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Abstract

Congenital Hepatic Fibrosis (CHF) is a disease of the biliary epithelium characterized by bile duct
changes resembling ductal plate malformations and by progressive peribiliary fibrosis, in the
absence of overt necroinflammation. Progressive liver fibrosis leads to portal hypertension and
liver failure, however the mechanisms leading to fibrosis in CHF remain elusive. CHF is caused
by mutations in PKHD1, a gene encoding for fibrocystin, a ciliary protein expressed in
cholangiocytes. Using a fibrocystin-defective (Pkhd19€14/del4) mouse, which is orthologous of
CHF, we show that Pkhd19el4/del4 cholangiocytes are characterized by a f-catenin-dependent
secretion of a range of chemokines, including CXCL1, CXCL10 and CXCL12, which stimulate
bone marrow-derived macrophage recruitment. We also show that Pkhd19€!4/del4 cholangiocytes,
in turn, respond to proinflammatory cytokines released by macrophages by up-regulating avp6
integrin, an activator of latent local TGFf1. While the macrophage infiltrate is initially dominated
by the M1 phenotype, the profibrogenic M2 phenotype increases with disease progression, along
with the number of portal myofibroblasts. Consistent with these findings, clodronate-induced
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macrophage depletion results in a significant reduction of portal fibrosis and portal hypertension
as well as of liver cysts.

Conclusion—our results show that fibrosis can be initiated by an epithelial cell dysfunction,
leading to low-grade inflammation, macrophage recruitment and collagen deposition. These
findings establish a new paradigm for biliary fibrosis and represent a model to understand the
relationship between cell dysfunction, parainflammation, liver fibrosis and macrophage
polarization over time.

Keywords

congenital hepatic fibrosis; fibrocystin; transforming growth factor (TGF)-B1; tumor necrosis
factor (TNF)-q; biliary cyst

Untreated chronic liver diseases lead to cirrhosis, portal hypertension, and clinical
decompensation. The main mechanism of disease progression is liver fibrosis, i.e. the
deposition of collagen in the portal space and/or around the hepatocytes, which is
responsible for architectural distortion and vascular changes. Liver fibrosis is usually the
result of an ongoing reparative response to an unresolving necroinflammatory damage to the
liver epithelia. However, some liver conditions, such as hepatoportal sclerosis and
congenital hepatic fibrosis, do not follow this paradigm, and fibrosis appears to be rather
caused by a non-classical inflammatory process in the portal space without necrotic damage.

Congenital hepatic fibrosis (CHF) is a genetic cholangiopathy caused by mutations in
PKHD1, the gene encoding for fibrocystin/polyductin (FPC), a protein of unknown function
expressed on cilia and centromers of bile duct and renal tubular epithelial cellsL2. In the
liver, FPC deficiency leads to the formation of biliary microhamartomas and segmental
dilations of bile ducts accompanied by progressive portal fibrosis, resulting in clinically
relevant portal hypertension3. Complications of portal hypertension are a major cause of
morbidity and mortality in CHF?. It is expected that the ability to reduce the progression of
fibrosis in CHF would improve survival. Unfortunately, the mechanisms responsible for
portal fibrosis in CHF are unknown.

Recent studies have identified several defects of intracellular signaling in FPC-deficient
cells, including increased cAMP/PKA signaling® and PKA-dependent B-catenin activation®.
[3-catenin is emerging as a novel regulator of inflammation, able to influence cytokine
secretion in experimental liver cancer®. It has been proposed that a persistent, not resolving
cell dysfunction may promote a chronic, low-grade inflammatory response (defined by
Medzhitov as “parainflammation”) that can ultimately lead to scarring’. Interestingly, an
increased production of pro-inflammatory cytokines has been reported in fibropolycystic
liver diseases®°.

In this study, we have used a mouse orthologous of human CHF that harbours a
homozygous deletion in exon4 of the Pkhd1 genel? to investigate the pathogenesis of liver
fibrosis in CHF. Our data provide strong evidence that fibrosis is the result of a low-level
chronic inflammatory response generated by FPC-defective cholangiocytes that secrete
chemokines able to recruit bone marrow-derived macrophages and, in turn, respond to
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cytokines released by macrophages by up-regulating the avp6 integrin, a local TGFp1
activator. In contrast with other experimental models of liver fibrosis, collagen deposition in
Pkhd1del4/del4 mice initiates with little contribution from myofibroblasts, but then
accelerates as the proportion of M2 polarized macrophages, TGFB1 production and portal
myofibroblasts increase. In line with these data, macrophage depletion with clodronate,
reduces avp6 integrin biliary expression and myofibroblast accumulation and halts fibrosis
progression and the development of portal hypertension, in conjunction with a significant
reduction in liver cysts. Our results provide a new paradigm for biliary fibrosis and represent
a model to understand the relationship between cell dysfunction, parainflammation, liver
fibrosis and macrophage polarization over time.

MATERIALS AND METHODS

Animal model

We used the Pkhd19el4/del4 mouse (a kind gift from S. Somlo, Yale University, New Haven,
CT), an accepted model for the human CHF diseasel?. All animals were housed at the Yale
Animal Care facility and received human care according to the Yale IACUC protocols. See
supplemental materials for mouse model details.

Assessment of portal fibrosis by Sirius Red staining

Sirius red histochemistry was performed to assess the extension of portal fibrosis and its
progression through maturation. Liver sections were obtained from Pkhd19e!4/del4 and W
mice at different maturation ages. See supplemental material for details.

Portal hypertension was assessed by measuring the spleen weight

in the same mice analyzed for portal fibrosis. For each animal, the spleen weight was
normalized to the respective body weight, and used as measure of portal hypertensionll,

In vivo clodronate treatment

To induce a selective macrophage depletion, Pkhd19el4/del4 mice of 3 months of age were
treated for 3 months with clodronate liposomes (100mg/kg every three days, I.P., n=4) or
with vehicle (sterile phosphate-buffered saline (PBS) + liposomes every three days by I.P.,
n=3)12. At the end of treatment, mice were sacrificed to assess the extent of peribiliary
fibrosis by Sirius Red, the cystic area by immunohistochemistry for K19, the number of a-
SMA*, F4/80* and CD45* cells in the portal area, the number of avf6 integrin* cysts and
the spleen/body weight ratio.

Human tissues samples of CHF

Formalin-fixed, paraffin-embedded archival tissue specimens of CHF patients obtained from
percutaneous needle liver biopsy (n=3) and surgical specimens from liver transplant explants
(n=2) or liver resection (n=1) were considered for the immunohistochemical study. All
specimens were reviewed to confirm the histopathological diagnosis of CHF. Patients
undergoing liver transplantation or liver resection were complicated by portal hypertension,
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which instead was absent in patients undergoing needle biopsy. Informed consent and local
regional ethical committee approval were obtained before tissue collection.

Expression of avp6 integrin, Snaill, p-Smad3, and phenotypic characterization of the
portal inflammatory cell infiltrate by immunohistochemistry in human and murine samples

Liver tissue sections obtained from both Pkhd19€14/del4 mice and archived biopsies of CHF
patients with different degree of portal fibrosis were considered to study the expression of
avp6 integrin along with Snaill and pSmad3, as signatures of TGFp1 activation, and the
phenotype of the portal cell infiltrate using the following markers: cytokeratin-19 (K19)
(cholangiocyte), CD45 (leukocyte), NIMP-R14 (neutrophil), F4/80 (macrophage), MAC387
(bone marrow-derived macrophage), CD68 (resident macrophage), inducible nitric oxide
synthase (iNOS, M1 macrophage), CD206 (M2 macrophage), collagen-I, a-smooth muscle
actin (a-SMA) (myofibroblast), and elastin (ELN, portal myofibroblast). See supplemental
material for details.

Quantification of K19*, a-SMA*, ELN*, CD45*, F4/80*/iNOS* and F4/80*/CD206" cells, and
aVvp6 integrin expression

by immunohistochemistry is described in supplemental material.

Expression of g6 mRNA, fibrosis-related transcripts and cyto/chemokines by quantitative
real-time RT-PCR

Total RNA was isolated from liver tissue as described!3, to measure the expression of 6
integrin, TGFR1, TNFa, and Procollagen a1(l) (COL1(AL)), as previously reportedl4. See
supplemental material for further details.

Liver non-parenchymal cell isolation and fluorescence-activated cell sorting (FACS)
analysis

FACS analysis was performed to characterize the different cell subsets contributing to the
portal inflammatory cell infiltrate. Liver non-parenchymal cells were isolated in the Cell
Isolation Core of the Yale Liver Center. See supplemental material for details.

Isolation and characterization of cholangiocytes

Mouse cholangiocytes were isolated from Pkhd19€4/del4 and WT mice at 3 months of age as
previously described®.

Macrophage recruitment by conditioned media from Pkhd19€l4/del4 cholangiocytes

To test the polarity-dependent ability of Pkhd19€!4/del4 cholangiocytes to recruit
macrophages, we studied the effect of conditioned medium differentially harvested from
basolateral and apical sides, on a mouse macrophage cell line (RAW264.7). Further
information are detailed in the supplemental section.

Assessment of macrophage migration induced by CXCL1 and CXCL10

To evaluate whether cytokines significantly secreted by Pkhd19el4/del4 cholangiocytes in the
basolateral medium (CXCL1, CXCL10) could represent homing signals for inflammatory
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cells, we studied their ability to stimulate cell migration in macrophages, using murine RAW
264.7 macrophages. The mouse recombinant proteins CXCL1 and CXCL10 (PeproTech,
London, UK) were tested at the dose of 1ng/ml in Boyden chambers.

Determination of cytokine secretion in Pkhd19€l4/del4 cholangiocytes

In supernatant from the basolateral and apical sides of polarized cholangiocyte monolayer, a
panel of 32 mouse chemokines and cytokines (see Suppl. Table 1) was analyzed using the
Millipore’s MILLIPLEX™ mouse Cytokines/Chemokines kit coupled with the BioPlex
Luminex platform. See supplementary material for details.

Assessment of macrophage production of TGFB1 and TNFa induced by CXCL1 and
CXCL10

To evaluate whether CXCL1, CXCL10 and CXCL12 were also able to induce cytokine
secretion by inflammatory cells, we studied their ability to stimulate expression of TGFj1
and TNFa transcripts in RAW 264.7 cells. Cultured macrophages were tested with the
mouse recombinant proteins CXCL1, CXCL10 (PeproTech, London, UK) at 1ng/ml and
CXCL12 (R&D Systems, Milan, Italy) at 100 ug/ml, for 12h. Further details are given in
supplemental material section.

Effects of TGFB1 and TNFa on p6 mRNA expression on cultured cholangiocytes before
and after the inhibition of the TGF receptor type Il

To ascertain if TNFa stimulated separate signaling pathways to directly modulate the 6
expression, independently from a TGFB1 loop, experiments of cytokine stimulation were run
before and after preincubation for 24h of cultured cholangiocytes with a dominant negative,
recombinant soluble TGFf receptor type I1-Fc fusion protein (rsTGF-gRII-Fc)(10ng/ml)
(kind gift of Stromedix/Biogen, Inc., USA). rsTGF-BRII-FC is a chimeric construct
inhibiting TGFB1 signaling, in which the extracellular portion of TGFRII was fused to an
immunoglobulin heavy chain Fc fragment. By blocking specifically TGFBRII, this antibody
prevents the association of TGFBRII with TGFBRI and therefore, its phosphorylation. See
supplementary material for details.

Effects of TGFB1 on COL1(Al) and Snaill mRNA expression by cultured cholangiocytes

After starvation for 24h, polarized cultured primary cholangiocytes were treated for 24h
with the recombinant murine TGFB1 (1ng/ml). Before and after TGFB1 stimulation,
COL1(AL), and Snaill mRNA expression was determined in total RNA from cultured cells
(see above).

Statistical Analysis

is detailed in the supplemental section.
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RESULTS

Pkhd1del4/del4 mice as disease model for CHF

Pkhd1del4/del4 mice bear an inactivating deletion in the exon 4 of the Pkhd1 genel0. Serial
analysis of Pkhd19el4/del4 moyse liver and spleen demonstrate an age-dependent increase in
the biliary cystic malformations (Supplemental Fig.1A-B), peribiliary fibrosis (Fig.1A),
increased collagen-I deposition, as shown by the progressive increase in Sirius Red staining
(Fig.1B) and in COL1(A1) (procollagen al1(l)) gene expression, as compared to wild type
(WT) littermates (Fig.1C). Deposition of fibrosis begins in the pericystic region, and then
extended through the portal area, finally leading to portoportal septa formation (Fig.1A).
Significant splenomegaly, indicative of clinical portal hypertension, becomes evident
between 6 and 9 months after birth, and increases further up to 12 months of age (Fig.1D);
splenomegaly strongly correlates with Sirius Red staining (r=0.96, p<0.01)(Fig.1E). The
histological biliary lesions and the slow progression of fibrosis, leading to portal
hypertension, are consistent with the morphology and the natural history of human CHF, and
establish the Pkhd19el4/del4 mice as a reliable disease model.

Early peribiliary infiltration with CD45" cells, mostly macrophages

Development of pericystic fibrosis was associated with the progressive accumulation of
inflammatory cells in the portal tracts, which localized in close vicinity to the biliary cysts,
as observed by immunohistochemistry for CD45* (Fig.2A). By 9 months of age the
percentage of the portal tract area infiltrated by CD45* cells increased up to 25% (Fig.2B).
In contrast, the number of myofibroblasts (a-SMA* cells) was initially limited (Fig.2C-D);
these cells were positive for the portal fibroblast biomarker ELN, and their number similarly
increased progressively (Fig.2E—F). Phenotypic characterization of the inflammatory cell
infiltrate by FACS analysis (CD45*-based cell selection), and by combined
immunohistology for CD45 and F4/80 (macrophage marker) or NIMP-R14 (neutrophil
marker), showed that the majority of the infiltrating CD45" cells were macrophages, based
on their co-expression of CD11b and F4/80 (Supplemental Fig.2A). The percentage of
CD45*/CD11b*/F4/80* cells ranged from 57 to 68% of the total CD45* cell population
without significant changes over time. The contribution of neutrophils (CD45*/Ly6G™) and
monocytes (CD45/CD11b*/Ly6G~/F4/80~) was consistently much lower than that of
macrophages (Supplemental Fig.2B). Immunohistochemistry showed that the majority of
CD45™ cells were F4/80* and were localized in the portal space along the profile of the cysts
(Supplemental Fig.2C and Supplemental Fig.2E). In contrast with F4/80 cells, NIMPR14*
cells contributed minimally to the CD45* cell population, being limited to small cell clumps
(Supplemental Fig.2D). By dual immunofluorescence for CD68 (marker of local resident
macrophages) and MAC387 (marker of bone marrow-derived macrophages) combined with
the biliary marker K19, we found that peribiliary macrophages predominantly expressed
MAC387, while the amount of CD68™ cells infiltrating the portal area was negligible until 9
months (Supplemental Fig.3A,B). Microbiological analysis showed that Pkhd19el4/del4 |jyers
from all ages were sterile (not shown); in addition, gut decontamination with polymyxin B
and neomycin had no effect on the progressive accumulation of CD45™ cells in the portal
space (not shown). Preponderance of CD45* inflammatory cells on a-SMA™ myofibroblasts
and ELN* portal fibroblasts in the peribiliary infiltrate was confirmed in liver biopsies from
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CHF patients at a stage not yet complicated by portal hypertension (Supplemental Fig.4A);
a-SMA* myofibroblasts and ELN* portal myofibroblasts became prevalent in more
advanced disease undergoing liver transplantation because of complications of portal
hypertension (Supplemental Fig.4B).

Changes in macrophage polarization over time

Among F4/80* cells, the subset co-expressing iNOS (M1 polarization marker) was
preponderant over that co-expressing CD206 (M2 marker). However the relative
contribution of M2 macrophages increased progressively, matching that of M1 at 12 months
(Fig.3A-C). Consistent with this observation, hepatic gene expression of TGFp1 (an M2
cytokine) was only modestly increased in the early phases, becoming significant at 9 months
(2.5-folds as respect to WT) (Fig.3D), whereas TNFa (an M1 cytokine) mRNA was strongly
up-regulated since the early stage of the disease, reaching 80-fold expression with respect to
WT at 9 months (Fig.3E).

Expression of avp6 integrin, an activator of latent TGFB1, is up-regulated in the cystic
epithelium of Pkhd19el4/del4 mice in response to the macrophage-derived cytokines TGFB1

and TNFa

The avp6 integrin, an activator of latent TGFB1 that is expressed by reactive cholangiocytes
during liver repair, increased progressively between 1 and 12 months (Fig.4A-B).
Expression of avp6 integrin was restricted to biliary cysts, and was negative in bile ducts of
WT littermates. The immunohistochemical expression of avf6 integrin on cystic epithelia
strongly correlated with portal fibrosis as measured by Sirius red (r=0.94, p<0.02) (Fig.4C).
Notably, avp6 integrin was expressed in cysts surrounded by a dense macrophage infiltrate
(Fig.4E) and the number of avp6 integrin* cysts correlated with the extent of CD45* cell
infiltration (r=0.97, p<0.01) (Fig.4D), thereby suggesting a relationship between peribiliary
recruitment of inflammatory cells and avp6 up-regulation in biliary cysts. Thus, we studied
whether the macrophage-derived cytokines TNFa and TGFB1 were able to regulate the
expression of 6 (the rate limiting subunit for the formation of the avf36 integrin dimer)
mRNA in cultured Pkhd19el4/del4 cholangiocytes. We found that p6 mMRNA, already
significantly increased in basal conditions in Pkhd19€l4/del4 cholangiocytes as compared with
WT, was further and significantly increased by stimulation with either TNFa or TGFf1
(p<0.05). Blockade of the TGFBRII receptor abolished the effects of TGFB1 on 6 gene
expression, but not those of TNFa (Fig.4F), indicating that TNFa effects are TGFp1-
independent. Interestingly, the stimulatory effect of TNFa on 36 was observed only in
Pkhd1del4/del4 cholangiocytes that already have increased expression levels of 6, an
observation again consistent with a pro-inflammatory phenotype of cystic cells in FPC-
deficiency. The ability of TNFa to up-regulate avp, thereby activating latent TGFS1, is
likely involved in peribiliary collagen deposition in the early phases of the disease, when
TGFp1 expression is only mildly up-regulated and M1 macrophages predominate.
Immunohistochemical analysis of serial liver sections from Pkhd19e!4/del4 mice and from
archival specimens of CHF patients showed nuclear expression of Snaill and pSmad3
(transcription factors activated by TGFB1 signaling) in cystic cells expressing avp6
(Supplemental Fig.5). This findings provides clear evidence that TGFp1 signaling is locally

Hepatology. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Locatelli et al.

Page 8

activated in avf6-expressing cysts, and that the findings described in Pkhd19el4/del4 mice are
actually relevant also for patients with CHF.

Factors secreted by Pkhd1del4/del4 cholangiocytes recruit macrophages at their basolateral

pole

Having shown that in the early phases of the disease, the pericystic spaces of Pkhd1del4/del4
mice are infiltrated more by macrophages than by myofibroblasts, and that cytokines
characteristic either of the M1 or M2 polarization are able to up-regulate av36 integrin,
thereby promoting a pericystic fibrogenic response, we hypothesized that macrophages
could be attracted into the pericystic area by soluble factors secreted by the Pkhd1del4/del4
cholangiocytes themselves. Therefore, we studied the transwell migration of the macrophage
cell line RAW 264.7, after exposure to conditioned media collected from the apical or
basolateral sides of polarized monolayers of WT or Pkhd19el4/del4 cholangiocytes (isolated
from 3 months old mice). Macrophage migration was significantly higher after exposure to
conditioned media from Pkhd19el4/del4 than from WT cholangiocytes; furthermore, the
basolateral medium from Pkhd19e!4/del4 cholangiocytes significantly stimulated macrophage
recruitment, and did so more strongly than the apical medium. Interestingly, recruitment of
RAW 264.7 macrophages was significantly lower when challenged with conditioned
medium from cells exposed to B-catenin inhibitors such as quercetin or ICG-001 (Fig.6A).
Collectively, these data are consistent with the hypothesis that Pkhd19€e14/del4 cholangiocytes
secrete paracrine factors able to recruit macrophages through a -catenin-dependent
mechanism.

To identify the factors possibly involved in macrophage recruitment by Pkhd1del4/del4
cholangiocytes, we first measured the gene expression of a number of cytokines previously
shown to be secreted by cholangiocytes in culture. As shown in Fig.5, we used laser capture
microdissection (LCM) of the epithelial cysts in Pkhd19el4/del4 ys pile ducts in WT
littermates at 1 and 3 months of age. We found that increased gene expression of SDF-1/
CXCL12 and LIX/CXCLS5 represented the earliest changes in cystic structures of
Pkhd1del4/del4 mice (Fig.5A) followed at 3 months by KC/CXCL1, IP-10/CXCL10, MIP-2/
CXCL2 and IL-1 (Fig.5B). All these cytokines possess chemotactic functions for
monocytes and macrophages. To verify that the above cytokines were actually secreted by
Pkhd1del4/del4 cholangiocytes, we measured their secretion at the basolateral medium of
cultured cholangiocyte monolayers. Supplemental Table 1 shows the cyto/chemokines
secreted into the basolateral medium by Pkhd19€!4/del4 cholangiocytes. Among them, some
such as CXCL1, CXCL10 and CXCL12, were significantly more secreted by cultured
Pkhd1del4/del4 ce||s, others, including MCP-1/CCL2 and CXCLS5, showed a clear trend
towards an increased secretion in Pkhd19e!4/del4 cholangiocytes with respect to WT.

CXCL12 is a well-known chemoattractant for macrophages!®; less is known about CXCL1
and CXCL10. By exposing macrophages to the relative recombinant chemokines, we found
that both CXCL1 and CXCL10 were able to significantly stimulate transwell migration of
RAW 264.7 cells (Supplemental Fig.6A) (either 1ng/ml). Furthermore, CXCL1 and
CXCL10 but not CXCL12 were able to up-regulate the expression of TGFB1 and TNFa
transcript in macrophages (Supplemental Fig.6B—C). The pathogenetic relevance of the
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chemotactic effect of CXCL1, CXCL10 and CXCL12 on macrophage was confirmed by the
significant reduction of macrophage migration after administration of their specific blocking
antibodies or inhibitors to the basolateral conditioned medium of Pkhd1del4/del4
cholangiocytes. Notably, the combined administration of the three specific blockers to the
basolateral medium of the Pkhd19€l4/del4 cholangiocytes had a synergic effect in reducing
the macrophage transwell migration reaching an extent comparable to the one measured
after administration of the -catenin inhibitors, without any effect on cell viability (Fig.6A).
In Pkhd1de14/del4 cholangiocytes exposed to B-catenin inhibitors (quercetin or ICG-001),
gene expression and protein secretion of CXCL1, CXCL10 and CXCL12 were significantly
inhibited (Fig.6B-D). This finding establishes a mechanistic relationship between the
increased production of CXCL1, CXCL10 and CXCL12 and a known signaling defect of
Pkhd1del4/del4 cholangiocytes.

Gene expression of COL1(Al) and Snaill is increased in Pkhd1del4/del4 ce||s and is further
stimulated by TGFp1

Because the biological activity of TGFB1 is enhanced in the vicinity of cells displaying avp6
integrin, we studied the effects of TGFB1 on COL1(A1) mRNA expression in cultured
cholangiocytes, a cell type which is not commonly considered as a source of procollagen-I.
As compared to WT, Pkhd19€l4/del4 cholangiocytes showed increased basal levels of
COL1(AL1) mRNA (p<0.01), which were further up-regulated by TGFp1 (1ng/ml)(p<0.05).
This was not observed in WT cholangiocytes (Supplemental Fig.7A). Similarly, Snaill
mRNA basal levels were higher in Pkhd19el4/del4 cholangiocytes, and were further
stimulated by TGFB1 (Supplemental Fig.7B). Again, increased gene expression of
COL1(A1) was confirmed in biliary cysts analyzed after isolation via LCM at 1 and 3
months (Supplemental Fig.7C). These data are consistent with the observation that TGF31
signaling is functionally active in FPC-defective cholangiocytes (Supplemental Fig.5) and
that collagen-1, stimulated by locally activated TGFp1, starts to be deposited in close
vicinity to biliary cysts, when myofibroblasts are scarce or absent (Supplemental Fig.7D).

Macrophage depletion by clodronate in Pkhd19€l4/del4 mice treated from 3 to 6 months,
halts fibrosis progression and development of portal hypertension, and reduces avp6
integrin biliary expression, macrophage infiltration, myofibroblast activation and biliary

cyst area

To confirm the pathogenetic role of macrophages in regulating biliary fibrogenesis in FPC
deficiency, we tested the effects of macrophage depletion following a 3-month treatment
with clodronate (Supplemental Fig.8A-B). We chose the interval from 3 through 6 months
as critical window of fibrogenesis preceding the development of portal hypertension. At the
end of treatment, the number of macrophages infiltrating the portal space was comparable to
that of the starting time, being reduced by about 60% with respect to paired controls (Fig.
7A-B and Supplemental Fig.9A), without significant changes in the proportion between M1
and M2. Interestingly, macrophage depletion was associated with a significant decrease in
the expression levels of avf6 on biliary structures (Fig.7D and Supplemental Fig.9C) and in
myofibroblast accumulation in the portal space (Fig.7C and Supplemental Fig.9B). These
effects were accompanied by a striking reduction in Sirius Red staining of the peribiliary
area (Fig.7E and Supplemental Fig.9D) together with a significant decrease in biliary cysts
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(Supplemental Fig.8C-E). Noteworthy, reducing peribiliary fibrosis at this stage is clinically
relevant since it prevents development of portal hypertension, as shown by the absence of
significant splenomegaly in treated mice (Fig. 7F).

DISCUSSION

Portal fibrosis is the main mechanism of chronic liver disease progression. Most
experimental studies on liver fibrosis use models of obstructive cholestasis or toxin-induced
necroinflammatory biliary or parenchymal damage. However, genetic diseases offer unique
opportunities to probe fundamental disease mechanisms. In this study, we investigated the
mechanisms of liver fibrosis in CHF, a genetic fibropolycystic liver disorder, characterized
by progressive peribiliary fibrosis and portal hypertension.

We show that in CHF, fibrosis develops in two phases. During the slowly progressing
preclinical phase, bone marrow-derived macrophages are recruited by chemokines secreted
by the FPC-defective cystic epithelium. TNFa, secreted by classically activated M1-
macrophages, up-regulates epithelial expression of avf6 integrin (an effect specific of FPC-
defective cholangiocytes) that then activates latent TGFp1 in the vicinity of the cystic
epithelium. We have also found that cholangiocytes respond to TGFp by producing
procollagen a1(1). While this may actually promote peribiliary fibrosis during the early
phases of the disease, further studies are needed to unequivocally demonstrate the ability of
these cells to produce collagen. In the early phase, infiltrating myofibroblasts are scarce, but
their number, essentially represented by portal fibroblasts, increases during the second phase
of accelerating fibrogenesis, as the proportion of alternatively activated M2 macrophages
increases along with the expression of TGFB1 and collagen-I, and portal hypertension
becomes clinically evident. Thus in CHF, a genetically determined dysfunction of epithelial
cell homeostasis promotes the secretion of chemokines able to recruit macrophages that
orchestrate a pro-fibraotic tissue response switching from an inflammatory to a reparative
phenotype.

For these studies, we used an animal model (Pkhd19€!4/del4 moyse) that reproduces the
clinical and histological features of human CHF. This model presents unique features, as
compared to other experimental models of portal fibrosis, such as bile duct ligation (BDL),
or sclerosing cholangitis caused by Mdr2-deficiency416 or toxicants. In fact, in
Pkhd1del4/del4 mice, fibrosis is not related to a necroinflammatory or obstructive process and
the evolution of biliary fibrosis is slow: it resembles that of human CHF, in which portal
hypertension occurs in the absence of cirrhosis and is generally diagnosed only late in
youthl’.

In contrast with Mdr2-KO micel3 and BDL, in which there is an early and a massive
increase in periportal a-SMA™* myofibroblasts, in Pkhd19el4/del4 mice in spite of increased
procollagen a1(l) levels, a significant increase in a-SMA* cells, mainly related to ELN*
portal myofibroblast!8:19 accumulation, is detected only later, once portal fibrosis is already
established. Our data show an early and progressive accumulation of mononuclear CD45*
inflammatory infiltrate in the portal space (mostly macrophages) suggesting that the defect
in epithelial cell FPC expression causes a chronic, low-grade inflammatory process and
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initial collagen deposition. Our findings also indicate that recruited macrophages are likely
of bone marrow origin (based on their expression of MAC387)2°, while the contribution of
endogenous, yolk sac-derived macrophages (CD68) is negligible2, Studies in archival
human CHF specimens, confirmed an early portal infiltration with CD45* cells in absence
of a-SMA™ and ELN* cells in early cases without portal hypertension, thus indicating that
our findings have translational relevance.

This low-grade chronic inflammation (defined by Medzhitov as “parainflammation”) is a
process of adaptation to an unresolving cell dysfunction or noxious condition”. When the
cell dysfunction is persistent, the inflammatory response, unable to restore the normal tissue
homeostasis, becomes pathologic and stimulates the deposition of scar tissue?2. Consistent
with prior reports showing increased cytokine and growth factor production in
fibropolycystic liver diseases®?, our study demonstrates that FPC-defective cholangiocytes
produce several chemokines. In vivo analysis of transcripts expressed in biliary cysts
isolated by LCM from 1 and 3 months old Pkhd19€14/del4 shows that expression of specific
chemokines (SDF-1/CXCL12, LIX/CXCL5, KC/CXCL1, IP-10/CXCL10, MIP-2/CXCL2,
IL-1pB) is increased since the early stages of the disease. Furthermore, we found that the
medium of polarized Pkhd19el4/del4 cholangiocytes is able to recruit macrophages much
more intensely than medium from WT cholangiocytes. Recruiting effect of the basolateral
medium was much stronger than the apical medium, indicating that chemokine secretion is
polarized. Measuring the basolateral concentration of a panel of cyto/chemokines, we
confirmed that Pkhd19el4/del4 cholangiocytes produce increased levels of soluble factors able
to recruit macrophages, including MCP-1, CXCL1, CXCL5, CXCL10 and CXCL12.
Among the above chemokines, the role of MCP-1 in biliary pathophysiology has been
extensively studied; cholangiocytes can secrete MCP-1 in culture23, and in vivo, following
liver damage induced by BDL or hydrophobic bile acid intoxication, MCP-1 secretion
increases together with the extent of portal inflammatory infiltrate24:25,

Several signaling defects have been described in FPC-defective cells, including increased
cAMP/PKA-mediated Ser75-phosphorylation of B-catenin, leading to enhanced B-catenin
transcriptional activity®. Recent findings indicate that B-catenin can act as a regulator of
inflammation®. Consistent with this hypothesis, our data show that in Pkhd1del4/del4
cholangiocytes, gene expression and secretion of CXCL1, CXCL10 and CXCL12 were
inhibited by two different inhibitors of p-catenin transcriptional activity (quercetin and
ICG-001)°, suggesting that in FPC-deficiency, activation of f-catenin signaling promotes a
persistent pro-inflammatory response that recruits macrophages near the biliary cysts.
Notably, exposure to basolateral medium from p-catenin-inhibited Pkhd1del4/del4
cholangiocytes was able to suppress macrophage recruitment to an extent similar to that
obtained with the simultaneous antagonism of CXCL1, CXCL10 and CXCL12.

Whole liver expression of TNFa and TGFB1 increased significantly in Pkhd1de!4/del4 mice
and their expression in macrophages was stimulated by CXCL1 and CXCL10. Noteworthy,
both TNFa and TGFp1 increased avp6 integrin expression on cholangiocytes, but inducing
effects by TNFa were observed only in Pkhd19el4/del4 cholangiocytes and were independent
from TGFp1 activation. Expression of avp6 integrin was typically restricted to the cystic
epithelium, where it was progressively up-regulated over time, and strongly correlated with
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portal fibrosis. Furthermore, avp36 expression was accompanied by signatures of TGFj1
activation in cholangiocytes (Snaill and pSmad3 nuclear expression), also in human CHF
specimens. TGFB1 is in fact produced as an inactive latent precursor that is locally activated
by avp6 integrin that cleaves the latency associated peptide2®.

TNFa and TGFp1 are expressed by macrophages with pro-inflammatory (M1) and
profibrotic (M2) functions, respectively?’. During the natural course of a wound-healing
response, classically-activated macrophages recruited to the site of damage first show a pro-
inflammatory phenotype, with abundant secretion of TNFa. Then, to counteract the tissue-
damaging potential of the inflammatory response, macrophages switch to an anti-
inflammatory phenotype. If tissue damage persists, macrophages turns into a pro-fibrotic
phenotype, whereby TGFP1 expression is prevalent28. Our model is paradigmatic of this
sequence, with an initial higher M1 proportion and a progressively increasing M2
contribution, matching that of M1 by 9 months, consistent with the observed time-dependent
changes in TNFa and TGFB1 expression. Interestingly, in addition to CXCL1 and CXCL10,
CXCLS5, which we found increased early in Pkhd19€el4/del4 piliary cysts in vivo by LCM, is
also able to stimulate TNFa production in macrophages?®. Given its early marked increase
and its specific effects on epithelial avp6 expression on FPC-defective cholangiocytes,
TNFa may contribute to local fibrogenesis in Pkhd19el4/del4 mice  during the early phases of
fibrosis, when most of TGFB1 signaling is likely to derive from the activation of latent
TGFp1. Following activation by avp6, which occurs at the epithelial cell surface, TGFp1
exerts its effects within the limits of the site of activation. The ability of reactive
cholangiocytes to release fibrogenic growth factors, including PDGF-B28, connective tissue
growth factor3?, and extracellular matrix components, such as procollagen-1V3! and
laminin32, is well known26:27:30_ Qur data show that in Pkhd19€14/del4 cholangiocytes,
procollagen-1 transcripts are increased with respect to WT cholangiocytes both in vitro and
in vivo, and are remarkably up-regulated by TGFp1. In vitro susceptibility of Pkhd1de!4/del4
cholangiocytes to TGFp1 effects was confirmed by the concomitant increased gene
expression of the TGFB1-dependent transcription factor Snaill. The concentration of TGFp1
used for in vitro experiments (1ng/ml) is in the range of this cytokine found with tissue
analysis. Higher TGFB1 concentrations have an apoptotic effect on cholangiocytes in
culture. Interestingly, in the same experimental model, we have recently shown that
Pkhd1del4/del4 cholangiocytes possess increased B-catenin-dependent migratory properties®.
Increased migration and abnormal collagen deposition are consistent with the concept that
FPC-defective epithelial cells are more prone to perform some limited mesenchymal
functions. The direct involvement of cholangiocytes in driving collagen deposition, at least
in the initial phase of fibrogenesis in Pkhd19e4/del4 mice may explain the distinctive
features of this model, including the early peribiliary and slowly evolving matrix deposition.
However, mesenchymal properties acquired by epithelial cells in vitro, should be interpreted
with caution and further studies in vivo using mice reporter lines may help clarifying the
question. After 6 months, when fibrosis accelerates and clinically relevant portal
hypertension begins, ELN* portal myofibroblasts becomes the relevant source of collagen.

The in vivo experiments with clodronate in Pkhd19¢!4/del4 mice are consistent with this
working model. By targeting macrophage infiltration at an age when portal hypertension is
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not yet developed, we were able to show a stark reduction in macrophage infiltration, a
decrease in the avp6 biliary expression and in the portal myofibroblast accumulation. These
phenotypic alterations related to macrophage depletion are pathophysiologically relevant as
they block progression of biliary fibrosis and prevent the development of portal
hypertension. As a consequence of the reduction in macrophage infiltration, a reduction in
the liver cyst area was noted, supporting the concept that macrophages exert a stimulatory
effect on cyst growth.

In conclusion, we have shown that development of fibrosis in CHF follows a novel
paradigm based on a complex interplay between epithelial, innate inflammatory and
mesenchymal cells (Fig.8). These mechanisms suggest new, disease specific targets for
antifibrotic therapies in CHF, a topic worth to be addressed in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANIT
a-SMA
BDL
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CD
CHF
CXCL
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DDC
ECM

alpha-naphthylisothiocyanate
a-smooth muscle actin

bile duct ligation

body weight

cluster of differentiation
Congenital Hepatic Fibrosis
Chemokine (C-X-C motif) ligand
4',6-diamidino-2-phenylindole
diethyldithiocarbamate

extracellular matrix
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FACS fluorescence-activated cell sorting
FBS fetal bovine serum
FPC fibrocystin/polyductin
HSC hepatic stellate cells
IL interleukin
IP-10 interferon-y-induced protein
K19 cytokeratin-19
KC keratinocyte chemoattractant
LAP latency associated peptide
MCP-1 monocyte chemotactic protein-1
MDR multi-drug resistance
rsTGF-BRII-FC recombinant soluble TGFp receptor type 11-FC fusion protein
TGFp transforming growth factor-f
TGFR transforming growth factor receptor
TNFa tumor necrosis factor-a
WT wild type
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Figure 1. Adge-dependent increase in peribiliary fibrosis correlates with portal hypertension in
Pkhd19e14/06l4 mjce
A. Micrographs of Sirius red stained liver sections taken from WT and Pkhd19del4/del4 mjce

of different ages and indicating that peribiliary fibrosis develops progressively, starting at
the pericystic region, and then extends through the portal area, finally leading to porto-portal
septa formation (Sirius Red, M=100x). B. Morphometrical analysis of Sirius Red stained
Pkhd1del4/del4 moyse livers trough maturation (% are covered by Sirius red, n=from 4 to 7
for each age). C. Similarly, gene expression of COL1(A1) in whole liver lysates increased
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slowly, reaching a 15-fold increase at 9 months (n=3 for each age). D. Splenomegaly
(measured as the spleen weight/body weight) a surrogate markers of portal hypertension in
CHF, became significant at 6 months, and increased thereafter (n=4/7 for each age). E. The
extent of portal fibrosis (Sirius red) strongly and positively correlated with splenomegaly
(r=0.96, p<0.01). *p<0.05 vs WT (same age), **p<0.01 vs WT (same age).
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Figure 2. The progressive peribiliary accumulation of inflammatory cells in the portal tract, co-
expressing F4/80 (macrophage marker) contrasts with the initial scarce contribution of
myofibroblasts

A. A progressive portal accumulation of CD45" inflammatory cells adjacent to biliary cysts

was observed (immunoperoxidase for CD45, M=200x). B. Amount of CD45™" cells was
quantified by morphometric analysis (n=3 for each age). C. In Pkhd19el4/del4 mice ¢-SMA*
myofibroblasts scattered within the portal space (dual immunofluorescence for a-SMA - in
red, and K19 - in green, M=200x). D. The number increased slowly through maturation with
a linear pattern (n=3 for each age). E. Similarly to a-SMA, elastin (ELN)* portal fibroblasts
accumulated into the portal space in a timedependent fashion (dual immunofluorescence for
ELN -inred, and K19 - in green, M=200x). F. As quantified by morphometry, the number
of ELN™ cells augmented through maturation, with the most relevant increase after 6 months
(n=4 for each age). *p<0.05 vs WT (same age), **p<0.01 vs WT (same age); "p<0.05 vs
previous maturation age, ~p<0.01 vs previous maturation age.
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Figure 3. The initial M1 macrophage infiltrate is then matched by M2 cells
A-B. By dual immunofluorescence with the macrophage marker F4/80 (red), we evaluated

the relative proportion of the macrophage phenotypes in the portal infiltrate, M1 (iNOS™,
green) and M2 (CD206*, green), through the different ages (A, representative sample, 3
months; B, representative sample, 9 months, M=200x). C. Until the 9th month, the
macrophage population was dominated by the M1 phenotype, but the relative proportion of
M2 macrophages increased progressively, reaching that of M1 at the 12th month, as shown
by the changes in the M1/M2 ratio through maturation (n=3 for each age). D. Consistent
with this temporal sequence, gene expression of TGFB1 (an M2 cytokine) in the whole liver
increased mildly in the first phase, becoming significant only at 9 months (2.5-folds with
respect to WT) (n=3 for each age). E. Up-regulation of TNFa (an M1 cytokine) was instead
evident since the early stage of the disease, reaching 80-fold expression with respect to WT
livers at 9 months (n=3 for each age). °p<0.05 vs WT (1 month), °°p<0.01 vs WT (1 month).
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Figure 4. avB6 integrin expression correlates with portal fibrosis and peribiliary accumulation of

CD45" cells in Pkhd19e14/del4 mjce

A. In contrast with WT mice, Pkhd19¢l4/del4 mice showed a progressive increase in 6 gene
expression in whole liver, which was greater than 25-fold at 6 months and nearly 35-fold at
9 months (n=3 for each age). B. Similarly, avp6 integrin expression on cyst epithelia
assessed by immunohistochemistry increased progressively, reaching nearly the 70% of
biliary structures at 12 months (n=3/5 for each age). C-D. Immunohistochemical expression
of avp6 strongly correlated both with portal fibrosis (r=0.94, p<0.02) and with the CD45*
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portal cell infiltrate (r=0.97, p<0.01). E. In any given specimen, avp6 integrin was typically
higher in biliary cysts surrounded by a dense inflammatory infiltrate (immunoperoxidase for
avpe, representative sample, 6 months, M= 400x). F. TGFB1 and TNFa stimulate gene
expression of B6 integrin in Pkhd19€!4/del4 cholangiocytes. In Pkhd19el4/del4 cholangiocytes,
36 mRNA was significantly increased in basal conditions with respect to WT. In both WT
and Pkhd19el4/del4 cholangiocytes, p6 expression was further and significantly increased
after TGFB1. Unlike TGFB1, TNFa significantly increased 6 mRNA expression only in
Pkhd1del4/del4 cholangiocytes. TGFPRII blockade abolished the TGFp1 effects on $6 mRNA
expression in both Pkhd19€14/del4 and WT cholangiocytes, in contrast to TNFa whose effects
on 6 were unaffected by TGFBRII antagonism (n=6/10 for each experimental condition,
cultured cholangiocytes derived from mice of 3 months of age). °°p<0.01 vs WT (1 month),
*p<0.05 vs WT (same age), **p<0.01 vs WT (same age), *p<0.05 vs WT Ctrl, 8p<0.05 vs
Pkhd1del4/del Cir] #p<0.05 vs WT TGFp1-treated, %p<0.05 vs Pkhd1del4/deld TGEp1-
treated.
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Figure 5. Gene expression analysis of biliary K19 positive structures isolated from Pkhg1del4/del4
and WT mice by LCM shows an increase in CXCL5, CXCL12, CXCL1, CXCL2, CXCL10 and
IL1B

To identify the soluble factors mediating macrophage recruitment by Pkhd1del4/del4
cholangiocytes, gene expression of a number of cytokines previously shown to be secreted
by cholangiocytes in culture, was assessed in mMRNA selectively captured from epithelial
cells lining biliary cysts of Pkhd19el4/del4 and normal ducts of WT mice at 1 and 3 months of
age by LCM. A. LIX/CXCL5 and SDF1/CXCL12 were already significantly increased in
biliary cysts of Pkhd19e!4/del4 mice at 1 month. B. Also KC/CXCL1, MIP-2/CXCL2, IP- 10/
CXCL10, SDF1/CXCL12 and IL-18 became significantly increased at 3 months of age (n=4
for WT, n=5 for Pkhd14€!4/del4 for hoth ages). *p<0.05 vs WT, **p<0.01 vs WT.
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Figure 6. Basolateral conditioned medium of Pkhd1del4/del4 cholangiocytes contains chemokines
able to stimulate macrophage recruitment

A. Migration of RAW 264.7 macrophages was measured in Boyden chambers containing
conditioned medium. In Pkhd19e!4/del4 cholangiocytes, basolateral conditioned medium (bl)
induced a stronger migratory effect of RAW 264.7 macrophages than the apical medium, or
the basolateral medium from WT cholangiocytes (n=4 for both experiments). This effect
was significantly inhibited by specific antagonism of CXCL1, CXCL10 and CXC12, and
abolished by combined antagonism of CXCL1+CXCL10+CXCL12 or by inhibition of -
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catenin signaling with quercetin (50 pM) or ICG-001 (25 pM) (n=4 for each experiment). B—
D. As compared with WT, Pkhd19el4/del4 ¢y jtured cholangiocytes expressed significantly
higher amounts of CXCL1 (B), CXCL10 (C) and CXCL12 (D) both at mRNA (n=7 for each
chemokine) and protein levels in the basolateral medium (n=3 for CXCL1 and CXCL10,
n=12 for CXCL12); all chemokine expression levels were significantly reduced by
inhibition of B-catenin signaling with quercetin (50 uM) or ICG-001 (25 uM) (n=7 for each
chemokine for RT-PCR experiments, n=4 for each chemokine for ELISA experiments)
(cholangiocytes derived from mice of 3 months of age). **p<0.01 vs WT, ~p<0.05 vs
Pkhd1, p<0.01 vs Pkhd1, °p<0.05 vs Pkhd1 bl, °°p<0.01 vs Pkhd1 bl.
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Figure 7. Macrophage depletion induced by clodronate halts fibrosis progression and
development of portal hypertension and reduces avp6 integrin biliary expression, macrophage

infiltration and myofibroblast activation in Pkhd19ei4/d

mice

A-F. Clodronate treatment resulted in a significant reduction in the number of CD45*
(inflammatory cells, A), F4/80" (macrophages, B) and a-SMA™ cells (myofibroblasts, C), as
well as in the expression of avp6 on biliary structures (D), and in portal fibrosis (Sirius Red
staining of the peribiliary area, E). Noteworthy, hampering peribiliary fibrosis at this stage is
clinically relevant since it prevents development of portal hypertension, as shown by the
significant reduction in splenomegaly (spleen/body weight, F) (n=3 vehicle, n= 4 clodronate
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treated). Representative images of both experimental groups are given in Supplemental
Figure 8. *p<0.05 vs vehicle, **p<0.01 vs vehicle.
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Figure 8. Working model: cross-talk between cholangiocytes and macrophages stimulates
peribiliary fibrosis in Pkhd19el4/del4 mice

In Pkhd19el4/del4 mice, portal fibrosis is the result of an intensive cross-talk between
epithelial and inflammatory cells, originating from the FPC-deficient cholangiocytes. By
secreting a range of chemokines, including CXCL1, CXCL10 and CXCL12, likely
secondary to B-catenin signaling over-activation, Pkhd19el4/del4 cholangiocytes recruit
macrophages in the portal area and stimulate their secretory functions. In the early phases,
this portal infiltrate is mainly composed by M1 macrophages (green peribiliary cells), and
TNFa (green arrow) is the predominant cytokine released until also TGFB1 (orange arrow)
becomes significantly secreted by M2 macrophages (orange peribiliary cells). Both
macrophage-derived cytokines up-regulate av36 integrin expression on biliary cysts and
this, in turn, activates latent TGFB1. Once activated, TGFB1 induces production of collagen
by cyst cholangiocytes, and as the disease progresses, by myofibroblasts, ultimately
resulting in excessive matrix deposition into the peribiliary region.
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