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SUMMARY
Hepatocellular carcinoma (HCC) represents a classic example of inflammation-linked cancer. To characterize
the role of the immune system in hepatic injury and tumor development, we comparatively studied the extent
of liver disease and hepatocarcinogenesis in immunocompromised versus immunocompetent Fah-deficient
mice. Strikingly, chronic liver injury and tumor development were markedly suppressed in alymphoid Fah�/�

mice despite an overall increased mortality. Mechanistically, we show that CD8+ T cells and lymphotoxin
b are central mediators of HCC formation. Antibody-mediated depletion of CD8+ T cells as well as pharma-
cological inhibition of the lymphotoxin-b receptor markedly delays tumor development in mice with chronic
liver injury. Thus, our study unveils distinct functions of the immune system, which are required for liver
regeneration, survival, and hepatocarcinogenesis.
INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most lethal and

prevalent cancers worldwide and has recently become the sec-

ond most common cause for cancer-related death in humans. In

contrast to many other cancers, its incidence increases annually

by 1.75% in the Western world. HCC is commonly caused by

hepatitis B and C infections (�75%), and is less frequently asso-
Significance

Tumors frequently arise in the context of inflammation, which is
of malignancies. Although activation of different cytokines ha
linking inflammation and hepatocarcinogenesis remain elusiv
ambiguous role in chronic liver disease; while infiltrating lymph
development, they also protect mice from acute-on-chronic live
be tightly regulated in a context-specific fashion to balance imm
tumor-promoting pathways such as LTb might be an attractiv
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ciated with chronic exposure to toxins or hereditary liver dis-

eases (El-Serag et al., 2008). Although many studies have

reported significant alterations in inflammatory cells and in the

expression of different cytokines in liver cirrhosis and HCC, the

critical components linking inflammation and hepatocarcinogen-

esis are only beginning to be unraveled.

The liver is heavily populated by immune cells, including mac-

rophages, natural killer (NK) cells, NKT cells, and CD4+ and CD8+
increasingly recognized as a key factor in the pathogenesis
s been reported in liver diseases, the critical components
e. We demonstrate that lymphocytes play a decisive, yet
ocytes mediate hepatocyte damage, liver fibrosis, and tumor
r failure. Our data illustrate that the immune system needs to
une surveillance and cancer risk. We propose that targeting

e chemopreventive strategy for patients at risk.
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T cells. The co-residence of these immune cells in the liver cre-

ates a unique environment that regulates liver homeostasis.

Experimental studies with rodents suggest that T and NK cells

are not only required to eliminate pathogenic microorganisms

but that they also regulate liver regeneration by supporting

proliferation of hepatocytes and hepatic progenitor cells under

non-infectious conditions (Strick-Marchand et al., 2004; Tuma-

nov et al., 2009). Moreover, sustained inflammation may not

only create an environment in which the continuous presence

of pro-proliferative stimuli ultimately leads to liver fibrosis

and cirrhosis, but may also contribute to the malignant trans-

formation of hepatocytes. In this regard, there is evidence

that lymphocyte-derived cytokines such as lymphotoxin b

(LTb) and tumor necrosis factor-a (TNF-a) are involved in viral

hepatitis and cholestasis-induced hepatocarcinogenesis, as

well as in the progression of non-alcoholic steatohepatitis to

HCC (Haybaeck et al., 2009; Pikarsky et al., 2004; Wolf et al.,

2014).

On the contrary, the immune system is able to launch a potent

anti-tumor response in the process of liver carcinogenesis,

exemplified by the observation that progression of hepatic tu-

mors is strikingly enhanced in T and B cell-deficient Rag1�/�

mice upon treatment with the chemical carcinogen DEN

(Schneider et al., 2012). Similarly, impaired immune surveillance

of pre-malignant senescent hepatocytes has been shown to lead

to the development of murine HCCs, suggesting that senes-

cence surveillance is important for tumor suppression in the liver

(Kang et al., 2011; Ma et al., 2016).

To further delineate the role of the immune system in the liver

during chronic injury and to specify its role in the initiation and

progression of HCC, we used a mouse model of hereditary tyro-

sinemia type 1 (HT1). HT1 is an autosomal recessive human

disease caused by a genetic inactivation of the enzyme fumary-

lacetoacetate hydrolase (FAH), which catalyzes the last step in

the tyrosine degradation and is predominantly expressed in liver

and kidneys. This defect leads to an accumulation of toxic me-

tabolites such as fumarylacetoacetate (FAA), which subse-

quently causes acute and chronic liver failure (Grompe et al.,

1993). The drug NTBC (2-[2-nitro-4-(trifluoromethyl)benzoyl]

cyclohexane-1,3-dione, or Nitisinone), which blocks the path-

way upstream of FAA formation, is used to treat patients with

HT1 and prevents liver injury in Fah�/� mice (Grompe et al.,

1995; Mayorandan et al., 2014). The murine model of Fah-defi-

ciency reliably mirrors the inflammatory environment of the hu-

man disease and is therefore suitable to delineate the divergent

roles of immune cells in chronic liver injury, and has been exten-

sively used to study liver carcinogenesis and regeneration (Bui-

trago-Molina et al., 2009; Marhenke et al., 2008; Willenbring

et al., 2004, 2008).

RESULTS

Activation of the Intrahepatic Immune Cells in
FAA-Induced Liver Injury
HCC represents a classic case of inflammation-linked cancer,

and chemically or genetically induced HCC is highly dependent

on inflammatory signaling. Repeated flares of injury typically

characterize chronic human liver diseases. Using the FAHmodel

as a surrogate for chronic liver disease, we first aimed to pheno-
type the infiltrating immune cells upon repeated FAA-induced

liver injury. As described in detail in Figure S1, NTBC was with-

drawn for 3 weeks and subsequently re-administered for

5 days to allow recovery and liver regeneration. Flares of liver

injury were repeated up to six times. FAA-induced liver injury

was accompanied by a strong increase in CD3+ CD4+ and

CD3+ CD8+ T cells compared with mice on 100% NTBC,

whereas B220+ CD19+ B cells remained unchanged (Figures

1A and 1D). The majority of CD4+ and CD8+ T cells were effector

memory T cells (CD44hi CD62Llo) and also expressed CD69 as a

marker of T cell activation (Figures 1B and 1C). In addition, we

observed a non-significant increase in (CD3� NK1.1+) NK and

(CD3+ NK1.1+) NKT cells (Figures 1E and 1F).

Following acute liver injury, infiltrating bone marrow-derived

monocytes massively expand the pool of macrophages. Resi-

dent Kupffer cells and infiltrating macrophages are CD11b-

and F4/80-expressing cells in mice. Here, liver injury was

accompanied by a strong increase of myeloid cells as shown

by F4/80 fluorescence-activated cell sorting (FACS) analysis

and CD11b and F4/80 immunostaining (Figures 1G and 1H).

FACS analysis of the spleen and blood revealed a similar activa-

tion of immune cells suggesting a systemic immune response

(data not shown).

The Adaptive Immune System Is Required for the
Survival of Fah-Deficient Mice with Liver Injury
We chose to take a comprehensive approach to address the

impact of the immune system on chronic liver injury. Fah�/�

Rag2�/� Il2rg�/� (FCR) mice, which lack all lymphoid cells

including NK and NKT cells, were generated. Healthy FCR

mice on 100% NTBC treatment did not display any overt

morphological or biochemical phenotype. Flares of liver injury

were induced by repeated NTBC withdrawal in Fah�/� and

FCR mice. In the Fah�/� cohort, 55% of experimental animals

survived the repeated NTBC withdrawal (median overall sur-

vival z121 days, n = 31) (Figure 2A). Survival of FCR mice was

dramatically reduced compared with Fah�/� mice (median over-

all survival z31 days, n = 35, hazard ratio [HR] 0.31, p % 0.05).

Approximately 70% of the FCR mice died within the first

2 months, thus implicating that the immune system serves an

important pro-survival function during chronic liver injury.

To further delineate the role of the immune system in FAA-

induced liver injury, we comparatively analyzed livers of Fah�/�

and FCRmice following the second course of NTBC withdrawal.

As expected, H&E staining revealed moderate to severe acinar

inflammation, numerous ballooned, and some dysplastic hepa-

tocytes with nuclear polymorphism and multi-nucleation in

Fah–/– mice without NTBC (0%) treatment (Figure 2B). Necrosis

was the main mechanism of hepatocyte death and there was

hardly any evidence of apoptosis, with only a few scattered

TUNEL- and cleaved caspase 3-positive hepatocytes (Fig-

ure 2C). Elevated bilirubin and aspartate transaminase (AST)

levels accompanied histological liver injury (Figures 2D and

2E). In contrast, liver damage was significantly reduced in the

surviving FCR mice. To histologically quantify and compare

chronic liver injury we assessed themodified Ishak Score, further

confirming a markedly increased histological remodeling in the

livers of Fah�/� mice compared with immunosuppressed FCR

mice (Figure 2E). Accordingly, bilirubin and transaminase levels
Cancer Cell 30, 308–323, August 8, 2016 309



Figure 1. Activation of the Immune System in Fah–/– Mice

(A–F) Fah�/� mice were either exposed to two courses of NTBC withdrawal (0% NTBC) and re-supplementation or continuously kept on 100% NTBC.

(A) Representative IHC and corresponding quantification of liver-infiltrating CD3+, CD4+, and CD8+ cells. Flow cytometric analysis of T cells (CD4+ and CD8+),

(D) B cells (B220+ CD19+), (E) NK cells (CD3�NK1.1+), and (F) NKT cells (CD3+ NK1.1+) following NTBCwithdrawal. Immunophenotyping of (B) CD4+ and (C) CD8+

T cells for the homing marker CD62L and CD44 and the activation marker CD69 by FACS.

(G) Representative IHC on liver sections for the myeloid cell markers CD11b and F4/80.

(H) Boxplots depict the increase in F4/80+ cells quantified in area or assessed by FACS analysis (relative to controls). Magnified views from IHC are shown in

boxes.

Data represent mean ± SD (or ±SEM for B cells’ plot) or median with whiskers from 10th to 90th percentiles. *p % 0.05. Scale bars represent 100 mm. See also

Figure S1.
were only marginally increased in the serum of FCR mice

(Figures 2D and 2E). We have previously shown that FAA-

induced liver damage leads to a strong, protective activation of

the Nrf2 pathway, reflected by the increased expression of
310 Cancer Cell 30, 308–323, August 8, 2016
NAD(P)H dehydrogenase 1 (NQO1) and heme oxygenase-1

(HO-1) (Marhenke et al., 2008). Both proteins were significantly

upregulated in livers of cycled Fah�/� and FCR mice (Figure S2),

indicating that hepatocytes in Fah�/� and FCR mice experience



Figure 2. The Adaptive Immune System Is Required for the Survival of Fah-Deficient Mice with Liver Injury

(A) Fah�/� and FCR mice were cycled six times. Kaplan-Meier plot shows the reduced survival of FCR mice compared with immunocompetent Fah�/� mice

(median overall survival [mOS] = 121 and 31 days, respectively).

(B–E) Fah�/� and FCRmice were cycled two times (0%) or kept on 100%NTBC. Representative images fromH&E (B), TUNEL and cleaved caspase-3 (C) staining

on liver sections were taken. (D and E) Markers of cholestasis (bilirubin) and hepatocyte injury (AST) are almost exclusively elevated in the serum of Fah�/� mice

undergoing repeated NTBC withdrawal. (E) The modified Ishak Score was assessed to histologically quantify inflammation and fibrosis.

(legend continued on next page)
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a similar degree of oxidative stress inflicted by the accumulation

of FAA.

Long-term FAA-induced liver injury caused progressive biliary

fibrosis in Fah�/�mice. Extensive interstitial collagen deposition,

determined by Sirius red staining, and an increase of a-smooth

muscle actin (a-SMA)-positive stellate cells was evident in

Fah�/� mice after six courses of NTBC withdrawal (Figure 2F).

The degree of fibrosis was quantified by measuring the hepatic

content of hydroxyproline, which was significantly elevated in

livers of cycled Fah�/� mice compared with healthy mice on

100% NTBC (Figure 2F, p % 0.05). In agreement with the signif-

icantly reduced liver damage, there was no evidence of liver

fibrosis in FCR mice (Figure 2F).

To understand the increased mortality in FCR mice despite

less pronounced liver injury in mice with long-term survival, we

harvested several mice when showing signs of rapidly deterio-

rating health and weight loss of more than 20%. Macroscopi-

cally, livers of moribund mice appeared pale. Contrary to our

observations in healthy FCRmice undergoing NTBC withdrawal,

H&E and TUNEL staining revealed massive hepatic necrosis and

apoptosis without any signs of liver regeneration, suggesting

that these mice died from acute-on-chronic liver failure (Fig-

ure 2G). Areas of liver necrosis were surrounded and infiltrated

by neutrophils. Livers from moribund mice of both cohorts

showed a comparable histology, independent of whether the

mice required euthanasia after days or weeks of repetitive

cycling. No bacteria or fungi were detected in livers of harvested

mice byGramor silver staining (data not shown). Moreover, there

were no signs of hepatic vascular or perfusion disorder in mice of

both genotypes.

Together, these data indicate that the immune system has a

context-dependent role, which is exemplified by the observa-

tions that Fah�/� mice that survive over 4 months display more

pronounced liver injury and fibrosis in comparison with immuno-

suppressed FCR mice. On the contrary, the adaptive immune

system prevents early death in immnocompetent Fah�/� mice,

while 70% of FCR mice die within 2 months.

The Adaptive Immune System Is Not Required for Liver
Regeneration in Fah-Deficient Mice with Liver Injury
We have previously shown that complete NTBC withdrawal re-

sults in a strong induction of p21 protein expression, leading to

an almost complete cell-cycle arrest in Fah-deficient hepato-

cytes (Buitrago-Molina et al., 2013; Willenbring et al., 2008).

Accordingly, a pronounced activation of the p21 pathway and

almost no Ki67-positive hepatocytes were observed in Fah�/�

mice after NTBC withdrawal (second cycle) despite a clear in-

duction of cyclin D1 (Figures 3A and 3B). In the recovery phase,

a dramatic increase of proliferating hepatocytes was evident

(Figure 3A) (Ki67 labeling index of 36.6% in mice re-supple-

mented with NTBC compared with 0% in mice taken off

NTBC, p % 0.05). These findings were further confirmed by
(F) Livers from Fah�/� and FCR mice were harvested after six cycles. Sirius red a

Fah�/� mice, correlating with an increase in hepatic hydroxyproline content.

(G) Fah�/� and FCR mice were harvested upon signs of deteriorating health. Mac

(TUNEL) without proliferating hepatocytes (Ki67).

Data represent means ± SD or median with whiskers from 10th to 90th percentile

(5 mm). See also Figure S2.
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increased bromodeoxyuridine incorporation and histone H3

phosphorylation (data not shown). Comparable results were ob-

tained in FCR mice upon NTBC withdrawal and reconstitution.

However, in agreement with the reduced liver injury in FCR

mice, the proliferation rate of hepatocytes in response to

NTBC re-supplementation was significantly lower than in Fah�/�

mice (Figure 3A, p % 0.05).

It is generally accepted that increased proliferation of hepato-

cytes is a key contributor to liver regeneration. In addition, hyper-

trophy of hepatocytes was recently identified as an additional

mechanism of liver regeneration following partial hepatectomy.

The circumference of hepatocytes can be visualized by

b-Catenin staining, and hepatocytes can be distinguished from

other non-parenchymal cells based on their size (Figure 3C).

Quantitative analysis revealed that the size of hepatocytes

more than doubled in Fah�/� mice taken off NTBC. Accordingly,

the number of hepatocytes significantly dropped by more than

50% per field of vision in Fah�/� mice (Figure 3C). Liver weight

of Fah�/� mice decreased by 24%, indicating loss of more

than 60% of hepatocytes upon NTBC withdrawal (data not

shown). During NTBC re-treatment, the size of hepatocytes

slightly decreased and hepatocyte counts slightly increased

compared with mice off NTBC. Intriguingly, cell size and number

weremaintained in FCRmice during NTBC cycling, in agreement

with the reduced liver injury (Figure 3C).

Considering that liver progenitor cells (LPCs) located within

the smallest branches of the intrahepatic biliary tree are acti-

vated upon liver injury, we decided to assess the presence of

progenitor cells in Fah�/� and FCR mice using the established

LPCmarkers A6 andMIC1-1C3 (Dorrell et al., 2011). Importantly,

these markers are also expressed by regular cholangiocytes,

serving as an internal staining control (Tarlow et al., 2014).

Indeed, a marked increase of A6-positive LPCs was present in

the livers of Fah�/� mice (Figure 3D). Moreover, FACS analysis

confirmed a significant increase of CD45�/CD11b�/CD31�/
TER119�/MIC1-1C3+/CD133� and CD45�/CD11b�/CD31�/
TER119�/MIC1-1C3+/CD133+ LPCs in these livers (Figure 3E).

Notably, the LPC response was completely abrogated in cycled

FCR mice, suggesting that the immune system is required for

activation of LPCs (Figures 3D and 3E).

To better understand how the immune system modulates the

cellular stress response and to identify gene-expression profiles,

we performed microarray analysis and gene set enrichment

analysis on livers from cycled Fah�/� and FCR mice and their

respective controls. The most significantly differently regulated

categories in cycled Fah�/� compared with cycled FCR mice

and healthy Fah�/�mice on 100%NTBCwere related to ‘‘cell cy-

cle,’’ in agreement with the strong proliferative response in the

recovery phase of Fah�/� mice (Figure 3F).

Together, these data indicate that liver regeneration during

chronic injury is accomplished by proliferation of hepato-

cytes, hepatocyte hypertrophy, and activation of LPCs. Liver
nd a-SMA staining revealed advanced fibrosis in livers of immunocompetent

roscopically livers were pale with large areas of necrosis (H&E) and apoptosis

s. *p % 0.05. Scale bars represent 100 mm, except for macroscopic pictures



Figure 3. The Adaptive Immune System Is Not Required for Liver Regeneration in Fah-Deficient Mice with Liver Injury

(A–F) Fah�/� and FCR mice were cycled twice and livers were collected after the off (0% NTBC) and on phases (100% NTBC), respectively. (A) Ki67 IHC was

performed and stained nuclei were quantified. (B) Immunoblot showing increased expression of p21 and cyclin D1 in both Fah�/� and FCRmice upon liver injury

(pooled liver homogenates, n = 6). (C) b-Catenin staining was performed to determine hepatocyte size and calculate the number of cells per field of vision. In

contrast to FCR mice, multiple LPCs are detectable in immunocompetent Fah�/� mice by A6 IHC (D) and FACS (MIC1-1C3+ and MIC1-1C3+ CD133+ cells) (E).

(F) Gene set enrichment analyses revealed an upregulation of cell-cycle signature genes in hepatic Fah�/� cells. Significantly enriched signatures in Fah�/� liver

cells are summarized in the table.

Data represent mean ± SD or median with whiskers from minimum to maximum values. *p % 0.05. Scale bars represent 100 mm.
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Figure 4. The Adaptive Immune System Is

Not Required for Cell-Cycle Progression in

Fah-Deficient Hepatocytes in Response to

Partial Hepatectomy or after Hepatocyte

Transplantation

(A and B) Loss of the adaptive immune system

does not compromise survival following PH. Two-

thirds partial hepatectomy was performed in

healthy Fah�/� and FCR mice on NTBC. (A) Ka-

plan-Meier plot showing the survival rates after

PH. Liver weight was measured 37 hr and 7 days

after PH. (B) Ki67 staining at 37 hr and 7 days after

PH and quantification of Ki67-positive, prolifer-

ating hepatocytes.

(C) Hepatocytes isolated from 6-week-old C57BL/

6N mice were transplanted into Fah�/� and FCR

mice by intrasplenic injection. Re-population effi-

ciency of wild-type hepatocytes was determined

by Fah IHC and the area of Fah-positive hepato-

cytes was assessed.

Data represent mean ± SD or median with whis-

kers from 10th to 90th percentiles. Scale bars

represent 100 mm.
regeneration by self-duplication of hepatocytes is not impaired in

immunosuppressed Fah�/� mice, whereas the immune system

is required for full activation of the LPC response.

The Adaptive Immune System Is Not Required for
Cell-Cycle Progression in Fah-Deficient Hepatocytes in
Response to Partial Hepatectomy or Following
Hepatocyte Transplantation
Based on experiments inRag2�/�mice, which are devoid of B, T,

and NKT cells, Tumanov and colleagues postulate that the

adaptive immune system is required for liver regeneration in

wild-type (WT) mice following partial hepatectomy (Tumanov

et al., 2009). To further analyze the role of the adaptive immune

system in healthy Fah-deficient hepatocytes, we performed

two-thirds partial hepatectomy and hepatocyte transplantation

experiments on Fah�/� and FCR mice maintained on 100%

NTBC supplementation. All mice in both groups survived the

partial hepatectomies, indicating that loss of the adaptive im-

mune system does not compromise survival following PH

(Figure 4A). Moreover, recovery of liver mass 1 week following

PH was similar in both groups, confirming that there is no

significant impact on liver regeneration following PH in immuno-
314 Cancer Cell 30, 308–323, August 8, 2016
compromised Fah�/� mice (Figure 4A).

As expected, multiple Ki67+ cells were

clearly visible 37 hours after PH in

3-month-old Fah�/� mice as well as in

FCRmice. There was no significant differ-

ence in the Ki67 labeling index between

the immunocompetent and immunocom-

promised cohort (Figure 4B).

Next, WT hepatocytes were trans-

planted into Fah�/� and FCR mice. Sub-

sequently, NTBC supplementation was

withdrawn, thereby creating a strong pro-

liferative environment for transplanted

Fah-expressing cells. This experimental
approach allowed us to specifically analyze how the microenvi-

ronment affects cell-cycle progression in normal WT hepato-

cytes. Following transplantation, multiple proliferating hepato-

cytes were detectable in liver sections of all groups. Fah

immunostaining revealed that WT hepatocytes re-populated

livers of Fah�/� and FCR mice with comparable efficiency

(Figure 4C). Thus, the transplantation experiments confirmed

that the adaptive immune system is not required for effective

engraftment and proliferation of hepatocytes in livers with

chronic injury.

Tumor Development Is Markedly Suppressed in
Immunodeficient Fah–/– Mice with Chronic Liver Injury
To study the role of the immune system in chronic FAA-induced

liver injury, we analyzed livers following the second, fourth, and

sixth cycle of NTBC withdrawal. Several studies suggest that

most malignant tumors are most likely derived from single pro-

genitor cells that have acquired genetic and epigenetic changes

that allow clonal expansion. Recently, CD44+ HCC progenitor

cells have been identified in different HCC mouse models (He

et al., 2013). In contrast to HCC-derived cancer cells, these pro-

genitor cells solely give rise to tumors in mice with chronic liver



(legend on next page)
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injury. In our model, liver sections from Fah�/� mice showed the

progressive appearance of CD44v6+ cells whereas these cells

did not increase in immunosuppressed mice, suggesting that

FAA-induced liver injury only gives rise to bona fide HCC-initi-

ating cells in immune-competent mice (Figure 5A).

Ongoing proliferation of hepatocytes and progenitor cells dur-

ing the recovery phase allowed rapid progression to frank HCCs.

33% of Fah�/�mice had already developed small tumor nodules

after the second cycle (n = 22). After the fourth and sixth cycles,

HCCs were present in all mice (n = 28) (Figures 5B and 5C), and

tumor growth was accompanied by a significant increase in liver

weight after the sixth cycle (Figures 5D and 5E). By this time, the

mean size of the largest tumor nodule per liver had increased

from 5.6 mm after the second cycle to 8.8 mm (Figure 5E). Histo-

logical examination of the livers confirmed the presence of

numerous dysplastic hepatocytes and moderately to well-differ-

entiated HCCs with fatty changes and solid growth pattern (Fig-

ure 5F). Multiple Ki67+ and AFP+ tumor cells were observed

within the tumor lesions. A6+ and CD44v6+ cells surrounded

the tumors at the border zone, but were not present within the

tumors (Figures 5A and 5F).

In contrast, HCC development was significantly reduced in

FCR mice, with only 12% harboring detectable tumors within

the first sixth cycles (Figures 5B and 5C). Accordingly, liver

weight and mean size of tumors were significantly lower in these

mice compared with the Fah�/�mice (Figures 5D and 5E). Micro-

dissected HCCs (n = 8) and age-matched control livers (n = 4)

were investigated for chromosomal aberrations by array

comparative genomic hybridization analysis (aCGH). The most

common loss that was present in all eight profiles was a small re-

gion on chromosome 15 (gene Ctnnd2), and in seven of eight

profiles an unknown gene on chromosome 4. In four of eight

cases the analysis of chromosomal aberrations showed losses

of whole chromosome (chromosomes 12 and 14). Most frequent

gains were a small region on chromosome 11 (six of eight, gene

St6galnac1), whole chromosome 15 (five of eight), and small re-

gions on chromosome 10 (four of eight, genes Raetie and H60b)

and chromosome 15 (four of eight, genes Sepp1, Ghr, Fbxo4,

Oxtc1, Plcxd3, and C6) (Figure 5G). A representation of identified

genomic copy-number alterations can be found in Table S1.

Synteny analyses revealed that approximately 80% of the

genomic alterations found in Fah�/� tumors were congruent

with loci changed in human HCCs. A high degree of overlap

was observed between copy-number alterations that were

determined in our mouse model and human alcohol-induced

HCCs or HCCs with c-myc alterations (overlap gains/losses

alcohol-induced HCCs, 70.6%/79.1%; HCCs with c-myc alter-

ation, 75.7%/79.5%; p % 0.0001 for all comparisons) (Table

S2 and Figure S3).
Figure 5. Tumor Development Is Markedly Reduced in Immunosuppre

(A–G) Fah�/� and FCR mice were cycled twice, four, and six times. (A) Imm

(B) Representative macroscopic pictures demonstrate multiple tumors in Fah�/� l

arrows. Quantification of tumor incidence (C), liver weight (D), and maximal tumor

mice show well-differentiated HCCs with two distinct growth patterns. Dotted ou

found in tumors (Ki67). Multiple AFP+ and A6+ progenitor cells are detectable in

areas for AFP and A6 are shown. A6-positive area was quantified. Scale bars repr

reveals numerous chromosomal aberrations in HCCs from Fah�/� mice.

Data represent mean ± SD or median with whiskers from minimum to maximum
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Taken together, NTBC cycling with repeated phases of

compensatory proliferation facilitates rapid progression to

HCCs in Fah�/� mice. In contrast, hepatocarcinogenesis is

markedly suppressed in alymphoid mice, indicating that adap-

tive immune cells critically promote hepatocarcinogenesis.

Adoptive Transfer of T Cells Reduces Acute-on-Chronic
Liver Failure in Immunosuppressed Fah–/– Mice
FCR mice are devoid of all lymphoid cells. To further delineate,

which cells contribute to FAA-induced liver injury, regeneration,

and hepatocarcinogenesis, we generated Fah�/� Rag2�/� (FR)

mice, lacking mature B and T lymphocytes, and Fah�/�

b2m�/� (Fb2m) mice, lacking CD8+ T and NKT cells. FR mice

were analyzed after four to five rounds of cycling to elucidate

the role of the NK1.1+ cells. To specifically analyze the role of

NKT and CD8+ T cells, we compared Fb2m mice with Fah�/�

mice. Similarly to the FCR mice, the mortality of the FR and

Fb2m mice was significantly increased (median overall survival

of FRz18.5 days, n = 16, HR 0.28, p% 0.05; median overall sur-

vival of Fb2mz20 days, n = 18, HR 0.30, p% 0.05, respectively),

suggesting that CD8+ T cells protect Fah�/�mice from acute-on-

chronic liver failure (Figure 6A). We next determined whether

adoptive transfer of T cells into FCR and FR mice could rescue

the hepatic phenotype. Flow cytometric analysis revealed a

significantly lower number of T cells in adoptively transferred

FCR mice compared with Fah�/� mice (data not shown), but

these cells were sufficient to protect the immunosuppressed

mice from the acute liver failure (Figure 6A). Next, mice were

analyzed with respect to tumor development. No tumor develop-

ment was detectable in FR, Fb2m, and T cell transplanted FCR

and FR mice. There were hardly any proliferating or apoptotic

hepatocytes in cycled mice during the off phase, similar to

Fah�/� and FCR mice (Figure 6B). Finally, the LPC response

was abrogated in all mice that lacked T cells as indicated by

the absence of A6-expressing cells (Figure 6B). In contrast,

T cell transplantation was sufficient to stimulate an LPC

response in FCR and FR mice. Moreover, LPCs were readily

detectable in Fb2m mice suggesting that CD4+ T cells, which

have previously been shown to co-localize with expanding and

migrating oval cells (Strick-Marchand et al., 2008), are sufficient

to activate LPCs during chronic liver injury.

Together, these data highlight the dual role of T cells in liver

injury and HCC development. T cells are required to protect

mice from the increased mortality observed in alymphoid mice.

On the contrary, activation of T cells significantly contributes to

liver injury and promotes tumor development. CD4+ T cells are

specifically required to allow LPC expansion in mice with chronic

liver injury, whereas absence of adaptive immune cells does not

preclude normal hepatocyte proliferation.
ssed Fah-Deficient Mice with Chronic Liver Injury

unostaining revealed an increase of CD44v6-positive cells in Fah�/� mice.

ivers. Scale bars represent 5 mm. Examples of tumors are indicated with black

size (E) are shown. (F) H&E staining of liver sections from tumor-bearing Fah�/�

tlines mark tumor and non-tumor tissue. Multiple proliferating tumor cells are

Fah�/� livers. Dotted outline marks a tumor nodule. Magnified views of boxed

esent 100 mm. (G) An array comparative genomic hybridization analysis (aCGH)

values. *p % 0.05. See also Figure S3; Tables S1 and S2.



Figure 6. CD8+ T Cells Are Required for

FAA-Induced Liver Disease and Hepatocar-

cinogenesis

(A and B) Fah�/� and FCR mice, as well as Fb2m

and FR were cycled. Mice with adoptive T cell

transfer are denoted as ‘‘+Tc.’’ (A) Kaplan-Meier

plot showing the survival rates and median overall

survival of all mice after repeated NTBC with-

drawal. n.r., not reached. (B) Livers were harvested

after four to five cycles in 0% NTBC phase and

were immunohistochemically analyzed. Repre-

sentative macroscopic pictures and H&E, Ki67,

TUNEL, and A6 IHCs on liver sections are shown.

Scale bars represent 100 mm, except for macro-

scopic pictures (5 mm).
CD8+ T Cells Are Required for FAA-Induced
Hepatocarcinogenesis
Next, we set out to determine whether tumor development could

be delayed in Fah�/� mice by employing a T cell-directed phar-

maceutical approach. Cyclosporine A (CsA) is an immunosup-

pressive drug that blocks activation and expansion of T cells

via the inhibition of calcineurin and NFATc signaling. Survival of

Fah�/� mice was not significantly compromised upon CsA treat-

ment during NTBC cycling (Figure 7A) (median overall survival

not reached, n = 31, HR 0.54, p = 0.0588). As expected, flow cy-

tometric and immunohistochemistry (IHC) analysis confirmed a

significantly lower number of CD3+ T cells and a trend toward

a lower number of F4/80+ cells in CsA-treated mice compared

with control mice (Figures 7B, 7D, and 7E). Impaired T cell acti-

vation by CsA treatment reduced biochemical and histological

liver damage (Figures 7C and 7D). As previously reported, bili-

rubin levels increased during CsA treatment (data not shown),
Ca
most likely attributable to an impaired

re-uptake of conjugated bilirubin into

the liver caused by a reduced expression

of the membrane transport proteins

OATP1B1 and OATP1B3 (van de Steeg

et al., 2012). Similar to the FCR mice,

treatment with CsA significantly sup-

pressed activation and expansion of A6+

and CD44v6+ LPCs (Figures 7D and 7E).

Importantly, tumor burden was signifi-

cantly reduced in Fah�/� mice upon CsA

treatment, which displayed lower tumor

numbers and smaller average tumor

size compared with untreated controls

(Figure 7F and data not shown). The

decreased tumor burden was also re-

flected by a significantly reduced overall

liver weight (3.1 versus 2.2 g, p % 0.05)

(data not shown).

To specifically elaborate the role of

CD8+ cells in our model, we exposed

2-month-old Fah�/� mice to two courses

of NTBC withdrawal and re-treatment

while simultaneously receiving CD8+

cell-depleting antibody. Flow cytometry

confirmed a significantly lower number
of CD8+ T cells, which was accompanied by a higher number

of CD3+ and CD4+ cells (Figures 7G, 7H, 7J, and S4). Liver injury

was not significantly reduced byCD8+ T cell depletion (Figure 7I).

Interestingly, F4/80+ cells were significantly lower in CD8-

depleted Fah�/�mice comparedwith control mice. In agreement

with the observation in Fb2mmice, A6+ cells were not reduced in

CD8+-depleted mice, suggesting that CD8+ cells are not

required for the A6+ oval cell response (Figures 7G and 7J). In

contrast, CD44v6+ progenitor cells were also significantly

reduced in CD8-depleted mice, indicating that CD8+ cells are

specifically required for the expansion of putative HCC progen-

itor cells. None of the CD8+ cell-depleted mice subsequently

developed liver tumors (Figure 7K).

Thus, these experiments recapitulate our observations in

genetically immunosuppressed mice and further corroborate

our hypothesis that activation of CD8+ cells significantly contrib-

utes to hepatocarcinogenesis.
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Figure 7. Cyclosporine A Reduces Hepatocarcinogenesis in Fah–/– Mice

(A–F) Fah�/� mice undergoing daily treatment with CsA were cycled and livers were harvested after the second and sixth cycles. (A) Kaplan-Meier plot showing

the survival rates of CsA-treated Fah�/� and untreated Fah�/�mice. Survival of Fah�/�micewas not significantly compromised upon CsA treatment during NTBC

cycling. n.r., not reached. (B) CsA treatment efficiently suppressed the increase in CD4+ and CD8+ T cells in Fah�/� mice undergoing NTBC cycling; graphs

represent absolute CD4+ and CD8+ T cell counts per gram of liver. (C) Numerical grading of chronic inflammation was performed according to the modified Ishak

Score. (D) Histological liver injury is significantly reduced in CsA-treated Fah�/� mice. Representative H&E, CD3 (T cells), F4/80 (myeloid cells), A6, and CD44v6

(LPC response) stainings on liver sections. (E) CD3+ cells/mm2, and F4/80+, A6+, and CD44v6+ areas were calculated. (F) Tumor burden is reduced in CsA-treated

Fah�/� mice. Representative macroscopic images of liver explants are shown. Tumor incidence of Fah�/� and Fah�/� CsA-treated mice were calculated.

(legend continued on next page)
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Lymphotoxin-b Receptor Signaling Contributes to
Hepatocarcinogenesis in Fah–/– Mice
Finally, we aimed to delineate which cytokine mediates the

impact of CD8+ T cells on hepatocarcinogenesis. To identify

pro-tumorigenic signaling cascades in livers of Fah�/� mice,

we compared gene-expression patterns between tumor-prone

Fah�/� mice and immunocompromised mice in which tumor

development was found to be reduced (CsA-treated Fah�/�

mice Figure 7F, FCR mice Figures 5B–5E, FCR mice with adop-

tively transferred T cells Figure 6B, FR mice Figure 6B). Gene

profiling identified a cluster of genes including LTb, Ccl17,

Ccl20, and Ccl22, among others (Figure 8A), which segregated

with tumor development. Cytokine and chemokine mRNA levels

were measured by qRT-PCR to confirm the array data. Specif-

ically, the induction of LTa, LTb receptor (LTbR), LIGHT, and

TRAIL strikingly correlated with tumor development in Fah-defi-

cient mice. Moreover, downstream chemokines of the LTb

pathway such as Ccl20, Ccl17, p100, and TNF-a were signifi-

cantly induced in tumor-prone Fah�/� mice (Figure 8B). LTb

wasmainly expressed by CD3+ T cells and rarely by hepatocytes

and other non-parenchymal immune cells, as shown by LTb

mRNA in situ staining (Figure 8C).

LTb has previously been shown to induce hepatotoxicity and

promote carcinogenesis in the liver (Haybaeck et al., 2009;

Wolf et al., 2014). To investigate the role of LTbR in the transition

from chronic liver injury to HCC, we blocked LTb signaling using

an LTb receptor immunoglobulin fusion protein (LTbR-Ig). Two-

month-old Fah�/� mice were exposed to two courses of NTBC

withdrawal and re-treatment while simultaneously receiving

LTbR-Ig. LTbR-Ig neither affected survival of mice (Figure 8D)

nor altered the relative abundance of T cells within the liver

(data not shown). Moreover, we did not observe a significant

impact on biochemical and histological liver injury and on the

expansion of A6+ and CD44v6+ LPCs when compared with

Fah�/� mice treated with a control antibody (Figures 8E, 8F,

and 8G). Notably however, LTbR-Ig significantly suppressed

FAA-induced tumor formation compared with control mice

(50% versus 8.3%, p % 0.05) and reduced tumor count (2.0

versus 1.0) in LTbR-Ig-treated Fah�/�mice (Figure 8H). Reduced

tumor burden correlated with decreased expression of LTb-re-

gulated cytokines such as Ccl17, Ccl20, and TNF-a (data not

shown). Together, our results indicate that long-term suppres-

sion of LTbR signaling can suppress the transition from

dysplastic hepatocytes into HCCs.

DISCUSSION

Hepatocellular carcinoma is one of the most lethal and prevalent

cancers worldwide, and frequently arises in the presence of

chronic injury and inflammation. It is commonly associated

with viral hepatitis, chronic exposure to toxins, or hereditary liver

diseases (Kirstein and Vogel, 2014). The immune system serves
(G–K) Fah�/� mice were exposed to two courses of NTBC withdrawal and simulta

(J) quantification of histology of CD3 (T cells), F4/80 (myeloid cells), A6, and CD44v

(I) The modified Ishak Score did not reveal significant differences between the c

depletion.

Data represent mean ± SD or median with whiskers from 10th to 90th percentile

(5 mm). See also Figure S4.
an important role in guarding organ homeostasis in the face of

exposure to toxins and hepatotrophic viruses. Lately, the im-

mune system has increasingly been recognized as a key

contributor to tumor initiation and progression, yet the precise

molecular mechanisms remain elusive. In this study, we analyze

themolecular events occurring during liver cancer initiation using

a well-established mouse model of chronic liver injury and hep-

atocarcinogenesis (Buitrago-Molina et al., 2009, 2013; Grompe

et al., 1993; Grompe et al., 1995; Marhenke et al., 2008; Vogel

et al., 2004). Our data unveil that apart from their role in maintain-

ing hepatic inflammation, the presence or absence of T cells is

decisive for tumor development in chronic liver injury. Mechanis-

tically, we provide evidence that CD8+ T cell and LTb drive the

malignant transformation of hepatocytes.

HT1 is caused by genetic inactivation of the last step in tyro-

sine metabolism leading to the accumulation of the metabolite

FAA. FAA is a thiol-reacting and organelle/mitotic spindle-dis-

turbing agent with mutagenic activities. Hence, liver injury in

HT1-deficient organisms has been mainly attributed to immedi-

ate toxicity of the metabolite (Jorquera and Tanguay, 2001).

Our work demonstrates that chronic liver damage and hepato-

cyte destruction is predominantly mediated by the adaptive im-

mune system. This concept is supported by a presumed role of

lymphocytes in mounting an immune response that promotes

hepatic damage in diverse liver diseases such as acetamino-

phen-induced liver failure or chronic hepatitis B and C infection

(Adams et al., 2010; Rehermann, 2013).

Although T cells set the stage for chronic liver injury, they actu-

ally protect mice from acute-on-chronic liver failure. Consistent

with the notion that the adaptive immune system helps to pre-

vent acute liver failure, adoptively transferred T cells reduce

the high mortality of immunosuppressed Fah-deficient mice.

The exact reason for the high mortality in FCR mice remains

elusive. Interestingly, however, acute liver failure in our model

closely resembles acute-on-chronic liver failure in humans with

chronic liver diseases. Acute-on-chronic liver failure is an

increasingly recognized syndrome in patients with chronic liver

diseases characterized by acute deterioration of cirrhosis, organ

failure, and extremely poor survival (Arroyo et al., 2015). Recent

studies indicate that patients who develop acute-on-chronic

liver failure have an excessive innate immune response. In

30% of cases the immune response may be triggered by path-

ogen-associated molecular patterns released by bacteria. Alter-

natively, the excessive immune response may be a result of

pattern recognition receptor activation by non-bacterial mole-

cules released by dying cells. Thus, one may speculate that

the adaptive immune system prevents acute liver failure by pre-

venting an excessive response triggered by bacterial and/or

non-bacterial molecules.

Liver injury is generally accompanied by compensatory liver

regeneration, which can be accomplished through hepatocyte

hypertrophy, hepatocyte proliferation, and activation of LPCs.
neously received CD8+ cell-depleting antibody. (G) Representative images and

6 (LPC response) IHC. (H) CD8+ cell depletion was confirmed by FACS analysis.

ohorts. (K) Tumor incidence is significantly reduced in mice with CD8+ T cell

s. *p % 0.05. Scale bars represent 100 mm, except for macroscopic pictures
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Previous studies have suggested that the immune system im-

pairs liver regeneration in healthy mice following PH (Tumanov

et al., 2009). Upon provoking chronic liver damage by NTBC

withdrawal, immunosuppressed Fah�/� mice exhibit strikingly

reduced signs of liver injury and subsequently less liver regener-

ation compared with fully immunocompetent Fah�/� control

mice. To further delineate whether the immune system promotes

hepatocyte proliferation in Fah�/� mice, we performed partial

hepatectomies and hepatocyte transplantations. Restoration of

liver mass was not impaired, nor was mortality increased in

healthy, NTBC-supplemented Fah�/� Rag2�/� Il2rg�/� mice

following PH. Moreover, in the setting of chronic liver injury,

WT hepatocytes re-populated Fah�/� Rag2�/� Il2rg�/� livers to

the same extent as Fah�/� livers, suggesting that the adaptive

immune system is not required for hepatocyte proliferation.

However, in agreement with previous studies, we show that

CD4+ T cells are required for activation of LPCs in Fah�/� mice

(Strick-Marchand et al., 2008).

FAA-induced liver injury causes rapid onset of HCC in men

(Mayorandan et al., 2014). Similarly, Fah-deficient mice develop

HCC on low-dose NTBC within 12 months (Marhenke et al.,

2008). Human liver diseases are usually characterized by flares

of liver injury followed by phases of recovery and regeneration.

Therefore, to mimic the human situation we induced repeated

flares of liver injury in Fah�/� mice. Alternating phases of injury

and regeneration dramatically accelerate tumor development,

and lead to multifocal HCCs in all mice within 4 months. aCGH

analysis of murine tumors revealed a high number of chromo-

somal aberrations reflecting increased genomic instability. The

shared copy-number alterations across the analyzed tumors

suggest a common route of carcinogenesis. Moreover, compar-

ison of genomic alterations in FAA-induced HCCs to human

HCCs from the Cancer Genome Atlas database demonstrated

gains and losses in chromosomal regions congruent with

genomic alterations found in human HCCs.

We postulate that acceleration of tumor onset is most

likely related to the strong inflammation-induced proliferative

response during the recovery phase. This hypothesis is sup-

ported by recent reports showing that the synergistic action of

inflammation-induced cell proliferation and DNA-damaging

environmental agents cause DNA sequence rearrangements

that culminate in cancer formation (Kiraly et al., 2015). Recently,

CD44+ HCC progenitor cells were identified in several HCC

mouse models (He et al., 2013). In contrast to HCC-derived

cancer cells, these progenitor cells solely give rise to tumors

in mice with chronic liver injury. In our model, liver sections
Figure 8. Lymphotoxin-b Mediates the Impact of T Cells on Hepatocar

(A and B) mRNA from total liver was isolated from Fah�/�, FCR, T cell transplanted

(A) Expression profiling of chemokines and cytokines using the RT2 PCR Profiler.

mice, including multiple components of the lymphotoxin signaling pathway. (B) Q

LIGHT, TRAIL, Ccl20, Ccl17, P100, and TNF-a, was performed by qRT-PCR. R

compared with FCR mice.

(C–H) Fah�/� mice were treated with LTbR-Ig and respective control antibody (ctr

and rarely by hepatocytes (arrowheads) and other non-parenchymal immune cells

Meier plot showing similar overall survival in LTbR-Ig and control-treated mice.

(F) Histological assessment of LTbR-Ig- and control-treated mice following NTBC

appearance (H&E), T cells (CD3), myeloid cells (F4/80), and LPC response (A6 and

decreased in livers from LTbR-Ig treated Fah�/� mice.

Data represent mean ± SD or median with whiskers from 10th to 90th percentiles
from Fah�/� mice showed the progressive appearance of

CD44v6+ cells whereas these cells did not increase in immuno-

suppressed mice, suggesting that FAA-induced liver injury only

gives rise to bona fide HCC-initiating cells in immunocompetent

mice.

Suppression of the immune system is commonly regarded as

a risk factor for the development of de novo malignancies in pa-

tients, likely related to an increased susceptibility to infections

with oncogenic viruses such as Epstein-Barr or human papilloma

viruses (Schrem et al., 2013). Strikingly, tumor development was

markedly reduced in genetically immunocompromised Fah�/�

mice. This finding was also recapitulated upon pharmacologic

inhibition of the adaptive immune system with CsA. Mechanisti-

cally, we show that CD8+ T cells and LTb signaling contributes to

tumor development in Fah-deficient mice. Studies on the tumor

modulating effects of the immune system in liver carcinogenesis

are not yet fully conclusive. In respect of CT4+ T cells and

myeloid cells, it has been recently shown that antigen-specific

CD4+ T cells orchestrate immune surveillance of pre-malignant

hepatocytes in a genetically engineered murine HCC model

(Kang et al., 2011). Antibody-mediated depletion of CD4+

T cells also resulted in a strong accumulation of senescent hepa-

tocytes in Tak1�/� mice, which already led to accelerated liver

tumor development at 3 months of age in this inflammation-

based HCC mouse model. Interestingly, CD4+ T cells act in a

T-helper cell manner and require myeloid cells to clear pre-ma-

lignant senescent hepatocytes and suppress tumor develop-

ment. Very recently it has been shown that dysregulation of lipid

metabolism causes selective loss of intrahepatic CD4+ T cells,

leading to accelerated hepatocarcinogenesis in non-alcoholic

fatty liver disease (Ma et al., 2016). In contrast, metabolic activa-

tion of intrahepatic NKT and CD8+ T cells by lipids has been

shown to induce hepatotoxicity and promote non-alcoholic stea-

tohepatitis-driven hepatocarcinogenesis (Wolf et al., 2014).

Together, these data indicate that CD4+ cells and myeloid cells

represent an important anti-tumor barrier, whereas our data

identify CD8+ T cells as the crucial cellular component of inflam-

mation-associated hepatocarcinogenesis.

LTb, a central member of the TNF family, is secreted by lym-

phocytes, whereas LTbR is expressed on hepatocytes, stromal,

epithelial, and myeloid cells, implicating that LTb signaling func-

tions as a critical mediator between lymphocytes and the sur-

rounding parenchymal and immune cells (Browning and French,

2002). Long-term activation of LTb signaling induces liver inflam-

mation and fosters hepatocarcinogenesis, thereby causally link-

ing hepatic LTb signaling and tumor development. Notably,
cinogenesis

FCR (FCR + Tc), FR and CsA-treated Fah�/�mice after two cycles (0%NTBC).

The red box marks a cluster of differentially regulated genes in tumor-bearing

uantitative analysis of LTb signaling-related genes, including LTa, LTb, LTbR,

elative expression levels were found to be significantly upregulated in Fah�/�

.-Ig) for two NTBC cycles. (C) LTb is mainly expressed by CD3+ T cells (arrows)

as shown by LTbmRNA in situ staining. Boxed areas aremagnified. (D) Kaplan-

(E) Modified Ishak Score indicate similar levels of liver injury in both groups.

withdrawal. No significant differences are observed in the general histological

CD44v6) (G). (H) Tumor incidence is significantly reduced and tumor number is

. *p % 0.05. Scale bars represent 100 mm.
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expression of LTb is increased in patients suffering from chronic

liver diseases such as chronic hepatitis B and C as well as in hu-

man HCC (Haybaeck et al., 2009). Here, treatment with the

LTbR-Ig significantly reduced tumor development in Fah�/�

mice. Unexpectedly, abrogation of LTb signaling did not signifi-

cantly affect the liver progenitor cell compartment in our model,

suggesting that LTb-induced malignant transformation occurs

independently of its ability to regulate LPC proliferation.

One limitation of our study is that we have only employed one

model. HCC, however, is a very heterogeneous malignancy that

develops in awide variety of chronic liver diseases; different etio-

logical settings cause divergent immune responses, which in

turn modulate the progression from chronic injury to HCC in a

disease-specific context. Here we use a mouse model of HT1,

a human disease, in which the primary injury occurs in hepato-

cytes and in which immune cells are activated by dysfunctional

hepatocytes, similar to the observations made in chronic viral

diseases. The model reliably mirrors the inflammatory environ-

ment of the human disease, and is therefore suitable to delineate

the divergent roles of immune cells in chronic liver injury that sets

the stage for tumor development. Currently only few additional

models fulfill this prerequisite, each with specific strengths and

limitations. Nevertheless, to broadly extrapolate our findings to

human HCC in general, similar studies need to recapitulate our

findings in other models such as Mdr2�/� mice or mice treated

with CCl4 and DEN.

In summary, our results reveal that lymphocytes significantly

contribute to liver damage and hepatocarcinogenesis, but also

protect mice from acute-on-chronic liver failure and support liver

progenitor cell proliferation during chronic liver injury. These

findings emphasize the fundamental requirement that the im-

mune system needs to be tightly regulated in a context-specific

fashion to balance immune surveillance and cancer risk. More-

over, inhibiting LTbR signaling might be an interesting approach

to prevent tumor development in patients with chronic liver dis-

eases accompanied by high levels of LTb.
EXPERIMENTAL PROCEDURES

Mice

All mouse experiments were performed according to the guidelines and with

approval of the Lower Saxony State Office for Consumer Protection and

Food Safety (LAVES). B6;129-Fahtm1MgoB2mtm1Unc (Fb2m), B6;129-Fahtm1Mgo

Rag2tm1Twa (FR), and B6;Cg-Fahtm1MgoRag2tm1FwaIl2rgtm1Wjl (synonym

Fahtm1MgoRag2tm1Fwacommon gamma chaintm1Wjl = FCR) mice were gener-

ated from B6;129-B2mtm1Unc, B10;B6-Rag2tm1FwaIl2rgtm1Wjl, and B6;129-

Fahtm1Mgo (Fah�/�) mice. Animals were kept under standard conditions with

a 12-hr day-night cycle and access to food and water ad libitum.

Drinking water was supplemented with (NTBC) at a concentration of

7.5 mg/ml to simulate 100% NTBC treatment. The experimental setup was

designed with repeated cycles of NTBC withdrawal and NTBC treatment. In

Figure S1 the procedure of the cycling is illustrated. The mortality rate of

FCR mice was significantly reduced by treatment with co-trimoxazole during

the first two cycles; therefore, these mice were kept under antibiotic treatment

for the first two cycles for all subsequent experiments. Thirty mice were simi-

larly treated with co-trimoxazole to exclude a direct effect of co-trimoxazole on

the phenotype of Fah�/� mice. There was no effect on survival or tumor inci-

dence compared with untreated cycled Fah�/� mice. To track temporal

changes on the quantity and composition of the normal gut microbiota

compensation, we performed community fingerprinting approaches based

on 16S rRNA gene sequencing from fecal DNA in healthy and cycled Fah�/�

mice with and without antibiotic treatment (Figure S5).
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Synteny Analysis

To verify the relevance of our mouse model in the human setting, we down-

loaded the segmented copy-number data of the Liver hepatocellular carci-

noma dataset along with the clinical data from the TCGA database. The data

were called for copy-number status using the R package CGHcall (van de

Wiel et al., 2007) followed by the definition of copy-number regions using

the R package CGHregions (van de Wiel and Wieringen, 2007). Synteny anal-

ysis was conducted as described in Wolf et al. (2014) for the copy-number

regions obtained for the mouse model and for the following human hepatocel-

lular data subsets: alcohol consumption derived, virus-derived, and MYC-

alteration derived. To assess the goodness of comparability, we calculated

the percentage of gains and losses in the mouse model that were also present

in the human subsets of data. Furthermore, the overlap of copy-number

changes between mouse model and human data was examined for statistical

significance using Fisher’s exact test based on the null hypothesis ‘‘the overlap

between copy-number alterations in mouse model and human data occurred

by chance.’’

Statistical Analysis

Data were analyzed by Student’s t test, chi-square, and two-sided nonpara-

metric Mann-Whitney test to determine significance. p Values were consid-

ered statistically significant at a level of p % 0.05. Kaplan-Meier survival

analysis was performed on experimental mice; median overall survival and

HR were calculated.
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