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Figure 5 | IL-23 was upregulated in cKO skin. (a) IL-12/23p40, IL-23p19, and IL-12p35 mRNA expression in the skin determined by real-time RT-PCR.
All values are normalized to GAPDH. Results are displayed as arbitrary units (expression in control skin=1). Meants.e.m. (n=5). (b) IL-23p19 mRNA
expression in epidermis determined by real-time RT-PCR. All values are normalized to GAPDH. Results are displayed as arbitrary units (expression in
control=1). Meants.e.m. (n=6). (c) Immunoblotting of IL-23p19 and B-actin in whole skin and epidermis from control and cKO mice. (d) Skin stained
with the antibody against IL-23p19 (red) and Hoechst (blue). Dotted lines denote dermal-epidermal border. Scale bar, 30 um. (e) IL-23p19 mRNA
expression in primary keratinocyte cultures determined by real-time RT-PCR. All values are normalized to GAPDH. Results are displayed as arbitrary
units (expression in undifferentiated control keratinocytes =1). Meanzs.e.m. (n=3). (f) Epidermal sheets were treated with anti-IL-23p19 neutralizing
antibody or normal goat I1gG, and IL-17 mRNA expression was determined. All values are normalized to GAPDH. Results are displayed as arbitrary units

(expression in cKO epidermal sheet treated with isotype control=1). Meanxs.e.m. (n=4). (g) Relative PLC activity in epidermal lysates (PLC activity in
control epidermis =100%). Meants.e.m. (n=4). (h) Immunoblotting for phospho-PKC substrate in epidermis. B-actin was included as a loading control.
(i) Epidermal sheets were treated with PMA and ionomycin, and mRNA expression of IL-23p19 and IL-12p35 was determined. All values are normalized
to GAPDH. Results are displayed as arbitrary units (expression in control epidermal sheet without PMA/ionomycin treatment =1). Meants.em. (n=4).

Mice used in all experiments were 8-12 weeks old. Statistical significance was assessed using a Student’s t-test. *P<0.05; **P<0.01. ND, not detected;

NS, not significant.

activation of PLC and its downstream effector, PKC. We found that
overall PLC activity was drastically decreased in cKO compared with
control epidermis (Fig. 5g), indicating that, even in the presence of
other PLC isoforms, loss of PLC81 impaired PLC activity in the epi-
dermis. Consistent with the decrease in PLC activity, we found that
the phosphorylation of PKC substrates was markedly decreased in
cKO epidermis (Fig. 5h), indicating that loss of PLC31 from kerati-
nocytes impaired the activation of the PLC downstream effector. We
next determined whether the PLC downstream signal affected IL-23
expression. PLC activation results in the generation of IP; and DAG,
leading to elevated concentrations of intracellular calcium ions and
activation of PKC. We, therefore, treated epidermal sheets with the
calcium ionophore, ionomycin and phorbol 12-myristate 13-acetate

(PMA), a synthetic analogue of DAG and a PKC activator, to mimic
PLC activation. IL-23p19 expression was upregulated in cKO epi-
dermal sheets in the absence of ionomycin and PMA. Importantly,
IL-23p19 upregulation was ameliorated in ¢KO epidermal sheets
in the presence of ionomycin and PMA (Fig. 5i). Expression of the
IL-12-specific subunit, IL-12p35, was unchanged in the epidermis,
regardless of the presence or absence of ionomycin and PMA (Fig. 5i).
These results strongly suggest that IL-23 upregulation in the cKO
epidermis was caused by impaired PLC downstream signalling.

¢KO skin shares features of human inflammatory skin diseases.
Because patients with human inflammatory skin diseases, such as
psoriasis, show upregulation of IL-23 and IL-17 in the skin33233,

NATURE COMMUNICATIONS | 3:963 | DOI: 10.1038/ncomms1960 | www.nature.com,/naturecommunications T

® 2012 Macmillan Publishers Limited. All rights reserved.



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1960

a c

Whole skin  Epidermis
non IMQ non IMQ kDa

A — o

Control cKO

e f "
E}' kDa
100
100
STAT3
-
a7

VEGF (Skin) h

*w

Control ckO

(fold)

Relative expression (2
(= " I 7 T -9

Control  cKO

d CCRE (Skin) CCL20 (Skin) BD3 (Skin)
* 10 * P
2 8 16
6 12
g 4 8
= 2 4
§ 0 0 04
1] Control cKO Control cKO Control cKO
g TNF ot (Skin) IL-6 (Skin) S100A8 (Skin)
2 3 * 4 L 12 zo
]
g 2 3 ’
2
1 4 4
0 0 j ol mm
Control cKO Control  cKO Control cKO
I Control Psoriasis

Figure 6 | cKO skin exhibits features of human inflammatory skin disease. (a) Immunoblotting of PLC81 and B-actin in whole skin or epidermis from
non-treated (non) or IMQ-treated (IMQ) mice. (b) HE stained dorsal skin sections. Scale bar, 50 um. The control skin has a normal epidermis, whereas
the cKO skin has a thickened epidermis. (c) The skin was stained with antibodies against CD3 (green) or F4/80 (green) and Hoechst (blue). Scale
bar,100 um. (d) CCRé, CCL20, B-defensin3 (BD3), TNF o, IL-6, and SI00A9 mRNA expression in skin determined by real-time RT-PCR. All values are
normalized to GAPDH. Results are displayed as arbitrary units (expression in skin of control mice =1). Meants.e.m. (n=5). (e) Immunoblotting for total
and phosphorylated STAT3 (pSTAT3) in skin. B-actin was included as a loading control. (f) Skin stained with antibody against phosphorylated STAT3.
Dotted lines denote dermal-epidermal border. Scale bar, 20 um. Nuclear staining of phosphorylated STAT3 is indicated by arrows. (g) VEGF mRNA
expression in skin determined by real-time RT-PCR. All values are normalized to GAPDH. Results are displayed as arbitrary units (expression in skin of
control mice =1). Meanxs.e.m. (n=5). (h) Skin stained with the antibody against CD31 (red) and Hoechst (blue). Hair shafts show nonspecific auto-
fluorescence (red). Scale bar, 100 um. (i) Skin from four non-pscriatic volunteers and four patients with psoriasis were stained with antibody against
human PLC81 (brown). Dotted lines denote dermal-epidermal border. Scale bar, 100 um. Body sites of each skin samples were as follows: control;

arm, waist, back, and back (indicated from the top panel to the bottom panel). Psoriasis; arm, abdominal, leg, and leg (indicated from the top panel to
the bottom panel). (a, c-h) 8-12-week-old mice were used. (b-h) Untreated IMQs were used. The data presented in (b, c, e, f, h) are representative

of analyses of three mice per genotype. The data presented in (a) is representative of analyses of two mice per genotype. Statistical significance was

assessed using a Student’s t-test. *P<0.05; **P<0.01.

PLC81 could be involved in pathogenesis of these diseases. We
therefore, examined PLC81 expression in the topical imiquimod
(IMQ)-induced psoriasiform lesion, which is a mouse model of
human psoriasis®®. Interestingly, PLC81 protein was decreased in
IMQ-treated skin compared with non-treated skin (Fig. 6a). PLC31
downregulation was also observed in the epidermis of IMQ-treated
mice (Fig. 6a). These observations strongly suggest that epidermal
PLC31 is implicated in a mouse model of human psoriasis. We next
determined whether ¢KO skin shares features of human inflam-
matory skin diseases. Histological analysis revealed that ¢KO skin
showed acanthosis (Fig. 6b) and infiltration of immune cells (Fig. 6¢),
as seen in human inflammatory skin diseases, such as psoriasis. In
addition, ¢cKO epidermis displayed abnormal patterns of differentia-
tion marker expression, including the interfollicular expression of
K6 (Supplementary Fig. $12), which is observed in human inflam-
matory skin diseases, Real-time RT-PCR showed that inflamma-
tory genes upregulated in human inflammatory skin diseases are

also upregulated in cKO skin (Fig. 6d)>>-4°, Activation of the signal
transducer and activator of transcription 3 (STAT3) is also a fea-
ture of psoriasis®!, and western blotting revealed that both total
and phosphorylated STAT3 proteins were increased in cKO skin
(Fig. 6e). Consistent with these results, immunohistochemistry
detected phosphorylated STAT3 in the nuclei of the cKO epidermis
(Fig. 6f). Because the dermis is highly vascularized in some skin dis-
eases?2~%> we analysed the expression levels of the potent angiogenic
factor, vascular endothelial growth factor (VEGF). VEGF upregula-
tion was observed in cKO skin (Fig. 6g). In addition, immunofluo-
rescence revealed that ¢KO skin was highly vascularized (Fig. 6h),
in a manner similar to that in human inflammatory skin diseases.
Most phenotypes in ¢KO skin were also observed in a mouse model
of human psoriasis (Supplementary Fig. S13). Interestingly, PLC81
protein was downregulated in epidermis of human psoriatic skin
(Fig. 6i). These observations strongly suggest that epidermal PLC81
is involved in human psoriasis.
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Figure 7 | Loss of PLCH1in keratinocytes exaggerates CHS responses. (a) Time course of ear swelling after DNFB challenge. Ear swelling was measured
at the indicated times. Meanzs.d. (n=4). (b) HE stains of ear after DNFB challenge. The ears of sensitized mice were painted with DNFB, collected 96 h
later and stained with HE. Lower panels are magnified views of the boxed regions in the upper panels. Scale bar in upper panel, 100 um. Scale bar in lower
panel, 50 pm. (¢) Sensitized mice were treated with anti-IL-17 neutralizing antibody or normal rat IgG before challenge, and ear swelling was measured

at the indicated times. Mean+s.d. (n=3). Mice used in all experiments were 8-12 weeks old. The data presented in (b) are representative of three mice
per genotype. Statistical significance was assessed using a Student’s t-test. **P<0.01. (d) Proposed model of local and systemic phenotypes induced

by epidermal loss of PLC&1. Epidermal loss of PLC81 impairs overall PLC activity and activation of PLC downstream signals, which causes increased
production of IL-23 in the epidermis and whole skin. IL-23 induces IL-17 production in the epidermis. IL-17 was also overproduced in the skin-draining
lymph nodes. This aberrant activation of the local IL-23/IL-17 axis resulted in a phenotype similar to that in human psoriasis and exaggerated CHS
responses. Regarding systemic phenotypes, serum IL-17 levels were increased presumably as a result of skin and/or skin-draining lymph node-derived
1L-17 (dotted arrow). Elevated serum IL-17 concentrations likely cause subsequent granulocytosis through G-CSF production (dotted arrow).

PLC81 in keratinocytes influences contact hypersensitivity.
Dinitrofluorobenzene (DNFB)-induced contact hypersensitivity
(CHS) of the skin in mice is commonly used as a model for study-
ing the pathogenesis of allergic contact dermatitis (ACD), in which
IL-17 has a critical role*#6. We, therefore, assessed CHS responses
in ¢KO mice. Mice were sensitized and challenged with DNFB,
and the CHS response was assessed by measuring ear swelling. On
challenge with DNFB, DNFB-sensitized control mice exhibited a
CHS response with mild ear swelling, whereas ¢KO mice showed
more prominent ear swelling with exaggerated edema and severe
inflammatory cell infiltration (Fig. 7a,b). Interestingly, IL-17 neu-
tralization resulted in abrogation of the exaggerated ear swelling in
¢KO mice almost to basal level at any time after challenge (Fig. 7c).
These results indicate that the exacerbated CHS in ¢KO mice was
IL-17-dependent.

Discussion

In all of our mouse models, the level of expression of PLC31 in
keratinocytes was inversely correlated with the levels of expres-
sion of IL-23 and IL-17 in skin and skin-draining LNs. Thus, loss
of PLC81 in keratinocytes results in local activation of the IL-23/
IL-17 axis (Fig. 7d). Keratinocytes from lesional psoriatic skin
express IL-23 (ref. 32). In addition, human keratinocytes stimu-
lated with nickel, a common hapten inducing CHS, produce IL-23
(ref. 47). These results are consistent with our observation that

IL-23p19 was upregulated in keratinocytes of cKO epidermis
(Fig. 5d). Because IL-23p19 was upregulated mainly in basal layer
of cKO interfollicular epidermis (Fig. 5d), essential and sufficient
roles of suprabasal PLC81 in maintenance of normal IL-23p19 levels
(Fig. 3d; Supplementary Fig. S11) is somewhat surprising. Interac-
tions between suprabasal and basal keratinocytes might be impor-
tant in regulation of IL-23p19 expression. We also found that Y
T cells in cKO epidermis expressed IL-17 (Supplementary Fig. S9).
Interestingly, Y8 T cells were recently reported to be major IL-17
producers in skin of IL-23-mediated psoriasiform dermatitis*8:4,
Aberrant activation of the IL-23/IL-17 axis in the skin is known
to be involved in the development of inflammatory human skin
diseases, especially psoriasis®. Indeed, IL-23 injection into normal
skin was sufficient for the development of psoriatic phenotypes in
mice®®3!, and a monoclonal antibody against IL-12/23p40 subunit,
ustekinumab is efficacious for the treatment of patients with moder-
ate-to-severe psoriasis®2. Although cKO skin shared some molecu-
lar features of psoriasis, it did not demonstrate all the histological
characteristics of psoriatic skin. This may be because the expression
of another key cytokine for the development of psoriasis, IL-22,
was not upregulated in cKO skin (data not shown). Nonetheless, as
PLCB81 expression was decreased in the epidermis of patients with
psoriasis (Fig. 6i) and in mouse IMQ-induced psoriasiform lesion
(Fig. 6a), PLC81 may be involved in the pathogenesis of psoriasis.
cKO mice also demonstrated increased sensitivity to hapten-induced
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CHS, a mouse model of human ACD. The fact that the exaggerated
CHS response in ¢KO mice was inhibited by IL-17 neutralization
demonstrated the involvement of PLC81 in IL-17-mediated ACD.

Keratinocyte-specific ablation of PLCS31 also caused systemic
elevation of IL-17 and granulocytosis. Because activation of the local
IL-23/IL-17 axis and systemic granulocytosis were both observed
in cKO, but not in Tg/KO mice, the absence of epidermal PLC81,
local IL-23/IL-17 axis activation, and systemic granulocytosis were
strongly correlated with each other. This strict correlation strongly
suggests that activation of the local IL-23/IL-17 axis and elevation of
serum IL-17 and G-CSF concentrations are likely to be responsible
for granulocytosis. On the basis of previous findings®, the serum
concentrations of IL-17 and G-CSF in PLC81~/~ and cKO mice were
sufficient to produce a systemic increase in granulocytes. The loss of
JunB in keratinocytes was recently reported to cause a myeloprolif-
erative disease characterized by increased granulocytes through ele-
vated G-CSF production by keratinocytes®®. As expression levels of
JunB and G-CSF were unaltered in epidermis of cKO mice (data not
shown), PLC81 seems to cause granulocytosis by a different mecha-
nism to that observed in keratinocyte-specific JunB-knockout mice.

The results of this study demonstrate that disruption of the
PLCO1 gene in keratinocytes disturbs not only local skin immune
responses, but also the systemic homeostasis of haematopoietic
cells, especially granulocytes. The proposed mechanism underly-
ing the phenotypes seen in cKO mice is depicted in Fig. 7d. These
findings suggest that targeting body-surface-specific inflammatory
pathways may prevent not only inflammatory skin diseases but
systemic granulocytosis and related disorders too.

Methods

Mice. PLC81 /- mice and PLC81 flox/flox mice (Acc. No. CDBO0552K: http://www.
cdb.riken.jp/arg/mutant%20mice%20list.html) were produced as described™>
(http://www.cdb.riken.jp/arg/Methods.html). In brief, a floxed allele of PLC81 was
generated by inserting loxP sites upstream of exon 4 and downstream of exon 5. The
resulting mutant mice carrying the floxed allele of PLC61 were crossed with B6-Tg
(CAG-FLPe)36 mice (RIKEN BRC, RBRCO 1834) to remove the neomycin-resistant
cassette, and then with K14-Cre transgenic mice® (#004782, Jackson Laboratory,
Bar Harbor, ME, USA) to remove the floxed exons. Foxn1::PLCSI transgenic mice
(Acc. No. CDB0437T: http://www.cdb.riken.jp/arg/TG%20mutant%20mice%20list.
html) were developed as per a standard protocol. In brief, murine PLC81 was
subcloned into a plasmid that contained a 27,970-bp Foxnl promoter fragment (gift
from Dr T. Boehm)*. The construct was linearized and injected into C57BL/6N

or BDFI pronuclei according to standard protocols. Tg/KO mice were generated
with two independent transgenic mouse lines. Adult mice or pups were routinely
genotyped by PCR. The primer sequences used are listed in Supplementary

Table S4. Age- and sex-matched littermates were used to minimize any effects of
genetic background. All animal studies were approved by the animal experiments
review board of Tokyo University of Pharmacy and Life Sciences.

FACS analysis of cells from peripheral blood and tissues. Fluorophor-conjugated
monoclonal antibodies were used in various combinations to stain peripheral blood
mononuclear cells, splenocytes, and bone marrow. Red blood cells were depleted
with 1xRBC Lysis Buffer (eBioscience, San Diego, CA, USA). For staining, 2-5x10°
cells were used. Fc receptor was blocked by CD16/32 antibody. After staining (Sup-
plementary Table §5), the cells were fixed with 1% paraformaldehyde. Stained and
fixed cells were assayed using a FACSCanto flow cytometer (BD Biosciences) and
further analysed with FlowJo software (Tree Star, Ashland, OR, USA).

BrdU incorporation assay. Analysis of in vivo BrdU incorporation into immature
granulocytes was performed using the BrdU Flow Kit (BD Pharmingen) after
intraperitoneal injection of 1.5 mg of BrdU. Mice were killed 1 h later and the bone
marrow cells were collected. Cell surface markers were identified using Gr-1 and
CD11b antibodies.

Colony-forming unit assays. Colony-forming cell assays were performed using
bone marrow cells and MethoCult M3434 (Stem Cell Technologies, Vancouver,
British Columbia, Canada). Colonies were counted after 12 days’ incubation in a
humidified atmosphere with 5% CO; and characterized according to their unique
morphologies.

Bone marrow transplantation. Recipient mice were irradiated with 9 Gy whole-
body irradiation, Donors were PLC31 */~ or PLC81~/~ (CD45.2*) mice, while
recipients were of B6.SJL (CD45.1*) background. A total of 4x 108 donor bone

marrow cells were intravenously injected into each recipient. Peripheral blood,
spleen, and bone marrow chimerism were analysed by immunostaining for CD45
congenic marker isoforms in leukocytes 1 month after transplantation.

Intracellular IL-17 staining. Cells from ILNs and MLNs were cultured for 4h

in RPMI-1640 (Invitrogen) containing 10% fetal bovine serum (FBS) in the
presence of PMA (50 ngml~'; Sigma) and ionomycin (1 pugml~; Invitrogen).
Brefeldin A (10pgml~"; Sigma) was added for the last 2h of incubation. Cells were
collected and stained with antibodies (Supplementary Table $5) against cell surface
antigens. The cells were then subjected to intracellular cytokine staining using

the mouse Foxp3 buffer set (BD Pharmingen), according to the manufacturer’s
instructions,

Enzyme-linked immunosorbent assays (ELISA). Serum G-CSF and IL-17 levels
were determined using the Quantikine Mouse G-CSF and IL-17 Immunoassay kits
(R&D Systems, Minneapolis, MN, USA), respectively, according to the manufac-
turer’s instructions.

Real-time RT-PCR. Total RNA was isolated using the RNeasy Mini kit (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol. Template comple-
mentary DNA was synthesized from total RNA using the QuantiTect Reverse
Transcription kit (Qiagen) or the ReverTra Ace qPCR RT kit (Toyobo, Osaka,
Japan). Real-time PCR was performed using the THUNDERBIRD SYBR qPCR
Mix (Toyobo) in a CFX96 thermocycler (Bio-Rad, Miinchen, Germany). Primer
sequences are listed in Supplementary Table $4. The relative amounts of mRNA
were normalized to glyceraldehyde 3-phosphate dehydrogenase mRNA.

Immunofluorescence and immunohistochemistry. Immunofluorescence analysis
for IL-23p19, CD3, F4/80, CD31, K1, K5, K6, and Loricrin was performed using
frozen sections. Briefly, sections were fixed in acetone (for IL-23p19) or 2% para-
formaldehyde (for CD3, F4/80, CD31, K1, K5, K6 and Loricrin), and nonspecific
binding sites were blocked with TNB (PerkinElmer, Waltham, MA, USA). The
sections were then incubated with primary antibodies (Supplementary Table 55).
Antibody binding was detected by subsequent incubation of the sections with
Alexa Fluor 488 or 568-conjugated secondary antibody. Counter-staining was per-
formed with Hoechst 33258 (Invitrogen). Immunofluorescence analysis of mouse
PLC31 was performed using paraffin sections with TSA Plus Cyanine 3 System
(PerkinElmer). Sections were observed under a BZ-8000 microscope (Keyence,
Tokyo, Japan). Immunchistochemistry for phosphorylated STAT3 was carried out
on paraffin sections, according to the manufacturer’s instructions. Immunohisto-
chemical assays for human PLCS1 were performed using paraffin sections with

a Vectastain Elite rabbit ABC kit (Vector Laboratories, Burlingame, CA, USA).
Sections were examined under a BX51 microscope (Olympus, Tokyo, Japan).

Measurement of PLC activity. Epidermis was homogenized in 40 mM HEPES-
KOH, pH 7.0, 120mM KCl containing 0.1% sodium deoxycholate. The PLC
activity of these epidermal lysates was assayed by hydrolysis of PI(4,5)P; in a 50-ul
reaction mixture containing 20,000d.p.m. of [3H]PI(4,5)P2 (PerkinElmer Life Sci-
ences), 40 UM PI(4,5)P;, and 50 uM phosphatidylethanolamine as phospholipids
micelles. The micelles were incubated with epidermal lystaes at 37 °C for 5min, and
the reaction was stopped by adding chloroform/methanol (2:1, v/v). Radioactive
1P; was extracted with 1 N HC, and radioactivity in the upper aqueous phase was
measured for 1 min in a liquid scintillation counter’®,

Hapten-induced CHS. Mice were sensitized with DNFB (Sigma) by painting the
shaved dorsal skin with 50 ul of 0.5% (w/v) DNFB dissolved in acetone:olive oil
(4:1). Five days later, 10l of 0.2% (w/v) DNFB was applied to both sides of the
right ear. The same volume of acetone:olive oil (4:1) was applied to the left ear as
an unchallenged control. Ear swelling was calculated by subtracting the thickness
of the left ear from that of the right ear after measurement with a pair of callipers.
To detect the role of IL-17 in the elicitation of CHS, mice were sensitized and
treated twice intraperitoneally with anti-1L-17 antibody (R&D Systems) (200 g
per mouse) or normal rat IgG (R&D Systems) (200 ug per mouse) on days 4 and 5,
after sensitization. Mice were challenged on day 5 and CHS was measured.

Explant culture of epidermal sheet. Ear or tail skin was removed from adult mice
and incubated for 30 min at 37°C in 0.25% trypsin (Invitrogen) to separate the
epidermis from the dermis. For stimulation with PMA and ionomycin, epidermal
sheets were cultured for 6h in RPMI-1640 containing 10% FBS with or without
PMA (100ngml~") and ionomycin (2.5 pugml™!). For IL-23 neutralization, epider-
mal sheets were cultured for 24 h in RPMI-1640 containing 10% FBS with 4 ig of
anti-IL-23p19 antibody (R&D Systems) or normal goat IgG (R&D Systems).

G-CSF induction. Swiss 3T3 cells were maintained in DMEM containing 10% FBS.
Cells isolated from skin-draining lymph nodes were cultured for 48 h in RPMI-
1640 containing 10% FBS and CM was collected. Swiss 3T3 cells were cultured

for 24h in DMEM containing 10% FBS and skin-draining lymph-node CM. Skin-
draining lymph-node CM was preincubated with anti-IL-17 antibody (1 pugml~!)
or normal rat IgG for 1'h before adding to Swiss 3T3 cells.
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Intracellular IL-17 staining of epidermal single-cell preparation. Ear skin was
removed from adult mice and incubated for 1h at 37°C in 0.5% trypsin to separate
the epidermis from the dermis. Single-cell suspensions were prepared from the
epidermis by incubation for an additional 15 min with 0.5% trypsin. Leukocyte
enrichment was performed by overlaying a single-cell suspension on a Percoll
density gradient and centrifuging. Epidermal cell suspensions were then stained
with antibodies against CD3, and the cells were subjected to intracellular IL-17
staining using the mouse Foxp3 buffer set, according to the manufacturer’s
instructions.

IMQ treatment. Balb/c mice were treated on the shaved back skin or inner side of
the right ear with a daily topical dose of 62.5 or 12.5 mg of commercially available
IMQ cream (5%) (Beselna Cream; Mochida Pharmaceuticals, Tokyo, Japan) for

6 days, respectively. Left ears were untreated and used as control. Back skin or

ears were collected 24 h after the last treatment. For the preparation of epidermal
samples, ear skin was incubated for 30 min at 37°C in 0.25% trypsin to separate
the epidermis from the dermis.

Human subjects. Patients with psoriasis and healthy volunteers without psoriasis
were enrolled. Informed consent was obtained from all participants. The study
protocol was approved by the Ethics Committee of Kyoto University and was
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Peroxisome proliferator-activated receptor delta (PPARS), a mem-
ber of the nuclear receptor family, is emerging as a key metabolic
regulator with pleiotropic actions on various tissues including fat,
skeletal muscle, and liver. Here we show that the PPARS agonist
KD3010, but not the well-validated GW501516, dramatically ameli-
orates liver injury induced by carbon tetrachloride (CCl,) injections.
Deposition of extracellular matrix proteins was lower in the KD3010-
treated group than in the vehicle- or GW501516-treated group. In-
terestingly, profibrogenic connective tissue growth factor was
induced significantly by GW501516, but not by KD3010, following
CCly treatment. The hepatoprotective and antifibrotic effect of
KD3010 was confirmed in a model of cholestasis-induced liver in-
jury and fibrosis using bile duct ligation for 3 wk. Primary hepato-
cytes treated with KD3010 but not GW501516 were protected from
starvation or CCl;-induced cell death, in part because of reduced
reactive oxygen species production. In conclusion, our data dem-
onstrate that an orally active PPARS agonist has hepatoprotective
and antifibrotic effects in animal models of liver fibrosis, suggest-
ing a possible mechanistic and therapeutic approach in treating
patients with chronic liver diseases.

hepatic stellate cells Kupffer cells liver cirrhosis

Liver fibrosis is a common consequence of chronic liver injury
including alcohol abuse, viral hepatitis, autoimmune disease,
and nonalcoholic steatohepatitis. Chronic liver disease can prog-
ress to cirrhosis and hepatocellular carcinoma. Cirrhosis is a major
health burden worldwide and currently is the 12th leading cause
of death in the United States. Liver fibrosis is reversible if the
causative agent (e.g., alcohol consumption, hepatitis B and C viral
infections, or biliary obstruction) is removed successfully (1).
However, the underlying causative agent is treated successfully
only in subsets of patients with liver diseases, and there are no
specific treatments for liver fibrosis. An ideal antifibrotic therapy
would be liver specific, well tolerated when administered for
prolonged periods of time, and effective in attenuating excessive
collagen deposition without affecting normal extracellular matrix
synthesis (2).

Peroxisome proliferator-activated receptors (PPARs) are mem-
bers of the nuclear receptor family of ligand-activated transcrip-
tion factors. They form heterodimers with retinoid X receptor
(RXR) and bind to consensus DNA sites. Ligand binding induces
a conformational change in PPAR-RXR complexes, releasing
repressors in exchange for coactivators, and results in modulation
of gene transcription. PPARs are able to transrepress as well as
transactivate genes (3). Functional dissection of ligand-dependent
coregulators of PPARs reveals that their transcriptional regulation
is linked to histone modification and chromatin remodeling. All
three subtypes of PPARs, including PPARS, can be activated by
fatty acids and fatty-acid derivatives. Based on studies using gene
deletion and synthetic agonists, PPARS is emerging as a key
metabolic regulator. PPARS agonists improve glucose and lipid
homeostasis (4, 5) and increase skeletal muscle fatty-acid metab-
olism. PPARS agonists have been shown to be exercise mimetics

www.pnas.orglcgi/doi/10.1073/pnas. 1202464109

and to increase endurance in mice that already are undergoing
exercise (6). PPARS has anti-inflammatory activities, including
inhibition of cytokine production and promoting the alternative
activation of macrophages (7).

To determine whether PPARS agonists are beneficial in ex-
perimental liver fibrosis, mice were treated orally with a PPARS
agonist, KD3010, or with the well-validated PPARS agonist
GW501516. Unexpectedly, KD3010, but not GW501516, showed
hepatoprotective ‘and antifibrotic effects in liver fibrosis induced
by carbon tetrachloride (CCly) or bile duct ligation (BDL).

Results

PPARGS Agonist KD3010 Protects from Liver Injury. Liver injury was
induced by repeated injections of CCly, and mice were treated
daily with vehicle, the widely used PPARS agonist GW501516
(6), or the PPARS agonist KD3010 by oral gavage. Control oil-
injected mice did not show any liver damage (Fig. 14). Liver
injury consisting of hepatocyte death and inflammation was seen
in the vehicle- or GW501516-treated group injected with CCly on
H&E-stained liver sections but was markedly reduced in the
KD3010-treated group (Fig. 14). This result was confirmed by

(ALT) levels, which were re-
duced only in the KD3010 group compared with other groups
(Fig. 1B). Both KD3010 and GW501516 induced PPARG&-re-
sponsive genes such as adipose differentiation-related protein
(ADFP) and uncoupling protein 2 (UCP2), but not PPARa- and
PPARy-specific responsive genes such as FGF21 and CD36, re-
spectively (Fig. 1C).

KD3010-Treated Mice Show Less Hepatic Fibrosis. Fibrillar collagen
deposition as a measure of liver fibrosis was determined by
Sirius Red staining. Vehicle- or GW501516-treated animals
showed bridging fibrosis. Fibrosis was lower in the KD3010
group (Fig. 1D) than in the other groups. The lower level of
Sirius Red staining was confirmed by morphometric analysis
(Fig. 1E). Hydroxyproline content, a measure for total collagen,
was reduced in the KD3010 group (Fig. 1F). Mice subjected to
CCl; and treated with KD3010 showed control levels of the
inflammatory cytokine TNFa compared with the vehicle- and
GW501516-treated groups (Fig. 1G). Similarly, a-smooth
muscle actin (aSMA) mRNA, a marker of hepatic stellate cell
activation, also was down-regulated in the KD3010 group. An
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Fig. 1. Reduced liver injury and hepatic fibrosis in mice treated with the PPARS agonist KD3010. Mice were injected i.p. 12 times with oil as control (n =4 in each
group) or with CCly and were administered vehicle (n = 14), GW501516 (2 mg/kg; n = 12), or KD3010 (10 mg/kg; n = 11) daily by oral gavage. (4) Representative H&E-
stained liver sections are shown. (B) ALT levels were measured in the serum of mice. (C) Relative gene-expression levels of ADFP, UCP2, FGF21, and CD36 were
determined in the liver of mice treated with vehicle, GW501516, or KD3010 for 5 wk (n =4 in each group). (D and E) Collagen deposition was evaluated by Sirius Red
staining and quantitated by image analysis. Representative sections stained with Sirius Red are shown for vehicle-, GW501516-, and KD3010-treated mice. (F)
Hydroxyproline content was measured in the liver of mice. (G) Hepatic TNFa, aSMA, TIMP-1, or collagen a1(/) gene expression was assessed by gPCR. *P < 0.05.

equally impressive reduction of hepatic expression of mRNA
encoding collagen al(I) was found in the KD3010 group, and
induction of tissue inhibitor of matrix metalloproteinases
(TIMP)-1, an important mediator of liver fibrosis, was de-
creased in the KD3010 group (Fig. 1G). Taken together,
PPARS ligand activation by KD3010, but not by GW501516,
protects against chemically induced liver injury and fibrosis and
reduces hepatic inflammation.

KD3010 Protects Against Cholestasis-Induced Liver Fibrosis. To de-
termine whether the PPARS agonist KD3010 suppresses hepatic
fibrosis induced by a different etiology, mice underwent chole-
static liver injury by BDL and were treated daily with vehicle or
KD3010. Twenty-one days after BDL, liver injury was reduced
markedly in the KD3010 group as seen on H&E-stained liver
sections (Fig. 24). Mice treated with KD3010 showed a significant
reduction in fibrosis as evidenced by Sirius Red staining (Fig. 2 B

E1370 | www.pnas.org/cgildoi/10.1073/pnas. 1202464109

and C). The survival rate was significantly higher in PPARS ag-
onist-treated mice subjected to BDL (Fig. 2D). In addition,
compared with mice treated with vehicle, the KD3010 BDL group
showed decreased expression of inflammatory genes in the liver,
including TNFe and IL-1§ (Fig. 2E). Consistent with the histo-
pathology, hepatic TIMP-I and collagen al(I) gene expression
was decreased following PPARS ligand activation (Fig. 2E). Thus,
PPARS activation protects from both hepatotoxic and cholestatic
liver fibrosis.

Cellular Expression of PPARS in the Liver. To determine which he-
patic cells express PPARS in vivo, we performed double staining
for PPARS and F4/80, as a marker for Kupffer cells, or desmin,
as a marker for hepatic stellate cells. PPARS protein expression
was found in the nucleus of Kupffer cells and hepatic stellate
cells (Fig. 34). Notably, not all Kupffer cells or hepatic stellate
cells expressed PPARS, consistent with reports of heterogeneous

lwaisako et al.
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Kupffer cell and hepatic stellate cell populations (8). Hep-
atocytes showed weak positive staining for PPARS protein. Ad-
ipose tissue was used as a positive staining control (Fig. S1).

A similar expression pattern was observed on the gene level.
PPARS mRNA was expressed predominantly in Kupffer cells and
in hepatic stellate cells isolated from normal liver but was ex-
pressed only minimally in hepatocytes (Fig. 3B). To confirm the
responsiveness of hepatocytes to a PPARS ligand, hepatocytes
were isolated, and expression of PPARS-responsive genes was
determined following treatment with KD3010. KD3010 induced
PPARS®-responsive genes such as ADFP, pyruvate dehydrogenase
kinase, isoenzyme 4 (PDK4), and angiopoietin-like 4 (Angptl4)
but not the PPARa- and PPARy-responsive genes, FGF21 and
CD36, respectively (Fig. 3C). These results indicate that KD3010
is capable of activating PPARS in hepatocytes.

Polarization State of Kupffer Cells Is Not Affected by KD3010. In
response to different stimuli, Kupffer cells are capable of dif-
ferentiating into two polarization states, M1 and M2. LPS pro-
motes Kupffer cell differentiation to a classical, M1 phenotype.
The M1 activation pattern is responsible for up-regulating
proinflammatory mediators (9). To delineate the effects of
KD3010 on Kupffer cells, primary Kupffer cells were isolated

Iwaisako et al.

from wild-type mice and cultured in the presence of KD3010.
The morphology did not change following treatment with
KD3010 for 1 d in culture compared with vehicle-treated cells
(Fig. S24). KD3010 induced PPARGS-responsive genes such as
ADFP, PDK4, and Angptl4 in primary Kupffer cells (Fig. 3D).
LPS-induced expression of TNFa, IL-6, and IL-1§ was not
suppressed by KD3010 in cultured Kupffer cells (Fig. S2B). In
contrast, an alternative or M2 phenotype of Kupffer cells is in-
duced in response to IL-4 and IL-13. The M2 phenotype is
thought to produce anti-inflammatory factors and to promote
tissue repair after inflammation and/or injury (7, 10). IL-4-
induced expression of M2 markers such as arginasel and mac-
rophage galactose-type C-type lectin 1 (Mgl-1) was not affected
following KD3010 treatment in cultured Kupffer cells (Fig.
S2B). Thus, KD3010 induces a common set of PPARS target
genes such as ADFP, PDK4, and Angptl4 in both M1 and M2
Kupffer cells.

PPARS Ligand KD3010 Does Not Decrease the Activation and
Fibrogenic Potential of Hepatic Stellate Cells. To explain the bene-
ficial effect of KD3010 in liver fibrosis, we next focused on he-
patic stellate cells. Hepatic stellate cells isolated from wild-type
mice did not change their morphology following treatment with
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cells, respectively. Black arrows indicate positively stained hepatocytes (Left),

double-positive Kupffer cells (Upper Right), and hepatic stellate cells (Lower Right). (B) Liver cell fractions were isolated from a normal liver. PPARS mRNA was
analyzed by gPCR and normalized to 185. The mean of three independent isolations is shown. (C) Hepatocytes were cultured with DMSO or KD3010 (5 pM).
Gene expression of ADFP, pyruvate dehydrogenase kinase, isoenzyme 4 (PDK4), angiopoietin-like 4 (Angpt/4), fibroblast growth factor (FGF)-21, and CD36

was analyzed by gPCR and normalized to 185. The mean of four independent
(1 uM). Gene expression of ADFP, PDK4, and Angpt/4 was analyzed by qPCR

experiments are shown. (D) Kupffer cells were cultured with DMSO or KD3010
and normalized to 185. () Hepatic stellate cells were cultured with DMSO or

KD3010 (1 pM). Gene expression of ADFP, PDK4, and Angpt/4 was analyzed by qPCR and normalized to 185. *P < 0.05.

KD3010 for 3 d in culture compared with vehicle-treated cells
(Fig. S34). Although KD3010 induced PPARS-responsive genes
such as ADFP, PDK4, and Angptl4 (Fig. 3E), hepatic stellate cells
incubated with KD3010 showed no change in the expression of
fibrogenic genes aSMA, TIMP-1, and collagen al(I) or the pro-
liferation marker cyclin D1 (Fig. S3B). Hepatocyte growth factor
(HGF) was induced in KD3010-treated hepatic stellate cells
compared with control cells (Fig. S3B). Thus, KD3010 does not
modulate fibrogenic properties of hepatic stellate cells.

PPARS Ligand Activation Protects Hepatocytes from Starvation and
CCly-Induced Cell Death. We then focused on hepatocytes as po-
tential targets for the beneficial effect of KDD3010 in liver injury
and fibrosis. KD3010 protected cultured hepatocytes from star-
vation-induced cytotoxicity, as evidenced by reduced ALT in the
supernatant and reduced cell death (released LDH) (Fig. 4 A-C).
In addition, KD3010 protected cultured hepatocytes from CCl-
induced cell death, as assessed by diminished propidium iodide
(PT) staining (Fig. 4D), and reduced ALT levels in the supernatant
(Fig. 4E). The hepatoprotective effect of KD3010 was absent in
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PPARS-deficient hepatocytes (Fig. 4E), demonstrating that the
hepatoprotection of KD3010 is not an off-target effect.

Because reduced oxidative stress might mediate the protection
from cell death, reactive oxygen species (ROS) were measured
and indeed were lower in CCly-treated hepatocytes incubated with
KD3010, whereas hepatocytes incubated with GW501516 showed
more ROS production (Fig. 4F). KD3010 treatment of wild-type
hepatocytes decreased thiobarbituric acid-reactive substances
(TBARS), a measure of lipid peroxidation, after CCl, exposure,
but this effect was not seen in PPARS-deficient hepatocytes (Fig.
4G). We next examined cytochrome P450 (Cyp) expression, be-
cause its function is to catalyze the oxidation of organic substances.
Gene expression of several Cyp family members was induced
following incubation with KD3010. However, Cyp2E1, the CCl,-
metabolizing enzyme, was not affected by KD3010 (Fig. 4H).
Thus, KD3010 induces Cyp family members, decreases ROS in
hepatocytes, and protects hepatocytes from starvation and toxic
cell death.

To explain further the differences between KD3010 and
GW501516, we compared the gene-activation profile of the two
compounds in cultured hepatocytes by gene-expression micro-
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Fig. 4. KD3010 protects hepatocytes from cell death in culture. Hepatocytes were cultured in KRB without glucose and without FCS for indicated time periods
in the presence of DMSO, GW501516 (100 nM), or KD3010 (5 pM). (A) Representative photomicrographs are shown. ALT was measured in the supernatant of
cells (B), and cell death was assessed (C). (D) CCl, (2.5 mM) was added to hepatocytes after 12 h in the presence of DMSO, GW501516 (100nM) or KD3010 (5 pM).
Representative photomicrographs of cells and Hoechst- and Pl-stained hepatocytes are shown. (E) CCls-induced cell death was assessed in wild-type and PPARS-
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array analysis. Surprisingly, the two PPARS agonists had distinct
gene-expression profiles (Fig. S4 A-C and Tables S1 and S2).
Known PPARG&-responsive genes such as PDK4 and carnitine
palmitoyltransferase 2 were induced by both agonists. KD3010
caused a larger change in gene expression than did GW501516.
Interestingly, connective tissue growth factor (CTGF) was in-
duced by GW501516 but not by KD3010. We therefore com-
pared hepatic CTGF gene expression following CCl, treatment

Ilwaisako et al.

in mice gavaged with GW501516 or KD3010. Similar to the in
vitro results, CTGF mRNA was significantly higher in
GW501516-treated than in vehicle-treated mice, but there was
no difference between KD3010- and vehicle-treated mice fol-
lowing repeated CCly injections (Fig. S4D). CTGF has potent
profibrogenic properties and is produced and secreted by hep-
atocytes (11). Recently CTGF has been shown to be induced by
p53 in hepatocytes and to result in liver fibrosis (12), possibly
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thereby contributing to the different effects on liver fibrosis ob-
served with GW501516 and KD3010.

Discussion

To address the effect of PPARS activation on chronic liver dis-
eases, we took an unbiased approach to test a potent and highly
selective PPARS agonist, KD3010, in mouse models of liver fi-
brosis induced by hepatotoxicity (CCl, injections) and cholestasis
(BDL). KD3010 shows dramatic antifibrotic effects in vivo and was
more effective than the well-validated PPARS agonist GW501516.
Hepatocytes appear to be the target for PPARS ligand activation,
because KD3010 protects cultured hepatocytes from starvation-
and CCl,-induced cell death. Thus, a hepatoprotective effect upon
ligand activation mediates the beneficial effect of KD3010 in ex-
perimental animal models of liver fibrosis.

The role of PPRAS in chronic liver disease has not been exam-
ined previously. PPARS deficiency increases acute liver toxicity
induced by azoxymethane or CCl, in mice (13), whereas treatment
with the PPARS ligand GW0742 ameliorates acute CCly-induced
liver toxicity in a PPARS-dependent fashion (14). The cellular
mechanism was not identified in these studies (13). In contrast to
the beneficial effect of PPARS ligand activation in acute liver dis-
ease, enhanced acute liver toxicity after one dose of CCly was
reported to occur in rats when another PPARS ligand, 1165041,
was administered concomitantly (15). Our study demonstrates that
a highly specific PPARS agonist, KD3010, showed potent beneficial
effects in two models of liver injury and fibrosis, whereas the known
PPARS agonist GW501516 did not affect chronic liver injury.
Consistent with our results, GW3501516 did not affect liver fibrosis
in a choline-deficient, ethionine-supplemented mouse model of
steatohepatitis (16). Differences in the physiological outcomes of
specifically targeted nuclear receptor pharmacophores are well
documented in the steroid receptor family for estrogens, gluco-
corticoids, and androgens. In addition, differential outcomes have
been reported recently for targeted synthetic farnesoid X receptor
ligands, as demonstrated by global gene-expression profiles (17).
The differences reported here for the PPARS agonists can be at-
tributed to a number of different factors, including different spe-
cificities for other PPAR isoforms, potencies of different synthetic
compounds, and in vivo pharmacological properties of the com-
pounds including differential tissue distribution, degradation, and
clearance. This study demonstrates that distinct structural phar-
macophores, although classified as agonists, can confer widely dif-
fering benefits in the pathological setting when studying the effects
of nuclear receptor-targeted agonists.

PPARS plays an important role in energy, glucose, and lipid
homeostasis. This role may be mediated in part by alternative M2
activation of macrophages/Kupffer cells. Genetic ablation of
PPARS in bone marrow cells impairs alternative activation of tissue
macrophages and predisposes mice to the development of insulin
resistance and metabolic syndrome, including adiposity and hepatic
steatosis on a high-fat diet (7). PPARS is induced by T-helper type 2
cytokines derived from hepatocytes or adipocytes to induce alter-
native activation of adipose tissue macrophages or Kupffer cells,
suggesting that M2 macrophages have a profound influence on
oxidative metabolism and lipid homeostasis. Alternatively activated
macrophages attenuate inflammation in the liver and also in white
fat tissue (7, 10). In contrast, recent studies do not support a role for
alternative activation of macrophages mediated by PPARS. Loss of
PPARS in bone marrow-derived cells did not affect glucose toler-
ance in mice fed a high-fat diet (18). PPARYy, but not PPARS, ac-
tivation promotes human monocyte differentiation toward
alternative macrophages (19). Although Kupffer cells express en-
dogenous PPARS, our study provides evidence that Kupffer cells
are not an important target for PPARS ligand activation to mediate
its antifibrotic effect. KD3010 did not modulate in vitro activation
and the polarization state of Kupffer cells. Hepatic stellate cells,
the main cell type producing extracellular matrix in liver fibrosis,
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express endogenous PPARS, but their fibrogenic properties are not
changed following PPARS activation in vitro.

Hepatocytes, the predominant liver cell type, express PPARS
and induce PPARG&-responsive genes upon KD3010 treatment.
KD3010, but not GW501516, protects cultured hepatocytes from
starvation- and CCls-induced cell death. In fact, GW501516 in-
creased ROS production and starvation-induced cell death in
cultured hepatocytes. KD3010-mediated cytoprotection is PPARS
dependent, because the effect is lost in PPARS-deficient hep-
atocytes. The mechanism likely involves expression of Cyp en-
zymes, which are stimulated by KD3010 and result in oxidation and
detoxification of organic substances, wherecas GW501516 did not
alter expression of Cyp enzymes. In addition to the PPARS-
dependent cytoprotective effect, we also demonstrate the induc-
tion of CTGF by GW501516, which is a strong profibrotic cytokine.
Combined, the cytoprotection and the absence of a profibrogenic
cytokine confer protection against fibrosis and explain the differ-
ences between KD3010 and GW501516 observed in our study. Our
study identifies hepatocytes as the main target cell population in
the liver that mediates the beneficial effect of KD3010 in a PPARS-
dependent fashion.

Chronic liver disease results in hepatic fibrosis. The only cur-
rent treatment paradigm for patients with hepatic fibrosis is
treatment of the underlying liver disease (20). If the causative
agent cannot be removed, there are currently no effective anti-
fibrotic treatments for patients with chronic liver diseases (21).
Experimental studies in rodents have revealed targets to prevent
the progression of fibrosis. However, the efficacy of most treat-
ments has not been tested in humans. Additionally, promising
targets identified in rodents may result in undesirable side effects
in humans. For example, inhibition of the profibrotic cytokine
TGFB-1 may favor cancer development, especially in liver cir-
rhosis, which is a premalignant state (2). On the other hand,
PPARS deficiency results in azoxymethane-induced regenerative
liver cell hyperplasia, suggesting that PPARS protects against
enhanced cell proliferation in the liver (13). Insights into the
mechanisms of the development of hepatic fibrosis provide an
opportunity to develop therapeutic interventions for human
clinical use. A PPARS agonist may serve as a treatment option
for liver fibrosis. The findings reported here should promote
further clinical investigation into the potential use of a PPARS
agonist in treating patients with chronic liver diseases.

Materials and Methods

Mouse Models of Liver Fibrosis. Male 11-wk-old C57/B6 mice were treated with
CCly (2 pl/g body weight; 1:4 dilution with corn oil) or with corn oil as control
(2 pl/g body weight) by i.p. injection every third day. Injections were re-
peated for a total of 12 times. Livers were harvested 3 d after the last in-
jection. BDL or sham operation as control was performed as described
previously (22), and livers were harvested 21 d later. All animal procedures
were performed under the guidelines set by The University of California, San
Diego Institutional Animal Care and Use Committee and are in accordance
with those set by the National Institutes of Health.

Treatment Protocol. KD3010 (chemical name (5)-4-[cis-2,6-dimethyl-4-(4-tri-
fluoromethoxy-phenyl)piperazine-1-sulfonyl]-indan-2-carboxylic acid tosy-
late) (Fig. S5) is a potent, orally active, and selective PPARS agonist (Kalypsys
Inc.). Phase I clinical trials have successfully been completed in healthy vol-
unteers and demonstrated safety and tolerability without clinically relevant
treatment- or dose-related trends in the laboratory, vital sign, ECG, or
physical examination safety parameters (www.kalypsys.com). KD3010 has no
appreciable interaction with human, rhesus, or murine PPARx and PPARy
receptors, as evidenced by ECsy values in excess of 7-10 pM. Cell-based re-
porter gene assays indicate that KD3010 (up to 10 pM) does not affect the
function of mouse/human pregnane X receptor and human constitutive
androstane receptor. For in vitro experiments we used concentrations of 1-5
uM. Mean plasma compound concentration of mice treated with CCly and
gavaged with KD3010 was 4 + 0.8 pM (at time of harvesting). Mice were
assigned randomly into groups at the beginning of the study. The study was
conducted in a blinded fashion, and the researchers performing the in vivo
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experiments (CCl, treatment and BDL; Figs. 1 and 2) remained blinded to the
nature of the experimental drugs until all data were analyzed. Mice were
treated daily with vehicle or KD3010 (10 mg/kg) by oral gavage. At times of
CCly injections, the compounds were administered 2 h after the last gavage
was given. Similarly, a well-characterized PPARS agonist GW501516 (2 mg/
kg) or vehicle was administered to mice daily by gavage (6).

Liver Enzymes and Staining Procedures. Blood was taken at the time of har-
vesting. ALT in the plasma was measured by the Infinity kit (Thermo Fisher
Scientific) according to the manufacturer's instructions. Formalin-fixed liver
samples were embedded in paraffin and stained with H&E. Sirius Red
staining [saturated picric acid containing 0.1% (wt/vol) Direct Red 80] was
performed as described (22). The Sirius Red-positive area was measured at
a final magnification of 40x. The entire median lobe of the liver was imaged,
and 6-14 images per animal were taken and analyzed using National
Institutes of Health Image J. The results are presented as percentage area
positively stained for Sirius Red. Immunohistochemistry and immunofluo-
rescence were performed using anti-PPARS antibody (1:100; Santa Cruz),
anti-desmin antibody (1:200; DAKO), and anti-F4/80 antibody (1:200;
eBioscience) as described (22).

Hydroxyproline Measurement. Liver tissue was homogenized in ice-cold dis-
tilled water (900 pL) using a Power Gen homogenizer (Fisher). Subsequently,
125 pL of 50% (wt/vol) trichloroacetic acid was added, and the homogenates
were incubated further on ice for 20 min. Precipitated pellets were hydro-
lyzed for 18 h at 110 °Cin 6N HCL. After hydrolysis, the samples were filtered
and neutralized with 10N NaOH, and the hydrolysates were oxidized with
Chloramine-T (Sigma) for 25 min at room temperature. The reaction mixture
then was incubated in Ehrlich’s perchloric acid solution at 65 °C for 20 min and
cooled to room temperature. Sample absorbance was measured at 560 nm in
duplicate. Purified hydroxyproline (Sigma) was used to set a standard.
Hydroxyproline content was expressed as nanogram of hydroxyproline per
milligram liver.

Gene-Expression Analysis, Total RNA was extracted with TRIZOL (Invitrogen).
RNA was digested with DNase using the DNA-free kit (Ambion). DNase-
treated RNA was reverse transcribed using the High Capacity cDNA Reverse
Transcription kit (ABI). Real-time quantitative PCR (qPCR) was performed for
40 cycles of 15 s at 95 °C and 60 s at 60 °C using an ABI 7000 sequence
detection system. The relative abundance of the target genes was obtained
by calculating against a standard curve and normalized to 185 or cyclo-
philin as internal control. Probes purchased from ABI or primers from the
National Institutes of Health mouse gprimer depot were used with SYBR
green (Bio-Rad). Microarrays were performed as described (6). Briefly,
samples were labeled and hybridized to Affymetrix Mouse Genome 430 2.0
arrays (n = 3 in each group). Microarray data have been deposited in the
Gene Expression Omnibus (accession code GSE32121). Microarray data
analysis was performed as described (23). In brief, image data were con-
verted into nonnormalized sample probe profiles using the BeadStudio
software (lllumina) and analyzed on the VAMPIRE microarray analysis
framework48. We constructed stable variance models for each of the two
experimental conditions and identified differentially expressed probes us-
ing the unpaired VAMPIRE significance test with a two-sided, Bonferroni-
corrected threshold (wgons) of 0.05. The VAMPIRE statistical test is a Bayes-
ian statistical method that computes a model-based estimate of noise at
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each level of gene expression. This estimate then was used to assess the
statistical significance of the apparent differences in gene expression in the
two experimental conditions.

Isolation and Culture of Hepatocytes, Kupffer Cells, and Hepatic Stellate Cells.
Isolation of liver-cell fractions from normal liver using magnetic cell sorting
(MACS) has been described (22). Kupffer cells and hepatic stellate cells were
isolated from mice by two-step collagenase-pronase perfusion followed by
three-layer discontinuous density gradient centrifugation with 8.2% (wt/vol)
and 14.5% (wt/vol) Nycodenz (Accurate Chemical and Scientific Corporation)
to obtain Kupffer-cell and hepatic stellate-cell fractions. Hepatic stellate cells
were collected between the 0 and 8.2% (wt/vol) layer. The Kupffer-cell
fraction was selected negatively by MACS using anti-LSEC Micro Beads (Mil-
tenyi Biotech). Kupffer cells were cultured with DMSO or KD3010 (1 pM) for
1 d before stimulation by LPS (1 ng/mL for 4 h) or IL-4 (10 ng/mL for 24 h).
Hepatic stellate cells were cultured with DMSO or KD3010 (5uM) for 3 d be-
fore harvesting. To induce starvation-associated cell death, hepatocytes were
cultured in Waymouth's medium containing 10% (volivol) FCS for 3.5 h;
Waymouth’s medium then was changed to Krebs-Ringer buffer without
glucose (KRB) in the presence of DMSO, KD3010 (5 pM), or GW501516 (100
nM). In some experiments, CCl4 (2.5 mM) was added to hepatocytes after 12 h.
Cell death was assessed by measuring ALT in the supernatant, by using a Cy-
totoxicity Detection Kit (Roche), or by staining with Pl. Hepatocytes were
isolated from wild-type or PPARS-deficient mice (4) and were cultured in 96-
well black-bottomed plates in KRB for 12 h in the presence of DMSO, KD3010
(5 pM), or GW501516 (100 nM). Cells were loaded with the redox-sensitive dye
CM-H;DCFDA (10 pM) diluted in KRB for 20 min at 37 °C. Cells then were
rinsed twice with KRB and stimulated with CCl; (2.5 mM). CM-H;DCFDA
fluorescence was detected at excitation and emission wavelengths of 488 nm
and 520 nm, respectively. ROS formation was measured in a time course of
23 min using a multiwell fluorescence scanner (Fluostar Optima; BMG Lab-
tech). TBARS were measured by using OxiSelect TBARS Assay Kit (MDA
Quantitation). For microarray analysis, RNA was extracted from hepatocytes
cultured in Waymouth's medium containing 10% (vol/vol) FCS in the presence
of DMSQ, KD3010 (5 mM), or GW501516 (100 nM) for 12 h.

Statistical Analysis. Results are reported as mean + SEM, unless otherwise
stated. Comparisons among multiple groups were performed by one-way
ANOVA with post hoc test (Tukey's Multiple Comparison Test). Mouse sur-
vival data were analyzed statistically by using the Log-rank (Mantel-Cox)
test. Comparisons between two groups were performed by the Mann-
Whitney u-statistic test. P < 0.05 was considered statistically significant. All
statistical analyses were performed using GraphPad Prism.
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Abstract

Chronic liver injury of many etiologies produces liver fibrosis and may eventually lead to
the formation of cirrhosis. Fibrosis is part of a dynamic process associated with the
continuous deposition and resorption of extracellular matrix, mainly fibrillar collagen.
Studies of fibrogenesis conducted in many organs including the liver demonstrate that the
primary source of the extracellular matrix in fibrosis is the myofibroblast. Hepatic myofi-
broblasts are not present in the normal liver but transdifferentiate from heterogeneous cell
populations in response to a variety of fibrogenic stimuli. Debate still exists regarding the
origin of hepatic myofibroblasts. It is considered that hepatic stellate cells and portal
fibroblasts have fibrogenic potential and are the major origin of hepatic myofibroblasts.
Depending on the primary site of injury the fibrosis may be present in the hepatic paren-
chyma as seen in chronic hepatitis or may be restricted to the portal areas as in most biliary
diseases. It is suggested that hepatic injury of different etiology triggers the transdifferen-
tiation to myofibroblasts from distinct cell populations. Here we discuss the origin and fate
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Introduction

Liver fibrosis results from continuous injury to the liver, including
viral hepatitis, alcohol abuse, metabolic diseases, autoimmune dis-
cases, and cholestatic liver diseases. In other words, fibrosis is a
consequence of the excessive healing response triggered by
chronic liver injury. The end stage of liver fibrosis, cirrhosis, is
histologically characterized by increased deposition and altered
composition of the extracellular matrix (ECM) and the appearance
of regenerative nodules.' The destruction of the normal architec-
ture and the loss of hepatocytes prevent the liver from its normal
synthetic and metabolic function. Thus, the fibrogenic evolution
progresses to cirrhosis, liver failure, and hepatocellular cancer.”
There is increasing evidence that the hepatic fibrosis is reversible
if the stimuli are successfully removed.> However, only subsets of
liver diseases are treated effectively, and there are no specific
treatments for liver fibrosis. An ideal anti-fibrogenic therapy would
be liver-specific and effective in attenuating excessive ECM
deposition.*

In all clinical and experimental liver fibrosis, myofibroblasts are
the source of the ECM constituting the fibrous scar. Myofibro-

Journal of Gastroenterclogy and Hepatology 27 (2012) Suppl. 2; 65-68

blasts are only found in the injured, but not the normal, liver. Thus,
the activated myofibroblast is a pivotal player in development of
liver cirrhosis, and has recently attracted interest as a therapeutic
target. However, the origin of the hepatic myofibroblast is still
unclear, and perhaps the fibrosis induced by different types of liver
injury results from different fibrogenic cells. Hepatic myofibro-
blasts may originate from bone marrow-derived mesenchymal
cells and fibrocytes,® but only a small contribution of BM derived
cells to the myofibroblast population has been detected in experi-
mental liver fibrosis. Another mechanism implicated in fibrogen-
esis is the epithelial-to-mesenchymal transition (EMT), in which
epithelial cells acquire features of mesenchymal cells and may
give rise to fully differentiated myofibroblasts.®” However, recent
cell fate mapping studies have failed to detect any hepatic myofi-
broblasts originating from hepatocytes, cholangiocytes, or epithe-
lial progenitor cells. Endothelial-to-mesenchymal transition
(EndMT), when endothelial cells undergo a similar phenotypic
change to myofibroblasts®® is a theoretically, but not yet assessed
source of liver myofibroblasts. Thus, the major sources of myofi-
broblasts in liver fibrosis appear to be the endogenous liver mes-
enchymal cells, the hepatic stellate cells and the portal fibroblasts.
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Possible origins of myofibroblasts
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The origin of fibrogenic hepatic myofibroblasts has been inten-
sively discussed and investigated, and several sources of myofi-
broblasts have been identified'™"* (Fig. 1). In the fibrotic liver,
hepatic stellate cells (HSCs) have been reported to mainly contrib-
ute to the collagen producing cells.' Therefore, HSCs are currently
considered to be the major, but not the only, source of hepatic
myofibroblasts in liver injury.'*

Mpyofibroblasts are characterized by a stellate shape and
expression of specific markers."” In response to fibrogenic stimuli,
pro-fibrogenic cells are converted to myofibroblasts. They express
o-smooth muscle actin (0-SMA), secrete ECM (e.g. collagen type
I and III, fibronectin) and are highly contractile.' Classical myo-
fibroblasts differentiate from a mesenchymal lineage and, there-
fore, lack expression of lymphoid markers such as CD45 or CD34.

The origins of myofibroblasts

Hepatic stellate cells

Hepatic stellate cells (HSCs) are perisinusoidal cells that normally
reside in the space of Disse and have stored lipid droplets.>!®
Under normal conditions, HSCs are present in the space of Disse
and exhibit a quiescent phenotype. HSCs express neural markers,
such as glial fibrilar acidic protein (GFAP), synemin, synapto-
physin,' and nerve growth factor receptor p75,''® desmin, secrete
HGF, and store vitamin A in lipid droplets.'® In response to chronic
liver injury, quiescent HSCs are activated, release vitamin A and
acquire contractility. Upon activation, HSCs change their mor-
phology to become myofibroblasts, migrate to the site of injury,
downregulate neural markers and upregulate mesenchymal
markers, (e.g. collagen al(I), 0-SMA, and fibronectin).
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Portal fibroblasts are spindle shaped cells that are present in the
portal area. Under normal conditions, they participate in
physiological ECM turnover'***? and do not express o.-SMA. Tt is
induced mostly by cholestatic liver injury,” that portal fibroblasts
proliferate® and secrete collagen around portal tracts.”
Portal fibroblasts are distinct from HSCs in that they do not have
vitamin A droplets, but express elastin and Thy-1.1 (a
glycophosphatidylinositol-linked glycoprotein of the outer mem-
brane leaflet described in fibroblasts of several organs).**?” A pro-
teomics study demonstrated that myofibroblasts derived from portal
mesenchymal cells express much higher levels of cofilin-1 than
activated HSCs. Portal fibroblasts do not express cytoglobin,*®
desmin or GFAP, so that these markers are useful to identify
myofibroblasts derived from HSCs. In chronic cholestatic disor-
ders, the fibrosis is initially located around portal tracts (Fig. 2). The
histological findings of liver fibrosis combined with immunohis-
tochemistry using these specific markers demonstrate that portal
fibroblasts contribute to myofibroblasts in cholestatic liver injury.’

Born marrow derived mesenchymal cells

Born marrow (BM)-derived mesenchymal cells can also differen-
tiate into myofibroblasts.”** Myofbroblasts originated from
BM-derived mesenchymal cells are seen in fibrotic lungs®' and
liver,*® and contribute to fibrogenesis.>**** By fractionating the BM
stem cell compartment, hepatic BM-derived mesenchymal stem
cells (MSCs)*! may differentiate into hepatic myofibroblasts.
MSCs are defined as self-renewable, multipotent progenitor cells
with the capacity to differentiate into lineage specific cells that form
bone, cartilage, fat, tendon and muscle.*** Unlike hematopoietic
stem cells, MSCs are more radio-resistant®® and reside mostly in
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Figure 2 Liver fibrosis induced by hepato-
toxic injury or cholestatic injury in mice. Liver
sections were assessed by Sirius red staining.
(a) Hepatotoxic injury model; the fibrotic
tissue is initially located in pericentral and
perisinusoidal areas. In advance, collagen
bands to bridging fibrosis to frank cirrhosis
occurs. (b) Cholestatic injury model; the
fibrotic tissue is initially located around portal
tracts.

The origin of myofibroblasts

Figure 3 Analysis of epithelial-to-
mesenchymal transition (EMT). (a) It is pro-
posed that in EMT the myofibroblasts in liver
fibrosis originate from hepatic epithelial cells,
consisting of hepatocytes (albumin® [Alb®]
cells), cholangiocytes (cytokeratin-19* [K19°]
cells), or progenitor cells (AFP* cells). (b)
Determining the origin of myofibroblasts
using cell fate mapping. If a cell expressed
o-fetoprotein (AFP), it will be irreversibly
genetically labeled. AFP-driven Cre labeled
epithelial progenitor cells, cholangiocytes, and
hepatocytes, but failed to label any hepatic
stellate cells (HSCs) or myofibroblasts. YFP,
yellow fluorescent protein.*!

BM stroma, do not express hematopoietic markers and can be
isolated as Lin~ CD45~ CD31~ CD34~ CD133" Sca-1" Vitamin A~
cells.**3” Whether BM-derived myofibroblasts contribute to ECM
deposition in the course of liver fibrosis is unknown. In experimen-
tal liver fibrosis, only a small contribution of BM-derived cells to
the myofibroblast population has been detected.*®

Epithelial-to-mesenchymal transition

Epithelial-to-mesenchymal transition (EMT) is an important bio-
logical concept that describes the reversible transition of differen-
tiated epithelial cells into mesenchymal cells with increased
motility and changes in gene expression. Previous studies in the
kidney and in the lung proposed that EMT occurs during fibrosis in
those organs, and this concept was extrapolated to liver fibrosis.*
Primary cell culture studies have clearly demonstrated that cho-
langiocytes and hepatocytes undergo a change in the phenotype
and gene expression toward a mesenchymal cell, especially after
incubation with transforming growth factor (TGF)-B, which is the
cytokine most closely associated with EMT.* However, the more
recent reports provide strong evidence against EMT in the liver as
a source of myofibroblasts.* These studies use lineage tracing,

Journal of Gastroenterology and Hepatology 27 (2012) Suppl. 2; 65-68

Myofibroblast
AFPCre l—l-—'-l": —
Rosa26 | S YFP
Rosa26!+YFP

4
AFPCre-YFP M

Hepatology, 2011

such as by marking hepatic epithelial progenitor cells. Such mice
are generated by crossing the ¢-fetoprotein (AFP) Cre mouse with
the ROSA26YFP stop mouse to trace the fate of any cell ever
expressing AFP. As expected, all cholangiocyutes, hepatocytes,
and oval cells were genetically labeled, because they are derived
from a common AFP-expressing precursor cell. Furthermore, the
critical result was that after inducing liver fibrosis by a variety of
methods, none of the resulting myofibroblasts originated from the
genetically marked epithelial (AFP") cells (Fig. 3).

Conclusions

Myofibroblasts are the source of the fibrous scar in liver fibrosis.
Hepatic myofibroblasts are transdifferentiated from heterogeneous
cell populations in response to variety fibrogenic stimuli. Accord-
ing to the most recent studies, the major sources of hepatic myo-
fibroblasts in experimental liver fibrosis are hepatic stellate cells
and portal fibroblasts. The role of EMT in liver fibrosis has been
recently questioned. As a first approximation, myofibroblasts gen-
erated in hepatotoxic liver injury appear to originate from HSCs
and myofibroblasts generated in cholestatic liver injury may origi-
nate from portal fibroblasts (Fig. 2).
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