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BAGCKGROUND & AIMS: Circulating platelet counts
gradually decrease in parallel with progression of chronic
liver disease. Thrombocytopenia is a common complica-
tion of advanced liver fibrosis and is thought to be a
consequence of the destruction of circulating platelets
that occurs during secondary portal hypertension or hy-
persplenism. It is not clear whether thrombocytopenia
itself affects liver fibrosis. METHODS: Thrombocytope-
nic mice were generated by disruption of BelxL, which
regulates platelet life span, specifically in thrombocyrtes.
Liver fibrosis was examined in thrombocytopenic mice
upon bile duct ligation. Effect of platelets on hepatic
stellate cells (HSCs) was investigated in vitro. RESULTS:
Thrombocytopenic mice developed exacerbated liver fi-
brosis, with increased expression of type I collagen al
and 2, during cholestasis. In vitro experiments revealed
thar, upon exposure to HSCs, platelets became activared,
released hepatocyte growth factor (HGF), and then in-
hibited HSC expression of the type I collagen genes in a
Mert signal-dependent manner. In contrast to the wild-type
mice, the thrombocyropenic mice did not accumulate he-
paric platelets or phosphorylate Met in the liver following
bile duct ligarion. Administration of recombinant HGF to
thrombocyropenic mice reduced liver fibrosis to the levels
observed in wild-type mice and attenuated hepatic expres-
sion of the type I collagen genes. CONCLUSIONS:
Thrombocytopenia exacerbates liver fibrosis; platelets
have a previously unrecognized, antifibrotic role in sup-
pressing type I collagen expression via the HGF-Met

signaling pathway.
Keywords: Bcl-2; Apoprosis; Cre; Condirional-Knockout.

C irrhosis followed by chronic liver disease is considered
to be a major medical issue worldwide, causing signif-
icant morbidity and mortality because it can progress to
liver failure or develop into hepatocellular caricinoma. The
pathogenesis of cirrhosis is characterized by liver fibrosis,
which is defined as excessive production and deposition
of several extracellular marrix (ECM) proteins. The accu-
mulation of ECM proteins, as fibrotic scars, gradually
distorts liver structure and increases intraheparic resis-

tance to blood flow, leading to portal hypertension.!
Among the deposited ECM proteins in the cirrhotic liver,
type I collagen is the most prevalent, and it is well known
that activated hepatic stellate cells (FHSCs) are major
collagen-producing cells.»? With fibrosis progression in
chronic liver disease, patients often suffer from throm-
bocytopenia, which promotes a tendency for bleeding
and can result in mortal hemorrhagic complications such
as variceal bleeding.® Multiple factors have been pro-
posed for the pathogenesis of thrombocytopenia in ad-
vanced liver fibrosis; they include enhanced destruction
of circulating platelets in an enlarged spleen arising be-
cause of portal hypertension and reduced production of
thrombopoierin (TPO) in the liver.® In general, concom-
itant thrombocytopenia is considered to be a secondary
phenomenon caused by liver fibrosis progression. How-
ever, whether thrombocytopenia per se affects liver fibro-
sis has not been thoroughly examined. In the present
study, we generared a novel mouse model of severe
thrombocytopenia by thrombocyte-specific knockout of
Bcl-xL, a critical regulator of thrombocyte life span,® and
found that the mice developed exacerbated liver fibrosis
during bile duct ligation (BDL)-induced cholestasis be-
cause of an increase in type I collagen gene expression. In
vitro study revealed that platelets negatively regulated

type I collagen gene expression in activated HSCs via a

pathway involving the platelet-derived heparocyte growth
factor (HGF) and its receptor, Met.

Abbreviations used in this paper: ALP, alkaline phosphatase; a-SMA,
a-smooth muscle actin; BDL, bile duct ligation; BrdU, 5-bromo-2-
deoxyuridine; ECM, extracellular matrix; HGF, hepatocyte growth fac-
tor; HSCs, hepatic stellate cells; MMP, matrix metalloprotease; mRNA,
messenger RNA; Pf4, platelet factor 4; siRNA, small interfering RNA;
T-Bil, total bilirubin; TPO, thrombopoietin; TUNEL, terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine triphosphate nick-end la-
beling.
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Materials and Methods

Mice

Thrombocytespedific Bd-xL knockour mice (bokad e
Pf4-Cre) were generated by mating bdx™ mices” and Pf4-
Cre transgenic mice.® They were maintained in a specific
pathogen-free facility and treated with humane care un-

der approval from the Animal Care and Use Committee
of Osaka University Medical School.

BDL Treatment

Wild-type (bcl"Ff) and knockout (bcl-x¥# P4-Cre)
mice were subjected to BDL as previously reported.®
Briefly, the common bile duct was ligated 3 times with
5-0 silk sutures and then cut between the ligatures. After
10 days, the animals were killed for the following analy-
ses. For more detailed description of the Materials and
Methods used, see the Supplementary Materials and
Methods.

Results

Tbrombocyte—Speci'ﬁc Disruption of Bel-xL

Causes Massive Thrombocytopenia

Previous research has demonstrated thar tradidonal
knockour mice lacking a single allele of the bdfx gene develop
mild thrombocytopenia® We generared thrombocyte-specific
Bcl-xL knockout mice by crossing floxed belx mices” and
Pf4-Cre transgenic mice. After mating bcl-x"%fPf4-Cre
mice with belaf*/fex mice, bclw**Pf4-Cre mice were
born atr the expected Mendelian frequency and did
not show any developmental abnormality. As expected,
bel-xex/f<Pfd-Cre mice showed severe thrombocyropenia
without any phenotypes of other hemaropoiertic lineages
(Figure 1A). Western blot analysis confirmed a substan-
tial decrease in Bcl-xL expression in circulating platelets
of belsf/oxPf4-Cre mice compared with belw/*/* mice
(Figure 1B). CD41 protein, a specific surface receptor
expressed in the thrombocyte lineage,'%!! was used as a
loading control of platelets. To demonstrate the throm-
bocyte-lineage specificity of the Plateler factor 4 (Pf4)
promotor that we used, we examined Bcl-xL protein ex-
pression in several tissues and hematopoietic cells of
bel-xfe/fe% Pf4-Cre mice and bcl«/f** mice by Western
blotting. In all of these tissues and cells, Bcl-xL protein
expression was not different berween the 2 groups (Fig-
ure 1C), indicaring that the Pf4 promotor was specific to
platelets and their precursors in our mice model. The
physiologic liver status was not different between the 2
groups as evidenced by serum biochemistry data for ala-
nine transaminase (ALT), rotal bilirubin (T-Bil), and al-
kaline phosphatase (ALP) (Figure 1D) as well as for liver
histology (Figure 1E). In the following experiments,
bel-sfor/fex Pf4-Cre mice were crossed with bel-xfew/fiex
mice, and their offspring, bcl®/* Pf4-Cre mice and
bel-sfo/for mice, were used as thrombocytopenic mice
and control littermates, respectively.
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Thrombocytopenic Mice Display Exacerbation
of Cholestasis-Induced Liver Fibrosis

To invesrigate the effect of thrombocytopenia on
liver fibrosis, these mice were subjected to BDL, a well-
established model of liver fibrosis,® and examined 10 days
later. Cholestasis was similarly induced in both groups as
evidenced by serum levels of alkaline phospharase and
T-Bil (Figure 24). Both oncotic necrosis, also known as bile
infarcts, and apoptosis are characteristic fearures of liver
injury in the BDL model.!? Although serum ALT levels were
slightly lower in the thrombocytopenic mice than in the
control liccermares (Figure 24), the area of oncotic necrosis
as well as the number of terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick-end label-
ing (TUNEL)-positive cells in the liver was not significantly
different berween the 2 groups (Figure 2B). The number of
accumularing neutrophils, which are known to play a
major role in liver inflammarion induced by cholestasis,!2
did not differ berween the 2 groups as assessed by chlo-
roacetare esterase staining of the liver sections (Figure
2C). Similarly, the T lymphocyte and macrophage popu-
lation in the liver did not differ between the 2 groups as
determined by real-time reverse-transcription polymerase
chain reaction (Supplementary Figure 1). Upon BDL
treatment, compensatory regeneration occurred, but
there was no significant difference between the 2 groups
as determined by the count of S-bromo-2-deoxyuridine
(BrdU)-positive cells (Figure 2D).

To assess liver fibrosis, hepatic collagen deposition was
evaluated by picrosirius red staining of liver sections.
Collagen deposition increased following BDL treatment
in both groups and was significantly higher in the throm-
bocytopenic mice than in the control lictermates (Figure
2E). Similarly, the heparic hydroxyproline content, a bio-
chemical marker of collagen accumulation$ in the
thrombocyropenic mice was elevated to a level signifi-
cantly higher than in the control litcermartes (Figure 2E).
The major form of collagen in cirrhosis is known to be
type I collagen composed of 2 @l and 1 &2 chains. After
BDL, hepatic expression of type I collagen al and a2
genes, collal and colla2, sharply rose in both groups and
was significantly higher in the thrombocytopenic mice
than in the control littermates (Figure 2F). Western blot
analysis confirmed thar the hepatic expression of type I
collagen protein was higher in the thrombocyropenic
mice than in the control littermates (Figure 2F). These
results indicated that thrombocytopenia enhanced colla-
gen synthesis in the liver and exacerbated liver fibrosis
without affecting liver inflammation, apoptosis, and re-
generarion.

Platelets Become Activated and Inhibis Collagen
Syntbhesis in Activated HSCs In Vitro

To explore the underlying mechanisms of in-
creased collagen synthesis after BDL in the liver of the
thrombocytopenic mice, we tested the hypothesis that
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Figure 1. Thrombocyte-specific Bel-xL knockout mice show massive thrombocytopenia. (A) Body weight and circulating blood cell counts of
offspring from mating of bol-x#e¥* Pf4-Cre mice and bel-x™# mice; 7-11 mice per group; *P < .05 vs the other 3 groups, P < .05 vs the other 3
groups. (B) Expression of Bel-xL. and CD41 protein in circulating platelsts by Western blot analysis. 3-Actin is included as a control. (C) Expression
of Bel-xL in indicated tissues and cells by Western blot analysis. Heart tissue lysates were equally loaded between the 2 groups confirmed by
expression of glyceraldehyde-3-phosphate dehydrogenase, although the data are not shown. Pf4-Cre(+) and Pf4-Cre( -) stand for bol-x#owox
Pf4-Cre and bel-x*¥1% respectively. (D) Serum levels of alanine aminotransferase (ALT), total bilirubin (T-Bi), and alkaline phosphatase (ALP). (E) H&E

staining {upper panel) and picrosirius red staining (ower panel) of liver sections.
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platelecs would suppress collagen production in activated
HSCs, which are known as the main collagen-producing
cells in the injured liver.’® We isolated HSCs from
CS7BL/6] mice and cultured them for 7 to 10 days,
leading to their transdifferentiation from quiescent cells
to activated myofibroblast-like cells.!® These culture-acti-
vated HSCs were then cocultured with platelets isolated
from CS7BL/6] mice. Expression of collal and colla2
messenger RNA (mRNA) in HSCs was clearly inhibited
upon addition of platelets (Figure 3A). After a few pas-
sages, similar suppression of type I collagen gene expres-
sion was observed in these cells, appearing in a plarelet
dose-dependent manner (Figure 3B). Type I collagen pro-
tein in HSCs also decreased upon coculture with plareles
as determined by Western blot analysis (Figure 3C). Platelets
generally execute their biologic effects through activation
that is associated with their shape change and granule
secretion represented by P-selectin (CD62P) translocation
from the o-granule to the outer surface**!® To find
whether or not platelets are activated upon- exposure to
HSCs, platelets from cocultures with HSCs were analyzed
by flow cytometry, which revealed their dynamic shape
change and the surface translocation of P-selectin (Figure
3D). The levels of soluble P-selecrin, which are also
known to reflect platelet activation,!s were significantly
higher in the coculture medium with plartelets and HSCs
than those in the medium with plarelets alone (Figure
3E). These results demonstrated thart platelets were acti-
vated upon exposure to HSCs and inhibited collagen
synthesis in activated HSCs.

Soluble Factors Released From Activated
Platelets Are Involved in the Inbibition of
Collagen Synthesis in HSCs

Once activated, platelets are known to affect many
other cells via secreted soluble factors or direct interac-
tion with surface molecules. Platelet activation and secre-
tion can be triggered artificially by a variety of strong
agonists such as thrombin.?* To examine whether soluble
factors secreted from activated platelers are involved in
the suppression of collagen synthesis in HSCs, we stim-
ulated platelets with or without thrombin and applied
the supernatant to HSCs. Thrombin induced clear plate-
let activation as evidenced by shape changes and P-selec-
tin translocation (Figure 44). The levels of soluble P-
selectin were also significantly higher in the supernatant
of thrombin-stimulated platelets than in the supernatant

THROMBOCYTOPENIA AND LIVER FIBROSIS 2491

of unstimulated plarelets (Figure 4B). The supernarant of
thrombin-stimulated platelets suppressed type I collagen
gene expression in HSCs bur thart of unstimulated plate-
lets did not (Figure 4C), indicating that soluble factors
derived from activated plarelets were involved in sup-
pressing collagen production in HSCs.

HGEF in Platelet Granules Contributes to the
Inbibition of Collagen Synthesis in HSCs

To identify the platelet-derived soluble factors
that contribute to the suppression of collagen synthesis
in HSCs, we focused on HGF, a pleiotropic growth fac-
tor,1617 which is known to exist in platelets.'® We hypoth-
esized that, in our in vitro study, HGF may be secreted
from activated platelets and inhibit collagen synthesis in
HSCs. Administration of recombinant HGF to HSCs
inhibited coll2l and colla2 gene expression (Figure SA).
Consecutively, murine platelets were capable of releasing
HGF upon exposure to thrombin (Figure 5B). Impor-
tantly, the levels of HGF were significantly higher in the
coculture supernatant of HSCs and platelets than in that
of platelets alone (Figure 5C). We next examined whether
HGF secreted from activared platelers is actually involved
in suppressing collagen synthesis in HSCs. The multiple
biologic activities of HGF are mediated by Met, a
transmembrane tyrosine kinase receptor, which trans-
duces the effects of HGF upon phosphorylation.?
Western blot analysis showed that the Met protein of
HSCs was phosphorylated at multiple sites after cocul-
ture with plarelets (Figure SD) and proteins of its
downstream pathways such as Erk1/2, Akt, and stat3
were phosphorylated as well (Figure 5D). To assess the
involvement of this activated signaling in the inhibi-
tion of collagen production in HSCs, we performed
small interfering RNA (siRNA)-mediated knockdown
of met. Transfection of met siRNA into HSCs resulted
in a substantial decrease in Met expression (Figure 5E)
and blunted HGEF-induced suppression of type I colla-
gen gene expression (Figure 5F). Under these condi-
tions, met knockdown abolished platelet-induced sup-
pression of type I collagen gene expression in HSCs
(Figure SF). This result clearly demonstrated that
HGF/Met signaling was indispensable for platelet-me-
diared inhibition of the collagen synthesis in activated
HSCs.

Figure 2. Thrombocytopenic mice show exacerbated liver fibrosis following BDL treatment. bel-x"o¥ox Pf4-Cre mice and bel-xo¥oX mice were
sham operated or subjected to BDL and analyzed 10 days later (8~12 mice per group). Cre(+) and Cre(-) stand for bel-xoxox Pf4-Cre and
bel-xtorfiox respectively. (A) Serum levels of alkaline phosphatase (ALP), total bilirubin (7-81), and alanine aminotransferase (ALT). (B) Oncotic necrosis
and hepatocyte apoptosis were evaluated by H&E staining and TUNEL staining of liver sections, respectively. (C) Infiltrated neutrophil count was
evaluated by chloroacetate esterase staining of liver sections. (D) Liver regeneration was evaluated by 5-bromo-2-deoxyuridine (BrdU) staining of liver
sections. (E) Liver fibrosis was evaluated by picrosirius red staining of liver sections and total liver hydroxyproline levels. (F) cola? And col/Ta2 mRNA
levels in the liver were determined by real-time reverse-transcription polymerase chain reaction. Expression of type | collagen protein in the liver was

assessed by Western blotting.

- 538 -




2492 KODAMA ET AL GASTROENTEROLOGY Vol. 138, No. 7

=
w

12 12 3
1.2 12
1 c 1 1 -
8 s 5 g
7] a 5 7]
gz 08 8o 08 o 08 gz
SE &t EE &'t
%< 3 x 3 oc X =
S > ° 5 3 S
<5 o6 g§ 06 < § 06 =4
xx &= é -] e
K= [ ca gL
-8 04 & 04 5 04 ~ &
4 ] o o— o
-~ » & >
3 8 3 3
0.2 0.2 © 0.2
0 0 » 0 A
Platelets - + Platelets - + ‘0. 0. "o o " §
o %, %, %
+,00 i +70& T T,
Platelets Platelets
C | € Type I collagen
{ €~ p-actin
(2’3
Platelets
] =3 .
5 5| 1500
B e B z
10° 107 402 103 10¢ 10° 10 102 10° 104 B 1000 4
FSC FSC 2
o
o~
(1=
a3
2 &) 500 4
@
o
i 0
100 101 102 10 104 pl;*gg& T

CD62p expression

Figure 3. Platelets become activated and inhibit collagen synthesis in activated HSCs in vitro. (A and B) colal And colTa2 mRNA levels in HSCs
by real-time reverse-transcription polymerase chain reaction. Primary isolated HSCs were cocultured with 1.0 X 10 platelets for 6 hours (4), n =
3/group. HSCs (1.0 % 10%) were cocultured with indicated dosages of platelets for 6 hours (B), n = 3/group, *P < .05 vs HSCs with control group.
(C) Expression of type | collagen protein in HSCs determined by Western blot analysis. HSCs (5.0 x 10%) were cocultured with indicated dosages of
platelets for 14 hours. (D and £) Activation of platelets on exposuré to HSCs. Platelets (1.0 X 107) were cocultured with or without 1.0 X 105 HSCs
for 1 hour. Shape change and P-selectin surface expression of platelets were analyzed by flow cytometry (D); representative data are shown; note
that FSC increased with addition of HSCs; closed histograms and open histograms indicate P-selectin surface expression of platelets cocultured with
or without HSCs, respectively. Soluble P-selectin levels of the culture supernatants were determined by ELISA (£), n = 3/group, *P < .05 vs the other

2 groups.

HGF Administration Alleviates Liver Fibrosis kinetics upon BDL treatment. To find whether platelecs
in Thrombocytopenic Mice to the Level in the accumulate in the liver, we examired the expression of
Control Littermates After BDL ' CD41 protein. Western blot analysis revealed that CD41
To investigate the involvement of plarelets in cho-  expression in the liver was up-regulated upon BDL rreat-
lestasis-induced liver fibrosis in vivo, we examined plateler ~ ment in the control littermares bur not in the thrombocy-
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Figure 4. Soluble factors released from activated platelets are involved in the inhibition of collagen synthesis in HSCs. (A and B) Activation of platelets
stimulated with thrombin. Platelets (1.0 X 107) were stimulated with or without thrombin (1 U/ml) for 15 minutes. Shape change and P-selectin
surface expression of platelets were analyzed by flow cytometry (A); representative data are shown; note that FSC increased with addition of
thrombin; closed histograms and open histograms indicate P-selectin surface expression of platelets stimulated with or without thrombin, respec-
tively. Soluble P-selectin levels of the culture supernatants were determined by ELISA (B), n = 3/group, *P < .05 vs the other 2 groups. (C) cotal
And colTa2 mRNA levels in HSCs treated with the supematant of activated or quiescent platelets by real-time reverse-transcription polyimerase chain
reaction. HSCs were cocultured with or without 1.0 X 10 platelets for 6 hours in the presence or absence of thrombin (1 U/mL). In parallel, HSCs
were cultured for 6 hours with the supernatants of platelets, which had been stimulated with or without thrombin (1 U/mL) for 15 minutes, n =
3/group. *P < .05 vs HSC with control group and HSC with platelet supernatant group. P < .05 vs HSC with thrombin group. ’

topenic mice (Figure 64). Furthermore, phosphorylarion of
Met protein in the liver occurred upon BDL trearment, but
it was weaker in the thrombocytopenic mice than in the
control littermares (Figure 6B). Similar attenuation of Met
phosphorylation in the thrombocytopenic mice was also
observed at 3 days after BDL (Supplementary Figure 2).
These results indicated that BDL-induced cholestasis led to
intrahepatic platelet accumulation and activated the Met
signal in the liver. In contrast, both were attenuated in the
liver of the thrombocytopenic mice. Furthermore, plasma
HGEF levels in the thrombocytopenic mice did not increase
upon BDL and were evidently lower than in the control
lictermates (Figure 6C). Finally, to investigate whether at-

tenuarion of Met activarion in the liver of the thrombocy-
topenic mice was involved in the exacerbation of liver fibro-
sis, we tested the hypothesis thar administradon of HGF,
known to exert an antifibrotic effect;2°-22 would alleviate liver
fibrosis in the thrombocytopenic mice more than in the con-
trol littermares. These mice were treated with either vehicle or
recombinant HGF following BDL. As expected, HGF admin-
istration alleviated liver fibrosis in the thrombocytopenic mice
to the level found in the control littermares (Figure 6D). No-
tably, elevated heparic expression of type I collagen genes in the
thrombocytopenic mice was also attenuated to a level compa-
rable with that in the control littermates by the HGF therapy

(Figure 6E).
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Discussion

Platelets are circulating blood cells with the daily
job of handling hemostasis and thrombosis.?* On the
other hand, they are also involved in inflammarion,?
angiogenesis, and tissue repair. Platelets have been shown
to accumulare in the liver under some pathologic condi-
tions such as acute viral hepatitis?* and cholestasis.?s
Previous work on such situarions has focused on plate-
lets as a producer of inflammarory cytokines and on their
proinflammarory role. However, a recent study has dem-
onstrated a new role for platelets in the liver: that of
platelet-derived serotonin mediating liver regeneration.2¢
Moreover, it has been reported that TPO-induced throm-
bocytosis artenuartes progression of liver fibrosis and ac-
celerates liver fibrolysis.?”28 However, the mechanisms
remain obscure, and the extrathrombocytotic effect of
TPO could not be excluded from their study results. In
the present study, we were able to clearly demonstrate
thar platelets serve as antifibrotic cells in the liver via the
HGF/Met pathway and offer the novel finding that
thrombocytopenia exacerbates liver fibrosis in vivo.

To examine the impact of thrombocytopenia in liver
fibrosis, we generated a novel mouse model of severe throm-
bocytopenia. Previous research has shown thar platelets are
genetically programmed to die in an apoptotic manner and
that their life span is regulated by a fine balance between
antiapoptotic Bc-xL and proapoptotic Bak; mice lacking a
single allele of the bclx gene develop mild thrombocytope-
nia, which is arcenuated with a bak knockout background.
However, traditional knockout of both alleles of the bclx
gene leads to embryonic lethality.s To develop severe throm-
bocytopenic mice without phenotype expression in other
organs caused by Bcl-xL deficiency, we generared thrombo-
cyte-specific Bcl-xL knockout mice by crossing floxed belzx
miceS” and transgenic mice expressing the Cre-recombinase
under regulation of the promoter of the Pf4 gene® The
expression of Pf4 promoter is reported to be specific to
thrombocytes,$ and its specificity was also confirmed in our
generated mice. The mice displayed severer thrombocytope-
nia than the single allele knockout mice, ar as early as 4
weeks of age, and it persisted for a longer time (Supplemen-
tary Figure 3).
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Thrombocyropenic mice did not develop any liver pa-
thology under physiologic condirions but developed ex-
acerbared liver fibrosis upon BDL. Similar exacerbation
of liver fibrosis was found in another liver fibrosis model
induced by chronic injection of carbon tetrachloride
(Supplementary Figure 4). Following BDL, thrombocyto-
penic mice showed lower ALT levels than the control
mice. Because there was no significant difference in’his-
tologic necrosis and hepatocyte apoptosis between the 2
groups, the significance of this difference is obscure,
Research has revealed proinflammartory roles of platelets in
the liver under some experimental condittons.??-25 Thus,
thrombocytopenia might have led to modest reduction of
liver injury in our experiment without any histologic differ-
ences. Even if that were the case, modest decline of liver
injury could not explain the exacerbation of liver fibrosis in
thrombocytopenic mice. It is well known thar the liver has
the unique capacity to regenerate in response to partial
hepatectomy or some types of liver injury.2® Recent research
has shown that platelers mediare liver regeneration after
partial hepatecromy.?¢ In our experiment, modest compen-
sarory regeneration did occur following BDL, but we could
not find any difference in liver regeneration between the 2
groups. Following two thirds’ partial hepatectomy, most
hepatocytes in the remaining liver enter an active state of
cell cycle progression,?® whereas only a relatively small num-
ber of them may do so following liver injury. That may
explain why liver regeneration did not differ in our models.
Taken together, we considered that liver fibrosis is the
primary and most prominent difference between the throm-
bocytopenic mice and the control littermates after BDL.

With regard to the underlying mechanisms of exacer-
bated liver fibrosis in thrombocytopenic mice upon BDL,
we first took particular notice of the increase in collagen
gene expression. In fact, liver fibrosis is known to be
regulated by a fine balance between fibrogenesis and
fibrolysis.12 A variety of matrix metalloproteases (MMPs),
such as MMP-2, MMP-9, and MMP-14, which may be
involved in fibrolysis, were also up-regulated in the liver in
thromobocytopenic mice compared with control mice (Sup-
plementary Figure SA). In additon, gene expression of
plarelet-derived growth factor, D polypeptide, transforming

Figure 5. The HGF/Met pathway is involved in platelet-mediated inhibition of collagen synthesis in HSCs in vitro. (4) coTal And colla2 mRNA levels
in HSCs stimulated with murine HGF for 6 hours by real-time reverse-transcription polymerase chain reaction, n = 3/group. *P < .05 vs control. (8)
Secretion of HGF from activated platelets. Platelets (1.0 X 107) were stimulated with or without thrombin (1 U/mL) for 15 minutes, and the levels of
HGF in the culture supernatant were determined by ELISA, n = 3/group. *P < .05 vs other 2 groups. (C) Production of HGF in platelet/HSC coculture.
HSCs (1.0 X 10°) were cocultured with 5.0 X 107 of platelets for 3 hours, and the levels of HGF in the culiure medium were determined by ELISA,
n = 3/group. *P < .05 vs the other 2 groups. (D) Activation of Met and its downstream pathways in platelet/HSC coculture. HSCs (6.0 X 10°) were
cocultured with or without 5.0 X 107 platelets or with 20 ng/mL. HGF as a positive contral for 1 hour. Western blot analysis of phosphorylated Met
protein at indicated position of tyrosine (left panel) and phosphorylated Erk1/2, Akt, and stat3 proteins (right panel). (E) Real-time reverse-transcription
polymerase chain reaction (upper panel) and Western blot analysis (lower panel) of Met expression in HSCs transfected with met siRNA or control
siRNA. (F)coTal And colla2 mRNA levels in HSCs treated with met siRNA by real-time reverse-transcription polymerase chain reaction. HSCs were
transfected with met siRNA or control siRNA for 3 days and then cultured for 6 hours with or without 20 ng/ml. HGF (left) or with or without 1.0 X
107 platelets (right), n = 3/group.
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Figure 6. HGF administration prevents the exacerbation of liver fibrosis in the thrombocytopenic mice after BDL. (A-C) Platelet accumulation and
Met activation in the liver following BDL. bel-x##%es Pf4-Cre imice and bol-x"#10X mice were sham operated or subjected to BDL and analyzed 10 days

later (4-7 mice per group). Cre(+ ) stands for bel-x 712 Pf4-Cre mice and Cre{—) for bel-x 7oy mice. Platelet accumulation in the liver was assessed
by Western blotting of CD41 (4); lysate of spleen was used as a positive control. Phosphorylation of Met protein in the liver was determined by
Western blot analysis (B). Plasma HGF levels were determined by ELISA (C). (D and E) Attenuation of liver fibrosis by HGF therapy in thrombocyto-
penic mice following BDL.. bel-xfex Pi4-Cre mice and beol-x™#*ex mice were subjected to BDL, followed by intraperitoneal injection of recombinant
human HGF or vehicle 2 times per day and analyzed 10 days later (5—7 mice per group). Liver fibrosis was evaluated by picrosirius red staining of liver
sections (D). coTal And coffa2 mRNA in the liver were determined by real-time reverse-transcription polymerase chain reaction (E).

growth factor-B, and tumor necrosis factor-a, which are
also known as cytokines involved in fibrosis, was not differ-
ent berween the 2 groups (Supplementary Figure 5B). These
gene expression profiles suggest that increase of collagen
gene expression may have a causative role in exacerbared
liver fibrosis and thar MMP up-regularion may be a com-
pensatory phenomenon.

In general, according to the transdifferentiation of quies-
cent HSCs into activated HSCs, these myofibroblast-like
cells express myogenic markers such as a-smooth muscle
actin (SMA) and cause a parallel increase in collagen syn-
thesis.}* However, instead of increased collagen synthesis in
thrombocytopenic mice, a-SMA positive cells were simi-
larly induced in thrombocyropenic mice and control
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mice upon BDL (Supplementary Figure 6). Thereafter, we
expected that the levels of collagen gene expression per
cell would increase in thrombocytopenic mice. Previous
research has demonstrated that, even in activated HSCs,
the level of type I collagen mRNA can be modulated by
the change of collagen mRNA stabilization, which is
regulated by interaction with a specific protein such as
a complex protein.®® Furthermore, it has recently been
demonstrated that HGF suppresses colla2 promoter ac-
tivation by inhibiting nuclear accumulation of Smad3 in
activated HSCs.?* We used activated HSCs for in vitro
experiments and found char coculrure with platelets did
not affect mRNA expression of a-SMA (Supplementary
Figure 7) but did suppress the collal and colla2 genes in
activated HSCs. This suggests that platelets regulate type
I collagen gene expression in each cell without affecting
the activarion status of HSCs, which agrees with our in
vivo findings.

Platelet suppression of collagen gene expression was
clearly associated with platelet acrivation as evidenced by
the shape change and P-selectin translocation and shed-
ding. Moreover, the supernatant of thrombin-activated
platelets was capable of inhibiting collagen gene expres-
sion, although the supernatant of quiescent platelets
could not. These results strongly suggest that platelet
activation is indispensable for the inhibition of collagen
synthesis in vitro. It should be noted that our results also
suggest that, once activated, platelets are capable of re-
leasing soluble factor(s) residing in platelet granules such
as HGF and thereby suppress collagen synthesis, which is
independent of how platelets are activated. Therefore,
although platelets could be activated upon conrtact with
HSCs in vitro, this contact may not be a requisite for
platelet inhibition of HSCs in vivo. Indeed, platelets are
well known to be activated by cell-to-cell contact with a
variety of cells and soluble factors in injured organs.10:
We also observed that platelets could be activated upon
contact with murine hepatocytes or macrophages in
vitro, even though activated platelets did not affect type
I collagen synthesis in these cells (data not shown).

We have demonstrated that platelet-derived HGF plays
a critical role in platelet suppression of type I collagen
gene expression in cultured HSCs. BDL-induced cho-
lestasis led to intrahepatic platelet accumulation and Met
phosphorylation in the liver of control mice, but both
were attenuared in thrombocytopenic mice. Further-
more, plasma HGF levels in thrombocyropenic mice were
lower than in control mice after BDL. Despire the lack of
intrahepatic platelet accumulation, HGF administration
could alleviate cholestasis-induced liver fibrosis in throm-
bocyropenic mice to the same level found in control mice.
These findings implied that the lack of platelet-derived
HGF signaling in the liver was involved in exacerbated
liver fibrosis in thrombocytopenic mice. It is not clear, in
the present study, whether cholestasis-induced Met phos-
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phorylation in the liver originates from activated HSCs
or just hepatocytes. Therefore, it is quite possible that
HGF administration alleviated liver fibrosis by stimulat-
ing both hepatocytes and HSCs in thrombocytopenic
mice. However, marked suppression of heparic type I
collagen gene expression by HGF therapy in thrombocy-
topenic mice suggests that artenuated Met phosphoryla-
tion and the subsequent increase of collagen synthesis in
activated HSCs may be involved in exacerbated liver fi-
brosis in thrombocytopenic mice because collagen pro-
duction is mainly mediated by activated HSCs in the
injured liver.

HGF was first identified as a potent mitogen for pri-
mary hepatocytes after being purified from the plasma of
a patient with fulminant hepatic failure’®:” and also
from rat plarelets.’® HGF is known to be a mulrifunc-
tional growth factor thar shows mirogenic, motogenic,
morphogenic, and antiapoptotic acrivities in a variety of
cells.1617 Increasing evidence indicates that HGF has an
antifibrotic effect in several experimental models, espe-
cially when administered exogenously.202! Although
platelets are known to contain HGF in their granules,s
the functional role of platelet-derived HGF has remained
unknown. Because human platelets contain a smaller
amount of HGF than rodent platelets,’® it is obscure
whether the same mechanisms observed in rodents are
operative in humans. However, the present study, for the
first time, sheds light on HGF derived from platelets
serving as an endogenous negarive regulator for HSC
expression of collagen genes and liver fibrosis under
pathologic conditions. :

Thrombocytopenia is a common complication of ad-
vanced chronic liver disease and is generally considered to
be a secondary phenomenon via associated portal hyper-
tension or reduced production of TPO in the Liver.®# Qur
study indicares a causal link of thrombocytopenia with
progression of liver fibrosis, suggesting a complicated
interaction between liver fibrosis and thrombocytopenia
However, the mice we generated show extremely severe
thrombocytopenia, which does not exactly mimic che
thrombocytopenia usually seen in parients with cirrhosis.
Moreover, the components of platelet granules may differ
berween the human and the mouse. Therefore, we cannot
directly conclude from our findings that thrombocyto-
penia in patients with cirrhosis exacerbates liver fibrosis.
However, in addition to the fact thar liver fibrosis
progresses in parallel with the decrease of platelet count,
several studies on human patients have shown that sple-
nectomy or partial splenic embolization can improve the
liver funcrion of cirthotic patients in paralle]l with eleva-
ton of platelet count.3%3* Therefore, further clinical
study is important in order to elucidate whether an
increase in platelet count is beneficial for preventing the
progression of liver fibrosis in thrombocytopenic patients
with advanced liver disease.
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Supplementary Materials and Methods

Hematologic Analyses

Blood was collected from the inferior vena cava of
mice. Complete blood cell counts were determined using
an Automated Cell Counter (Sysmex, Kobe, Japan).

Histologic Analyses

The liver sections were stained with H&E or picro-
sirius red. The percentage of oncortic necrosis or fibroric
area was calculared using image analysis software (win-
ROOF visual systern; Mitani Co, Tokyo, Japan). To assess
intrabeparic neutrophil accumularion, liver secrions were
stained with chloroacerate esterase, which is a specific
marker of neutrophils,! using a Naphthol-ASD Chlero-
acetate Bsterase Kit (Sigma-Aldrich, St. Louis, MQ). To
detect apoprotic cells, the liver sections were also sub-
jected to terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling staining as
previously reported.? To assess regenerative status, nu-
clear S-bromo-2-deoxyuridine incorporation was evalu-
ated as previously described.?

Determination of Liver Hydroxyproline

Content

Hydroxyproline content was determined essen-
tially as described previously.* Results are expressed as
micrograms of hydroxyproline per gram of wet liver.

Isolation and Culture of Mouse Hepatic

Stellate Cell

Heparic stellate cell (HSCs) were isolated from
CS57BL/6J mice by 2-step collagenase-pronase perfusion
of mouse liver followed by density gradient centrifuga-
tion with 8.2% Nycodenz (Sigma-Aldrich) as previously
described.® Isolated HSCs were maintained at 37°C un-
der 5% CQ, in Dulbecco’s modified Eagle medium con-
taining 10% fetal calf serum. Activated HSCs after a few
passages were used for the experiments unless otherwise
indicated.

Cell Isolation

Monocyres and T lymphocytes were isolared from
spleens of beks@fes pf4-Cre mice and bcl™#* mice by
magneric cell sorting using magnetic beads (MACS; Mil-
tenyi Biotec, Gladbach, Germany) with CD11b and CD90.2
antibodies according to the manufacturer’s protocol. Ab-
dominal macrophages were collected from these mice S
days after intraperitoneal injection of 50 uL/g body weight
thioglycollare broth (Sigma-Aldrich) by peritoneal lavage.
Hepatocytes and nonparenchymal cells were isolared from
those mice by collagenase perfusion of mouse liver followed
by centrifugation.

Plateler Isolation

Platelers were isolared as described previously.®
Briefly, whole blood collected from the inferior vena cava
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of C57BL/G] mice was mixed with one fourth volume of
citrate phosphate dextrose (Sigma-Aldrich). Platelet-rich
plasma was obtained by centrifugation at 100g for 15
minutes at room temperature without braking. After
incubation with 1 mmol/L prostaglandin E; (Sigma-
Aldrich) and 1 U/mL apyrase (Sigma-Aldrich), the plare-
lets were isolated by centrifugarion at 200g at room
temperature for 15 minures.

Western Blot Analysis

Western blotring was performed as previously de-
scribed.? A derailed description of the antibodies used is
provided in Supplementary Table 1.

Real-Time Reverse-Transcription Polymerase

Chain Reaction

Total RNA extracted from the liver tissue and
HSCs were reverse transcribed and subjected to real-time
reverse-transcription polymerase chain reaction as previ-
ously described.? mRNA expression of the specific genes
was quantified using TagMan Gene Expression Assays
(Applied Biosystems Inc, Foster City, CA). Assay IDs of
the specific genes are provided in Supplementary Table 2.
Transcript levels are presented as fold induction.

Small Interfering RNA-Mediated Knockdown

Culrured HSCs were transfected with small incerfer-
ing RNA against met (Stealth RINAI, Oligo ID:MSS206635)
(Invitrogen, Carlsbad, CA) using lipofectamine RNAI-MAX
(Invitrogen) according to the manufacturers protocol
Stealth RNA: Negative Control Low GC Duplex (Invitro-
gen) was used as the control

Flow Cytometry

Isolared placelers were surface-stained with a fluores-
cein isothiocyanate-conjugared rat ant-mouse CD62p (P-selec-
tin) antibody (BD Biosciences, Franklin Lakes, NJ). Samples
were analyzed with a Becton Dickinson FACSCalibur flow
cytometer (BD Biosciences), and the dara were processed
with the CELLQuest software (BD Biosciences).

Enzyme-Linked Immunosorbent Assay

Mouse HGF and soluble CD62p (P-selectin) levels in
plasma and culture supernatant were measured by using
DuoSet enzyme-linked immunosorbent assay mouse hepa-
tocyte growth factor (HGF) and CD62p (R&D Systems,
Minneapolis, MN), respectively, according to the manufac-
turer’s protocol.

HGF Treatment

Wild-type (bl and knockout (belf Pf4-Cre)
mice were subjected to bile duct ligation, followed by
intraperitoneal injection of recombinant human HGF
(500 pg/kg) or vehicle every 12 hours for 10 days and
then killed to sample the liver tissues.
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Supplementary Figure 1. Intrahepatic cell fractions upon bile duct ligation {BDL) treatment are not different between the thrombocytopenic mice
and the control littermates. bel-x"or#es Pf4-Cre mice and bel-x"o%2* mice were sham operated or subjected to BDL and analyzed 10 days later (4—6
mice per group). Cre(+) and Cre(—) stand for bel-x#xtex Pf4-Cre and bel-xiextes, regpectively. cd4, cd8, And cd68 messenger RNA levels in the liver
were determined by real-time reverse-transcription polymerase chain reaction.
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Supplementaty Figure 2. Phosphorylation of Met protein in the liver
is stronger in the control littermates than in the thrombocytopenic mice
at 3 days after bile duct ligation (BDL) treatment. bel-xiox#os Pfg-Cre
mice and bel-x"¥12x mice were subjected to BDL and analyzed 3 days
later. Cre(+) and Cre(—) stand for bel-x"%x Pi4-Cre and bol-xioxox,
respectively. Phosphorylation of Met protein in the liver was determined
by Westem blotting.
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Supplementary Figure 3. bcl-x’ov#>x Pf4-Cre mice exhibit severe
thrombocytopenia at as early as 4 weeks of age, and it persists for a
longer time. Circulating platelet counts of bel-x"¥*#2x Pi4-Cre mice and
bel-xf¥%2x mice at the age of 4, 6, and 12 weeks. Cre(+) and Cre(~)
stand for bef-xio%% Pf4-Cre and bel-x™ox7es | respectively. *P < .05 vs
Cre( ). 5~8 Mice per group.
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Supplementary Figure 4. Thrombocytopenia exacerbates liver fibrosis induced by chronic CCly administration. baol-x"0*e% Pfd-Cre mice and
belx" 25 mice were administered intraperitoneal injection of CCli (0.3 ml/kg) or oil 2 times per week and examined 6 weeks later (7 mice per group).
Cre(~+) and Cre(—) stand for bel-xfor#2x Pf4-Cre and bol-xixfor respectively. Liver fibrosis was evaluated by picrosirius red staining of liver sections.
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Supplementary Figure 5. (A) Gene expression of matrix metalloproteases is up-regulated in thrombocytopenic mice upon bile duct ligation (BDL)
treatment. bol-x#e#tex Pf4-Cre mice and bel-x"iex mice were sham operated or subjected to BDL and analyzed 10 days later (4 -6 mice per group).
Cre(+) and Cre(-) stand for bel-x"07%2x Pf4-Cre and bel-x*e#ox, respectively. mmp-2, mmp-9, And mmp-14 messenger RNA levels in the liver were
determined by real-time reverse-transcription polymerase chain reaction. (8) Gene expression of fibrosis-related cytokines in the liver is not different
between the thrombocytopenic mice and their control littermates. bel-x@¥1ox Pf4-Cre mice and bel-x"ex#2% mice were sham operated or subjected
to BDL and analyzed 10 days later {48 mice per group). Cre(~+) and Cre(—) stand for bel-x>#2x Pf4-Cre and bcl-xtexox respectively. pdofd, tofb,
and tnfa messenger RNA levels in the liver were determined by real-time reverse-transcription polymerase chain reaction.
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Supplementary Figure 6. HSCs are similarly activated in the thrombocytopenic mice and the control mice upon bile duct ligation (BDL). bel-xoxtes
Pf4-Cre mice and bcl-x"##* mice were sham operated or subjected to BDL and analyzed 10 days later (4 or & mice per group). Cre(+) and Cre(—)
stand for bel-xo#%x Pf4-Cre and bel-x#¥#ox, respectively. To assess HSC activation, liver sections were stained with monoclonal anti-a-smooth
muscle actin («-SMA) (Dako, Glostrup, Denmark).
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Supplementary Figure 7. Coculture with platelets does not affect
messengetr RNA expression of «-SMA in activated HSCs. HSCs (1.0 X
10%) were cocultured with indicated dosages of platelets for 8 hours.
acta2 Messenger RNA levels in HSCs were determined by real-time
reverse-transcription polymerase chain reaction. N = 3/group.
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Supplementary Table 1. Antibodies Used for Western Blotting

THROMBOCYTOPENIA AND LIVER FIBROSIS 2498.e7

Antibody

Manufacturer

Rabbit polyclonal antibody to BelxL

Rat monoclonal antibody to mouse integrin-a2B/CD41
Mouse monoclonal antibody to Met

Rabbit monoclonal antibody to phospho-Met (Tyr1234)
Rabbit monoclonal antibody to phospho-Met (Tyr1349)
Mouse monoclonal antibody to g-actin

Rabbit polyclonal antibody to type | collagen

Rabbit polycional antibody to GAPDH

Rabbit monoclonal antibody to stat3

Rabbit monoclonal antibody to Erk1/2

Rabbit monoclonal antibody to Akt

Rabbit monoclonal antibody to phospho-stat3

Rabbit monoclonal antibody to phospho-Ekrl/2
Rabbit monoclonal antibody to phospho-Akt

Santa Cruz Biotechnology, Santa Cruz, CA
R&D Systems, Minneapolis, MN

Cell Signaling Technology, Beverly, MA
Cell Signaling Technology

Cell Signaling Technology
Sigma-Aldrich, St Louis, MO

Rockland, Gilbertsville, PA

Trevigen, Gaithersburg, MD

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Supplementary Table 2. Clinicopathologic Features of HCC

Patients
Target gene Assay ID
collal MmO00801666_g1
colta2 Mm01165187_m1
met Mm01156980_m1
mmp-2 Mm00439506_m1
mmp-8 MmO00600164_g1
mmp-14 Mm01318969_g1
acta2 MmO01546133_m1
actb Mm02619580_g1
cd4 Mm01182108_m1
cd8 MmO00442754_m1
cd68 Mm03047343_m1
Tnfa Mm01178820_m1
tgfb Mm00546829_m1l
pdgfd Mm011351983_m1
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Virological features of fuiminant liver disease-causing hepatitis B virus (HBV) have not been fully eluci-
dated. We studied longitudinally the viruses obtained before and after fulminant liver disease in a patient
with chronic HBV infection showing fatal exacerbation. HBV strains were obtained before and after exac-
erbation (designated as FEP1 and FEP2). Their virological features were investigated by in vitro transfec-
tion. FEP1 and FEP2 possessed higher activity of overall HBV DNA synthesis than the wild-type. FEP1
lacked competence for relaxed circular (RC) HBV DNA synthesis and RC HBV DNA-containing virion secre-
tion, but FEP2 maintained it. Chimeric analysis revealed that the preS/S gene, where FEP1 had a consid-
erable number of mutations and deletions but FEP2 did not, was responsible for impaired RC HBV DNA
synthesis and virion secretion. Furthermore, incompetence of FEP1 strain was transcomplemented by
the preS/S protein of wild-type strain. In conclusion, the viral strain after exacerbation showed resurgent
RC HBV DNA synthesis and virion secretion, which was caused by conversion of the preS/S gene from a
hypermutated to hypomutated state. This may have been responsible for disease deterioration in the
patient. This is a novel type of HBV genomic variation associated with the development of fulminant liver

disease.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Type B fulminant hepatitis develops in approximately 1% of
patients with acute hepatitis B virus (HBV) infection and results
in a high rate of mortality [1]. Serious disease exacerbation like
fulminant hepatitis can also occur during chronic HBV infection.
The virological characteristics of fulminant hepatitis-causing
HBV strains have been widely studied. An A1896 mutation in
the precore gene, and T1762/A1764 and V1753/V1754 mutations
(V=not T) in the core promoter have been shown to be detected
more frequently in fulminant hepatitis-related strains than in
non-fulminant hepatitis-related ones [2-4], although these viral
mutations do not completely account for the pathogenesis of ful-
minant hepatitis. A few investigators have conducted detailed
studies on the strain-specific virological feature of an individual
fulminant hepatitis-causing HBVY strain in comparison with the
representative wild-type HBV strain [5-8].-Baumert et al. [5,6] re-
ported that a fulminant hepatitis-causing HBV strain with rare
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types of mutations in the core promoter showed a robust increase
of viral encapsidation and strong induction of cellular apoptosis.
Pult et al. [7] also revealed that the strain isolated from a patient
with heart transplantation-associated fulminant hepatitis had the
11-bp insertion in the core promoter and revealed the elevated
viral transcription via generation of a novel binding site of hepa-
tocyte nuclear factor 1. In addition, Kalinina et al. [8] reported
that the strain derived from a fulminant hepatitis patient after li-
ver transplantation was secretion-defective due to several muta-
tions in the surface (S) gene. According to these observations, in
fulminant hepatitis-causing HBV strains, both frequent mutations
and strain-specific viral genomic variations may contribute to the
development of the disease. However, there have been no longi-
tudinal virological studies of HBV strains obtained before and
after the onset of fulminant liver disease in chronic HBV carriers
showing serious disease exacerbation such as fulminant hepatitis.
Such investigations may lead to better understanding of the role
of viral genomic changes on the pathogenesis of HBV-related ful-
minant liver disease.

HBV is a double-stranded circular DNA virus approximately
3.2 kb long and has four open reading frames, preS/S, precore/core,
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