanted effects, of which cutaneous vaso-
dilation (i.e., flushing) is the most problematic (7, 8). Nicotinic
acid-induced flushing lasts for about 1-2 hours and is associated
with a sensation of tingling and burning, causing many patients
to discontinue nicotinic acid therapy. The nicotinic acid-induced
flush phenomenon was first observed shortly after the discovery
of nicotinic acid as a vitamin that can be used to treat pellagra (9,
10). In both humans and animal models, nicotinic acid-induced
flushing has been reported to be biphasic, with the first peak in
intensity occurring shortly after the beginning of the reaction and
the second peak after the first has faded (11, 12).

The fact that nicotinic acid-induced flushing can be reduced by
coadministration of cyclooxygenase inhibitors (13-15) indicates
that prostanoids are important mediators of nicotinic acid-depen-
dent flushing. A role for prostanoids in the flushing reaction is
also indicated by the fact that plasma levels of vasodilatory pros-
tanoids like prostaglandin D, (PGD,) and PGE; and their metabo-
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lites increase after nicotinic acid treatment (13-17). More recently,
genetic and pharmacological approaches provided evidence that
PGD;and PGE; mediate the flushing reaction (12, 18, 19), and a
PGD; DP; receptor antagonist was recently approved in Europe
for the prevention of nicotinic acid-induced flushing (20, 21).

Nicotinic acid-induced flushing is initiated by activation of
G protein-coupled receptor 109A (GPR109A), as mice lacking this
receptor no longer respond to nicotinic acid with flushing (12).
GPR109A is expressed in various immune cells of the skin; in par-
ticular, epidermal Langerhans cells have been shown to express
GPR109A and to be involved in the flushing reaction (22, 23). Inter-
estingly, the antipsoriatic drug monomethyl fumarate, which is
known to also induce a flushing reaction (24), was recently shown
to activate GPR109A (25), which suggests that this receptor can
also mediate antiinflammatory effects in the skin.

Given the obvious clinical relevance of GPR109A activation in
the skin, we sought to better understand the mechanisms under-
lying GPR109A-mediated flushing. Using various genetic and
pharmacological tools, we demonstrated that keratinocytes were
critically involved in the flush reaction and that GPR109A-medi-
ated flushing resulted from 2 distinct mechanisms based on the
activation of Langerhans cells and of keratinocytes.

Results
Keratinocytes express GPR109A. To analyze the expression of
GPR109A in detail, we generated a BAC-based transgenic
mouse line expressing the monomeric red fluorescent protein
(mRFP) under the control of the murine Gpr109a gene promoter
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Scheme of the Gpr109a reporter BAC
transgene. (B and C) Gpr109a expres-
sion in the epidermis. Shown are sec-
tions through the epidermis (B) and en
face views of the epidermis (C) from
WT and Gpr109a™FFF mice. Cell nuclei
were stained with DAPI, and keratino-
cytes and Langerhans cells were visu-
alized by immunofluorescence labeling
with antibodies directed against MHC-II
(B) and cytokeratin (C). mRFP fluo-
rescence was detected in parallel to
visualize GPR109A expression. Dot-
ted line denotes the basal membrane.
Sb, stratum basale; Sg, stratum gran-
ulosum; Ss, stratum spinosum. Scale
bars: 10 um (B); 20 um (C). (D) RT-
PCR to analyze Gpr109a expression
in human and mouse keratinocytes.
The cDNA synthesis reaction was
performed in the absence or presence
of RT. (E) Effects of 100 uM nicotinic
acid (NA) and 10% FBS on ERK1/2
phosphorylation in keratinocytes pre-
pared from WT or Gpr109a-- mice,
analyzed with an antibody recognizing
phosphorylated ERK1/2. In parallel,
the total amount of ERK1/2 was deter-
mined. (F and G) Effect of 100 uM NA
on free [Ca?+]; in Fura-2—loaded kera-
tinocytes from WT (F) and Gpr109a--
(G) mice. ATP (100 uM) was applied
as a positive control.
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(Gpr109a™®? mice; Figure 1A). In 5 independent transgenic lines,
we found expression of mRFP in adipocytes and in various tis-
sues containing immune cells, such as spleen or BM (data not
shown and Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI42273DS1), reflecting
the known expression pattern of GPR109A. In skin sections, we
observed mRFP expression in epidermal Langerhans cells using
confocal fluorescence microscopy (Figure 1B). In addition to Lang-
erhans cells, keratinocytes also showed mRFP expression, albeit
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at levels lower than those in Langerhans cells (Figure 1, B and C,
and Supplemental Figure 2). To verify that keratinocytes express
GPR109A, we performed RT-PCR on mRNA of human and mouse
keratinocytes. The purity of the keratinocyte mRNA was verified
by the absence of any Langerhans cell-specific langerin mRNAs
(Supplemental Figure 3). GPR109A expression, in contrast, was
seen in both mouse and human keratinocytes (Figure 1D).

We then tested whether GPR109A expressed by keratinocytes is
functionally active. Nicotinic acid induced activation of ERK in
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Figure 2

GPR109A expressed by Langerhans cells mediates only the early phase of nicotinic acid—induced flushing. (A) Experimental scheme. At 1 day after
irradiation, Langerin-DTR mice were transplanted with BM from WT or Gpr109a~- mice carrying in both cases Gpr109a™fFP (reporter). At 3 months
after transplantation, both groups were treated with DT, and 3 months later, nicotinic acid—induced flushing was evaluated. LC, Langerhans cells;
kerat, keratinocytes. (B) Fluorescence image of epidermal sheet from transplanted animals before DT treatment stained with an anti-MHC-II anti-
body and analyzed for mRFP expression. (C and D) Nicotinic acid (250 ug/g) induced flushing in both experimental groups before DT treatment. (E)
Fluorescent images of epidermal sheets of transplanted animals stained with anti-MHC-II antibodies and analyzed for mRFP expression 3 months
after DT treatment. (F and G) Effect of nicotinic acid on flushing in mice transplanted with WT and Gpr109a-- BM 3 months after DT treatment. Scale
bars: 20 um. Data are representative of at least 3 independent experiments. Results in D and G are mean + SEM (n = 6). **P < 0.01.
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Figure 3
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WT keratinocytes, but not in Gpr109a~~ keratinocytes, whereas
both responded to FBS (Figure 1E). Keratinocytes from WT and
Gpr109a~- mice were loaded with Fura-2 and exposed to 100 uM
nicotinic acid. WT keratinocytes responded with a transient
increase in free intracellular calcium concentration ([Ca?*];),
whereas Gpr109a7~ keratinocytes were unresponsive to nicotinic
acid, but still able to respond to ATP (Figure 1, F and G).
GPRI109A expressed by Langerbans cells mediates only the early
phase of GPR109A-dependent flushing. The expression of GPR109A
in keratinocytes suggests that activation of GPR109A on kera-
tinocytes is involved in the nicotinic acid-induced cutaneous
flushing reaction. To be able to study the contribution of kera-
tinocytes to nicotinic acid-induced flushing, we generated BM
chimeras by transplanting WT or Gpr1094~~ BM onto irradiated
WT mice. To promote the replacement of resident epidermal
Langerhans cells by cells derived from the transplanted BM, we
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tinocytes is sufficient to mediate
the late phase of nicotinic acid—
induced flushing. (A) Scheme of
the Krt5Gpriova-mRFF BAC trans-
gene. (B) Fluorescence image of
epidermal sheets prepared from
WT and Krt5Gpri09a-mRFP mice.
Shown are en face views of epi-
dermal sheets stained with anti—
MHC-II antibodies and analyzed
for expression of mRFP. Scale
bars: 25 um. (C and D) Effect of
250 ug/g nicotinic acid and 10 ug/g
monomethyl fumarate (MF)
on flushing in WT, Gpr109a--,
and Gpr109a--Krt5Gpr109a-mRFpP
mice. The experiments shown
are representative of at least 9
experiments. Data in D show the
evaluation of the late phase of
flushing (second peak) and are
presented as mean + SEM (n > 9).
**P < 0.01, **P < 0.001 versus
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used transgenic animals expressing the human diphtheria toxin
receptor under the control of the langerin promoter as recipi-
ents (Langerin-DTR mice; Figure 2A). In these animals, treatment
with diphtheria toxin (DT) results in the ablation of Langerhans
cells of the recipient, but not of Langerhans cells derived from
the transplanted BM (26). To track the expression of GPR109A
in the transplanted BM and the cells derived from it, the donor
animals carried the Gpr109a™®* reporter transgene (Figure 2A).
At 3 months after transplantation, hardly any Gpr109a™**-posi-
tive Langerhans cells were detected in the epidermis of trans-
planted mice, which indicates that the Langerhans cells of the
recipient were not yet replaced by cells from the BM (Figure 2B).
As expected, the nicotinic acid-induced flushing response deter-
mined by laser Doppler flowmetry was not changed compared
with WT animals, and there were no differences in the flushing
response between mice transplanted with WT and Gpr109a~/-
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Figure 4

Roles of COX-1 and COX-2 in GPR109A-mediated flushing. (A) RT-PCR
to determine COX-1 and COX-2 expression in human and mouse
keratinocytes, and analysis of COX-2 expression in the epidermis.
The cDNA synthesis reaction was performed in the absence or pres-
ence of RT. Shown are transversal sections of tail epidermis stained
with DAPI and with antibodies specific to COX-2 and MHC-II. Dotted
line denotes the basal membrane. Scale bars: 10 um; 2 um (insets).
(B—F) Flushing responses induced by 250 ug/g nicotinic acid and
10 ug/g monomethyl fumarate in WT mice pretreated 45 minutes prior
to the injection of nicotinic acid or monomethyl fumarate in the absence
(B) or presence of 5 ug/g FR122047 (FR; C), 10 ug/g NS398 (NS; D),
or pretreated with both inhibitors (E), or in GPR109A~-Krt5Grri09a-mRFP
mice pretreated with the same doses of FR122047 or NS398 (F).
Shown are representative traces as well as quantification of at least 4
experiments. Data are mean + SEM (n > 4). *P < 0.05; **P < 0.01.

BM (Figure 2, C and D). At 3 months after DT treatment of mice
(i.e., 6 months after BM transplantation), most Langerhans cells
were mRFP positive (Figure 2E), indicative of successful quanti-
tative exchange of the Langerhans cell population in the skin of
transplanted animals. Mice with WT Langerhans cells showed
a normal flushing response (Figure 2, F and G). Surprisingly,
animals with Gpr109a~/- Langerhans cells lacked only the first
peak of the flushing reaction; the second peak was unaltered
(Figure 2, F and G). This suggests that GPR109A expressed on
Langerhans cells is required for the initial phase of the flush-
ing reaction, whereas GPR109A expressed on keratinocytes may
mediate the late phase of the flushing response.

Expression of GPR109A by keratinocytes is sufficient to mediate the
late phase of flushing. To study whether expression of GPR109A
on keratinocytes is sufficient for the induction of the late phase
of nicotinic acid-induced flushing, we generated mice express-
ing a GPR109A-mRFP fusion protein under the control of the
Krt§ promoter (Krt56rri0%mRFP mice; Figure 3A). The GPR109A-
mRFP fusion protein was functionally active when tested in
vitro and mediated nicotinic acid-induced Ca?* transients simi-
lar to those mediated by the WT receptor (Supplemental Fig-
ure 4). Expression of the GPR109A-mRFP protein in keratino-
cytes was verified by confocal immunofluorescence microscopy
(Figure 3B). Staining of epidermal sheets with anti-MHC-II
antibodies showed that Langerhans cells did not express the
GPR109A-mRFP fusion protein. No expression of the fusion
protein was observed in other organs like dermis, blood vessels,
spleen, liver, or adipose tissue (data not shown). We then crossed
Krt5OPRIOOAmREP mjce with animals lacking GPR109A, generating
Gpr109a~/-KrtSGPRIOAmREP mijce, which express GPR109A only in
keratinocytes. Nicotinic acid induced an increase in free [Ca?*];
and in the phosphorylation of ERK1/2 with similar efficacy in
keratinocytes prepared from Gprl109a~-Krt5%r10%mREP and WT
mice (Supplemental Figure 5 and Figure 1), which indicates that
the transgenically expressed fusion protein was functionally
equivalent to GPR109A in WT cells. Since monomethyl fumarate
was recently shown to be an agonist of GPR109A (25), we tested
both nicotinic acid and monomethyl fumarate for their ability to
induce flushing in WT, Gpr109a~-, and Gpr109a~/-Kyt§GPRI09A-mREP
mice (Figure 3C). The typical biphasic flushing reaction seen
in WT mice in response to nicotinic acid and monomethyl
fumarate was absent in mice lacking GPR109A. However, both
GPR109A agonists induced a delayed transient flushing response
in GPRI09A~/-KrtSCPRIOVA-mREP animals (Figure 3, C and D).
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In its time course and intensity, this delayed and transient flush
resembled the second phase (i.e., second peak) of the nicotinic
acid-induced flushing response seen in WT animals. This clearly
indicates that activation of GPR109A on keratinocytes is suffi-
cient to induce the late phase of the flushing reaction, but does
not mimic the early, initial flushing response.

Differential roles of COX-1 and COX-2 in GPR109A-mediated flush-
ing. We then further analyzed potential mechanisms underlying
the late phase of the nicotinic acid- and monomethyl fumarate-
induced flushing reaction. Since nicotinic acid-induced flush-
ing has been shown to be strongly reduced by cyclooxygenase
inhibitors, we studied expression of cyclooxygenase-1 (COX-1)
and COX-2 in mouse and human keratinocytes. RT-PCR clearly
showed that both enzymes were expressed in keratinocytes (Figure
4A). Immunostaining with a COX-2-specific antibody confirmed
expression of COX-2 in the keratinocyte layer of the epidermis. The
specificity of the anti-COX-2 antibody was verified by the absence
of any epidermal staining in the skin of COX-2-deficient mice
(Supplemental Figure 6). Counterstaining with an anti-MHC-II
antibody, which recognizes only Langerhans cells in the epidermis,
clearly showed that Langerhans cells, in contrast to keratinocytes,
did not express COX-2 (Figure 4A). Treatment of animals with the
COX-1 inhibitor FR122047 (27) blocked the initial flush reaction
in response to nicotinic acid and monomethyl fumarate compared
with untreated animals, but left the late phase unaffected (Figure
4, B and C). Interestingly, when mice were treated with the COX-2
inhibitor NS398 (28), the initial flushing reaction was unaffected,
whereas the late phase of nicotinic acid- and monomethyl fuma-
rate-induced flushing was abrogated (Figure 4D). Pretreatment
of mice with FR122047 and NS398 combined fully blocked the
flush response (Figure 4E). In GPRI09A~~Krt50rr109amRIP mice,
NS398 fully blocked nicotinic acid-induced flushing, whereas
FR122047 was without effect (Figure 4F). These data confirmed
that GPR109A-mediated flushing involves prostanoids. In addi-
tion, the data indicated that COX-1 activity is required for the
initial phase of the flushing reaction, which is mediated by Lang-
erhans cells, whereas the late phase requires COX-2. This clearly
supports the notion that the early and late phases of GPR109A-
mediated flushing involve different mechanisms.

Keratinocytes produce PGE; via COX-2 in response to GPR109A activa-
tion. Since activation of GPR109A on keratinocytes was sufficient
to induce the late phase of flushing, and since this phase was sensi-
tive to COX-2 inhibitors, we studied expression of prostanoid syn-
thases in keratinocytes. RT-PCR on mouse and human keratino-
cyte mRNA showed that the PGE, synthases mPGES-1, mPGES-2,
and cPGES and the PGD; synthases PGDS-L and PGDS-H were
expressed in keratinocytes (Figure SA). Therefore, we tested wheth-
er mouse and human keratinocytes produce PGD; and PGE; in
response to nicotinic acid in vitro. Incubation of isolated mouse
and human keratinocytes with nicotinic acid or monomethyl
fumarate led to the formation of PGE, (Figure 5, B-D), whereas
no increase in PGD, formation was observed (Supplemental Fig-
ure 7). In keratinocytes from Gpr109a~- mice, nicotinic acid and
monomethyl fumarate were without effect (Figure 5C). In both
human and mouse keratinocytes, the effects of GPR109A agonists
on PGE, formation were completely blocked by NS398, whereas
FR122047 was without effect (Figure 5, C and D). These data indi-
cate that the stimulation of COX-2 dependent PGE; formation
in keratinocytes underlies the late phase of nicotinic acid- and
monomethyl fumarate-induced flushing.
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Discussion
A cutaneous flushing reaction is a common effect of clinically
applied GPR109A receptor agonists, like the antidyslipidemic
drugs nicotinic acid and acipimox (4, 7, 29) or the antipsori-
atic drug monomethyl fumarate (24, 25). Although this epider-
mal reaction may be a direct reflection of the wanted effects of
monomethyl fumarate, it is the most troublesome unwanted
effect of nicotinic acid and related antidyslipidemic drugs. Since
both wanted and unwanted effects of nicotinic acid appear to
be mediated by GPR109A (12, 18, 30), it will be difficult to dis-
sociate wanted and unwanted effects on the basis of GPR109A
agonism. The use of partial agonists or of agonists that activate
GPR109A in a B-arrestin-independent manner has been suggest-
ed to preferentially induce wanted effects mediated by GPR109A
(31, 32). Alternatively, GPR109A-mediated flushing can be inhib-
2916
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blood flow, which results from activa-
tion of GPR109A on Langerhans cells
and keratinocytes. The first phase is
induced via activation of GPR109A
on Langerhans cells, and GPR109A
on keratinocytes is responsible for the
late phase of the response. Whereas
Langerhans cell-mediated flushing
involves COX-1, PGD,, and PGE.,
keratinocyte-mediated late-phase
flushing involves COX-2 and PGE-..

control

ited by interfering with downstream signaling events specific to
the unwanted effects, a strategy requiring a full understanding
of the mechanism underlying nicotinic acid-induced flushing.
An improved mechanistic insight into the GPR109A-mediated
flushing reaction will also be important to understand the ben-
eficial effects of monomethyl fumarate. Although evidence has
been provided that epidermal Langerhans cells and prostanoids,
such as PGD; and PGE,, are involved in the GPR109A-depen-
dent flush reaction, the mechanisms underlying the flush phe-
nomenon are still poorly understood. Here we provided evidence
that flushing involves not only Langerhans cells, but also kera-
tinocytes, and that it is mediated by 2 distinct cellular pathways
involving activation of GPR109A on Langerhans cells and on
keratinocytes as well as by distinct prostanoid-mediated down-
stream signaling processes.
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The receptor GPR109A is not only expressed by adipocytes,
but also by various immune cells, such as macrophages, neutro-
phils, and epidermal Langerhans cells, but not by lymphocytes
(23,25, 33, 34). Whether GPR109A is expressed by keratinocytes
has been unclear. Expression analyses on the level of mRNA
showed GPR109A expression in primary human keratinocytes
(23, 25). However, immunohistochemistry failed to demonstrate
GPR109A expression in keratinocytes (23). In the present study,
we confirmed the presence of GPR109A mRNA in primary mouse
and human keratinocytes. In addition, we provided evidence for
GPR109A expression in keratinocytes using a GPR109A expression
reporter mouse line as well as by demonstrating nicotinic acid’s
effects on WT, but not Gpr1094~/-, keratinocytes. The Gpr1094"~?
reporter mouse showed that, compared with Langerhans cells,
GPR109A expression levels were lower in keratinocytes, a finding
that may explain the difficulty in detecting GPR109A expression
by immunohistochemistry on keratinocytes.

Our data strongly indicate that GPR109A on keratinocytes is
involved in the late phase of flushing induced by nicotinic acid or
monomethyl fumarate and that the late phase of the flushing reac-
tion can be induced in the absence of WT Langerhans cells. This is
in contrast to earlier data showing that the acute ablation of Langer-
hans cells by DT strongly reduced the early and late phases of nico-
tinic acid-induced flushing (22). The contribution of keratinocytes
may have been overseen as a result of DT-induced Langerhans cell
ablation, which is caused by apoptosis and subsequent removal of
apoptotic cells (35, 36), a process involving the whole Langerhans
cell compartment of the epidermis. Such a profound reaction of the
epidermal layer of the skin is likely to affect epidermal functions
and lead to transient unresponsiveness with regard to nicotinic
acid-induced keratinocyte-dependent flushing. In contrast to the
experiment described previously (22), we determined nicotinic acid-
induced flushing in the present study 3 months after DT treatment,
when ablated Langerhans cells were already replaced by new cells.

The abrogation of the Langerhans cell-mediated early phase of
nicotinic acid- and monomethyl fumarate-induced flushing by
a COX-1-selective blocker is in line with earlier genetic studies
showing a severely reduced flushing reaction in COX-1-deficient
mice (12). However, the flush response that remained in COX-1-
deficient mice was smaller than the remaining response in animals
acutely treated with a COX-1 inhibitor. This may be due to com-
pensatory changes taking place in constitutive COX-1-deficient
animals. Our data revealed an important role for COX-2 in medi-
ating the keratinocyte-dependent late phase of the flush reaction.
COX-2 has previously been shown to be expressed in keratinocytes
and to mediate acute reactions to UVB light (37-40), which, inter-
estingly, share many properties with the GPR109A-mediated flush
reaction, such as vasodilation and a burning sensation. PGE; is the
major prostanoid produced by keratinocytes (41, 42), and epider-
mal PGE, generation has been shown to induce vasodilation (43).
Langerhans cells, in contrast, also produce considerable amounts
of PGD; (23, 44, 45). The involvement of PGE; in the keratinocyte-
mediated late phase of GPR109A-dependent flushing is consistent
with the observation that in mice lacking the PGD, receptor DP;,
only the first phase of the flush was reduced, whereas the lack of
the PGE; receptors EP, and EP, inhibited the early and late phases
(12). The involvement of PGE; in the keratinocyte-dependent late
phase of flushing explains the remaining flush response seen in
animals and humans after blockade of DP; (18, 19). The fact that
oral administration of 325 mg aspirin is not able to reduce the
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residual flushing seen when nicotinic acid is combined with the
DP; receptor antagonist laropiprant (46) does not contradict the
role of PGE; mainly produced via COX-2 in the flushing reaction,
since 325 mg aspirin given orally may not lead to systemic aspirin
concentrations sufficiently high to block COX-2 in keratinocytes
and therefore block the second phase of flushing (47-49).

Itis currently not clear why the Langerhans cell-mediated part of
the nicotinic acid-induced flush reaction starts rapidly after nico-
tinic acid application, whereas the keratinocyte-mediated part sets
in with some delay. Given the higher expression level of GPR109A
in Langerhans cells compared with keratinocytes and the differ-
ent intracellular mechanisms mediating prostanoid formation in
both cell types, the time required to reach sufficient prostanoid
levels to induce flushing may be shorter in Langerhans cells than
in keratinocytes. It is also conceivable that prostanoids released in
response to GPR109A agonists from keratinocytes require a longer
time period to elicit their effects on dermal blood vessels compared
with prostanoids released from Langerhans cells.

The presence of GPR109A in Langerhans cells and keratino-
cytes and the marked epidermal and dermal effects resulting from
GPR109A activation raise the question whether this receptor sys-
tem, besides its pharmacological role, has any physiological or
pathophysiological significance. It is tempting to speculate that
GPR109A-mediated prostanoid formation in Langerhans cells and
keratinocytes underlies some of the many forms of skin reaction
in which alteration or traumata in the epidermis results in der-
mal vasodilation and tingling or burning sensations. The fact that
monomethyl fumarate is an agonist of GPR109A suggests that it
exerts its beneficial effects via GPR109A by influencing keratino-
cytes and Langerhans cells, which are intimately involved in the
pathophysiology of psoriasis (50). It will be interesting to further
explore the potential physiological and pathophysiological role of
GPR109A-mediated cellular effects in the epidermis, a task that
will be facilitated by synthetic GPR109A agonists and antagonists
currently under development.

Here we showed that nicotinic acid- and monomethyl fuma-
rate-induced flushing resulted from 2 GPR109A-mediated mech-
anisms, involving Langerhans cells and keratinocytes as well as
different prostanoid-forming enzymes (Figure SE). These data
will help to further improve flush-reducing strategies in patients
taking GPR109A agonists like nicotinic acid by combined inhibi-
tion of COX-1 and COX-2 or PGD; and PGE; formation or activ-
ity. In addition, our present data shed light on the mechanism
of action of the antipsoriatic drug monomethyl fumarate and
suggest that GPR109A expressed on epidermal cells mediates
antipsoriatic effects.

Methods

Reagents and antibodies. Nicotinic acid, monomethyl fumarate, and ATP were
from Sigma-Aldrich. NS398 was from Cayman Chemical, and FR122047
was from Tocris. Anti-MHC-II-IA/IE antibodies were from Becton Dick-
inson, anti-pan-cytokeratin and anti-COX-2 antibodies were from Santa
Cruz Biotechnology. Anti-phospho-ERK1/2 and anti-ERK1/2 antibodies
were from Cell Signaling.

Mice. Experiments were carried out in WT and genetically altered adult
mice (body weight 20-30 g) on a C57BL/6 background. When testing knock-
out animals, WT littermates served as controls. Mice were housed in temper-
ature-controlled facilities on a 12-hour light/12-hour dark cycle with food
and water ad libitum. All procedures of animal care and use in this study
were approved by Regierungsprisidium Karlsruhe (Karlsruhe, Germany).
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Gpr109a~/~ and Langerin-DTR mice have been described previously (22, 26,
30). To generate a Gpr109a expression reporter mouse line (Gpr109a™*7),
the coding sequence of the mouse Gpr109a gene carried by the BAC RP23-
91D24 was replaced by a cassette consisting of the mRFP followed by a
polyadenylation signal from bovine growth hormone and a module con-
taining the f-lactamase gene flanked by frt sites using RecE/RecT recom-
bination, as described previously (51, 52). To generate the Krt56pr10%-mRiP
mouse line, a cassette containing the coding sequence of Gpr109a followed
in frame by that of mRFP and by a polyadenylation signal together with the
B-lactamase gene flanked by frt sites was introduced into the ATG of the
mouse Krt5 gene carried by a BAC (RP23-437J8) using RecE/RecT recom-
bination. Correct recombinants were verified by Southern blotting, PCR,
and sequencing. After FLP-mediated excision of the -lactamase gene, the
recombined BACs were injected into pronuclei of FvB/N oocytes. Trans-
genic offspring was analyzed for BAC insertion by genomic PCR. At least
S different founders were used to generate Gpr109a™*” and Kyt§pri09a-mREP
mouse lines. Expression of the transgenes was determined by fluorescence
microscopy of whole organs or 5- to 20-um cryosections of various tissues.
All lines generated with the same transgene showed a comparable expres-
sion pattern for mRFP. Animals were kept on a C57BL/6 background.

Flushing. Flushing was determined as described previously (12). Briefly,
mice were anesthetized by i.p. injection of 60 mg/kg pentobarbital (Nar-
coren; Merial) and placed on their left sides on a controlled heating pad
(TKM-0902; Fohr Medical Instruments). A small straight laser Doppler
probe (no. 407; Perimed) was attached to the dorsal surface of the right ear
over a first-order branch of the main ear artery. Laser Doppler flux (LDF)
was continuously recorded by a PeriFlux 5001 LD monitor (Perimed)
connected to a PC via the MP100 system (Biopac Systems Inc.). Recordings
were analyzed offline with AcqKnowledge 3.7.3 software (Biopac Systems
Inc.). After a 10-minute stabilization period, nicotinic acid and monomethyl
fumarate were applied at doses of 250 and 10 ug/g body weight, respectively,
in a volume of 20 ul/g. None of the vehicles induced any change in ear
blood flow, systemic blood pressure, or heart rate in control experiments
(data not shown). In all experiments, baseline LDF was determined prior to
injection of the tested compound. Nicotinic acid and monomethyl fuma-
rate induced a biphasic flush, and therefore the maximal LDF values of the
first and second flushing were determined and expressed as percentages of
the baseline flow. All data are presented as mean + SEM. At least 1 week was
allowed for recovery between experiments in the same animal.

BM transplantation. BM transplantation was performed as described
previously (53). BM was obtained aseptically from femurs and tibias of
Gpr109a™R or Gpr109a™**Gpr109a~- mice after euthanizing animals by
cervical dislocation. Unfractionated BM cells (5 x 10°) were resuspended
in sterile PBS and transplanted by tail vein infusion into lethally irradiated
(10 Gy) Langerin-DTR transgenic recipients 1 day after irradiation.

DT treatment. After control experiments, the BM-transplanted Langerin-
DTR transgenic animals were treated with 16 ng/g DT, as described previ-
ously (22). DT was injected i.p. twice within 24 hours before retesting of the
flushing responses 3 months later.

Immunostaining of epidermal sheets and skin sections. Mouse ears were dissect-
ed and split into ventral and dorsal sheets. After 1 hour digestion in serum-
free RPMI1640 containing 10 mM EDTA, the epidermis was removed
from the dermis using fine forceps and was fixed on ice for 1 hour in 4%
paraformaldehyde/PBS. After permeabilization with 0.2% Triton/PBS for
10 minutes at 25°C and 2 washes with PBS for 10 minutes, the epidermal
sheets were incubated with 10% goat serum for 30 minutes. FITC-labeled
anti-MHC-II-JA/IE and anti-pan-cytokeratin antibodies were incubated
in 10% goat serum/PBS with epidermal sheets overnight at 4°C on a rota-
tor. Anti-keratin antibodies were then stained with FITC-labeled secondary
antibodies. After washing, epidermal sheets were mounted and analyzed
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by fluorescence microscopy. Cryosections of tail tissue (10-14 um) were
fixed for 10 minutes with cold acetone and incubated for 30 minutes in
PBS containing 10% goat serum. Sections were incubated overnight with
FITC-labeled anti-MHC-II-IA/IE and anti-COX-2 antibodies. Anti-COX-2
antibodies were then stained with TRITC-labeled secondary antibodies.
After washing with PBS, sections were mounted and analyzed by fluores-
cent confocal microscopy (Leica TCS SP3; Leica Microsystems). Skin from
COX-2-deficient mice to test for the specificity of the anti-COX-2 antibody
was provided by R. Niising (University of Frankfurt, Frankfurt, Germany).

Culture of keratinocytes. Normal human epidermal keratinocytes were from
PromoCell and were maintained in keratinocyte growth medium (KGM; Pro-
moCell) at 37°C, 5% CO,. Mouse keratinocytes were isolated as described pre-
viously (54). Briefly, mice were euthanized by CO,, and tail skin was removed
and placed in cold (4°C) trypsin/EDTA overnight. The epidermis was removed
from skin, and the pooled epidermal sheets were cut in small pieces and dis-
persed in warm medium. The suspension was filtered through a 100-um
mesh nylon filter (Millipore) and centrifuged at 600 g for 10 minutes. The
cell pellet was resuspended in medium and plated on collagen-coated plates.
Medium was replaced by KGMII the next day and changed every other day.

Determination of ERK activity. Confluent 6-well keratinocyte cultures were
starved overnight and incubated with the indicated agents for 5 minutes
at 37°C. Cells were washed with ice-cold PBS and lysed in 50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 5 mM EDTA, 1 % (v/v) NP-40, 0.5 % (w/v) sodium
desoxycholate, 0.1 % (w/v) SDS, and protease inhibitors. Cell lysates were
analyzed by immunoblotting using anti-phospho-ERK1/2 antibodies and
an ECL detection system.

Determination of free [Ca?* ;. Mouse keratinocytes were allowed to adhere
to collagen-coated glass coverslips (12 mm diameter) and were loaded with
Fura-2/AM (3 uM; Invitrogen) for 60 minutes at room temperature. The
nonadherent cells were removed by washing with Hanks balanced salt solu-
tion containing 2.5 mM Ca?" and 5 mM glucose. Ratiometric calcium signals
were recorded using a Zeiss Axiovert 135 microscope, a SensiCam CCD cam-
era (PCO AG), and TILLvisION software version 4.00 (TILL Photonics).

CHO-K1 cells stably transfected with a calcium-sensitive bioluminescent
fusion protein consisting of aequorin and green fluorescent protein (55)
were seeded in 96-well plates and transfected with indicated cDNAs or
control DNA (50 ng/well) using FuGENE 6 reagent (Roche Diagnostics).
At 2 days after transfection, cells were loaded with 5 uM coelenterazine h
(Biotium) in calcium-free Hanks balanced salt solution containing 10 mM
HEPES (pH 7.4) for 3.5 hours at 37°C. At 45 minutes before the experi-
ments, the buffer was replaced with Hanks balanced salt solution contain-
ing 1.8 mM CaCl,. Measurements were performed using a luminometer
plate reader (Luminoskan Ascent; Thermo Electron Corp.).

RT-PCR. RNA was isolated from keratinocytes with the RNeasy Mini Kit
(Qiagen). For RT-PCR, 50 ng to 1 ug total RNA was reverse transcribed.
cDNA synthesis was monitored by PCR of a 401-bp fragment of glyceral-
dehyde 3-phosphate dehydrogenase.

Determination of PGE; and PGD; formation. Human and mouse kerati-
nocytes were treated as indicated above. The supernatant was collected,
and PGE; and PGD; concentrations were determined with an ELISA kit
according to the manufacturer’s instructions (Cayman Chemical). Protein
content was determined using Bradford assay and was used to normalize
prostanoid concentrations.

Statistics. Statistical analyses of differences between 2 groups was per-
formed by nonparametric, unpaired, 2-tailed Mann-Whitney test. A Pvalue
less than 0.05 was considered significant.
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