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Summary

Although primary biliary cirrhosis (PBC) is considered a model auto-
immune disease, it has not responded therapeutically to traditional
immunosuppressive agents. In addition, PBC may recur following liver
transplantation, despite the absence of major histocompatibility complex
(MHC) matching, in sharp contrast to the well-known paradigm of MHC
restriction. We have suggested previously that invariant natural killer T
(iNK T) cells are critical to the initiation of PBC. In this study we have taken
advantage of our ability to induce autoimmune cholangitis with 2-octynoic
acid, a common component of cosmetics, conjugated to bovine serum
albumin (2-OA–BSA), and studied the natural history of pathology in mice
genetically deleted for CD4 or CD8 following immunization with 2-OA–BSA
in the presence or absence of α-galactosylceramide (α-GalCer). In particular,
we address whether autoimmune cholangitis can be induced in the absence
of traditional CD4 and CD8 responses. We report herein that CD4 and CD8
knock-out mice immunized with 2-OA–BSA/PBS or 2-OA–BSA/α-GalCer
develop anti-mitochondrial antibodies (AMAs), portal infiltrates and fibro-
sis. Indeed, our data suggest that the innate immunity is critical for immun-
opathology and that the pathology is exacerbated in the presence of
α-GalCer. In conclusion, these data provide not only an explanation for the
recurrence of PBC following liver transplantation in the absence of MHC
compatibility, but also suggest that effective therapies for PBC must include
blocking of both innate and adaptive pathways.
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Introduction

A paradox in our understanding of primary biliary cirrho-
sis (PBC) has been the recurrence of disease following liver
transplantation despite the absence of major histocompat-
ibility complex (MHC) matching. This observation seems
in sharp contrast to the well-known paradigm of MHC
restriction [1,2]. Furthermore, although PBC is considered
to be a model autoimmune disease with the most highly
directed and focused immune response against mitochon-
drial antigens, there is still a gap in our understanding
of the relationships between the development of anti-
mitochondrial antibody (AMA) and disease development
and, more importantly, the relative failure of PBC to
respond to conventional immunosuppressive agents [3,4].
The importance of adaptive immunity is highlighted by

the targeting of the autoimmune response to liver, exem-
plified by the finding of a 15–100-fold enrichment of
E2 subunits of the pyruvate dehydrogenase complex
(PDC-E2)-specific CD8+ and CD4+ T cells in liver when
compared with peripheral blood, as determined by immu-
nohistochemical and tetramer analysis, respectively [5–7].
An important role for CD8+ T cells was noted by results
from adoptive transfer studies in which CD8+ T cells from
dominant negative transforming growth factor (TGF)-β
receptor II (dnTGF-βRII) mice when injected into Rag−/−

mice led to liver histopathology, remarkably similar to
human PBC, suggesting a critical role of CD8+ T cells
in biliary destruction [8]. Further, the increased expression
of interferon (IFN)-γ and interleukin (IL)-17 in the liver
was shown to be critical to the development of PBC
[9–14].
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A detailed understanding of the initiating events leading
to the breaking of self-tolerance is key for future develop-
ment of therapeutic measures [15–19]. With this goal in
mind, our laboratory has demonstrated that in patients
with PBC, both CD1d expression and the frequency of
invariant natural killer T (iNK T) cells in liver are increased
compared to controls [20–22]. In addition, in the dnTGF-
βRII mouse model of human PBC, we demonstrated that
mice exhibit hyperactive hepatic iNK T cells. The role of
iNK T cells was further established by the demonstration
that CD1d-deficient dnTGF-βRII mice exhibit significantly
decreased hepatic lymphoid cell infiltrates and milder
cholangitis [23]. We further found that iNK T cell activa-
tion by α-galactosylceramide (α-GalCer) led to a profound
exacerbation of portal inflammation, granuloma formation,
bile duct damage and hepatic fibrosis in our xenobiotic
immunized mouse model of PBC [24]. In this study, we
have continued our thesis that innate immunity is critical
by taking advantage of our ability to induce autoimmune
cholangitis with 2-octynoic acid conjugated to bovine
serum albumin (2-OA–BSA) and studied the natural
history of disease in two well-defined gene-deleted murine
systems, mice with gene knock-outs for CD4 and CD8.

Materials and methods

Experimental mice

Female C57BL/6 mice aged 8–10 weeks were obtained from
the National Laboratory Animal Center, Taipei, Taiwan.
B6.129S6-Cd4tm1knw/J (CD4−/−) and B6.129S2-Cd8atm1Mak/J
(CD8−/−) mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All mice were maintained in the
Animal Center of the College of Medicine, National Taiwan
University. All experiments were performed following
approval of The Institutional Animal Care and Use Com-
mittee (IACUC) of National Taiwan University College of
Medicine and College of Public Health.

Experimental protocol

The protocol for induction of autoimmune cholangitis was
modified from our previous report [24]. Briefly, mice were
immunized intraperitoneally with 2-OA–BSA (100 μg)
incorporated with complete Freund’s adjuvant (CFA;
Sigma-Aldrich, St Louis, MO, USA) and subsequently
boosted at weeks 2, 4 and 8 with 2-OA–BSA incorporated in
incomplete Freund’s adjuvant (IFA; Sigma-Aldrich). Two
μg of α-GalCer (KRN7000; Funakoshi, Tokyo, Japan) or
phosphate-buffered saline (PBS) as a control were injected
simultaneously with the first, second and third 2-OA–BSA
immunizations. Sera were collected at 12 weeks post-
immunization and titres of immunoglobulin (Ig)M and IgG
anti-PDC-E2 autoantibodies were measured by enzyme-

linked immunosorbent assay (ELISA). In all assays, positive
and negative controls were included. Mice were killed at 12
weeks post-immunization for liver histopathology, includ-
ing phenotypic analysis of mononuclear cell infiltrates. The
methodology for each of the surrogate readouts are
described below.

Determination of anti-PDC-E2 antibodies

Serological IgM and IgG anti-PDC-E2 were measured by
ELISA using recombinant mouse PDC-E2. Briefly, purified
recombinant mouse 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 h,
diluted sera were added for 2 h 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 (1:5000; Zymed Laboratories,
Carlsbad, CA, USA) or IgM (1:5000; Invitrogen, Camarillo,
CA, USA). The plates were incubated for another 1 h and
immunoreactivity was detected by measuring the optical
density (OD) at 450 nm after exposure for 20 min to
tetramethylbenzidine (TMB) substrate (R&D Systems, Min-
neapolis, MN, USA). Appropriate positive and negative con-
trols were included with each assay.

Mononuclear cell preparation

Livers were perfused with PBS containing 0·2% BSA (PBS/
0·2% BSA) (Sigma-Aldrich), passed through a 100 μm
nylon mesh, and resuspended in PBS/0·2% BSA. The paren-
chymal cells were removed as pellets after centrifugation at
50 g for 5 min and the non-parenchymal cells were then
isolated using Histopaque-1077 (Sigma-Aldrich). After cen-
trifugation, the collected cells were washed with PBS/0·2%
BSA and the viability of cells was confirmed to be >95% by
trypan blue dye exclusion. Cell numbers were determined
by an automated haemacytometer (XS-800i; Sysmex, Kobe,
Japan).

Flow cytometry

Subsets of liver mononuclear cells were measured by flow
cytometry. In all cases, we used a previously optimally
defined dilution of monoclonal antibodies. Before staining,
all cells were preincubated with anti-CD16/32 (clone 93) to
block non-specific FcγR binding. The following antibodies
were used in this study: anti-CD3, anti-CD4, anti-CD8a,
anti-CD19, anti-TCR-β and anti-TCR-δ (Biolegend, San
Diego, CA, USA) and anti-NK1.1 (eBioscience, San Diego,
CA, USA). Stained cells were analysed using a fluorescence
activated cell sorter (FACS)Calibur (BD Biosciences) and
the data obtained analysed using FlowJo software (Tree Star,
Inc., Ashland, OR, USA).
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Histopathology

Portions of the liver were excised and fixed immediately
with 10% buffered formalin solution for 2 days at room
temperature. Paraffin-embedded tissue sections were then
cut into 4-μm slices for routine haematoxylin and eosin
(H&E) and Masson’s trichrome staining. Liver inflamma-
tion was evaluated under a microscope.

Statistical analysis

Results are expressed as the mean ± standard error of the
mean (s.e.m.). Statistical analyses were performed using
Prism (GraphPad Software, San Diego, CA, USA). P-values
were calculated using a two-tailed unpaired Mann–Whitney
U-test. Significance levels were defined as P-values ≤ 0·05.

Results

CD8 knock-out mice develop autoimmune cholangitis
following immunization with 2-OA–BSA

Both IgM and IgG autoantibodies to PDC-E2 in 2-OA–
BSA/α-GalCer-immunized CD8−/− mice were significantly
higher when compared to 2-OA–BSA/PBS-immunized
CD8−/− mice (Table 1, P < 0·05). Histologically, there was
enhanced portal inflammation in 2-OA–BSA/α-GalCer-
immunized CD8−/− mice compared to 2-OA–BSA/PBS-
immunized CD8−/− mice (Table 2). There was also evidence
for fibrosis in all (14 of 14) of the 2-OA–BSA/α-GalCer-
immunized CD8−/− mice, but none of the 2-OA–BSA/PBS-
immunized CD8−/− mice (Table 2). The total numbers of
liver mononuclear cell infiltrates were significantly higher in

2-OA–BSA/α-GalCer-immunized CD8−/− mice than in
2-OA–BSA/PBS-immunized CD8−/− mice (Fig. 1a, P < 0·05).
However, there were no differences in the number of total
mononuclear cell infiltrates in the livers of CD8−/− mice
immunized with 2-OA–BSA/PBS or 2-OA–BSA/α-GalCer
compared to CD8+/+ mice with the same immunogen
(Fig. 1a). In both CD8+/+ and CD8−/− mice the total numbers
of T (CD3+ NK1.1−) cells, excluding CD8+ T cells and B
cells, were also increased significantly in 2-OA–BSA/α-
GalCer-immunized mice when compared to 2-OA–BSA/
PBS-immunized mice (P < 0·01 for T cells and P < 0·05 for
B cells). However, the numbers of CD3+ T cells without
CD8+ T cells in the 2-OA–BSA/α-GalCer-immunized
CD8−/− mice were significantly higher than those of CD8+/+

controls (Fig. 1b, P < 0·05). There was an increased T cell
frequency in the 2-OA–BSA/α-GalCer-immunized CD8−/−

mice consisted of double-negative T cells (Fig. 1c). Signifi-
cantly increased CD4−CD8− double-negative T cells were
also observed in 2-OA–BSA/PBS-immunized CD8−/− mice
compared to 2-OA–BSA/PBS-immunized CD8+/+ mice
(Fig. 1c, P < 0·01). In addition, there was a significant
increase of double-negative T cells in CD8−/− mice immu-
nized with 2-OA–BSA/α-GalCer compared to CD8−/− mice
immunized with 2-OA–BSA/PBS (Fig. 1c, P < 0·005).
Finally we note that γδ T cells were increased significantly in
CD8−/− mice immunized with 2-OA–BSA/α-GalCer and
2-OA–BSA/PBS compared to control mice with the same
immunogen (Fig. 1d, P < 0·01). The numbers of liver γδ T
cells were significantly higher in CD8−/− mice immunized
with 2-OA–BSA/α-GalCer than CD8−/− mice immunized
with 2-OA–BSA/PBS (Fig. 1d, P < 0·05). Of note, the
numbers of liver γδ T cells in naive CD8−/− and CD8+/+ mice
were not different (Fig. 1d). Collectively, similar to CD8+/+

Table 1. Antibodies to PDC-E2 in immunized CD8+/+ and CD8−/− mice.

Group 2-OA–BSA α-GalCer IgM anti-PDC-E2† IgG anti-PDC-E2†

CD8+/+ – – 0·121 ± 0·006 0·024 ± 0·006

CD8+/+ + – 0·622 ± 0·092 0·797 ± 0·105

CD8+/+ + + 0·928 ± 0·105** 1·136 ± 0·097**

CD8−/− – – 0·147 ± 0·016 0·029 ± 0·006

CD8−/− + – 0·680 ± 0·064 0·736 ± 0·114

CD8−/− + + 0·966 ± 0·095** 1·126 ± 0·084**

**P < 0·05 compared to CD8−/− 2-octynoic acid conjugated bovine serum albumin (2-OA–BSA/PBS) controls. †O.D. ± s.e.m. α-GalCer = α-

galactosylceramide; Ig = immunoglobulin; PDC-E2 = E2 subunits of the pyruvate dehydrogenase complex.

Table 2. Histopathology of CD8+/+ and CD8−/− mice.

Group 2-OA–BSA α-GalCer Portal inflammation Fibrosis

CD8+/+ – – 0/5 (0%) 0/5 (0%)

CD8+/+ + – 4/6 (66·7%) 1/6 (16·67%)

CD8+/+ + + 10/11 (90·91%) 10/11 (90·91%)

CD8−/− – – 0/5 (0%) 0/5 (%)

CD8−/− + – 6/8 (75%) 0/8 (0%)

CD8−/− + + 14/14 (100%) 14/14 (100%)

α-GalCer = α-galactosylceramide; 2-OA–BSA/PBS = 2-octynoic acid conjugated bovine serum albumin.
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mice, CD8−/− mice develop autoimmune cholangitis follow-
ing immunization with 2-OA–BSA and the administration
of α-GalCer exacerbates disease in 2-OA–BSA-immunized
CD8−/− mice. Significant increases of γδ T cells in immu-
nized CD8−/− mice suggest that γδ T cells in CD8−/− mice
may mediate effector functions that lead to liver damage.

CD4 knock-out mice develop autoimmune cholangitis
following immunization with 2-OA–BSA

We subsequently investigated the role of CD4+ T cells in this
murine model and accordingly immunized CD4−/− mice
with 2-OA–BSA/PBS or 2-OA–BSA/α-GalCer and, as
above, monitored for autoantibodies to PDC-E2 and liver
histology. At 12 weeks, serum IgM antibodies to PDC-
E2 were significantly higher in 2-OA–BSA/α-GalCer-
immunized CD4−/− mice compared to those of 2-OA–BSA/
PBS-immunized CD4−/− mice (Table 3, P < 0·01). However,

sera from 2-OA–BSA/α-GalCer-immunized CD4−/− mice
contained similar levels of IgM anti-PDC-E2 antibodies as
CD4+/+ controls. The level of serum IgM anti-PDC-E2 anti-
bodies was significantly lower in immunized CD4−/− mice
when compared with 2-OA–BSA/PBS CD4+/+ controls
(P < 0·01) (Table 3). Importantly, however, as expected
there was no significant production of IgG anti-PDC-E2 in
CD4−/− mice immunized with 2-OA–BSA/PBS or 2-OA–
BSA/α-GalCer (Table 3). A higher frequency of liver or
portal inflammation was found in 2-OA–BSA/α-GalCer-
immunized CD4−/− mice than 2-OA–BSA/PBS-immunized
CD4−/− mice (Table 4 and Fig. 3). There was also evidence
for fibrosis in 14 of 16 2-OA–BSA/α-GalCer-immunized
CD4−/− mice but none of 2-OA–BSA/PBS-immunized
CD4−/− mice (Table 4 and Fig. 3). The total number of liver
mononuclear cell infiltrates were significantly higher in
2-OA–BSA/α-GalCer-immunized CD4−/− mice than the 2-
OA–BSA/PBS-immunized CD4−/− mice (Fig. 2a, P < 0·005).
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Fig. 1. CD8 knock-out mice develop

autoimmune cholangitis following

immunization with 2-octynoic acid conjugated

bovine serum albumin (2-OA–BSA). CD8−/−

and CD8+/+ mice were immunized with either

2-OA–BSA/phosphate-buffered saline (PBS) or

2-OA–BSA/α-galactosylceramide (α-GalCer)

killed at week 12. (a) Liver total mononuclear

cells (MNCs). (b) Number of natural killer

(NK) T (CD3+NK1.1+), NK (CD3−NK1.1+), T

(CD3+ NK1.1−) excluding CD8+ T and B

(CD19+) cells; (c) number of CD4+CD8− and

CD4-CD8− T cells; (d) number of γδ T cells

were determined by flow cytometry. Results are

expressed as mean ± standard error of the mean

(s.e.m.); n = five to 14 per group. *P < 0·05;

**P < 0·01; ***P < 0·005.

Table 3. Autoantibodies to PDC-E2 in immunized CD4+/+ and CD4−/− mice.

Group 2-OA–BSA α-GalCer IgM anti-PDC-E2† IgG anti-PDC-E2†

CD4+/+ – – 0·098 ± 0·112 0·058 ± 0·009

CD4+/+ + – 0·606 ± 0·069 0·813 ± 0·122

CD4+/+ + + 0·878 ± 0·123** 1·131 ± 0·096**

CD4−/− – – 0·105 ± 0·013 0·084 ± 0·037

CD4−/− + – 0·236 ± 0·039*** 0·138 ± 0·002***

CD4−/− + + 0·764 ± 0·169** 0·102 ± 0·017***

**P < 0·05 and **P < 0·01 compared to CD8−/− 2-octynoic acid conjugated bovine serum albumin (2-OA–BSA/PBS) controls. ***P < 0·05 com-

pared to CD4+/+ 2-OA–BSA-primary biliary cirrhosis (PBC) controls. †Optical density ± standard error of the mean. α-GalCer = α-galactosylceramide;

PDC-E2 = E2 subunits of the pyruvate dehydrogenase complex; Ig = immunoglobulin.
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Indeed, there were no differences in the number of total
mononuclear cell infiltrates in the liver of the CD4−/− mice
immunized with 2-OA–BSA/PBS or 2-OA–BSA/α-GalCer
compared to CD4+/+ controls with the same immunization
(Fig. 2a). The total numbers of NK cells, T cells excluding
CD4+ T cells and B cells, were also increased significantly in
2-OA–BSA/α-GalCer-immunized CD4−/− mice compared to
2-OA–BSA/PBS-immunized CD4−/− mice (Fig. 2b, NK cells,
P < 0·05; T cells excluding CD4+ T cells, P < 0·005; B cells,
P < 0·05). However, the numbers of NK T and NK cells in
2-OA–BSA/PBS-immunized CD4−/− mice were significantly
lower than those of CD4+/+ controls (Fig. 2b, P < 0·01 for
NK T cells and P < 0·005 for NK cells) and the number of
NK cells in the 2-OA–BSA/α-GalCer-immunized CD4−/−

mice was significantly lower than that of CD4+/+ controls
(Fig. 2b, P < 0·05). Double-negative T cells were increased
in CD4−/− mice immunized with 2-OA–BSA/α-GalCer

compared to mice immunized with 2-OA–BSA/PBS
(Fig. 2c, P < 0·05). Of note, significantly increased double-
negative T cells were also observed in CD4−/− mice immu-
nized with 2-OA–BSA/PBS or 2-OA–BSA/α-GalCer
compared to CD4+/+ controls with the same immunization
(Fig. 2c, P < 0·05 and P < 0·005). However, the numbers of
γδ T cells were similar between CD4−/− and control mice
(Fig. 2d). We should note that the increased numbers of
double-negative T cells in 2-OA–BSA/α-GalCer immunized
CD4−/− mice consisted of double-negative αβ T cells (data
not shown). Collectively, similar to CD4+/+ mice, CD4−/−

mice develop autoimmune cholangitis following immuniza-
tion with 2-OA-BSA and α-GalCer exacerbates disease in
2-OA–BSA-immunized CD4−/− mice. Significant increases of
double-negative αβ T cells in immunized CD4−/− mice indi-
cate that double-negative T cells are also involved in medi-
ating effector functions that lead to biliary damage.

Table 4. Histopathology of CD4+/+ and CD4−/− mice.

Group 2-OA–BSA α-GalCer Portal inflammation Fibrosis

CD4+/+ – – 0/4 (0%) 0/4 (0%)

CD4+/+ + – 6/8 (75%) 0/8 (0%)

CD4+/+ + + 13/13 (100%) 12/13 (92·31%)

CD4−/− – – 0/7 (0%) 0/7 (0%)

CD4−/− + – 5/8 (62·5%) 0/8 (0%)

CD4−/− + + 15/16 (93·75%) 14/16 (87·5%)

2-OA–BSA/PBS = 2-octynoic acid conjugated bovine serum albumin; α-GalCer = α-galactosylceramide.
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Fig. 2. CD4 knock-out mice develop

autoimmune cholangitis following

immunization with 2-octynoic acid conjugated

bovine serum albumin (2-OA–BSA). CD4−/−

and CD4+/+ mice were immunized with either

2-OA–BSA/phosphate-buffered saline (PBS) or

2-OA–BSA/α-galactosylceramide (α-GalCer)

and killed at week 12. (a) Liver total

mononuclear cells (MNCs); (b) numbers of

natural killer (NK) T (CD3+NK1.1+), NK

(CD3−NK1.1+), T (CD3+ NK1.1−) excluding

CD4+ T and B (CD19+) cells; (c) numbers of

CD4−CD8+ and CD4−CD8− T cells; (d) number

of γδ T cells were determined by flow

cytometry. Results are expressed as

mean ± standard error of the mean (s.e.m.);

n = four to 16 per group. *P < 0·05; **P < 0·01;

***P < 0·005.
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Administration of α-GalCer exacerbated autoimmune
cholangitis in 2-OA–BSA immunized mice

Finally, in parallel and as a further positive control, we
studied the effects of 2-OA–BSA immunization simultane-
ously with the injection of α-GalCer in wild-type C57BL/6
mice compared to mice immunized with 2-OA–BSA/PBS.
Twelve weeks after such immunization, there were distinct
differences in C57BL/6 mice immunized with 2-OA–BSA/
α-GalCer compared to 2-OA–BSA/PBS. In the α-GalCer
group, there was a significant increase in IgM and IgG
autoantibodies to PDC-E2 (Tables 1 and 3) as well as a
higher frequency of portal inflammation (Tables 2 and 4
and Fig. 3). In addition, there were fibrous septa extensions
observed in the α-GalCer groups (Tables 2 and 4 and Fig. 3)
and the total number of liver mononuclear cell infiltrates
were elevated significantly (Figs 1a and 2a). There were also
significant elevations of T and B cells in liver (Figs 1b and
2b), including the total numbers of CD4+ and CD8+ T cells
(Figs 1c and 2c, P < 0·005).

Discussion

T cell infiltrates including CD4+ and CD8+ T cells are noted
in the liver of both patients with PBC and murine models
of autoimmune cholangitis [5–7,15,18,25–32]. In this study,
2-OA–BSA/α-GalCer-immunized mice had significant
increases in CD4+ and CD8+ T cells. In an earlier study of
this model, cytotoxic T lymphocyte antigen-4 (CTLA-4)-Ig
treatment begun 1 day before 2-OA–BSA immunization
inhibited the manifestations of cholangitis, including AMA
production, intrahepatic T cell infiltrates and bile duct
damage. CTLA-4-Ig binds to CD80/86, thus preventing
CD80/86 from interacting with CD28 and thereby inhibit-
ing the delivery of the second signal required for full T cell
activation. This study indicates the importance of activating
T cells in PBC [33]. Furthermore, adoptive transfer of CD8+

T cells but not CD4+ T cells from dnTGF-βRII PBC mice to
Rag−/− mice leads to liver histopathology remarkably similar
to PBC [8]. However, in this study our data reflect that the
cholangitis was present in both CD4 and CD8 knock-out

mice immunized with 2-OA–BSA/PBS or 2-OA–BSA/α-
GalCer. These combined results suggest that conventional
CD4+ and CD8+ T cells are important, but are not exclu-
sively critical for development of autoimmune cholangitis.

Of note, there were significant increases in the number of
γδ T cells in CD8−/− mice and CD4−CD8− double-negative
αβ T cells in CD4−/− mice immunized with 2-OA–BSA/α-
GalCer. This phenomenon has also been observed in other
murine models of autoimmunity using CD4 and CD8
knock-out mice, i.e. collagen-induced arthritis [34]. A
number of T cell subsets, including NK T cells, mucosal-
associated invariant T cells, CD3+CD4−CD8− double-
negative T cells and γδ T cells have both innate and adaptive
characteristics and contribute significantly to the develop-
ment and establishment of acute and chronic inflammatory
diseases [35]. In fact, there is an expanded population of
double-negative T cells and/or γδ T cells in patients with
autoimmune diseases. These cells are associated with the
pathogenesis of disease by producing cytokines such as
IFN-γ and IL-17 and promoting inflammation [35–38].
Such expansion of double-negative T cells and/or γδ T cells
are also reported in several autoimmune-prone and
-induced mouse models, including those of autoimmune
encephalitis, Murphy Roths large (MRL)-lpr/lpr, BXSB,
non-obese diabetic (NOD) and New Zealand black/white
(NZB/W) F1 mice [36,39]. We propose that 2-OA–BSA
and/or α-GalCer administration activates double-negative
T cells and/or γδ T cells in CD4−/− and CD8−/− mice and such
activated double-negative T cells and/or γδ T cells mediate
the effector functions that lead to liver damage.

CD4+ T cells are classified functionally into at least three
distinct subsets based on the predominant cytokine being
synthesized by each subset. This includes the T helper type
1 (Th1), Th2 and Th17 subsets. Th17, which secretes IL-17,
IL-21 and IL-22, mediates host-defensive mechanisms to
various infections, especially extracellular bacterial infec-
tions, and are involved in the pathogenesis of many autoim-
mune diseases [40]. The pathogenesis of organ-specific
autoimmune diseases is thought to be orchestrated by Th1
and/or Th17, but not Th2 cells [41]. In the serum of
patients with PBC the most significant increases were noted

Naive 2-OA-BSA/PBS

H&E stain Masson’s trichrome stain
2-OA-BSA/α-GalCer

CD4+/+

CD8+/+

CD8–/–

CD4–/–

Fig. 3. Representative results of pathological

examination of liver sections (haematoxylin and

eosin staining, ×400 magnification; Masson’s

trichrome staining, ×100 and ×200

magnification). Portal inflammation is shown

by black arrowheads. Fibrosis is shown by

yellow arrowheads.
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for IFN-γ and IL-17 compared to normal controls, but
increased levels of IL-2, IL-4, IL-5 and IL-10 have also been
reported [9–14,16,42]. In liver tissues from PBC patients,
there is a significantly higher frequency of IFN-γ and IL-4
mRNA-positive cells compared with controls [9]. In addi-
tion, in PBC, there is an increase in the frequency of IL-17+

lymphocytic infiltration [11,13]. In our 2-OA–BSA/α-
GalCer-immunized mice, IFN-γ production in liver tissue
and liver mononuclear cells were all increased compared to
controls (data not shown).

In humans, AMAs are the diagnostic hallmark of PBC. In
our 2-OA–BSA/PBS- and 2-OA–BSA/α-GalCer-immunized
mice, high levels of anti-PDC-E2 IgM and IgG auto-
antibodies were noted. However, 2-OA–BSA/α-GalCer-
immunized CD4−/− mice manifest portal inflammation and
fibrosis but without detectable anti-PDC-E2 IgG, as CD4+ T
cells are essential for induction of a high-affinity antibody
response and for efficient isotype switching from IgM to
IgG production [43,44]. Treatment with CLTA-4-Ig, initi-
ated after the development of autoimmune cholangitis in
2-OA–BSA immunization, reduces intrahepatic T cell infil-
trates and bile duct damage, but levels of anti-PDC-E2 are
not changed [33].

PBC exhibits several features characteristic of an autoim-
mune disease including the presence of the hallmark AMAs
directed against the PDC-E2, autoreactive T cells in portal
tracts and the specific immune targeting of cholangiocytes
[45–48]. Thus PBC is an autoimmune disease and immu-
nosuppressive agents, including corticosteroids, azathio-
prine, cyclosporin and methotrexate, should theoretically be
successful to treat PBC; however, a clear benefit has not
been demonstrated to date [4]. Our data highlight a major
role for innate immune effector mechanisms and also
provide a logical explanation for the recurrence of PBC
following liver transplantation in the absence of MHC
compatibility and explain the relative failure of immuno-
suppressive drugs to alter PBC, as such agents are relatively
ineffective against innate immune effector mechanisms.
Our results and the well-established role of adaptive immu-
nity in PBC suggests that effective therapy of patients will
be dependent upon agents that modulate both innate and
adaptive responses.
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