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Abstract

Background & Aims—The liver is an immunologically-privileged organ. Breakdown of liver 

immune privilege has been reported in chronic liver disease; however, the role of adaptive 

immunity in liver injury is poorly defined. NIK is known to regulate immune tissue development, 

but its role in maintaining liver homeostasis remains unknown. This study aimed to assess the role 

of NIK, particularly thymic NIK, in regulating liver adaptive immunity.

Methods—NIK was deleted systemically or conditionally using the cre/loxp system. CD4+ or 

CD8+ T cells were depleted using anti-CD4 or anti-CD8 antibody. Donor bone marrows or thymi 

were transferred into recipient mice. Immune cells were assessed by immunohistochemistry and 

flow cytometry.

Results—Global, but not liver-specific or hematopoietic lineage cell-specific, deletion of NIK 
induced fatal liver injury, inflammation, and fibrosis. Likewise, adoptive transfer of NIK-null, but 

not wild type, thymi into immune-deficient mice induced liver inflammation, injury, and fibrosis in 

recipients. Liver inflammation was characterized by a massive expansion of T cells, particularly 

the CD4+ T cell subpopulation. Depletion of CD4+, but not CD8+, T cells fully protected against 

liver injury, inflammation, and fibrosis in NIK-null mice. NIK deficiency also resulted in 

inflammation in the lung, kidney, and pancreas, but to a lesser degree relative to the liver.
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Conclusions—Thymic NIK suppresses development of autoreactive T cells against liver 

antigens, and NIK deficiency in the thymus results in CD4+ T cell-orchestrated autoimmune 

hepatitis and liver fibrosis. Thus, thymic NIK is indispensable for the maintenance of liver 

immune privilege and liver homeostasis.
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Introduction

The liver is an immunologically-privileged organ. However, liver self-tolerance is 

compromised in autoimmune liver diseases, including primary biliary cirrhosis (PBC), 

primary sclerosing cholangitis (PSC), and autoimmune hepatitis (AIH) (1, 2). Hepatic 

infiltration by T cells, particularly the CD4+ subpopulation, is reported to be associated with 

alcoholic liver disease, nonalcoholic steatohepatitis (NASH), and hepatotoxin-induced 

chronic liver injury in rodents and humans (3–7); however, the underlying mechanism 

responsible for the breakdown of liver immunological privilege is largely unknown. The 

contribution of adaptive immunity to liver disease progression is also poorly understood.
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NF-κB-inducing kinase (NIK), also called MAP3K14, mediates activation of the 

noncanonical NF-κB2 pathway in response to a subset of cytokines (8, 9). NIK 

phosphorylates and activates IKKα that in turn phosphorylates NF-κB2 p100 precursors (10, 

11). Phosphorylation of p100 induces ubiquitination of p100, resulting in proteolytic 

cleavage of p100 precursors to generate transcriptionally-active NF-κB2 p52 isoform (11). 

Functionally, NIK regulates lymphoid tissue development and adaptive immunity in mice 

(12–14). We recently reported that NIK also regulates hepatocyte-Kupffer cell (KC) 

crosstalk in the liver (15). Of notice, a homozygous loss of function NIK mutation in 

humans is associated with abnormal immunity as well as liver dysfunction (16), raising the 

possibility that NIK regulation of immunity and liver function may be conserved in humans.

In this study, we characterized global as well as tissue-specific NIK knockout (KO) mice. 

We found that whole body, but not liver-specific or hematopoietic lineage cell-specific, NIK 
KO mice develop fatal liver inflammation, injury, and fibrosis. Likewise, NIK deficiency in 

the thymus also results in autoimmune liver disease. We further demonstrated that in NIK 
KO mice, CD4+ T cells orchestrate immune attacks against liver.

Materials and methods

Generation of NIK KO mice

Animal experiments were conducted following the protocols approved by the University of 

Michigan Institutional Animal Care and Use Committee (IACUC). Two loxp sites were 

inserted into 2 NIK introns (NIKflox). To generate whole body NIK KO mice (NIK−/−), 

NIKflox mice were crossed with EIIA-Cre drives, in which Cre was expressed in germlines 

(17), to generate NIK+/− mice (NIKflox/+;EIIA-Cre). NIK+/− mice were backcrossed with 

C57BL/6 WT mice for >6 generations to eliminate EIIA-Cre. To generate hepatocyte-

specific or myeloid cell-specific NIK KO mice, NIKflox/flox mice were crossed with 

albumin-cre or lysM-cre drivers, respectively. Mice were housed on a 12-h light-dark cycle 

and fed a normal chow diet (9% fat; Lab Diet, St. Louis, MO) ad libitum with free access to 

water.

Adoptive transfer of bone marrow cells

WT or KO recipient males (5 weeks) were pretreated with GdCl3 (i.p. 10 mg/kg body 

weight two times at a 4-day interval) and lethal irradiation (2×6 Gy, 3 h apart), and then 

received donor bone marrow cells (2×106 cells/mouse) via tail vein injection (6 h after 

irradiation). Donor bone marrow cells were harvested from the femurs and tibias of WT or 

KO mice (5 weeks) and depleted of red blood cells (RBCs) using a RBC lysis buffer (NH4Cl 

155 mM, KHCO3 10 mM, EDTA 0.1 mM, pH 7.3). Recipients drank acidic water (pH 2.6) 

during GdCl3 treatments and for additional 2 weeks (supplemented with 0.1 mg/ml 

neomycin) after bone marrow transplantation.

Thymus transplantation

Donor thymi were isolated from WT or NIK KO male littermates (5 weeks). Foxn1nu male 

recipients (5 weeks) (Stock No: 002019, Jackson laboratory) were anesthetized with 

isoflurane. A midline incision was made to expose kidney on the left side, and donor thymus 

Shen et al. Page 3

J Hepatol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(25 mg) was placed under renal capsules. The incision was sutured, and health conditions 

were monitored daily.

Anti-CD4 or anti-CD8 antibody treatment

Mice (3 weeks) were intraperitoneally injected with anti-CD4 (GK1.5; BioXCell, 

BE0003-1) or anti-CD8 (YTS169.4; BioXCell, BE0117) antibody (100 μg/mouse) weekly 

for three consecutive weeks.

Blood analysis

Blood glucose and ALT activity were measured using glucometers (Bayer Corp., Pittsburgh, 

PA) and an ALT reagent set (Pointe Scientific Inc., Canton, MI), respectively.

Hepatocyte and leukocyte isolation

Primary hepatocytes were prepared from mouse liver using type II collagenase (Worthington 

Biochem, Lakewood, NJ) (18). To isolate leukocytes, blood samples were collected from tail 

vein using heparin-coated capillaries and centrifuged at 2000 rpm for 10 min at room 

temperature. Leukocyte pellets were washed 3 times with RBC lysis buffer.

Real-time quantitative PCR (qPCR)

Total RNAs were extracted using TRIzol reagents (Life technologies). Relative mRNA 

abundance of different genes was measured using SYBR Green PCR Master Mix (Life 

Technologies, 4367659).

Immunoblotting

Tissue samples were homogenized in lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 

150 mM NaCl, 2 mM EGTA, 1 mM Na3VO4, 100 mM NaF, 10 mM Na4P2O7, 1 mM 

benzamidine, 10 μg/ml aprotinin, 10 μg/ml leupeptin; 1 mM phenylmethylsulfonyl fluoride). 

Proteins were separated by SDS-PAGE and immunoblotted with the indicated antibodies.

Hydroxyproline assays

Liver samples were homogenized in 6 N HCl, hydrolyzed at 100 °C for 18 h and centrifuged 

at 10000 rpm for 5 min. Supernatant was dried in speed-vacuum, dissolved in H2O, and 

neutralized with 10 N NaOH. Samples were incubated in a chloramine-T solution (60 mM 

chloramines-T (Sigma, 857319), 20 mM citrate, 50 mM acetate, pH 6.5) for 25 min at room 

temperature, and then in Ehrlich’s solution (Sigma, 038910) at 65 °C for additional 20 min. 

Hydroxyproline content was measured using a Beckman Coulter AD 340 Plate Reader (570 

nm) and normalized to liver weight.

ROS assays

Liver lysates were mixed with a dichlorofluorescein diacetate fluorescent (DCF, Sigma, 

D6883) probe (5 μM) for 1 h at 37 °C. DCF fluorescence was measured using a BioTek 

Synergy 2 Multi-Mode Microplate Reader (485 nm excitation and 527 nm emission).
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Immunostaining

Liver frozen sections were prepared using a Leica cryostat (Leica Biosystems Nussloch 

GmbH, Nussloch, Germany), fixed in 4% paraformaldehyde for 30 min, blocked for 3 h 

with 5% normal goat serum (Life Technologies) supplemented with 1% BSA, and incubated 

with the indicated antibodies at 4°C overnight. The sections were incubated with Cy2 or 

Cy3-conjugated secondary antibodies.

Hematoxylin and eosin (H&E) and Sirius red staining

Liver paraffin sections were stained with H & E or 0.1% Sirius-red (Sigma, 365548) and 

0.1% Fast-green (Sigma, F7252) (dissolved in saturated picric acid).

TUNEL assays

Liver frozen sections were fixed with 4% paraformaldehyde and subjected to TUNEL assays 

using an In Situ Cell Death Detection Kit (Roche Diagnostics, Indianapolis, IN, 

11684817910), following manufacturer’s recommended procedures.

Flow cytometry

The liver was perfused with PBS via the portal vein to wash out red blood cells, dissected, 

and mechanically disrupted between two frosted microscope sides. Liver homogenates were 

filtered through a 100 μm cell strainer, resuspended in 40% isotonic Percoll solution, loaded 

on the top of a 70% Percoll solution, and centrifuged at 970×g at room temperatures with no 

brakes for 30 min. Nonparenchymal cells were collected at the interface of the two Percoll 

layers, washed, and resuspended in PBS supplemented with 2% FBS. Splenic RBCs were 

lysed by incubation of cells in 1.66% NH4Cl solution at room temperature for 10 min. Cells 

(~2×106 in 100 μl) were stained with the indicated antibodies in the presence of anti-FcγR 

antibody 2.4 G2 (blocking nonspecific binding sites). Cells were also stained with either 

propidium iodide (PI) or live-dead fixable dye to exclude dead cells from live cells. Surface-

stained cells were fixed, permeabilized, and then stained with antibodies against cytokines 

using Cytofix/Cytoperm kit (BD Bioscience) or antibody against FoxP3 using the Foxp3/

Transcription Factor Staining Buffer Kit (eBioscience). Cell fluorescence was assessed using 

FACSCanto II (BD Biosciences), and data were analyzed with FlowJo software (version 9.7; 

Tree Star, Ashland, OR). For analysis, forward and side scatter parameters were used for 

exclusion of doublets. Antibody information was listed in supplementary table 2C.

Statistical Analysis

Data were presented as means ± sem. Differences between groups were analyzed with two-

tailed Student’s t test. P < 0.05 was considered statistically significant.

Results

Deletion of NIK results in growth retardation, hypoglycemia, and premature death

To conditionally delete NIK, two loxP sites were inserted into the NIK loci (Fig. 1A). Cre-

mediated deletion is expected to excise 5 exons. Global NIK KO mice were generated by 

crossing NIKflox/flox mice with EIIA-cre drivers (17). EIIA-cre was subsequently removed 
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by backcross with C57BL/6 mice (>6 generations). We confirmed that NIK was disrupted in 

KO but not wild type (WT) littermates (Fig. 1B).

Body weight was similar between KO (6.5 ± 0.3 g, n=3) and WT (7.0 ± 0.3 g, n=4, p=0.38) 

male littermates at 14 days of age; thereafter, both KO males and females progressively 

gained lesser weight relative to WT littermates (Fig. 1C). Most KO mice died before 13 

weeks of age (Fig. 1D). Since hepatocyte-specific overexpression of NIK was shown to 

induce liver damage (15), we assessed liver injury in KO mice. Plasma alanine 

aminotransferase (ALT) activity, a liver injury marker, was significantly higher in KO males 

and females (Fig. 1E). We measured blood glucose because the liver is the primary organ 

responsible for endogenous glucose production (19). KO mice progressively developed 

severe hypoglycemia (Fig. 1F). These findings suggest that deletion of NIK impairs liver 

function, leading to hypoglycemia, growth retardation, and premature death.

NIK KO mice develop severe liver inflammation and injury

We next examined liver integrity by H&E staining of liver sections. Liver structure was 

disrupted in NIK KO males and females, accompanied by severe immune cell infiltration 

(Fig. 2A). F4/80+ Kupffer cell (KC)/macrophage (Fig. 2A) and Gr-1+ granulocyte 

(Supplementary Fig. 1) numbers were substantially higher in KO than in WT littermates. In 

line with these findings, expression of proinflammatory mediators (TNFα, MCP1, iNOS, 

and IL-1, -4, -5, -6 and -10) in the liver was also significantly higher in KO mice (Fig. 2B).

Liver inflammation is associated with hepatocyte damage and death. Consistently, TUNEL+ 

or activated caspase-3+ (apoptosis marker) cell numbers were significantly higher in KO 

males and females relative to WT littermates (Fig. 2C). Keratin-8+ hepatocytes and 

keratin-19+ cholangiocytes accounted for 58% and 22% of total apoptotic cells, respectively 

(Supplementary Fig. 2). Activated caspase-3 and RIP3 (necrosis marker) protein levels in 

liver extracts were also substantially higher in KO mice (Fig. 2D). Liver injury is associated 

with oxidative stress (20, 21); indeed, liver reactive oxygen species (ROS) levels were 

significantly higher in KO mice (Fig. 2E).

Loss of liver cells is known to promote compensatory liver regeneration (22, 23). Number of 

proliferating liver cells (BrdU+ or Ki67+ cells) was significantly higher in KO males and 

females relative to WT littermates (Fig. 2F). F4/80+ KCs/macrophages, CD3+ T cells, α-

smooth muscle actin (αSMA+) myofibroblasts, and keratin-8+ hepatocytes accounted for 

49%, 14%, 10%, and 9% of total proliferating cells, respectively (Supplementary Fig. 3). 

Together, these results indicate that endogenous NIK is indispensable for the maintenance of 

liver integrity and hemostasis in mice.

NIK KO mice develop severe liver fibrosis

Liver inflammation and injury are known to promote liver fibrosis (24–28), prompting us to 

examine liver αSMA+ myofibroblasts and fibrillar collagens. NIK KO male and female mice 

developed severe liver fibrosis, as revealed by substantially higher levels of Sirius red/fast 

green staining and hydroxyproline content in KO mice relative to WT littermates (Fig. 3A–

C). Liver αSMA+ myofibroblast number (Fig. 3D) and αSMA protein levels (Fig. 3E) were 

much higher in KO males and females relative to WT littermates. Consistently, expression of 
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profibrotic genes (e.g. procollagen 1a1, TGFβ1, TIMP1, vimentin, and MMP-9) was 

significantly higher in KO mouse livers (Fig. 3F). We observed that severity of liver injury, 

inflammation, and fibrosis progressively increased in KO mice (Supplementary Fig. 4).

Deletion of NIK results in a robust CD4+ T cell expansion in the liver

Liver inflammation prompted us to examine adaptive immunity in KO mice. In WT mice, 

we detected very few CD3+, CD4+, CD8+, or CD25+ T cells in the liver (Fig. 4A), 

confirming liver being an immunologically-privileged organ. In stark contrast, KO mice had 

substantially higher levels of CD3+ T cells, particularly CD4+ T cells, in the liver (Fig. 4A). 

Liver CD4+ T cell expansions were detected at 4 weeks of age when liver cell death and 

fibrosis were barely detectable (Supplementary Fig. 4). Numbers of liver CD8+ T cells, NK 

cells, and NKT cells were higher while B220+ B cell number was lower in KO than in WT 

littermates (Fig. 4A and Supplementary Fig. 1). Consistently, flow cytometry analysis 

revealed that liver TCRβ+ T cells, CD4+ T cells, and CD8+ T cells were significantly higher 

in KO than in WT mice (Fig. 4B–C). Surprisingly, spleen TCRβ+, CD4+, and CD8+ T cells 

were lower in KO mice (Fig. 4B–C).

CD4+ T cells are predominant adaptive immune cells in KO mouse livers; hence, we further 

assessed their polarizations and activation. Both Th1 (TCRβ+CD4+IFNγ+IL-4low) and Th2 

(TCRβ+CD4+IL-4+IFNγlow) cells were significantly higher in KO than in WT mice; in 

contrast, Th17 (TCRβ+CD4+IL-17+) and Treg (TCRβ+CD4+CD25+Foxp3+) cells were 

similar between these two groups (Fig. 4D). Effector/memory CD4+CD44high T cell 

frequency and number were higher in KO mice (Fig. 4E). These data indicate that liver 

adaptive immune responses, particularly CD4+ T cell-launched immune responses, are 

aberrantly activated in KO mice; thus, endogenous NIK is indispensable for the maintenance 

of liver immune privilege.

Depletion of CD4+ but not CD8+ T cells blocks liver inflammation, injury, and fibrosis in NIK 
KO mice

We next sought to determine the contributions of CD4+ and CD8+ T cells to autoimmune 

attacks against liver in KO mice. CD4+ or CD8+ T cells were depleted using neutralizing 

anti-CD4 or anti-CD8 antibody, respectively. We confirmed that anti-CD4 antibody depleted 

CD4+ but not CD8+ T cells (Fig. 5A), whereas anti-CD8 antibody depleted CD8+ but not 

CD4+ T cells (Supplementary Fig. 5A). Depletion of CD4+, but not CD8+, T cells prevented 

KO mice from weight loss and hypoglycemia (Fig. 5B). Plasma ALT levels were normalized 

after 4 weeks of anti-CD4, but not anti-CD8, antibody treatment (Supplementary Fig. 5B). 

Depletion of CD4+ T cells completely blocked liver inflammation and fibrosis in KO mice 

(Fig. 5C), and substantially lowered liver F4/80+ macrophages/KCs, αSMA+ 

myofibroblasts, and TUNEL+ apoptotic cells (Fig. 5D). In line with these findings, liver 

RIP3, activated caspase-3, and αSMA proteins in KO mice were reduced to normal levels 

after anti-CD4 antibody treatment (Fig. 5E). Depletion of CD4+ T cells decreased 

expression of proinflammatory mediators to normal levels in KO mice (Fig. 5F). In contrast, 

depletion of CD8+ T cells did not attenuate liver inflammation, cell death, and fibrosis in KO 

mice (Supplementary Fig. 5C–D). These results suggest that autoreactive CD4+ T cells are 

responsible for autoimmune liver disease in KO mice.
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To determine whether KO mice develop autoimmune inflammation in other tissues, we 

examined the lung, kidney, and pancreas. We detected a CD3+ T cells expansion in the liver, 

but not in the lung, kidney, and pancreas, of young KO mice at 3 weeks of age 

(Supplementary Fig. 6A). However, lung, kidney, and pancreas CD3+ T cell number was 

higher in adult KO mice relative to WT littermates (>7 weeks) (Supplementary Fig. 6B). 

Depletion of CD4+ T cells also blocked autoimmune attacks against lung, kidney, and 

pancreas (Supplementary Fig. 6C–D). These data suggest that NIK deficiency induces CD4+ 

T cell-mediated autoimmune inflammation in multiple tissues in an age-dependent manner.

Deletion of NIK in the liver or hematopoietic lineage cells does not induce liver 
inflammation, injury, and fibrosis

To determine whether hepatocyte NIK protects against autoimmune liver injury, we 

generated liver-specific NIK knockout (NIKΔliver) mice (NIKflox/flox;albumin-cre) by 

crossing NIKflox/flox mice with albumin-cre drivers. We verified that NIK was deleted in the 

hepatocytes of NIKΔliver mice (Fig. 6A). Body weight and blood glucose were similar 

between NIKΔliver and NIKflox/flox mice (data not shown), and the liver was normal even in 

old NIKΔliver mice at 20 weeks of age (Fig. 6B).

Next, we assessed the role of NIK in innate immune cells. We generated myeloid cell-

specific NIK knockout (NIKΔlysM) mice (NIKflox/flox;lysM-cre) by crossing NIKflox/flox 

mice with lysM-cre drivers. NIK expression in blood leukocytes was substantially lower in 

NIKΔlysM mice as expected (Fig. 6A). Body weight and blood glucose were similar between 

NIKΔlysM and NIKflox/flox mice (data not shown), and the numbers of CD4+ T cells, F4/80+ 

macrophages/KCs, and αSMA+ myofibroblasts were comparable between NIKΔlysM and 

NIKflox/flox mice (Fig. 6C). To further assess the role of NIK in hematopoietic lineage cells, 

including both innate and adaptive immune cells, we conducted adoptive transfers of bone 

marrows. Recipient mice were pretreated with GdCl3 and lethal irradiation to destroy 

endogenous KCs and hematopoietic cells, and then reconstituted with either WT or KO 

donor bone marrows. WT recipients reconstituted with either KO (KO→WT) or WT 

(WT→WT) donor bone marrows did not develop liver inflammation and fibrosis (Fig. 6D), 

suggesting that NIK-delicacy in innate and adaptive immune cells is unable to induce liver 

inflammation and fibrosis. KO recipients reconstituted with either WT (WT→KO) or KO 

(KO→KO) bone marrows continued to display severe liver inflammation and fibrosis (Fig. 

6E), suggesting that NIK deficiency in non-immune cells is likely to be responsible for liver 

inflammation, injury, and fibrosis.

NIK deficiency in the thymus induces autoimmune hepatitis

We postulated that NIK in the thymus is likely to suppress autoreactive CD4+ T cells against 

liver antigens. In normal mice, pathogenic autoreactive T cells are removed in the thymic 

medulla through medullary thymic epithelial cell (mTEC)-mediated negative selection. NIK 

deficiency dramatically reduced thymic medullary areas in KO mice (Fig. 7A), confirming 

previous reports (29). AIRE+ mTECs were abundant in WT mice, but barely detectable in 

KO mice (Fig. 7B). We detected co-localization of AIRE with Phospho-IKKα/β or NF-κB2 

in WT but not KO thymi (Fig. 7B), suggesting that NIK is activated predominantly in 

mTECs.
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We next sought to determine whether deleting NIK in the thymus induces autoimmune 

hepatitis. Donor thymi were isolated from WT and KO mice and adoptively transferred into 

immune-deficient Foxn1−/− recipient mice under renal capsules (Supplementary Fig. 7A). 

TCRβ+ T cells and the CD4+ and CD8+ T cell subpopulations in the blood and spleen were 

comparable between WT and KO thymus-graft recipients (Supplementary Fig. 7B), 

indicating that survival and growth of WT and KO thymic grafts are similar. Body weight 

and blood glucose were similar between the WT and KO groups within 5 weeks after 

transplantation; thereafter, the KO but not the WT group progressively lost weight and 

developed severe hypoglycemia (Fig. 7C). Blood ALT activity was significantly higher in 

the KO than in the WT groups 8 weeks after transplantation (Supplementary Fig. 7C), and 

liver TCRβ+ T cells, CD4+ T cells, CD8+ T cells, and Th1 T cells were significantly higher 

in the KO group (Fig. 7D–E). Liver TUNEL+ and activated caspase-3+ apoptotic cell 

numbers (Fig. 7D), RIP3 and activated caspase-3 protein levels (Fig. 7F), and ROS levels 

(Fig. 7G) were substantially higher in the KO group. Furthermore, the KO but not the WT 

groups developed liver fibrosis (Fig. 7H and Supplementary Fig. 7D). Expression of 

proinflammatory or profibotic genes was significantly higher in the KO than in the WT 

group (Supplementary Fig. 7E). These data indicate that NIK deficiency in the thymus is 

sufficient to induce autoimmune hepatitis.

Discussion

In this study, we found that NIK KO mice developed severe liver inflammation, injury, and 

fibrosis, leading to premature death. We detected a massive T cell expansion, predominantly 

Th1 and Th2 CD4+ T cells, in the livers of KO mice. Importantly, depletion of CD4+, but not 

CD8+, T cells blocked liver inflammation, injury, and fibrosis in KO mice. These results 

indicate that in NIK KO mice, CD4+ T cells orchestrate autoimmune attack against liver.

To identify NIK target tissues, we deleted NIK in different cell types. Unlike global NIK KO 

mice, mice with liver-specific, myeloid cell-specific, or hematopoietic lineage cell-specific 

deletion of NIK did not develop liver inflammation, injury, or fibrosis. Thus, NIK deficiency 

in hepatocytes or immune cells is unlikely to be responsible for liver destruction. In line with 

this notion, reconstitution of NIK KO recipients with WT donor hematopoietic lineage cells 

was unable to correct liver diseases. Together, these data indicate that NIK deficiency in 

extrahepatic, non-hematopoietic lineage cells causes autoimmune liver disease. We found 

that NIK KO mice had disrupted thymi with medullary atrophy, raising the possibility that 

thymic NIK may control thymus growth and central T cell development. Indeed, 

reconstitution of immune-deficient recipient mice with NIK-null but not WT thymus grafts 

induced profound liver inflammation, injury, and fibrosis, indicating that NIK deficiency in 

the thymus causes fatal autoimmune hepatitis.

To gain insight into NIK regulation of T cell development in the thymus, we examined NIK 

pathways in thymic cells. NIK was activated predominantly in AIRE+ mTECs, which are 

known to mediate central negative selection to deplete autoreactive T cells (36, 37). Deletion 

of NIK largely eliminated mTECs in NIK KO mice, suggesting that NIK is required for 

mTEC growth and maturation. Of notice, inactivation of lymphotoxin β (LTβ), CD40L, or 

RANKL, cytokines that activate NIK (30), similarly blocks mTEC development (31, 32). 
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Likewise, deletion of IKKα, NF-κB2, or RelB also blocks mTEC development (33–35). 

Thus, the NIK/IKKα/NF-κB2 pathway is likely to act downstream of LTβ, CD40L, and 

RANKL to promote mTEC growth and maturation. Therefore, NIK deficiency in the 

thymus, particularly in mTECs, is likely to impairs mTEC development and mTEC-

mediated negative selection. In chimeric mice receiving NIK-null donor thymi, deficiency of 

thymic NIK induces defects in mTEC development and negative selection, resulting in 

generation of autoreactive CD4+ T that triger and orchestrate autoimmune liver diseases.

Our data indicate that CD8+ T cells and B cells are unlikely to mediate immune attack 

against liver in KO mice. Noticeably, F4/80+ KC/macrophage number was substantially 

higher in NIK KO mice and markedly reduced by depletion of CD4+ T cells. These data 

suggest that KCs/macrophages may act downstream of autoreactive CD4+ T cells and 

execute liver destruction. Additional studies are warranted to explore this possibility in the 

future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lay Summary

We found that global or thymus-specific ablation of the NIK gene results in fatal 

autoimmune liver disease in mice. NIK-deficient mice develop liver inflammation, injury, 

and fibrosis in a CD4+ T cell-dependent manner. Our findings indicate that thymic NIK is 

indispensable for the maintenance of liver integrity and homeostasis.
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Fig. 1. Deletion of NIK results in hypoglycemia and premature death
(A) A schematic representation of conditional NIK knockout. (B) Hepatic NIK and β-actin 
mRNA levels were measured by RT-PCR. (C) Male (WT: n=11, KO: n=12) and female 

(WT: n=7, KO: n=8) mouse growth curves. (D) Survival curves. WT: n=11, KO: n=12. (E) 

Plasma ALT activities in males (WT: n=11, KO: n=8) and females (WT: n=7, KO: n=6). (F) 

Randomly-fed blood glucose. WT: n=6–17, KO: n=4–16. Data were statistically analyzed 

with two-tailed Student’s t test, and presented as mean ± SEM. *p<0.05.
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Fig. 2. Deletion of NIK results in liver inflammation, oxidative stress, and cell death
(A) Liver sections from males (7 weeks) and females (7 weeks) were stained with H&E or 

antibody against F4/80. (B) Gene expression was measured in the livers of WT (n=8–9) and 

KO (n=7) males at 7 weeks of age by qPCR and normalized to 36B4 levels. (C) Liver 

apoptotic cells were detected by TUNEL assays or immunostaining liver sections with 

antibody against activated caspase 3 (Casp-3). TUNEL+ cells were counted and normalized 

to DAPI+ cells. Male (7 weeks): WT: n=4, KO: n=4; female (7 weeks): WT: n=3, KO: n=3. 

(D) Liver extracts were prepared from males (7 weeks) and immunoblotted with antibodies 
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against activated caspase-3, RIP3 or the regulatory subunit of p85 (loading control). (E) 

Liver ROS levels (normalized to liver protein levels) in males at 7 weeks of age (WT: n=5, 

KO: n=6) and females at 7 weeks of age (WT: n=4, KO: n=4). (F) Liver proliferating cells 

were detected by immunostaining liver sections with antibodies against BrdU or Ki67. 

BrdU+ cells were counted and normalized to DAPI+ cells. Males (7 weeks): WT: n=5, KO: 

n=5; females (7 weeks): WT: n=3, KO: n=3. Data were statistically analyzed with two-tailed 

Student’s t test, and presented as mean ± SEM. *p<0.05.
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Fig. 3. NIK KO mice develop severe liver fibrosis
(A) Sirius red/fast green staining of liver sections from 7 week-old males. (B) Sirius red+ 

areas were quantified using the ImageJ software and normalized to microscopic view areas. 

Males (7 weeks): WT: n=7; KO: n=5; females (7 weeks): WT: n=4; KO: n=4. (C) 

Hydroxyproline content (normalized to liver weight) in males at 7 weeks of age. WT: n=4, 

KO: n=3. (D) Liver sections were immunostained with antibody against αSMA. αSMA+ 

areas were quantified and normalized to view areas. Male (7 weeks): WT: n=4, KO: n=3; 

females (7 weeks): WT: n=4, KO: n=4. (E) Liver extracts were immunoblotted with 

antibodies against αSMA or p85. (F) Gene expression was measured by qPCR and 

normalized to 36B4 levels. WT: n=8–9, KO: n=7. E-F: Males at 7 weeks of age. Data were 

statistically analyzed with two-tailed Student’s t test, and presented as mean ± SEM. 

*p<0.05.
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Fig. 4. Heavy hepatic infiltration of Th1 and Th2 T cells in NIK KO mice
(A) Liver sections were prepared from males (7 weeks) and immunostained with the 

indicated antibodies (representatives of 4 pairs). (B-E) Livers and spleens were harvested 

from female mice at 6 weeks of age (n=3) and used to analyze T cell subpopulations by flow 

cytometry. (B) Total TCRβ+ T cells (normalized to tissue weight). (C) The CD4+ and CD8+ 

T cell subpopulations (normalized to tissue weight). (D) The Th1, Th2, Th17, and Treg 

subpopulations. (E) The effector/memory T cell subpopulations (CD44high). Data were 
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statistically analyzed with two-tailed Student’s t test, and presented as mean ± SEM. 

*p<0.05.

Shen et al. Page 19

J Hepatol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Depletion of CD4+ T cells reverses liver inflammation, injury, and fibrosis in NIK KO 
mice
KO male mice were treated with anti-CD4 (or anti-CD8) antibody or PBS (control) at 3 

weeks of age. n=3. (A) Flow cytometric analysis of the CD4+ and CD8+ T cell subsets 

(gated on TCRβ+). The number represents percentages. (B) Growth curves and randomly-

fed blood glucose. (C–F) Livers were harvested 4 weeks after treatments. (C–D) Liver 

sections were stained with the indicated dyes or antibodies (representatives of 3 pairs). (E) 

Liver extracts were immunoblotted with the indicated antibodies. (F) Gene expression was 

measured by qPCR and normalized to 36B4 levels. The same WT was used in Fig. 2B and 
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Fig. 5F. Data were statistically analyzed with two-tailed Student’s t test, and presented as 

mean ± SEM. *p<0.05.
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Fig. 6. NIK deficiency in hepatocytes or hematopoietic lineage cells does not induce liver 
inflammation, injury, and fibrosis
(A) Primary hepatocytes and leukocytes were isolated from NIKflox/flox (n=3) and NIKΔliver 

(n=3) males (7 weeks). NIK expression was measured by qPCR and normalized to 36B4 

levels. Data were statistically analyzed with two-tailed Student’s t test, and presented as 

mean ± SEM. (B) Liver sections were prepared from males (24 weeks) and stained with 

H&E, Sirius red/fast green, or the indicated antibodies (representatives of 3–4 pairs). (C) 

NIKΔlysM and NIKflox/flox males were fed a HFD for 17 weeks. Liver sections were stained 

with the indicated dyes and antibodies (representatives of 3–4 pairs). (D–E) WT and KO 
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recipients (5 weeks) were treated with GdCl3 and lethal irradiation. Donor bone marrow was 

prepared from KO or WT males (5 weeks) and adoptively transferred into WT or KO 

recipients (2×106 cells per mouse). Liver sections were prepared 7 weeks later, and stained 

with Sirius red or the indicated antibodies.
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Fig. 7. Deficiency of thymic NIK results in liver inflammation, injury, and fibrosis
(A–B) Thymus sections were prepared from WT and KO males (5 weeks) and stained with 

H&E or the indicated antibodies (representatives of 3 pairs). (C–H). Thymi (Thy) were 

isolated from WT or NIK KO littermates and transplanted under renal capsules of Foxn1nu 

male recipients. WT Thy: n=4, KO Thy: n=3. (C) Body weight gains and non-fasted blood 

glucose levels were monitored after transplantation. (D–H) Mice were euthanized 8 weeks 

after transplantation. (D) Liver sections were prepared 8 weeks after transplantation and 

stained with the indicated antibodies. Representative images of 3 pairs. (E) Liver T cells 
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were quantified by flow cytometry and normalized to liver weight. (F) Liver extracts were 

immunoblotted with the indicated antibodies. (G) Liver ROS levels were measured using 

DCF dye and normalized to liver protein. au: arbitrary units. (H) Liver paraffin sections were 

stained with Sirius red, and Sirius+ areas were quantified and normalized to view areas. 

Liver hydroxyproline levels were quantified and normalized to liver weight. Data were 

statistically analyzed with two-tailed Student’s t test, and presented as mean ± SEM. 

*p<0.05.
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