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INTRODUCTORY PARAGRAPH

Tissue homeostasis requires an effective, limited wound-healing response. I n chronic disease,
failure to regenerate parenchymal tissue leads to replacement of lost cellular mass with
fibrotic matrix. The mechanisms that dictate the balance between cell regeneration and
fibrogenesis are poorly understood. Here, we report in the liver that fibrogenic hepatic
stellate cells (HSC) are negative regulators of hepatocyte regeneration. This function
requires stimulation of 5-HT ;g receptors on HSC by serotonin, which activates expression of
TGFp1 (a powerful suppressor of hepatocyte proliferation) via ERK/JunD signalling.
Selective antagonism of 5-HT 25 enhanced hepatocyte growth in models of acute and chronic
liver injury, similar effects were observed in mice lacking 5-HT 2 or JunD and when HSC
wer e selectively depleted. Antagonism of 5-HT g attenuated fibrogenesis and improved liver
function in disease models in which fibrosis was pre-established and progressive.
Pharmacological targeting of 5-HT s is safe in humans and may be therapeutic in chronic

liver disease.



Diminished hepatocyte regeneration is a featulevef disease and is associated with fibrogenesis
leading to development of cirrhosis and cafiteiRegulation of hepatocyte proliferation is
complex involving cross-talk between resident nanepchymal cells and parenchymal cells, and
recruited haematopoietic céliDue to this complexity, there is an incompletelenstanding of
how hepatocyte proliferation is regulated. As aamegle, the contribution of the hepatic stellate
cell (HSC) is yet to be establisiedh the diseased liver, HSC trans-differentiate ifactivated”
myofibroblasts that drive fibrogenesis by promotireg deposition of extracellular mathx HSC
also secrete numerous soluble factors that mayednfle hepatocyte proliferation including
hepatocyte growth factor (HGF), transforming grovabtor f1 (TGH1) and interleukin-6 (IL-
6)°. Previous studies suggested stimulatory functifors HSC in hepatocyte regeneration,
however no conclusiven vivo evidence has been provided to GateSince activated HSC are
continually generated in diseased liver it is ral@vto determine their influence on tissue

regeneration.

Results

Hepatic stellate cells suppressliver regeneration.

Bile duct obstruction occurs in a variety of cliaicsettings and can cause cholestatic injury
including hepatocyte death and fibrdsi8ile duct ligation (BDL) is an established modsl
extrahepatic cholestasis in rodénté/e determined effects of depletion of HSC on kmpae
proliferation in mice with ongoing progressive Blnduced injury. This was achieved by targeted
depletion of HSC in mice with pre-established BDiduiced disease. Selectivevivo depletion of
activatedaSMA+ HSC (fig 1a), was achieved by administratidntle single chain antibody
(scAb) C1-3 conjugated to gliotoxin which is a putpro-apoptotic fungal metaboltte>*2 It is
important to note that the antigen specificallyogrused by C1-3 is synaptophysin which is

expressed onSMA+ myofibroblasts derived from transdifferentaatiof hepatic stellate cells but



is not detected on any other cellular sourcex®MA+ cell in diseased rodent liVér PCNA
staining of liver sections revealed treatment wi@l-3-gliotoxin stimulates hepatocyte
proliferation (fig 1c). A control scAb-conjugate $BD9-gliotoxin) had no influence on
hepatocyte proliferation and staining for F4/80 a@@K19 confirmed no influence of C1-3-
gliotoxin on numbers of Kupffer cells or cholangytes (fig 1b and supplementary fig 1). HSC
depletion was not associated with changes in egjgre®f the hedgehog target gene Gli2 ruling
out activation of the hedgehog pathway as the nmestmaby which apoptotic depletion of HSC

stimulates hepatocyte growth (supplementary g 1)

5-HT .5 signalling dampens hepatocyte proliferation.

Platelet-derived serotonin (5-HT) regulates livegeneration via the 5-HTsubclass (5-Ha, 5-
HT.s and 5-HTBo) of serotonin receptorS. However, recently 5-HT has been shown to be
produced by cholangiocytes and to limit biliary |cptoliferation in an autocrine fashith
suggesting that 5-HT may exert different actionsaomariety of liver cell types. We recently
identified functional 5-H3s receptors on activated HSC in diseased 1vé&8B204741 is a highly
specific antagonist of 5-HE, with negligible specificity for 5-HIx or 5-HTxc™®. Administration
of SB204741 stimulated hepatocyte proliferationpnogressive BDL-induced liver injury and
acute carbon tetrachloride (GElinduced liver damage (fig 1d,e). We observed ffece of
SB204741 on expression of the hepatomitogen HGPpp{esmentary fig 2a), cholangiocyte
proliferation and hedgehog signalling (supplemegntéig 2b), and the selective 5-Hic
antagonist ketanserin was without effect on hepagoproliferatiori®. To confirm a repressive
influence of 5-HEg signalling we compared hepatocyte proliferatio®4HT,g knockout and wild
type mouse liver following partial hepatectomy. khjored 5-HBg knockout mice show no
structural or biochemical evidence of liver defgstspplementary fig 3). Hepatocyte proliferation,

measured by three independent protocols, was elwat5-HTg deficient mice at 36 and 72hrs



post-partial hepatectomy (figs 2a-c). IL-6 and TiN&re primers of hepatocyte regeneration
expressed transiently within hours following sugdé? both were modestly increased in 544T
knockouts at 4hrs (fig 2d and e). T@Fis induced in the termination phase of regenamasnd
functions as a repressor of hepatocyte prolifendfid TGFB1 was induced at 36 hrs and remained
elevated at 72 hrs post-surgery in wild type livétewever, TGB1 was not induced in 5-Hg
knockout livers, instead if anything, expressiorswaninished at these time points compared with
sham injured animals (fig 2f). To corroborate thda&, we repeated partial hepatectomy in wild
type mice treated with SB204741 or ketans&riimcreased liver/body weight ratios were observed
up to 7-days post-surgery for SB204741-treated alsinmompared to vehicle and ketanserin-
treated groups (fig 2g), demonstrating sustainechusation of liver regeneration following
selective antagonism of 5-Hd. Ki67 and PCNA staining revealed increased numbmrs
proliferating hepatocytes in SB204741-treated Bvgig 2h and supplementary fig 4), by contrast
ketanserin reduced numbers of Ki67+ cells configranprevious report that serotonin stimulates
liver regeneration via 5-HE'°. SB204741-treatment also repressed hepaticPIGIxpression
compared with the control and ketanserin groupsrevié&H1 was elevated at 36 and 72 hrs (fig

2i).

5-HT,g signalling on HSC induces hepatic TGFp1 and inhibits liver regeneration.

In diseased liver, 5-HE is expressed by cholangiocytes and Kupffer c&l8)(as well as by HSC
(supplementary fig 5). 5-HE was also induced in HSC following partial hepatety (fig 3a)
whereas expression in hepatocytes wakiced(supplementary fig 6). C1-3-gliotoxin treatment
enhanced hepatocyte proliferation following partigpatectomy and this was accompanied by
diminished hepatic expression of TEHfig 3b-d). Akin to the BDL model HSC depletiordaot
affect numbers of F4/80+ Kupffer cells and CK19+oleimgiocytes, and had no impact on

progenitor cell proliferation or hedgehog signalisupplementary fig 7). Given the similarity



between the effects of HSC depletion and antagomt®-HT,g on hepatocyte proliferation in
multiple injury models it seemed likely that HSC drege the repressive effects of 5-HTIf
however HSC depletion and 5-bkI' antagonism influence hepatocyte proliferation via
independent mechanisms then combined depletionS&f End treatment with SB204741 would
result in additive effects (fig 3e). This experihevas carried out at 48-hours post-C@ljury
when HSC are maximally activated (supplementargéy)y We again observed that HSC depletion
and 5-HTg antagonism enhanced hepatocyte proliferation ahibited TGB1 expression with
no changes in expression of AFP, CK19, Gli2 or B4f8g 3f, 3g and supplementary fig 8b).
Importantly there were no additive effects from @mmg HSC depletion and 5-Hd antagonism.
Hepatic TGB1 is predominantly expressed by HSC and KC. Senottneatment of cultured
primary mouse HSC induced increased expressionGHBT which was inhibited by SB204741
(fig 3h). By contrast TGFL expression by cultured mouse KC was represse&-Hy, and
SB204741-treatment prevented this repression bdtrmadirect stimulatory influence (fig 3i).
Given the specificity of C1-3 for HSC-derivatbMA+ myofibroblasts our data are strongly
indicative of HSC, rather than myofibroblasts dfet cellular origins, being the predominant cell
type through which 5-HZ negatively influences hepatocyte proliferation.wewer, we cannot

unequivocally rule out minor contributions from etb-HT,g expressing cells.

TGH31 gene transcription is under the control of APJun{Fos) transcription factors and in
activated HSC the predominant AP-1 factor is Junbich is under the control of ERK-mediated
phosphorylatioft?® Chromatin immunoprecipitation (ChIP) assays shbwbat serotonin
stimulates recruitment of JunD to AP-1 bindingsitethe distal and proximal promoter regions of
the TGHPB1 gene in rat and mouse HSC (fig 3] and supplemgetiig 9). Antagonism of 5-H7g
suppressed serotonin-induced recruitment of Junidaseatment of HSC with the ERK inhibitor

PD98059. Serotonin stimulated phosphorylation oKER in rat (fig 3k), mouse and human HSC



(supplementary fig 10), with this response beingibited by either PD98059 or SB204741.
Serotonin also induced phosphorylation of JunD,cWwhivas again suppressed by SB204741 or
ERK inhibitor. From these data we propose thatacglular ERK/JunD signalling mediates
serotonin/5-H3g activation of TGB1 transcription in HSC (fig 3I). If this pathway enates in the
physiological context of the injured liver then Durwould be predicted to function as a
transcriptional repressor of hepatocyte proliferatiAnalysis of PCNA staining of liver sections
from jund’”™ mice recovering from CGlinjury revealed higher numbers of mitotic hepatesy
compared with wild type mice (fig 3m), which wasasiated with reduced TGE injund" livers
(supplementary fig 11). A similar suppressive r@ldunD on epithelial cell proliferation has been
reported in a model of partial nephrectomy attedoluto suppression of TEGFEEGFR signalling on

tubular epithelial cell§"

Antagonism of 5-HT g attenuates fibrosis and improves liver function.

Recent studies in the kidney suggest that growttsted epithelial cells stimulate fibrogenesis by
secreting TGB1 which in this context stimulates the fibrogenitivities of myofibroblasts. We
therefore determined if antagonism of 5-dTexerts anti-fibrogenic effects in a model of
progressive liver disease where both fibrosis @ggmeration are actively remodelling the hepatic
architecture. Mice received twice weekly G@ijuries for 3-weeks to establish fibrotic disease
prior to injury for further 5-weeks with or withoatdministration of SB204741 (fig 4a). SB204741
significantly reduced numbers of hepatfsMA+ fibrogenic cells (fig 4b), fibrotic matrix @i 4c),
hepatic expression of TGE (fig 4d) and expression of the fibrogenic gend$jP-1 and pro-
collagen 1, confirming an anti-fibrogenic effecttat molecular level (fig 4e, f). To corroborate
these findings we also determined the effects 02®B41 in the model of progressive BDL-
induced liver disease and again observed a pregeatti-fibrotic influence (fig 4g) as well as an

improvement in liver function as assessed by redlleeels of serum transaminases ALT and AST



(fig 4h). Furthermore, immunohistochemical analysiscaspase 3 activity in the CQGinodel
indicated that SB204741 treatment was associatéd mgher rates of cellular apoptosis in the

fibrotic matrix indicative of enhanced tissue rerallidg (supplemental fig 12).

Discussion

Our understanding of the molecular regulation wédiregeneration is mainly derived from studies
in “healthy” liver following hepatectomy. Here, weave addressed the additional regulatory
complexity that is a feature of regeneration in ¢batext of the diseased liver, and specifically a
signalling network established by 5-kkfexpressing activated HSC which are rare in heditey

but abundant in diseased liver. It was originaiparted that in the healthy liver, platelet-derived
serotonin promoted the regenerative response t@phepatectomy, with this function requiring
the activities of the 5-Hisubclass of receptors and in particular 5;KHWhich is expressed on
hepatocyte'S. However, expression of 5-H7 is relatively low in healthy compared to diseased
liver, where in the latter it is expressed on attd HSC in association with fibrotic tisSleBy
focusing on models of progressive liver disease haee discovered that HSC are important
suppressors of hepatocyte proliferation and that filmction is provided by serotonin-induced
expression of TGFL via the 5-H}g receptor (supplemental fig 13). Moreover, we sggdleat
this paracrine signalling pathway can feedback anéoHSC to further provoke their fibrogenic
activities. 5-Hbg is also selectively expressed by activated huma@ Ksupplemental fig 14) and
the signalling pathway we have described is comsem human HSC. Antagonists of 5-pgTare
available and safe for use in humans, this claga§ may have exciting therapeutic potential in

liver disease, both as a stimulant of hepatocygeneration and as an anti-fibrotic.
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Figurelegends

Figure 1. Selective depletion of hepatic stellate cells or antagonism of 5-HT g stimulates liver
growth.

Mice underwent bile duct ligation (BDL) or sham ogieon. Fourteen days later BDL mice were
given IP injections of C1-3-gliotoxin (C1-3-GT), mwol antibody conjugated to gliotoxin
(CSBD9-GT) or vehicle every other day for a furt@edays.aSMA positive hepatic stellate cells
(a), F4/80 positive Kupffer cells (band PCNA positive hepatocytes (c) were countedaiche
group. BrDU immunostained hepatocytes were couafest 14 days BDL + 5-HZE antagonist

SB204741 (2B), administered daily from day 7 (d)epResentative liver sections and



guantification of PCNA positive hepatocytes at 24 hfter acute CgGlliver damage + 5-Hia
antagonist ketanserin (2A) or the 5-4dTantagonist SB204741 (2B) (e). Data are expressed a
mean = s.e.m and representative of 5 mice per grdg0.05 and *P <0.01 versus control as

calculated using ANOVA.

Figure 2. Gene deletion or blockade of 5-HT g enhances liver regeneration following partial
hepatectomy.

Wild type or 5-Hbg receptor knockout mice underwent partial hepatagtgPHX) or sham
operation. Representative liver sections and mawedll counts of PCNA, Ki67 and BrDU
immunostained hepatocytes in wild type (WT-blackshand 5-H%g receptor knockout (KO-
white bars) mice after PHX (a,b,c). Transcript levaf priming cytokines IL-6 and TNE-were
measured in whole liver up to 4 hrs post PHX in \WAd KO mice (d,e). Liver TGA mRNA
levels were quantified in KO and WT mice up to 72 post PHX (f). Liver/body weight ratio was
calculated in mice treated * ketanserin (2A) or &B21 (2B) at 36 hrs, 72 hrs and 7 days after
PHX (g). Mitotic hepatocytes were quantified uskKi7 immunostaining at 36 hrs post PHX +
2A or 2B. Representative liver sections (200x)ieéi Ki67 immunostaining (h). Quantitative RT-
PCR analysis of whole liver TBE expression in mice at 36 hrs and 72 hrs post Beated +
2A or 2B (i). Photomicrographs are at 200x magaiion. Data are expressed as mean + s.e.m
and representative of at least 4 mice per grolp.<6.05 and *P <0.01 versus control as

calculated by ANOVA.

Figure 3. 5-HT,s blockade enhances liver regeneration by inhibiting 5-HT-ERK-JunD

dependant induction of TGFB1 gene expression by HSC.
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HSCs were isolated from livers of normal or 36 post partial hepatectomy (PHX) mice and 5-
HT,g receptor expression was assessed by immunocytastingiend quantitative RT-PCR in 3
independent cell preparations (a). Mice underwéfX Bnd were then given IP injections of C1-3
or C1-3-gliotoxin (C1-3-GT) at 24 hrs and 48 hrstgurgery and then livers were harvested at 72
hrs. PCNA and BrDU positive hepatocytes were caliated TGB1 mRNA levels were quantified
in C1-3 (Black bars) and C1-3-GT (Grey bars) tréatece (b,c,d).Either depletion of HSC or
antagonism of 5-HJ receptors can promote liver regeneration. EH€&ceptors are expressed on
HSC as well as other liver cells and organs. Thpeament was performed to determine whether
the effect of antagonising 5-Hd receptors on liver growth is mediated by the H&I0se or if

other liver cells and organs (in addition to theGj$ontribute to this response (e). Top panel -
selectively depleting HSC by promoting their ap@®dAB) or antagonising 5-H§ receptors
expressed on HSCs alone will stimulate liver regatnen (denoted by +). Bottom panel - in
addition to effect from HSCs alone (top paneljther liver cells or organs play a role in liver
regeneration through an independent mechanism thiese two separate mechanisms would be
additive and generate more liver regeneration (ghby +++). Mice were injured with C{khen
treated at 24 hrs and 40 hrs with either C1-3 o8€3T + the 5-HEg antagonist SB204741 (2B) or
appropriate vehicle. Livers were harvested at 48jost CCJ administration. BrDU positive
hepatocytes were counted and BEMMRNA levels were determined (f,g). Transcripelswof
TGFB1 were assessed in mouse HSC by gRT-PCR (h) orfé&ugells, KC (i) after 3-6 hrs 5-HT
stimulation £ SB204741 (2B). ChIP analysis of Juebruitment to putative AP-1 sites in the distal
region of the TGB1 promoter (primer pair 8) in rat HSC stimulatedhA-HT for 4 hrs £
SB204741 or the ERK inhibitor PD98059 (j). Westblot detection of ERK/phospho-ERK,
JunD/phospho-JunD and p38/phospho-p38 in rat HB@ted with 5-HT for 5 min £ 30 min
pre-treatment with PD98059 or SB204741 (k). A schanrepresentation of ERK dependant

recruitment of JunD to the T@E promoter upon 5-HT binding to 5-Bdreceptor in HSC (]).
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PCNA immunostained hepatocytes were quantified/ers of JunD-knockout and wild type mice
at peak injury (days 1, 4 and 7 after the finaéation) following 8 weeks Cginjury or vehicle
(m). Data are expressed as mean * s.e.m and ratatge of at least 4 mice per grouf® £0.05

and **P <0.01 and **P <0.001 versus control as calculated by ANOVA.

Figure 4. Blockade of 5-HT ;g receptor s attenuates liver fibrosis.

Mice were given CGIIP bi-weekly for 3 weeks then administered SB2A4@dAvehicle tri-weekly

in addition to bi-weekly CGl for a further 5 weeks (a). AverageSMA (HSC marker)
immunostained cells in livers after 3 weeks and &eks chronic CGl+ SB204741 and
representativeaSMA immunostained liver sections after 8 week £@& SB204741 (b).
Representative sections and fibrosis pathologyisgarsing the Metavir scale was performed on
Sirius Red stained livers (collagen depositiongra8 weeks or 8 weeks CCt SB204741 (c).
Quantitative RT-PCR analysis of whole liver T@&F TIMP1 and pro-collagen | after 3 weeks and
8 weeks CCJ £ SB204741 (d,e,f). Mice underwent bile duct ligat(BDL) then at 7 days post
surgery were given IP injections of SB204741 oriclehdaily for 7 days. Mean liver fibrosis
pathology score was performed on Sirius Red stalived sections (collagen fibres) using the
Metavir scale (g). Liver function was assessed4nday BDL mice = 2B by measuring serum
transaminases (ALT and AST) (h). All photomicrodrapare at 200x magnification. Data are
expressed as mean £ s.e.m and representative me5per group. P <0.05 and *P <0.01 versus

control as calculated by ANOVA.

Supplemental Figures

Supplemental Figure 1. HSC depletion in bile duct ligation does not affect cholangiocyte

proliferation or hedgehog signalling.
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Mice underwent bile duct ligation (BDL). Fourteeayd later BDL mice were given IP injections
of C1-3-gliotoxin (C1-3-GT), control antibody cogjated to gliotoxin (CSBD9-GT) or vehicle
every other day for a further 7 days. Represerdgdiver sections and morphometric quantification
of CK19 and Gli2 positively stained cells showsdifference in the average number of Gli2 and
CK19 positively stained cells between the treatnggoups. Photomicrographs are at 100-200x

magnification. Data are expressed as mean * smedmepresentative of 5 mice per group.

Supplemental Figure 2. 5-HT,s receptor antagonism does not affect ductular reaction,
progenitor cell proliferation and hepatocyte growth factor expression in liver injury.

Whole liver hepatocyte growth factor (HGF) mRNA éé&vwere measured 24 hrs after acute,CCl
liver damage + 5-H7x antagonist ketanserin (2A) or 5-kgfantagonist SB204741 (2B) and at 14
days BDL + the 5-H7g antagonist SB204741 (2B), administered daily frday 7 (a). Mice
underwent bile duct ligation (BDL) or sham operatiét 7 days post surgery mice were given the
5-HT,g antagonist SB204741 (2B) or vehicle daily for ysi&). Data shows representative liver
sections and morphometric quantification of alpbtoprotein (AFP), Gli2 and cytokeratin 19
(CK19) positively stained cells. Administration thfe 5-HT, antagonists did not change hepatic
HGF expression or progenitor cell expansion (AFfeYjgehog signalling (Gli2) or cholangiocyte

proliferation (CK19). Data are expressed as mesein and representative of 5 mice per group.

Supplemental Figure 3. Deletion of 5-HT 25 receptorsin mice does not affect liver function.
Serum liver transaminases AST, ALT and gamma-GT {{5®ere similar in normal uninjured
adult wild type (WT-white bars) and 5-bBd receptor knockout (KO-black bars) mice, suggesting

that gene deletion of 5-Hd receptors does not cause liver damage.
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Supplemental Figure 4. Selective antagonism of 5-HT,g but not 5-HT,a receptors promote

liver regeneration following partial hepatectomy.

Mitotic hepatocytes were quantified using PCNA inmostaining at 36 hrs post PHX £ 2A or 2B
receptor antagonist administration. Hepatocyteifgraition was blunted by antagonism of 544T
receptors but stimulated by antagonism of Sdifeceptors. Data are expressed as mean = s.e.m

and representative of least 4 mice per group.

Supplemental Figure5. 5-HT,g receptorsexpression in normal and diseased liver.

Representative liver sections showing 5;klTeceptor immuno-histochemical staining in BDL,
acute CC{ injury, normal liver and the positive control s stomach and brain. Red arrows
denote HSC and yellow arrows denote cholangiocyRdsotomicrographs are at 200-400x

magnification.

Supplemental Figure 6. 5-HT,g receptors expression in hepatocytes isolated from normal
and partial hepatectomy liver.

5-HT,s receptor mRNA levels were quantified in isolate@pdtocytes, Kupffer cells,
cholangiocytes and HSC (a) and hepatocytes isofabea either normal liver or 72 hrs partial
hepatectomised liver (PHX) (b). HSC express higiele of 5-HTg receptor compared to other
liver cell types. Hepatocytes express relatively levels of this receptor and the expression

decreases by ~50% after partial hepatectomy.

Supplemental Figure 7. HSC depletion during partial hepatectomy promotes liver
regeneration.
Mice underwent PHX and were then given IP injecioh C1-3 or C1-3-gliotoxin (C1-3-GT) at

24 hrs and 48 hrs post surgery. The data showggeptative liver sections and morphometric
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guantification of, AFP, Gli2 and CK19 and total mahcell counts in 15 HP fields ofSMA
(HSC), PCNA (hepatocyte regeneration), BrDU andB64Kupffer Cells) positively stained cells.
Administration of C1-3-GT to partial hepatectomisette resulted in a reduction @8MA+ cells

and an increase in hepatocyte proliferation. Howawe change in expansion of hepatic progenitor
cells, hedgehog signalling, cholangiocyte prolifiera or Kupffer cells was observed.
Photomicrographs are at 100-200x magnification.aDate expressed as mean + s.e.m and
representative of 4 mice per groug? ¥0.05 and *P <0.01 versus control as calculated by

ANOVA.

Supplemental Figure 8. Depletion of HSC or antagonism of 5-HT g receptors does not affect
the liver damage, cholangiocyte or progenitor cell proliferation after toxic injury but
stimulatesliver regeneration.

Whole liveraSMA mRNA levels, a marker of HSC activation, weteqtified in olive oil controls
and at 24, 48 and 72 hrs post ¢@ljury (a) and was maximal at 48 hrs. Represerdgdiver
sections and morphometric quantification of AFPoganitor cells), Gli2 (hedgehog signalling)
and CK19 (cholangiocyte proliferation) and totalrmal cell counts in 15 HP fields ofSMA
(HSC), PCNA (hepatocyte regeneration) and F4/8(Qfteun Cells) positively stained cells in mice
injured with CCJ, then treated at 24 hrs and 40 hrs with eithel3Qi-C1-3-GT * the 5-HE
antagonist SB204741 (2B) or appropriate vehicle E)her HSC depletion (reducetSMA),
administration of the 5-H;E antagonist SB204741 or these treatments combitmadlated liver
regeneration (PCNA) to equivalent levels but doex affect progenitor cell (AFP) or
cholangiocyte (CK19) proliferation or Kupffer cel{i&4/80) numbers. Photomicrographs are at
100-200x magnification. Serum transaminases ALP,T Adnd AST were measured and no
difference was observed with administration of @itl1-3 or C1-3-GT * the 5-H{# antagonist

SB204741 (2B), suggesting that the injury processs wot affected by 5-HgE receptor
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antagonism or HSC depletion (c). Data are expteasemean + s.e.m and representative of 5

mice per group. P <0.05 and *** <0.001 versus control as calculated by ANOVA.

Supplemental Figure 9. Selective blockade of 5-HT g receptor in hepatic stellate cellsreduces
recruitment of JunD to the mouse and rat TGFB1 promoter.

ChIP primers were designed to span regulatory Aditels either distal (primer 8 and fig 3)) or
proximal (primer 2) to the transcription start Safehe rat TGB1 gene (a). Data shows recruitment
of JunD to the TGFL promoter in serotonin-treated rat HSC. ChIP praweere designed to span
regulatory AP-1 sites either distal (primer 1) ompmal (primer 2) to the transcription start e
the mouse TGFL gene (b). ChIP analysis of JunD recruitment t@agpee AP-1 sites in the distal
and proximal regions of the TGE promoter in mouse HSC stimulated with 5-HT fdrd but not

in HSC pre-treated with SB204741 or the ERK inlmbRD98059 (b).

Supplemental Figure 10. Selective antagonism of 5-HT,g receptor in mouse and human
hepatic stellate cellsreduces ERK Phosphorylation.
Western blot detection of ERK/phospho-ERK in mo(seand human (b) hepatic stellate cells

stimulated with 5-HT for 10 min £ 30 min pre-treamt with PD98059 or SB204741.

Supplemental Figure 11. Hepatic TGFB1 expression is reduced in mice lacking JunD after
chronicliver injury.

Whole liver TGBB1 mRNA levels were quantified in wild type (blackrb) and JunD-knockout
(white bars) mice at peak injury (day 1 after tivalf CCly injection), day 4 and 7 following 8
weeks of CCJ injury. Expression of hepatic TGE is lower in mice lacking JunD. Data are

expressed as mean * s.e.m and representative iae4per group.
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Supplemental Figure 12. Caspase 3 activity in fibrotic liver treated with serotonin receptor
antagonists.

Mice were given CGlby IP injection bi-weekly for 3 weeks then admiared ketanserin (2A) or
SB204741 (2B) or vehicle was then administeredvéekly in addition to bi-weekly CClfor a
further 5 weeks. Average cell counts of active aasp3 (apoptotic cells) in livers after 3 and 8
weeks chronic CGlx ketanserin or SB204741. Antagonism of 5,k Teceptor but not 5-Hk

receptors significantly increase apoptosis.

Supplemental Figure 13. Regulation of hepatocyte proliferation and fibrogenesis by the 5-
HT, receptors.

Diagram showing that platelet derived serotonin d@ectly stimulate hepatocyte regeneration via
5-HT,a receptors expressed on hepatocytes, but simulishetmduce expression of the potent
inhibitor of hepatocyte regeneration; TFvia the 5-H}g receptor expressed on HSC in an
ERK-P — JunD-P dependant manner. We suggest thatrane TGPB1 signalling can feedback
onto the HSC to further provoke their fibrogenidiates in addition to providing a negative

signal to limit liver regeneration.

Supplemental Figure 14. Selective expression of 5-HT,s in human hepatic stellate cells.

Western blot detection of 5-Hd in primary cell-culture activated human hepatiellate cells

(HSC) and primary human hepatocytes. 5:gt€ceptors are highly expressed in HSC compared to

human hepatocytes.

Materials & Methods

17



Mice and models of liver injury and regeneration. 5-HT,g” mice were on a 129/PAS background
and JunD™ mice were generated on a mixed C57BI6/129Sv backgf**® Aged matched
C57Bl6 mice were used for 5-HTantagonist studies where mice were administeregitiPeither
SB204741 or ketanserin (3mg/kg bwt, Tocris Biocleaisi, UK) or vehicle. Partial hepatectomy
(PHX) was performed according to the method of itiggind Andersdi, and drugs administered
daily in this model with BrdU (150mg/kg bwt) givéy IP injection 2 hrs prior to cull. In the PHX
+ C1-3 or C1-3-GT model antibodies were administesé 2mg/kg bwt, at 24 and 48 hrs post
surgery. Bile duct ligation (BDL) was performed peeviously describéd, with SB204741
administered daily from Day 7-14 post-surgery. Eted hepatic stellate cell depletion during
BDL was achieved using C1-3 single chain antibodyjugated to gliotoxin as previously
reported®>. Acute CC} injury - mice were pre-treated for 2 hrs by IP atien of SB204741,
Ketanserin or vehicle prior to IP administration logh dose CGl (2ul of CCk:Olive oil [1:1
(v/iv)]/g bwt). Second doses of 5-Hantagonists or vehicle were administered at 2Zahtgsmice
culled at 24 hrs. In the acute high dose 3GT1-3 or C1-3-GT + SB204741, therapies were given
at 24 and 40 hrs post injury. Chronic G@hjury and fibrosis was induced by bi-weekly IP
administration of CGl(2ul of CCl:Olive oil [1:3 (v/v)]/g bwt) for 8 weeks. From 3egks, mice

in the 5-HT, antagonist study, also received tri-weekly IPatins of SB204741 or vehicle.

Primary liver cell isolation and culture. Using the protocol previously reported, HSC were
isolated and cultured from male Sprague-Dawley aais C57BI6 mice&?*?° Human HSC and
hepatocytes were obtained from the normal margiris/ers resected for removal of metastatic
colo-rectal tumours with full ethical consent oétpatient'. Early passage HSC were grown to 70-
80% confluency in growth medium, at°87and 5% C@ Unless stated HSC were treated with
100uM SB204741,8M serotonin and 28V ERK inhibitor PD98059. Mouse Kupffer cells (KC)

were isolated from livers digested with 20mg cadlagse B and 110mg pronase (Roche). Digested
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livers were filtered through nybolt and pelleted dgntrifugation at 400g for 7 mins. Cell pellets
were re-suspended in HBSS containing DNAse, layergd a 16% Optiprep gradient and spun at
600g for 20 mins. The upper layer containing KC wersoved and cells were pelleted as before.
KC were re-suspended in medium and plated for 2%snw allow KC to adhere, plates were

washed thoroughly to remove contaminating cellstard KC were cultured at 32 and 5% CQ

I mmunohistochemistry was performed on formalin-fixed liver sections. PICNBrDU andaSMA
was performed as previously descritfe@Endogenous peroxidase activity was blocked atigem
retrieval achieved by citric saline for Ki67, AF8Ji2, CK19 and active caspase-3. For 5:5T
receptors combination citric saline and trypsinigart retrieval was performed followed by
permeabilisation with 0.5% Triton. For F4/80 antigetrieval achieved by proteinase K treatment.
Tissue was blocked with Avidin/Biotin Blocking KiV/ector Laboratories) then 20% swine serum
in PBS. Sections were incubated with primary arties anti-Ki67 (Novacastra, rabbit, 1:1000),
AFP (Dako, rabbit, 1:75), Gli2 (Genway Biotech, vap1:500), CK19 (Abcam, rabbit, 1.250), 5-
HT,g receptors (BD Pharminogen mouse, 1:200), F4/8@#Al rat, 1:100), and active caspase-3
(Cell Signalling Technology, rabbit, 1:200) overmigat #C. Sections were incubated with
secondary antibody conjugated to biotin (Dako, @@)Cfor 2 hrs, washed then further incubated
with Streptavidin Biotin-Peroxidase Complex (Vect@aboratories) and positive cells visualised
by 3,3-diaminobenzidine tetrahydrochloride staining. Maincounts of immunostained cells were
calculated as the mean number of positive celld/fie 15-20 high power (20x) fields + s.e.m.

Image analysis was performed using Leica Qwin.

Sirius Red staining. Performed on formalin-fixed liver sections. Tisswas incubated in 0.2%

phospho-molybdic acid for 5 mins, in Picro-SiriusdRfor 2 hrs and briefly rinsed with 0.01%

HCI. Image analysis was performed using Leica (suiftware.
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I mmunocytochemistry. HSC isolated from C57BI6 mice injured by PHX werdtured for 2 hrs
on cover-slips in a 12 well plate. Cells were foliméxed, blocked and incubated with anti-5-
HT.g (Acris, rabbit, 1:100pvernight at 4C. Cells were probed with a mouse anti-rabbit sdaon

antibody conjugated to Alexafluor-594 for 2 hrs aodinterstained with DAPI.

gRT-PCR. Total RNA was isolated from ~200ug mouse liver altured cells using the Total
RNA Purification Kit (Qiagen). One microgram isadttotal RNA was DNAse treated (Promega)
and used as template in first strand cDNA synthasiag random primers (Promega). SYBR

Green quantitative RT-PCR was performed as preljioaported®.

SDS-PAGE and immunoblotting. Total protein was fractionated by 9% SDS-PAGE and
transferred tanitrocellulose. Blots were blocked with TBS/Tweed @.1%, T-TBS) containing
5% bovine serum albumin before overnight incubawath primary antibodies anti-ERK 1&2 and
anti-P-ERK 1&2 (Cell Signalling Technology, rabbit;1000), anti-JunD (Santa Cruz, rabbit,
1:500), anti-P-JunD (Upstate, rabbit, 1:500) anatBiAT,g (BD, mouse, 1:500). Membranes were
washed in T-TBS and incubated with either mouserabbit HRPconjugate (Santa Cruz, 1:2000)
or mouse Trueblot (1:5000) for 2 hrs. Blots wereshed and antigen detected by HB8mersham

Biosciences).

Chromatin immunoprecipitation (ChlP) assay. Activated rat or mouse HSC were pre-treated for
30 mins with SB204741 or PD98059 followed by 5-Kiimulation for 4 hrs. Cross-linked
chromatin was prepared using the protocol outlined Upstate Biotechnology
Immunoprecipitation (ChlP) assay kit. ChlP was gerfed on 100g cross-linked chromatin per

reaction. 1Qg anti-JunD antibody and non-specific 1gG cont@bcam) were used for
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immunoprecipitation. PCR amplification of the ratdamouse TGFL promoter was performed

using specific oligonucleotide primers (table 1).

Statistical analysis. Data are expressed as means * standard erroe of¢an (s.e.m.). GraphPad

Instat was used to perform ANOVA with P< 0.05 iradiee of significance.
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Figure 3
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