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Abstract
There have been important advances in defining effector mechanisms for several human
autoimmune diseases. However, for most human autoimmune diseases, the induction stage is less
well defined and there are very few clues on etiology. Our laboratory has focused on defining the
molecular basis of autoantibody recognition and epitope modification in primary biliary cirrhosis
(PBC). Our work has demonstrated that antibodies to mitochondria (AMA), the hallmark of
disease, are directed against a very conserved site of pyruvate dehydrogenase (PDCE2). We have
also demonstrated that several chemical xenobiotics, chosen based on quantitative structural
activity relationship analysis and rigorous epitope analysis, when coupled to the lysine residue that
normally binds the lipoic acid co-factor of PDC-E2, reacts as well or better to PBC sera than
native autoantigen. In the present studies, we immunized C57BL/6 mice with one such xenobiotic,
2-octynoic acid (2OA), coupled to bovine serum albumin (BSA) and followed mice for 24 weeks.
Animals were studied for appearance of histologic lesions as well as appearance of antibodies to
PDC-E2, serum levels of TNF-α and IFN-γ and splenic and liver lymphoid phenotyping by flow
cytometry. Mice immunized with 2OA manifest autoimmune cholangitis, typical mitochondrial
autoantibodies, increased liver lymphoid cell numbers, an increase in CD8+ liver infiltrating cells,
particularly CD8+ T cells that co-express CD44, and finally an elevation of serum TNF-α and
IFN-γ. In conclusion, these data provide a persuasive argument in favor of an environmental
origin for human PBC.
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There have been important advances in defining mechanisms required for the effector stage
of various human autoimmune diseases including the autoreactive populations involved in
damage to the biliary epithelial cell (BEC) in primary biliary cirrhosis (PBC). On the other
hand, for most autoimmune diseases, even at the induction stage, contributing genetic
influences and environmental contributions are less well understood. Our laboratory has
been studying the putative etiologies for the initiation of PBC for the last decade with the
objective to establish a small animal model which would facilitate studies of the
mechanisms that are the basis of this disease. During these studies our lab has identified
several potential environmental initiators, particularly bacteria 1–3 and chemical
xenobiotics 4–11 In a genetically susceptible host these initiators can disrupt immune
tolerance to the dominant autoantigen of PBC, the mitochondrially localized pyruvate
dehydrogenase E-2 subunit (PDC-E2), which sets in train a multi-lineage cellular and
humoral immune response against this and related autoantigens. This same multi-lineage
immune response then becomes the pathogenic and effector agent by virtue of the unique
immunobiology of the BEC, as discussed and presented elsewhere in detail 11. The fine
mapping of the epitopes recognized by the humoral and cellular autoimmune response
against PDC-E2 has led to the observation that these sites are highly conserved molecular
sequences flanking lipoic acid binding sites and the responses to these are among the most
directed and specific responses in human autoimmunity, and includes reactivity of not only
B cells, but also CD4 and CD8 T cell responses 11.

These data encouraged us to screen PBC sera against PDC-E2 molecules that carried
chemical modifications of either the lysine residue (173K) or the lipoic acid co-factor that
attaches to 173K. We first demonstrated that several chemical xenobiotics, when coupled
via 173K to the dominant autoantigenic peptide of PDC-E2, led to the formation of a neo-
antigen that surprisingly reacted at least as well or even better with PBC sera than did the
native autoantigen 4, 7, 8; in other words, anti-PDC-E2 antibodies from patients with PBC
could recognize xenobiotic modified PDC-E2 peptides that mimic lipoic acid, and such
recognition often includes a higher titer reactivity than to the native autoantigen. Second, we
have recently performed more detailed quantitative structure-activity relationship (QSAR)
analysis and have identified 2-octynoic acid (2OA) as an even better xenobiotic candidate
for antigenic modification of the PDC-E2 peptide 7, 8. Third, we ascertained that
immunization of rabbits with a particular xenobiotic chemical, 6-bromohexanoate (6BH),
coupled to bovine serum albumin (BSA), could break tolerance to PDC-E2 as judged by
production of anti-mitochondrial antibodies (AMA) as seen in patients with PBC5, 6. Fourth,
and finally, we recently demonstrated that immunization with the compound 6BH, coupled
to BSA, led to the development of histological lesions typical of autoimmune cholangitis
with the concurrent appearance of AMA in guinea pigs, albeit with a long latency of some
18 months 10.

In the present studies, we immunized mice with 2OA coupled to BSA and we observed the
appearance of anti-PDC-E2 together with histological lesions typical of autoimmune
cholangitis. However, of interest is our finding that immunization of mice with 2OA-BSA
leads to autoimmune PBC-like disease following a latency period within just a month, rather
than the latency of nearly 18 months for guinea pigs immunized with 6BH. These data
illustrate the capacity of chemical xenobiotics when conjugated to a potential autoepitope
site to induce a PBC-like disease model in mice. Also the data provide a persuasive
argument in favor of an environmental (xenobiotic) origin for human PBC.
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Materials and Methods
Murine immunization

Female C57BL/6J (B6) mice (n=13 per each group) at 8 to 9 weeks of age were obtained
from The Jackson Laboratory (Bar Harbor, ME) and maintained in ventilated cages under
specific pathogen-free conditions. Each mouse was immunized with a mixture of 2-octynoic
acid BSA conjugate (2OA-BSA) (100μg/25μl) intraperitoneally in Complete Freund’s
Adjuvant (CFA, Sigma-Aldrich, St. Louis, MO) containing 10 mg/ml of Mycobacterium
tuberculosis strain H37Ra and subsequently boosted every 2 weeks with 2OA-BSA and
Incomplete Freund’s Adjuvant (IFA) (Sigma-Aldrich). As controls, a comparable numbers
of female B6 mice were immunized with BSA coupled to CFA (100μg/mouse) and boosted
using the identical protocol. Sera were collected before immunization and thereafter every 4
weeks prior to xenobiotic immunization for definition of anti-PDC-E2. Sera were also
analyzed for the cytokines, TNF-α and IFN-γ, as noted below. Animals were sacrificed 12
or 24 weeks after immunization, liver, salivary gland, thyroid, lung, kidney, small intestine
and colon tissues were collected for histological evaluation. Livers and spleens were
collected at the same time points and studied by flow cytometry for cellular phenotypes
using the protocol below.

Preparation of immunogen
2OA was purchased from Sigma-Aldrich and conjugated to BSA as follows. Firstly, 2OA
was dissolved in dry dimethyl ether. Nhydroxysuccinimide (NHS) was then added and the
solution was cooled to 0°C and stirred for 20 minutes. Dicyclohexylcarbodiimide was then
added and the mixture was allowed to warm to ambient temperature over night. The solution
was filtered, concentrated by roto-evaporation under reduced pressure, redissolved with
ethyl ether, washed with water, NaHCO3 (1M), brine, dried under magnesium sulfate,
filtered and concentrated. The product was then purified using flash chromatography (30%
ethyl acetate/hexane). NHS-activated 2OA was dissolved in dimethyl sulfoxide (DMSO)
and then coupled to the lysine residues of BSA (EMD chemicals, Gibbstown, NJ) as
previously described 5 (Fig. 1). The solution was allowed to react for 3 hours followed by
dialysis with PBS.

Detection of anti-PDC-E2
Immunoblotting—10 μg of the purified recombinant PDC-E2 was resolved on a 10%
Novex mini gel (Invitrogen, Carlsbad, CA). The proteins were electro-blotted to
nitrocellulose membrane (Whatman, Dassel, Germany) and cut into 2 mm strips. Each strip
was then blocked for 1 hour at room temperature (RT) with casein blocker (Piece
Biotechnology, Rockford, IL). The strips were incubated for 1 hour with either mouse sera
(1:200) or an AMA positive human PBC control serum (1:1,000) or a mouse anti-PDC-E2
monoclonal antibody, 2H4 12, 13 (1:50) diluted in PBS containing 0.05% Tween-20 (PBS-T)
and 0.05% casein blocker (Fisher Biotech, Fair Lawn, NJ). These strips were then washed 6
times for 5 minutes in PBS-T. Secondary antibody was either horseradish peroxidase (HRP)-
conjugated goat anti-mouse immunoglobulin G, A, M (IgG, A, M) or HRP-conjugated goat
anti-human IgG, A, M (Zymed, San Francisco, CA) diluted 1:10,000 in the same solution as
the primary antibody. These strips were exposed for 1 hour at RT to the respective
secondary antibodies followed by 6 PBS-T wash cycles and exposed for 5 minutes to
chemiluminescent substrate (Pierce Biotechnology). Reactive components were visualized
with a Fluor Tech 8900 gel doc system (Alpha Innotech, San Leandro, CA) equipped with a
chemiluminescent filter.

ELISA—This assay was performed as described 14. Purified recombinant PDC-E2 antigen
at 10 μg/ml in carbonate buffer (pH 9.6) was coated onto 96-well ELISA plates at 4°C
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overnight, washed 5 times with PBS-T, and blocked with 3% skim milk in PBS for 1 hour.
100 μl of the diluted sera (1:500) was added to the wells and incubated for 1 hour at RT
followed by PBS-T washes. 100 μl of HRP-conjugated anti-mouse IgG, IgA or IgM
(1:2,000) (Zymed) was added to each well for 1 hour at RT followed by another set of PBS-
T washes. Immunoreactivity was determined by measuring the optical density (O.D.) at 450
nm with an Emax precision microplate reader (Molecular Devices, Sunnyvale, CA) after
incubation with 100 μl of TMB substrate (BD Biosciences, San Jose, CA) for 30 minutes.

Cytokines
Serum TNF-α and IFN-γ levels were measured using the mouse inflammatory cytometric
bead array (CBA) kit (Mouse Th1/Th2 Cytokine Kit and Mouse Inflammation Kit, BD
Biosciences) as previously described 15. Samples were diluted 1:5 with Assay Diluent
included with the kit. Following the preparation, samples were analyzed using a FACScan
flow cytometer (BD Immunocytometry System, San Jose, CA) and BD CBA Software.

Microscopy of tissue sections
Light microscopy—Immediately after sacrifice, tissue (liver, thyroid, salivary gland,
lung, kidney, small intestine and colon) were harvested, fixed in 10% buffered formalin,
embedded in paraffin, and cut into 5 μm sections. Liver sections were deparaffinized,
stained with hematoxylin and eosin, and evaluated under light microscopy.

Immunohistochemistry—Phenotypic analysis of the intrahepatic cell infiltrates was
performed utilizing rat anti-mouse CD4 and anti-mouse CD8 antibodies (1:20 dilution,
BioLegend, San Diego, CA). After deparaffinization, sections were soaked in TRS buffer
(pH 9.0 for CD4, pH 6.1 for CD8, Dako Cytomation, Carpinteria, CA) containing 0.1%
Triton X-100 (Sigma-Aldrich) and placed in a Decloaking Chamber (Biocare Medical,
Concord, CA) (SP1 at 123°C for 2 minutes, SP2 85°C for 10 seconds, SP limit 10°C) and
then soaked in Universal blocking solution (BioGenex, San Roman, CA) for 15 minutes.
Primary antibodies were applied overnight at 4°C in a moist chamber. After 3 washes with
PBS for 5 minutes, sections were soaked in 3% H2O2 methanol solution for 5 minutes and
then HRP-conjugated polyclonal rabbit anti-rat Ig (1:100, Dako Cytomation) was applied as
a secondary antibody for one hour at RT in a moist chamber. After 3 washes with PBS, the
sections were developed with the DAB peroxidase substrate kit (Vector Laboratories,
Burlingame, CA) and counterstained with hematoxylin (Dako Cytomation).

Flow cytometry
Immediately after sacrifice, livers and spleens were collected from B6 mice immunized with
2OA-BSA or BSA. Livers were first perfused with PBS containing 0.2% BSA, passed
through a nylon mesh, and re-suspended in PBS/0.2% BSA. Hepatocytes were removed as
pellets after centrifugation at 700 rpm for 1 minute and the remainder cells collected. Spleen
tissue was disrupted between 2 glass slides and suspended in PBS/0.2% BSA. Lymphocytes
from suspended liver and spleen cells were isolated using Accu-Paque (density: 1.086,
Accurate Chemical & Scientific Corp., Westburry, NY) gradient. After centrifugation, cells
at the interface were washed with PBS/0.2% BSA, and the viability of cells was confirmed
by Trypan Blue dye (Invitrogen) exclusion. Cell preparations were incubated with
monoclonal antibody 2.4G2 for FcR blocking (BioLegend, San Diego, CA) and then
incubated at 4°C with a combination of Fluorochrome-conjugated antibodies which included
anti-TCRβ FITC (eBiosciences, San Diego, CA), anti-CD4 APC-Cy7 (BioLegend), anti-
CD8a PE-Cy5 (eBiosciences), anti-CD19 Alexa Fluor 647 (eBiosciences). Multi-color flow
analyses were performed using a FACAcan flow cytometer upgraded by Cytec Development
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(Fremont, CA) to allow for 5-color analysis. Acquired data were analyzed with
CELLQUEST software (BD Biosciences).

Expression of data and statistical analysis
Data for groups of mouse sera tested by ELISA for anti-PDC-E2 responses, and for levels of
cytokines are cited as means ± standard error of the mean (SEM). Statistical analysis was
performed using an unpaired t test to compare data for 2OA-BSA and control mice. P values
less than 0.05 were considered statistically significant.

Results
2OA-BSA-immunized mice developed PDC-E2 specific IgG, IgA and IgM

Immunoblotting—Sera from 100% of mice (13/13) immunized with 2OA-BSA (Fig. 1)
reacted with PDC-E2 at 8 weeks post immunization. In contrast, none of the 13 sera from
the control mice immunized with BSA alone had any detectable reactivity against PDC-E2
(Fig. 2. A). ELISA. At 4 weeks, serum IgG and IgM antibodies to PDC-E2 significantly
increased in mice immunized with 2OA-BSA (n=11) as compared to sera from mice
immunized with BSA (n=10): O.D. (Mean ± SEM) 0.33 ± 0.12 vs. 0.04 ± 0.01, P=0.0378
for IgG and 0.08 ± 0.01 vs. 0.02 ± 0.01, P=0.0019 for IgM. At 8 weeks, IgG, IgA and IgM
antibodies to PDC-E2 were all significantly increased in the sera from mice immunized with
2OA-BSA compared with mice immunized with BSA: 1.23 ± 0.23 vs. 0.03 ± 0.00,
P=0.0006 for IgG, 0.55 ± 0.14 vs. 0.00 ± 0.00; P=0.0025 for IgA, and 0.27 ± 0.06 vs. 0.02 ±
0.00, P=0.0006 for IgM (Fig. 2. B).

Serological TNF-α and IFN-γ were elevated in 2OA-BSA-immunized mice
TNF-α and IFN-γ were significantly increased in sera from the mice immunized with 2OA-
BSA compared with levels of mice immunized with BSA from 4 weeks to 12 weeks: 79.0 ±
13.7 pg/ml vs. 19.2 ± 7.5 pg/ml, P= 0.0021 for TNF-α and 14.7 ± 3.3 pg/ml vs. 0.0 ± 0.0 pg/
ml, P<0.001 for IFN-γ at 4 weeks (Fig. 3). On the other hand, there was no difference in the
serum levels of Th2 prototype cytokines IL-4, IL-5 or IL-10 (data not shown), indicating
Th1 cytokine bias.

Presence of lymphoid infiltration in the liver and mild bile duct lesion in 2OA-BSA-
immunized mice but not in BSA-immunized mice

Light microscopy—As illustrated in Figure 4, the portal tracts of mice immunized with
2OA-BSA contained a significant amount of lymphoid cell infiltrates of lymphoid cells (Fig.
4. B, C, D). Mild infiltration of lymphocytes or mononuclear cells surrounding damaged bile
ducts was frequently observed in portal areas (Fig. 4. B, C). These bile duct lesions
resembled those of chronic nonsuppurative destructive cholangitis (CNSDC) as seen in
human PBC. Furthermore ductopenia was observed, and epithelioid granulomas were
scattered within some portal tracts and also in hepatic parenchyma (Figure. 4. C, D); these
pathological findings resembled those of human PBC. There were also small areas of mild
focal necrosis in hepatic parenchyma. No significant change was observed in central vein
areas. On the other hand, no detectable cellular infiltrates and/or bile duct destruction were
present and no parenchymal histopathological change was observed in liver tissues from the
control mice (Fig. 4. A). Portal infiltrates and bile duct damages were evaluated with our
original scoring; 0 for no infiltrate or no bile duct damage, 1 for mild, 2 for moderate. Mild
portal infiltrates and mild bile duct damages were seen in all the tested mice for 2OA-BSA
(n=6) and none of them were found in all the mice for BSA (n=4) (Fig. 4. G). At 24 weeks
we did not observe evidence of either steatosis, eosinophilia or cholestasis. Liver sections
from mice at 24 weeks post immunization showed similar findings as mice at 12 weeks.
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Additional tissues, including the thyroid, salivary gland, lung, kidney, small intestine and
colon were examined (data not shown). These sections were identical and interpreted as
normal in both groups of animals.

Immunohistochemistry—Portal area cellular infiltrates in the liver tissues of 2OA-BSA-
immunized mice contained numerous CD4+ and CD8+ lymphocytes which were not seen in
liver tissues from the control BSA-immunized mice (Fig. 4. E, F). Both CD4+ and CD8+

lymphocytes were observed in the same portal tracts and CD8+ lymphocytes predominated
over CD4+ lymphocytes.

Disruption of CD4/CD8 ratio in the liver of 2OA-BSA-immunized mice
The composition of the lymphoid cell population within the liver and spleen of the
immunized mice was analyzed at 12 weeks post immunization. The frequency of CD4+ cells
were decreased associated with a concomitant increase in the frequency of CD8+ in liver
tissues from the 2OA-BSA-immunized mice as compared with control BSA-immunized
mice. The frequency of both CD4+ and CD8+ cells were on the other hand decreased in the
spleen (Fig. 5. A). Therefore CD4/CD8 ratios in the 2OA-BSA-immunized mice liver were
significantly decreased: 2.03 ± 0.08 vs. 12.50 ± 1.63, P=0.0015; whereas there was no
difference in the spleen (Fig. 5. B).

The total lymphoid cell number was significantly increased in liver tissues from the 2OA-
BSA immunized mice as compared with control BSA-immunized mice at 12 weeks: 4.18 ±
0.24 vs. 1.88 ± 0.14 (×106), P=0.0013; whereas there was no difference in the spleen (Fig. 6.
A). Although the frequency of CD4+ T cells in the liver was decreased, the absolute number
of CD4+ T cells was not decreased at 12 weeks because of the increase of total cell number
in the liver. On the other hand, there was no difference in either the frequency or absolute
numbers of CD4+ T cells in the spleen (Fig. 6. B). Importantly, the absolute number of
CD8+ T cells was markedly increased only in the liver compared with control mice:
0.468±0.053 vs. 0.063 ± 0.012 (×106), P=0.0015, and there was no difference in the spleen:
8.82 ± 1.71 vs. 11.58 ± 1.68 (×106), P=0.3114 (Fig. 6. C). Interestingly, the absolute number
of CD19+ B cells in the liver was also increased: 1.29 ± 0.02 vs. 0.35 ± 0.06 (×106),
P<0.0001, but there was no difference in the spleen (Fig. 6. D).

The frequency of CD8+ T cells that co-expressed CD44, a marker of mouse memory T cells,
was increased over controls in the liver: 88.70 ± 2.04 vs. 76.47 ± 3.50, P=0.0233, but there
was no difference in the spleen (Fig. 7)

Discussion
The data reported herein has several major advances since our earlier work on induction,
using xenobiotics, of AMAs and biliary pathology in older guinea pigs 10. Firstly, our use of
QSAR has allowed us to choose 2OA instead of 6BH as a more likely candidate for disease
induction. Secondly, the latency time for appearance of AMAs and biliary pathology is now
measured in weeks, rather than a year or longer. Third, the use of a murine model, with the
ability to track and follow infiltrates with mAbs, is much greater than with guinea pigs.
However, the model still has disadvantages, including the failure to see fibrosis and the
inability in mice to measure cholestatic enzymes. We suspect that longer periods of
observation, and likely additional host factors, are required to eventually demonstrate
destructive cholangitis. These observations notwithstanding, these data are strikingly
important for studies of tolerance and study of the early events of autoimmune cholangitis.
Finally, and before putting these data into the context of human PBC, we should emphasize
that we believe that many chemicals may be involved in similar induction of disease and the
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use of 2OA has proven to be a convenient method to break tolerance. This is discussed in
more detail in a recent review11.

PBC is an autoimmune disease with a long latency period during which there is a
progressive loss of self-tolerance and seropositivity for the signature antibody, anti-PDC-E2.
Valid animals models of PBC would greatly facilitate investigation of this loss of self-
tolerance. Those recently described include genetically manipulated mouse strains, including
NOD.c3c4 mice 16, 17, TGF-β receptor II dominant-negative mice 18–20, and IL-2 receptor
α−/− mice 15. Such mouse models spontaneously develop selective features of PBC.
However, to date, there has been no accepted murine model of human PBC based on
experimental immunization. Claimed models are described, including B6 mice injected with
either poly I:C 21, or with purified PDC-E2 in lipopolysaccharide (LPS) or recombinant
polypeptides of PDC-E2 22, but these models lack essential diagnostic criteria for human
PBC. Further, in a graft versus host disease (GVHD) model 23, there was exemplary
histopathology but the characteristic AMA reactivity was not reliably demonstrated. Finally,
in SJL/J mice immunized with PDC-E2 emulsified in CFA, there developed an apparent
autoimmune cholangitis associated with T cells that in vitro displayed a Th1/Th2 mixed
cytokine profile after stimulation with the autoantigen 24, 25, but unfortunately a similar
histopathology was observed in mice immunized with control protein (α-casein) emulsified
in CFA 26, putting into question the significance of this finding. Particular features of the
presently described mouse model, generated by immunization of B6 mice with 2OA
conjugated with BSA were that no inflammation was found in organs other than liver, no
analogous findings were seen in control B6 mice immunized with BSA in CFA, and
antibodies to PDC-E2 were regularly demonstrable by immunoblot and ELISA. The mouse
strain used in the present study, C57BL/6J (B6), does not spontaneously develop biliary
disease, but does so only after immunization with 2OA-BSA with an anti-PDC-E2 response.

As regard to genetics of PBC, a number of genetic factors have been suggested in population
and family studies. However, no definitive genetic association with disease susceptibility or
onset has been found 27. The relative risk for siblings and the concordance rate in
monozygotic twins in PBC are among the highest reported in autoimmune conditions.
However, discordant pairs were identified. Therefore not only the role of genetics but also
emphasize that either epigenetic factors and/or environment plays critical role in the
induction of PBC 28.

Results from our attempts to develop an animal model for human PBC indicate that there are
several variables that contribute to induction of a “pathological” autoimmune response
versus an autoimmune response with low to undetectable levels of tissue pathology. These
variables include the species of the animal being utilized, the nature of the auto-antigenic
mimic, and the requirement for an adjuvant. Various clonotypes of self-reactive T cells do
escape negative selection within the thymus and, whilst present in the periphery, do not
induce any pathology in the host 29. Antigenic ignorance (likely based on a naïve
phenotype), peripheral deletion, induction of anergy and influences of regulatory cells have
all been reasoned as contributors to the failure of such clones of T cells to cause
immunopathology. It is also becoming clear that 3 signals could be required for these inert
self reactive T cells to initiate a pathological response against an autoantigen: these include
the nature of the antigenic epitope that leads to the engagement of the appropriate clones of
T cells via the cognate TCR; the co-stimulatory signals available; and a third signal which
will vary according to the lineage and organ within which the autoimmune response is
generated. For example, in selected cases, the presence of IL-12 can efficiently induce such
clones of auto-reactive T cells to become activated and initiate autoimmune pathology 30.
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In a previous study on PBC, we reported a ten fold increase in the relative frequency of
PDC-E2-specific CD8+ T cells in liver compared with that in peripheral blood 31, and the
CD8+ T cell frequency in the liver correlated directly with biliary ductular damage 20, 32.
Comparable observations were made for liver tissue from 2OA-BSA-immunized B6 mice in
which there were significant numbers of intrahepatic CD8+ T cells (Fig. 6) with a decrease
in the CD4/CD8 ratio (Fig. 5) and with a increase of CD44high memory T cells (Fig. 7).
These data suggest that CD8+ T cells contribute to the immunopathogenesis of cholangiolitis
in 2OA-BSA immunized B6 mice, but this possibility was not addressed directly in the
present study. In future work, the effects of transfer of distinct auto-antigen primed
lymphoid cell populations within the B6 strain should prove informative. Further
characterization of cell population in the liver, hepatic T cell responses to self antigen and
MHC expression on the bile duct epithelial cells should also be examined and these works
are in progress.

With regards to the mechanism of disease induction in 2OA-BSA immunized mice, we
hypothesize that a molecular mimicry between the self-antigen, lipoylated PDC-E2, and
xenobiotically modified 2OA-PDC-E2 can break tolerance, particularly under the additional
influence of CFA in the immunizing inoculum; tolerance failure to PDC-E2 then leads on to
PBC-like bile duct damage. This hypothesis is well supported by the observation that anti-
PDC-E2 from patients with PBC can recognize certain xenobiotically modified PDC-E2
peptides that mimic lipoic acid 4, and that PDC-E2 can be expressed on the surface of biliary
epithelial cells in the course of apoptosis 12, 13, 33. We should note that immunization with
PDC-E2 alone leads to an antimitochondrial response that reacts to mitochondria of other
species, but not to self 34. Moreover rabbits and guinea pigs immunized with the lipoic acid
mimic 6BH, conjugated to BSA in CFA did produce AMA, albeit after a long
interval 5, 6, 10. We selected 2OA-BSA for the present study because the inhibition study
using human PBC patients’ sera demonstrated that 2OA coupled to the lysine residue (173K)
of the PDC-E2 peptide inner lipoyl domain is unique among the tested compounds in that it
did not cross-react with the lipoylated PDC-E2 peptide 7. Importantly this xenobiotic
compound is not found in nature but can be chemically synthesized and the methyl and ethyl
esters are widely used in cosmetic products such as perfume, lipstick, soap, detergents,
cream, lotion and many common food flavorings 7, 8, 35. BSA-conjugated 6BH was also
investigated as an immunogen in the present study but anti-PDC-E2 were not evident in
mice immunized with 6BH-BSA by 6 weeks (data not shown), whereas in mice immunized
with 2OA-BSA, seropositivity was evident as early as four weeks post immunization. For
the purposes of this study, 2OA-BSA was used to immunize the mice, but obviously
another, or potentially many, chemically equivalent environmental xenobiotics may well be
involved with the initiation of human PBC.
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Abbreviations

2OA 2-octynoic acid

6BH 6-bromohexanoate

AMA anti-mitochondrial antibody
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BEC biliary epithelial cell

BSA bovine serum albumin

CFA Complete Freund’s Adjuvant

CNSDC chronic nonsuppurative destructive cholangitis

IFA Incomplete Freund’s Adjuvant

Ig immunoglobulin

PBC primary biliary cirrhosis

PDC-E2 E2 subunit of pyruvate dehydrogenase

TCRβ T cell receptor β
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Figure 1. Structures of lipoic acid and 2-octynoic acid-BSA
2-octynoic acid was conjugated with BSA and used for immunization. “Z” represents any
lysine residue of BSA.
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Figure 2. Antibody to PDC-E2
A. Immunoblot at 8 weeks after immunization with 2OA-BSA, and BSA. Recombinant
PDC-E2 protein was loaded on SDS-PAGE and transferred to a nitrocellulose membrane.
All 13 sera from mice immunized with 2OA-BSA versus none of 12 sera from BSA-
immunized mice showed detectable reactivity with a component of ~70kDa. Sera from two
PBC patients and a mouse anti-PDC-E2 monoclonal antibody (mAb), 2H4, were included as
positive controls. B. Quantification of anti-PDC-E2 in the sera by ELISA at 2 weekly
intervals after immunization shows significant increases in O.D. values after immunization
between responder and control mice. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. Levels of TNF-α and IFN-γ in sera of mice after immunization
The levels of both Th1 cytokines in sera from mice immunized with 2OA-BSA versus BSA-
immunized mice were markedly increased. **P<0.01, ***P<0.001.
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Figure 4. Microscopic examination of liver tissue from immunized and control mice
A–D. Light microscopy of stained sections of liver at 12 weeks after immunization of mice
with BSA (A) shows no abnormalities, and after immunization with 2OA-BSA shows mild
infiltration of lymphocytes in portal tracts (B, C, D) particularly surrounding damaged
intralobular bile ducts (B, C, green *). Bile duct loss and epithelioid granulomas (yellow
arrow) were observed in some portal tracts (D), and granulomas were found also in hepatic
parenchyma (C). P, portal vein. (H & E ×400: scale bar, 100μm.)
E, F. Immunohistochemical analysis of liver sections from 2OA-BSA-immunized mice at 12
weeks after immunization using mAbs to CD4 (E) and CD8 (F). Both CD4+ and CD8+ T
lymphocytes were distributed in portal tracts with CD8+ T cells predominating over CD4+ T
cells. (×400: scale bar, 100μm.)
G. Portal infiltrates and bile duct damages were scored at 12 weeks after immunization; 0
for none, 1 for mild, 2 for moderate. Both portal infiltrates and bile duct damages were
observed in all the tested mice for 2OA-BSA (n=6) while none of them were found in all the
mice for BSA (n=4).
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Figure 5. Lymphoid cell population in liver and spleen from immunized mice at 12 weeks
Cells were stained with mAbs to TCRβ, CD4 and CD8. Analysis was performed with gating
of TCRβ+ cells. The CD4/CD8 ratio was significantly decreased in liver but not in spleen
from mice immunized with 2OA-BSA versus control BSA-immunized mice. **P<0.01.
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Figure 6. Numbers of lymphoid cells in liver and spleen from immunized mice
A. Total lymphoid cells were significantly increased in the liver but not in the spleen of -
BSA-immunized mice versus control BSA-immunized mice.
B–D. Cells were stained with anti-TCRβ, CD4, CD8, CD19 and enumerated by flow
cytometry. Graphs show data for CD4+ T cells (B), CD8+ T cells (C) and CD19+ B cells
(D). CD8+ T cells and CD19+ B cells were significantly increased in the liver but not in the
spleen of 2OA-BSA-immunized mice versus control BSA-immunized mice. **P<0.01.
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Figure 7. Flow cytometry analysis of CD8 and CD44 in liver and spleen
Analysis was performed with gating of TCRβ+ and CD8+ cells. Frequency of CD44high

memory T cells in CD8+ T cells were increased in 2OA-BSA-immunized mice liver but not
in the spleen compared with BSA-immunized mice. *P<0.05
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