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Our in vitro and in vivo analyses indicate that L-PGDS contributes to
myelin formation. However, the in vivo phenotype was not as severe as
the one observed in vitro. Whether this is the result of an exacerbation of
in vitro settings or of compensation from other prostaglandins expressed
in the nerves is remains unknown. Our study excludes the possibility that
H-PGDS contributes to the phenotype, although it has been reported
that other members of the lipocalin family, such as ApoD and ApoE, are
important during regeneration following nerve injury*®4°. Furthermore,
it is possible that L-PGDS and Gpr44 act preferentially onto sensory
fibers, as suggested by the marked hypomyelination of small fibers in
Gpr44~/~ and increased g ratio values in saphenous nerves.

The hypomyelinating phenotype is similar in L-pgds™~ and H-
pgds~/=; L-pgds~/~ mice. However, only in aged H-pgds™; L-pgds™~
mice was myelin significantly altered (P < 0.0001), suggesting that
PGD2 might be important for myelin stability, as supported by in vitro
studies. Although we observed some fibers with aberrant myelin in 6-
month-old L-pgds~~ mice, the precise mechanism implicating PGD2
in myelin formation and maintenance remains unclear. Whether L-
PGDS and Gpr44 simply stabilize the adhesion at the adaxonal mem-
brane or represent an extra checkpoint for myelination is unknown.
Initiation of myelination and the amount of myelin formed depends
on NRG1 type III forward signaling, although it is possible that L-
PGDS, activated by NRG1 itself, signals back to Schwann cells to
stabilize myelin. In the absence of L-PGDS, this checkpoint is lacking
and the myelin formed is unstable, resulting in fast and continuous
remodeling. Alternatively, L-PGDS and Gpr44 could be part of a feed-
back mechanism by which the axon is communicating to Schwann
cells its integrity, indicating that myelination can continue. We favor
the latter hypothesis, as hypomyelination in older animals was accom-
panied by severe myelin alterations, but not axonal suffering, sug-
gesting that, in L-pgds™~ mice, Schwann cells might not recognize
the axon as intact despite NRG1 type III forward signaling. Whether
the myelin damage is the result of myelin instability or the lack of
continuous communication is currently unknown. We cannot exclude
the possibility that L-PGDS exerts both functions. In future studies,
it will be particularly important to determine how neuronal specific
ablation of L-PGDS in vivo in adults affects myelin stability.

The use of agonists enhancing L-PGDS enzymatic activity, the trans-
duction capability of Gpr44 or both could constitute a new approach
to treating peripheral demyelinating neuropathies. Furthermore, as
this pathway might be involved in myelin maintenance, activation of
prostaglandins could be particularly efficacious for the treatment of
demyelinating disorders with late onset. Notably, specific molecules
that have already been developed and whose efficacy has been tested
in other biological systems3® are available and could pharmacologi-
cally target this level of communication between glial cells.

In conclusion, we propose that NRG1 type III controls myelination
in multiple ways. The canonical forward signal is required to initi-
ate myelination3! and regulate the amount of myelin formed®C. The
backward signal, by upregulating the expression of L-PGDS, activates
a previously unknown pathway that is relevant in PNS myelination
and maintenance and whose modulation could be beneficial for the
treatment of peripheral demyelinating neuropathies.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. The data discussed in this publication have been
deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession number GSE61784.
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online version of the paper.
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ONLINE METHODS

Mice and genotyping. Generation of H-pgds~; L-pgds™~ mice has been
described previously®152, H-pgds™~; L-pgds™~ mice were obtained in Mendelian
ratio, by crossing H-pgds*’~ and L-pgds*~ mice. All experiments were
performed on animals of both sexes in a C57/Bl6 congenic background. Mice
were genotyped by PCR using the following primers. Wild-type alleles:
5-GAGTTGCTGCATCTGACCTTTTC-3" and 5~ TAGCGAATAATTTCGG
CTCTTCC-3"s H-PGDS: (773 bp) and 5’ -TGTCAGGAATGTGGTATGCTC-3
and 5-AATACAGCTTTCTTCTCCCGGAAC-3"; L-PGDS: (338 bp) and the
following PCR cycling conditions: 95 °C for 30 s, 52 °C for 30 s and 72 °C for
60s (30 cycles). H-PGDS™~: 5'-ATCGCCTTCTATCGCCTTCTTGACGAGT-3
and 5’-ATGTGTACTGGCTCCAACTTCCCAGAGAGT-3" (800 bp); L-PGDS™~:
5-TCTTGAGAGTGCAACAGAGCAAAGGAGTCC-3 and 5-ATCGCCTTCT
ATCGCCTTCTTGACGAGT-3’ (650 bp) and the following PCR cycling condi-
tions: 95 °C for 30's, 60 °C for 30 s and 72 °C for 60 s (30 cycles).

Generation of Gprd4~~ has been previously described®. Gprdd=/- were
genotyped by PCR using the following primers. 5-CTCGCCGGACACGCT
GAACTTGT-3', 5-TGGGGTCAAACTCAGCTCCTCACG-3, and 5'-GCG
GCGGCTAA CAAGTCGGATAG-3" with the following PCR cycling con-
ditions: 93 °C for 30 s, 55 °C for 30 s and 72 °C for 180 s (35 cycles). All
amplified fragments were analyzed on a 1.5% agarose gel. All experiments
involving animals followed protocols approved by the Animal Care and Use
Committee of San Raffaele Scientific Institute.

Constructs. Full-length NRG1 type HI lentivirus (pL6/V5 NRG1) was gener-
ated as described®!. The C-NRGI plasmid was obtained by cloning the EGFP
cDNA in frame into the unique Xho I restriction site of pL6/V5 NRG1. Nrgl stop
codon and EGFP ATG were mutated by standard PCR mutagenesis. N-NRG1 was
obtained by standard PCR mutagenesis by cloning the EGFP sequence in frame
and without its ATG between aminoacid 26 and 27 of NRG1 type III cDNA, to
avoid interference with putative NRG1 signal peptide.

NRG1 ICD-EGFP was obtained by cloning the intracellular domain of rat
NRG1 type IIL from K 1020 to V 2100, without the stop codon, in the pL6/V5
plasmid by topoisomerase. Upstream K1020 we inserted an ATG by standard
PCR mutagenesis. The EGFP cDNA was cloned in frame into the unique Xho I
restriction site of pL6/V5 NRG1-ICD. Nrgl stop codon and EGFP ATG were
mutated by standard PCR mutagenesis.

NRGI type III-FLAG and NRG1 ICD-FLAG plasmids were obtained by
replacing the EGFP epitope into C-NRG1 and NRG1 ICD-EGFP with the
3XFLAG epitope. The 3XFLAG epitope was amplified by PCR from the p3X-
FLAG-CMV-14 expression vector (Sigma Aldrich). Specifically, we introduced
the Xhol and SaclI restriction sites in the p3XFLAG-CMV-14 vector upstream
and downstream the 3XFLAG sequence respectively by PCR mutagenesis.

Rat L-PGDS c¢cDNA was amplified by PCR from brain mRNA and cloned
into the pL6/V5 plasmid in the Spe I and Sac II restriction sites. All constructs
were obtained following standard molecular biology techniques and confirmed
by sequencing.

Cell cultures. Mouse and rat DRG neurons were isolated from E14.5 or E16.5
embryos and established on collagen-coated glass coverslips as described3!.
Explants were cycled either with FUDR to eliminate all non-neuronal cells or
in some experiments endogenous Schwann cells were maintained. Neuronal
media was supplemented with 50 ng ml™! NGF (Harlan, Bioproducts
for Science). Primary rat Schwann cells were prepared as described® and
maintained in DMEM (Invitrogen), 10% FBS (vol/vol, Invitrogen), 2 mM
L-glutamine (Invitrogen), until used. Rat Schwann cells were added (200,000
cells per coverslip) to establish explant cultures of DRG neurons and myeli-
nation was initiated by supplementing media with 50 g ml~! ascorbic acid
(Sigma-Aldrich).

In some experiments, purified DRG neurons, Schwann cell-DRG neuronal
co-cultures or isolated Schwann cells were treated with various concentrations
of AT-56 (Cayman Chemicals), 5, 10, 25 and 50 {M 15R-methyl-prostaglandin
D2 (Cayman Chemicals), 10 uM Compound E (EMD Millipore) both dissolved
in DMSO (Sigma Aldrich), 10 nM cyclosporin A (Novartis), 100 nM recom-
binant PGD2 dissolved in ethanol (Cayman Chemicals), 2.5 uM Forskolin (Sigma
Aldrich), 2.5 ng ml~! recombinant human NRG181 (EGF domain, R&D).

Lentiviral production and infection. Individual shRNA clones
(TRCN0000027873: shA3; TRCN0000027876: shA5; TRCN0000027894: shC9)
specifically targeting mouse Gprd4 were obtained through the RNAi Consortium
(Open Biosystem/Thermoscientific). Lentiviral vectors, Gpr44 shRNA and
scramble shRNA were transfected into 293FT cells (Invitrogen) and viruses
were produced as described?. Viral supernatants were collected and stored as
described?. Freshly plated Schwann cells (106 cells per 100-mm plate) were
incubated for 2 d with Gpr44 shRNA lentiviruses at a 2/3 dilution (vol/vol) in
DMEM, 10% FBS and 2 mM p-glutamine supplemented with forskolin and rh
NRG-1 (EGF domain, R&D). Cells were expanded for an additional week and
maintained for 3 d in Schwann cell media prior seeding. Protein knockdowns
were confirmed by qRT-PCR analyses. Mouse and rat DRG neuronal explants
were infected the day after the dissection and left in the presence of the virus for
24 h after which cultures were purified of endogenous Schwann cell to obtain
pure DRG neurons by cycling them with antimitotic reagents or cultured with
endogenous Schwann cell. In the latter case, both DRG neurons and mouse
primary Schwann cell were infected.

Electron microscopy and morphological analyses. Semi-thin and ultrathin sec-
tions were obtained as described™. Tissues were removed and fixed with 2% glutar-
aldehyde (vol/vol) in 0.12 M phosphate buffer, postfixed with 1% osmium tetroxide
(vol/vol), and embedded in Epon (Fluka). Semi-thin sections (0.5-1 um thick) were
stained with toluidine blue and examined by light microscopy (Olympus BX51).
Ultrathin sections (70-90 nm thick) were stained with uranile acetate and lead
citrate and examined by electron microscopy (Leo 912 Omega). Digitized non-
overlapping semi-thin sections images from corresponding levels of the sciatic
nerve were obtained with a digital camera (Leica DFC300F) using a 100x objective.
gratio measurements were performed on digitized non overlapping electron micro-
graphs images. g ratio was determined by dividing the mean diameter of an axon
without myelin by the mean diameter of the same axon with myelin. A minimum
0f 150 randomly chosen fibers per animal were analyzed for g ratio measurements
at P7, 1 month, 2 months, 6 months, 8 months and 9 months. To determine the size
distribution of myelinated fibers in sciatic nerves, diameters of all fibers in at least
ten images of randomly chosen representative images were measured and binned
based on their width. All measurements were acquired on electron microscopy
sections images using an Image] software. Data are expressed as the percentage
relative to the total number of fibers. Similarly, the number of myelinated fibers
per area in sciatic nerves and roots was determined on 100x images acquired on
semi-thin sections and analyzed using ImageJ Software. All measurements were
blindly performed. Electron microscopy analyses on Schwann cell-DRG neurons
myelinating co-cultures were performed as described previously>.

Microarray analyses. Gene expression study was performed using the Illumina
RatRef-12 Expression BeadChips. Each individual array on the chip targets
more than 21,000 transcripts selected primarily from the NCBI RefSeq database
(Release 16) and in a minor part from the UniGene database. 500 ng of total
RNA was reverse transcribed into cRNA (complementary RNA) and biotin-UTP
labeled using the Illumina TotalPrep RNA Amplification Kit (Ambion). 750 ng
of cRNA in 11 pl (150 ng pl~1) were hybridized to the BeadChip Array at 58 °C
overnight. The fluorescent signal was developed through a streptavidin-Cy3
staining step. BeadChips were imaged using the Illumina BeadArray Reader,
a two-channel 0.8-pum resolution confocal laser scanner. The software Illumina
GenomeStudio version 2011.1 was used to take fluorescent hybridization signals
and to assess the system quality controls, such as biological specimen, hybridiza-
tion, signal generation and negative controls. For each experimental condition
four biological replicates have been analyzed, and technical replicates have been
tested in 4 of 12 samples. The mean correlation coefficient value of technical
replicates was 0.993 (s.d., 0.005) and of biological ones was 0.967 (s.d., 0.013).
Sample clustering analysis based on the absolute correlation metric parameter
was also performed, and the graphical representation of the dendrogram further
supported the technical validity of the data.

Data were log, transformed, normalized using the quantile algorithm
(R beadarray package) and all probes with a detection P> 0.01 in all experimental
conditions were excluded from the analyses. For differential expression analysis,
a moderated ¢ statistics was performed using Limma package in R. Fold change
values were also calculated. Transcript probes were classified as differentially
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expressed based on a fold change cut-off of 2.0 and P < 0.01 considering the
following comparisons: lentiviruses expressing NRG1 ICD versus not infected;
lentiviruses expressing EGFP versus not infected and lentiviruses expressing
NRG]1 ICD versus those expressing only EGFP.

Microarray data were deposited in Array Express with the following acces-
sion number: E-MTAB-2131. The data discussed in this publication have been
deposited in NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE61784.

RNA isolation and measurements. Total RNA was isolated from rat Schwann
cells, rat purified DRG neurons and co-cultures using Trizol (Roche), accord-
ing to manufacturer’s instruction. Total RNA was retro-transcribed to cDNA
as described3. Aliquots of RT products were tested in parallel using primers
pair for rat L-pgds and Gapdh. L-pgds primers were: 5-GAGAAGAAAGAG
CTACTGTTTATGTGC-3 (forward) and 5-CTAAAGGTGATGAATTTCTC
CTTCAG-3' (reverse). PCR cycling conditions were 94 °C for 30 s, 56 °C for
60 s and 72 °C for 90 s, 24 cycles, followed by 5 min extension at 72 °C. Gapdh
primers were: 5"-GGTTACCAGGGCTGCCTTCTCTTGTGA-3’ (forward) and
5"-CGGAAGGGGCGGAGATGATGACCCT-3’ (reverse). PCR cycling condi-
tions were: 94 °C for 30 s, 64 °C for 60 s and 72 °C for 90 s, 22 cycles, followed
by 5 min extension at 72 °C.

qRT-PCR. PCR analyses were performed using Sso Fast Eva Green Supermix
according to manufacturer’s instructions. Genes of interest and housekeep-
ing genes were amplified using the same reaction protocol. To test L-PGDS,
Nfatc4 and Sod3 expression we used the following set of primers: L-pgds:
5-GAGAAGAAAGAGCTACTGTTTATGTGC-3" (forward) and 5-CTAA
AGGTGATGAATTTCTCCTTCAG-3" (reverse); Nfatc4 5'-CAGGTCTACT
TTTTATGTCTCCAATGG-3" (forward) and 5-ATCCGTAGGCCAGATCT
ATAAGACG-3" (reverse); Sod3 5-TTCTTGTTCTGCAACCTGCTACT-3’
(forward) and 5-ATTGAAGGAGGCCTCAAGTCTG-3" (reverse); Gapdh:
5'-GGTCTACATGTTCCAGTATGACTCTA-3’ (forward) and 5-CTTCTTG
AGGGAGTTGTCATATTTCTC-3" (reverse). PCR cycling conditions
were 95 °C for 30 s, 56 °C for 60 s 72 °C for 90 s (41 cycles). To test Ptgdr,
Pparg and Gpr44 expression we used the following primers: Ptgdr: 5'-CA
TTCTCGGTAATAGGCTTCTCTG-3 (forward) and 5-TCCACAAGTTTA
AAGGCTCCATAG-3" (reverse); Pparg: 5-CTGTCGGATCCACAAAAA
GAGTAG (forward) and 5-GAATTCATGTCGTAGATGACAAATG-3’
(reverse); Gprd4: 5'-CACTACTCTATGTGCTCACTTGTCC-3’ (forward) and
5"-CCATCTAATCCAAAGTACAGCTCAA-3’ (reverse); Gapdh: 5'-ACCTCA
ACTACATGGTCTACATGTTC-3" (forward) and 5-ATCTTGAGGGAGTT
GTCATATTTCTC-3' (reverse). PCR cycling conditions were: 95 °C for 30 s,
58 °C for 60 s, 72 °C for 90 s (41 cycles).

To determine L-pgds expression in mouse DRG-rat Schwann cell co-cul-
tures, we used the primers specific for the mouse sequence that do not amplify
the rat gene. L-pgds: 5-GGAGAAGAAAGCTGTATTGTATATGTGC-3
(forward); 5'-TAAAGGTGGTGAATTTCTCCTTCAG-3" (reverse); Gapdh:
5-TCACCAGGGCTGCCATTTGCAGTGG-3’ (forward) 5-CGGAAGGGGC
GGAGATGATGACCCT-3’ (reverse). PCR cycling conditions were: 95 °C for
30 s, Tm for 60 s, 72 °C for 60 s (41 cycles). Tm was for 56 °C mouse L-pgds
and 62 °C for mouse Gapdh.

LC-MS/MS analyses. Levels of PGD2 were measured by modifying previously
described methods®” by using a LC-MS/MS system (Waters). Briefly, after
adjustment of sample to pH 3 with HCI 2N and incubation with methyloxamine
HCI (1 gml™?) and dg-PGE-M (40 ng), as internal standard, Cayman Chemical)
for 60 min at 25 °C, PGD2 was extracted by using Strata-X 33-um polymeric
reversed phase SPE columns (30 mg ml™!, Phenomenex) and eluted with ethyl
acetate and then dried with a Speed-Vac (Speed Vac Plus, Savant Instruments).
After dryness, the pellet was resuspended with 50 pl of water/ACN (90/10)
and injected into a LC-MS/MS system. The LC-MS/MS system consisted
into a Waters Alliance 2795 LC coupled to a Micromass Quattro Pt triple-
quadrupole mass spectrometer (TQuattro-Pt, Waters) equipped with a Z-Spray
ESI source, operated in negative ion mode. The LC column was a Synergy
HydroRP (150 x 1 mm, 41) (Phenomenex) maintained at 25 °C. The mobile
phase was acetonitrile (solvent A) and water (solvent B) (both added with 0.005%
acetic acid, vol/vol) at a flow rate of 0.070 ml min~1,

The gradient timetable was the following: injection at 10% A; 70% A at 25 min;
10% A at 26 min; 10% A at 40 min. The ionization mode was electrospray in
negative polarity (ES). The transitions monitored in Multiple Reaction Monitoring
(MRM) are 380>186 m/z for the endogenous compound PGD2 and 391>342 m/z
for the internal standard PGEMd6. The collision energy used was 14 eV.

Preparation of detergent lysates and immunoblotting. Tissues and cell
lysates were prepared as described3!. Supernatants were aliquoted and stored at
—80 °C until used. Protein concentrations were determined by the BCA method
(Pierce); samples (20-40 pg of protein) were fractionated by SDS-PAGE and
blotted onto nitrocellulose (Protran Biosciences). Membranes were blocked
in 5% BSA, 0.05% sodium azide in TBST (0.1% Triton X-100 in Tris-buffered
saline (TBS), vol/vol). Appropriate regions were excised, incubated with specific
primary and secondary antibodies, washed in TBST and developed with the
SuperSignal chemiluminescent substrate (Pierce). For quantitative western blot-
ting analyses, filters were analyzed using the Odyssey Infrared Imaging System
(LI-COR Biosciences) according to manufacturer’ instructions.

Tunel and proliferation assays. Both assays were performed as described>8
on three different P2 mice per genotype and four different slides per animal.
For proliferation assays, sciatic nerve sections were permeabilized with 0.2%
Triton X-100 (vol/vol), blocked with 10% FCS (vol/vol), 0.1 M lysine, and 0.02%
sodium azide (vol/vol) in 0.1 M phosphate-buffered saline (PBS), and incubated
with a rabbit antibody to PH3 (Millipore). Tunel assay was performed on adjacent
sections using the DeadEnd Fluorometric TUNEL System (Promega G3250)
according to manufacturer’s instructions.

Antibodies and immunofluorescence. All antibodies used were previously vali-
dated for the applications used, except for antibody to L-PGDS, which we vali-
dated in lysates prepared from L-pgds~~ mice, and antibody to H-PGDS, which
we confirmed on sciatic nerve cryosections of H-pgds™~ mice. Mouse mono-
clonal antibodies included antibodies to MBP (Covance SMI-94R and SMI-99R,
1:4,000 for western blotting), neurofilament (Covance SMI-31R and SMI-32R,
1:10,000 for western blotting), neuronal class III B-tubulin (TuJ1, Covance MMS-
435 1:1,000 for immunofluorescence) and Caspr (NeuroMab clone K65/35, 1:100
for immunohistochemistry). Rabbit polyclonal antibodies included antibodies to
actin (Sigma Aldrich A2066, 1:5,000 for western blotting), FLAG (Sigma Aldrich
F7425, 1:400 for immunohistochemistry), Calnexin (Sigma-Aldrich, C4731
1:4,000 for western blotting), L-PGDS (Abnova PAB 12054, 1:500 for western
blotting), H-PGDS (LSBio LS-B6886/48259, 1:200 for immunofluorescence),
$100 beta (DakoCytomation Z0311, 1:200 for immunofluorescence), phospho-
AKT (ser 473) (Cell Signaling Technology 4060, 1:1,000 for western blotting),
total AKT (Cell Signaling Technology 4691, 1:1,000 for western blotting), phos-
pho-ERK (p44, p42) (Cell Signaling Technology 9101, 1:1,000 for western blot-
ting), total ERK (Cell Signaling Technology 9102, 1:1,000 for western blotting),
Nfat3 (Cell Signaling Technology 2183, 1:500 for western blotting), phospho-
PKA (Cell Signaling Technology 5661, 1:1,000 for western blotting), total PKA
(Cell Signaling Technology 4782, 1:1,000 for western blotting), Calcineurin B1
(Cell Signaling Technology 2614, 1:1,000 for western blotting), cleaved caspase-
3 (Cell Signaling Technology 9661, 1:200 for immunofluorescence), p-Histone
H3 (EMD Millipore 06-570, 1:500), Egr2 (1:1000 for immunohistochemistry)
and Pou3fl (1:100 for immunohistochemistry), both a generous gift from
D. Mejier (University of Edinburgh). Chicken antibodies include antibodies to
neurofilament M (Covance PKC-593P, 1:2,000 for immunohistochemistry), MPZ
(Millipore AB9352, 1:500 for western blotting), GFP (Abcam 13970, 1:1,000 for
immunohistochemistry). Rat MBP hybridoma (diluted 1:2 in immunohisto-
chemistry) was a generous gift from V. Lee (University of Pennsylvania).
Secondary antibodies included DyLight 549 (Jackson ImmunoResearch
715-505-150, 1: 500 for immunohistochemistry), DyLight 488 (Jackson
ImmunoResearch 703-485-155, 1:500 for immunohistochemistry), goat anti-
body to rabbit HRP (Jackson ImmunoResearch 111-035-003, 1:5.000 for western
blotting). Infrared secondary antibodies for quantitative western blotting analyses
were obtained from LI-COR Biosciences and all used 1:10,000 (goat antibody
to mouse IRDye 680 926-68070; goat antibody to mouse IRDye 800 926-68070;
goat antibody to rabbit IRDye 680 926-68021; goat antibody to rabbit IRDye
800 926-32211). Co-cultures were fixed in and permeabilized in 100% methanol
at —20 °C for 15 min, stained and examined as described®!. Sciatic nerves
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were dissected from P2 mice and immediately fixed in 4% paraformaldehyde
(volfvol) in 0.1 M 1x PBS at +4 °C, cryo-protected in 20% sucrose (Sigma-
Aldrich), embedded in OCT (Miles), and snap-frozen in liquid nitrogen. Sections
were stained as described®® and examined by epifluorescence on a Leica DM 4500
microscope and by confocal microscopy on a Leica SP5.

Statistical analyses. No statistical assays were used to pre-determine the sample
size. Nonetheless, we chose samples of comparable size, especially to perform
in vitro experiments. Data were collected randomly and assessed blindly. The
data distribution was assumed to be normal, although we did not formally test
it. Limma method used in the microarray differential expression analysis is
based on an estimate of variance, which is moderated across genes®. All statisti-
cal analyses were performed on at least three different experiments. Statistical
detailed analyses are reported in each figure legends and all assays (two sided
Fischer’s exact test, one-way ANOVA Dunnett’s multiple comparison test, two
sided moderate ¢ test and two tailed unpaired f test) were performed using the
Prism Software package (GraphPad).
A Supplementary Methods Checklist is available.
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ERRATA

Erratum: Prostaglandin D2 synthase/GPR44: a signaling axis in
PNS myelination

Amelia Trimarco, Maria Grazia Forese, Valentina Alfieri, Alessandra Lucente, Paola Brambilla, Giorgia Dina, Damiana Pieragostino,
Paolo Sacchetta, Yoshihiro Urade, Brigitte Boizet-Bonhoure, Filippo Martinelli Boneschi, Angelo Quattrini & Carla Taveggia
Nat. Neurosci.; d0i:10.1038/nn.3857; corrected online 17 November 2014

In the version of this article initially published online, a P value was incorrect on p. 5, first full paragraph. It read “We found similar alterations
in 6-month-old sciatic nerves of L-pgds™~ mice, although the difference was not significant (P = 0.649; Supplementary Table 2)” The correct P
value is 0.0649. Also, the first Results subheading read “NRG1 type I11 is cleaved and activates L-PGDS by y-secretase”; it should have read “NRG1
type I1L is cleaved by y-secretase and activates L-PGDS” The errors have been corrected for the print, PDF and HTML versions of this article.
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Gait Training for Becker’s Muscular Dystrophy Using
Robot Suit Hybrid Assistive Limb

Asai T¢, Ojima I', Minami S', Takeshima Y* and

Matsuo M*5* Abstract

'Department of Physical Therapy, Kobegakuin University, Becker's muscular dystrophy (BMD) is an X-linked recessive inherited
Japan disorder characterized by a slow and degenerative muscle weakness of the
*Department of Pediatrics, Hyogo College of Medicine, legs and pelvis. The patients eventually use walking aids or are wheelchair-
Japan bound in daily life because of the progression of disability. The robot suit hybrid

3Kobe Uni\’el'Sit}’, Japan assistive limb (HAL) is a new robot suit designed to assist voluntary control of

lower limb motion by detecting extremely weak bioelectric signals on the skin
surface. Here we report how HAL gait training can be adapted for a wheelchair-
bound patient with BMD. A 25-year-old patient with BMD participated in HAL
gait training.Gait training consisted of three phases: phase 1, adaptation of
HAL for the patient; phase 2 (1 year), treadmill training with the body-weight
supported walker (BWSW); and phase 3 (2 years), gait training on the floor
with the BWSW. The subject completed 2 h of HAL gait training once a week
(from August 2011 to August 2014). Although there are no standard exercises
for patients with BMD, his gait ability and fitness improved, following HAL gait
training. This result indicates that HAL gait training can be both feasible and
safe when used as a part of a regular rehabilitation program for patients with
BMD. Harness use seems to be essential for safety and feasibility of HAL gait
for patients with BMD. The combined use of the HAL gait training and BWSW
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may be an effective rehabilitation tool for patients with BMD.

Keywords: Becker’'s muscular dystrophy; Hybrid assistive limb; Gait
exercise; Body-weight supported walker

Becker’s muscular dystrophy (BMD) is an X-linked recessive
inherited disorder, characterized by a slow and progressive
degenerative muscle weakness of the legs and pelvis. Severity of the
disease may markedly vary depending on the age of the patient at
disease onset [1]. The patients eventually use walking aids or are
wheelchair-bound in daily life because of progression of disability [2].
Rehabilitation exercises differ for ambulatory and wheelchair-bound
patients. Gait training, activities of daily living (ADL) exercises
and conventional physical therapy (stretching and range of motion
at the lower limb joints) are practiced for ambulatory patients.
Once patients become wheelchair-bound, gait training is no longer
practiced; rehabilitation efforts instead focus on ADL exercises to
maximize independent living.

The robot suit hybrid assistive limb (HAL) is a new robot suit
designed to assist voluntary control of the knee and hip joint motion
by detecting extremely weak bioelectric signals on the surface of the
skin [3-5]. The HAL can support the wearer’s lower limb motion
while walking by adjusting the supportive level [3]. The HAL gait
training is being increasingly employed for patients suffering from
acquired neurological disease, such as stroke or spinal cord disease
[4-9]. However, no studies have attempted to examine the feasibility
of HAL rehabilitation for patients with BMD. Here we report a case
in which the patient was wheelchair-bound and rehabilitation gait
training had ceased. We report how HAL gait training can be adapted
for use by a wheelchair-bound patient with BMD. Gait ability was
influenced by HAL training.

A 25-year-old patient with BMD (height, 164 cm; weight, 54 kg)
participated in HAL gait training. He was diagnosed with BMD by
dystrophin immune-staining of biopsied muscle tissue at 9 years
of age because of the appearance of motor function deficits [10].
After the onset of BMD symptoms, his physical function gradually
declined, and he began using a wheelchair outdoors at the age of 15.
At the age of 22, walking was no longer possible. From the age of 23,
he participated in conventional physical therapy, including muscle
strength and range of motion exercises, twice a week in preparation
for HAL gait training. At the age of 25, he started HAL gait training
in addition to conventional physical therapy. Prior to participating in
HAL gait training, the subject provided informed consent; the study
was approved by the Ethics Committee of the Kobegakuin University
(HEB121211-1).

The HAL has a hybrid control system consisting of Cybernic
Voluntary Control (CVC) and Cybernic Autonomous Control
(CAC) [9]. The CVC supports the patient’s voluntary lower limb
motion according to the voluntary muscle activity and assistive torque
provided to each joint. In this study, we used the CVC, which allows
the operator to adjust the degree of physical support to the patient’s
comfort. In addition, the HAL has two modes, walking mode and
stand up mode, which support voluntary movement of walking and
standing up, respectively, according to the electrical signals of muscle
contracture and load on the feet. In this study, we used the walking
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Table 1: Summary of gait training.

Phase 1
Adaptation of HAL suit for patient

Phase 2 (1 year)
Treadmlll training with BWSW

2 h of training once a week (gait training: 1 h).
The treadmill speed was adjusted to patient's .

. Search for the body parts to detect

the bioelectrical signal for hip condition (0.6—1.6 km/h)

extension. . The gait speed of the treadmill and the walking .
. Apply the special harness to distance during training increased (the distance that
BWSW. the patient walked before the heart rate reached 125

bpm).
mode for gait training and stand up mode for sit-to-stand exercises.
Furthermore, we monitored the heart rate during gait training to
ensure that the working load was safe and appropriate.

Gait training consisted of three phases: phase 1, adaptation of
HAL for the patient; phase 2, treadmill training with the body-weight
supported walker (BWSW); and phase 3, gait training on the floor
with the BWSW. Typical gait training (phases 1 and 2) proceeded
as follows: attaching electrodes, wearing the HAL and harness, and
setting up the computer (45 min); HAL gait training (60 min, including
rest time); removing the HAL and harness (15min). In phase 3, five
sit-to-stand exercises (5STS) were added after gait training. All gait
trainings and 5 STS were conducted by three physical therapists. The
training phase is summarized in Table 1.

Phase 1: Adaptation of HAL suit for the patient

According to the manufacturer’s instructions, electrodes for
the hip extension were attached just below the ischial tuberosity.
However, sufficient electrical signals of muscle contraction were not
detected in this area. Several electrodes were placed on different sites
around the hip joints, and an area on the upper part of the gluteus
maximus muscle was found to enable bioelectrical signal detection
(Figure 1). When applying the HAL, we used BWSW to adjust the
working load (Figure 2). BWSW is a modified body support system,
which has been used for the HAL gait training for patients with stroke
and spinal cord injury [9, 11]. A HAL supplier-recommended special
harness in the BWSW was used for the patient (Figure 3A). We were
able to adjust the height of patient from the floor using a handle on
the outside of the frame (Figure 3B). In addition, this system can be
set up to be used with a treadmill or as a special walker on the floor
(Figure 4, 5).

Phase 2: Treadmill training with BWSW

In this phase, the subject under went 2 h of HAL gait training
once a week for 1 year (Figure 4). The treadmill speed was adjusted to
the patient’s condition. The subject could not continue walking with
HAL so much after his heart rate reached at 125 bpm. For the safety
reason, 125 bpm was set as the discontinuance criteria for the HAL
gait training. The treadmill speed and walking distance during the

Figure 1: Locations of electrodes for hip extension.

Submit your Manuscript | o cosbuniddngg

Phase 3 (2 years)

Galt training on the floor with BWSW

2 h of training once a week (gait training: 1 h)
Walking speed was adjusted by a therapist to pull the
BWSW but not exceeding the heart rate of 125 bpm.
Walking distance during training increased (the
distance that the patient walked before the heart rate
reached 125 bpm).

. 5 times sit-to-stand exercise after gait training

Figure 2: Body-weight supported walker.

B: Handle for the adjustment of patient height

A: The harness for gait training

Figure 3: Treadmill training with the BWSW with harness.
BWSW: body-weight supported walker

A: The harness for gait training,

B: Handle for the adjustment of patient height

training was the speed and distance before his heart rate reached at 125
bpm, and they were gradually increased (Figure 6). We started with
a treadmill speed of 0.6 km/hr and walking distance of 200 meters,
because he felt the difficulty of walking with HAL in the begining and
his heart rate reached at 125 bpm very easily. Near the end of phase 2,
the subject could walk at a speed of 1.6 km/h and walk a distance of
>700 meters. Additionally, the subject walked on the treadmill with
1-3° incline in the last 100 meters when his condition was good. His
average heart rate was approximately 110 bpm during walking.

Phase 3: Gait training on the floor using the BWSW

After phase 2, we began gait training on the floor (Figure 5).

Phys Med Rehabil Int 1(3): id1014 (2014) -~ Page - 02
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Figure 4: Treadmill training with BWSW.
BWSW: body-weight supported walker.

Figure 5: Gait training on the floor with BWSW.
BWSW: body-weight supported walker.

Walking speed was adjusted by a therapist to pull the BWSW but not
exceed a heart rate of 125 bpm. The initial walking distance during
training was less than 200 meters, but it was gradually increased to
approximately 500 meters (Figure 6). After gait training and some
rest, 5STS was performed. Three therapists helped the subject stand
up on a platform, which was 50 cm above the floor. One therapist was
in front to manually support him stand up, and the other two assisted
from the sides to pull up the harness. His heart rate frequently reached
125 bpm during the last 5STS trial. When his heart rate reached
125 bpm before the last trial, we stopped the exercise immediately.
Clinical assessments were performed at the initial evaluation and 3
years after HAL gait training (Table 2).

This case report describes the feasibility of HAL gait training for
patients with BMD. In general, patients with neuromuscular disease
do not undergo gait training during the non-ambulatory phase [12].
This patient had not undergone gait training since he had become
wheelchair-bound. Although there are no standard exercises for
patients with BMD or severe Duchenne muscular dystrophy [13], his

Submit your Manuscript | -
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Figure 6: The time course of walking distance during gait training.
Walking distance: The distance that the patient walked during training before
his heart rate reached 125 bpm.

Table 2: Results of clinical assessments.
BMI, body mass index; ROM, range of motion; R/L, Right/Left; MMT, manual-
muscle testing.

Pre-training Post-training

(initial evaluation) (3 years later)
Body weight (kg) 56 54
BMI 20.8 201
ROM (°)
Hip extension (R/L) ~30/-20 -25/-20
Knee extension (R/L) -20/-15 -20/-15
Ankle dorsiflexion(R/L) ~25/-25 ~25/-20
MMT
Hip extension (R/L) 2-/2- 2-/2-
Knee extension (R/L) 2-/2- 2-/2-
Shoulder flexion (R/L) 22 22
Shoulder extension (R/L) 2/2 2/2
Elbow extension (R/L) 3/3 3/3
Brook upper extremity scale 2 2
Vignos lower extremity scale 9 9

gait ability and fitness improved with HAL gait training. This finding
indicates that HAL gait training is both feasible and safe when used
as a part of a regular rehabilitation program for patients with BMD.

All gait trainings were performed using BWSW, which provided
safety and gait speed control. The combined use of the HAL and
BWSW is important for HAL gait training in patients with BMD.
The combination allowed the patient to stop walking whenever
he wanted. Although the BWSW height occasionally limited the
reduction of weight load, it was satisfactory in the present case. The
use of a harness seems essential to allow safe HAL gait training for
patients with BMD.

The HAL training began long after the patient became wheelchair-
bound. HAL gait training at an early phase may be necessary to
prevent lower limb muscle weakness or joint contracture due to
disuse syndrome as described in other conditions [9]. In the present
case, the training frequency was relatively limited (once a week, Table
1). Furthermore, other physical exercises, such as knee extension
exercise with HAL, were not performed. Other physical functions,
such as muscle strength and range of motion, may be recovered by
additional HAL trainings. Finally, improvement was not observed
in the clinical assessment (Table 2). Other medication should be

Phys Med Rehabil Int 1(3): id1014 (2014) - Page - 03
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combined with HAL gait training to achieve clinical improvement.
Further study is needed in this area.

For patients with BMD, HAL gait training may be an effective

rehabilitation tool.

The authors would like to thank Enago (www.enago.jp) for the

English language review.
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The accurate and robust measurement of prostaglandins (PG) concentration could help to understand the many
physiological functions. The present study revealed that liquid chromatography/tandem mass spectrometry method for
the PGs analysis can satisfy the requirements for both qualitative and quantitative performance as compared to

competitive enzyme immunoassays.

© 2014, The Society for Biotechnology, Japan. All rights reserved.
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cross-reaction}

Prostaglandins (PG) are lipid mediators derived from arach-
idonic acid that regulate many physiological and pathophysiolog-
ical functions. PGD; and PGE;, both of which are positional isomers
produced by cyclooxygenases (COX1 and COX2), are representative
prostanoids. PGE, is a potent stimulant and functions in inflam-
mation, gastric and intestinal secretion, regulation of blood pres-
sure, platelet aggregation, and so on { | ;. PGDy, which is secreted by
mast cells, Th2 cells, and dendritic cells, has long been implicated in
allergic inflammation {2 ). In addition, PGD3 is well known as one of
the most potent sleep-inducing substances in the central nervous
system of mammals { 3.4). Since important biological events such as
inflammation, mediating pain, and fever are indeed finely modu-
lated by the levels of PGD, and PGE; at low concentration, the
analyses of these metabolites require a highly sensitive and accu-
rate quantitative methodology.

Bioassay methods such as competitive enzyme immunoassay
(EIA) are the most commonly used quantitative procedure for the
measurement of individual PG due to their sensitivity and speci-
ficity, which is a consequence of the unique ligand-antibody
binding (4}. However, the antibody preparation required for this
technique is rather laborious, and cross-reactivity of the antibody
with other compounds including prostaglandin analogs may be
inevitable. Meanwhile, mass spectrometry-based techniques,
especially liquid chromatography/tandem mass spectrometry (LC/
MS/MS) under multiple-reaction monitoring (MRM), have attracted
attention in the quantification of PGs owing to their selectivity
(5,6). To date, no previous evaluation of EIA and LC/MS/MS method
for the PGD, and PGE; analyses in terms of sensitivity and quan-
titative accuracy has been reported. The accurate measurement of
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PGs concentration could help to understand the underlying
mechanisms and possibility of therapeutic interventions.

The aim of the present study is to examine the applicability of two
commercially available EIAs to the measurement of PGD, and PGEy,
both of which are secreted by rat mast cells stimulated with dini-
trophenyl-BSA, along with comparison to an LC/MS/MS assay (Fig. 1).

Rat mast cell line (RBL-2H3 cells) was purchased from the
Health Science Research Resources Bank (HSRRB, Osaka, Japan).
RBL-2H3 cells were cultured in Minimum Essential Medium (MEM,
Sigma—Aldrich Co., St. Louis, MO, USA) containing 10% heat-inac-
tivated fetal bovine serum, 100 units mL~' penicillin, and
100 pg mL™! streptomycin sulfate. After the sensitization of RBL-
2H3 cells with 50 ng mL~! monoclonal anti-dinitrophenyl IgE, the
cells were stimulated with 20 ng mL~! dinitrophenyl-BSA, and
culture medium was picked up at 1, 3, 5, 10, and 15 min after the
stimulation. Cultured medium was purified with Sep-Pak C18 Plus
cartridge with 360 mg sorbent (Waters Corp., Miliford, MA, USA).
Briefly, medium samples were diluted with ethanol (final ethanol
concentration of 15% v/v) containing the radioisotope labeled
standards of [*H;]PGE; and [H7]PGD; (60 Bq for each per assay)
(Perkin-Elmer Inc., Boston, MA, USA) for EIA as tracers for estima-
tion of the recovery, or the stable isotope labeled standards of [2H,]
PGE; and [*H4]PGD; (10 pmol) (Cayman Chemical Co., Ann Arbor,
MI, USA) for LC/MS/MS analysis with the standard isotope-dilution
method. The cartridges were conditioned with 10 mL of ethanol
and allowed to equilibrate with 10 mL of Milli-Q water. Each sample
was loaded on a cartridge, and then the cartridge was washed with
20 mL of hexane. The PGs-mixture was eluted with 5 mL of ethyl
acetate to glass tube. The eluates were dried by evaporation under a
stream of dry nitrogen. For the quantitative analysis of PGD; and
PGE; with LC/MS/MS, the dried sample was reconstituted in 100 puL
of water/methanol/acetic acid (90/10/0.05, v/v/v).
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FIG. 1. Overview of EIA and LC/MS/MS protocols for the determination of PGD, and
PGE,.

In the case of EIA, the further purification of PGs was performed
by HPLC fractionation {7). Finally, the quantification of PGD, and
PGE, was performed with respective EIA kits (Cayman Chemical
Co.) according to the methods describing in the instructions. LC/
MS/MS system was composed of an LC Packings Ultimate equipped
with a Switchos loading pump and a Famos autosampler (Dionex
Corp., Sunnyvale, CA, USA) and an Esquire 3000 plus ion-trap mass
spectrometer fitted with an ESI ion source (Bruker Daltonics Inc.,
Billerica, MA, USA). The LC/MS/MS analysis was performed under
the following conditions: trapping column, Inertsil ODS-3 C18
column (0.3 x 5 mm, particle size of 5 um, Dionex Corp.); mobile
phase for sample loading, 0.05% (v/v) acetic acid in water; flow rate
for sample loading, 10 uL min~!; separation column, Inertsil ODS-3
C18 column (0.3 x 150 mm, particle size of 3 um, GL Sciences Inc.,
Tokyo, Japan); sample loading time, 5 min; mobile phase for PGs
separation, water/acetonitrile/acetic acid (95/5/0.05, v/v/v) (A) and
acetonitrile/water/acetic acid (95/5/0.05, v/vjv) (B); flow rate:
4yl min~'; gradient curve, 40% B at 0 min, 50% B at 15 min, 90% B at
17 min, 90% B at 22 min, 40% B at 23 min, and 40% B at 30 min;
injection volume, 10 pL; mode of mass analysis, negative ion mode;
nebulizer flow, 9.0 psi; dry gas flow rate of 4.0 L min~!; dry gas
temperature, 250°C; capillary voltage, 4.5 kV; compound stability,
100%, trap drive level, 50%; target count, 10,000; maximum accu-
mulation time, 100 ms; and spectral average, 7. The MS/MS spectra
were analyzed in the auto MS/MS mode at fragmentation ampli-
tude of 1.0 V. MRM transitions from the precursor ions to the most
abundant product-ions were recorded. The optimized MRM tran-
sitions are as follows: PGD; and PGEj, 350.8 > 314.8; and [?H4]PGD;
(d4-PGD>) and [*H4]PGE; (d4-PGE;), 354.8 > 318.8.

The present study has evaluated the analytical capabilities (i.e.,
sensitivity, quantitative accuracy, and sample throughput) between
LC/MS/MS and ElAs method based on the practical protocols for the
PGs quantification (Fig. 1). EIAs assay is a very useful tool for the
individual PG analysis in terms of economical, high throughput
performance, and highly sensitive. However, EIAs may not provide
specificity sufficient for the determination of PGs if immunological
cross-reactions occur, since the antibodies used in EIA sometimes
recognize not only the target molecule, but also structurally related
molecules. Therefore, in our practical EIA protocol, after the partial
purification of PGs with Sep-pack Cig cartridge, the further purifi-
cation of each targeted PG was performed using HPLC fractionation
based on retention index of each corresponding radioisotope
labeled standard (7). On the other hand, in the LC/MS/MS analysis,
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the PGD; and PGE; were quantified by a standard isotope-dilution.
The standard isotope-dilution method refers to the addition of the
stable isotopomers of the target compounds prior to partial puri-
fication, enables the accurate quantification by compensating for
both losses due to the sample pretreatment step and the nonspe-
cific matrix effects caused by co-eluting components (8}. In addi-
tion, it is well known that the sensitivity of LC/MS/MS can be
increased by lowering the flow rate of the mobile phase, which can
be achieved by using narrow diameter LC columns (). Thus, we
selected to the capillary LC system for PGs analysis.

The detection sensitivity of the LC/MS/MS system developed in
this study was compared to commercially available EIA kits with
PGD, and PGE; standard solutions. The limits of detection (LOD) of
LC/MS/MS was estimated based on S/N = 3 in the LC/MS/MS sep-
aration, whereas the LOD of EIAs was calculated with 80% B/Bg (%
bound/maximum bound: ratio of the absorbance of a particular
sample or standard well to that of the maximum binding By well)
value. The detection limits of LC/MS/MS were 1.5 nM (PGD;) and
0.70 nM (PGEy), while the LODs of ElAs were 0.15 nM (PGD;) and
0.10 nM (PGEy). Thus, the sensitivity of EIA was approximately 10-
fold higher than that of LC/MS/MS, indicating that EIA measure-
ment will lead to a minimization of starting material than the LC/
MS/MS system used.

Fig. 2A shows the LC/MS/MS (MRM) chromatograms of deute-
rium-labeled internal standards and PGs released from RBL-2H3
cells stimulated with dinitrophenyl-BSA. The LC/MS/MS assay was
able to separate the PGD3, PGE,, and unidentified metabolite (PGX)
and detect them with same MRM transition. Next, the performance
of quantitative accuracy of LC/MS/MS and EIAs was compared
(Fig. 3). Based on the statistical analysis, the LC/MS/MS method for
PGD; has no significant fault and can produce results compatible
with EIA measurement (Fig. 3B). However, significant difference in
the quantification of PGE; was observed between the LC/MS/MS
and EIA strategies (Fig. 3A). The level of PGE; estimated using EIA
was 3—8 times higher than that estimated with LC/MS/MS.

Here, in order to investigate the cause of analytical error of
quantitative values between the two methodologies, we focused
on the peak of the PGX, which represents the same MRM transi-
tion as PGD; and PGE; but different elution time (Figs. 2A and 2C).
By means of product-ion scan mode in the ion-trap mass spec-
trometer, the MS/MS spectra of the PGE,, PGD,, and PGX were
acquired by equal collision-induced dissociation parameter
(Fig. 2B—D). The dissociation pattern of PGX was very similar to
that of PGD, and PGE; (especially PGD,). Previous study has
revealed that a series of PG-like compounds termed isoprostanes
are formed in vivo from the free radical-catalyzed peroxidation of
arachidonate independent of COX {iC). In addition, Brose et al.
reported previously that the optimized LC/MS/MS method allows
for the PGs (PGD, and PGE;) and their stereoisomers, namely
isoprostanes including entPGE,, 8-isoPGE,, 11B-PGE,, and 15(R)-
PGD; to be separated {&). Therefore, this unidentified peak, PGX is
probably attributed to the stereoisomer of PGD; or PGE;, or their
mixtures. Considering our present findings and previous reports,
the quantitative values of PGE; with EIA protocol will contain a
part of PGX (Fig. 2C). Conceivably, PGE, fraction would be
contaminated with PGX in the process of HPLC fractionation based
on retention index of [*H;]PGE,. Furthermore, antibody used in
immunoassay for PGE; would recognize not only the PGE,, but
also structurally related molecule, PGX. Thus, these results raise
the possibility that PGs might be overestimated by EIA compared
with LC/MS/MS method, especially in a trace amount of metabolite
such as PGE; in the present case.

Taking all of the present results into account, LC/MS/MS method
is suitable than EIAs for PGs analysis in terms of quantitative ac-
curacy, which would be useful for the underlying mechanisms of
biological functions including sleep, central nervous system injury,
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FIG. 3. Quantitative estimation of time-dependent production of PGE; (A), PGD, (B), and PGX (relative peak area) (C) in RBL-2H3 cells using LC/MS/MS (open circles) and EIA (closed
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99% confidence level (P > 0.01, Student’s t-test; P < 0.01, Welch’s t-test). Statistical significance

inflammation, and cancer, as well as the possibility of therapeutic 5.
treatments. In addition, more recently, the improvement of an LC/
MS/MS analytical system enables the comprehensive and quanti-
tative analysis of PGs and their related metabolites with high
throughput ( 11). Accordingly, we predict that LC/MS/MS approach 7.
will be widely used as a standard method for the precise, robust,
and simultaneous profiling of PGs.
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Opposing Immunomodulatory Roles of Prostaglandin D,
during the Progression of Skin Inflammation

Hana Sarashina,* Yoshiki Tsubosaka,” Keisuke Omori,* Kosuke Aritake,"
Takayuki Nakagawa,§ Masatoshi Hori,* Hiroyuki Hirai,’ Masataka Nakamura,
Shuh Narumiya,# Yoshihiro Urade,” Hiroshi Ozaki,* and Takahisa Murata®

The effects of PGD, are extremely context dependent. It can have pro- or anti-inflammatory effects in clinically important
pathological conditions. A greater mechanistic insight into the determinants of PGD, activity during inflammation is thus required.
In this study, we investigated the role of PGD; in croton oil-induced dermatitis using transgenic (TG) mice overexpressing
hematopoietic PGD synthase. Administration of croton oil caused tissue swelling and vascular leakage in the mouse ear. Compared
with wild-type animals, TG mice produced more PGD; and showed decreased inflammation in the early phase, but more severe
manifestations during the late phase. Data obtained from bone marrow transplantation between wild-type and TG mice indicated
that PGD, produced by tissue resident cells in the TG mice attenuated early-phase inflammation, whereas PGD, produced from
hematopoietic lineage cells exacerbated late-phase inflammation. There are two distinct PGD, receptors: D-prostanoid receptor
(DP) and chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2). In TG mice, treatment with a DP
antagonist exacerbated inflammation in the early phase, whereas treatment with a CRTH2 antagonist attenuated inflammation
during the late phase. In vitro experiments showed that DP agonism enhanced vascular endothelial barrier formation, whereas
CRTH2 agonism stimulated neutrophil migration. Collectively, these results show that when hematopoietic PGD synthase is over-
expressed, tissue resident cell-derived PGD, suppresses skin inflammation via DP in the early phase, but hematopoietic lineage cell-
derived PGD, stimulates CRTH2 and promotes inflammation during the late phase. DP-mediated vascular barrier enhancement or
CRTH2-mediated neutrophil activation may be responsible for these effects. Thus, PGD, represents opposite roles in inflammation,

depending on the disease phase in vivo. The Journal of Immunology, 2014, 192: 459-465.

by cyclooxygenase (COX) that are synthesized and re-
leased upon encountering injurious stimuli. COX-mediated
PG synthesis is generally categorized as a proinflammatory event.
For instance, a major PG, PGE,, triggers common inflammatory
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symptoms, including swelling, pain, and fever (1, 2). Another
prostanoid, TXA,, promotes platelet aggregation and vascular
contraction (3). Clinically, inhibition of COX-mediated PG syn-
thesis has been applied to treat several types of inflammatory
diseases, including arthritis (4) and colorectal cancer (5).

PGD, is reported to promote sleep and to mediate inflammatory
responses. PGD synthase is of two types: lipocalin-type PGD syn-
thase and hematopoietic PGD synthase (H-PGDS). Lipocalin-type
PGD synthase is expressed mainly in the arachnoid and choroid
membrane, and is implicated in sleep (6) and pain promotion (7). In
contrast, H-PGDS is expressed mainly in immune cells, such as mast
cells and Th2 lymphocytes, and contributes to various inflammatory
responses in peripheral tissues (8). PGD, exerts its effects via two
types of receptors: D-prostanoid receptor (DP) and chemoattractant
receptor-homologous molecule expressed on Th2 cells (CRTH2).
The half-life of PGD, in blood is short (0.9 min) (9). Several in vitro
and in vivo studies have shown that PGD, is quickly degraded to
several products through enzymatic and/or nonenzymatic pathways
(10, 11), and that these products also stimulate PGD,-dependent
pathways. Whereas PGD, and its degradation product, PGJ,, can
bind DP and CRTH2 equally, many of the other products, such as
9a,113-PGF,, 13,14-dihydro-15-keto-PGD, (DK-PGD,), and 15-
deoxy—A12’14—PGD2 (15d-PGD2), possess higher binding affinity for
CRTH2 (12-14). Jring PGs also exhibit bioactivity, as they are
ligands for the peroxisome proliferator-activated receptor-y (15-17).
Although the pathophysiological implications of each PGD, me-
tabolite in vivo remain elusive, various activities have been ascribed
to these degradation products.

Reports have proved contradictory regarding whether PGD, is pro-
or anti-inflammatory. For instance, administration of PGD, or a DP
agonist has anti-inflammatory effects in rat bowel inflammation (18)

$107 ‘ST 1dy uo L1e1qry 20usIog 91T ANSISALU() eyes() Je /310 jounwii " mmmy//:diy WoIf papeojumoq



460

and mouse atopic dermatitis (19). DP receptor agonism inhibited
eosinophil migration (20) and dendritic cell activation (21) in a
mouse model of asthma. Our group also proved that PGD, sup-
pressed mouse acute lung inflammation and tumor growth by
inhibiting vascular permeability and subsequent angiogenesis via DP
stimulation (22, 23). According to these observations, the PGD,-DP
axis is likely to exert anti-inflammatory effects. In contrast, several
other groups showed that PGD, signaling mediates proinflammatory
responses. For example, administration of an H-PGDS inhibitor im-
proved mouse airway inflammation (24). Furthermore, treatment with
a CRTH?2 agonist aggravated atopic dermatitis and asthma in mice,
whereas intratracheal administration of PGD, promoted eosinophil
migration in rats (25, 26). Thus, PGD, is likely to regulate in-
flammation differently, depending on the disease type.

The overall outcome of an inflammatory response is determined
by multiple factors, including the type of mediator-producing cell/
effector cell, the precise effector cell function, the amount of in-
flammatory signal produced, and the identity of the receptor re-
ceiving the stimulus. Furthermore, these factors vary according to
the site and phase of inflammation. Because PGD, and its metabolites
exert various actions through several signal pathways, detailed studies
investigating where and how PGD; is produced, and its effects in
discrete phases of discrete diseases, are indispensable for the de-
sign of future therapies.

In the current study, we compared inflammatory reactions in the
skin between transgenic (TG) mice overexpressing H-PGDS and
wild-type (WT) mice to evaluate the contribution of PGD, at each
stage of disease progression. We demonstrate that PGD,-DP sig-
naling originating in tissue resident cells alleviates vascular per-
meability in the early phase of croton oil-induced dermatitis, and
that PGD,-CRTH2 signaling in infiltrating hematopoietic cells
promotes inflammation during the late phase of dermatitis.

Materials and Methods
Reagents

Croton oil, vascular endothelial growth factor (VEGF), and Evans blue were
from Sigma-Aldrich; Triton X-100, paraformaldehyde, formamide, and
methyl acetate were from Wako Pure Chemical; PGD,, BW 245C, BW
AB68C, CAY 10471, AL 8810, SQ29548, 15-deoxy-A'>'*-PGD,, 9, 11B-
PGF,, DK-PGD,, anti-H-PGDS Ab, and anti-COX-2 Ab were from
Cayman Chemical; anti-CD45 Ab was from Millipore; and penicillin-
streptomycin was from Life Technologies.

Mouse dermatitis model

All animal experiments were performed in accordance with the guidelines
of the University of Tokyo. TG mice with FVB background expressing
human H-PGDS under the regulatory control of the chicken B-actin pro-
moter were generated as previously described (27). Among the three lines
of TG mice (S41, S55, and S66), S55 was used, as they exhibited the most
abundant mRNA expression and enzymatic activity of human H-PGDS.
DP deficient (DP™/7) and CRTH2 deficient (CRTH2 ") mice with
C57BL/6 background were generated and bred as described previously
(28, 29). In some experiments, bone marrow transplantation (BMT) was
performed as previously described (22). Recipient mice (4-5 wk old) were
irradiated with 4.5 Gy, twice with 12-h intervals. Bone marrow (BM) cells
(2 X 10%) were collected from femurs of donor mice (8-9 wk old) and
injected through the tail vein of the recipient. Mice were used for each ex-
periment 8 wk after BMT. Mice were anesthetized with isoflurane. Croton oil
(2.5%, 2 h or 6 h) was administered to the surface of the right ear of mice.
VEGF (30 ng per head, 35 min), 9a,113-PGF, (10 ng per head each,
40 min), or DK-PGD, (10 ng per head each, 40 min) was injected s.c. into
the right ear. Vehicle was administered to the left ear as an internal control.

Modified Miles assay

After a certain period from the time of administration of each reagent to the
ears, mice were i.v. injected with Evans blue (30 mg/kg for FVB TG mice or
50 mg/kg for C57BL/6 gene—deficient mice). At 30 min after the circu-
lation, the ears were dissected and dried overnight at 55°C. After the ears
were weighed, Evans blue was extracted by incubation in formamide at 55°C
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for 24 h. Dye content was measured by reading at 610 nm in a spectropho-
tometer (Wallac 1420, PerkinElmer) and normalized to ear dry weight.

Measurement of PGs

Contents of PGD,, PGE,, and TXA; in ears were measured as previously
described (30). Briefly, excised ears were quickly frozen into liquid ni-
trogen and homogenized in ethanol containing 0.02% HCI, and the sam-
ples were separated by HPLC. An API3200 triple-quadruple tandem mass
spectrometer (Applied Biosystems) was used.

Immunostaining

Ear tissues were fixed in 4% paraformaldehyde for 2 d and embedded in
paraffin. Sections of 4-pum thickness were stained with H&E. For immu-
nostaining, S5-pm-thick frozen sections were used. After permeabilization/
blocking with 0.1% Triton X-100 and 5% normal goat serum for 30 min,
sections were labeled with anti-H-PGDS Ab (1:400), anti-COX-2 Ab
(1:250), or anti-CD45 Ab (1:400) overnight at 4°C. Then, the sections were
labeled with secondary Ab and DAPI. The images were captured using an
Eclipse E800 fluorescence microscope (Nikon), and the number of CD45*
cells was counted in three randomly chosen fields in each slide.

Measurement of transendothelial electric resistance

Bovine thoracic aortas were purchased from a slaughterhouse. Bovine aortic
endothelial cells (BAECs) were isolated and cultured in DMEM containing
10% FBS. BAECs (2.5 X 10%) were seeded into each well of the micro-
electronic sensor, and then transendothelial electric resistance (TER) was
measured by xCELLigence real time cell analyzer DP system (Roche).
Confluent monolayers of BAECs were serum starved for 10 h before the
experiment. TER was measured every 30 s and then normalized to the
initial value.

Isolation of neutrophil and chemotaxis assay

Marrow cavities of the tibias and femurs of 8-wk-old mice were flushed with
DMEM. Neutrophils were isolated by centrifugation over discontinuous
Percoll gradients. For the chemotaxis assay, a modified Boyden chamber
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FIGURE 1. Croton oil-induced skin inflammation in H-PGDS-over-
expressing mice. Croton oil (2.5%, 2 h or 6 h) or VEGF (30 ng, 35 min)
was administered to mouse ears. Evans blue dye (30 mg/kg) was injected
and circulated for 30 min. (A) Representative photographs show croton
oil-induced inflammation. Skin thickness (B) or dye extravasation (C) of
the inflamed ears was quantified (n = 5-8 each, *p < 0.05 compared with
WT). The concentration of PGD, (D) or PGE, (E) in inflamed ears was
determined by a mass spectrometer (n = 5, *p < 0.05 compared with WT).
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with 8-pm pores (BD Falcon) was used. Stimulants were added to the
bottom chamber, and inhibitors were added to both the upper and the
bottom chambers. Isolated neutrophils (2 X 10° cells) were applied to
the upper chambers. After 2 h, cells on the membrane were fixed and
stained with Giemsa solution. The number of cells from five randomly
chosen fields (X200) on the lower side of the membrane was counted.

Data representation and statistical analysis

The results are expressed as mean *= SEM. Statistical evaluations of the
data were performed using an unpaired Student ¢ test for comparisons
between two groups and by one-way ANOVA followed by a Dunnett test
or Tukey test for comparison between more than two groups. A p < 0.05
was taken as significant.

Results
Inflammatory responses in the presence of H-PGDS
overexpression

In WT mice, administration of 2.5% croton oil caused ear swelling
(Fig. 1B) and increased dye extravasation, an index of vascular
permeability (typical pictures are shown in Fig. 1A, and dye
leakages are quantified in Fig. 1C). These responses peaked 6 h
after the stimulation and settled in 36 h (ear swelling, 6 h, 0.146 *
0.013 mm; 36 h, 0.012 = 0.005 mm, n = 5 each).

Pretreatment with a pan-COX inhibitor, indomethacin, inhibited
these responses (Supplemental Fig. 1), suggesting the contributions
of PG production to the inflammation. TG mice showed reduced
severity of ear swelling and less vascular leakage at the early phase
(2 h after the stimulation), but showed more severe inflammation
than WT mice at the late phase (6 h post treatment). WT and TG
mice responded similarly to treatment with VEGF, which directly
stimulates vascular leakage without activation of the arachidonate
cascade (Fig. 1C, right bars).

FIGURE 2. Infiltrating leukocytes expressed H-PGDS
in inflamed ears. (A) Representative images of H&E
stainingare shown. (B) Excised ears from WT or TG
mice were subjected to immunostaining for H-PGDS
(green) and CDA45 (red), and then stained with DAPI
(blue) for nuclear labeling (n = 4 each). The pictures
were randomly taken from three fields, each at a magni- B
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Administration of 2.5% croton oil induced PGD, production in
both WT and TG mice (Fig. 1D). PGD, production in TGs,
compared with that in WT mice, was significantly higher during
the experiments. The concentration of another prostanoid, PGE,,
did not differ between the lines (Fig. 1E).

Infiltrated leukocytes expressed H-PGDS

As shown by the H&E staining (Fig. 2A, upper panels), no mor-
phological difference was observed between WT and TG mice prior
to stimulation (0 h). There was a time-dependent ear swelling and
infiltration of inflammatory cells upon croton oil administration.
Most of the infiltrating cells were neutrophils with segmented nuclei
(Fig. 2A, middle and lower panels; see insets). Regarding the ear-
swelling data shown in Fig. 1B, TG ears were slightly thinner at the
early phase of inflammation, whereas they were much thicker than
WT ears at the late phase. Neutrophil infiltration was also accel-
erated in TG mice at the late phase (Fig. 2A, inset panels).

We next performed immunostaining to define which type of cell
expresses H-PGDS in inflamed ears. As shown in Fig. 2B (upper
left panels), H-PGDS was not detected in nontreated WT ears. In
croton oil-treated WT ears, CD45™ leukocytes expressed H-PGDS
(Fig. 2B, middle and lower left panels). TG ears broadly expressed
H-PGDS regardless of oil stimulation (Fig. 2B, left panels). These
observations are consistent with the fact that human H-PGDS is
constitutively expressed in the TG mice from a chicken B-actin
promoter. Of interest, oil stimulation increased H-PGDS expres-
sion even in TG mice, and in particular in the CD45" cells. This
finding may be due to the elevation of endogenous mouse H-PGDS
expression in response to stimulation.

Expression of an inducible type of COX, COX-2, is required to
produce PGD, in the context of inflammation. As shown in Sup-
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plemental Fig. 2A and 2B, CD31" vascular endothelial cells
constitutively express COX-2 in both lines of mice. Infiltrating
CD45" leukocytes (most likely neutrophils) also express COX-2
after stimulation. We thus inferred that these two cell types are the
major sources of PGD; in this model.

In agreement with the observations from H&E staining, a sig-
nificant difference was noted in the number of infiltrating leuko-
cytes between the lines during the early phase of inflammation. In
contrast, many more leukocytes infiltrated TG ears than WT ears
at the late phase (Fig. 2C).

Functional contribution of hematopoietic lineage~derived
PGD; in dermatitis

We explored the contribution of hematopoietic cell (BM-derived
immune cells)— or nonhematopoietic cell (tissue resident cells)~
derived PGD, in dermatitis using BMT. Irradiated WT recipients
with WT BM (WT + WTPM) exhibited tissue swelling comparable
to that in nontreated WT (Supplemental Fig. 3) in response to oil
treatment. The BMT procedures (i.e., radiation and BM injection)
did not affect the inflammatory responses. At the early phase of
inflammation (2 h), no difference was detected in ear swelling
between the lines (Fig. 3A), whereas TG transplanted with WT or
TG BM (TG + WT*™ and TG + TG"™) exhibited blunted vascular
leakage compared with WT with WT or TG BM (WT + WM
and WT + TG®M) (Fig. 3B). These results suggest that PGD,
secreted from the tissue resident cells inhibits the inflammation in
TG mice during the early phase of dermatitis.

At the late phase, regardless of recipient genotype, mice
transplanted with TG BM (WT + TGEM, TG + TG®M) showed
more severe swelling (Fig. 3C) and vascular leakage (Fig. 3D)
in comparison with the mice with WT BM (WT + WT™ TG +
WTBM). This finding indicates that PGD, from infiltrating hemato-
poietic cells (most presumably neutrophils) promotes inflammatory
responses in the TG during this phase.

The role of PGD,-DP signaling in the early phase of
inflammation

We attempted to clarify how PGD, modulated inflammatory re-
sponses during early-phase dermatitis. Administration of an

0.12 B 0.08
Eo0.10 g
0.06
Eoos E
o ©
£0.06 3 004
[} L0
£0.04 2 002
5 0.02 g
w w
0.00 0.00

@)
O

04
3
2 o3
g 02
a
2 01
i
00
/\a‘% é}} {}m c(;.) ’{;é (,g} '8»\ (f
PO IR
NN NN

FIGURE 3. Contribution of hematopoietic lineage-derived PGD, in
dermatitis. Ear swelling (thickness) and dye extravasation in each BMT
mouse were assessed 2 h (A and B) or 6 h (C and D) after croton oil
treatment (n = 5 or 6 each, *p < 0.05).
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H-PGDS inhibitor, HQL-79 (50 mg/kg, i.p.), significantly en-
hanced tissue swelling (Fig. 4A) and vascular permeability (Fig.
4B) in both lines of mice. Upon H-PGDS inhibition, the degrees of
ear swelling and dye extravasation were similar in WT and TG
mice. As with H-PGDS inhibition, DP antagonism by BW A868C
(1 mg/kg, i.p.) also promoted inflammatory responses in both WT
and TG mice to the same degree (Fig. 4C, 4D).

Thus, the DP-mediated signal most likely contributed to the
immunosuppressive reaction of PGD, in early-phase inflamma-
tion. In support of this idea, DP™'" mice were more responsive to
croton oil stimulation than were WT mice, whereas CRTH2 ™/~
mice exhibited responses comparable to those of WT mice. Ad-
ditive treatment with PGD, (1 mg/kg, i.p.) inhibited the oil-
induced vascular leakage in WT and CRTH2™/" mice, but not
DP™™ mice (Fig. 4E). Furthermore, administration of a DP ag-
onist, BW 245C (1 mg/kg, i.p.), strongly inhibited vascular
leakage in WT ears (Fig. 4F).

The role of PGD,-CRTH?2 signaling in late-phase inflammation

We next assessed the contribution of PGD; to late-phase derma-
titis. As shown in Fig. 5A and 5B (ear swelling and dye leakage,
respectively), inhibition of H-PGDS by HQL-79 (50 mg/kg, i.p.)
tended to increase the scores in WT mice, whereas it attenuated
them in TG mice. As shown in Fig. 5C and 5D (both data are shown
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FIGURE 4. DP signaling alleviated early-phase inflammation. Effects of
an H-PGDS inhibitor, HQL-79 (50 mg/kg, i.p., 3 h before the stimulation),
or a DP antagonist, BW A868C (1 mg/kg, i.p., 2 h before the stimulation),
on the ear swelling (A and C) and tissue dye extravasation (B and D) were
assessed. Dye extravasation during early-phase inflammation were
assessed in DP™'~ or CRTH2™'~ mice with C57BL/6 background (E).
PGD, (1 mg/kg, i.p.) was administered 10 min before the stimulation.
Effect of a DP agonist, BW 245C (1 mg/kg, i.p., 10 min before dye in-
jection), on dye efflux during early-phase inflammation was assessed (F).
The data are indicated as a ratio to nontreated ears (only with croton oil
administration) (n = 4-6, *p < 0.05 and Tp < 0.05, compared with non-
treated WT ears or CRTH2 ™™ ears).
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as a ratio to nontreated), DP antagonism (BW A868C, 1 mg/kg i.p.)
promoted, and CRTH2 antagonism (CAY10471, 1 mg/kg, i.p.) ten-
ded to attenuate, the oil-induced inflammation in both lines of mice.
The DP-mediated anti-inflammatory reaction was dominant in WT
mice, whereas the CRTH2-mediated proinflammatory signal appeared
to counteract DP-mediated responses in TG mice.

We could obtain consistent observations using gene-deficient mice.
As shown in Fig. 5E, WT and CRTH2 ™~ mice represented com-
parable vascular leakage responding to sole oil treatment (6 h). DP
deficiency significantly increased vascular leakage even in late-phase
dermatitis. Additional treatment with PGD, increased vascular per-
meability in WT and increased slightly, but not significantly, in
DP™'™ mice. In contrast, PGD, treatment significantly decreased
vascular permeability in CRTH2 ™'~ mice.

As described above, PGD, is rapidly degraded into several prod-
ucts in blood (10, 11). These products possibly accumulate locally
and preferentially stimulate CRTH2-mediated proinflammatory
signaling according to disease progression. Indeed, treatment with
the major PGD, metabolites DK-PGD, and 9¢a,11B-PGF, (10 ng
per ear) significantly enhanced vascular leakage (Fig. 5F).
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FIGURE 5. CRTH2 signaling promotes late-phase inflammation. Effects
of HQL-79 [50 mg/kg, i.p., 3 h before the oil treatment (A)] or a DP an-
tagonist, BW A868C [1 mg/kg, i.p., 2 h before the oil treatment (B)], or
a CRTH2 antagonist, CAY 10471 [1 mg/kg, i.p., 30 min before the oil
treatment (B) on the late-phase ear swelling (A and C) and dye extrava-
sation (B and D)). Dye extravasation during late-phase inflammation was
assessed in DP™'~ or CRTH2™/~ mice with C57BL/6 background (E).
PGD; (1 mg/kg, i.p.) was administered 10 min before the stimulation.
Effect of a CRTH2 agonist, DK-PGD, (10 ng per ear), or a PGD; me-
tabolite, 9a,113-PGF, (10 ng per ear), on vascular permeability in vivo
(F) (n = 4-9 each, *p < 0.05 compared with nontreated WT ears or
CRTH2 ™'~ ears).
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The effect of PGD, on vascular permeability and neutrophil
migration in vitro

We examined the effect of PGD, on vascular endothelial per-
meability by measuring TER in vitro. In line with the in vivo data
showing DP-mediated vascular barrier enhancement (Fig. 4E),
treatment with PGD, (10 uM) or BW 245C (1 pM) elevated
TER, indicating barrier enhancement (typical responses are
shown in Fig. 6A and summarized in Fig. 6B). These effects
were completely inhibited by DP antagonism (BW A868C, 10
wM, 30 min before PGD, administration). A CRTH2 agonist,
DK-PGD, (1 uM), which enhanced vascular permeability in
vivo, did not change TER in vitro. In addition, 9c,11B-PGF,
(1 pM) did not affect endothelial barrier formation in vitro
(Fig. 6B).

In the transmembrane migration assay, isolated neutrophils
migrated toward a solution of 5 nM leukotriene B, added into the
lower chamber (Fig. 6C), as previously reported (31). Stimulation
with PGD, or a DK-PGD; (1 uM), 9«,113-PGF, (100 nM), also
induced neutrophil migration; this was abolished by CRTH2 an-
tagonism (CAY10471, 1 pM).
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FIGURE 6. The effect of PGD, on vascular endothelial barrier forma-
tion and neutrophil migration. A representative figure (A) or quantification
(B) of the TER is shown (1 = 46 each, *p < 0.05 and 'p < 0.05 compared
with nontreated or stimulant-treated cells). BAECs were treated with PGD,
(10 pM), BW 245C (1 uM), DK-PGD; (1 uM), or 9¢,11B-PGF, (1 uM).
BW A868C (10 wM) was given 30 min before the PGD, or BW 245C
treatment. Migration assay was performed using isolated neutrophils (C).
Stimulants were added to the lower chamber, and CAY 10471 (1 uM) was
added to both the lower and the upper chambers. Data are shown as the
number of cells migrating to the lower chamber in one field (X20,n =5
each, *p < 0.05 and Tp < 0.05 compared with nontreated or stimulant-
treated cells).
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Discussion

Using genetically modified mice that overexpress H-PGDS, we
demonstrated that PGD, assumes both pro- and anti-inflammatory
roles according to the progression of inflammation. Specifically,
upon initiation of croton oil-induced dermatitis, PGD, produced
from tissue resident cells exhibits an anti-inflammatory action
through DP-mediated signaling. At the progression phase, PGD,,
and possibly its degradation products secreted from infiltrating
leukocytes, promote inflammation through CRTH2-mediated sig-
naling (Supplemental Fig. 4).

At the early phase of dermatitis, secreted PGD, had anti-
inflammatory activity in both WT and TG mice, which is attributable
to DP-mediated signaling. TG showed relatively strong anti-
inflammatory reactions. These phenomena are presumably due to
the higher level of PGD, production in TG ears. The experiments
using BMT revealed that PGD, produced from tissue resident cells
contributes to the anti-inflammatory reaction during the early phase.
Given that vascular endothelial cells constitutively express COX-2
(which is indispensable for PGD, production), endothelial cell-
derived PGD, is likely to control inflammation in early-phase der-
matitis.

‘We observed that DP-mediated signaling contributes to the anti-
inflammatory role of PGD, by enhancing endothelial barrier for-
mation. We previously reported that vascular endothelial cells
express DP and its agonism inhibits vascular leakage in the inflamed
lung (22) and growing tumor (23), in agreement with our current
observations. The underlying molecular mechanism associated with
stimulation of DP is tightening of endothelial cell-to-cell junctions
through the cAMP/protein kinase A/Rac signaling pathway (32).

Of interest, in contrast to its anti-inflammatory role in the early
phase, secreted PGD, showed proinflammatory effects in the late
phase. When compared with the ears of WT animals, the ears of
TG mice had more severe inflammation with increased PGD,
production. BMT and morphological studies suggested that infil-
trating leukocytes produced PGD, and promoted tissue swelling
and vascular hyperpermeability. Considering the fact that tissue
contents of PGD, were similar in the early and late phases in each
line of mice (Fig. 1D), the site of production seems to be more crucial
than the amount of PGD, for PGD,-mediated immune responses.

We further demonstrated that CRTH2 signaling mediates the
proinflammatory effects of PGD,. This activity is likely because
many of the PGD, degradation products potentially bind CRTH2
(12). Further investigation is required to assess the contribution
of each product to the pathogenesis of inflammation, especially
in vivo. However, it is possible that sustained local inflammation
leads to the accumulation of PGD, metabolites, which further
accelerate inflammation by acting as CRTH?2 ligands.

Our data show that both a CRTH2 agonist (DK-PGD;) and a major
PGD, metabolite (9a,11B-PGF,) enhanced vascular permeability
in vivo, but they did not directly influence endothelial barrier for-
mation in vitro. Previous studies showed that CRTH2 stimulation
promotes the migration of BM-derived hematopoietic lineage cells
such as Th2 lymphocytes and eosinophils (33). Consistently, CRTH2
agonism stimulated migration of neutrophils in vitro. In addition,
infiltration of neutrophils was accelerated in inflamed TG ears.
Neutrophils produce a variety of bioactive agents, including cyto-
kines and reactive oxygen, that can stimulate the vascular bed (34).
Thus, neutrophil-derived PGD, may promote neutrophil infiltration/
migration through CRTH2 signaling, and as a result, bioactive sub-
stances released from infiltrating neutrophils could promote inflam-
mation, at least partially, by disrupting the vascular barrier.

Our data showing that the PGD,-DP signaling axis mediates anti-
inflammatory reactions imply that DP agonism may be a strategy for
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treatment of various inflammatory diseases. Conversely, we also
showed in this article that activation of the PGD,~CRTH2 signal
axis in inflammatory cells promotes inflammation. These situations
presumably occur in diseases that are accompanied by local accu-
mulation of PGDs-secreting immune cells, such as allergic inflam-
mation with mast cell and/or eosinophil accumulation. H-PGDS
inhibition or CRTH2 antagonism might be beneficial for these
pathological conditions.

Inflammation is an indispensable response for the rejection of
foreign substances and for tissue regeneration, and it occurs
throughout the body. As key players in this response, PGs are likely
produced and received by almost all types of cells. To understand
and manage various types of inflammatory diseases, a detailed
evaluation of the role of individual PG types with respect to their
source and effects in each phase of disease is an absolute re-
quirement. We suggest that our use of the H-PGDS TG mice that
overexpress H-PGDS with a 3-actin promoter provides significant
insight in this regard. The system is not without caveats, however,
because the inflammatory symptoms observed in the TG mice
were induced owing to exogenous expression of H-PGDS driven
by a nonnative promoter. However, this mouse model highlighted
the role of PGD, in inflammation and allowed us to provide deep
insights into the paradoxical action of PGDs.

In summary, the Janus-like behavior of PGD, with regard to its
pro- and anti-inflammatory effects in vivo was determined by an
exquisite balance of multiple factors, which included the site of its
production and the quantity of PGD, and related degradation
products.
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