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Summary

Fibroproliferative diseases are driven by dysregulated tissue repair responses and are major cause 

of morbidity and mortality as they affect nearly every organ system. Type-2 cytokine responses are 

critically involved in tissue repair; however, the mechanisms that regulate beneficial regeneration 

versus pathological fibrosis are not well understood. Here, we have shown that the type-2 effector 

cytokine interleukin-13 simultaneously, yet independently, directed hepatic fibrosis and the 

compensatory proliferation of hepatocytes and biliary cells in progressive models of liver disease 

induced by interleukin-13 over-expression or following infection with Schistosoma mansoni. 
Using transgenic mice with interleukin-13 signaling genetically disrupted in hepatocytes, 

cholangiocytes, or resident tissue fibroblasts, we have revealed direct and distinct roles for 

interleukin-13 in fibrosis, steatosis, cholestasis, and ductular reaction. Together, these studies show 

that these mechanisms are simultaneously controlled but distinctly regulated by interleukin-13 

signaling. Thus, it may be possible to promote interleukin-13-dependent hepatobiliary expansion 

without generating pathological fibrosis.
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 Introduction

The liver is remarkable in its ability to regenerate despite repeated injury. Different from 

many other organs which utilize stem cell populations to replace tissues, the liver relies 

heavily upon hepatocytes and cholangiocytes to exit quiescence and divide (Yanger et al., 

2014). Recent studies have demonstrated distinct hepatocyte subsets, which contribute to 

hepatocyte turnover during homeostasis (Wang et al., 2015) and during mild chronic injury 

(Font-Burgada et al., 2015). However, during severe chronic injury, damaged hepatocytes 

can lose the ability to divide (Roskams, 2006), and in response, a population of putative 

hepatobiliary progenitor cells (HPCs) expands (Farber, 1956; Huch et al., 2015; Lu et al., 

2015). Although several studies have questioned the source of HPCs and whether HPCs 

exhibit bipotent progenitor capacity (Jors et al., 2015), other recent studies have 

demonstrated that these cells can completely repopulate the liver following injuries that 

induce hepatocellular senescence (Lu et al., 2015). These differences in behavior and 

potency of HPCs may be explained by differences in the etiology of liver injury; 

nevertheless, it has been well established that the dysregulated signaling microenvironment 

of the injured liver can lead to aberrant proliferation of both HPCs and existing 

cholangiocytes (bile duct epithelial cells), together facilitating a disorganized expansion of 

bile ducts and recruitment of inflammatory cells known as ductular reaction (DR) (Roskams 

et al., 2004).

DRs are encountered in virtually every acute and chronic liver disorder in which there is 

organ-wide liver damage and cell loss. Proliferating ductules derived from HPCs or existing 

cholangiocytes may fail to drain bile contents properly, leading to local necrosis and 

progression towards cancers such as hepatocellular or cholangiocarcinoma (Alison and 

Lovell, 2005; Park et al., 2007). Furthermore, it has been well documented that the presence 

of DR is highly correlated with the progression of hepatic fibrosis and emergence of lipid 

abnormalities, although the mechanisms behind these correlations are debated and not well 
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understood (Clouston et al., 2005; Richardson et al., 2007). Thus, presence of DRs is an 

important prognostic marker of advanced liver disease, with patients exhibiting DRs 

generally having poor clinical outcomes (Lowes et al., 1999; Roskams, 2006; Sancho-Bru et 

al., 2012). Nevertheless, the signaling pathways governing these dysregulated responses 

remain unclear, limiting our ability to combat these severe complications in the clinic.

Interleukin-13 (IL-13) has been identified as a major pathogenic cytokine in helminth 

induced liver disease and several other chronic diseases associated with persistent type-2 

cytokine production (Chiaramonte et al., 1999). Consequently, therapeutic antibodies 

targeting IL-13 signaling pathways are currently being investigated in several major clinical 

trials. Interestingly however, type-2 cytokine responses have also been linked with wound 

repair following acute tissue injury (Chen et al., 2012; Kaviratne et al., 2004). Nevertheless, 

the mechanisms that govern tissue regeneration versus pathological type-2 cytokine-driven 

fibrosis remain unclear. While previous studies have implicated M2 macrophages in repair 

and fibrosis (Borthwick et al., 2015; Chen et al., 2012), other cells including hepatocytes, 

cholangiocytes, HPCs, and fibroblasts also express functional IL-4 and IL-13 receptors, yet 

their roles in the progression of liver disease, steatosis, fibrosis, DR, and liver regeneration 

during chronic type-2 cytokine-driven inflammatory responses have remained unclear. 

Moreover, while clinical studies have found elevated type-2 cytokines and receptor 

expression in human patients with biliary atresia (Li et al., 2011), primary biliary cirrhosis, 

primary sclerosing cholangitis, hepatitis C infection, and autoimmune hepatitis (Landi et al., 

2014), no previous studies have directly investigated the causal relationships between type-2 

cytokine-driven fibrosis and DR. Therefore, we generated a series of cell-specific genetically 

ablated mice in which IL-4 receptor alpha chain (IL-4Rα), an essential receptor component 

for both IL-4 and IL-13 signaling, was targeted for deletion in biliary cells (defined as both 

HPCs and existing cholangiocytes), hepatocytes, and fibroblasts to elucidate the cellular 

pathways instructed by IL-13 that regulate the emergence of DRs and fibrosis during 

schistosomiasis, a disease affecting over 250 million individuals that induces a progressive 

liver fibrosis that manifests complications seen in advanced cirrhosis of many etiologies.

 Results

 IL-4 and/or IL-13 Signaling in Hepatocytes and/or Biliary Cells drive DR but not Fibrosis

Il4raflox/floxAlbWT/cre (Alb-cre+) mice and Il4raflox/flox (Alb-cre−) littermates were studied 

over the course of an 18-week S. mansoni infection that results in progressive, type-2 

cytokine-driven liver fibrosis. Due to expression of albumin by hepatoblasts (Sparks et al., 

2010), the developmental precursor of both hepatocytes and cholangiocytes, these mice 

express cre-recombinase, and therefore have impaired IL-4Rα expression, in both 

hepatocytes and biliary cells. No significant differences in fibrosis were seen at 10 or 18 

weeks as assessed by tissue hydroxyproline content (Figure 1A) and picrosirius red (PSR) 

staining (Figure 1B), ruling out a role for IL-4 and IL-13 signaling through IL-4Rα-

expressing hepatocytes, cholangiocytes, or HPCs in the progression of fibrosis. Epithelial 

cell adhesion molecule (EpCAM) uniquely marks the biliary compartment within the liver, 

and by 10 weeks post-infection, significant expansion of EpCAM+ cells was evident around 

the granulomas of Alb-cre−, but not Alb-cre+ mice (Figure 1C upper panels, D). By 18 

Gieseck et al. Page 3

Immunity. Author manuscript; available in PMC 2017 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



weeks, Alb-cre− mice exhibited abundant EpCAM+ ductules in the periphery of the 

granulomas, but the Alb-cre+ group did not (Figure 1C lower panels, D,). Additionally, Alb-
cre− mice exhibited significantly elevated liver weights compared to their Alb-cre+ 

littermates (Figure 1E) in agreement with a recent study implicating IL-4 signaling with 

hepatocyte proliferation (Goh et al., 2013). Nearly 36% of EpCAM+ cells in Alb-cre− mice 

co-stained positive for Ki-67 indicating active proliferation in response to IL-4 and/or IL-13, 

compared to 2% in Alb-cre+ littermates (Figure 1F, H). Alb-cre− mice also exhibited 

microvesicular steatosis as assessed by Oil Red O staining (ORO) in hepatocytes throughout 

the liver (Figure 1I), which was visually diminished in the Alb-cre+ group. No significant 

differences were seen in serum ALT and AST levels (Figure 1G), survival (Figure S1A), and 

worm burden (Figure S1B), suggesting that differences in liver injury severity were not 

contributing to these changes. Together, these data demonstrate that IL-4 and/or IL-13 

signaling through hepatocytes and/or biliary cells is necessary for the DR and steatosis 

associated with S. mansoni infection, but do not significantly affect fibrosis (Figure 1J).

 IL-13 but not IL-4 is Necessary for DR during S. mansoni Infection

IL-4Rα is implicated in two distinct signaling pathways (Ramalingam et al., 2008). Type-I 

signaling is mediated solely by IL-4 following engagement of IL-4Rα:γc heterodimers by 

IL-4. Whereas type-II signaling is activated when either IL-4 or IL-13 engage 

IL-4Rα:IL-13Rα1 heterodimers. To determine if the DR seen in Alb-cre− but not in Alb-
cre+ littermates (Figure 2A, B, F) was mediated through type-I or type-II IL-4Rα signaling, 

we utilized an Il13ra1−/− model to selectively deplete type-II signaling. After 12 weeks of 

infection, no evidence of DR was seen, suggesting that type-II signaling is necessary for the 

development of S. mansoni driven DR (Figure 2C, F). Given that both IL-4 and IL-13 can 

signal through the type-II IL-4Rα signaling complex, we set out to determine if one of these 

cytokines plays a dominant role in the progression of DR or if either is sufficient. To this 

end, we utilized Il4−/− and Il13−/− mice to look for the presence of DR after the course of a 

12-week infection. Il4−/− mice developed DR similar to wild type controls (Figure 2D, F); 

however, DR in Il13−/− mice was absent (Figure 2E, F), suggesting that IL-13 is the 

dominant type-2 cytokine in the progression of S. mansoni mediated DR (Figure 2G). 

Additionally, these mechanisms appear to operate independently of IL-33, which was 

recently found to promote extrahepatic, but not intrahepatic, ductal proliferation in 

experimental biliary atresia (Figure S2) (Li et al., 2014).

 IL-13 Signaling in Hepatocytes and/or Biliary Cells Induces DR and Steatosis, but not 
Fibrosis

IL-13 has been identified as a key driver of pathology in a number of human diseases 

including idiopathic pulmonary fibrosis (Chandriani et al., 2014; Murray et al., 2014), 

asthma (Choy et al., 2015; Scheerens et al., 2014), atopic dermatitis (Metwally et al., 2004), 

and ulcerative colitis (Heller et al., 2005), among others. Consequently, several clinical trials 

have been completed or are underway testing the safety and efficacy of modulating IL-13 in 

these diseases (Beck et al., 2014; Brightling et al., 2015; Danese et al., 2015; Hamilton et al., 

2014; Wenzel et al., 2013). In the previous section, we showed that DR required direct IL-13 

signaling on hepatobiliary cells during the course of S. mansoni infection; however, 

helminth infections result in a complex immune response and an intercellular signaling 
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environment that evolves over time (Pearce and MacDonald, 2002). To determine the 

specific role of IL-13 directly and in the absence of other etiological agents, we designed an 

IL-13 overexpression plasmid (13-OP) and used hydrodynamic tail vein injection to induce 

overexpression within the liver (Liu et al., 1999). Quantitation of mRNA collected from liver 

9 days post injection determined that 13-OP caused a significant upregulation of IL-13 

mRNA and specific STAT6-inducible targets such as procollagen 6a (Col6a1) and 

interleukin-13 receptor alpha 2 (Il13ra2) without inducing Il4 (Figure 3A). 13-OP induced a 

significant fibrotic response in both the Alb-cre+ and Alb-cre− groups as assessed by tissue 

hydroxyproline content (Figure 3B) and PSR staining (Figure 3C), again ruling out a role for 

IL-13 signaling through IL-4Rα-expressing hepatocytes, cholangiocytes, or HPCs in the 

progression of fibrosis. EpCAM+ ductules in Alb-cre− mice were over 39% Ki-67+, while 

little evidence of proliferation was observed in the Alb-cre+ mice (Figure 3D, G). 13-OP 

also induced significant steatosis in the Alb-cre− mice but not in the Alb-cre+ group (Figure 

3E, H) that corresponded with increases in serum triglyceride levels in the Alb-cre− group 

(Figure 3F). No significant differences were seen in survival (Figure S3A) or serum ALT 

and AST levels (Figure S3B), once again suggesting that differences in injury severity are 

not underlying these changes.

Microarray analyses were performed on whole liver from the 13-OP mice and GFP-OP 

control groups to elucidate the signaling pathways being activated by IL-13 signaling in 

hepatocytes and biliary cells. Over 130 genes exhibited over a two-fold difference (p < 0.01) 

between the 13-OP Alb-cre+ and Alb-cre− groups (Figure 3I). Key differences included the 

downregulation of the classical and acidic pathways of bile acid synthesis, induction of 

cellular senescence, metabolic switch to lipogenesis, and recruitment of type-2 cell immune 

mediators (Figure 3J, L), all of which were dependent on IL-13 signaling through IL-4Rα+ 

hepatocytes and/or biliary cells. Furthermore, Ingenuity Pathway Analysis (IPA) revealed 

the key mediators induced by IL-13 signaling in Alb-cre− mice that were not active in Alb-
cre+ littermates (Figure 3K). These data establish that IL-13 alone can directly recapitulate 

key aspects of S. mansoni-driven pathology including fibrosis, DR, and steatosis. 

Furthermore, mice with non-functional IL-4Rα in hepatocytes and biliary cells displayed 

markedly reduced DR and steatosis but developed normal fibrosis, confirming the critical 

role of IL-13 and IL-4Rα signaling in these cell types for development of DR and steatosis, 

further supporting the growing data demonstrating IL-13 as a key pathogenic agent in a 

variety of human diseases.

 Direct IL-13 Signaling in Biliary Cells Induces DR and Steatosis, but not Fibrosis

Since the Alb-cre model induces recombination in both the hepatocyte and biliary 

compartments, we next utilized Il4raflox/floxKrt19WT/cre-ERT mice to restrict recombination 

to the adult biliary compartment (Means et al., 2008), allowing us to discern the distinct role 

of type-2 signaling in biliary cells. Il4raflox/floxKrt19WT/cre-ERT (Krt19-cre+) and Il4raflox/flox 

(Krt19-cre−) littermates were administered tamoxifen diet for 3 weeks prior to 13-OP 

injection to induce deletion of the IL-4Rα-floxed segments in cholangiocytes and HPCs, but 

not hepatocytes. This administration regimen resulted in specific recombination in 95.1 

± 2.6% of EpCAM+ cells (Figure S4A, B). After 1 week, 13-OP induced a significant 

fibrotic response in both the Krt19-cre+ and Krt19-cre− groups as evaluated by tissue 
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hydroxyproline content (Figure 4A), PSR staining (Figure 4B), and mRNA quantitation 

(Figure 4C), mirroring the results obtained with the Alb-cre expressing mice. EpCAM+ 

ductules in Krt19-cre− mice, but not Krt19-cre+, co-stained positive for Ki-67 expression, 

illustrating a direct and critical role for IL-13:IL-4Rα signaling in biliary cell proliferation 

(Figure 4D, E). Additionally, 13-OP induced severe steatosis in the Krt19-cre− mice but not 

the Krt19-cre+ mice, suggesting that the upstream initiator of the steatosis seen in the Alb-
cre− and Krt19-cre− mice is IL-13 signaling through the biliary compartment rather than 

through hepatocytes (Figure 4F, G). No significant differences were seen in survival (Figure 

S4C) and serum ALT and AST levels (Figure S4D) once again suggesting that differences in 

injury severity were not responsible for these changes.

To verify these results in an infectious setting, we subjected the Krt19-cre mice to a 12-week 

S. mansoni infection. Mice were administered tamoxifen diet during the course of infection 

to induce recombination. Similar to results from previous experiments using the Alb-cre 
models and the Krt19-cre 13-OP model, no significant differences in hydroxyproline content 

or PSR staining were observed between the two infected groups (Figure 4I, J). In contrast to 

the Alb-cre model, in which hepatocyte IL-4 and IL-13 signaling were disrupted, no 

differences in liver weight were observed between groups, again supporting previous work 

that has suggested that IL-4 acts directly on hepatocytes as a mitogen during injury (Goh et 

al., 2013) (Figure 4K). Similar to the other models, EpCAM+ ductules in Krt19-cre− mice, 

but not Krt19-cre+, co-stained positive for Ki-67 expression (Figure 4M, N). No significant 

differences in infection burden or serum ALT and AST were observed, ruling out that 

differences in DR are simply due to underlying differences in injury severity (Figure 4L, O). 

These data clearly establish that IL-13 signaling in biliary cells, not hepatocytes, results in 

DR and steatosis without affecting fibrosis (Figure 4H).

Since the Krt19-cre targets both cholangiocytes and HPCs in the adult liver, we next 

explored whether IL-13 could directly stimulate isolated HPCs. CD45− CD31− TER119− 

EpCAM+ CD24+CD133+ HPCs (Lu et al., 2015) were isolated from the livers of 

Il4Raflox/flox mice and stimulated with 50 ng/mL recombinant murine IL-13 or a vehicle 

control for 72 hours. IL-13 treatment caused cells to adopt a cuboidal shape with clearly 

defined cell boundaries (Figure S4E). Additionally, IL-13 treated cells proliferated more 

quickly than controls as assessed by Alamar blue reduction (Figure S4F). We employed 

microarray analysis to determine the pathways driven by IL-13 to establish the observed 

phenotype. More than 200 genes exhibited over 1.5-fold difference between the control and 

IL-13 treated groups (Figure S4G) including genes involved in Wnt and Notch signaling, 

key pathways in cholangiocyte differentiation, as well as immune cell trafficking and 

recruitment (Figure S4H). Taken together, these data suggest that IL-13 directs HPCs 

towards a cholangiocyte fate and recruits cells that have been shown to further contribute to 

cholangiocyte differentiation.

 IL-13 Signaling through PDGFRB+ Fibroblasts is Necessary for Type-2 Cytokine-
Mediated Fibrosis

Next, to address the question of whether IL-13 signaling through fibroblasts is necessary for 

type-2 cytokine-driven fibrosis and/or DR, we utilized Il4raflox/floxPdgfrbWT/cre (Pdgfrb-
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cre+) mice to disrupt IL-13 signaling in liver resident tissue fibroblasts, also known as 

hepatic stellate cells (HSCs). Previous work has demonstrated that within the liver, the 

Pdgfrb-cre induces recombination specifically in HSCs and not in endothelium, 

macrophages, hepatocytes, cholangiocytes, or T cells (Henderson et al., 2013). Furthermore, 

we isolated HSCs from wild type and Pdgfrb-cre+ mice and looked for the presence of native 

or recombined IL4Rα by genomic DNA genotyping and found efficiency of recombination 

approaching 100% (Figure S5A). We subjected these mice to 13-OP and GFP-OP injections 

and followed them for 7 days. Pdgfrb-cre+ mice were significantly protected from fibrosis as 

assessed by tissue hydroxyproline content (Figure 5A) and PSR staining (Figure 5B), 

providing direct evidence that IL-13 signaling in PDGFRB+ fibroblasts in vivo is critical for 

the development of fibrosis. mRNA expression showed significant upregulation of the 

fibrosis related transcripts Col6a1 and Postn in the Pdgfrb-cre− group compared to Pdgfrb-
cre+ littermates (Figure 5C). Furthermore, Pdgfrb-cre+ mice were significantly protected 

from mortality (S4B). Both groups exhibited marked microvesicular steatosis after 13-OP 

administration (Figure 5D). Despite the marked decrease in fibrosis and increased survival in 

the Pdgfrb-cre+ mice, both 13-OP groups exhibited EpCAM+Ki-67+ DR (Figure 5E, Figure 

S5C), further illustrating that DR and fibrosis are distinctly and independently regulated by 

IL-13.

In order to validate these results in a chronic disease setting, Pdgfrb-cre mice were infected 

with S. mansoni and followed for 12 weeks. Pdgfrb-cre+ mice were markedly protected from 

fibrosis as quantified by tissue hydroxyproline content (Figure 5F) and PSR staining (Figure 

5G). Despite the significant differences in fibrosis, no significant differences were seen in 

survival through week 12 (Figure S5D). Quantitation of mRNA expression by qPCR 

revealed a stronger type-2 cytokine effector response in the Pdgfrb-cre+ mice, likely due to 

the decreased expression of the neutralizing decoy receptor IL-13Rα2 by PDGFRB+ 

fibroblasts (Figure S5F). Despite the significant decrease in fibrosis in the Pdgfrb-cre+ mice, 

both groups exhibited extensive DR in the periphery of granulomas that co-stained 

EpCAM+Ki-67+ (Figure 5H, Figure S5E), clearly demonstrating that fibrosis and DR are 

independently regulated by IL-13 signaling through distinct cell types.

 IL-13 Signaling in Hepatocytes and Fibroblasts Assists in the Recruitment of 
Eosinophils

Previous studies have identified eosinophils as a source of IL-13 during chronic liver injury 

(Reiman et al., 2006). In this study, we observed a significant role for hepatocytes and 

PDGFRB+ fibroblasts in eotaxin-1 expression and the recruitment of eosinophils to the liver 

following type-2 cytokine-driven injury (Figure 6A–C). Although the results with Krt19-
cre+ mice revealed that IL-4Rα-expressing biliary cells had no significant role in eotaxin-1 

expression or eosinophil recruitment, the close proximity of PDGFRB+ periportal fibroblasts 

likely contributed to the marked accumulation eosinophils in areas surrounding bile ducts. 

Consequently, in addition to type 2 innate lymphoid cells (ILC2s) and T helper-2 (TH2) 

cells, eosinophils recruited by IL-4Rα-expressing hepatocytes and fibroblasts likely serve as 

sources of IL-13, which reinforce myofibroblast activation and DR following injury (Figure 

6D). As such, these findings reveal a link between hepatocytes, fibroblasts, and eosinophils 

in the development of fibrosis, DRs, and other pathologies of the liver.
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 IL-13 Driven DR Initiates Ductal Cholestasis Independently from Fibrosis

Cholestatic complications are a common feature of fibrotic liver diseases and can result in 

local necrosis and progression towards cancers such as hepatocellular or 

cholangiocarcinoma (Alison and Lovell, 2005; Park et al., 2007). Despite this, it is unknown 

whether cholestasis originates from stricture of bile ducts (obstructive cholestasis) or from 

other distinct mechanisms during the progression of IL-13-dependent fibrosis. In our various 

models of type-2 cytokine-driven liver damage, cholestasis was observed in the large 

branching ducts of cre- groups from each experiment, all of which exhibited both extensive 

fibrosis and DR (Figure 7A, B, C). Alb-cre+ and Krt19-cre+ mice, in which DR was 

eliminated but fibrosis was maintained, showed little evidence of cholesterol crystal 

precipitation, suggesting that excessive DR, rather than fibrosis, initiates cholestasis in 

response to IL-13 (Figure 7A, B). This hypothesis was further supported by the observation 

that Pdgfrb-cre+ mice, in which fibrosis was reduced to levels of naïve animals but DR 

proceeds unimpeded, exhibited marked ductal cholestasis, as evidenced by the precipitation 

of cholesterol crystals in the large branching ducts (Figure 7C). Furthermore, in all mice 

exhibiting DR, bile ducts proliferated to the point of occluding the bile duct lumen (Figure 

7D). Resin casting of the biliary tree in mice over-expressing IL-13 confirmed that these 

mice have strictures, presumably induced by excessive proliferation that results in a 

truncated biliary tree with many proliferative nodules, further supporting our hypothesis that 

excessive ductal proliferation rather than fibrosis results in cholestatic injury (Figure 7E, F). 

These discoveries emphasize that strategies utilizing type-2 cytokine driven repair and 

regeneration will need to be finely tuned and targeted to prevent these potentially serious 

complications.

 Discussion

Some studies have suggested that IL-13 promotes fibrosis by increasing autocrine CTGF 

signaling in fibroblasts and by induction of the pro-fibrotic cytokine TGF-β1 via IL-13Rα2 

signaling (Liu et al., 2011; Shimamura et al., 2008; Sugimoto et al., 2005). However, studies 

with neutralizing anti-TGF-β antibodies, soluble TGF-βR-Fc, and Tg mice (Smad3−/− and 

TGF-βRII-Fc), have suggested that IL-13 can induce fibrosis independently from TGF-β. 

Il13ra2−/− mice were also found to develop significantly worse IL-13 driven fibrosis than 

WT littermates, shedding further doubt on the importance of IL-13Rα2 triggered TGF-β1 

expression (Chiaramonte et al., 2003). Instead, related studies have argued for a direct role 

for IL-4Rα:IL-13Rα1 triggered STAT6-signaling in the development of type-2 cytokine 

driven fibrosis (Wynn, 2015). However, whether IL-13 driven fibrosis is induced by direct 

targeting of fibroblasts in vivo or by other intermediate cell types and signaling mechanisms 

has remained unknown until this study. Here, we provide unequivocal evidence that IL-13 

must engage fibroblasts directly to promote fibrosis and that disruption of this signaling 

pathway in PDGFRB+ HSCs is sufficient to reduce fibrosis to levels found in naïve animals. 

Furthermore, these studies establish that DR is completely uncoupled from fibrosis. During 

chronic type-2 cytokine-driven injury, circulating IL-13 directly targets both fibroblasts and 

biliary cells, resulting in the activation of ECM-producing myofibroblasts and concurrent 

DR, thus finally resolving the enigmatic correlation between DRs and fibrosis.
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Together, these studies have revealed the distinct cell types targeted by IL-13 that 

concurrently drive hepatobiliary fibrosis, proliferation, steatosis, and associated pathologies. 

The duration and magnitude of the IL-13 response likely dictates whether the resulting 

repair response is adaptive or maladaptive. For example, in schistosomiasis, the fibrotic 

response initially encapsulates parasite eggs to prevent hepatocyte damage from cytotoxic 

egg antigens; however, during chronic infection, excessive accumulation of extracellular 

matrix components ultimately impedes blood flow, thus exacerbating damage.

Similarly, we have shown that IL-13 can act directly on bile duct epithelial cells 

(cholangiocytes) in vivo and promote HPC differentiation towards a cholangiocyte fate in 
vitro. During acute hepatic injury, local sources of IL-13 may assist in regeneration by 

prompting a transient proliferation of cholangiocytes to replace damaged ducts. However, in 

chronic cases where tissue-damaging irritants cannot be cleared, or during adaptive TH2 

cell-driven immune responses such as those present during chronic parasitic diseases, 

ductular proliferation can become maladaptive, predisposing to cholestatic complications as 

evidenced by the rapid occlusion of bile ducts and precipitation of cholesterol crystals within 

the large branching ducts.

The fact that steatosis was not seen in Alb-cre+ and Krt19-cre+ mice, which have impaired 

DR but normal fibrosis, but was present in Pdgfrb-cre+ mice, which have extensive DR yet 

minimal fibrosis, supports the conclusion that steatosis is caused by IL-13-driven ductular 

occlusion rather than a result of severe fibrotic complications and fibrosis-driven ductal 

stricture. Furthermore, since steatosis failed to develop in both Alb-cre+ (impaired IL-13 

signaling through hepatocytes) and Krt19-cre+ mice (normal IL-13 signaling in 

hepatocytes), one can rule out that cholestatic steatosis is induced by metabolic changes due 

to IL-13-driven STAT6 (Ricardo-Gonzalez et al., 2010) or IL-13-driven STAT3 (Stanya et 

al., 2013) signaling in hepatocytes as has been suggested previously. Instead, we posit that 

malabsorbtion of fat, due to lack of bile flow to the intestine secondary to IL-13 driven 

ductal occlusion, results in the induction of a lipogenic program within hepatocytes to 

compensate for lack of dietary fat, resulting in the steatotic appearance of hepatocytes in 

mice with DR. These findings are consistent with the steatosis that develops in rats during 

experimental bile duct ligation (Lin et al., 2011) and in human patients with extrahepatic 

cholestasis (Schaap et al., 2009). Indeed, our mice developed decreased glucokinase, 

decreased Cyp7a1, increased Fgf21, decreased glucose, and increased triglycerides, features 

commonly observed in patients with extrahepatic cholestasis.

We further hypothesize that the downregulation of the bile acid biosynthesis pathway may 

be part of a previously unappreciated feedback loop to mitigate the cholestatic damage 

ensuing from counterproductive DR. Surprisingly, we find no evidence of hepatocytic 

cholestasis despite the fact that we have ample evidence of obstructive cholestasis, likely due 

to the downregulation of bile acid synthesis secondary to bile duct occlusion. These data 

may explain the previously underappreciated link between ductular and lipid abnormalities 

that has been noted in patients with primary biliary cirrhosis (Sorrentino et al., 2010) and 

warrant further detailed investigation into the metabolic changes induced by IL-13-driven 

DR in the context of chronic fibrosis.
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In summary, we have shown that IL-13 simultaneously, yet independently, directs fibrosis 

and hepatobiliary proliferation in both an infection induced and a sterile model of liver 

fibrosis. These IL-13-driven pathways likely represent an evolutionary response to preserve 

liver function during the course of chronic inflammatory liver disease. Nevertheless, during 

a relentless type-2 cytokine-driven disease, these regenerative responses quickly evolve into 

maladaptive processes as fibrosis and DRs accrue, and the associated steatosis and 

cholestasis worsen. It has been noted that between 80–90% of liver transplants experience 

major bile duct epithelium loss during the procedure, resulting in serious complications in 

up to 40% of patients (Karimian et al., 2013). Thus, these findings are of considerable 

interest to clinical and translational medicine because they reveal both the potential 

therapeutic and biomarker potential of IL-13 signaling in cholangiocyte differentiation and 

biliary regeneration and the potential risks associated with IL-13 modulation in the liver. 

Particularly, we believe the insights gained from this work demonstrating the possibility of 

decoupling the IL-13-driven proliferative processes from tissue fibrosis will be instrumental 

in developing cell-targeted therapies exploiting these specific pathways.

 Experimental Procedures

 Ethics Statement

The National Institute of Allergy and Infectious Diseases Division of Intramural Research 

Animal Care and Use Program, as part of the National Institutes of Health Intramural 

Research Program, approved all of the experimental procedures (protocol LPD 16E). The 

Program complies with all applicable provisions of the Animal Welfare Act (http://

www.aphis.usda.gov/animal_welfare/downloads/awa/awa.pdf) and other federal statutes and 

regulations relating to animals.

 Mice

Il4raflox/flox mice were kindly provided by Dr. Frank Brombacher (University of Cape Town; 

Cape Town, South Africa). Albcre/cre mice were purchased from Jackson Laboratories. 

Krt19creERT/creERTRosa26tdTomato/tdTomato mice were kindly provided by Prof. Stuart Forbes 

(University of Edinburgh, Edinburgh, UK) and were generated by Dr. Guoqiang Gu (Means 

et al., 2008). Pdgfrbcre/cre mice were kindly provided by Dr. Neil Henderson (University of 

Edinburgh, Edinburgh, UK) and were generated by Dr. Ralf Adams (Foo et al., 2006). Il4−/− 

mice were kindly provided by Dr. William E. Paul (NIAID, NIH). Il13−/− mice were kindly 

provided from Dr. Andrew Mckenzie (MRC Laboratory of Molecular Biology). Il13ra1−/− 

mice were kindly provided by Regeneron Pharmaceuticals Inc. (Tarrytown, NY). Il33−/− 

mice were kindly provided by Amgen Inc. (Seattle, WA).

All animals were housed under specific pathogen-free conditions at the National Institutes of 

Health in an American Association for the Accreditation of Laboratory Animal Care-

approved facility. Experiments used littermates (both sexes) between 8–16 weeks of age 

unless otherwise noted.
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 S. Mansoni Infection

Mice were infected percutaneously by suspending tails in water containing 35 S. mansoni 
cercariae for 45 minutes. Cerceriae were obtained by shedding infected Biomphalaria 
glabrata snails (Biomedical Research Institute; Rockville, MD). At the time of euthanasia, 

livers were perfused to determine worm burden and were removed for subsequent analyses.

 Plasmid Overexpression

IL-13 and eGFP overexpression plasmids were produced by GenScript USA Inc. 

(Piscataway, NJ) by ligating the ORFs for IL-13 (NM_008355) and eGFP into the multi-

restriction site of a pRG977 vector (kindly provided by Regeneron Pharmaceuticals Inc.). 

Hydrodynamic delivery was performed as described previously (Liu et al., 1999).

 Isolation of Murine Non-parenchymal Cell Fraction and Purification of HPCs

HPCs were isolated and cultured as has been described previously (Lu et al., 2015).

 Histological Quantification

Quantification of EpCAM positivity and Ki-67 co-expression was conducted in ImageJ. An 

intensity filter was used to determine the percent positivity of at least 3, 20× views for each 

sample. Eosinophils stained with the Wright-Giemsa method and bile duct numbers were 

scored by a blinded pathologist. Blinding was achieved by covering group labels, 

randomizing slides, and replacing with labels with numbers. For S. mansoni infections, at 

least 5 granulomas were scored for each sample. For plasmid overexpression experiments, at 

least 5, 20× views were scored for each sample. ORO pixel percentage was quantified using 

Leica Aperio Scanscope Software.

 Statistical Analyses

Prism 6 was used to compute statistical analyses. Two-tailed Welch’s t-tests were used to 

determine statistical significance between the majority of samples. Samples with very large 

deviation between means (due to overexpression vectors) used Mann-Whitney U-tests to 

determine significance. Survival was compared using log-rank (Mantel-Cox) tests. Initial 

group sizes were estimated based on previous study variance and expected mortality. No 

statistical methods were used to predetermine sample size. Randomization during processing 

was achieved by processing mice according to cage (cre− and cre+ littermates were not 

separated). Mice were excluded from 13-OP studies if IL-13 overexpression was not 

detected by qPCR at time of euthanasia.

 Microarrays

RNA isolated as described above was submitted to the NIAID Research Technologies 

Branch who performed microarray analyses using MouseWG-6 v2.0 and MouseRef-8 v2.0 

arrays. Subsequent analyses were performed using TM4 MeV microarray software suite. 

Welch’s t-tests were used to generate volcano plots (p < 0.05) from which list subsets were 

generated by using fold-difference cutoffs. Microarray data have been uploaded to the Gene 

Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the accession numbers 
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GSE70704 and GSE70705. Fold change values were uploaded to Ingenuity Pathway 

Analysis (Qiagen) to determine potential upstream regulators.

Please refer to the Supplemental Experimental Procedures and Table S1 for additional in 

depth methods.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-4 and/or IL-13 Signaling in Hepatocytes and/or Biliary Cells Drive DR
(A) Hydroxyproline quantitation of naïve mice and mice infected with S. mansoni for 10 or 

18 weeks. N-values left to right: n = 5, 5, 8, 7, 12, 11. (B) Picrosirius red (PSR) stain in mice 

infected for 18 weeks. (C) DAB-EpCAM immunohistochemistry of mice infected for 10 and 

18 weeks highlighting peri-granuloma DR. (D) Quantitation of EpCAM+ pixels per 

randomly chosen 20× microscopic field view. N-values left to right: n = 9, 9, 11, 15, 10, 14. 

(E) Quantitation of liver weights of naïve mice and mice infected for 10 or 18 weeks. N-

values left to right: n = 5, 5, 8, 7, 12, 11. (F) Quantitation of DR as assessed by percentage 

of EpCAM+ cells per randomly chosen 20× microscopic field view co-expressing Ki-67 at 

18 weeks. N-values left to right: n = 9, 9. (G) Quantification of serum alanine transaminase 

(ALT) and aspartate transaminase (AST). N-values left to right: n = 40, 41, 24, 29, 16, 11, 9, 

7. (H) Ki-67 and EpCAM immunostaining with DAPI nuclear counterstain of mice infected 

for 18 weeks. (I) ORO staining highlighting microvesicular lipid droplets after 18 weeks. (J) 

Alb-cre− animals exhibit DR, steatosis, and fibrosis after infection with S. mansoni. In 

contrast, Alb-cre+ animals, in which IL-4 and IL-13 signaling is blocked in hepatocytes and 

cholangiocytes, do not develop significant DR or steatosis yet still have significant fibrosis. 

(Note) Results representative of three replicate experiments; All scale bars 100 µm; SME: 

non-specific staining due of S. mansoni eggs; DR: Ductular Reaction; results reported as 

mean ± S.E.M.; p*<0.05, p**<0.01, p***<0.001, p****<0.000; Please also see Figure S1.
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Figure 2. IL-13 is Necessary for DR during S. Mansoni Infection
Wright-Giemsa staining of 18-week infected (A) Alb-cre− and (B) Alb-cre− mice, and 12-

week infected (C) Il13ra1−/−, (D) Il13−/−, (E) Il4−/− mice highlighting bile ducts. (F) 

Quantitation of number of bile ducts pixels per randomly chosen 20× microscopic field 

view. N-values left to right: n = 35, 40, 70, 40, 15, 75. Data is presented as mean ± SEM of 

at least 5 fields per mouse from at least 3 mice per group. (G) Schematic illustrating the 

signaling pathways blocked and active in each of the genetically ablated models. Il13ra1−/− 

mice, in which all IL-13 signaling is blocked and IL-4 can only signal through the type-1 

receptor complex, fail to develop DR, demonstrating that the type-1 receptor is not involved 

in DR. Similarly, Il13−/− mice, in which IL- 4 signaling is normal, fail to develop DR, 

demonstrating that IL-4 is not involved in DR. However, Il4−/− mice, in which IL-13 

signaling is normal, develop florid DRs, suggesting a crucial role for IL-13 in the 

pathogenesis of DR. (Note) Results representative of three replicate experiments. All scale 

bars 100 µm; Arrows highlight bile ducts; p*<0.05, p**<0.01, p***<0.001, p****<0.0001; 

please also see Figure S2.
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Figure 3. IL-13 Signaling in Hepatocytes and/or Biliary Cells Induces DR
(A) Quantitation of mRNA expression by qPCR of IL-13 responsive genes relative to 18S of 

mice injected with an eGFP or IL-13 overexpression plasmid after 9 days. N-values left to 

right: n = 5, 5, 8, 6. (B) Assessment of collagen deposition by hydroxyproline quantitation. 

N-values left to right: n = 5, 5, 8, 6. (C) PSR staining visualizing fibrotic deposition. (D) 

Quantitation of DR as percentage of EpCAM+ cells per randomly chosen 20× microscopic 

field view co-expressing Ki-67. N-values left to right: n = 9, 9. (E) Quantitation of 

percentage of ORO strong positive pixels per randomly selected 20× view. N-values left to 
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right: n = 9, 9. (F) Quantification of serum triglycerides taken at the time of euthanasia. N-

values left to right: n = 8, 6. (G) Ki-67 and EpCAM immunostaining with DAPI nuclear 

counterstain of IL-13 overexpression mice. (H) ORO staining highlighting steatotic lipid 

droplets of IL-13 overexpression mice. (I) Subset of Illumina Beadchip microarray analysis 

showing genes selected using the following criteria: p < 0.01 (Welch’s t-test, Alb-cre+ IL-13 

v. Alb-cre– IL-13), |Fold Difference| > 2 (Alb-cre+ IL-13 v. Alb-cre– IL-13). (J) Select 

pathways significantly perturbed by IL-13 signaling through Alb+ cells (p < 0.01). (K) 

Ingenuity Pathway Analysis was utilized to identify differences in key downstream 

downstream mediators of metabolism, senescence, and bile acid synthesis in the Alb-cre– 

mice compared to the Alb-cre+ mice. (L) Quantitation of mRNA expression by qPCR of 

select metabolism, bile synthesis, excretion, and inflammation-related genes identified by 

microarray analysis. N-values left to right: n = 5, 5, 8, 6. (Note) Data representative of two 

replicate experiments reported as mean ± S.E.M.; All scale bars 100 µm; Arrows point to 

bile ducts; p*<0.05, p**<0.01, p***<0.001, p****<0.0001; Please also see Figure S3.
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Figure 4. Direct IL-13 Signaling in Krt19+ Cells Induces DR and Steatosis
(A) Hydroxyproline quantitation of mice injected with an eGFP or IL-13 overexpression 

plasmid after 1 week. N-values left to right: n = 3, 4, 4, 6. (B) PSR staining visualizing 

quality of fibrotic deposition. (C) Quantitation of mRNA expression by qPCR of IL-13 

responsive genes relative to 18S. N-values left to right: n = 3, 4, 4, 6. (D) Quantitation of DR 

as assessed by percentage of EpCAM+ cells per randomly chosen 20× microscopic field 

view co-expressing Ki-67. N-values left to right: n = 9, 9. (E) Ki-67 and EpCAM 

immunostaining with DAPI nuclear counterstain of IL-13 overexpression mice. (F) 
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Quantitation of percentage of ORO strong positive pixels per randomly selected 20× view. 

N-values left to right: n = 9, 9. (G) ORO staining highlighting steatotic lipid droplets of 

IL-13 overexpression mice after 9 days. (H) Krt19-cre− animals exhibit DR, steatosis, and 

fibrosis after 13-OP. In contrast, Krt19-cre+ animals, in which IL-13 signaling is blocked in 

cholangiocytes, but not hepatocytes and other cells, do not develop significant DR or 

steatosis, yet still have significant fibrosis. (I) Hydroxyproline quantitation of infected with 

S. mansoni for 12 weeks. N-values left to right: n = 14, 8. (J) PSR staining visualizing 

quality of fibrotic deposition. (K) Quantitation of liver weights of mice infected for 12 

weeks. N-values left to right: n = 14, 8. (L) Infection Burden as assessed by number of 

mature worm pairs recovered after perfusion of the liver at time of euthanasia. N-values left 

to right: n = 14, 8. (M) Quantitation of DR as assessed by percentage of EpCAM+ cells per 

randomly chosen 20× microscopic field view co-expressing Ki-67. N-values left to right: n = 

8, 10. (N) Ki-67 and EpCAM immunostaining with DAPI nuclear counterstain of infected 

mice. (O) Quantification of serum alanine transaminase (ALT) and aspartate transaminase 

(AST) obtained at the time of euthanasia. N-values left to right: n = 14, 8. (Note) Data 

representative of two replicate experiments; All scale bars 100 µm; Arrows point to bile 

ducts; p*<0.05, p**<0.01, p***<0.001, p****<0.0001; Please also see Figure S4.
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Figure 5. IL-13 Signaling through PDGFRB+ Fibroblasts is Necessary for IL-13 Driven Fibrosis
(A) Hydroxyproline quantitation of mice injected with an eGFP or IL-13 overexpression 

plasmid after 1 week. N-values left to right: n = 3, 3, 4, 8. (B) PSR staining visualizing 

fibrotic deposition. (C) Quantitation of mRNA expression by qPCR of IL-13 responsive 

genes relative to 18S. N-values left to right: n = 3, 3, 4, 8. (D) ORO staining highlighting 

steatotic lipid droplets of IL-13 overexpression mice after 9 days. (E) Ki-67 and EpCAM 

immunostaining with DAPI nuclear counterstain of IL-13 overexpression mice highlighting 

DR. (F) Hydroxyproline quantitation of mice infected with S. mansoni for 12 weeks. N-

values left to right: n = 6, 4. (G) PSR staining in mice infected for 12 weeks. (H) Ki-67 and 

EpCAM immunostaining with DAPI nuclear counterstain of mice infected for 12 weeks. (I) 

Schematic illustrating the different cell types targeted by IL-13 and downstream 

phenomenon related to each cell type. (Note) S. mansoni data representative of two replicate 

experiments; All scale bars 100 µm; p*<0.05, p**<0.01, p***<0.001, p****<0.0001; Please 

also see Figure S5.
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Figure 6. IL-13 Signaling in Hepatocytes and Fibroblasts Assists in the Recruitment of 
Eosinophils
(A) Wright-Giemsa Staining used to quantify eosinophils (pink staining). (B) Quantitation 

of number of eosinophils per randomly chosen 20× microscopic field view. Data is presented 

as mean ± SEM of 5 fields per mouse from at least 3 mice per group. (C) Quantitation of 

eotaxin-1 (Ccl11) mRNA expression by qPCR relative to 18S. N-values left to right: Alb-
cre: n = 5, 5, 8, 6; Krt19-cre: n = 3, 4, 4, 6; Pdgfrb-cre: n = 3, 3, 4, 8. (D) Schematic 

illustrating the role of fibroblasts and hepatocytes in recruiting eosinophils through the IL-13 
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induced expression of eotaxin-1. (Note) All scale bars 100 µm; Arrows point to bile ducts; 

p*<0.05, p**<0.01, p***<0.001, p****<0.0001.
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Figure 7. IL-13 Driven DR Initiates Ductal Cholestasis Independently from Fibrosis
PSR staining visualizing fibrotic deposition and highlighting the accumulation of yellow 

cholesterol crystals in (A) Alb-cre−, (B) Krt19-cre−, and (C) both Pdgfrb-cre− and Pdgfrb-
cre+ mice. (D) EpCAM and Ki-67 co-staining highlighting bile ducts in 13-OP mice that 

proliferate to the point of occlusion (arrow). (E) Resin casting of biliary trees from WT and 

13-OP mice demonstrating a truncated biliary tree in 13-OP treated mice as a result of 

proliferation- induced ductal occlusion. (F) Schematic illustrating the role of DR in inducing 

cholestasis by occlusion of large branching ducts, and subsequent induction of a pro-

lipogenic program within hepatocytes. (Note) All scale bars 100 µm; Please also see Figure 

S6.
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