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Abstract
Antimitochondrial antibodies (AMA) directed against the lipoyl domain of the E2 subunit of
pyruvate dehydrogenase (PDC-E2) are detected in 95% of patients with PBC and are present
before onset of clinical disease. The recent demonstration that AMA recognize xenobiotic
modified PDC-E2 with higher titers than native PDC-E2, raises the possibility that the earliest
events involved in loss of tolerance are related to xenobiotic modification. We hypothesized that
reactivity to such xenobiotics would be predominantly IgM and using sera from a large cohort of
PBC patients and controls (n=516), we examined in detail sera reactivity against either SAc-
conjugated bovine serum albumin (BSA), recombinant PDC-E2 (rPDC-E2) or BSA alone.
Further, we also defined the relative specificity to the SAc moiety using inhibition ELISA; SAc
conjugate and rPDC-E2 specific affinity purified antibodies were also examined for antigen
specificity, isotype and cross-reactivity. Reactivity to SAc conjugates is predominantly IgM; such
reactivity reflects a footprint of previous xenobiotic exposure. Indeed, this observation is
supported by both direct binding, cross reactivity, and inhibition studies. In both early and late
stage PBC, the predominant Ig isotype to SAc is IgM, with titers higher with advanced stage
disease. We also note that there was a higher level of IgM reactivity to SAc in early stage versus
late stage PBC. Interestingly, this finding is particularly significant in light of the structural
similarity between SAc and the reduced form of lipoic acid, a step which is similar to the normal
physiological oxidation of lipoic acid. We submit that specific modifications of the disulfide bond
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within the lipoic-acid-conjugated PDC-E2 moiety, i.e. by an electrophilic agent renders PDC-E2
immunogenic in a genetically susceptible host.
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Anti-mitochondrial autoantibodies (AMA) to the E2 subunit of the pyruvate dehydrogenase
complex (PDC-E2) are the serological hallmark of PBC (1–4). Previous analysis of the
antibody specificity of anti-PDC-E2 revealed a number of subpopulations of anti-PDC-E2
antibodies that recognized either the PDC peptide, PDC peptide conjugated with lipoic acid
or lipoic acid itself (5–7). Interestingly, PDC-E2 specific antibodies are present long before
the onset of clinical symptoms and may represent a relic of initiating immunological events
(8). Recent studies by quantitative structure-activity relationship (QSAR) analysis
demonstrated that AMA-positive PBC sera, but not controls, reacted to a number of
xenobiotic modified PDC-E2 structures (9–11), with a particularly striking level of
reactivity against 6,8-bis(acetylthio) octanoic acid (SAc)-PDC-E2 (12). This observation is
critical because SAc is a modified form of lipoic acid in which both sulfur atoms of the
disulfide bond of the lipoyl ring are modified by acetyl groups (Figure 1), thereby
maintaining PDC-E2 in a reduced state by preventing disulfide bond formation; this reduced
state facilitates xenobiotic modification of PDC-E2 (13). We hypothesized that the presence
of antibodies directed against the SAc-PDC-E2 conjugate in sera from PBC patients
suggests that this structure is involved in loss of tolerance. Such data would also support the
thesis that chemical modification of self-proteins play an important role in autoimmunity (7,
14–16), exemplified by minocycline-induced autoimmunity, whereby minocycline binding
to self macromolecules produces immunogenic self antigens that become the target of
disease generating, cross-reactive autoantibodies (17, 18).

Thus, to address our hypothesis and define the antibody reactivity to the SAc moiety, we
have studied the serological reactivity of 241 AMA-positive PBC patients, 34 AMA-
negative PBC patients, 86 patients with primary sclerosing cholangitis (PSC), 95 patients
with autoimmune hepatitis (AIH), and 60 healthy controls against SAc conjugated BSA, 2-
octynoic acid (2OA) conjugated BSA, recombinant PDC-E2 (rPDC-E2), and BSA itself.
Importantly, we have mapped specific reactivities of a nested subset of 24 AMA-positive
SAc-BSA-positive PBC sera, including use of various affinity-purified antisera and
inhibition studies. Interestingly, our data suggest that IgM reactivity to SAc reflects the
footprints of xenobiotic modification of PDC-E2. Finally, we report herein that the IgM
reactivity to SAc persists from early to late stage PBC with only minimal IgG reactivity.

Materials and Methods
Serum samples

Sera samples were obtained from the Tufts New England Medical Center, the University of
California School of Medicine at Davis, and Humanitas Clinical and Research Center, Milan
Italy, including 241 AMA-positive patients with PBC, 34 AMA-negative patients with PBC,
86 PSC patients, 95 AIH patients and 60 healthy controls were used herein following
appropriate informed consent. The clinical diagnosis of all patients was verified using
published criteria (19–22) and the protocol approved by the Institutional Review Board of
the University of California at Davis.
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Synthesis of diacyl modified lipoic succinimidyl ester (SAc-NHS) analog
Lipoic acid (4.8 mmol) was placed in a round bottom flask and dissolved in water (24 mL),
followed by the addition of NaHCO3 (4.8 mmol). The solution was placed in a sonicator
until the solid dissolved, and the solution turned yellow. The solution was cooled to 0°C and
solid NaBH4 (9.6 mmol) was slowly added. The reaction was stirred for 30 minutes at 0°C
and thence an additional 30 minutes at room temperature. 2M HCl was added slowly until a
pH of approximately 1 was reached. This solution was extracted with chloroform under an
inert atmosphere. The combined extracts were dried over sodium sulfate and concentrated to
deliver 6,8-dimercaptooctanoic acid (78%).

6,8-dimercaptooctanoic acid (4.8 mmol) was dissolved in 30 mL of acyl chloride and heated
to 60°C for 4 hours. The reaction was quenched by the addition of 250 mL of ice water. This
aqueous solution was extracted with ethyl acetate. The combined extracts were washed with
water, brine, dried over sodium sulfate, and concentrated to derive acyl modified 6,8-di-
mercaptooctanoic acid.

The crude acyl modified 6,8-di-mercaptooctanoic acid (3.4 mmol), N-hydroxysuccinimide
(17.0 mmol), and dicyclohexylcarbodiimide (DCC) (17.0 mmol) were added to 10 mL of
dry tetrahydrofuran (THF). The reaction was stirred at room temperature for 24 hours. The
reaction mixture was gravity filtered and rinsed with additional dry THF. The filtrate was
concentrated and dissolved in ethyl acetate. This organic solution was washed with water,
brine, dried over sodium sulfate, and concentrated. The solid residue was purified by flash
chromatography to yield the desired NHS ester (SAc-NHS), an amorphous solid (69 % over
two steps).

Preparation of SAc modified albumin
In 1.75 mL of purified water, 83 mg of BSA was dissolved. SAc-NHS (0.29 mmol)
dissolved in 200 µL dimethyl sulfoxide (DMSO) was then added drop-wise to the slowly
vortexing BSA solution. The solution was allowed to react for 3 hours. This crude mixture
was purified by HPLC. MALDI-TOF MS analysis showed a conjugation of 18–20 SAc
molecules per BSA molecule. SAC-RSA was prepared similarly.

Preparation of 2OA-BSA
2OA-BSA was synthesized as previously described (23). Briefly, 2-octynoic acid (Sigma
Aldrich) was conjugated to BSA as follows. First, 2-octynoic acid (1.00 mL, 6.86 mmol)
was dissolved in dry diethyl ether (20 mL). N-hydroxysuccinimide (0.868 g, 7.54 mmol)
was then added and the solution cooled to 0°C and stirred for 20 minutes.
Dicyclohexylcarbodiimide (1.56 g, 7.54 mmol) was then added and the mixture allowed to
warm to ambient temperature overnight. The solution was filtered, concentrated by roto-
evaporation under reduced pressure, re-dissolved with diethyl ether (40 mL), washed with
water (40 mL), NaHCO3 (1 M, 40 mL), brine (40 mL), dried over magnesium sulfate,
filtered, and concentrated. The product was then purified using flash chromatography (30%
ethyl acetate/hexanes). NHS-activated 2-octynoic acid was dissolved in DMSO and then
coupled to the lysine residues of BSA (EMD Chemicals, Gibbstown, NJ). The solution was
allowed to react for 3 hours followed by HPLC purification. MALDI-TOF analysis
demonstrated a loading of 30 to 32 molecules of 2OA per BSA molecule.

Preparation of rPDC-E2
Overnight E. coli cultures expressing the human PDC-E2 lipoyl domain in plasmid
pGEX4T-1 (24) were diluted 1:10 with fresh Lauria-Bertani medium (50ug/mL ampicillin)
until the optical density (OD) was 0.7 to 0.8 and induced with 1mM isopropyl-β-
thiogalactopyranoside for an additional 3 to 4 hours at 37°C. Cells were pelleted, re-
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suspended in PBS containing 1% Triton X-100 and 1% Tween 20 (Sigma Chemical Co., St.
Louis, MO), and sonicated. The sonicated extract was centrifuged at 10,000× g for 15
minutes at 4°C; the supernatant was collected and incubated with glutathione agarose beads
(Sigma, St. Louis, MO) for 2 hours at room temperature. Gluthathione-agarose-beads were
washed 3 times with PBS and the fusion protein was eluted by competition with 50 mM Tris
HCl pH 8.0 containing 20 mM reduced glutathione (Sigma, St. Louis, MO). Protein
concentrations of the eluates were determined by bicinchoninic acid (BCA) assay (Thermo
Scientific), and specificity of the purified recombinant proteins was verified by
immunoblotting with anti-PDC-E2 monoclonal antibodies. Positive and negative controls
were included throughout (25).

Enzyme-linked immunosorbent assay (ELISA)
96-well ELISA plates were coated with either rPDC-E2, SAc-BSA, 2OA-BSA or BSA (10
microgram/mL) in carbonate coating buffer at 4°C overnight, blocked with 3% non-fat dry
milk in PBS and incubated with 1:500 dilution of the serum samples to be tested for 1 hour.
The plates were then washed with PBS containing 0.05% Tween 20 and incubated for 1
hour with a predetermined optimized dilution of horse-radish peroxidase (HRP) conjugated
anti-human IgG, IgM and IgA (Invitrogen, Carlsbad, CA), washed and developed with BD
OptEIA Substrate (BD Biosciences, San Diego, CA) (26).

To determine if the specificity of the Ig reactivity against SAc-BSA was localized to the
hapten and not the result of cross-reactivity with PDC-E2, a nested study of 24 random PBC
serum that reacted with SAc-BSA and rPDC-E2 but not BSA were selected. Each serum
sample at each dilution (1:250 to 1:2,000) was individually pre-incubated with either 100
microgram of rPDC-E2, SAc-BSA, or SAc-RSA per mL of diluted human serum sample at
4°C overnight, centrifuged and the supernatant analyzed for antibody reactivity against
rPDC-E2, SAc-BSA, and SAc-RSA by ELISA. Similarly, aliquots of the serum samples
were similarly pre-incubated with either BSA or another irrelevant protein Met e 1 (27)
overnight at 4°C overnight. Thereafter, the serum samples were centrifuged and the
supernatant fluids collected to be included as negative controls throughout.

Affinity purification of antibodies
To further determine the hapten specificities of the antibody population, rPDC-E2, SAc-
BSA and SAc-RSA affinity purified antibodies from 10 of the 24 AMA-positive SAc-BSA-
positive PBC human sera were prepared. Briefly, the target protein was conjugated to
cyanogen bromide (CNBr)-activated sepharose beads (28). The PBC sera were centrifuged
at 3800 rpm and the supernatant was diluted to 1:20 with 10 mM Tris pH 7.5. The diluted
human serum was passed through the column 3 times. The bound antibodies were eluted off
with 100 mM glycine pH 2.5 and neutralized immediately with 1M Tris pH 8.0. The
concentrations of the purified antibodies were determined using the BCA assay (Thermo
Scientific). These affinity-purified antibodies were assayed for reactivity against rPDC-E2,
SAc-BSA, and SAc-RSA. Reactivity to an irrelevant protein Mete l (27) was used as a
control throughout.

The Ig class of affinity-purified antibodies to SAc conjugates and rPDC-E2 was determined
by ELISA as described above. Briefly, SAc-BSA-, SAc-RSA-, or rPDC-E2-coated ELISA
plates were incubated with SAc-conjugate-purified antibodies or rPDC-E2-purified
antibodies and probed with goat HRP-conjugated anti-human IgG, IgM and IgA antibodies
(Invitrogen).
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Anti-SAc antibodies of the IgM isotype and stages of PBC
To evaluate the specific Ig reactivity to SAc in early versus late stage of PBC, we performed
a nested study involving a cohort of 50 patients with stage 1–2 PBC and 50 stages 3–4.
These included 43 AMA positive and 7 AMA negative in the stage 1–2 group and a
comparable number in the stage 3–4 group. Sera from each of these patients were studied for
IgG and IgM reactivity to recombinant PDC-E2 and SAc-BSA as outlined above.

Statistical analysis
Averages and standard error of the mean (SEM) of Ig reactivity against antigens utilizing
ELISAs, inhibition ELISAs, and affinity purified antibody ELISAs were calculated. A two-
tailed unpaired t-test with Welch’s correction was used to analyze the Ig reactivity against
xenobiotic-modified proteins for sera from AMA-positive patients with PBC, AMA-
negative PBC patients, PSC patients, AIH patients, and healthy controls. Statistical
significance for inhibition ELISAs and affinity purified antibody ELISAs between SAc-
conjugate-specific and rPDC-E2 specific antibodies was also determined by a two-tailed
unpaired t-test with Welch’s correction.

Results
Specific serological reactivity to SAc-BSA

207 out of 241 AMA-positive PBC sera recognized SAc-BSA and 76 of the same 207
AMA-positive PBC sera also reacted to 2OA-BSA, whereas none of the sera reacted to
BSA. Importantly, the mean Ig (comprising of IgG, IgA and IgM) reactivity against SAc-
BSA of sera from AMA-positive PBC patients is significantly higher (p < 0.0001) than sera
from AMA-negative PBC, AIH, PSC, and healthy controls (Figure 2). There was no further
clinical data available in this cohort.

Antibody cross-reactivity between SAc-BSA and rPDC-E2 distinguishes two different
recognition patterns

To determine if there are cross-reactive antibodies against SAc-BSA and rPDC-E2 in sera of
AMA-positive PBC patients, 24 serum samples that recognized both SAc-BSA and rPDC-
E2 were studied in detail by inhibition ELISA. Individual serum samples were first
incubated with either rPDC-E2, SAc-BSA or SAc-RSA to absorb reactivity and then
assayed for reactivity against the three substrates by ELISA. As negative controls, serum
samples were pre-incubated with BSA and another irrelevant protein Met e 1 (27) and
assayed for reactivity against rPDC-E2, SAc-BSA and SAc-RSA. Interestingly, two distinct
patterns of antibody reactivity were found. Pre-absorption of 14/24 sera with rPDC-E2 did
not remove reactivity to the SAc-conjugated proteins and most reactivity was retained
(Figure 3A and 3C). For the other, 10/24 PBC sera, pre-absorption with rPDC-E2 ablated
reactivity against SAc-BSA or SAc-RSA as well as against rPDC-E2 (Figure 3B and 3D). In
all cases, pre-absorption with SAc-BSA or SAc-RSA led to loss of reactivity to SAc-
conjugated proteins at 1:250, 1:500, 1:1000, and 1:2000 serum dilutions. Similarly pre-
absorption of sera with rPDC-E2 ablated reactivity against rPDC-E2 at 1:250, 1:500, 1:1000,
and 1:2000 serum dilutions. In the cross over experiment, when both populations were
absorbed with SAc-conjugated proteins, they both retained their antibody recognition to
rPDC-E2 at all dilutions (Figure 3E and 3F). When sera were absorbed independently with
BSA and another irrelevant control protein Met e1, they retained > 97% reactivity against
rPDC-E2, SAc-BSA, SAC-RSA at 1:250, 1:500, 1:1000 and 1:2000 sera dilution (Figure 3).
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Affinity purified rPDC-E2 antibodies do not react with SAc-conjugated proteins
To further determine the hapten specificities of the antibody population, affinity-purified
antibodies against rPDC-E2, SAc-BSA, and SAc-RSA were prepared from a subset of 24
AMA-positive SAc-BSA-positive PBC sera (5/10 of rPDC-E2 ablation group and 5/14 of
the rPDC-E2 non-ablation group). The affinity purified antibodies against rPDC-E2 from
both populations bound to only rPDC-E2 and not to SAc-BSA or SAc-RSA (Figure 4). In
contrast, SAc-conjugate affinity purified antibodies from both populations reacted to both
SAc-conjugates and rPDC-E2. The differences between the levels of reactivity against SAc-
conjugates by SAc-conjugate-purified antibodies and rPDC-E2-purified antibodies are
statistically significant in both populations (Figure 4A–4D).

Affinity purified antibodies of the IgG isotype show specificity for rPDC-E2
Isotyping was performed on the affinity purified antibodies to determine the major Ig
classes. The affinity purified SAc-conjugate reactive antibodies and the affinity purified
rPDC-E2 reactive antibodies displayed IgG reactivities against rPDC-E2 (Figure 5A). Little
to no SAc-conjugate-purified and rPDC-E2-purified antibodies were detected against SAc-
conjugated proteins using anti-IgG secondary antibodies. However, when SAc-conjugate-
purified anitibodies were tested against rPDC-E2 the binding population was found to be
predominantly IgG (p < 0.0001).

Anti- SAc affinity-purified antibodies of the IgM isotype show specificity for both rPDC-E2
and SAc-conjugates

When an anti-IgM was used as a developing antibody, SAc-conjugate affinity-purified
antibodies displayed reactivity against SAc-conjugates at levels that were significantly
higher (SAc-BSA-purified antibodies, p < 0.001; SAc-RSA-purified antibodies, p < 0.0001)
than did rPDC-E2-purified antibodies (Figure 5B). rPDC-E2-purified antibodies reactivity to
SAc-conjugates (0.074±0.020 against SAc-BSA; 0.095±0.024 against SAc-RSA) is
negligible. SAc-RSA-purified antibodies and rPDC-E2-purified antibodies reacted to rPDC-
E2 to a similar degree, but SAc-BSA-purified antibodies bound rPDC-E2 significantly less
than rPDC-E2 purified antibodies (p < 0.01).

Reactivity to SAc in early and late stage PBC
Of the 100 studied PBC sera, 50 were stage 1–2 and 50 were stage 3–4. In these two groups,
there were 7 AMA negative sera each and in all AMA negative cases we confirmed the
absence of reactivity to both SAc-BSA and to PDC-E2. Importantly, 30/43 early stage and
33/43 reacted to both SAc and recombinant PDC-E2. Interestingly, however, there was a
slight and statistically significant increase in IgM reactivity when comparing early PBC (OD
0.164 ± 0.025) and late PBC (OD 0.205 ± 0.027) with respect to reactivity to SAc. IgG
reactivity to SAc in both groups was insignificant. We do note however that in the early
stage group, there were 6/43 patients with IgM reactivity to SAc that were higher than their
IgM titers to PDC-E2; this pattern was not seen in any late stage sera (Table 1).

Discussion
In this study, we demonstrated that antibodies to the SAc-moiety are present in the majority
of AMA-positive PBC patients. Two patterns of patient responsiveness are seen, one where
AMAs cross-react with both SAc-conjugated proteins and rPDC-E2, and the other where
AMAs show little cross-reactivity between the two antigens. Cross-reactivity predominantly
resides with SAc-conjugate affinity-purified antibodies and not rPDC-E2-affinity purified
antibodies. IgG from SAc-conjugate affinity-purified antibodies binds rPDC-E2
significantly more than SAc-conjugated proteins whereas IgM from SAc-conjugate-purified
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antibodies binds both rPDC-E2 and SAc-conjugated proteins (Figure 6). The presence of
high amounts of IgM, a hallmark characteristic of PBC, leads us to speculate that these SAc-
conjugate-purified IgM antibodies are footprints induced by xenobiotic exposure at the very
early stages of development of PBC.

How might this occur? The immunodominant epitope of PDC-E2 is localized to the inner
lipoyl domain (29–31), and the main function of the disulfide bond of the PDC-E2-lipoyl
domain is electron transfer during ATP synthesis (32). This is achieved by constant forming
and breaking of the disulfide bond with subsequent electron transfer of an acetyl group from
pyruvate to coenzyme A (CoA) to produce acetyl-CoA. We have recently shown that the
modification of this disulfide bond renders PDC-E2 more immunogenic and have proposed
that this modification can interrupt ATP synthesis, causing cell death and exposing modified
PDC-E2 to the immune system. This could initiate breakdown of self-tolerance to native
PDC-E2 in genetically susceptible individuals by presentation of a cross-reactive moiety
(12). This finding is supported by the observation that PDC-E2 is more immunogenic in its
reduced and unmasked form (33), a structure equivalent to SAc-PDC-E2. Additionally,
diacetyl derivatives of PDC-E2 (SAc-PDC-E2) cannot participate in the enzymatic reaction
to form acetyl-CoA as efficiently as monoacetyl derivatives, the physiological form of PDC-
E2 (34), again rendering the cell more susceptible to exogenous damage. Thus, direct
alteration of the lipoyl ring – i.e., disruption of the S-S linkage – renders the lipoic acid
“activated” and receptive to xenobiotic modification, which in turn presents a cross-reactive
neo-epitope. Although it is not clear how xenobiotics or the modified cellular proteins
initiate autoimmunity in PBC, analysis of serum samples from subjects with acute liver
failure indicate that a severe liver oxidant injury can lead to AMA production (21, 35). In
particular, AMA with the same antigen and epitope specificity as in patients with PBC was
found in almost 35% of individuals poisoned by ingesting excessive amounts of acetyl-para-
aminophenol (commonly known as acetaminophen) suggesting that the PDC-E2 lipoyl
domain is likely a target of acetaminophen induced reactive oxygen species. Thus, in
genetically susceptible individuals, prolonged exposure to electrophilic agents such as
acetaminophen may initiate and/or enhance the breakdown of self-tolerance to PDC-E2 (13).
We propose such modified-self comes to the attention of the immune system in apoptotic
blebs from biliary epithelial cells during the normal turnover of the cellular lining of
intrahepatic bile ducts in an environment of xenobiotic exposure (36).

Previous work has demonstrated that protein modification can be an initiating point to the
breach of tolerance. Indeed, in one study it was estimated that the majority of human
proteins are susceptible to post-translational modification, including, for example, (i.e.
acetylation, lipidation, citrullination and glycosylation) (37, 38). The clinical significance of
these modifications has been demonstrated in rheumatoid arthritis, Sjogren's syndrome,
systemic lupus and celiac disease (39–42). The earliest work reflecting the clinical
significance of xenobiotics with respect to modification and environmental factors was the
relative induction of lupus-like diseases experimentally by mercury (43–46). In this respect,
our own work reflecting the potential for modification of PDC-E2 takes on additional
significance (47, 48).

What other aspects of autoantibody development are revealed in this study? The finding of
cross-reactivity being greater with IgM than IgG antibodies is consistent with the general
properties of IgM that tend to be lower affinity (49). The likely scenario is that the
xenobiotic-modified self protein (in this case SAc-conjugated proteins) induces IgM
antibody production that is originally specific for xenobiotic-modified self protein. Second,
due to the close structural similarity between xenobiotic-modified self protein and native
self protein, the immune system of genetically susceptible individuals starts to generate IgM
antibodies that are cross-reactive or specific to native self protein (in this case PDC-E2)
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through affinity maturation and epitope spreading mechanisms. Third, at the same time with
affinity maturation, isotype switching occurs and this process generates IgG antibodies that
are more specific to native self protein (PDC-E2) than xenobiotic-modified self protein
(SAc-conjugated proteins) which may have by that time disappeared. Thus, IgG antibodies
mainly show the reactivity against native self protein and demonstrate very low reactivity
against the xenobiotics. Fourth, the affinity maturation with repeated exposure of the native
self protein continues to increase the affinity of IgM and IgG antibodies against the native
self protein. Eventually, some clones of these IgM and IgG antibodies become highly
specific for only native self protein with diminished reactivity against modified self protein.
Due to the high affinity of these clones compared to the cross-reactive clones, most rPDC-
E2-purified antibodies obtained in our experiment could only bind to rPDC-E2, but not SAc-
conjugated proteins. This phenomenon can also explain the results of our inhibition ELISA
experiments and why the SAc-conjugated protein absorption could not inhibit the serum
reactivity to rPDC-E2 in both AMA populations.

Patient AMAs may be categorized on the basis of two distinct profiles of cross-reactivity
such that PDC-E2 absorption either removes or leaves anti-SAc antibodies present in PBC
sera. This may relate to the degree of polyclonality of the sera and perhaps to levels of IgM,
which are known generally of lower specificity. Whether this reflects two mechanisms by
which autoantibodies are induced or different subsequent histories is unknown. It should be
noted that cross-reactivity is being detected many years after the initiating event and the
time at which tolerance is broken. Thus it may be that the cross-reactivity is more readily
detected early in the course of disease and that it disappears later. It would be of interest to
perform a correlative study in which patient parameters such as duration of disease, age of
diagnosis, severity, IgM levels and rate of progression are correlated with the type of cross-
reactivity pattern present in sera. More importantly, however, would be to obtain patient sera
prior to the onset of any symptoms as well as between symptomatic and asymptomatic
patients. AMAs are now known to appear for several years longer before the onset of
clinical disease or diagnosis. The presence of IgM reactivity to SAc throughout all stages of
PBC is consistent with data that the onset of clinical disease occurs several years or longer
after the first appearance of autoantibodies. In fact, elevated IgM throughout all stages of
PBC is well known to occur in patients with PBC (50). This indeed appears to be the case
for other autoimmune diseases, but given the frequency of PBC, this becomes a formidable
task.

It is interesting to note that among the 50 early stage and the 50 late stage PBC sera studied,
7 of the early stage and 7 of the late stage sera were AMA neagtive and SAc negative. Of
interest, IgM reactivity to SAc-BSA in 6/43 of the PDC-E2 positive early stage PBC sera
were higher than IgM reactivity to PDC-E2; this pattern was not noted in the late stage
group. The significance of this can only be extrapolated. We do not propose that there will
be any specific clinical significance to the IgM reactivity other than the importance that it
reflects a potential footprint of the earliest events that may lead to breach of tolerance.
Indeed, all the data herein supports the concept that molecular mimicry between SAc and the
lipoyl moiety of PDC-E2 is an important mechanism in induction of autoantibodies to PDC-
E2. Finally, we should emphasize that we believe that multiple agents may be capable of
similar modification of PDC-E2 through either their electrophilic properties and the creation
of neoantigens or perhaps direct molecular mimicry.

We propose the following hypothetical etiology of PBC. Initial exposure to chemicals such
as xenobiotic-modified PDC-E2 leads to a primary IgM specific immune response against
the antigen, e.g. SAc. Subsequently, the similarity between the lipoyl domain of PDC-E2
and the xenobiotic-modified lipoyl domain of PDC-E2 (SAc-moiety) generates cross-
reactive immune responses against the self-antigen, leading to the self-tolerance breakdown
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to the lipoyl domain of mitochondrial PDC-E2. Later, through the process of affinity
maturation and isotype switching, the secondary immune response produces IgGs that are
highly specific for mitochondrial PDC-E2. Once self tolerance to PDC-E2 is broken, the
immune destruction is restricted to BECs due to their unique physiology and exacerbated by
the retention of PDC-E2 in apoptotic blebs from the apoptosis of BECs (51, 52).
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List of Abbreviations

2OA 2-octynoic acid

AIH autoimmune hepatitis

AMA antimitochondrial antibodies

BEC biliary epithelial cells

BSA bovine serum albumin

ELISA enzyme linked immunosorbent assay

PBC primary biliary cirrhosis

PDC-E2 E2 subunit of pyruvate dehydrogenase

PSC primary sclerosing cholangitis

rPDC-E2 recombinant protein of PDC-E2

RSA rabbit serum albumin

SAc 6,8-bis(acetylthio) octanoic acid

SAc-NHS diacyl modified lipoic succinimidyl ester
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Figure 1.
Chemical structure of lipoic acid and 6,8-bis(acetylthio) octanoic acid. Note that SAc
resembles a modified form of lipoic acid in which both sulfur atoms of the disulfide bond of
the lipoyl ring structure are modified by an acetyl group. SAc modification of the PDC-E2
lipoic acid renders PDC-E2 in a reduced state by preventing disulfide bond formation; this
reduced state facilitates xenobiotic modification of PDC-E2.

Chen et al. Page 13

Hepatology. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
IgG, IgM and IgA reactivity against SAc-BSA, 2OA-BSA, and BSA of AIH patients (n=95),
AMA-negative PBC patients (n=20), AMA-positive PBC patients (n=155), PSC patients
(n=86), and normal subjects (n=60). Data presented as mean ± SEM. Asterisks indicate
significant differences as compared to the reactivity of AMA-positive PBC patients against
SAc-BSA (***, p < 0.0001; two-tailed unpaired t-test with Welch’s correction).
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Figure 3.
IgG, IgM and IgA reactivity of AMA-positive PBC serum samples against SAc-BSA (A,B),
SAc-RSA (C,D), and rPDC-E2 (E,F). 1st population (n=14) of AMA-positive PBC patients
is represented in graphs A, C, and E; 2nd population (n=10) of AMA-positive PBC patients
is shown in graphs B, D, and F. After absorption with SAc-BSA, SAc-RSA, rPDC-E2, BSA
and Met e 1, reactivity is determined by ELISA at 1:250, 1:500, 1:1000, and 1:2000 serum
dilutions. Note that 1st population (A,C) binds rPDC-E2 independently of SAc-conjugated
proteins (p < 0.001). 2nd population (B,D) is cross-reactive between rPDC-E2 and SAc-
conjugated proteins. Both 1st and 2nd populations retain their Ig reactivity against rPDC-E2
when absorbed with SAc-conjugated proteins (E,F). Both populations retain their reactivities
to SAc-BSA, SAc-RSA, rPDC-E2 when absorbed with either BSA or Met e 1 (A–F). Data
presented as mean ± SEM. Asterisks indicate significant differences of SAc-BSA absorption
as compared to PDC-E2 absorption (**, p < 0.001; two-tailed unpaired t-test with Welch’s
correction). Number signs indicate significant differences of SAc-RSA absorption compared
to PDC-E2 absorption (##, p < 0.001; two-tailed unpaired t-test with Welch’s correction).
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Figure 4.
Reactivity of SAc-BSA-, SAc-RSA-, and rPDC-E2-purified antibodies against SAc-BSA,
SAc-RSA, and rPDC-E2. Graphs A, C, and E represent select AMA-positive PBC patients
(n=5) from 1st population. Graphs B, D, and F represent select AMA-positive PBC patients
(n=5) from 2nd population. Note that rPDC-E2-purified antibodies in both populations do
not react with SAc-BSA and SAc-RSA. Data presented as mean ± SEM. Asterisks indicate
significant differences as compared with rPDC-E2-purified antibody (*, p < 0.05; **, p <
0.001; ***, p < 0.0001; two-tailed unpaired t-test with Welch’s correction).
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Figure 5.
IgG (A) and IgM (B) reactivity of SAc-BSA-, SAc-RSA-, and rPDC-E2-purified antibodies
against SAc-BSA, SAc-RSA, and rPDC-E2. SAc-BSA- and SAc-RSA-purified antibodies
are predominantly of IgM and recognize SAc-BSA, SAc-RSA, and rPDC-E2. rPDC-E2-
purified antibodies are both IgG and IgM, and recognize only rPDC-E2. Data presented as
mean ± SEM. Asterisks indicate significant differences as compared to rPDC-E2-purified
antibody in their respective coating (*, p < 0.05; **, p < 0.001; ***, p < 0.0001; two-tailed
unpaired t-test with Welch’s correction). ††† represents significant differences (p < 0.0001)
between SAc-conjugate binding and rPDC-E2 binding of SAc-BSA-purified antibodies. ‡‡‡
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represents significant differences (p < 0.0001) between SAc-conjugate binding and rPDC-E2
binding of SAc-RSA-purified antibodies.
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Figure 6.
Reactivity patterns of SAc reactive and rPDC-E2 reactive antibodies and their isotypes in
AMA positive PBC sera.
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Table 1

Clinical characteristics and antibody reactivity of early and late stage PBC sera.

Early Stage PBC
(n=50)

Late Stage PBC
(n=50)

AMA positive 43 43

AMA negative and SAc negative 7 7

ALP (IU/L) 386 ± 36 456 ± 54

Liver cirrhosis 0/50 48/50

IgM to SAc > rPDC-E2* 6 0

*
OD of IgM to SAc 0.206±0.02, OD of IgM to rPDC-E2: 0.134±0.021

Hepatology. Author manuscript; available in PMC 2014 April 01.


