
Innate immunity and PBC: Activated invariant NKT cells
exacerbate murine autoimmune cholangitis and fibrosis

Si-Jie Wu1, Yao-Hsu Yang2, Koichi Tsuneyama3, Patrick S.C. Leung4, Petr Illarionov5, M.
Eric Gershwin4, and Ya-Hui Chuang1,*
1Department of Clinical Laboratory Sciences and Medical Biotechnology, College of Medicine,
National Taiwan University, Taipei, Taiwan
2Department of Pediatrics, National Taiwan University Hospital, College of Medicine, National
Taiwan University, Taipei, Taiwan
3Department of Diagnostic Pathology, Graduate School of Medicine and Pharmaceutical
Sciences, University of Toyama, Toyama, Japan
4Rheumatology/Allergy and Clinical Immunology, University of California at Davis, Davis, CA,
USA
5School of Biosciences, University of Birmingham, Birmingham, UK

Abstract
Murine models of autoimmunity allow the study of the earliest events in disease pathogenesis. Our
laboratory has developed a xenobiotic induced model of primary biliary cirrhosis (PBC) following
immunization of mice with 2-octynoic acid coupled to bovine serum albumin (2-OA-BSA), an
antigen selected following quantitative structure activity relationship analysis of the E2 subunit of
the pyruvate dehydrogenase complex (PDC-E2), the immunodominant autoantigen of PBC.
Recent data in humans with PBC has suggested that a major component of liver pathology is due
to activation of innate immunity. We took advantage of our 2-OA-BSA model and immunized
mice with and without the addition of α-galactosylceramide (α-GalCer), an invariant natural T cell
activator. Importantly, we report herein that 2-OA-BSA immunized mice exposed to α-GalCer
develop a profound exacerbation of their autoimmune cholangitis, including significant increases
in CD8+ T cell infiltrates, portal inflammation, granuloma formation and bile duct damage.
Furthermore, such mice produce increased levels of anti-mitochondrial antibodies and have
evidence of fibrosis, a feature not previously reported in the murine models of PBC. In conclusion,
our data suggests a primary role of innate immunity in the exacerbation of autoimmune cholangitis
and also become a logical explanation for the recurrence of PBC following liver transplantation in
the absence of MHC compatibility. We submit that PBC begins with loss of tolerance to PDC-E2
and a multi-lineage anti-mitochondrial response in which autoreactive CD8+ T cells are critical.
However, the perpetuation of disease and its exacerbation will also be modulated by innate
immune mechanisms.
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There have been significant advances in defining the cellular and molecular events that
modulate the multi-lineage anti-mitochondrial responses found in primary biliary cirrhosis
(PBC)(1-3). However, an understanding of the earliest events that lead to PBC, and those
that exacerbate disease severity, have been difficult to understand because of the long
latency period of disease onset, the variation of disease severity between patients and, until
recently, the absence of appropriate animal models. Several important murine models are
now described, including the dnTGF-βRII, NOD-congenic, and IL-2Rα deleted mice (3-6).
However, in addition to these models, dependent on the genetic background, we have also
reported the induction of a PBC-like disease, including the production of anti-mitochondrial
antibodies (AMAs), in mice immunized with a molecular mimic of the inner lipoyl domain
of E2 subunits of the pyruvate dehydrogenase complex (PDC-E2) (7-9). This molecular
mimic, 2-octynoic acid (2-OA), was based upon a careful structural dissection of the
immunodominant autoantigen of PBC by quantitative structure-activity relationship analysis
(9-11). Importantly, the autoimmune cholangitis induced by chemical xenobiotic
immunization not only recapitulates many of the features of human disease, but, more
importantly, affords us the opportunity to study early events.

We have taken advantage of our experience in these murine models and have begun to focus
attention on the role of innate immunity and, in particular, the role of natural killer T (NKT)
cells on modulating disease activity. Invariant NKT (iNKT) cells, expressing semi-invariant
Vα14-Jα28 chain preferentially paired with Vβ2, Vβ7, or Vβ8.2 chain, hypersecrete Th1 and
Th2 cytokines and chemokines upon stimulation with an appropriate ligand, such as α-
galactosylceramide (α-GalCer). In doing so, these iNKT cells exert considerable and
promiscuous immune function, including altering immune regulation by activating dendritic
cells (DCs), macrophages, NK cells, T cells, B cells and driving the development of
adaptive immunity (12-13). iNKT cells appear to play a critical role in the regulation of
several other autoimmune diseases, including type 1 diabetes, multiple sclerosis, rheumatoid
arthritis, and systemic lupus erythematosus (13-17).

Previously, our lab has proposed that activation of iNKT cells is a critical factor in
accelerating disease (18-20). To explore this issue in depth, we immunized C57BL/6 mice
with 2-OA-BSA and activated their iNKT cells with α-GalCer. We report herein that iNKT
cell activation by α-GalCer leads to a profound exacerbation of portal disease in 2-OA-BSA
immunized mice, including increased AMA production, increased CD8+ T cell biliary
infiltration, portal inflammation, granuloma formation, bile duct damage and fibrosis. These
results are critical and emphasize the role of innate immunity in the natural history of PBC
and they further suggest mechanisms by which biliary disease becomes perpetuated in
humans as well as explaining the recurrence of PBC following liver transplantation in the
absence of MHC compatibility. These data also emphasize the appearance of fibrosis, a
feature thus far lacking in the other murine models of autoimmune cholangitis.

Materials and Methods
Experimental protocol

The protocol for induction of autoimmune cholangitis is similar to our previous reports (7).
Briefly, female C57BL/6 mice aged 8-10 weeks were obtained from the National Laboratory
Animal Center and maintained in the Animal Center of the College of Medicine, National
Taiwan University. Mice were intraperitoneally immunized with 2-OA-BSA (100μg) in the
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presence of complete Freund’s adjuvant (CFA, Sigma-Aldrich, St. Louis, MO, USA) and
subsequently boosted at weeks 2, 4, 6, 8 and 10 with 2-OA-BSA and incomplete Freund’s
adjuvant (IFA, Sigma-Aldrich). Two μg of α-GalCer (Alexis, San Diego, CA, USA) was
diluted in PBS and injected intravenously one day before 1st, 2nd, and 3rd 2-OA-BSA
immunizations (group name: α-GC/CFA/2-OA). A control group injected with PBS instead
of α-GalCer was used throughout as a control (group name: PBS/CFA/2-OA). To test the
direct effects of α-GalCer on liver damage, mice were injected with α-GalCer only (group
name: α-GC) or α-GalCer and then CFA/IFA without 2-OA-BSA (group name: α-GC/CFA)
throughout the protocol. Sera were obtained on all mice at 4 and 12 weeks post-
immunization and titers of IgM and IgG anti-PDC-E2 autoantibodies were measured by
ELISA. All mice were sacrificed at either 4 or 12 weeks post immunization and thence
examined for liver histopathology, including mononuclear cell phenotypes. Furthermore, to
confirm the biologic effects of α-GalCer administration, a nested group of mice were
assayed 24 hours after the α-GalCer injection for cytokine production and liver DC
phenotypes. Sera on the same mice were also collected at times 0, 2, 6, 10, 24, and 48 hours
following the α-GalCer injection and analyzed for sera levels of IFN-γ and IL-4 by ELISA.
All experiments were performed following approval of the Animal Welfare Committees of
National Taiwan University and the University of California at Davis. The methodology for
all of the surrogate readouts are described below.

Determination of serum anti-PDC-E2 antibodies
Serum titers of IgM and IgG anti-PDC-E2 autoantibodies were measured by ELISA using
our well standardized recombinant autoantigens, including the use of positive and negative
controls. Briefly, purified recombinant PDC-E2 at 1 μg/ml in carbonate buffer (pH 9.6) was
coated onto ELISA plates at 4°C overnight. After blocking with 1% casein (Sigma-Aldrich)
for 1 hour, diluted sera were added for 2 hours at room temperature. The ELISA plates were
washed with PBS-tween 20 followed by the addition of horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (1:10000, Zymed Laboratories, Carlsbad, CA, USA) and
IgM (1:10000, Invitrogen, Camarillo, CA, USA). The plates were incubated for another 1
hour and immunoreactivity was detected by measuring the optical density (O.D.) at 450 nm
after exposure for 20 minutes to tetramethylbenzidine (TMB) substrate (R&D systems,
Minneapolis, MN, USA).

Mononuclear cell preparation
Livers were perfused with PBS containing 0.2% BSA (PBS/0.2% BSA) (Sigma-Aldrich),
passed through a 100μm nylon mesh, and re-suspended in PBS/0.2% BSA. The
parenchymal cells were removed as pellets after centrifugation at 100 g for 1 minute and the
non-parenchymal cells were washed in PBS/0.2% BSA three times (440 g, 5 minutes) to
remove hepatocytes. Mononuclear cells were then isolated using Histopaque-1077 (Sigma-
Aldrich). After centrifugation, collected cells were washed with PBS/0.2% BSA and
viability of cells was confirmed by trypan blue dye exclusion. Cell numbers were
determined by a hemacytometer (Hausser Scientific, Horsham, PA, USA).

Flow cytometry
Cell population and cytokine secretion of iNKT cells were measured by flow cytometry.
Before staining cells, with a previously defined optimal dilution of monoclonal antibodies
(Abs), the cells were pre-incubated with anti-CD16/32 (clone 93) to block non-specific FcRγ
binding. The following Abs were used in this study: anti-I-Ab FITC, anti-H-2Kb FITC, anti-
CD11c PE, anti-CD8a PE, anti-CD19 PE, anti-CD1d PE, anti-CD4 PerCP/Cy5.5, anti-CD80
PerCP/Cy5.5, anti-CD11c PerCP/Cy5.5, (Biolegend, San Diego, CA, USA), anti-CD3 FITC,
anti-CD86 PE, anti-CD40 PE, anti-NK1.1 APC (eBioscience, San Diego, CA, USA). For
intracellular staining, liver mononuclear cells were incubated with brefeldin A (10 μg/ml)
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(BD Biosciences, San Diego, CA, USA) at 37°C for 1 hour then incubated with anti-
CD16/32 Abs, followed by staining with PerCP/Cy5.5-conjugated CD3 and PE-conjugated
PBS57 loaded CD1d tetramer (originally produced by the NIH tetramer facility, and
supplied through Dr. David Serreze), permeabilized with Cytofix/Cytoperm reagent (BD
Biosciences), and stained with Alexa Fluor® 488-conjugated anti-IFN-γ (clone XMG1.2),
Alexa Fluor® 488-conjugated anti-IL-4 (clone 11B11), or rat IgG1 isotype control (clone
R3-34) (BD Biosciences). Stained cells were assessed on a FACSCalibur (BD Biosciences)
using FlowJo softwares (Tree Star, Inc., Ashland, OR, USA).

Histopathology
Portions of the liver were excised and immediately fixed with 10% buffered formalin
solution for 2 days at room temperature. Paraffin-embedded tissue sections were then cut
into 4-μm slices for routine hematoxylin and eosin (H-E), silver, and Azan staining. Scoring
of liver inflammation was performed on coded H-E-, silver- or Azan- stained sections of
liver using a set of indices by a “blinded” pathologist (K.T.); these indices quantitated the
degree of portal inflammation, parenchymal inflammation, bile duct damage, granulomas,
and fibrosis. Each section was scored as either 0 = no significant change, 1 = minimal, 2 =
mild, 3 = moderate, and 4 = severe pathology. Details of this scoring system have been
described elsewhere (21). Finally, to detect the presence of α-smooth muscle actin (α-SMA)-
positive cells, an immunochemical analysis was performed with a well characterized mAb
for α-SMA (22).

Statistical analysis
Results are expressed as the mean ±standard error of the mean (SEM). All graphing and
statistical analyses were performed using the Prism graphing program (GraphPad Software,
San Diego, CA, USA). p-values were calculated using a two-tailed unpaired Mann-Whitney
test except Table 1. The frequency of liver damage in Table 1 was evaluated using Fisher’s
exact test. Significance levels were set at a p-value of 0.05.

Results
α-GalCer induced IFN-γ and IL-4 production of iNKT cells and maturation of dendritic cells

Firstly, to confirm the activity of α-GalCer, a nested substudy was performed in which we
intravenously injected α-GalCer to naive mice and analyzed IFN-γ and IL-4 production in
serum and in iNKT cells of mice. As shown in Figure 1A, both IFN-γ and IL-4 were
increased in mice injected with α-GalCer. Serum IFN-γ was detectable at 2 hours, peaked at
approximately 6 hours and was maintained until 24 hours after α-GalCer injection, while
IL-4 peaked at 2 hours and became undetectable after 6 hours (Figure 1A). We then used
intracellular staining to confirm the cell source of cytokine production at 24 hours after α-
GalCer injection. As shown in Figure 1B, IFN-γ and IL-4 were produced dominantly by
hepatic iNKT (CD3+CD1d tetramer +) cells. Similarly, to analyze the antigen presenting
capacity of DCs, we evaluated surface marker expression 24 hours after α-GalCer injection
compared to controls. Significantly increased expression levels of MHC class I (H-2Kb),
MHC class II (I-Ab), CD1d, CD80, CD86, and CD40 on DCs (CD11c+NK1.1− cells) in
liver and spleen of mice administered with α-GalCer was noted compared to that of mice
administered with PBS (Figure 1C), suggesting that α-GalCer intravenously stimulated the
full maturation of DCs in liver and spleen.

Autoimmune cholangitis 4 weeks postimmunization
Four weeks postimmunization, sera autoantibodies IgM and IgG to PDC-E2 were
significantly increased in α-GC/CFA/2-OA mice as compared to that of PBS/CFA/2-OA, α-
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GC, and α-GC/CFA control mice (Figure 2A). Importantly, there was a significant increase
in liver inflammation, portal inflammation, and bile duct damage in the α-GC/CFA/2-OA
group compared to PBS/CFA/2-OA mice (Figure 2B, C and Table 1). Further, ductular
proliferation was observed in 4 out of 5 α-GC/CFA/2-OA mice but not in any (0/5) of the
PBS/CFA/2-OA mice (Table 1). Furthermore, mild fibrous septa extension (score=2) was
observed in 3 out of 5 α-GC/CFA/2-OA mice (Figure 2C and Table 1). In addition, there
was significantly increased MHC class I, II and costimulatory molecules CD86 and CD40
expression on the DCs of α-GC/CFA/2-OA mice compared to PBS/CFA/2-OA mice (Figure
2D).

There was a significant increase in liver total mononuclear cells in α-GC/CFA/2-OA mice
compared to that of PBS/CFA/2-OA, α-GC, and α-GC/CFA control mice (Figure 3A). In
addition, significantly increased numbers of conventional T (CD3+ NK1.1−) cells and B
cells were noted in α-GC/CFA/2-OA mice (Figure 3B). Importantly, significantly increased
absolute numbers of CD8+ T cells were noted in α-GC/CFA/2-OA mice compared to that of
PBS/CFA/2-OA mice (Figure 3C).

Autoimmune cholangitis 12 weeks postimmunization
Serum autoantibodies IgM and IgG to PDC-E2 were significantly increased in α-GC/CFA/2-
OA mice as compared to PBS/CFA/2-OA, α-GC, and α-GC/CFA control mice (Figure 4A).
Examination of H-E-stained liver section revealed portal inflammation, bile duct damage,
granulomas, proliferating bile ductules and fibrous septa extension in α-GC/CFA/2-OA
group (Figure 4B). In α-GC/CFA/2-OA group, minimal to moderate (score=1-3) liver
inflammation, portal inflammation, and bile duct damage were observed (Figure 4C and
Table 1). Granulomas were found in 12/13 α-GC/CFA/2-OA mice (Figure 4C and Table 1).
In addition, fibrous septa extension was observed in all (13/13) α-GC/CFA/2-OA mice
examined (Table 1). It is also important to note, as shown in Figure 4D and Table 1, that
10/13 α-GC/CFA/2-OA mice demonstrated liver fibrosis as highlighted by silver staining
and Azan staining. In addition, there were many activated hepatic stellate cells (HSCs) (α-
SMA-positive) containing lipid vacuoles in sinusoids and portal area in α-GC/CFA/2-OA
mice (Figure 4D). In contrast, there were no detectable α-SMA-positive cells in PBS/CFA/2-
OA, α-GC, and α-GC/CFA control mice (Figure 4E). PBS/CFA/2-OA controls had minimal
to mild (score=1-2) liver inflammation, portal inflammation and bile duct damage. Three of
9 PBS/CFA/2-OA controls had minimal (score=1) granulomas (Figure 4C and Table 1).
Ductular proliferation was also found in 7/9 PBS/CFA/2-OA controls (Table 1). Only 1/9
PBS CFA/2-OA mice had fibrosis (Figure 4D and Table 1). α-GC and α-GC/CFA control
mice had none to minimal (score=0-1) liver inflammation, portal inflammation, bile duct
damage, or granulomas. Only 1 α-GC/CFA mouse had any evidence of fibrosis, and that
was mild.

The total liver mononuclear cell infiltrates were higher in α-GC/CFA/2-OA mice as
compared to that of PBS/CFA/2-OA, α-GC, and α-GC/CFA control mice (Figure 5A). In
addition, significantly increased numbers of conventional T (CD3+ NK1.1−) cells and B
cells were noted in α-GC/CFA/2-OA mice (Figure 5B). Importantly, significantly increased
frequency and absolute numbers of CD8+ T cells were noted in α-GC/CFA/2-OA mice
compared to that of PBS/CFA/2-OA mice (Figure 5C).

Discussion
Our previous work in human PBC and in the dnTGF-βRII mouse model of PBC, has
suggested that activation of iNKT cells is a critical factor in accelerating disease (18-20).
However, the mechanism is still unknown. In the present study, we investigated the effects
of activated iNKT cells stimulated with α-GalCer in the pathogenesis of murine PBC by
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xenobiotic chemical immunization. α-GalCer injection exacerbated autoimmune cholangitis
in 2-OA-BSA immunized mice, including increased AMA production, portal inflammation,
and bile duct damage. Our data suggest that iNKT cell activation is a critical factor in
modulating the natural history of PBC. We note that human PBC has a long latency time.
For example, serum AMAs precede disease by many years (1, 23). The results herein
suggest that the evolution from subclinical to clinical disease, i.e. from an adaptive to an
overwhelming innate or bystander response, may depend on exposure to a natural ligand that
activates NKT cells.

It is important to note that this model has been based on a careful selection of the
immunogen, 2-OA. We have previously performed a quantitative structural activity
relationship analysis and rigorous epitope analysis of human PBC sera against extensive
panels of chemicals that were coupled to the lysine residue (137K) of PDC-E2 (8-10, 24-25).
The advantage of this study is the ability to elucidate the early events of autoimmune
cholangitis. Our data imply that PBC requires loss of tolerance to PDC-E2 and thus an
adaptive multi-lineage anti-mitochondrial response. However, it also includes an
overwhelming innate immune response and we submit that the innate immune response,
combined with the unique biologic properties of bile duct cells and apotopes, are sufficient
to explain the recurrence of PBC following liver transplantation. In other words, in the
absence of MHC restriction, disease reoccurrence would depend on a non-adaptive cellular
mechanism, i.e. innate immunity. In this respect we note our recent work on apotopes of
biliary epithelial cells (26). This latter work, coupled with our data herein, would also
explain the success of ursodiol, a drug which appears to have anti-apoptotic properties and
also may modulate innate responses. Our data would also explain the relative failure of
immunosuppressive drugs to alter PBC, since such agents are ineffective against innate
mechanisms.

The work herein also demonstrates the presence of not only granulomas but, for the first
time and, more importantly, the presence of moderate fibrosis. The induction of fibrosis in
this model permits not only dissection of its induction, but also has the potential to be useful
in studies of intervention. Liver fibrosis is characterized by an accumulation of extracellular
matrix proteins, which are primarily produced by activated HSCs. In the quiescence state,
HSCs contain lipid vacuoles with less fibrous features. After activation, HSCs transform to
myofibroblastic cells (α-SMA-positive) and migrate to portal area and contribute to fibrosis
(27-28). In both human and animal studies, liver inflammation has been suggested as a
requisite for the earliest stages of fibrosis (27-28) and clearly several lymphoid
subpopulations play a role in regulating this process, including NK cells, DCs, and CD8 T
cells (29-31). In this regard, natural activation of iNKT cells by endogenous lipid antigens
inhibits fibrosis; while the activation of iNKT cells by α-GalCer promotes the process (32).
The results presented herein demonstrate significant presence of fibrosis and increased
numbers of activated HSCs in the sinusoid and portal areas of α-GalCer injected 2-OA-BSA
immunized mice (α-GC/CFA/2-OA group) compared to PBS injected 2-OA-BSA
immunized mice (PBS/CFA/2-OA group). However, only 1 mouse had evidence of fibrosis
and none had activated HSCs in α-GC and α-GC/CFA groups of mice. These results suggest
that α-GalCer does not induce fibrosis and activation of HSCs but rather promote the
process of 2-OA-BSA induced fibrosis. In addition, we have also previously suggested a
critical role of CD8+ T cells for the induction of PBC in both humans and mice (33-34). For
example, adoptive transfer of CD8+ T cells from dnTGF-βRII PBC mice to Rag−/− mice
leads to liver histopathology remarkably similar to human PBC. In contrast, transfer of
CD4+ T cells from dnTGF-βRII mice to Rag−/− mice leads to the development of
inflammatory bowel disease (34). Hence, the observation herein that α-GalCer increases
CD8 hepatic T cells takes on particular significance. In addition, α-GalCer potently
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enhances antigen presenting ability of DCs in α-GalCer injected 2-OA-BSA immunized
mice, which then induce CD4+ and CD8+ T cell immunity (35-38).

NKT cells have been demonstrated to play diverse roles in both the pathogenesis and
modulation of type I diabetes, systemic sclerosis, rheumatoid arthritis, multiple sclerosis and
autoimmune liver disease (13, 39-41). In PBC, CD1d expression and the frequency of iNKT
cells are both increased in the liver of patients (18-19). In our previous work on the dnTGF-
βRII mouse model of PBC, we likewise demonstrated the importance of NKT cells for PBC
initiation (20). A recent study demonstrates that murine infection with Novosphingobium
aromaticivorans, a gram-negative microorganism initiates development of autoimmune
cholangitis in both C57BL/6 and a congenic NOD strain (42). This latter observation is
particularly noteworthy because Novosphingobium aromaticivorans has four copies of PDC-
E2, all of which are remarkable homologues of human PDC-E2 (24, 43). Further,
Novosphingobium aromaticivorans also contains abundant levels of glycosphingolipids with
an α-linked sugar, similar to α-GalCer (24, 44), which may be a natural ligand of iNKT cells
(42). Finally, in the murine model of concanavalin A (Con-A)-induced hepatitis, iNKT cells
are required and sufficient for induction of liver injury (45-46).

While there is a multi-orchestrated immune response in patients with PBC, one lesson from
the murine models and these data in particular is the profound importance of innate immune
responses. We suggest that loss of tolerance to PDC-E2 in humans with PBC is secondary to
a genetic predisposition and environmental influences of either xenobiotic chemicals or
bacterial mimics. This leads to a multi-lineage anti-mitochondrial response. This multi-
lineage loss of tolerance to PDC-E2 would be clinically insignificant were it not for the
unique apotopes found on biliary cells. Further, the perpetuation of disease, and perhaps the
initiation from the asymptomatic serologically positive patient, may be dependent on
activation of NKT cells. The use of α-GalCer demonstrates the ability of this model to
develop hepatic fibrosis. Finally, we submit that the use of this model and the other models
of murine autoimmune cholangitis are valuable tools to explore new therapeutic options for
patients with PBC.
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2-OA 2-octynoic acid

α-GalCer α-galactosylceramide

AMAs anti-mitochondrial antibodies

α-SMA α-smooth muscle actin

BSA bovine serum albumin

CFA complete Freund’s adjuvant

DC dendritic cells

dnTGF-βRII TGF-β receptor II dominant-negative

HSCs hepatic stellate cells
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iNKT invariant natural killer T

PBC primary biliary cirrhosis

PDC-E2 E2 subunits of the pyruvate dehydrogenase complex
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Figure 1.
α-GalCer induced IFN-γ and IL-4 production of iNKT cells and maturation of dendritic
cells. C57BL/6 mice were intravenously injected with α-GalCer or PBS. (A) Serum samples
were collected at 0, 2, 6, 10, 24, and 48 hours after α-GalCer or PBS injection. IFN-γ and
IL-4 were measured by ELISA. n=5 mice per group. (B) IFN-γ and IL-4 secretion from liver
mononuclear cells 24 hours after α-GalCer injection was assayed by staining with surface
markers and intracellular anti-mouse IFN-γ and IL-4 Abs. (C) Surface molecule expression
on DCs was determined by flow cytometry. Data shown are representative flow cytometric
profiles of MHC class I (H-2Kb), MHC class II (I-Ab), CD1d, CD40, CD80, and CD86
expression on the gated DCs (CD11c+ NK1.1− cells) in liver and spleen. The shadow area is
an isotype control; the non-shadow area reflects surface molecule expression. The quantity
of surface molecules per cell is indicated by the mean fluorescence intensity (MFI). Results
are representative of three independent experiments.
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Figure 2.
Increased liver disease, serum AMAs, and maturation of dendritic cells at 4 weeks in α-
GalCer injected 2-OA-BSA immunized mice. Mice were immunized with 2-OA-BSA at
weeks 0 and 2 and sacrificed at week 4. (A) Serum levels of autoantibodies to PDC-E2
protein were measured by ELISA (1:400 sera dilutions). O.D., optical density. Results are
expressed as mean ±SEM. n=10 mice per group. **, p<0.01; ***, p<0.005. (B)
Representative results of H-E examination of liver sections (upper panel, PBS/CFA/2-OA
mice; lower panel, α-GC/CFA/2-OA mice; x400 magnification). Portal inflammation is
shown by red arrows. Bile duct damage is reflected by black arrows. (C) Histopathological
scores of individual livers. 0 = no significant change, 1 = minimal, 2 = mild, 3 = moderate,
and 4 = severe pathology. *, p<0.05. (D) Surface molecule expression on DCs was
determined by flow cytometry. Data shown are representative flow cytometric profiles of
MHC class I (H-2Kb), MHC class II (I-Ab), CD40, CD80, and CD86 expression on the
gated DCs (CD11c+NK1.1− cells) in liver. The shadow area is an isotype control; the non-
shadow area reflects surface molecule expression. The quantity of surface molecules per cell
is indicated by the mean fluorescence intensity (MFI). Results are representative of three
independent experiments.
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Figure 3.
Increased CD3+CD8+ T and B cells in α-GalCer injected 2-OA-BSA immunized mice at 4
weeks. Mice were immunized with 2-OA-BSA at weeks 0 and 2 and sacrificed at week 4.
(A) Liver total mononuclear cells (MNCs) were measured. (B) The absolute numbers of
individual cell population were measured. (C) CD4+ and CD8+ T cells were measured in
each group of mice. Results are expressed as mean ±SEM. n=10 mice per group. *, p<0.05;
**, p<0.01; ***, p<0.005.
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Figure 4.
Activation of iNKT cells by α-GalCer in 2-OA-BSA immunized mice exacerbates
autoimmune cholangitis. Mice were immunized as described and sacrificed at week 12. (A)
Serum levels of autoantibodies to PDC-E2 were measured by ELISA (1:400 sera dilutions).
O.D., optical density. Results are expressed as mean ±SEM. n=10 mice per group. *,
p<0.05; **, p<0.01; ***, p<0.005. (B) Representative results of histopathologic examination
of liver sections of α-GC/CFA/2-OA mice (left three panels, x400 magnification; right
panel, x100 magnification). Portal inflammation is shown with red arrows. Bile duct damage
is shown with black arrows. Granulomas are shown with blue arrows. Proliferating bile
ductules are shown with white arrows. Fibrous septa extension is shown with green arrows.
(C) Histopathological scores of individual livers. 0 = no significant change, 1 = minimal, 2 =
mild, 3 = moderate, and 4 = severe pathology. (D) Silver staining and Azan staining are used
to highlight fibrous septa extension (yellow arrows and green arrows, respectively). The
brown color in α-SMA staining indicates α-SMA positive cells. Liver fibrosis scores: 0 = no
significant change, 1 = minimal, 2 = mild, 3 = moderate, and 4 = severe pathology. (E) α-
SMA staining of liver sections in α-GC, α-GC/CFA, and PBS/CFA/2-OA mice.
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Figure 5.
α-GalCer activates iNKT cells which recruit CD3+CD8+ T cells to liver at week 12. Mice
were immunized as described and sacrificed at week 12. (A) Liver total mononuclear cells
(MNCs) were measured. (B) The absolute numbers of individual cell population were
measured. (C) CD4+ and CD8+ T cells were measured in each group of mice. Results are
expressed as mean ±SEM. n=10 mice per group. *, p<0.05; **, p<0.01; ***, p<0.005.
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