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Abstract

Beyond the well-defined role of the Eph receptor tyrosine kinases in developmental processes, cell
motility, cell trafficking/adhesion and cancer, nothing is known about their involvement in liver
pathologies. During blood-stage rodent malaria infection we have found that EphB2 transcripts
and proteins were upregulated in the liver, a result likely driven by elevated surface expression on
immune cells including macrophages. This was significant for malaria pathogenesis because
EphB2-/- mice were protected from malaria-induced liver fibrosis despite having a similar liver
parasite burden compared with littermate control mice. This protection was correlated with a
defect in the inflammatory potential of hepatocytes from EphB2-/— mice resulting in a reduction
in adhesion molecules, chemokines/chemokines receptors RNA levels and infiltration of
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leukocytes including macrophages/Kupffer cells which mediate liver fibrosis during rodent
malaria infections. These observations are recapitulated in the well-established carbon
tetrachloride (CCL,4) model of liver fibrosis in which EphB2—-/— CCL4-treated mice showed a
significant reduction of liver fibrosis compared to CCL4-treated littermate mice. Depletion of
macrophages by clodronate-liposome abrogates liver EphB2 mRNA and proteins up-regulation
and fibrosis in malaria-infected mice. Conclusion: During rodent malaria, EphB2 expression
promotes malaria-associated liver fibrosis. To our knowledge, our data is the first to reveal the
implication of the EphB family of receptor tyrosine kinases in liver fibrosis or in the pathogenesis
of malaria infection.
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Plasmodium; C57BL/6; inflammation; Kupffer cells; NFxB; hepatic stellate cells; macrophages

Liver fibrosis occurs after acute or chronic liver injury and is characterized by an
accumulation of extracellular matrix substances, in particular collagen. This liver phenotypic
transformation can result from various conditions including infection with pathogens such as
malaria (1). Most of the pathology of malaria infection results from parasite multiplication
and egress from infected red blood cells (iIRBCs) and the sequestration of iRBCs in various
organs of the body, including the liver. An aspect of malaria pathogenesis that is being
extensively studied is cerebral malaria (CM) a diffuse encephalopathy involving breakdown
of the blood brain barrier (BBB) and herniation that is thought to arise, in part, from
sequestration of iRBCs on the brain endothelium (2). Acute liver damage from iRBCs
sequestered on the liver endothelium is now emerging as another player that may impact the
pathogenesis of CM (3). Hepatic injury and fibrosis are seen in mouse models of
erythrocytic malaria infection (4) indicating that mouse models can be used to probe
possible mechanisms of liver fibrosis in malaria infection.

A crucial step in the initiation of liver fibrosis is a strong inflammatory response. Liver
resident macrophages (Kupffer cells) become activated and release transforming growth
factor 1 (TGFP1) as well as pro-inflammatory mediators that activate quiescent hepatic
stellate cells (HSCs) into extracellular matrix (ExCM)-producing, a-smooth muscle actin
(a-SMA)-positive myofibroblasts (5, 6). Several studies have shown that recruitment of
macrophages in the inflamed liver and hepatic activation of IKK/NFxB signalling (a master
regulator of inflammatory gene expression) promotes hepatic fibrosis (6-9). Inflammatory
macrophages containing-hemozoin are observed in liver biopsies from malaria-infected
individuals and are thought to be involved in the induction of liver fibrosis (10, 11).
Contrary to the pathogenesis of experimental CM (ECM) in mice where IFN-y, CD8+ T
cells(12) and perforin (13) are required for breakdown of the BBB, examination of livers
specimen from C57BL/6 mice infected with the lethal rodent malaria parasite Plasmodium
berghel ANKA (PbA) suggests that liver injury and fibrosis occurs independently of CD8+T
cells and correlates with hepatic parasite burden (4). Hemolysis and heme-mediated
activation of NFkB in the liver have also been shown to play a role in facilitating
accumulation of leukocytes including neutrophils and macrophages in rodent malaria (14).
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The Eph (Erythropoietin producing hepatocellular) receptors and their corresponding ephrin
ligands (Eph receptor interacting) are cell surface molecules that were first isolated in
hepatocellular cell line (15). Originally identified as neuronal path-finding molecules, Eph
receptors/ephrin system constitute the largest subfamily of receptor tyrosine kinases (RTKSs)
and ligation of Eph receptors with ephrin ligands initiates a bidirectional signalling cascade
affecting diverse biological processes including actin cytoskeleton remodelling, cell-cell
adhesion, migration, proliferation and maintenance of intercellular junctions (16). There is a
growing body of work suggesting a role for Eph receptors in inflammation, the migration of
immune cells, and in the biology of T cell responses (17-19). Some members of the EphB
receptors, including EphB2, are expressed on macrophages and have been shown to mediate
adhesion to ephrin B2- expressing endothelial cells (20).

Although migration of immune cells to organs where iRBCs are sequestered is intimately
linked with the pathogenesis of malaria infection, nothing is known about the role of the
EphB/EphrinB molecules in the pathogenesis of malaria infection. Here, using two models
of rodent malaria infection, we show that EphB receptors are up-regulated in the liver of
C57BL/6 mice infected with PbA, a commonly used model of ECM (21) and P. chabaudi
chabaudi AS (PccAS), a non-lethal infection in C57BL/6 mice. We further show that EphB2
exacerbates liver fibrosis in mouse blood-stage malaria infection as well as in the CCL4
model of hepatic fibrosis because it is a molecule that promotes an optimal pro-
inflammatory microenvironment required for fibrogenesis. Finally, depletion of liver
macrophages abolished up-regulation of EphB2 expression and malaria-associated hepatic
fibrosis.

Materials and methods

Rodent malaria infection

Female C57BL/6 wild type (WT) mice aged 6-12 weeks were bred in-house or purchased
from The Jackson laboratory (Bar Harbor, ME, USA). EphB2—/- mice on a C57BL/6
background were re-derived and bred in-house under a heterozygous breeding system. Mice
were given water and food (LabDiet, MO, USA: chow 5001) ad libitum and housed under
standard conditions. Infections were initiated intraperitoneally with 1x10% PbA iRBCs
(clonel15cy1) or 1x10° PccAS iRBCs obtained from donor mice. Parasitemia was monitored
by counting 300-500 RBC of Giemsastained blood smears and in tissues by quantitative
PCR. All experiments were approved and carried out according to protocols approved by the
Institutional Animal Care University Committee at Emory University.

CCL4 model of hepatic fibrosis

Mice aged 6-12 weeks were injected intraperitoneally with 2pl/g of CCL4 (Sigma) (adjusted
at 10% concentration in olive oil) or olive oil three times per week for 4 weeks. Mice were
sacrificed by CO, inhalation 72 hours after the last dose of CCL4 and the livers removed and
processed for further analysis.
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Assessment of liver injury

Mice were sacrificed by CO, inhalation and blood samples collected into 20l of heparin
and centrifuged for collection of plasma within 1 hour of blood collection and frozen at
—80°C until analysis. Plasma samples from naive and infected mice were processed in a
single batch for determination of serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels using a DC Element chemistry analyser (HESKA).

Depletion of Kupffer cells and neutrophils/monocytes

Kupffer cells were depleted by intravenous injection of 200ul of clodronate-loaded
liposomes or empty liposome-PBS in control mice on day —1 of malaria infection
(ClodronateLiposomes.org, Amsterdam, Netherlands). Ly6G-expressing neutrophils and
Ly6C-expressing inflammatory monocytes were depleted by injecting mice with 2x 300 g
intraperitoneal doses of anti-Gr-1 monoclonal antibody (clone RB6-8C5) or a Rat 1gG
isotype control antibody (clone RTK2071) (Biolegend) on days —1 pre-infection and day 1
post-infection.

Assessment of liver fibrosis

Livers were removed from euthanized mice, embedded in OCT compound and immediately
snap-frozen in liquid nitrogen. Sections 5um thick were stained with hematoxylin-eosin to
visualize infiltration of leukocytes or picrosirius red (Sigma Aldrich) to visualize hepatic
collagen deposition. Imaging was performed on a widefield Zeiss Axioplan 2 microscope in
at least 10 low-power non-overlapping random fields (magnification 20x) per mouse using a
polarized light filter and quantified using ImageJ software (NIH, Bethesda, MD).

Immunohistochemistry

Sections of cryopreserved liver 5um thick were stained with the following antibodies: anti-
a-SMA-Cy3™ clone 1A4 dilution 1:500 (Sigma), anti-mouse EphB2 (clone 512001 or
clone 512013 at 2ug/ml (R&D systems) and NIMP-14 clone ab2557 at dilution 1:200
(Abcam) using standard methodology. Sections were then stained with secondary rat or
rabbit antibodies labelled with NorthernLights 493® or NorthernLights 577® (R&D
Systems) and nuclei counterstained with mounting medium containing DAPI
(VectorShield). Images were captured using a Carl Zeiss confocal microscope and analyzed
using Image J software.

RNA extraction and cDNA synthesis

Cells or tissue were homogenized in RNA Stat60® and total RNA extracted using standard
phenol-chloroform protocols followed by DNase treatment of RNA extracted using RNA-11
purification kit (Nachery-Nagel). A total of 100ng of RNA per sample was converted into
cDNA using Superscript Il (Life Technologies) at 42°C for 50min, 70°C 15min, in the
presence of 5uM oligo (dT)16-18, 5mM Dithiothreitol (DTT), 0.5mM dNTPs (all Life
Technologies), 8U RNAsin (Promega), 50mM Tris-HCI pH8.3, 75mM KCI and 3mM
MgCl,. The cDNA was treated with 2.5U RNAse H (Affymetrix) at 37°C for 20min to
remove any remaining RNA residues.
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Quantitative PCR

Real-time gPCR reactions were performed using Quantitect SYBR Green PCR reagent
(Qiagen). PCR amplification was performed with 5ul cDNA sample (diluted 1:10), 2uM of
each primer, 7ul of QPCR SYBR green mix and plates run using Applied BioSystems FAST
7000 Sequence detection system (ABI Prism FAST 7000). Primer sequences are shown in
Supporting Table S1. Transcripts were normalized to two different housekeeping genes
(Ubiquitin and B-actin) and expression levels calculated using the 272ACt method.

Tissue processing for flow cytometry

Livers and brains were pressed through a 40um cell strainer, suspended in Iscove's Modified
Dulbecco's Medium (IMDM) containing 100units / ml penicillin, 100ug / ml streptomycin,
1uM of L-glutamine, 12mM HEPES, 0.5mM sodium pyruvate, 5 x 10~>M mercaptoethanol
(all Gibco) and 10% heat inactivated fetal calf serum (FCS) (PAA Laboratories) containing
Liberase-TL synthetic collagenase (Roche) at a final concentration of 0.3mg/ml and dispase
(Invitrogen) at final concentration 2mg/ml and further incubated for 45 min at 37°C. The
suspension was overlaid on a 30% Percoll gradient and centrifuged at 1800g for 10min. The
pellet was collected and supernatant discarded. Red blood cells (RBC) were removed from
aseptic single cell suspensions of splenocytes, liver and brain single cell suspensions by
incubation in an NH4Cl-based RBC lyzing solution (eBioscience). Detailed procedure for
flow cytometry and splenocytes FACS cell sorting are described in the supplementary
methods.

A Complete description of the procedures used in this study is available in the Supporting
Materials and Methods.

Statistical analysis

Results

Differences between groups of animals were assessed using the non-parametric Mann
Whitney-U test or parametric Student's t-test or General Linear Modelling (GLM), a variant
of analysis of variance (ANOVA) including all 15t order interactions in Minitab software
(Minitab, Inc.). Data or residual variation was assessed for normality using Anderson-
Darling test and heterogeneity of variance using the F-test or Bartlett's test. Data that did not
meet these requirements for parametric testing was logarithmically or square root
transformed. For ANOVA, F values quoted are from the minimal model of the data with all
insignificant terms removed. Values of p<0.05 were considered statistically significant.

Rodent malaria infection increased EphB receptors mRNA in the liver

To ascertain whether transcripts of EphB receptors or ephrin B ligands were modulated by
blood-stage malaria infection, the mRNA level for each member of the EphB/EphrinB
molecules was monitored by gPCR in the spleen, brain, lung and liver of malaria-infected
mice. Mice infected with PbA died between days 7-8 post-infection from ECM (Fig.1A)
whilst PccAS circulating parasitemia peaked around day 9 post-infection (Fig. 1B). We
noted that EphB receptors mMRNA were mostly highly upregulated in the liver during
Plasmodium infection (Fig. 1C,D). In the liver, PbA-infected mice upregulate EphB2 and

Hepatology. Author manuscript; available in PMC 2015 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mimche et al.

Page 6

EphB3 mRNA ~6-fold at day 4 Pl and EphB6 mRNA increases ~4 fold at day 6 Pl
compared to naive mice (Fig. 1C). PccAS-infected mice also upregulate EphB2 and EphB3
mMRNA ~10-15 fold in the liver at day 12 Pl compared to naive mice (Fig. 1D). EphrinB1
and EphrinB2 mRNA were not altered in the liver of PbA and PccAS-infected mice
(Supporting Fig. 1 A-D) while EphrinB3 mRNA appeared to be marginally upregulated in
both infections (Fig. 1 C-D). The up-regulation of EphB2 mRNA was accompanied by
increase EphB2 protein in the liver of PccAS and PbA infected mice (Supporting Fig. 1E).

Immune cells in the liver upregulate EphB receptors in PbA-infected mice

To determine which cells in the liver increased expression of EphB receptors in response to
blood-stage malaria infection, flow cytometry was used to determine the % of HSCs or
lymphocyte subsets (Fig. 2A) expressing EphB receptors on their surface at day 5 post-
infection with PbA (Fig. 2B). There was an increase in surface expression of EphB receptors
on HSCs as well as Kupffer cells, inflammatory monocytes and neutrophils (Fig. 2C). All
cell types incubated with isotype control antibody, apart from HSCs, had significantly less
staining than for samples incubated with recombinant mouse ephrin-B2-Fc chimeric protein
(all Mann Whitney-U test p<0.05; HSCs p>0.05). These data suggest that several
lymphocyte subsets in the liver upregulate EphB receptors in response to blood-stage
malaria infection.

EphB2-/- attenuates liver fibrosis in PbA and PccAS-infected mice

To probe the impact of EphB2 expression during malaria infection, we infected EphB2-/-
mice or littermate control mice with malaria and assessed liver injury and fibrosis. We noted
that malaria infection increases serum liver enzymes AST and ALT in both EphB2-/- and
EphB2+/+ mice relative to naive animals with no significant difference between the two
groups of mice (Supporting Fig. 2 A-D). We observed that mice infected with PbA or
PccAS had increased collagen deposition in the liver compared with naive mice (p<0.05).
Interestingly, EphB2-/- malaria-infected mice (day 6 in PbA and day 12 in PccAS) have
reduced collagen deposition in the liver compared with infected littermate mice (Fig. 3A:
PbA GLM F1 15=19.98 and p=0.001, day 6 PI; PccAS GLM Fq 14=24.48 and p=0.001, day
12 PI). As further evidence to support the decrease in fibrosis in malaria infected EphB2-/-
mice, there was a decreased in HSCs expressing a-SMA in PbA-infected EphB2-/- mice
compared with HSCs from infected littermate control mice (Mann Whitney-U test p=0.03)
(Fig. 3B). While the profibrotic marker COL1al mRNA was significantly down-regulated
(Mann Whitney-U test p<0.05), a trend toward a decreased in TGF-B1 and a-SMA mRNA
was observed in EphB2-/- infected mice compared with intact littermate mice (Fig. 3C and
3D). Interestingly, similar results were observed in the CCL4 model of liver fibrosis
(Supporting Fig. 3A-C).

It has been suggested that liver damage/fibrosis is a function of parasite burden in the liver
(4), yet assessment of parasite loads by qPCR in the liver indicated no significant difference
in parasite burden between infected EphB2-/- mice and littermate controls (Fig. 3E Mann
Whitney-U test PbA: p=0.780; PccAS: p=0.560); additionally peripheral parasitemia in
EphB2+/+ and EphB2-/- PbA-infected mice was not different (Fig. 3E Mann Whitney-U
test p=0.742).
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EphB2 deficiency attenuates inflammatory responses in the liver

The release of hepatic pro-inflammatory cytokines is usually linked with the development of
liver fibrosis. We next evaluated whether the decrease in collagen deposition in EphB2-/-
mice was correlated with a decrease in the transcription of pro-inflammatory cytokines. We
observed a drastic reduction of TNFa (mMRNA and proteins levels), IL-6 and iINOSmRNA in
the liver of PbA-infected EphB2-/— mice compared to intact littermate control mice (Fig.
4A Mann Whitney-U test: TNF-a p=0.002; IL-6 p=0.028; iNOS p=0.028). This decrease
was unlikely to be related to an increase in the immunoregulatory cytokine IL-10, the
transcription of which did not differ between the two groups of mice examined (Fig. 4A
Mann Whitney-U test p=0.885). Similar results were observed in the CCL4 model of liver
fibrosis (Supporting Fig. 4) suggesting that the link between EphB2 and fibrogenesis is not
restricted to malaria infection.

We next explored whether the apparent reduced liver inflammation in PbA-infected
EphB2-/- animals may have been due to differences in the activation of hepatocytes in
response to iRBCs. Primary mouse hepatocytes derived from liver of naive EphB2—-/- mice
exposed to intact and lyzed iRBCs had reduced activation of the NFxB pathway when
compared with those delivered from livers of naive littermate control mice (Fig. 4B). Since
activation of NFxB leads to the transcription of inflammatory genes, we also observed
reduced levels of transcription of the TNF-a and IL-6 genes in iRBC-stimulated EphB2-/-
hepatocytes compared to those derived from littermate control mice (Fig. 4C). This same
trend was observed in hepatocytes stimulated through the TNF receptor (Figs. 4B,C). This
effect was unlikely to be mediated by the action of immunoregulatory cytokines on
hepatocytes because we observed very little up-regulation in mRNA levels encoding TGF-
B2 or IL-10 in stimulated hepatocytes (Fig. 4C).

EphB2 deficiency impairs infiltration of leukocytes into the liver

During fibrogenesis, the inflammatory response leads to recruitment of leukocytes into the
liver (22). Interestingly, the Eph/ephrin system has been implicated in the regulation of cell
trafficking (23). Given that liver inflammation during malaria infection and CCL4-induced
fibrosis was reduced in the absence of EphB2 we asked whether EphB2-/- mice might have
reduced trafficking of leukocytes to the liver. We found that with PbA infection this was
indeed the case in EphB2-/- mice in comparison to infected littermate control mice (Fig.
5A,B GLM Fq 23=9.26 p=0.006). Similar results were observed in the CCL, model of liver
fibrosis (Supporting Fig. 5). There was no reduction in the cellularity of the spleen, in the
number of cells trafficking to the brain in response to sequestered PbA iRBC or in the
numbers of IFN-y-producing splenic T cells in PbA-infected EphB2-/- mice compared to
littermate controls (Supporting Fig. 6A-D). These data indicate that EphB2 likely modulates
leukocyte trafficking to the liver and that EphB2 does not affect the activation of splenic T
cells in malaria infected mice.

By undertaking FACS analysis of the immune cells isolated from the livers of day 6 PbA-
infected mice (Fig. 5C) we found that there was a general trend towards decreased numbers
of all cell types analyzed in EphB2-/- mice compared with littermates controls with
statistically significant reductions in CD11b+, F4/80+ cells and Ly6G+ neutrophils (Mann
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Whitney-U test p<0.05) (Fig. 5D). The trends towards a reduction in CD11c+ dendritic cells
and Ly6CNi inflammatory monocytes in EphB2-/- mice compared with intact littermate
controls did not reach statistical significance. CD4+ and CD8+ T cells were also
significantly reduced in the livers of both PbA (day 6) and PccAS (day12) EphB2-/-
infected mice as well as INF-y mRNA (Supporting Fig. 7A-D).

Transcription of adhesion molecules and chemokines is reduced in the livers of EphB2-/-
PbA-infected mice

Chemokines and integrins are essential mediators for recruiting immune cells and for
activating non-parenchymal liver cells (24). Our data show that PbA infection upregulates
the transcription of genes encoding the adhesion molecules VCAM1, ICAM1 and P-selectin
(Fig. 6A) as well as chemokines MIP-2, CXCL10, CCL2 and the chemokine receptor CCR2
(Fig. 6B). However, as expected with reduced inflammation, transcription for the majority
of these molecules was significantly reduced in EphB2—-/— PbA-infected mice compared
with infected littermate control animals (Mann Whitney-U test p<0.05 for VCAM1, ICAM-1,
CCR2, CXCL10, CCL2, P-selectin). The trend towards decreased transcription of MIP2 in
EphB2-/- mice did not reach statistical significance (Mann Whitney-U test p=0.114).
Similar results were noted in the CCL4 model of liver fibrosis (Supporting Fig. 8). Thus,
reduced chemokines in the liver of EphB2—/- mice may in turn reduce the ability of immune
cells to traffic to the liver in response to stimuli.

Kupffer cells are required for up-regulation of EphB2 expression in PbA-infected liver

EphB2 deficiency resulted in a significant decreased of CD11b+ cells, Ly6G+ neutrophils
and F4/80+ cells in the liver in response to malaria infection (Fig. 4D) and these immune
cells types are usually involved in the progression of fibrosis. To confirm that accumulation
of these cells types in the liver led to the initial observation of increased EphB2 expression
in infected mice as suggested in Figs. 1 and 2, we depleted macrophages using clodronate-
loaded liposomes and Ly6G+/Ly6C+ neutrophils/inflammatory monocytes using anti-Gr-1
monoclonal antibody administration and infecting with PbA. Flow cytometry analysis
revealed that F4/80+/CD11b— Kupffer cells were successfully depleted from the liver using
this approach (Fig. 7A). The depletion of neutrophils/monocytes was confirmed by IHC
staining of liver sections (Fig. 7B). Only macrophage depletion but not neutrophil/monocyte
depletion abrogated the EphB2 mRNA or protein up-regulation observed in PbA-infected
mice (Mann Whitney-U test p=0.003, Fig. 7C and Supporting Fig. 9A). These data indicate
that Kupffer cells are the main liver cells responsible for the up-regulation of EphB2 in
response to rodent malaria infection.

Kupffer cells that participate in inflammatory immune responses are thought to arise from
infiltrating monocytes and CD11b+F4/80— monocytes lose CD11b expression upon entering
the liver (25). We screened several cell types that were FACS sorted from the spleen, a key
site for the generation of immunity against blood-stage malaria (26) at different time points
post-PbA infection and found a strong up-regulation of EphB2 transcription at day 2 Pl in
CD11b+ cells that contain Kupffer cell precursors (Fig. 7E). Altogether these data support a
model by which EphB2-expressing resident F4/80+ and infiltrating CD11b+ macrophages
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accumulate in the liver in response to malaria infection leading to an increase in liver EphB2
expression.

Kupffer cells mediate liver fibrosis in malaria-infected mice

Having established that macrophages upregulate EphB2 and accumulate in the liver, and that
depletion of F4/80+ Kupffer cells abrogates EphB2 expression increased during PbA
infection, we next sought to investigate whether this depletion of Kupffer cells would
phenocopy the reduction in liver fibrosis observed in EphB2—-/- PbA-infected mice. We
reasoned that during malaria infection, Kupffer cell activation is the critical factor providing
the pro-inflammatory microenvironment necessary for HSC transformation into
myofibroblast collagen-producing cells. At day 6 P, we observed that collagen deposition
was reduced in mice treated with clodronate-loaded liposomes when compared to control
animals injected with PBS-liposomes (Fig. 8A,B Mann Whitney-U test p=0.01) along with
reduced levels of Collal and TGF-$1 mRNA (Fig. 8C Mann Whitney-U test p<0.05). This
reduction again appeared to be independent of parasite burden which was higher in both the
peripheral blood circulation (Mann Whitney-U test p=0.0001) and in the liver of EphB2-/-
mice, although the latter was not statistically significant (Fig. 8D Mann Whitney-U test
p=0.055). Reduced liver fibrosis was accompanied with reduced accumulation of leukocytes
and F4/80+ cells in the liver (Mann Whitney-U test p<0.05) (Fig. 8E,F and Supporting Fig.
9B). We also noted a reduction in inflammatory cytokines/chemokines mRNA and aSMA
protein in the liver of PbA-infected clodronate-treated mice (Supporting Fig. 9C,D).
Altogether these data suggest a critical implication of Kupffer cells in the up-regulation
EphB2 and the modulation of pro-inflammatory response required for induction of
fibrogenesis during blood-stage malaria infection.

Discussion

Malaria infection significantly contributes to chronic hepatomegaly and hepatic fibrosis
among children living in rural areas of Sub-Saharan Africa (27, 28). Rodent models of
Plasmodium infection support a model whereby liver injury/fibrosis occur as a result of
localized inflammation related to sequestration of iRBCs and accumulation of haemozoin
(4) as well as exposure to free heme (29) from hemolysis of infected and uninfected RBCs
in the liver. Fibrogenesis is a complex process that involves the activation of quiescent
HSCs into myofibroblasts-producing collagen. Based on a growing body of experimental
evidence, hepatic inflammation, recruitment of Kupffer cells and HSCs activation are
critical events for induction of liver fibrosis (30-32) making them an attractive target for
anti-fibrotic strategies (33). Our study demonstrates that EphB2 deficiency lessens liver
fibrosis in malaria by dampening inflammation, immune cells infiltration in the liver (Figs.
3-6) and that Kupffer cells are required for EphB2 up-regulation, inflammation, leukocyte
infiltration and HSC-mediated collagen deposition (Figs. 7 and 8 and Supporting Fig. 9). In
the CCL4 model of liver fibrosis EphB2 deficiency also drastically reduced hepatic fibrosis
(Supporting Figs. 3-5 and 8). Altogether, these data highlight EphB2 RTKSs as a new player
in liver fibrosis in general. We propose a dual mechanism of EphB2 in liver fibrosis during
malaria infection or CCL4 exposure in which EphB2 initially influences the inflammatory
potential of hepatocytes and subsequently the accumulation of immune cells in the inflamed
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liver as separate, but related events (Supporting Fig. 10). The relationship between
hepatocyte inflammation and macrophage-mediated fibrosis is consistent with results
reported by Sunami et al (8).

The Eph receptors have been linked with influencing inflammation via the NFxB signalling
pathway (34). A connection between EphB2 ligation and NF«B activation has been
suggested for diseases of the central nervous system (35). Our data showing less
inflammation in the liver of malaria-infected, CCL4 injected EphB2-/- mice and reduced
NF-kB activation in EphB2-/- primary hepatocytes stimulated with iRBC and TNF-a
further strengthen the connection between EphB2 and NF-«xB activation (Fig. 4 and
Supporting Fig. 4). Although the molecular mechanisms leading to the modulation of NF-
kB activity upon EphB2 activation is currently unclear we can speculate that EphB2 might
be a hub connecting signalling induced by TNFR1 as well as other pattern recognition
receptors (PRR) mediating recognition of iRBCs with activation of NF-«B in hepatocytes.
Furthermore, in silico analysis revealed the presence of canonical NF-«xB binding sites in the
promoter of the mouse and human EphB2 gene (data not shown). Further work is necessary
for a better understanding of the EphB2/NF-«B signalling pathway and its relationship with
liver fibrosis.

Several studies have shown the importance of chemokine/chemokine receptors in the
recruitment of immune cells, especially macrophages, in hepatic fibrosis (24) and their
potential as targets for the treatment of fibrosis (36). Eph receptors and their ephrin ligands
are known to play a role in regulating cell migration by modulating the activity of
chemokines (37) and are able to regulate cell-cell adhesion and movement in combination
with integrins expressed on the liver vasculature (38). The reason why migrating
macrophages do not infiltrate the liver of EphB2-/— mice may be because sequestration of
iRBCs does not provoke an inflammatory response of sufficient magnitude to upregulate
chemokines and adhesion molecules. Indeed, we observed that EphB2-/m mice had greatly
reduced levels of transcription of chemokines, chemokine receptors and adhesion molecules
in the liver compared to littermate controls (Fig. 6) supporting this hypothesis.

Macrophages/Kupffer cells are a principal source of inflammatory cytokines and
chemokines and, in addition to HSCs, constitute a pool of cells required for fibrogenesis. We
showed that upon malaria infection, surface EphB receptors were significantly increased in
various subsets of liver CD11b+macrophages (Ly6C+, Ly6G+ and F4/80+ population) and
splenic CD11b+macrophages upregulate EphB2 mRNA at day 2 post-PbA infection (Fig.
7E). More importantly selective depletion of macrophages or neutrophils/monocytes
followed by infection with PbA demonstrates that F4/80+ macrophages/Kuppfer cells were
the main cells required for EphB2 up-regulation and development of malaria-associated
hepatic fibrosis (Figs. 7 and 8). Although inflammatory monocytes (39) and neutrophils(29)
have previously been reported to be implicated in liver fibrosis, here we show that Kupffer
cells which are liver primary phagocytic cells are essentials for liver EphB2 up-regulation
and initiate the cascade of inflammation, recruitment of immune cells and production of
collagen by HSCs independently of liver parasite burden (Fig. 8). During arteriosclerosis,
EphB2-expressing macrophages migrate to areas of arteriosclerotic sites via interaction with
ephrinB2 expressed on the inflamed endothelium (40). Our data potentially support a similar
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role for EphB2 in mediating trafficking of macrophages to the liver in response to the
inflammatory response triggered by sequestered iRBCs during blood stage malaria infection.

Activation of Eph receptors signalling can be contact-dependent (via interaction with
Ephrin-expressing cells) or contact-independent. In the context of contact-dependent
activation of EphB2 for liver fibrosis to occur, we are hypothesizing that EphB2- expressing
Kupffer cells need to interact with cells expressing ephrinB ligands within the liver. As
expression of Eph/ephrin molecules is ubiquitous, we can speculate that EphB2-expressing
Kupffer cells interact with ephrinB-expressing HSCs and modulate collagen production and
a-SMA via ephrinB-mediated control of the distribution, internalization and signalling of
platelet-derived growth factor receptor-f§ (PDGFRp). Ligation of PDGFRp and the TGF-
receptor are important in the activation of HSCs (41). In fact, EphrinB2 a ligand for the
EphB2 receptor, was found to control PDGFR- distribution and internalization on vascular
smooth muscle cells (42) and it is possible that ephrinB ligands perform a similar function
on HSC leading to liver fibrosis. To support this plausible model, hepatic macrophages
isolated from fibrotic livers have been shown to promote the survival of activated HSCs and
this correlated with up-regulation of ephrinB ligand transcripts (6). Whether an actual
physical interaction between Kupffer cells and HSCs is required or not for fibrosis to occur,
the inflammatory microenvironment induced by Kupffer cells is critical for the
transdifferentiation of HSC into myofibroblast collagen producing cells. Further mechanistic
work is needed to demonstrate how EphB2 promotes liver fibrosis in mice and humans.
However, our data from mouse malaria models and CCL4 fibrosis has uncovered EphB2 as a
potential profibrotic molecule that could be targeted for the development of anti-fibrotic
therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CCL2 C-C chemokine ligand 2
CCLy4 Carbon tetrachloride
PDGFRp platelet-derived growth factor receptor-f3
GLM General Linear Modelling
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Figure 1. Transcription of EphB receptors occurs predominantly in the liver of malaria infected
mice

(A-B) C57BL/6 mice were infected with 108 PbA iRBCs or 10° PccAS iRBCs. As controls
for infection, 2 mice were injected with Kreb's saline solution. (A) The survival of the mice
infected with PbA is shown; (B) the % parasitemia curve for mice infected with PccAS is
shown as a reference for each infection profile. (C-D) EphB1, EphB2, EphB3, EphB4,
EphB6 and ephrin B3 mRNA from brain, lung, spleen and liver samples measured by gPCR
is shown at days 2 (white bars), 4 (black bars) and 6 (grey bars) post PbA infection (C) or
days 6 (white bars), 9 (black bars) and 12 (grey bars) post PccAS infection (D). RNA
expression is quantified as fold change relative to the average transcripts measured in the
naive control mice at each time point. The bars represent the mean of data pooled from 2
identical experiments in total of n=8 mice. The error bars represent +SEM from the
cumulative data from both experiments.
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Figure 2. CD11b+ cells upregulate expression of EphB receptors in the liver during PbA

infection
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(A) C57BL/6 mice were infected with 108 P. berghei ANKA iRBCs with five mice per

group. As controls for infection, 2 mice were injected with Kreb's saline solution.

Leukocytes and stellate cells were isolated from livers at day 5 post-infection and gated
according to the scheme shown in (A). Populations examined were hepatic stellate cells (1),
CD11b+ cells (2), F4/80+ cells (3), inflammatory monocytes (4) and neutrophils (5). (B)

Sample staining for each population from naive and infected mice are shown with the

inclusion of infected samples incubated with isotype control antibody for EphB receptor
expression. (C) The average percent expression of EphB receptors on each cell population
from naive or infected animals was calculated from the percentage of cell in the upper-right
quadrant. The bars represent the cumulative mean values and the error bars represent £SEM.

* p<0.05
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Figure 3. EphB2-/- mice are protected from liver fibrosis in rodent malaria infection
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C57BL/6 mice were infected with 106 PbA iRBCs or 10° Pcc iRBCs with 5 mice per group.
As controls for infection, 2 mice were injected with Kreb's saline solution. (A) Picrosirius
staining of the liver sections was used to detect collagen deposition in the liver at day 6 post
PbA infection or day 12 post PccAS infection. (B) HSCs were identified according to the

gating strategy outlined in Figure 6A and the production of a-SMA evaluated by flow

cytometry. (C-D) RNA was extracted from the livers of PbA day 6 post-infection (C) or
PccAS day 12 post-infection (D) and the level of profibrotic markers COL1al, TGF-B1 and
a-SMA mRNA measured by qPCR. (E) For liver parasites burden mRNA level of PbA 18s
rRNA and PccAS MSP-1 measured by qPCR is shown as -AACt values. The % circulating
parasitemia for PbA at day 6 post-infection is shown for comparison. The bars represent the

cumulative data from 2 identical experiments and in total n=10 mice. The error bars

represent +SEM from the cumulative data of both experiments. * p<0.05; +/+=EphB2 WT,;

~/-=EphB2 KO.
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Figure 4. EphB2-/- hepatocytes have defective inflammatory potential
(A) C57BL/6 mice were infected with 108 PbA iRBCs with 5 mice per group. As controls

for infection, 2 mice were injected with Kreb's saline solution. At day 6 post-infection RNA
was extracted from the livers and the level of TNFa, I1L-6, INOSand IL-10 mRNA measured
by gPCR. Immunoblots of liver lysates stained with TNFa and B-actin antibodies. The
graphs represent the mean + SEM from data pooled from 2 separate experiments. (B)
Primary hepatocytes were cultured from EphB2-/- or littermate control animals and pulsed
for 30 minutes with red blood cells (RBCs) obtained from naive animals (nRBC), PbA-
infected animals (pRBC) or lysates of these red blood preparations (NI and PI respectively).
As control, hepatocyte cultures were left unstimulated (UT) or pulsed with recombinant
mouse TNF-a (T). Densitometry was performed on the bands and is representative of three
separate experiments. (C) Hepatocytes were stimulated as described above for 3 hours and
RNA extracted for cytokine analysis by gPCR. The bars represent the mean + SEM of two
representative experiments. N=Naive; I=Infected mice * p<0.05; +/+=EphB2 WT; -/
-EphB2 KO.
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Figure 5. Immune cells infiltration into the liver of malaria-infected mice is impaired in the
absence of EphB2

(A) EphB2-/- and littermate control mice were infected with 108 PbA iRBCs with 5 mice
per group. As controls for infection, 2 mice were injected with Kreb's saline solution. The
numbers of leukocytes at day 6 post-infection with PbA were enumerated. (B)
Representative H&E stained sections of liver from animals that were infected with PbA for
6 days are shown. (C-D) A breakdown of the immune cell types infiltrating the liver was
identified by flow cytometry (C) and the numbers of CD11c+, CD11b+, Ly6Chi Ly6G+ and
F4/80+cells recruited in the liver of PbA-infected mice at day 6 post infection are shown in
(D). The bars represent the cumulative data from 2 identical experiments and in total n=10
mice. Graphs represent the mean = SEM. * p<0.05
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Figure 6. Livers of EphB2d/- mice have defective transcription of chemokines and adhesion

molecules during PbA infection

(A-B) C57BL/6 mice were infected with 108 PbA iRBCs with 5 mice per group. As
controls for infection, 2 mice were injected with Kreb's saline solution. At day 6 post
infection RNA was extracted from liver and mRNA level of adhesion molecules VCAM-1,
ICAM-1, P-selectin (A) or the chemokines MIP2, CCR2, CXCL10 and CCL2 (B) measured
by gPCR. Transcription is shown as fold change relative to the average transcripts measured
in the naive control mice. The bars represent the cumulative data from 2 identical
experiments and in total n=10 mice. The error bars represent +SEM from the cumulative

data of both experiments. *p<0.05
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Figure 7. Macrophages/Kupffer cells but not Ly6G+ and Ly6C+ cells are required for EphB2
upregulation in the livers of P. berghei ANKA-infected mice

(A) macrophages/Kupffer cells were depleted from mice using clodronate-loaded liposomes
the day before infection with 108 PbA with eight mice per group. As controls for liposome
injection, mice were injected with PBS-loaded liposomes. As controls for infection, 2 mice
each were injected clodronate-loaded or PBS-loaded liposomes and injected with Kreb's
saline solution. Clodronate treatment successfully removed F4/80+ cells from the liver as
identified by flow cytometry (gate 1) in (A). (B) C57BL/6 mice were depleted of neutrophils
(Ly6G+) and inflammatory monocytes (Ly6C+) by injection of anti-Gr-1 monoclonal
antibody the day before infection with 108 PbA iRBCs and again on day 1 post-infection.
Ly6G+ and Ly6C+ cells depletion were successful as demonstrated by
immunohistochemical analysis of liver sections stained with NIMP-R14 antibody shown in
(B). (C-D) At day 4 post-infection, RNA was extracted from the livers of Kupffer-cell
depleted (C) or neutrophil/inflammatory monocyte-depleted (D) PbA-infected mice and
MRNA level of EphB2 analyzed by gPCR. For visual clarity two mice were removed from
the group of infected mice injected with anti-Gr-1 that had a relative fold change in EphB2
transcription of 111 and 100 in (D). (E) CD11b+, CD11c+, CD8+ and CD4+ cells were
sorted from splenocytes and RNA was extracted for analysis of mMRNA level of EphB2 by
gPCR. Transcription for EphB2 shown as fold change relative to the average transcripts
measured in the naive control mice at each time point. Each point represents 1 mouse and 1
outlier was removed from day 2 CD11b+ with a fold up-regulation of 152 fold relative to the
average of naive animals. ND: not done.
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Figure 8. Collagen deposition in the liver of PbA-infected animals dependent on macrophages/
Kupffer cells

(A-B) Collagen deposition was measured by picrosirius staining of the liver sections at day
6 post PbA infection. Representative sections are shown in (A) and quantified using Image J
software across 4 (naive) or 8 (infected) individual animals per group pooled from 2
experiments (B). The bars represent the mean £SEM. (C) At day 6 post-infection, RNA was
extracted from the livers of PbA-infected mice and mMRNA level of Collal and TGF-41
analyzed by gPCR. (D) For liver parasites burden, mRNA level of PbA 18srRNA was
measured by gPCR and is shown as -AACt values with the % circulating parasitemia at day
6 post-infection shown for comparison. Graphs represent the mean + SEM from the
cumulative data from 2 experiments. (E-F) The total number of leukocytes and Kupffer
cells (gate 1, Figure 7) recruited in the liver on day 6 post-infection with PbA are shown. *
p<0.05.
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