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SCIENTIFIC REPLIRTS

EphB2 receptor tyrosine kinase
promotes hepatic fibrogenesis
“in mice via activation of hepatic
e, stellate cells

Published online: 07 Feb 2018 . . . . . .
ublished ontine evruary Patrice N. Mimche?, Choon M. Lee?, Sylvie M. Mimche?, Manoj Thapa3, Arash Grakoui®,

Mark Henkemeyer* & Tracey J. Lamb?

Hepatic fibrosis is the result of an excessive wound-healing response subsequent to chronic liver
injury. A feature of liver fibrogenesis is the secretion and deposition of extracellular matrix proteins

. by activated hepatic stellate cells (HSCs). Here we report that upregulation of EphB2 is a prominent

. feature of two mouse models of hepatic fibrosis and also observed in humans with liver cirrhosis. EphB2
is upregulated and activated in mouse HSCs following chronic carbon tetrachloride (CCl,) exposure.
Moreover, we show that EphB2 deficiency attenuates liver fibrosis and inflammation and this is
correlated with an overall reduction in pro-fibrotic markers, inflammatory chemokines and cytokines.
In an in vitro system of HSCs activation we observed an impaired proliferation and sub-optimal
differentiation into fibrogenic myofibroblasts of HSCs isolated from EphB2 —/— mice compared to HSCs

. isolated from wild type mice. This supports the hypothesis that EphB2 promotes liver fibrosis partly

© via activation of HSCs. Cellular apoptosis which is generally observed during the regression of liver

. fibrogenesis was increased in liver specimens of CCl,-treated EphB2 —/— mice compared to littermate

. controls. This data is suggestive of an active repair/regeneration system in the absence of EphB2.

. Altogether, our data validate this novel pro-fibrotic function of EphB2 receptor tyrosine kinase.

Hepatic fibrosis is the result of an overwhelming wound-healing process subsequent to chronic liver injury.
Cirrhosis is the end-stage of liver fibrosis and is the leading cause of mortality associated with liver pathologies'*
Despite progress made in the understanding of the molecular mechanisms underlying the progression of hepatic
fibrogenesis, FDA-approved treatments are still severely limited. A prominent feature of liver fibrosis is the exces-
© sive deposition of extracellular matrix proteins by activated hepatic stellate cells (HSCs) which have been differen-
- tiated into fibrogenic myofibroblasts®. This activation process is further driven by inflammation and recruitment
. of immune cells to the site of liver injury, therefore providing the pro-inflammatory/fibrogenic microenviron-
© ment critical for the transdifferentiation of quiescent HSCs into fibrogenic myofibroblasts®. However, the effector
molecules that potentiate the generation of fibrogenic myofibroblasts at the onset and progression of fibrosis have
not been fully elucidated. The development of novel therapies to treat the life-threatening complications of liver
fibrosis will require the identification of the molecules that drive this process.
: The Eph (Erythropoietin producing hepatocellular) receptor tyrosine kinases and their corresponding ephrin
- ligands (Eph receptor interacting) are cell-bound molecules expressed in various tissues’. In human and mouse,
Eph receptors consist of 14 structurally related members divided into two sub-families: nine Eph-A and five
. Eph-B receptors that bind respectively to a glycosyl-phosphatidylinositol-linked Ephrin-As (five members) and
. the transmembrane Ephrin-Bs (three members) cell surface ligands’. Originally identified in hepatocellular car-
cinoma cell line®, Eph receptors form the largest family of receptor tyrosine kinases and expression of the Eph/
. Ephrin system has been described in a variety of cells and tissues in human’. Ligation of cell-bound Eph receptors
© to membrane-tethered ephrin ligands initiates a bi-directional signaling cascade between the receptor expressing
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(forward signaling) and the ligand-expressing (reverse signaling) cells'®. Activation of the Eph/Ephrin dependent
signaling pathway regulates multiple biological processes including cancer progression'!, cell migration, prolif-
eration®!?, epithelial-to-mesenchymal-transition (EMT)!*!4, angiogenesis, inflammation and tissue remodelling
during embryonic organ development'®.

To date, a smattering of studies have highlighted key functional properties of the Eph/Ephrin molecules that
are also relevant to liver fibrosis'. Interaction between EphB4 and Ephrin B2 has been found to modify recruit-
ment of liver sinusoidal endothelial cells and VEGF production, both critical events that are required for the
development of hepatic fibrosis'. Ephrin-B2 ligand has also been shown to influence the formation and function
of hepatic vascular structure by modulating Platelet derived growth factor receptor-3 (PDGFR-B) signaling'’.
EphB2 is the most upregulated of the EphB/EphrinB molecules in hepatocellular carcinoma, the end-stage of liver
fibrosis/cirrhosis'® possibly linking upregulation of EphB2 with disease progression.

EphB2 is an axon guidance cue that was originally identified as a critical mediator of axonogenesis during the
early stage of the CNS development'®?’; emphasizing the link between developmentally regulated pathways and
fibrogenesis'. Indeed, EphB2 has also been found to be upregulated in fibroproliferative membrane in ocular dis-
eases?!, psoriatic epidermis?, skin wounding®, idiopathic pulmonary fibrosis?* and in fibrotic scar following CNS
injury®. We previously showed that EphB2 receptor was upregulated in the livers of mice with malaria-causing
Plasmodium infection and was implicated in mouse malaria-associated hepatic fibrosis**. However, it remains to
be determined whether EphB2 could also be involved in non-pathogen driven liver inflammation and fibrosis.

In this report, we provide substantial evidence linking upregulation of EphB2 with liver fibrogenesis in
non-pathogen driven mouse models of hepatic fibrosis. We demonstrate that EphB2 is critical for the optimal
trans-differentiation of quiescent HSCs into fibrogenic myofibroblasts and accordingly EphB2 deficiency atten-
uates hepatic fibrosis in mice. Collectively our data confirm the pro-fibrogenic function of EphB2 receptor that
could be potentially targeted for anti-fibrotic therapies.

Results

EphB2 is upregulated in the liver after fibrotic injury. Previously, we reported that EphB2 is upreg-
ulated in fibrotic livers of mice infected with blood stage Plasmodium parasites®. To ascertain whether this
observation is also relevant during liver fibrosis in non-infectious settings in mice, we determined the mRNA
expression profile of EphB receptors and Ephrin-B ligands in two mouse models of hepatic fibrosis: chronic
administration of the hepatotoxic chemical carbon tetrachloride (CCl,) and the MDR2-null mice fed a normal
rodent laboratory diet to induce biliary fibrosis?’.

Using real-time quantitative PCR (RT-qPCR), we found that the mRNA levels of Eph-B2, B3, B4 and B6, but
not EphBI receptors were upregulated in liver tissues of CCl,-treated mice compared to oil-treated controls mice
(Fig. 1a). EphB2 was transcriptionally the most upregulated of the EphB receptors (EphB2~30-fold compared to
EphB3~8-fold, EphB4~4-fold and EphB6~10-fold) (Fig. 1a). RNA transcripts of Ephrin-B ligands were also ele-
vated in the livers of CCl,-treated mice relative to oil-treated controls mice (EphrinB1~17-fold, EphrinB2~15-fold
and EphrinB3~10-fold) (Fig. 1a). Immunofluorescence staining of liver sections confirmed an increase in EphB2
protein in CCl,-treated mice compared to oil-treated control mice and the specificity of EphB2 antibody used was
further validated by an absence of staining in liver sections of EphB2—/— mice (Fig. 1b).

To ascertain whether EphB2 upregulation could also be observed during acute CCl,-mediated liver injury,
we screened for EphB2 mRNA levels after administration of one, three and six doses of CCl,. Our data show that
EphB2 mRNA levels increase specifically after repetitive administration of at least 6 doses of CCl, (Supplementary
Fig. S1A). The latter findings clearly indicate that EphB2 transcripts upregulation is mainly observed during
chronic CCl, intoxication and this is mirrored by transcription of fibrogenic markers collagen type 1-a-1 chain
(COL1al) and a-smooth muscle actin («SMA), (Supplementary Fig. S1B,C).

In the MDR2-null mouse model of biliary fibrosis, we also found that the mRNA levels of Eph-B1, B2, B3
and B6, but not EphB4 receptors were upregulated in the livers of MDR2-null mice at week 25 compared to con-
trol mice (Fig. 1c). Interestingly, EphB2 mRNA transcripts were again prominent (EphB2~13-fold compared to
EphB1~4-fold, EphB3~5-fold and EphB6~6-fold) (Fig. 1c) and this was replicated by an immunofluorescence
analysis depicting an upregulation of EphB2 protein level in liver sections of MDR2-null mice compared to con-
trol mice (Fig. 1d). However, transcripts for Ephrin-B ligands were marginally upregulated in MDR2-null mice;
<2-fold for each gene (Fig. 1¢).

Having established that EphB2 is the most highly upregulated of the EphB receptors in both the CCl, and
MDR2-null mouse models of hepatic fibrosis, we next determined the human relevance of our findings by screen-
ing for EphB2 expression in human biopsies specimen of cirrhotic livers. In most cases EphB2 proteins were
elevated in liver cirrhosis but virtually undetected in normal liver (Supplementary Fig. S2). Altogether, this data
demonstrates that upregulation of EphB2 is a feature of mouse and human liver fibrosis.

EphB2 is expressed and activated on HSCs in fibrotic liver. To determine which cell type within the
liver contributes to the observed increase in EphB2 during liver fibrosis we carried out cell fractionation on livers
from CCl,-treated and oil-treated mice. We determined mRNA levels of EphB2 and Ephrin-B ligands in each
cell type isolated (liver sinusoidal endothelial cells (LSEC), hepatocytes (HEP), HSCs and macrophages). No
major change in EphB2 mRNA levels was observed in LSEC or HEP during CCl,-induced liver fibrosis (Fig. 2a).
However, relative to livers from oil-treated control mice, EphB2 mRNA was upregulated in HSCs ~7-fold and
CD11b macrophages ~2 fold isolated from CCl,-treated mice. Interestingly, whilst EphrinB3 mRNA was upregu-
lated in both HSCs and CD11b+ macrophages from CCl,-treated mice relative to oil treated control mice (~6 fold
in both cell types), expression of EphrinBI and EphrinB2 mRNA followed the same trend as EphB2 with respect
to being highly upregulated in HSCs (~10-fold for both genes) compared to CD11b+ macrophages (Fig. 2a).
Collectively this data suggest that HSCs are potentially the primary cell type that upregulate transcription of
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Figure 1. Expression of EphB2 increases in the liver after chronic fibrogenic injury. (&) EphB receptors and
Ephrin-B ligands mRNA levels were analyzed in livers of mice subjected to chronic injections of CCl, or vehicle
(oil) controls using RT-qPCR. Results are shown as fold change compared to vehicle-treated controls. Error bars
represent mean & SEM. n = 10 animals and are representative of two repeat experiments. (b) OCT frozen liver
sections of mice subjected to chronic injections of CCl, or vehicle (oil) controls were analyzed for expression
of EphB2 protein by immunofluorescence confocal microscopy. Scale bar =100 m; “C” denotes the central
vein and “P” denotes the portal vein. All images are representative of 5 mice per group. (C) EphB receptors and
Ephrin-B ligands mRNA levels were analyzed in livers of MDR2-null mice aged 25 weeks and fed a normal

diet or FVB control mice as in a. Error bars represent mean=+ SEM. n =3 animals. (d) FFPE liver sections

from MDR2-null mice and their representative controls were analyzed for expression of EphB2 protein using
immunofluorescence confocal microscopy. Scale bar =100 m; “P” denotes the portal vein. All images are
representative of 3 mice per group.

EphB2 and Ephrin-B ligands in CCl,-induced liver fibrosis. Confirmation of the EphB2 transcriptome profiles was
provided by immunofluorescence analysis of liver sections from oil and CCl,-treated mice stained with EphB2
and oSMA antibodies. Most of EphB2 staining co-localized with a-SMA (Fig. 2b) suggesting that activated HSCs
do upregulate EphB2 during liver fibrogenesis in this model. This finding is significant because HSCs are the main
cellular source of collagen in CCl,-induced hepatic fibrogenesis*?%%.

To determine whether EphB2/Ephrin-B system is activated during liver fibrogenesis, we stained liver sections
from CCl,-treated mice with an antibody that detect phosphorylated EphB1/EphB2 as a read-out for activated
EphB2. These sections were co-stained with platelet derived growth factor receptor-3 (PDGFRB), another fibro-
genic marker of activated HSCs™.

We noted an increase in phospho-EphB1/EphB2 that strongly co-localized with PDGFR(3 expression in
CCl,-treated mice (Fig. 2¢). This data suggest that EphB2 receptor signaling (forward signaling) is induced on
activated HSCs in the fibrotic liver microenvironment.

Expression of EphB2 on HSCs is associated with the differentiation of quiescent HSCs into
fibrogenic myofibroblasts in vitro. It is well established that when cultured into plastic dishes, quiescent
HSCs transdifferentiate into fibrogenic myofibroblasts as evidenced by their change in morphology and increased
expression of fibrogenic molecules including COL1al and a-SMA®*2 We next investigated the possibility of
a temporal correlation between expression of EphB2 and one of its ligands Ephrin-B1 with differentiation of
HSCs in vitro. We noted a gradual increase in EphB2 and aSMA mRNA and protein levels in HSCs after three
and six days in culture (Fig. 3a,b). Interestingly, Ephrin-BI and COL1covl mRNA were also elevated in these same
culture-activated HSCs. This data shows that expression level of EphB2 is correlated with the differentiation of
quiescent HSCs into fibrogenic myofibroblasts in vitro.

EphB2 deficiency attenuates CCl,-induced hepatic fibrosis in mice. To determine whether EphB2
expression is required for the development of liver fibrosis, we made use of EphB2-deficient' and littermate
control mice that were chronically treated with CCl, twice a week for 6 weeks. Compared to similarly treated
wild type littermate controls, CCl,-treated EphB2—/— mice had reduced liver fibrosis (Fig. 4). Sirius red and
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